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We have experimentally studied the effect of the trapping laser linewidth on the number
of trapped atoms in a magneto-optical trap (MOT). Our data show that a significant number
of the atoms can still be trapped in the MOT, even when the trapping laser linewidth is larger
than the natural linewidth of the excited state of the driving transition.

PACS. 32.80.Pj – Optical cooling of atoms; trapping.

I. Introduction

Cold atoms produced by a magneto-optical trap (MOT) [1, 2] provide great opportunities
for the studies of quantum phenomena at long de Broglie wavelengths and for the scientific
applications that require atoms with slow velocity or low kinetic energy. A vapor-cell MOT [2]
is a rather simple and inexpensive setup. Such a setup is quite popular and adopted widely in
many experiments. In a vapor-cell MOT, the number of the trapped atoms varies with the trap
parameters such as the laser detuning, magnetic field gradient, laser intensit, laser beam size, and
laser linewidth. Other than the laser linewidth, the dependences of the trapped atom number on the
above trap parameters have been studied in detail [3]. For a MOT, if the linewidth of the trapping
laser is much narrower than the natural linewidth of the excited state of the driving transition, the
effect of the laser linewidth can be neglected. On the other hand the effect is not negligible, if
the trapping laser linewidth is comparable to or larger than the natural linewidth of the excited
state of the driving transition. In this work on 87Rb atoms, the effect of a finite laser linewidth
on the number of the trapped atoms is experimentally investigated. Two laser linewidths, 1 MHz
and 10 MHz, are studied in the experiment, while the natural linewidth of the excited state in the
87Rb transition for the MOT is 5.9 MHz.

Our experimental arrangement is shown in Fig. 1. We cool and trap 87Rb atoms with a
vapor-cell MOT. The MOT is formed with a spherical quadrupole magnetic field, 6 trapping laser
beams, and a repumping laser beam. The typical temperature of the trapped atoms is about 300 ¹K
in our MOT [4]. The spherical quadrupole magnetic field is generated by the two anti-Helmholtz
coils, and its field gradient is varied in the experiment. The circular trapping beams have 1=e
diameters of 9.6 mm. We carefully align the 6 trapping beams such that the trapped atoms form an
evenly ellipsoidal cloud. All the trapping beams come from the same trapping laser. The frequency
of the trapping laser is tuned below the transition of 5S1=2; F = 2 ! 5P3=2; F

0 = 3. The amount
of the detuning and the intensity of the trapping laser beams are varied in the experiment. A diode
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(a) (b)

FIG. 1. (a) The diagram of the 87Rb energy levels. (b) The scheme of the experiment. T denotes the
trapping beam and M denotes the anti-Helmholtz coil. The polarizations of the trapping beams
and the current directions of the coils are indicated in the figure.

laser which has no external cavity or optical feedback from a diffraction grating is used as the
trapping laser. The measured linewidth of this trapping laser diode (HL7851G) is 10 MHz. The
generation of the 1-MHz trapping laser linewidth is under the condition that the trapping laser
is injection-locked [5, 6] by an external-cavity diode laser (EOSI 2010). For the 10-MHz laser
linewidth studied in the experiment, the trapping laser is operated without the injection locking.
The repumping beam from another diode laser drives the 5S1=2; F = 1 ! 5P3=2; F

0 = 2 transition
with an 1=e diameter of 10 mm and a power of 4 mW. All the conditions of the repumping beam
are unchanged throughout the entire experiment. The trapping cell, in 2.7 cm square by 7 cm long,
is made of Pyrex glass and connects to a 40-liter/s ion pump and a titanium sublimation pump.
It can be vacuumed below 5 £ 10¡ 11 torr. During tthe course of the experiment, the trapping cell
is filled with Rb background vapor with a pressure maintained at 4 £ 10¡ 9 torr. This pressure is
determined by comparing the absorption signals of an on-resonance laser beam sent through the
trapping cell and the same beam sent through a saturation-pressure Rb vapor cell.

