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Determination of characteristics of a magneto-optical trap
by the spectral width of coherent two-photon resonance

A.A. Bobrov, S.A. Saakyan, V.A. Sautenkov, E.V. Vilshanskaya,

B.V. Zelener, B.B. Zelener

Abstract. A technique is proposed for studying the thermal motion
of 7Li atoms in a magneto-optical trap (MOT), based on a com-
parative analysis of coherent two-photon resonances at the
2S-2P-nS (n = 38—120) transition using counter- and co-propa-
gating laser beams with wavelengths of 671 and 350 nm (differen-
tial two-photon spectroscopy). A self-consistent theoretical model
is constructed. The dependences of the broadening of two-photon
resonance on the frequency detuning of cooling optical beams in the
MOT are presented. A good agreement of theory with experimen-
tal results is obtained. The developed technique is nondestructive
and can be used to determine the parameters of cold atoms in vari-
ous traps, including the parameters of hydrogen and antihydrogen
atoms in magnetic traps.

Keywords: laser cooling, Rydberg atoms, two-photon absorption,
spectral line widths.

1. Introduction

Methods of laser cooling and trapping of atoms in magneto-
optical traps (MOTSs) are widely used in modern technologies
and basic research. Such traps are used as a source of cold atoms
[1]in solving many problems from quantum computer science [2]
to metrology [3,4]. Many experiments require an initially high
phase density of atoms in the MOT for the subsequent produc-
tion of the Bose—Einstein condensate [5,6] and the preparation
of dense strongly interacting ensembles of Rydberg atoms [7]. To
optimise MOT parameters, it is important to be able to perform
a convenient optical diagnostics of such characteristics as the
temperature of atoms and field broadening of atomic transitions
caused by the action of optical cooling beams.

We have developed a simple nondestructive technique
based on the analysis of two-photon excitation spectrum of
’Li Rydberg atoms. The spectral lines were obtained by
recording the variation of the fluorescence signal of cold
atoms in the MOT. In work [8], a two-step (incoherent) exci-
tation spectrum of ’Li atoms in the MOT was investigated. As
the first stage, laser beams from the MOT were used, and at
the second stage use was made of UV radiation from a laser
system (radiation from a tunable frequency-doubled Ti:sap-
phire laser). When the frequency of UV laser radiation coin-
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cided with the frequency of the Rydberg transition, narrow
dips in fluorescence of the cloud of cold atoms were observed.
High contrast of the thus obtained resonances was deter-
mined, on the one hand, by a low pump rate of the atoms in
the MOT, and on the other hand, by a relatively high escape
rate of the Rydberg atoms from the cloud. In work [9], a
higher spectral resolution of the two-photon resonance line
was obtained by reducing the scanning rate of the UV radia-
tion frequency. Using the technique proposed, it was possible
to investigate both dipole-resolved and forbidden atomic tran-
sitions [10—14]. Using two-photon spectroscopy, the "Li ioni-
sation threshold was measured [11,12], and also quantum
defects for the Rydberg states nS [11], nP [12], nD [10] and
nF [13] were determined.

In our paper [15], we investigated coherent two-photon
resonances in 'Li. For coherent excitation, radiation of a red
laser was used as the first stage, the frequency of which was detu-
ned from the 2S(F = 2)—2P;,»(F = 3) resonance by —0.59 GHz.
The UV laser frequency detuning from the 2P5), (F = 3)-nl
transition was scanned in the vicinity of +0.59 GHz. When
the coherent two-photon transition condition was satisfied,
we were able to record very narrow resonances; the smallest
recorded width constituted 4.4 MHz, which is much less than
the width of incoherent resonances (~100 MHz) we had pre-
viously obtained. The small spectral width of resonances is
explained by the exclusion of the 2P level width for a com-
pletely coherent process. Coherent spectroscopy allows non-
destructive determination of various MOT characteristics,
including the field broadening, the temperature of atoms, and
the effect of electric and magnetic fields.

In the present work, a technique is developed for deter-
mining the temperature of "Li atoms in the MOT and the
effect of MOT beams on the widths of transitions. This tech-
nique is based on a comparative analysis of spectral lines of
coherent two-photon resonances for the cases of co- or coun-
terpropagating beams of red and UV lasers. Section 2 desc-
ribes the experimental setup, the level diagram, and a method
for UV laser stabilisation which makes it possible to achieve
an effective line width of 0.2 MHz. In Section 3, in order to
explain the experimental data obtained, a theoretical model is
proposed that simultaneously takes into account both the
Doppler and field contributions to the coherent resonance
line broadening. Section 4 discusses the results of experiments
and compares them with the results of calculations.

