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In this paper, ultracold atoms and molecules in a dark magneto-optical trap (MOT) are studied via depumping

the cesium cold atoms into the dark hyperfine ground state. The collision rate is reduced to 0.45 s−1 and the density of

the atoms is increased to 5.6× 1011 cm−3 when the fractional population of the atoms in the bright hyperfine ground

state is as low as 0.15. The vibrational spectra of the ultracold cesium molecules are also studied in a standard MOT

and in a dark MOT separately. The experimental results are analyzed by using the perturbative quantum approach.
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1. Introduction

Laser cooling of neutral atoms in a magneto-

optical trap (MOT) is an important tool in modern

atomic physics. Ultracold atoms have received in-

creasing attention due to their significant advances

and potential applications, such as atomic spec-

troscopy of cold atoms,[1,2] ultracold molecules,[3,4]

new frequency standards, precision measurements,

quantum information devices,[5−7] and the Bose–

Einstein condensation in a dilute atomic vapor.[8]

In the experiments with MOT, such as precision

spectroscopy and the Bose-Einstein condensation, it is

important to reduce the inelastic collision rate while

increase the cold atom density. The dark MOT be-

comes a useful tool, since it avoids unwanted scatter-

ing effects by shelving the atoms into a dark hyper-

fine state and reducing the time spent in their cooling

cycle. Ketterle et al. first proposed a dark MOT to

confine atoms predominantly in a dark hyperfine level,

it was shown that more than 1010 sodium atoms were

confined in the MOT.[9] The dark trap was also used

to suppress the light-assisted collisional loss from a

low-pressure 87Rb vapor-cell trap and obtain a large

fractional population in the lower hyperfine ground

state about 5×107 trapped atoms.[10] In 2008, the

lifetime of rubidium atoms was measured in a dark

MOT.[11] Recently, a study of loading Rb atoms into

a dark MOT by controlling the current through a get-

ter source was reported,[12] the maximum collection

rate 3.6× 107 atom/s and the background atom colli-

sion rate 1.9 s−1 were obtained.

In this paper, a density of nearly 5.6× 1011 cm−3

is achieved for trapped cesium atoms confined in a

dark MOT by directing most of the population to a

hyperfine level which does not interact with the trap-

ping laser. The collision rate is reduced by a factor

of 2. The high resolution photoassociation vibrational

spectroscopy of cesium molecules by using the usual

trap loss method is also studied in this dark MOT.

Compared to the standard MOT, the signal-to-noise

ratio is increased prominently.

2. Relevant energy levels and ex-

perimental setup

The relevant energy levels in the D2 resonance line

of cesium are depicted in Fig. 1, where T, R, and D

represent trapping, repumping, and depumping lasers,
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respectively. The frequency of the trapping laser is

red detuned from the 6S1/2F = 4 → 6P3/2F
′ = 5

atomic transition by about 12.5 MHz. The repump-

ing laser frequency is locked to the transition 6S1/2
F = 3 →6P3/2F

′ = 4, it is used to pump the popula-

tion in the 6S1/2F = 3 level back to the 6S1/2F = 4

level. The depumping beam frequency is resonant

with the transition 6S1/2F = 4 →6P3/2F
′ = 4. In

this experiment, 6S1/2F = 3 is the dark state, while

6S1/2F = 4 is the bright state.
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Fig. 1. Relevant energy levels in the D2 resonance line of

cesium, where T, R, and D are trapping, repumping, and

depumping lasers, respectively.

The experimental setup is similar to that in

Ref. [13]. The MOT is produced in a stainless-

steel chamber with a vacuum environment about

1.6 × 10−7 Pa. A pair of anti-Helmholtz configura-

tion current-carrying coils generate a 15-G/cm mag-

netic gradient along the axis of the coils, and three

pairs of coils are placed around the chamber in order

to compensate for the geomagnetism at the site of the

cold atom cloud. The frequencies of the two external

cavity diode lasers (Toptica DL100) are locked by sat-

uration absorption spectroscopy to provide trapping

and repumping beams. Both of the trapping and the

repumping beams are expanded to about 15 mm in

diameter. The power of the trapping beam is about

15 mW. An acousto-optic modulator is used to adjust

the trapping laser frequency, which is tuned 12.5 MHz

below the 133Cs 6S1/2F = 4 →6P3/2F
′ = 5 hyperfine

level transition. The power of the repumping beam

is 5 mW, and its frequency is locked to the transition

6S1/2F = 3 →6P3/2F
′ = 4.