Some of the trapping conditions, such as optical alignment, beam size, and beam shape, not
only can affect the number of the trapped atoms but also are difficult to reproduce if the trapping
laser is replaced or relocated. In order to maintain the same trapping conditions, we change the
trapping laser linewidth with injection locking technique instead of replacing the trapping laser.
In the injection locking, the grating-feedback external-cavity diode laser is the master laser and
the trapping laser is the slave laser. With or without the injection locking, the temperature and the
current of the trapping laser diode are kept the same. The output power of the trapping laser is
unaffected by the injection locking. On the other hand, the spectral characteristics of the trapping
laser are locked to those of the external-cavity diode laser. We measure the linewidth of the beat
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note between the trapping laser under the injection locking and another external-cavity diode laser
(TUI DL100) with a RF spectrum analyzer. The measured linewidth of the beat signal is 1 MHz.
This indicates that the linewidth of the trapping laser under the injection locking is less than 1
MHz. For the rest of this paper, the laser linewidth under the injection locking is referred to 1
MHz.

A small part of the trapping laser output is split for frequency stabilization. This part
of the trapping laser beam is sent through an acousto-optic modulator (AOM) which shifts the
laser frequency downward. The RF frequency of the AOM is kept constant. The shifted laser
frequency is locked to the side of the crossover line between the 5S1=2; F = 2 ! 5P3=2; F

0 = 2
and 5S1=2; F = 2 ! 5P3=2; F

0 = 3 transitions in the saturated absorption spectroscopy. By
adjusting the locking position, the detuning of the trapping laser can be varied. Under the above
frequency-stabilization method, the amount of the detuning or the frequency of the trapping laser
can not be directly known. We determine the detuning of the trapping laser by using a reference
laser. The frequency of the reference laser is modulated at an amplitude of 2.1 MHz and at a
rate of 10 KHz. With the frequency modulation and the lock-in detection, the frequency of the
reference laser is locked to the center of the crossover line between the F = 2 ! F 0 = 2 and
F = 2 ! F 0 = 3 transitions in the saturated absorption spectroscopy [7]. Therefore, the frequency
of the reference laser is 133 MHz below the F = 2 ! F 0 = 3 transition. By measuring the beat
frequency between the trapping laser and the reference laser, the detuning of the trapping laser
can be determined. With or without the injection locking, the short-term jitter plus the long-term
fluctuation of the beat frequency at 0.1-s gate time is always within § 0.4 MHz.

A calibrated photodiode detects the emitted fluorescence from the trapped atoms. In the
steady-state, the fluorescence emission rate R is given by

R = 2¼¡ a
°

2° + 2¼¡a
N; (1)

where N is the number of the trapped atoms, ° is the absorption rate of an atom, and ¡ a is the
natural linewidth of the 5P3=2 excited state of Rb atoms. For the consideration of the finite laser
linewidth, the absorption rate is described by the following equation:

° =

Z 1

¡ 1
2¼¡a

b­ 2
tot=(4¼2)

¡ 2
a + 4(º ¡ º0)2

2¡ l=¼

¡ 2
l + 4(º ¡ ºl)2

dº; (2)

where b is a coefficient due to non-uniform Zeeman-level populations of the atoms trapped in the
MOT, ­ tot is the Rabi frequency of the total intensity of the 6 trapping laser beams, º0 is the
transition frequency of the atom, ¡ l is the linewidth of the trapping laser, and ºl is the center
frequency of the laser. According to the results in Refs. 7 and 8, we take b = 0.73 in the above
equation for the trapped 87Rb atoms in the MOT. After evaluating the integral of Eq. (2), we get

R = 2¼¡ a
0:73­ 2

tot=(4¼2)

¡ 2
a(1 + ¡ l=¡ a) + 4¢ 2

l =(1 + ¡ l=¡ a) + 0:73­ 2
tot=(2¼2)

N; (3)

where ¢ l = º0 ¡ ºl is the detuning of the trapping laser. Knowing the fluorescence emission rate
R as well as ­ tot, ¡ l, and ¢ l, we can calculate the number of the trapped atoms N with Eq. (3).
We use ¡ l = 1 MHz in Eq. (3) for the data taken in the injection-locking condition, although the
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actual laser linewidth may be less than 1 MHz in that condition. At the same N , the R of ¡ l = 1
MHz is about 10% larger than the R of ¡ l = 0 for the MOT situations in our experiment.

