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Abstract We report the effective slowing and trapping of Cs atoms in an ultrahigh-vacuum apparatus.  The heated Cs 
atoms in an oven are slowed using a Zeeman slower after the oven chamber and then trapped using a magneto-optical trap 
in a science chamber.  Compared to the traditional vacuum pressure of ~10−7 Pa determined by the vapor pressure of Cs 
atoms in the oven chamber, the designed cold nipple and differential pumping tube are used between the oven and the oven 
chamber to achieve a lower vacuum pressure of ~3. 6×10−9 Pa.  This is beneficial for achieving and maintaining an 
ultrahigh vacuum in the science chamber.  We demonstrate the performance of our apparatus through the effective slowing 
of Cs atoms and an optimal magneto-optical trap.
Key words ultrahigh-vacuum apparatus; Cs atom; Zeeman slower; magneto-optical trap
中图分类号  O46   文献标志码  A DOI： 10.3788/LOP231417

1　Introduction
Experiments on laser cooling and manipulation of 

neutral atoms have been shown to have several 
important applications in the fundamental and applied 
sciences， including quantum entanglement［1-3］， quantum 
simulation［4-6］， and precision measurement［7-11］.  Applications 
typically require a large number of cold atoms to be 
microscopically trapped in a high-vacuum chamber to 
compensate for large losses in subsequent experimental 
processes.  Hence， the design of the vacuum apparatus 
has become crucial.  A high-flux beam of atoms ejected 
from an atomic source into the magneto-optical trap 
（MOT） chamber is ideal for trapping more atoms.  
Most vacuum systems contain differential pumping 
sections and tubes for an ultrahigh vacuum of ~10−9 Pa 
in the science chamber， where a better vacuum allows a 
longer lifetime for an ultracold atomic cloud.

The conditions for both a large atomic number and 
high vacuum are commonly met using a vacuum system 

with a Zeeman slower［12-14］ or a two-dimensional 
MOT［15-17］.  In comparison， the Zeeman slower method 
requires fewer optical components， less alignment， and 
a lower laser power.  The vacuum apparatus， composed 
of an atomic oven and a Zeeman slower， can provide 
more atomic samples and has a high vacuum.  The 
atoms are heated in the oven to produce high-flux 
atomic beams.  The Zeeman slower is used to lower the 
atomic velocity， and the long tube of the Zeeman 
slower also creates a pressure difference of 
approximately 10 Pa between the science and oven 
chambers.  Therefore， the use of a Zeeman slower is 
highly attractive for many atomic species.  To date， all 
alkali metal atoms and some alkaline earth metal atoms 
have been cooled to quantum degeneration in a vacuum 
apparatus using a Zeeman slower［18-21］.

To obtain an ultrahigh vacuum in the science 
chamber， it is preferable for the oven chamber to have a 
high vacuum of ~10−8 Pa.  However， particularly for 
Cs atoms， the high saturated vapor pressure results in a 
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vacuum pressure of ~10−7 Pa in the oven chamber.  A 
long copper nozzle with a small diameter （1. 5 mm） is 
used to prevent Cs atoms from accumulating in the oven 
chamber［20］ ， thus avoiding the limit of the saturated 
vapor pressure on the vacuum.  A potential question is 
whether thin and long nozzles are easily blocked by the 
ejected Cs atoms.  In this study， we use a cold nipple 
and differential pumping copper tube between the oven 
and oven chamber to obtain a lower vacuum pressure in 
the oven chamber.  A good vacuum in the oven chamber 
makes it easier to obtain an ultrahigh vacuum in the 
science chamber for the cold-atom experiments.  The 
dependence of vacuum pressure in the oven chamber on 
the temperature of the designed nipple is measured 
experimentally and theoretically.  The details of the 
analysis and measurement of the Zeeman slower are 
presented.  The designed ultrahigh-vacuum apparatus is 
also used to slow down the Cs atoms and obtain an 
optimized MOT in the science chamber.

2　Design and calculation
Our vacuum apparatus is divided into three main 

parts by differential pumping tubes： an atomic oven， 
oven chamber， and main science chamber， as shown in 
Fig.  1.  The Cs oven consists of a copper tube and an 
all-metal angle valve.  A large number of Cs atoms 
heated in the oven are first cooled and then accumulated 
in a cold nipple tube.  The ejected atomic beam is 
slowed by a Zeeman slower and captured using an 
MOT in a science chamber.  A 50 L ion pump and a Ti 
sublimation pump are used to maintain the vacuum in 
the oven chamber.  The science chamber is connected to 
a 150 L ion pump and a Ti sublimation pump.  The 
Zeeman slower tube maintains a vacuum pressure 
difference of approximately 10 Pa between the science 
and oven chambers.  The main vacuum components 
constituting the vacuum apparatus are connected and 
assembled along a collimated atomic beam with a total 
length of 1. 77 m.

