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Maximized cooling efficiency for a Zeeman slower operating

at optimized magnetic field profile
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We build a Zeeman slower with consecutive coils and use it to load an Yb magneto-optical trap (MOTs).
Cooling efficiency is measured by the fluorescence intensity of the atomic cloud trapped by the MOT.
An optimized magnetic field profile can acquire the maximum cooling efficiency, corresponding to a good
compromise between the smaller magnetic field mismatch and the high capture velocity. Our studies
provide useful information on how the performance of the Zeeman slower can be improved.
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The Zeeman slower was first developed by Phillips
et al. in 1982[1]. It is more effective in creating slow
atomic beams than other methods based on frequency
chirping[2], frequency sweeping[3], broadband lasers[4−6],
and so on. It has been widely used as a pre-cooling
stage in magneto-optical traps (MOTs). Certain metal
elements employed in optical clocks, such as Sr and
Yb[7−14], which have very low vapor pressures at room
temperature, cannot be trapped directly by a MOT. In
such a case, a Zeeman-slowed atomic beam is usually
the only choice to obtain a high flux of slow atoms for
subsequent laser cooling. To produce the desired mag-
netic field profile, a tapered coil is normally adopted in
a Zeeman slower[1,15]. It needs only one current supply;
however, the magnetic coil requires precise design and
construction for the optimal performance. Recently, a
Zeeman slower based on magnetic dipoles and composed
of an array of compact discrete neodymium magnets was
proposed by Ovchinnikov[16,17]. This slower needs no cur-
rent; however, it has the same limitations as the tapered
coils. Dedman et al. performed detailed theoretical cal-
culations of the magnetic field profile for a slowing light
beam with non-uniform intensity distributions. Gener-
ally, precisely determining the optimal magnetic field
profile is difficult because atomic cooling depends upon
many other factors, such as the alignment and the spa-
tial distribution of the slowing light beam. A novel type
of Zeeman slower with consecutive coils was first demon-
strated by Harris[18]. Although independent current con-
trols for each coil make this system quite complicated, it
is simpler to build. More importantly, it provides flex-
ibility to optimize the magnetic field profile to acquire
maximized cooling efficiency.

In this letter, we investigate how to improve the cooling
efficiency of a Zeeman slower by considering the imperfec-
tion of its magnetic field distribution. We use a Zeeman
slower made of consecutive coils to load an Yb MOT. The
cooling efficiency of the Zeeman slower is increased by op-
timizing the magnetic field distribution. We first give a

brief introduction of the principle of a Zeeman slower,
and then provide a description of our Zeeman slower, as
well as an analysis to the effect of the magnetic field dis-
tribution. We also present experimental observations to
support our analysis.

In a Zeeman slower, a red-detuned laser beam is guided
to counter-propagate against the atomic beam. A spa-
tially varying magnetic field produces a varying Zeeman
shift to compensate the changing Doppler shift of the
atoms. The radiation force acting on an atom is given
by[15]

F =
h̄kΓ

2

(

s(z)

1 + s(z) + 4∆2
eff/Γ2

)

, (1)

where h̄ is the Plank’s constant divided by 2π, k is the
wave vector, Γ is the linewidth of transition, s(z) is the lo-
cal saturation parameter along the axis of Zeeman slower,
and ∆eff = δ0 + kv(z)–µ′

B(z)/ h̄ is the effective detuning,
which includes both the Doppler shift and the Zeeman
shift. Here, δ0 is the laser detuning, v(z) is the velocity
of the atoms, and µ′ is the magnetic moment. If a moving
atom is in resonance with the slowing laser (i.e., ∆eff=
0), the magnetic field distribution B(z) of the Zeeman
slower can be written as

B(z) =
h̄

µ′

(

δ0 +
v(z)

λ

)

, (2)

where λ is the wavelength of the slowing laser. Accord-
ing to Eq. (1), the maximum deceleration rate amax =
h̄kΓ/2m (m is the atomic mass) can only be reached in
the resonant case and at infinite intensity of the laser
light. In practice, only a fraction of the maximum decel-
eration rate, a = η amax, is used in the design of a slower.
Thus, a higher maximum velocity vmax requires a higher
peak magnetic field to compensate for the larger Doppler
shift. The distance over which slowing takes place is sim-
ply given by L = (v2

max− v2
f )/(2a), where vf is the desired

final velocity at the exit of the slower. The velocity as a

1671-7694/2011/010201(4) c© 2011 Chinese Optics Letters



010201-2 CHINESE OPTICS LETTERS / Vol. 9, No. 1 / January 10, 2011

function of z takes the following form:

vz =
√

(1 − z/L)v2
max + (z/L)v2

f . (3)

Thus, the desired spatial profile of the magnetic field is
completely determined by Eqs. (2) and (3).