Figures 2(a) and 2(b) show the number of the trapped 87Rb atoms versus the laser detuning
at different magnetic-field gradients for the two laser linewidths of 1 MHz and 10 MHz. The
total intensity of the six trapping beams in the MOT center is kept at 18.7 mW/cm2 for all the data

FIG. 2. The number of the trapped atoms versus the detuning at different magnetic-field gradients. Circles,
asterisks, triangles, crosses, and squares are the data at the axial magnetic-field gradients of 9.8,
13.0, 16.3, 19.5, and 22.8 G/cm respectively. Solid lines are curves to guide the eye. (a) the
1-MHz laser linewidth. (b) the 10-MHz laser linewidth. The horizontal scales are in the unit of
the natural linewidth. The typical error bars of all data are about § 5% (N > 2£ 107) and § 10%
(others).
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FIG. 3. (a) The maximum number of the trapped atoms, (b) the optimum detuning, and (c) the optimum
axial magnetic-field gradient versus the total laser intensity. The horizontal scales of the three
figures are the same. Squares are for the 1-MHz laser linewidth and circles are for the 10-MHz
laser linewidth.

in Fig. 2. The influences of the detuning and the magnetic-field gradient on the number of the
trapped atoms are qualitatively similar for the two laser linewidths. In Fig. 3(a), the maximum
number of the trapped atoms (Nopt) is plotted against the total laser intensity. Each data of Nopt

is taken at the optimized detuning and magnetic-field gradient for the given laser intensity and
laser linewidth. The maximum number of the trapped atoms of the 10-MHz laser linewidth is
about 40% less than that of the 1-MHz laser linewidth. The figure also indicates that the laser
intensities used in the experiment are in the regime that the number of the trapped atoms increases
linearly with the laser intensity. Figures 3(b) and 3(c) illustrate the optimum detuning and the
optimum magnetic-field gradient with respect to Nopt for the two laser linewidths. It is clear that
both have smaller values for the larger laser linewidth. During the measurements of the above
data, the stability of the magnetic field is maintained within 0.1% or 0.01 G (whichever is larger),
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and the fluctuation of the laser intensity is less than 1%. All the quoted error bars in the figures
are mainly due to the noise or the variation of the fluorescence measurements, and they do not
include the errors caused by the uncertainties of the b and the ¡ l in Eq. (2).

We exam the experimental data with the simplified one-dimension calculation that is based
on the model in Ref. [3]. The calculation does take into account the laser linewidth, which is not
considered in Ref. [3]. The slowing force in the calculation is written as

F =~k
·

2¼¡ a­
2=(4¼2)

¡ 2
a(1 + ¡ l=¡ a) + 4(¢ l ¡ ¢ B + kv)2=(1 + ¡ l=¡ a) + ­ 2=(2¼2)

¡ 2¼¡ a­
2=(4¼2)

¡ 2
a(1 + ¡ l=¡ a) + 4(¢ l + ¢ B ¡ kv)2=(1 + ¡ l=¡ a) + ­ 2=(2¼2)

¸
:

(4)

In the above equation, ¢ B is the Zeeman shift induced by the magnetic field and is position-
dependent, v is the atom velocity, k is the wave vector of the trapping laser, and ­ is the Rabi
frequency of a single laser beam. With the slowing force, the equation of motion of an atom is
solved numerically. After knowing the motions of atoms in the MOT region, we can determine
the maximum velocity (vc) of the background Rb atoms that can be captured by our MOT under
a given trapping condition. The predicted number of the trapped atoms is then given by

N = 0:1
A

¾

µ
vc

vt

¶ 4

; (5)

where A is the surface area of the trapping region, ¾ is collision cross section between the trapped
atoms and atoms in the room-temperature Rb background gas, and vt is the average velocity of
the room-temperature Rb background gas. The relation between N and vc in the above equation
has been explained in Refs. 3 and 10. The results of the calculation show the similar trends of
the atom number versus the laser detuning and versus the magnetic-field gradient as shown in
Fig. 2(a) and (b). Since the calculation is only one-dimensional, discrepancies in absolute values
between calculation results and experimental data are expected. Nevertheless, the predicted effects
of the finite laser linewidth on the number of the trapped atoms are consistent to the experimental
observations. The calculation finds that a larger laser linewidth always results in less trapped
atoms and shifts the optimum detuning and the optimum magnetic-field gradient toward smaller
values.

In conclusion, we have presented the experimental study of the number of the trapped
atoms in a vapor-cell MOT versus the laser detuning, the magnetic-field gradient, and the laser
intensity for the laser linewidths of 1 MHz and 10 MHz. Our data show that a significant number
of the atoms can still be trapped in the MOT, even when the trapping laser linewidth is larger
than the natural linewidth of the excited state of the driving transition. A laser with a narrower
linewidth usually requires more elaborate work or is more costly. The study indicates that the
MOT setup can be simplified and less expensive for experiments that do not consider the number
of the trapped cold atoms critical [11].
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