The designed nipple consists of a 60 mm long tube 
and two 1. 33″ flanges， as shown in the dashed box in 
Fig.  1.  On each side of the nipple tube， the flange has 
a hole with a diameter of 2 mm in its center.  The 

atomic beam is collimated using two holes in the nipple 
and enters the science chamber through a Zeeman 
slower tube.  The use of a nipple does not reduce the 
number of Cs atoms in the MOT because the 

Fig.  1　Schematic of the vacuum apparatus (the Cs atomic oven is heated up to 60 ℃ to provide a high flux of atoms.  A Zeeman slower 
is installed between the gate valve connected the oven chamber and the science chamber.  Two ion pumps with the speeds of 
50 L/s and 150 L/s are connected with the oven chamber and the science chamber, respectively.  In addition, each of the oven 
chamber and the science chamber has a Ti sublimation pump.  The designed cold nipple is enlarged in the dashed box.  The cold 
nipple consists of a 60 mm long tube connected with two 1. 33″ flanges, the temperature control unit, and the water cooling 
device.  The temperature control unit includes two TECs, a thermistor, the temperature controller and the aluminum mount.  

The plastic screws are used to prevent the heat conduction)

divergence angle determined by the atomic source and 
the hole on the right side of the cold nipple is larger than 
the divergence angle determined by the atomic source 
and inner diameter of the slower tube at its end.  To 
prevent the large number of Cs atoms that have 
accumulated in the nipple from entering the oven 
chamber， the nipple is effectively cooled using two 
thermoelectric coolers （TECs） to ≤ 10 ℃ .  The heat 
from the back of the TECs is quickly removed via water 
cooling.  A low nipple temperature is beneficial for 
obtaining a high vacuum in the oven chamber.  To slow 
down the ejected high-flux atomic beams collimated by 
the nipple， a Zeeman slower is installed between the all-
metal gate valve and the science chamber.  The gate 
valve is connected to the oven chamber to facilitate 
replacement of the Cs source in the future.  The length 
and inner diameter of the slower tube are 42 cm and 
8 mm， respectively.  The slightly focused， slowing 
laser is sufficiently detuned to have a negligible 
influence on the trapped cold atoms when passing 
through the MOT.  A weak repumping laser with large 
detuning is used to maintain efficient transitions during 
the deceleration process.

As the key components of a Zeeman slower， the 
pairs of coils wound on the slower tube are properly 
designed to guarantee maximum deceleration for the 
atoms along the slower tube， as shown in Fig.  2.  The 
maximum deceleration［22］ is obtained when the atom is 
in resonance with the sufficiently saturated laser beam 
and is given as

amax = Γ
2

ℏκ
m

， （1）

where Γ = 2π × 5. 2 MHz is the linewidth of Cs 
atoms， ℏis the Planck’s constant， k is the wave vector， 
and m is the atomic mass.  Due to the imperfect field 
profile of the Zeeman slower， the limited intensity of 
the laser beam， and the distribution of atomic velocity， 
the actual deceleration in the slower is

a = ηamax， （2）
where η is a fraction representing the efficiency of the 
Zeeman slower［23-24］.

To compensate for the Doppler shift observed by 
the atoms moving with constant deceleration， the B-

field profile is be given by ［22］

B ( z)= ℏ
μ (δ + k v2

i - 2az )， （3）

where µ is the magnetic moment of the 6S1/2，F =
4 → 6P2/3，F = 5 transition of Cs atoms， δ is the 
detuning from the atomic transition at zero-field， and vi 
is the atomic velocity before the Zeeman slower.  We 
assume that after leaving the cold nipple， the atoms 
have the same velocity vi until they enter the Zeeman 
slower， where the temperature of the cold nipple is 
determined by vi = 8kBT/ ( )πm = 211. 7 m/s.  The 
final velocity at the end of the slower is expressed as

vf = v2
i - 2aL ， （4）

where L=42 cm is the length of the slower.  If we have 
a high fraction of η ≥ 0. 85， the atoms are slowed down 
to at least vf = 74. 6 m/s.