We built a slower for Yb, a metal element possessing a
strong 1S0 −

1P1 transition (Γ = 2π× 29 MHz) at 398.9
nm, which is suitable for Zeeman slowing. The slower
was made of 13 consecutive cylindrical coils. The coils
were designed to carry different currents to create the
required magnetic-field distribution along the axis of the
slower. Each coil had 260 windings of copper wire and a
current controlled independently by a homemade 13-way
current source. The length of the slower was 26 cm, and
a deceleration rate a = 0.4amax was chosen for the design.
The slower was thus able to capture atoms with initial
velocities of up to 310 m/s. We first programmed inde-
pendent calibration system for each coil by measuring
its magnetic field distribution when only the single coil
carried an electric current, whereas all other coils were
shut off. If all the coils were switched on, their magnetic
fields would be superimposed together to form an overall
distribution over the slowing distance. Then, we used
a fitting program to obtain the required current values
of the coils that would produce an actual magnetic field
distribution with the best match to the desired profile.

Figure 1(a) displays the desired magnetic field profiles
and the actual magnetic field profiles produced by the
slower. The upper dashed curve represents the initial
design we intended to use in the experiment. The figure
shows a peak magnetic field of approximately 341 Gs at
the entrance of the slower, corresponding to a decelera-
tion process at which the velocity decreases from 310 m/s
to approximately 7 m/s over the whole effective slowing
distance. There is a good agreement between the ac-
tual and desired field profiles. Nevertheless, we checked
the residual small mismatch between these two curves.
Figure 1(b) displays the amplitude difference of the ac-
tual and the desired fields, which shows a ripple-like
fluctuation with the maximum amplitude of about 6 Gs.
In the consecutive coil structure, the coil strength, which
is defined as the product of the turns and current, does
not vary smoothly along the z coordinate. As a result,
the spatial profile of magnetic field is not smooth either,
especially in the region between two adjacent coils. This
imperfection in the actual magnetic field is unavoidable
even if every coil has an ideal cylindrical shape, and is
thus a disadvantage compared with tapered-coil Zeeman
slowers. Although the field mismatch can be somewhat
reduced by using more coils of smaller width, this method
requires a more complicated electric current source. The
deviation of the actual magnetic field from the ideal
curve leads to a non-zero ∆eff , which in turn results in a
reduction of the radiation force F , according to Eq. (1).
Apparently, F is more sensitive to ∆eff at smaller satura-
tion parameters s. The slowing light we used is below the
saturation intensity (Is = 58 mW/cm2), corresponding
to an average saturation parameter s ≈ 0.67. Specifically,
the amplitude of field fluctuation in Fig. 1(b) may cause
a reduction of the radiation force by nearly 17%. The
considerable change in the radiation force experienced by
the atoms affects the slowing process in two ways. Firstly,

Fig. 1. (a) Magnetic field distribution of the Zeeman slower
for Yb atoms. The solid and dashed lines represent the mea-
sured data and theoretical curves, respectively. The three
pairs of curves, from top to bottom, correspond to a peak
magnetic field of 341, 114, and 63 Gs, respectively. (b), (c),
and (d) Deviation of the measured data with respect to the
smooth theoretical curves for the three cases in (a), showing
ripple-like fluctuations.

Fig. 2. Velocity versus position for atoms in the Zeeman
slower. Curves a, b, and c correspond to the cases with a
peak magnetic field of 341, 114, and 63 Gs, respectively, as in
the case of Fig. 1. Solid lines represent designed velocities,
whereas dashed lines represent calculated velocities when the
fluctuation of the magnetic field is considered. Evidently, at
lower B-field range, the deceleration process is less affected
by the fluctuation of the magnetic field.

the atomic velocity cannot reach the desired value v(z)
due to the decreased deceleration rate. Secondly, the
mismatch between the actual velocity and the desired
velocity increases the effective detuning ∆eff due to the
additional Doppler shift, which in turn causes a further
decrease in the radiation force. Eventually, the atoms
leave the slower at a higher velocity than the designed
final velocity vf , as illustrated by the curve a in Fig. 2.

The discussion above implies that the imperfection in
the magnetic field distribution somehow needs to be al-
leviated. Intuitively, the field mismatch should become
smaller as the overall amplitude of the magnetic field is
decreased. For example, the middle and bottom curves
in Fig. 1(a) shows two magnetic field profiles, each with
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a much lower peak field than the upper pair of curves.
The corresponding magnetic field fluctuations are shown
in Figs. 1(c) and (d), respectively. Compared with the
case in Fig. 1(a), the fluctuation amplitudes are signif-
icantly reduced to a value less than 2 Gs. The cooling
efficiency of the slower increases at lower fields. However,
one has to bear in mind that the capture velocity vmax

of the slower decreases when the peak magnetic field is
reduced. A decline in the flux of the slow atoms thus
occurs accordingly. Therefore, a good compromise be-
tween the capture velocity and the small magnetic field
mismatch must be sought. This can be easily performed
in the experiment by simply changing the magnetic field
distribution.

In order to obtain cold Yb atoms, we built a MOT to
trap the slowed atoms coming out of the Zeeman slower
described above. The fluorescence signal of the MOT,
which is proportional to the trapped atom number, may
be regarded as a measure of the cooling efficiency of the
slower. In other words, the more atoms the MOT col-
lects, the more efficient the slower becomes. Our aim
here is to observe the possible change in the cooling ef-
ficiency when the magnetic field distribution varies, to
optimize the operation of the slower in the way discussed
previously.

