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The loss rate of cold atoms in a trap due to residual gas collisions differs from that in a free state after the cold atoms
are released from the trap. In this paper, the loss rate in a cold rubidium-87 atom cloud was measured in a magneto-optical
trap (MOT) and during its free flight. The residual gas pressure was analyzed by a residual gas analyzer, and the pressure
distribution in a vacuum chamber was numerically calculated by the angular coefficient method. The decay factor, which
describes the decay behavior of cold atoms due to residual gas collisions during a free flight, was calculated. It was found
that the decay factor agrees well with theoretical predictions under various vacuum conditions.
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1. Introduction
Progress in laser cooling and trapping of neutral atoms

has made it possible to produce samples with a large num-
ber of cold atoms.[1] Such samples will be useful for high-
resolution spectroscopy, collision measurements, and fre-
quency standards.[2] In a cold atom frequency standard, such
as fountain atomic clocks, the number of the detected cold
atoms is very important for obtaining high performance. In
these systems, the quantum projection noise is inversely pro-
portional to the square root of the number of the detected
atoms Nat. A higher effective number of atoms is required to
improve the stability of the clock.[3] On the other hand, cold
atom clocks using the Ramsey method[4] require a longer time
interval between two π/2 pulses in order to obtain more nar-
row linewidths. While the longer time interval may lead to
greater loss due to residual gas collisions.

The magneto-optical trap (MOT) is widely used to pro-
duce cold atomic samples,[5–7] and the basic connection be-
tween the loss rate of a MOT and the background gas pressure
has been understood.[8–10] In a relatively shallow trap, such as
far off resonance traps and magnetic traps, the corresponding
residual gas collision mechanism has also been studied.[11–13]

However, few articles have been published on the loss of cold
atoms due to collisions with residual gas during a free flight.
The cold atom clock operated in a microgravity is proposed

to obtain a longer interrogation time, which may narrow the

Ramsey linewidth.[14,15] Similarly, the space matter-wave in-

terferometer is designed by using a longer pulse separation

time in microgravity environments with the goal of enhanc-

ing the sensitivity.[16] The loss of cold atoms due to residual

gas collisions may dominate because of their longer free flight

time. For cold atoms during free flight, collisions may result in

very small scattering angles. This ejects the cold atoms from

the cloud, and the theory describing the loss rate due to resid-

ual gas collisions needs to be verified for the cold atoms during

free flight.

In this paper, a theory connecting the residual gas pres-

sure and the decay of a cold atom cloud in a MOT and dur-

ing free flight is presented. The residual gas is analyzed us-

ing a residual gas analyzer. The stationary molecular flow of

a vacuum chamber is also calculated numerically by the an-

gular coefficient method, using the molecular flow module of

COMSOL. Experiments are compared with the corresponding

theory, and it is found that the experimental results agree well

with theoretical predictions. The results are significant, as they

verify the reliability of the theory. According to the theory, we

can estimate the required vacuum pressure and design the vac-

uum system accordingly.
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2. Theory of the loss rate in a MOT and during
free flight
The MOT loading and loss process can be described by

the following rate equation:[17]

dN(t)
dt

= R− γN(t)−β n̄N(t), (1)

where N(t) is the number of atoms in the trap, and R is the
loading rate of the magneto-optical trap. Normally, R is pro-
portional to the density of the species being trapped, and γ is
the trap loss in the MOT that is caused by residual gas colli-
sions. β is a rate constant for losses due to inelastic two-body
collisions within the MOT, and n̄ =

∫
n(r, t)2dV/

∫
n(r, t)dV .

For larger N values, light scattering enforces a constant den-
sity n̄. In the constant density limit,[17] equation (1) results in
an exponential loading curve

N(t) =
R
Γ
(1− e−Γ t), (2)

with Γ = γ + β n̄ . For smaller N, the exponential curve can
also be observed when γ� β n̄. By fitting a curve such as that
shown in Fig. 3, R and the loss rate Γ can be determined. It
is also found that the measured loading curves are exponential
to a good approximation.

