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SPECIAL TOPIC — Ultrafast physics in atomic, molecular and optical systems
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We propose a method to characterize the features of a cold strontium cloud in a magneto-optical trap (MOT) through
the photoionization of cold Sr atoms in a custom-designed reaction microscope. Sr atoms in the dark state of 5s5p3P2 pop-
ulated via the cascade transition 5s5p1P1→ 5s4d 1D2→ 5s5p 3P2 accumulate a significant fraction, giving a long lifetime
of 520 s. These atoms in the dark state are subsequently trapped by the gradient magnetic field of the MOT. By scan-
ning the Sr+ momentum distributions ionized with an 800 nm infrared femtosecond laser, we are able to outline the size of
∼ 0.55 mm in radius and the temperature of∼ 0.40 mK for the dark-state atoms, which is significantly cooler than the MOT
temperature of 3.3 mK trapped in the 461 nm. The size of MOT exhibits an oblate spheroidal distribution with a radius
of approximately 0.35 mm and 0.55 mm, extracted with momenta of photoion and absorption imaging, respectively. The
results using the photoion momenta are consistent with the expected results from absorption imaging, which confirms the
method’s reliability. The advantage of this method is the ability to simultaneously characterize the distribution information
of atoms in different initial states within the cold atomic cloud.

Keywords: multiphoton ionization, photoelectron momentum, magneto-optical trap (MOT)
PACS: 32.80.Rm, 37.10.De

DOI: 10.1088/1674-1056/add00d CSTR: 32038.14.CPB.add00d

1. Introduction

The magneto-optical trap (MOT) is the main method of
cooling and trapping atoms,[1,2] allowing the preparation of
cold atomic samples with high densities. Cold-atom systems
also play an important role in the fields of quantum comput-
ing, quantum simulation,[3–5] and precision measurement.[6–9]

Nowadays, by applying MOT techniques to recoil ion mo-
mentum spectrometry or reaction microscopy, the recoil-ion
momentum resolution can be significantly improved.[10–14]

Such an experimental approach allows one to study ultrafast
strong field ionization dynamics for alkali and alkaline-earth
atoms, which has attracted increasing attention in the past
few decades with the advent of a magneto-optical trap re-
action microscope (MOTREMI).[15,16] Moreover, cold atoms
can be effectively prepared and manipulated through the con-
trol of the magnetic quantum number m with cooling lasers
so that a complete measurement with full characterizations of
initial- and final-state wave functions is accessible, exhibit-
ing a benchmark one-photon single-ionization study of the
hydrogen-like atom.[17]

Temperature and density are critical indicators for

the profiles of a cold atomic cloud, by which Bose–
Einstein condensation (BEC) of the atomic ensemble can
be achieved.[18,19] These parameters also play an important
role in the study of formation and evolution in ultra-cold
plasmas.[20–22] The interactions of Rydberg atoms, photon re-
coil effects, and Autler–Townes,[23–25] etc. were studied with
an ultra-cold strontium gas. The commonly used methods
for measuring the temperature and density distribution of a
cold atomic cloud include fluorescence imaging or absorption
measurement,[13,26] the time-of-flight (TOF) technique,[27]

and other methods. These methods require the use of laser
light with corresponding wavelengths for imaging or probing,
and temperature measurement typically involves turning off
the cooling light to release the cold atomic cloud and interrupt
the cooling cycle.

The present method based on photoionization provides a
quantitative characterization of the spatial distribution of MOT
and dark-state atoms, as well as the temperature of dark-state
atoms, based on the differences in ion momentum distributions
obtained from multiphoton single-ionization at different posi-
tions within the cold atomic cloud. The distribution of differ-
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ent atomic states can be obtained simultaneously by measur-
ing variations in ion count at different positions within the cold
atomic cloud.

The paper is organized as follows. In Section 2, we intro-
duce the experimental setup and method. In Section 3, the size
and temperature of the cold atomic cloud are calibrated us-
ing absorption imaging and photoionization methods, respec-
tively. In Section 4, a summary of the present work and a brief
outlook for our future investigations are provided.

2. Experimental setup and method
The present work is based on a home-made MOTREMI

setup for cold strontium atoms.[15] Briefly, solid strontium is
heated to 450 ◦C–550 ◦C in an oven to produce atomic vapor.
These hot atoms are precooled and trapped under the influence
of a Zeeman slower and a two-dimensional magneto-optical
trap (2D MOT). The atoms in 2D MOT are pushed into the
science chamber by a 461 nm CW laser beam to form a three-
dimensional magneto-optical trap (3D MOT). The quadrupole
magnetic field for the 3D MOT is provided by a pair of anti-
Helmholtz coils, with a working current of 30 A and a mag-
netic field gradient of 32.4 G/cm.