The experimental setup is sketched in Fig. 3. The
setup consisted mainly of an oven, the Zeeman slower,
and the MOT vacuum chamber. The temperature of
the oven was kept at approximately 400 ◦C. The re-
quired blue light at the wavelength of 398.9 nm was
delivered by a commercial laser (Toptica TA-SHG). Ap-
proximately 10 mW of the light was 300 MHz red-shifted
by an acousto-optic modulator (AOM), which served as
the slowing beam of the Zeeman slower. Another light
beam of several milliwatts was guided to cross the atomic
beam at a right angle. The induced fluorescence signal,
nearly Doppler-free spectrum of atomic transitions, was
used to calibrate the laser frequency. Three pairs of light
beams with a total power of 50 mW and a beam diameter
of 1 cm were used as the trapping beams of the MOT.
Part of the fluorescence emitted by the atomic cloud was
collected by an optical lens, and then sent to a pho-
tomultiplier tube (PMT). The sensitivity of the PMT
to blue light was calibrated for the calculation of the
trapped-atom number. A charge-coupled device (CCD)
camera was placed in the opposite direction to record the

Fig. 3. Diagram of our Yb MOT apparatus with a multi-coil
Zeeman slower.

fluorescence image of the atom cloud.
Although our slower was designed for one isotope

174Yb, the magnetic field distribution generated was
very similar to that required by other isotopes. This is
because all the isotopes have the same amount of Zee-
man shift, and their atomic mass values are close to
each other. Thus, the deceleration rates to all isotopes
are nearly identical with the same magnetic field pro-
file. In addition, the 1S0 – 1P1 cooling cycle is not fully
closed because an excited atom at 1P1 state has a small
branching ratio to other metastable states. This means
that the Yb MOT can be rapidly built up and can reach
the steady state in a short time scale, given by the life-
time (about 0.3 s) of the cooling cycle.

In the experiment, as the laser frequency was slowly
scanned, the MOT signal of different isotopes appeared
subsequently (see Fig. 4). The relative intensities of the
group of peaks were due to different isotope abundances.
The data in Fig. 4 were taken under the same experimen-
tal conditions, except for the magnetic field distribution
of the slower. Figure 4(a) corresponds to a magnetic
field profile, as displayed by the upper curve in Fig. 1(a).
In this case, the designed peak field and capture veloc-
ity were 341 Gs and 310 m/s, respectively. The trapped
atom number of isotope 174Yb in the MOT was estimated
to be 4.8×107. To check the performance of the slower
with a smaller magnetic field fluctuation, we reduced the
peak field to 114 Gs. The magnetic field then follows the
profile of the middle curve in Fig. 1(a). Accordingly, the
capture velocity was reduced to 183 m/s. Figure 4(b)
displays the MOT signal in this situation for compari-
son. The atomic number of 174Yb increased to 8×107,
corresponding to approximately 67% enhancement com-
pared with Fig. 4(a). All other isotopes acquired roughly
the same amount of enhancement. We also measured
the MOT signals for other peak field values; however,
Fig. 4(b) gives the maximal signal acquired. The figure
shows that the efficiency of the Zeeman slower can indeed
be increased by reducing the mismatch of the magnetic
field distribution. However, when the peak field was
further reduced from 114 Gs, the MOT signal dropped
instead. As an example, Fig. 4(c) shows a curve for a
specific magnetic field profile described by the bottom
curve in Fig. 1(a), for which the peak field and capture
velocity were lowered to 63 Gs and 155 m/s, respec-
tively. This indicates that the negative effect of the re-
duced atomic flux plays a more important role if the cap-
ture velocity is too small. Just as predicted before, the

Fig. 4. Fluorescence signals of the MOT for different Yb iso-
topes as the laser frequency is scanned. The peak magnetic
field of the Zeeman slower is, as in the case of Fig. 1(a), (a)
341, (b) 114, and (c) 63 Gs, respectively.
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maximum efficiency of the slower can be acquired by
making a compromise between the small magnetic field
mismatch and high capture velocity.

In conclusion, a Zeeman slower with consecutive coils
has been constructed and tested to provide the slow atom
source for an Yb MOT. Our analysis shows that the mis-
match between the actual and desired magnetic field dis-
tributions of the slower may impair the slowing process
due to reduced deceleration rate, especially for magnetic
field profiles with a high peak field. In the experiment, we
record the fluorescence signal of the atom cloud trapped
in the MOT as an actual measure of the cooling efficiency
of the slower. Our observations prove that the cooling ef-
ficiency does not increase monotonically with increased
peak field (and hence the increased capture velocity) be-
cause of the presence of magnetic field mismatch. Com-
pared with the initial design, the trapped atom num-
ber is increased by approximately 67% at the optimized
magnetic field profile of the Zeeman slower. Our results
confirm that the performance of the Zeeman slower can
be considerably improved by simply optimizing the mag-
netic field profile.
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