In order to build a dark MOT,[14] a depump-

ing beam is generated from the trapping laser by

passing through another acousto-optic modulator,

which adjusts the frequency to the 133Cs 6S1/2F =

4 →6P3/2F
′ = 4 hyperfine level transition. The power

of the depumping beam is about 40 µW, and its di-

ameter is 3 mm. The depumping and the repumping

beams are combined using a polarizing beam split-

ter. In order to produce cesium atoms in the dark

state (6S1/2F = 3), a black dot with 5 mm in di-

ameter is placed in the center of repumping with the

depumping beam in the black hole. The combined

beam passes through a pair of lenses (f = 20 cm) and

is injected into the vacuum chamber to eliminate the

Fresnel diffraction. A charge-coupled device (CCD)

camera is used to measure the dimension of the cold

atoms. The dimension of the cold atoms is about

400 µm. We can trap about 3.0 × 108 cold atoms

at a density of 5.6 × 1011 cm−3. The temperature of

the cold atoms is measured to be about 100 µK by the

time of flight absorption imaging.

The photoassociation laser is provided by a

continue-wave (cw) tunable Ti:sapphire laser system

(MBR110) with a linewidth less than 100 kHz and

an output power of 600 mW. The frequency of the

photoassociation laser is monitored by a wavelength

meter (WS/7R) with an accuracy of 60 MHz. The

photoassociation laser is focused into the center of the

dark MOT with a diameter of 500 µm, resulting in an

available intensity up to 300 W/cm2. The fluorescence

yielded from the trapped cold atoms is collected by a

convex lens and is detected by an avalanche photodi-

ode (Si APD).

3. Experimental results and anal-

ysis

The success of trapping atoms in a dark MOT is

determined by whether there is a high fractional pop-

ulation in the dark state. The parameter P is used

to denote the fraction of atoms in the bright state

(6S1/2F = 4) in the dark MOT[9]

P =
NF=4

NF=4 +NF=3
, (1)

where NF=4 and NF=3 are the cesium atom numbers

in the 6S1/2F = 4 and the 6S1/2F = 3 states, respec-

tively.

The relation between the cold atom fluorescence

and the cold atom number can be expressed as[15]

f

N
=

1

2τ

GΩ2
0/2

(ω0 − ω)2 + (Γ/2)2 + (Ω2
0/2)

, (2)
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where G is the photon collection efficiency, N is the

total number of cold atoms in the trap, τ , Γ , and Ω0

are the radiative lifetime, the natural linewidth, and

the resonant Rabi frequency, respectively. In this ex-

periment, the parameter P is obtained by measuring

the cold atom fluorescence. The measurement of pa-

rameter P consists of two steps. Firstly, as showed in

Fig. 2, we load the dark MOT, while the fill-in laser (a

fraction of the repumping laser before the glass plate

with a dark spot[12]) is switched off, and the depump-

ing laser is turned on, the fluorescence of cold atoms

is measured, which is proportional to the population

of cold atoms in the bright hyperfine state. The fluo-

rescence intensity is low, because most atoms are pop-

ulated in the dark state (6S1/2F = 3). Secondly, the

depumping laser is turned off, and the fill-in laser is

turned on, the fluorescence signal is measured again.

In this process, most cold atoms are trapped into the

bright hyperfine state due to the fill-in laser. The

value of parameter P is obtained by dividing the flu-

orescence signal obtained from the first measurement

by that from the second measurement. The parame-

ter P varies in the range of 0.15–1 by appropriately

changing the intensity of the depumping laser.
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Fig. 2. Fluorescence variation of cesium atoms.

In general, collisions in traps are investigated by

either detecting the product resulting from the binary

encounter or through the loss of the colliding species

from the trap. When an ultracold collision releases

kinetic energy, the reaction rate can be measured by

observing the time dependence of the number of cold

atoms N . The rate equation for number N of the

trapped atoms is given by[16]

dN

dt
= L− γN − β

∫
υ

n2(r, t)d3r, (3)

where L is the capture rate, γ is the rate constant for

the collisions of trapped atoms with the thermal back-

ground gas, and β is the loss-rate constant due to the

collisions between trapped atoms.

The loading curve in the standard MOT and that

in the dark MOT under the same conditions (P =

0.22) are shown in the Fig. 3. The number of cold

atoms is obtained using the fluorescence measurement.

The data points are the experimental results, while the

solid curves are the fitting curves according to Eq. (1)

without loss-rate constant β. The β is neglected, be-

cause the background collision γN is larger than the

collisions between trapped atoms β
∫
υ
n2(r, t)d3r. It

can be seen that the experimental results agree well

with the theoretical calculations. The loading rate in

the standard MOT is 3.5× 108 atom · s−1, while that

in the dark MOT is 1.6 × 108 atom · s−1. The load-

ing rate is obtained from the slope of the fitting curve

at the beginning of the loading when the background

collision can be neglected.
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Fig. 3. Time dependences of cesium atom numbers in the

standard MOT (circle) and in the dark MOT (square),

where P = 0.22.

Figure 4 shows the cold atom densities and the

collision loss rates with the background atoms for dif-

ferent P . The γ is obtained from the loading curve.