On the other hand, the loss rate γ can generally be ex-
pressed as

γ = ∑
i

ni〈σivi〉, (3)

where the sum is over gas species i in the background vacuum
with density ni = Pi/(kBT ) according to the ideal gas law, vi

is the gas velocity, and σi is the collision loss cross section.
The brackets represent an average over a Maxwell–Boltzmann
distribution at temperature T , and the velocity of the trapped
atoms can be considered negligible compared to gas velocity
vi.

For MOTs, the interaction potential between the
ground-state trapped atoms and residual gas species i can
be adequately described using the van der Waals form
−Ci/r6.[11,17,18] The well depth D of a MOT is on the order of
1 K, and the speed s imparted to the trapped atom can be calcu-
lated during the collision using the impulse approximation.[10]

A trapped atom with mass m0 will be knocked out of the MOT
if s > v0, where m0v2

0/2 = D. Moreover, the density ni can
be expressed in terms of the partial pressure Pi = nikBT . For
an incident species with mass mi, after being averaged over a
Maxwell–Boltzmann distribution at room temperature T , the
loss rate due to residual gas species i can be expressed as[10,17]

γi ≈ 6.8
1

(kBT )2/3

(
Ci

mi

)1/3

(Dm0)
−1/6Pi. (4)

According to Eq. (4), the MOT loss rate is related to the sixth
root of the well depth, and different well depths have a minor
influence on the MOT loss rate. It has been found in the results
of Dongen[12] that γi depends only weakly on the well depth D;
the loss rate differs by about 30% when the well depth ranges
from 0.55 K to 2.2 K.

For collisions between the excited state trapped atoms
and residual gas (non-alkali-metal species), the loss rate co-
efficients can be expected to differ by no more than 30% from
the ground-state estimates.[17] Moreover, the loss rate due to
the collision between the trapped atoms and hot atoms of the
same species can be measured by varying the density of the
hot atoms.

For relatively shallow traps, such as far off resonance
traps[19,20] and magnetic traps,[21] typical well depths range
from less than 1 mK to 10 mK. When the scattering angles
required to eject atoms from the trap are sufficiently small, a
classical small-angle approximation is not valid.[22] The loss
rate can be given by

γi = nivr

∫
π

θ0

2π sinθ | f (θ)|2 dθ , (5)

where vr is the relative velocity, f (θ) is the scattering ampli-
tude, and θ0 is determined by the well depth.[11]

Similarly, for cold atoms (the temperature of the cold
atom cloud is on the order of 1–100 µK) during free flight,
very small scattering angles may result in ejection of cold
atoms from the cold atom cloud. There is no well depth
for cold atoms during free flight, and the collision loss cross
section is equal to the total collision cross section and the
total collision cross section can be obtained by the optical
theorem.[23] The corresponding loss rate is obtained by evalu-
ating Eq. (5) in the limit θ0 ≈ 0,

γi ≈ nivrσ(vr). (6)

In this case, the integral over θ essentially yields the total cross
section, and the total cross section for collisions with a room-
temperature residual gas can be evaluated using semi-classical
phase shifts for a interaction potential V (r) = −Ci/r6.[11,24]

The total cross section is most conveniently obtained using
the optical theorem.[23,24] For the interaction potential−Ci/r6,
the total cross section between the cold atoms and residual gas
species i can be given by

σ(vr)≈ 8.08
(

Ci

h̄vr

)2/5

. (7)

The loss rate should be averaged over the Maxwell–
Boltzmann distribution of residual gas speed. The flying ve-
locity of the cold atoms is much smaller than the most prob-
able velocity of the residual gas and can be neglected. In this
case, the loss rate can be expressed as