As shown in Fig.  2， the coils wound on the slower 
tube are divided into five parts， which includes the bias 
coils and tapered A， B， C， and D segments.  The bias 
coils consist of two layers， and each layer has 180 turns 
of 2 mm square copper wire.  The bias coils operate at a 
current of 3. 4 A and create a uniform bias field of B = 
45 G along the direction of the slower.  Segments A， 
B， C， and D are four different sets of tapered coils 
wound on the bias coils.  Coils A， B， C， and D contain 
33， 626， 94， and 18 turns， respectively.  The tapered 
slower coils work at currents of 1. 0 A （A segment）， 
1. 2 A （B segment）， 1. 2 A （C segment）， and −3. 0 A 
（D segment）.  The current in each set of coils is 
individually controlled using an electronic circuit in 
which field-effect transistors are used to stabilize the 
current.  The atoms are slowed by a Zeeman slower and 
captured in the center of the science chamber using the 
MOT.  A good vacuum environment is crucial for cold 
atom experiments， particularly for creating atomic 

Fig.  2　 Construction of a Zeeman slower for Cs atoms (the 
Zeeman slower consists of a slower tube with 8 mm 
inner diameter and five segments of magnetic field 
coils, which are manufactured by using 2 mm square 
copper wires.  The two layers of bias coils at the 
bottom create an uniform magnetic field of 45 G at a 
current of 3. 4 A and each layer has 180 turns.  The 
structurally tapered coils are wrapped on the surface of 
the bias coils and have the optimized currents of 1. 0, 
1. 2, − 1. 2, and − 3 A for the A, B, C, and D 
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divergence angle determined by the atomic source and 
the hole on the right side of the cold nipple is larger than 
the divergence angle determined by the atomic source 
and inner diameter of the slower tube at its end.  To 
prevent the large number of Cs atoms that have 
accumulated in the nipple from entering the oven 
chamber， the nipple is effectively cooled using two 
thermoelectric coolers （TECs） to ≤ 10 ℃ .  The heat 
from the back of the TECs is quickly removed via water 
cooling.  A low nipple temperature is beneficial for 
obtaining a high vacuum in the oven chamber.  To slow 
down the ejected high-flux atomic beams collimated by 
the nipple， a Zeeman slower is installed between the all-
metal gate valve and the science chamber.  The gate 
valve is connected to the oven chamber to facilitate 
replacement of the Cs source in the future.  The length 
and inner diameter of the slower tube are 42 cm and 
8 mm， respectively.  The slightly focused， slowing 
laser is sufficiently detuned to have a negligible 
influence on the trapped cold atoms when passing 
through the MOT.  A weak repumping laser with large 
detuning is used to maintain efficient transitions during 
the deceleration process.

As the key components of a Zeeman slower， the 
pairs of coils wound on the slower tube are properly 
designed to guarantee maximum deceleration for the 
atoms along the slower tube， as shown in Fig.  2.  The 
maximum deceleration［22］ is obtained when the atom is 
in resonance with the sufficiently saturated laser beam 
and is given as

amax = Γ
2

ℏκ
m

， （1）

where Γ = 2π × 5. 2 MHz is the linewidth of Cs 
atoms， ℏis the Planck’s constant， k is the wave vector， 
and m is the atomic mass.  Due to the imperfect field 
profile of the Zeeman slower， the limited intensity of 
the laser beam， and the distribution of atomic velocity， 
the actual deceleration in the slower is

a = ηamax， （2）
where η is a fraction representing the efficiency of the 
Zeeman slower［23-24］.

To compensate for the Doppler shift observed by 
the atoms moving with constant deceleration， the B-

field profile is be given by ［22］

B ( z)= ℏ
μ (δ + k v2

i - 2az )， （3）

where µ is the magnetic moment of the 6S1/2，F =
4 → 6P2/3，F = 5 transition of Cs atoms， δ is the 
detuning from the atomic transition at zero-field， and vi 
is the atomic velocity before the Zeeman slower.  We 
assume that after leaving the cold nipple， the atoms 
have the same velocity vi until they enter the Zeeman 
slower， where the temperature of the cold nipple is 
determined by vi = 8kBT/ ( )πm = 211. 7 m/s.  The 
final velocity at the end of the slower is expressed as

vf = v2
i - 2aL ， （4）

where L=42 cm is the length of the slower.  If we have 
a high fraction of η ≥ 0. 85， the atoms are slowed down 
to at least vf = 74. 6 m/s.