The cold atom density in the dark MOT increases

from 0.42 × 1011 cm−3 to 5.6 × 1011 cm−3 when P

varies from 1 to 0.15. At the same time, the collision

loss rate decreases from 0.94 s−1 to 0.45 s−1. In the

dark MOT, most of the trapped atoms are in the dark

state, which do not take part in the cooling cycle. So

the collision rate reduces, and the cold atom density

increases compared to that in the standard MOT.

The photoassociation of cold atoms is also stud-

ied in the dark MOT. This technique probes the

free-bound transition (from free atoms to a bound
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molecule) with a higher resolution. In this experi-

ment, the frequency of the photoassociation laser is

red tuned to be about 51 cm−1 below the 6P3/2+6S1/2
dissociation limit. The rotationally resolved trap-loss

spectra for low-lying vibrational level υ = 17 of cesium

molecule of the 0−g pure long-range state are shown in

Fig. 5. The photoassociation laser is scanned from

11681.31 cm−1 to 11681.40 cm−1. The scan rate is

50 MHz/s. The upper spectroscopy is measured in a

standard MOT. Rotational progressions are observed

for each vibrational quantum number up to J = 6.

For the 0−g long-range state, the vibrational features

(J = 0, 2) are associated with angular momentum

quantum number l = 0 scattering, while the vibra-

tional features for J = 1, 3 are associated with angular

momentum quantum number l = 1. The vibrational

features for J ≥ 4 can come from angular momentum

quantum number l ≥ 2. This is due to the fact that

for the standard MOT, the trapping laser is left on

during the photoassociation process, leading to an ac-

celeration of the colliding pair at long range and thus

to an increased number of observed partial waves.[17]
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Fig. 4. Cold atom density (square) and collision rate (cir-

cle) each as a function of P in the dark MOT.
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Fig. 5. Trap loss spectra of cesium atoms (low-lying vi-

brational level υ = 17 of 0−g pure long-range state) in the

standard MOT and in the dark MOT. The spectrum in

the dark MOT is shifted by 18.4 GHz in order to compare

with that in the standard MOT.

The trap-loss spectroscopy below is obtained in

the dark MOT. Most of cold atoms are in the dark

state (6S1/2F = 3). The photoassiation frequency is

shifted by 18.4 GHz, which is two times of the hyper-

fine structure energy of the cesium atom (9.19 GHz).

Thus the spectroscopy also shifts 18.4 GHz compared

with that in the standard MOT. The photoassication

rate in the dark MOT is larger than that in the stan-

dard MOT. Rotational progressions are observed for

rotational quantum numbers up to J = 4.

The results can be analyzed qualitatively by using

the perturbative quantum approach.[18] The photoas-

sociation progress of cesium atoms can be expressed

as

Cs(6s) + Cs(6s) + ~(ω0 − δL)

→ Cs∗2(Ωu,g(6s + 6p, 2P3/2); υ, J). (4)

The formation rate of molecules in the Jn = 0 level is

Rn =
N

V

[
π2

2
~2

(
1

2πµkBT

)3/2
]
E2

0 |⟨ns| ez |np⟩|
2

× e−βEr
sin2[kr(R

n
0 −A(k)]

(3Er~∆n)
1/2

. (5)

For the other transitions Jn ̸= 0, we have

Rn = (2l + 1)
N

V

[
π2

2
~2

(
1

2πµkBT

)3/2
]

× E2
0 |⟨ns| ez |np⟩|

2
e−βEr

[
2µ(Rn

0 )
2

3~3∆n

]1/2
× J2

l+1/2(krR
n
0 ), (6)

where N/V is the cold atom density, and T is the

cold atom temperature. From Eqs. (5) and (6), we

find that the formation rate of molecules is propor-

tional to the cold atom density. The formation rate

of molecules increases with the decreasing cold atom

temperature. The theoretical conclusions agree well

with the experimental results. As the results discussed

in this paper, the atomic density increases and the

collision rate decreases in the dark MOT compared

to those in the standard MOT. The cold atom tem-

perature will be decreased because the collision rate

decreases. The photoassication rate in the dark MOT

is larger than that in the standard MOT. Rotational

progressions are observed for each vibrational quan-

tum number up to J = 4 in the dark MOT, which

is less than that in the standard MOT. As mentioned

above, it is due to the acceleration effect of the trap-

ping laser in the standard MOT.
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4. Conclusion

In conclusion, a dark MOT has been studied,

which confines cesium atoms predominantly in the

dark hyperfine ground state. In this way, limitations

of the standard magneto-optical trap can be overcome,

and a density closes to 5.6×1011 cm−3 with more than

108 trapped atoms have been achieved. The high cold

atom density and the low collision rate obtained in

the cesium dark MOT have been used to increase the

formation rate of the ultracold molecules. In the fu-

ture, we will study the formation and the interaction

of RbCs molecules in a double dark MOT.
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