γi ≈ 1.05
upσ(up)

kBT
Pi, (8)
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where up =
√

2kBT/mi is the most probable velocity of the
residual gas. According to Eq. (8), the loss coefficient de-
pends on the residual gas species through Ci and mi. The van
der Waals coefficients Ci can be obtained from Arpornthip’s
work,[17] or they can be calculated using the Slater–Kirkwood
formula.[25,26]

Table 1. Calculated loss coefficients for collisions between cold Rb
atoms and the residual gases. The MOT well depth is 1 K and the
residual gas temperature is 300 K. The Ci coefficients are expressed
in atomic units and are taken from Ref. [17] or calculated using the
Slater–Kirkwood formula. The loss coefficients γi/Pi in the MOT are
calculated by Eq. (4), and the loss coefficients γi/Pi during free flight
are calculated by Eq. (8).

Species Ci/a.u.

γi/Pi γi/Pi

in a MOT during free flight
/Pa−1·s−1 /Pa−1·s−1

H2 137 3.69×105 1.17×106

He 35 1.86×105 5.51×105

CH4 440 2.72×105 1.00×106

H2O 241 2.14×105 7.59×105

N2 302 1.99×105 7.27×105

CO 337 2.07×105 7.60×105

Ar 278 1.72×105 6.32×105

CO2 482 2.00×105 7.66×105

3. Experimental setup and methods
Experiments were based on the 87Rb space cold atom

clock (SCAC) designed for operating in microgravity. The
Ramsey cavity of the SCAC is a ring cavity with four end-end
rectangular waveguide cavities, according to the U-type inter-
rogation cavity.[27] The schematic diagram of the experimental
setup is shown in Fig. 1. We have developed an ultra-high vac-
uum (UHV) chamber with 10−8 Pa background pressure in the
Ramsey interaction zone and 10−7 Pa background pressure in
the MOT zone.[28] The design of the UHV chamber includes a
vacuum tube, a rubidium base, and a dual-pump system. The
vacuum tube includes cooling, selection, interaction, and de-
tection zones, as shown in Fig. 1.

The double-pump system includes an ion pump (TiTanTM

3S ion pump) and getters (St 171/HI/16-10), and the system is
used to keep the SCAC vacuum near 5×10−8 Pa.[28] The ion
pump is connected to the vacuum tube by a flange, as shown
in Fig. 1. Two groups of getters are installed at the two ends
of the interaction zone, and each group contains 4 getters.[28]

A vacuum valve for UHV and XHV applications makes
it possible to connect the ultra-high vacuum system and the
external pump group when the space cold atom clock is as-
sembled. The external pump group consists of an ion pump
and a residual gas analyzer. As shown in Fig. 1, the residual
gas analyzer (RGA100, Stanford Research Systems) is used
to measure the partial pressure of different gas species in the
ultra-high vacuum. The partial pressure was measured using
the residual gas analyzer (RGA), as shown in Fig. 2. The

40 L/s ion pump (VacIon Plus 40, Varian) was used to main-
tain the vacuum of the system during operation of the residual
gas analyzer.

gettersgetters

residual gas
analyzer

40 L/s ion
pump

Rb source

push beam

state selection
cavity

detection
zone

Ramsey
cavity

cooling
zone

3 L/s ion
pump

vacuum
valve

vacuum valve

Fig. 1. (color online) Schematic of the UHV chamber.

The 87Rb atoms are stored in an oxygen-free copper cell
rather than a rubidium dispenser, which is designed to al-
low diffusion into the cooling zone. The cell is temperature
controlled during the experiment. About 108 Rb atoms can
be captured by a compact MOT,[29] which is built with two
cooling lasers reflected by the mirrors in the cooling zone.
The cooling lasers are red detuned by about 18 MHz to the
|52S1/2,F = 2〉 → |52P3/2,F ′ = 3〉 transition of the 87Rb D2
line. The repumping laser is operated at a frequency corre-
sponding to the |52S1/2,F = 1〉 → |52P1/2,F ′ = 2〉 transition.
An imaging lens is aligned with the center of the MOT, and
the MOT fluorescence is collected with a photodiode. MOT
loading experiments were performed by switching AOMs and
recording the photodiode current with a digital multi-meter
(Agilent 34410A).