2. Experimental setup

A detailed description of the experimental setup for laser cooling
and trapping of ’Li atoms in the MOT can be found in
[16, 17]. The vacuum system consists of a source of atomic
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beam, a Zeeman slower, and a basic vacuum chamber. For
laser cooling and trapping in the MOT, two semiconductor
lasers with a wavelength of about 671 nm are used. Both
lasers are stabilised by the resonances of saturated absorption
in cells with "Li vapours. The hyperfine splitting of the ground
state of the 7Li atoms constitutes ~ 0.8 GHz, which necessi-
tates the use of two laser sources.

The cooling laser is stabilised at the 2S;), (F =2)-2P;, (F =
3) transition frequency with the possibility of continuous
radiation frequency detuning in stabilisation regime by a dou-
ble-pass acousto-optic modulator (AOM) [18]. The optical
pump (OP) laser is stabilised at the 2S,,, (F = 1)-2P;,, (F = 3)
transition frequency without radiation frequency modula-
tion. To obtain the error signal, the frequency of the double-
pass AOM is modulated.

Both sources of laser radiation have virtually the same
output powers equal to 0.5 and 0.3 W for a cooling laser
and an optical pump laser, respectively. In all MOT beams,
30% of intensity is provided by the OP laser and 70% of
intensity — by the cooling laser. Both lasers participate in
the cooling process and represent cooling lasers, but for
convenience, and also by analogy with other MOT types,
we will further refer to them as the cooling laser and the OP
laser.

Figure 1 shows the level diagram of the 7Li atom used to
excite the Rydberg states. To this end, two counter- or co-
propagating collinear laser beams with the wavelengths A, =
671 and A, = 350 nm are used (in Fig. 1b they are denoted
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Figure 1. (a) Diagram of levels of the 7Li atom used in the experiment
and (b) schematic of the setup:

(PBS) polarisation beam splitter; (k) laser beam with 4, = 671 nm;
(k) laser beam with A, = 350 nm.

as k and k,, respectively). A small part of radiation from
the cooling laser is detuned from the transition frequency
2S1,—2P3;, by —0.59 GHz and forms a red beam k. Radiation
with a wavelength of 350 nm is obtained by doubling the radi-
ation frequency of a Ti:sapphire laser. The frequency of the
latter is stabilised using the Pound—Drever—Hall (PDH) tech-
nique [19] by the resonances of a thermally stabilised Fabry—
Perot interferometer (FPI), whose length, in turn, is stabilised
by the radiation of a cooling laser. The description of this UV
laser system and the method of frequency stability transmis-
sion by the FPI can be found in [20].

The energy spectrum of the Rydberg transitions was
recorded by the method of a drop in resonance fluorescence
of the atoms in the MOT. The UV laser radiation frequency
was continuously tuned and measured using a calibrated
Angstrom WS-U wavemeter. When the UV laser passed
through the frequency of two-photon transition to the
Rydberg states, a decrease in the fluorescence of the atoms in
the MOT was observed. The cloud fluorescence intensity was
recorded using a photodetector and a CCD camera. This
method is described in detail in [8,21].

Figure 2 shows the resonances at the 2S,,-38S, 2S,,-82S,
and 2S,,—120S transitions [15]. It is seen from the experiment
that the width of coherent two-photon resonances in the nS
state does not depend on the principal quantum number 7.
The natural width of the Rydberg levels is less than 3 kHz. In
the case of two-photon coherent excitation, the natural width
of the intermediate state 2P5/, does not enter the width of the
observed transition 8. Therefore, the width of the resonances
is determined by the processes that take place in the trap, and
in this paper we propose a technique that makes it possible to
determine various characteristics of the MOT by analysing
the spectral widths of the resonances.

Measurements of the spectral widths of laser radiation
sources used to excite the Rydberg states of 'Li atoms were
carried out by means of a Sirah EagleEye commercial optical
spectrum analyser [22], which includes a scanning interferom-
eter and an electronic unit. A small part of radiation from a
Ti:sapphire laser (700 nm wavelength before frequency dou-
bling) was directed to the optical spectrum analyser. The line
width analysis was carried out continuously in the course of
all the experiments.