As shown in Fig.  2， the coils wound on the slower 
tube are divided into five parts， which includes the bias 
coils and tapered A， B， C， and D segments.  The bias 
coils consist of two layers， and each layer has 180 turns 
of 2 mm square copper wire.  The bias coils operate at a 
current of 3. 4 A and create a uniform bias field of B = 
45 G along the direction of the slower.  Segments A， 
B， C， and D are four different sets of tapered coils 
wound on the bias coils.  Coils A， B， C， and D contain 
33， 626， 94， and 18 turns， respectively.  The tapered 
slower coils work at currents of 1. 0 A （A segment）， 
1. 2 A （B segment）， 1. 2 A （C segment）， and −3. 0 A 
（D segment）.  The current in each set of coils is 
individually controlled using an electronic circuit in 
which field-effect transistors are used to stabilize the 
current.  The atoms are slowed by a Zeeman slower and 
captured in the center of the science chamber using the 
MOT.  A good vacuum environment is crucial for cold 
atom experiments， particularly for creating atomic 

Fig.  2　 Construction of a Zeeman slower for Cs atoms (the 
Zeeman slower consists of a slower tube with 8 mm 
inner diameter and five segments of magnetic field 
coils, which are manufactured by using 2 mm square 
copper wires.  The two layers of bias coils at the 
bottom create an uniform magnetic field of 45 G at a 
current of 3. 4 A and each layer has 180 turns.  The 
structurally tapered coils are wrapped on the surface of 
the bias coils and have the optimized currents of 1. 0, 
1. 2, − 1. 2, and − 3 A for the A, B, C, and D 
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BEC.  We estimate the vacuum pressure after each 
differential pumping section to ensure a high vacuum in 
the science chamber.  The vacuum pressure in the cold 
nipple tube is estimated using the vapor pressure of the 
Cs atoms.  The controlled temperature of 10 ℃ .  
indicates a vacuum pressure of P 0 = 4. 4 × 10-5 Pa， 
which is regarded as the starting point for calculating the 
vacuum pressure in the vacuum devices after the nipple.  
The vacuum conductance C of a long round tube with 
diameter d and length l is given by

C = πvd 3

12l
， （5）

where υ is the velocity of the Cs atoms.  To improve the 
vacuum in the oven chamber， we add a thin copper tube 
with an inner diameter of 6 mm and a length of 80 mm 
by connecting it to the back side of the nipple.  The 
vacuum pressure in the oven chamber is given by：

P 1 = C 1

C 1 + C pump1
P 0 ≈ C 1

C pump1
P 0. （6）

This approximation is valid because C pump1 =
50 L/s for the 50 L/s ion pump is much larger than 
C 1 = 0. 027 L/s.  C 1 is determined using the equation 
1/C 1 = 1/C nipple + 1/C pole + 1/C tube，where C nipple， C pole， 
and C tube are the conductance of the nipple， pole in the 
right flange of the nipple， and copper tube after the 
nipple， respectively.  The theoretical vacuum pressure 
in the oven chamber is P 1 = 2. 42 × 10-8 Pa， but the 
measured value is 3. 6 × 10-9 Pa when the Cs atomic 
source is heated to 60 ℃ .  The large difference between 
theory and measurement is mainly attributed to the 
lower vacuum pressure in the cold nipple.  Because a 
large number of heated Cs atoms condense on the inner 
wall of the nipple tube， the actual vacuum pressure is 
lower than the theoretical calculation based on the 
saturated vapor pressure of Cs atoms.  The conductance 
of the Zeeman slower is given by C 2 = 0. 02284 L/s.  
Considering the differential pressure induced by the 
Zeeman slower tube， the vacuum pressure P 2 in the 
science chamber is lower than P 1.  The theoretical 
pressure is P 2 = 3. 7 × 10-9 Pa， but the measurement 
indicates a lower value of 1. 8 × 10-9 Pa.

3　Experimental measurement
In our vacuum system， the vacuum pressure in the 

oven chamber is mainly affected by the controlled 
temperature of the designed nipple because a differential 
pumping tube is installed between the nipple and oven 
chamber.  We measured the effect of nipple temperature 
on the vacuum pressure in the oven chamber， as shown 

in Fig.  3.  A lower nipple temperature is preferable to 
obtain a better vacuum in the oven chamber and 
therefore to achieve an ultrahigh vacuum in the science 
chamber.  Based on the temperature of the nipple and 
the calculated vacuum differential pressure， we 
obtained the theoretical dependence of the vacuum 
pressure in the oven chamber on the temperature of the 
designed nipple.  In Fig.  3， the theoretical calculation 
agrees with the measured values except for the data 
corresponding to the low temperature of T = 10 ℃.

We measured the variation in the magnetic field 
along the centerline of the Zeeman slower tube using a 
Gaussian meter.  The dependence of the axial magnetic 
field on position is shown in Fig.  4.  We numerically 
simulated a parabolic magnetic field using the designed 
coil structure and currents， and the measurements 
agreed with the simulation.  Detuning of the saturated 
slowing laser is optimized by monitoring the 
fluorescence of the Cs MOT.  According to Eq.（3）， 
we calculated the theoretical variation in the magnetic 
field in the Zeeman slower with an efficiency of η =
0. 85.  As shown in Fig.  4， the numerical simulation 
agrees with the measured results， whereas the 
difference from the theoretical curve on the sides is 
attributed to the limit of the sudden drop in the real 
magnetic field.