The atomic sample is launched by moving molasses, and
as a result the cold atoms move towards the state selection
cavity at a velocity depending on the frequency difference
between the two lasers. In this experiment, cold atoms are
launched vertically downward with 1 m/s velocity, and cold
atoms have a free flight time of about 300 ms. At the begin-
ning of the flight, the cold atoms are further cooled to about
2 µK in the moving molasses by post cooling.[30,31] The atoms
are cooled by tuning the frequency of the cooling lasers from
−2Γ to −12Γ while reducing the power of the cooling lasers
asymptotically to zero.[32]

073701-3
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Cold atoms fly through the selection zone, the Ramsey
interaction zone, and the detection zone in succession. Once
the cold atoms enter the detection zone, F = 2 atoms are de-
tected using a standing wave tuned near the |52S1/2,F = 2〉→
|52P3/2,F ′ = 3〉 cycling transition. The TOF signal of the cold
atom is sampled and recorded by the control electronics sys-
tem.

To test the relationship between the vacuum pressure and
the loss rate of cold atoms, we varied the background vacuum
pressure. As shown in Fig. 1, we used the vacuum valve con-
nected to the 40 L/s ion pump in the external pump group.
The flow rate in the vacuum valve can be changed by vary-
ing the distance between the valve plate and valve seat. When
the valve plate is set to a different distance from the distance
where the valve is completely closed, the vacuum valve has a
different molecular flow conductance. This changes the effec-
tive pumping speed of the 40 L/s ion pump. We recorded the
MOT loading process and the TOF signal of the launched cold
atoms under different background vacuum pressures.

4. Experimental results and analysis
Figure 2 shows the mass spectrum scanned by the analog

mode of the RGA, and it is found that hydrogen is the pri-
mary residual gas species under a high vacuum or ultra-high
vacuum. There are two kinds of vacuum pumps in the vac-
uum system shown in Fig. 1, which are the ion pump and get-
ter. The two kinds of vacuum pumps have different pumping
speeds for different gases.
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Fig. 2. (color online) The mass spectrum measured by RGA up to
99 amu, showing partial pressure (log scale) vs. mass for different con-
ditions: (a) the red line shows partial pressure measurements when the
vacuum valve connected to the 40 L/s ion pump is closed; (b) the blue
line shows measurements when the vacuum valve is open.

The getter has no pump for rare gases, and the 3 L/s ion
pump has a pump speed for these gases. Meanwhile, there is

a distance between the ion pump and the RGA, and the effec-
tive pumping speed of the 3 L/s ion pump at the RGA position
will be further reduced. When the vacuum valve connected the
40 L/s ion pumps is closed, a rare gas (such as argon, methane,
and neon) peak appears at the corresponding position.

For hydrogen and other gases (such as nitrogen, carbon
monoxide, carbon dioxide, and water), there is a longer dis-
tance between the getter and the RGA, and the effective pump-
ing speed of the getter at the RGA position will also be re-
duced. When the vacuum valve connected to the 40 L/s ion
pumps is closed, the partial pressures of these gases at the
RGA are increased. As shown in Table 1, the van der Waals
coefficient C6 between rubidium and nitrogen is approximate
to that between rubidium and carbon monoxide. Because ni-
trogen and carbon monoxide have the same atomic mass, the
loss coefficient for collisions between cold Rb atoms and nitro-
gen is close to that between cold Rb atoms and carbon monox-
ide, so we do not distinguish nitrogen from carbon monoxide.
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-
6
 A
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when the vacuum valve is opened
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0
Time/s

4 8 12 16

Fig. 3. (color online) MOT loading dynamics. The vertical axis shows
the photodiode current after switching on the AOMs at time t = 0. Data
points are the experimentally measured values for the 87Rb MOT. Red
points show measurements when the vacuum valve connected to the
40 L/s ion pump is open, and the green points show measurements when
the vacuum valve is closed. The two solid (black) curves are the fit of
the experimental data to the exponential form of Eq. (2).