Figure 3a shows the time dependence of the emission
spectrum width of a Ti:sapphire laser, measured with the
EagleEye system. The average value of the instantaneous line
width was ~ 0.1 MHz/100 ms. After frequency doubling, the
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Figure 2. Different resonances at the transitions to nS states (dashed curve shows the fit by the Gauss function). Frequency detuning of the cooling
laser is 13 MHz, the total intensity of the MOT beams is 50.4 mW cm™2. State 38S: 350 = 196 mW cm™2, Ig7; = 2.5 mW cm2, § = 7.8 MHz; 82S: I35,
=147mW cm2, I;; =28 mW cm2, 6 = 8.8 MHz; 120S: I35 = 176 mW cm 2, I¢7; = 36 mW ¢cm 2, § = 7.4 MHz.
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spectrum width of the UV radiation exciting the Rydberg
states was ~ 0.2 MHz.

The measured instantaneous emission line widths of the
OP laser and the cooling laser were ~ 0.5 MHz/100 ms and
~0.22 MHZ/100 ms, respectively.

<
%)
S

Line width/MHz
o
S

<
—-
o

0.05

12 14 16
Time/min

(=]
ok
N
ok
[o2)
S

Beat amplitude (arb. units)

5 6 7 8 9 10 11 12
Beat frequency/MHz

Figure 3. (a) Emission line width of a laser with a wavelength of 700 nm
before frequency doubling that excites the Rydberg states of 7Li atoms,
and (b) beat signal of radiations from the pump laser and cooling laser
(the dots are the experiment, the solid curve is the fit by the Lorentz
function with a width of w = 0.86 MHz).

The independent measurements of the line widths of the
pump laser and the cooling laser, carried out in accordance
with their beats, made it possible to verify the correctness of
the analyser readings and to estimate the total width of the
emission lines of two lasers. The beat-frequency waveforms of
the radiation from the OP and cooling lasers are shown in
Fig. 3b. To observe the beats, both sources were stabilised at
the 2S;), (F = 2)-2P3), (F = 3) transition frequency in a cell
with 7Li vapours. Small discrepancies in the measurement
results can be explained by the instability of the OP laser.
Hence it can be concluded that the width of the observed reso-
nances is due not only to the spectral width of the laser radia-
tion, but also to other factors determined by the parameters
of this trap, such as Doppler broadening, power and detuning
of MOT beams, and magnetic field gradient.

3. Theoretical model

Let us consider a two-photon coherent 2S—2P —nl transition
in a simple three-level approximation, in which the red laser
field acts on the 2S—2P transition, and the UV laser field — on

the 2P-nS (nD) transition. We neglect the hyperfine splitting
of the ground state 2S and excited state 2P.

We use the density matrix formalism [23] for theoretical
description of the experimental results. We denote the 2S level
by 1, 2P by 2 and 1S (D) by 3. In our model, two plane waves
propagate along the z axis (in parallel or opposite directions),
and the atoms move with the velocities u. The Doppler effect
for the fields of red and UV lasers is introduced into the equa-
tions in the form of the frequency shifts 6, — k;.u and 6, —
ks.u, respectively, where 6; = —0.59 GHz is the frequency
detuning of the red laser from the transition 1-2; J, is the
frequency detuning of the UV laser from the transition 2—3; u
is the projection of the velocity vector on the z axis (beam
propagation axis); and k. and k,. are the projections of the
wave vectors on the z axis. The Rabi frequencies for these
transitions are £; = d;E;/h, where d; are the matrix moments
of dipole transitions and E; are the amplitudes of the corres-
ponding optical fields (i = 1,2). Following [23], we can present
the equations for the components of the density matrix {p;}
(i,j = 1,2,3) in the rotating wave approximation in the form

P11 =0.512(p21 —p12) + 272020 + Liap(1 = p11),

P22 = 0.5182(p12 = pa1) = 2y2par + 0.51(p32 — p23),

P33 = 0.51€2(p23 = p32) = 2y3p33 — IR P33,

P12 = 0.5121(p2n —p11) = pialys + 1) — k1u)] - 0516013,

P23 = 0.51821(p33—p22) —pasly2 + 162 — kop.u)] + 0.51€2; py3.