The atoms in the oven are heated to 60 ℃ and then 
ejected after the collimation of the nipple.  High-flux 
atomic beams are slowed by the Zeeman slower.  The 
atoms that enter the science chamber are captured by 
the MOT.  The MOT consists of six cooling lasers， 
one repumping laser， and a pair of anti-Helmholtz coils.  
Each cooling laser is detuned by Δ cool = -15 MHz from 
the 6S1/2，F = 4 → 6P2/3，F '= 5 cycling transition of the 
Cs atoms， and has a power of P cool = 6 mW. A 

Fig.  3　 Vacuum pressure in the oven chamber as a function of 
the controlled temperature for the nipple (the red line is 

from theoretical calculation)

repumping laser with the power of 3. 5 mW is detuned 
by Δ rep = -10 MHz from the 6S1/2，F = 3 → 6P2/3，F '=
4 transition.  The coils operate at a current of I = 8 A， 
and the magnetic-field gradient is ∂B/∂Z = 13 G/cm.  
We investigated the effect of detuning the slow laser on 
the number of cold Cs atoms in the MOT.  Figure 5 
shows the variation in the number of atoms loaded in 
the MOT with detuning of the slowing laser.  The 
optimized detuning is δ = -93 MHz.  Using the 
optimized experimental parameters， we obtained 4×
108 Cs atoms at a temperature of 80 µK in the MOT.

4　Conclusions
We present an ultrahigh-vacuum apparatus to slow 

down and trap Cs atoms.  The designed cold nipple and 
differential pumping copper tube are placed between the 
oven and oven chamber to maintain a large differential 
pressure between the atomic source and the oven 

chamber.  The low pressure of ∼3. 6×10−9 Pa achieved 
in the oven chamber is analyzed theoretically， and the 
effect of the temperature of the designed nipple on the 
vacuum pressure in the oven chamber is also 
investigated.  The analysis and measurement of the 
Zeeman slower laser are provided in detail， and the 
detuning of the slowing laser is optimized to obtain a 
large number of atoms in the MOT.  Our vacuum 
apparatus has advantages.  First， it can be directly used 
to overcome the limit of the Cs atomic saturated vapor 
pressure on the vacuum degree in the oven chamber and 
make it easier to maintain an ultrahigh vacuum in the 
science chamber.  Second， it extends the lifetime of the 
ion pump close to the oven by accumulating active Cs 
atoms in the cold nipple.  Finally， this study provides a 
method for creating atomic BEC in a single vapor-

loaded chamber for many atomic species.
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repumping laser with the power of 3. 5 mW is detuned 
by Δ rep = -10 MHz from the 6S1/2，F = 3 → 6P2/3，F '=
4 transition.  The coils operate at a current of I = 8 A， 
and the magnetic-field gradient is ∂B/∂Z = 13 G/cm.  
We investigated the effect of detuning the slow laser on 
the number of cold Cs atoms in the MOT.  Figure 5 
shows the variation in the number of atoms loaded in 
the MOT with detuning of the slowing laser.  The 
optimized detuning is δ = -93 MHz.  Using the 
optimized experimental parameters， we obtained 4×
108 Cs atoms at a temperature of 80 µK in the MOT.

4　Conclusions
We present an ultrahigh-vacuum apparatus to slow 

down and trap Cs atoms.  The designed cold nipple and 
differential pumping copper tube are placed between the 
oven and oven chamber to maintain a large differential 
pressure between the atomic source and the oven 

chamber.  The low pressure of ∼3. 6×10−9 Pa achieved 
in the oven chamber is analyzed theoretically， and the 
effect of the temperature of the designed nipple on the 
vacuum pressure in the oven chamber is also 
investigated.  The analysis and measurement of the 
Zeeman slower laser are provided in detail， and the 
detuning of the slowing laser is optimized to obtain a 
large number of atoms in the MOT.  Our vacuum 
apparatus has advantages.  First， it can be directly used 
to overcome the limit of the Cs atomic saturated vapor 
pressure on the vacuum degree in the oven chamber and 
make it easier to maintain an ultrahigh vacuum in the 
science chamber.  Second， it extends the lifetime of the 
ion pump close to the oven by accumulating active Cs 
atoms in the cold nipple.  Finally， this study provides a 
method for creating atomic BEC in a single vapor-

loaded chamber for many atomic species.
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