The MOT loading curves are shown in Fig. 3. The red
points were measured by recording the photodiode current
when the vacuum valve connected to the 40 L/s ion pump
was open, and the green points were measured when the vac-
uum valve connected to the 40 L/s ion pump was closed. The
two solid (black) curves are the exponential form of Eq. (2);
these curves show an excellent fit to the experimental data.
The MOT loss rate when the vacuum valve is closed (green)
is greater than the loss rate observed when the valve is open
(red). The steady-state atom number of the MOT is also larger
when the vacuum valve is open. The difference between the
red and green data points is due to the different vacuum en-
vironments shown in Fig. 2, and the loss rate due to residual
gases is also different. When the valve connected to the 40 L/s
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ion pump is closed, the pressure of residual gases rises in the
cooling zone.
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Fig. 4. (color online) The data measured by RGA: partial pressure of
residual gases ((i) hydrogen, (ii) nitrogen/carbon monoxide, (iii) carbon
dioxide, (iv) argon, (v) methane) under different vacuum conditions.
The numbers from (1) to (12) indicate the process of varying the vac-
uum conditions, the number (1) indicates the state of the vacuum valve
being closed, and the number (12) indicates the state of the vacuum
valve being completely opened.
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Fig. 5. (color online) The typical results of COMSOL: pressure distri-
bution of hydrogen under different vacuum conditions. The numbers
from (1) to (12) indicate the process of varying the vacuum conditions,
the number (1) indicates the state of the vacuum valve being closed,
and the number (12) indicates the state of the vacuum valve being com-
pletely opened.

It can be seen from the above that the vacuum valve con-
necting the 40 L/s ion pump can effectively change the vacuum
conditions of the experimental system. In the experiments,
we created different vacuum conditions by varying the dis-
tance of the valve plate and the valve seat. Figure 4 shows
the partial pressure of residual gases measured by RGA when
we changed the vacuum conditions. On the other hand, when
the RGA is located far away from the cooling zone, the ex-
perimental data of RGA cannot be used directly. We used
the molecular flow module in COMSOL and the experimen-
tal data of RGA to estimate the partial pressure of the cooling
zone and the cold atom flight path under the different vacuum

conditions. Figure 5 shows pressure distribution of hydrogen
under different vacuum conditions, because of the sufficient
outgassing of RGA (which is much bigger than outgassing of
the vacuum chamber) and the pump speed of getters for hy-
drogen, the pressure from the detection zone to getters group
2 decreases, while the pressure from getters group 2 to the
center of the cooling zone tends to be smooth.

4.1. Loss rate due to residual gases in a MOT

Since the MOT captures Rb atoms directly from the back-
ground gas in the experiment, the MOT loss rate due to hot Rb
atoms in the background should be taken into account. Ac-
cording to Haw’s work,[33] the loading rate of the MOT is di-
rectly proportional to the density of hot Rb atoms, and the loss
rate of the MOT due to the hot Rb atoms is proportional to the
density of hot Rb atoms according to Eq. (3). We changed the
temperature of the Rb source and recorded the loading curve
correspondingly. Figure 6 shows the relationship between the
loss rate and loading rate of the MOT. The red points show
the experimentally measured values, and the black line is the
fitting line for the experimentally measured values. It is impor-
tant to note that the measurement was performed when RGA
was turned off. According to the result of the fitting line, the
loss rate of the MOT due to the hot Rb atoms can be estimated
when the loading rate of the MOT is known.
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Fig. 6. (color online) MOT loss rate versus its loading rate. Red points
show the experimentally measured values, and the black line is the fit-
ting line for the experimentally measured values.