P13 = 0.51€2,053 = 0.51[0) + 65— (k1. + ko Julp13 - 0.5182,p15
—P13V13

Py = Pii- (1)

Relaxation terms are added to the equations: I, is the
rate of arrival/escape of atoms in the MOT; Iy is the rate of
emission of Rydberg atoms from the trap; 2y, and 2y; are the
rates of spontaneous decay of the 2P and nl states, respec-
tively; and y 5 is the rate of coherence decay of the 2S—nl tran-
sition.

It should be noted that we consider an open system and
the diagonal matrix elements have the meaning of the relative
populations of levels; as a result, we have Sp{p;} # 1.

Despite the fact that the radiation of MOT beams does
not directly affect the population kinetics of the Rydberg
state, the field of cooling lasers broadens the spectral width of
the 28 state (field broadening y;), which, in turn, leads to the
coherence destruction of the ground and Rydberg states. The
rate of coherence destruction y3 is represented as the half-
sum of the field broadening y;, the rate of spontaneous decay
of the Rydberg state 2y, the escape rates of atoms in the
ground state I, and the escape rates of the Rydberg atoms
I R-

Y13 = 05(')/1c + 27/3 + Erap + FR) (2)

In the two-level approximation, the field broadening can
be estimated as

Q4

i 3
A+ dy5 + QF /4 )

Ve= 22
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where A is the frequency detuning of the cooling laser from
the 2S—-2P transition and €2; is the Rabi frequency corres-
ponding to this transition. The rate of spontaneous decay of
the Rydberg states 2y; for the levels in question is about sev-
eral kHz [24]. The loss rate of atoms in the ground state is
Iyap ~ 0.1 Hz proceeding from the fact that the MOT loading
rate is ~ 10 s. Given that the rate of atoms is 1 m s™' and the
atomic cloud size in the MOT is of the order of 1 mm, the
escape rate I'g of the Rydberg atoms from the MOT can be
estimated as 1 kHz. At the same time, for the lowest intensity
of the MOT beams, the field broadening y; is approximately
several hundred kHz, and, consequently, the field action of
the MOT beams on the 2S—2P transition provides the main
contribution to the homogeneous line broadening.

The results of the solution p;(d,,u) of system (1) should
be averaged over the velocity distribution of atoms:

+o 1 1 u?
p;i(0,)= 0ii(02,u)—— —exp|——|du. 4
"( 2) j—oo j( ? u)\/n Usp p( utzh) ! @

The thermal velocity uy, is expressed in terms of the tem-
perature of atoms as follows:

Up =YV 2k3 TIm s (5)

where kp is the Boltzmann constant and m is the atomic mass
of Li.

The temperature of atoms in the MOT can be expressed in
terms of the detuning and intensity of the MOT laser beams
in accordance with the Doppler theory [25], using the relation

1 + Lot/ I, + (Alyy)?
kT = @ + Lot/ I+ (Alys) ’ (6)
2 |Allya

where [, is the total intensity of the cooling beams; and 7, =
2.5 mW cm is the saturation intensity of the 2S—2P transi-
tion.

The speed of frequency scanning of the UV laser in our
experiments is sufficiently small, which allows us to consider
the system as being in a stationary state for any detuning
value §,. Therefore, we may assume the derivatives in the left-
hand side of system (1) equal to zero and solve the system as
an algebraic one. In work [23], a stationary solution of equa-
tion (1) is given in the first order of perturbation theory (in
terms of the UV laser radiation intensity) for the case of large
absolute values of §; and J,:

9129%)/13
¥30102[01 + 02 — (ki- + ka2) u]2 +7h

P33(62,u) ~ W)

Solution (7) represents a Lorentz function; averaging of this
solution over the thermal distribution yields a Voigt profile,
the contribution to the characteristic width (FWHM) of which
is simultaneously given by the field and Doppler broadening.
As can be seen from (7), the widths of the spectral lines of
two-photon absorption for counterpropagating and co-prop-
agating beams of red and UV lasers will be different, since the
projections of the wave vectors on the z axis have opposite
signs in the case of counterpropagating beams and identical
signs in the case of co-propagating beams. In this case, the
width difference depends exclusively on the temperature 7 of
atoms. Since the first order of perturbation theory gives incor-
rect results at high UV laser radiation intensities, in Section 4
we give the results of numerical solution of equations (1).