Under different vacuum conditions, the MOT loading
curves and the TOF signals of the cold atoms were recorded.
After simulating the vacuum system by COMSOL, we ob-
tained the pressure distribution of different residual gases un-
der different vacuum conditions (typical in Fig. 5), under
which the MOT loading curves and the TOF signals of the
cold atoms were recorded. We compared the experimental re-
sults with the calculated results (Fig. 7). In Fig. 7, the red data
points show the MOT loss rate obtained by fitting the MOT
loading curves to the exponential form of Eq. (2). The blue
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line shows the calculated loss rate (with loss rate due to hot
Rb atom) with residual gases for the 1 K well depth. The
black dot line shows the calculated loss rate (with loss rate due
to hot Rb atom) with residual gases for the 0.5 K well depth.
The black dash line shows the calculated loss rate (with loss
rate due to hot Rb atom) with residual gases for the 2 K well
depth. The above calculated loss rate is based on the partial
pressure obtained from the COMSOL simulation and the the-
oretical coefficients mentioned above for different gases, and
the loss rate due to the hot Rb atom is added. Several major
residual gases (hydrogen, nitrogen/carbon monoxide, carbon
dioxide, argon, and methane) are considered in these calcula-
tions. It can be found that the calculated loss rate of a typical
MOT whose well depth is about 1 K (blue line) agrees well
with the red points in Fig. 7, which indicates that the results of
the partial pressure distribution from COMSOL are credible.

The residual difference is relatively small, mainly from
the two-body losses between cold atoms in the MOT and the
contribution from other residual gases, such as neon and wa-
ter. According to the results of Gensemer,[34] the trap-loss
collisional rate constant β is on the order of 10−11 cm3·s−1

for 87Rb when the total trap laser intensity is greater than
10 mW/cm2, and trap laser detuning ∆ is −3Γ or −4Γ ; the
estimated density for our MOT is on the order of 109 cm−3

(about 108 atoms in about 0.064 cm3). So the two-body loss
βn between cold Rb atoms in the MOT leads to a small loss
rate of the order of 10−2 s−1. According to the curve fitting in
Fig. 6, the loss rate is about 0.07 when the density of the hot
Rb atoms tends to zero, which indicates that the two-body loss
is less than 0.07.
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Fig. 7. (color online) MOT loss rate versus pressure of residual gases.
Red data points show the loss rate obtained by fitting the experimen-
tal data for the 87Rb MOT. The blue line shows the calculated loss rate
(with loss rate due to hot Rb atom) with residual gases for the 1 K well
depth. The black dot line shows the calculated loss rate (with loss rate
due to hot Rb atom) with residual gases for the 0.5 K well depth. The
black dash line shows the calculated loss rate (with loss rate due to hot
Rb atom) with residual gases for the 2 K well depth.

4.2. Loss of cold atoms due to residual gases during free
flight

As shown in Fig. 8, the peak height of the TOF signal
shows obvious changes in different vacuum conditions, and
the number of atoms loaded by the MOT for the same loading
time will also be significantly different in different vacuum en-
vironments (Fig. 3). What we are interested in is the decay of
the cold atom clouds during free flight due to collisions with
the residual gas. There are several factors that cause the de-
cay of the cold atom clouds in the experiment. The number of
actual detected atoms can be expressed as

Ndet = NMOT · klanuch · kresidual−gas · kexpansion · ktwo−body, (9)
Ndet

NMOT · klanuch · kexpansion · ktwo−body
= kresidual−gas, (10)

where NMOT is the number atoms loaded by the MOT before
being launched, klaunch represents the fraction of atoms that
survive in the process of the launch, kexpansion is the decay fac-
tor due to the expansion of the atom cloud, ktwo−body is the
decay factor due to two-body losses between cold atoms, and
kresidual−gas is the decay factor due to the collision with the
residual gas in the vacuum system.
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Fig. 8. (color online) Results of Gaussian fit for TOF signal of cold
atoms. Red points show the peak height of the TOF signal, and the blue
points show the Gaussian RMS width of the Gaussian function.

The expansion of cold atomic clouds is mainly affected
by the temperature of the cold atoms and their TOF. According
to the fitting results of the TOF signal in Fig. 8, the Gaussian
RMS width of the TOF signal does not show obvious changes,
and the time of flight is about 300 ms. The decay factor due
to the expansion of the atom cloud can be assumed to be un-
changed, even when the vacuum is changed. Because of the
absence of cooling laser beam, the collision cross section be-
tween cold atoms may be smaller. According to the SCAC
design, copper foam or graphite is fixed between the cooling
zone and the state selection zone, as well as between the state
selection zone and the Ramsey interaction zone. These mate-
rials are used to absorb the background Rb atoms. Meanwhile,
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the results reported by Arpornthip[17] seem to indicate that the
chamber walls cause a pumping action on the Rb atoms. The
decay due to background Rb atoms should be very small dur-
ing free flight. In summary, it is assumed that only the decay
factor due to residual gas changes obviously when we change
the effective pumping speed of the 40 L/s ion pump, and the
relative decay factor can be expressed as

krelative =

(
N′det/N′MOT

)
(Ndet/NMOT)

≈
k′residual−gas

kresidual−gas
. (11)

The red points in Fig. 9 represent the decay factor rela-
tive to that measured in the experiment when the valve is fully
opened. According to the pressure distribution of the cold
atom flight path and the theoretical coefficients mentioned
above for different gases, we calculate the relative decay fac-
tor due to several major residual gases (hydrogen, nitrogen,
carbon monoxide, carbon dioxide, argon, and methane). The
calculated results are shown with the black dash line in Fig. 9.
It can be seen that the experimental relative decay factor agrees
well with the calculated relative decay factor.
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Fig. 9. (color online) Relative decay factor for cold atoms as a function
of pressure. Red points show the experimentally measured values, and
the black dash line shows the calculated relative decay factor due to the
presence of residual gases.

As shown in the mass spectrum of Fig. 3, hydrogen is the
main residual gas in the vacuum system. Table 1 shows that
the coefficient between cold rubidium atoms and hydrogen
is the largest one among the presented loss rate coefficients.
Thus, we use it to estimate the required vacuum pressure. For
cold atoms in microgravity environments, the lifetime of cold
atoms limited by residual gases will be more than 10 seconds
as the vacuum pressure is lower than 8.5×10−8 Pa. If the vac-
uum pressure is lower than 2.85×10−8 Pa, the lifetime of cold
atoms limited by residual gases will be more than 30 seconds.
In addition, cold atoms can be used as a vacuum pressure mea-
surement tool according to the relationship between the loss of
cold atoms and the vacuum pressure.[13,17,35]

5. Conclusion
We have experimentally and theoretically studied the loss

rate of cold atoms due to collisions with residual gases in the
MOT and during free flight. The mass spectrum is scanned
by the residual gas analyzer under different vacuum environ-
ments, and the main residual gases are hydrogen, nitrogen, car-
bon monoxide, carbon dioxide, argon, and methane. We used
the molecular flow module in COMSOL to obtain the partial
pressure distribution for these main residual gases in the vac-
uum system. The relationship between the loss rate of cold
atoms and several main residual gases were calculated. For
the MOT loss rate, the contribution from background hot ru-
bidium should be taken into account, and the loss rate agrees
well with the calculated MOT loss rate. The agreement be-
tween the calculated and the measured loss rate of MOT also
indicates that the results of the partial pressure distribution are
credible. The measured relative decay factor during free flight
under different vacuum pressures agrees well with the calcu-
lated relative decay factor obtained from semi-classical elastic
scattering and the pressure distribution. Hence, it has been
verified that the semi-classical elastic scattering is valid for
the collision between cold atoms and residual gas during free
flight. According to the semi-classical elastic scattering, we
can quantify the loss of cold atoms caused by the residual gas
and do further analyses of other mechanisms that lead to the
loss of cold atoms.
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