4. Results and discussion

Figure 4 shows the experimentally obtained spectral contours
of two-photon resonances 2S—2P—58S for various propaga-
tion directions of the beams. Figure 5a shows the width
(FWHM) dependences of two-photon resonance on the fre-
quency detuning of the MOT beams, obtained in the experi-
ment and also by solving the equations for the density matrix
elements p;(J,). Good agreement between the experimental
and theoretical results allows us to conclude that our assump-
tions regarding the effect of cooling optical MOT beams on
the width of two-photon resonances are correct.

Fluorescence signal

-20 -10 0 10 20
UV laser frequency detuning/MHz

Figure 4. Two-photon resonances at the transitions to the 58S state in
the case of (/) co-propagating and (2) counterpropagating exciting
beams [solid curves is the experiments, dashed curves are the approxi-
mations by the Gauss function with the FWHM value equal to (/) 11.8
and (2) 5.7 MHz].

As was shown in Section 3, the difference in the resonance
widths is only determined by the atomic cloud temperature.
In some approximation, the temperature of the atoms can be
estimated if we represent the resonance spectral width as a
sum of the field broadening Awand the Doppler broadening.
The field broadening does not depend on the propagation
direction of the beams, while the Doppler broadening is deter-
mined by the difference in the wave numbers 2(In2) (k, — ky)ug,
for counterpropagating beams and the sum of the wave num-
bers 2(In2) (k, + kj)uy, for co-propagating beams of the red
and UV lasers. Let us determine the thermal broadening using
the relation

Awy, = 4n(In2)(ug,/A1). (8)

Using relations (5) and (8), we can determine the temperature
and the field broadening Awy.

Figure 5b shows the experimental dependence of the field
broadening Aw; on the frequency detuning of the cooling beams.
The broadening Awy is reduced to approximately 0.6 MHz
with increasing detuning A to about 20 MHz, which agrees
with formula (3). With a further increase in detuning, the
broadening increases. The increase in broadening can be stip-
ulated by an increase in the size of the atomic cloud (see
Fig. 6a). This leads to the fact that atoms begin to experience
the action of a strong magnetic field; given that the MOT field
gradient is 21 G cm™!, the broadening can amount to ~1 MHz
at the cloud size of 1 mm.

Figure 6b shows the results of measurements and calcula-
tions [using formula (6)] of the temperature of atoms on the
basis of experimental data. Good agreement between theo-
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Figure 5. Dependences of (a) the spectral width of two-photon reso-
nances at the transitions 58S and (b) field broadening Aw; on the fre-
quency detuning of the MOT-forming beams from the 2S;, (F = 2)—
2P;;, (F = 3) transition in the case of (k| + k) (m) co-propagating beams
and (e) counterpropagating beams (k, — k); solid curves show the sta-
tionary solution of equations ( 1). The total intensity of the MOT beams
is 42 mW cm™.
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Figure 6. Dependences of (a) the cloud diameter along (m) the abscissa
and (e) the ordinate axis and (b) the cloud temperature on the frequen-
cy detuning of the MOT-forming beams from the cooling transition
281 (F =2)-2P5), (F = 3) (points show the experiment, solid curve show
the calculation). The dashed line shows the Doppler cooling limit for
lithium atoms, equal to 0.14 mK.

retical and experimental dependences indicates the prospects
of using differential two-photon spectroscopy proposed in
this paper for measuring the temperature of atoms in the
MOT.

We should note that in the experiment, we measured the
width of an inhomogeneously broadened contour. Precise deter-
mination of the contributions of the field broadening and the
broadening associated with the thermal motion of atoms
assumes an analysis of the convolution of the Lorentz func-
tion (field broadening) and the Gauss function (Maxwellian
distribution), and the solution of an inverse problem [26].
However, good agreement with theory makes it possible to
use this approximate method for estimating the field broaden-
ing and temperature with sufficient degree of accuracy.

The temperature dependence of detuning is nonlinear and
has an expressed minimum. Note that the temperature mini-
mum is observed approximately with the same detuning
value, at which we recorded the highest density of atoms in
the trap [17].

5. Conclusions

Using the example of measuring the temperature of "Li atoms
in an operating MOT, the application of difference two-pho-
ton spectroscopy for optical diagnostics of the parameters of
trapped cold atoms is demonstrated. A self-consistent theo-
retical model describing the experimental results is proposed.
The advantages of the method proposed in the work are the
simplicity and nondestructive nature of the measurements.
The technique can be used to optimise the MOT parameters;
one of the interesting applications is determination of the
parameters of a cloud of antihydrogen atoms in magnetic
traps.
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