The schematic diagram of the relevant transitions for the
laser cooling of 88Sr is shown in Fig. 1. In this setup, the
transition of 5s2 1S0→ 5s5p 1P1 at 461 nm is adopted. Atoms
in 5s5p 1P1 have a probability of 1:50000 decaying to the
5s4d 1D2 state,[28] from which they decay further to 5s5p 3P1,2

with a branching ratio of 2:1, where 5s5p 3P2 is a dark state,
which has a lifetime of 520 s.[29]
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Fig. 1. The energy levels of strontium involved in the trapping of 3P2
atoms. The decay rates (in units of s−1) are provided. Laser light used
for the experiment is indicated by blue solid lines.

Cold strontium atoms are ionized by a pulsed laser, and
the generated recoil ions are accelerated by a weak uniform
electric field (∼ 1.7 V/cm). These charged fragments will be
collected by a microchannel plate and a delay-line anode de-
tector with 4π solid angle. By measuring the time of flight
(TOF) and the hitting positions on the detector, the initial 3D
momentum vectors of recoil ions can be reconstructed.

The size of the 3D MOT is obtained by using the absorp-
tion imaging method. The schematic diagram of the measure-
ment is shown in Fig. 2. A few-µW imaging laser beam is
coupled with one 3D cooling laser beam along the z-direction.
A polarization beam splitter (PBS) is used to split the optical
path, and a half-wave plate (HWP) is adjusted to maximize
the reflection efficiency of the PBS without affecting the for-
mation of the 3D MOT. A complementary metal oxide semi-
conductor (CMOS) camera is used for imaging.

Anti-Helmholtz coils

3D cooling and
imaging laser beam

Pulsed laser
Focusing mirror

3D manipulator

ReflectorPBS

CMOS

y

z

x

HWP

Fig. 2. The schematic diagram of measurement. Details of the opera-
tional processes are described in the text.

The imaging light is turned on to record the reference im-
age without the 3D MOT. It is then turned off, while the cool-
ing light and gradient magnetic field are activated to form the
3D MOT. The cooling light is turned off immediately and the
imaging light is simultaneously turned on to capture the ab-
sorption image. By subtracting the background image from
the absorption image, the 3D MOT image is obtained. Gaus-
sian fitting is then applied to this image to determine the size
of the 3D MOT.

The temperature of the 3D MOT is obtained by measur-
ing its free expansion images of the atomic cloud using the
absorption imaging method. Varying the free expansion time,
a series of 3D MOT images is recorded. The standard devia-
tions σx and σy are extracted with a two-dimensional Gaussian
fitting on the atomic cloud images. The standard deviation of
free expansion time t is determined by

σ
2
x,y(t) = σ

2
0 +

kBT
m

t2, (1)

where σ0, kB, T , m are the standard deviation at the initial
moment, the Boltzmann constant, the atomic cloud tempera-
ture, and the strontium atomic mass, respectively. With linear
fitting, the temperature is determined by the slope.

By moving the 3D manipulator equipped with a focusing
lens, as shown in Fig. 2, atoms at different positions within
the cold atomic cloud are ionized. After scanning the laser
focus along the radial direction of the magnetic field (x- and
y-directions) to find the center of 3D MOT where the maxi-
mum ion yield is obtained, the laser focus is gradually moved
along the axial direction of the magnetic field (z-direction),
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meanwhile registering the variation of ion yield with posi-
tion. The femtosecond laser used in the experiment has a
central wavelength of 800 nm and a beam diameter of 5 mm
before focusing. A lens with a focal length of 75 mm is
employed to focus the beam. Based on Gaussian beam op-
tics, the beam waist radius at the focus can be estimated by
ω0 = λ f/(πd), where λ is the laser wavelength, f is the focal
length of the lens, and d is the input beam diameter. Sub-
stituting the experimental parameters yields a waist radius of
approximately 3.8 µm. To analyze the contribution of differ-
ent initial states to ionization, we choose the light intensity of
approximately 0.48 TW/cm2. This intensity is significantly
lower than the over-the-barrier ionization (OBI) threshold of
strontium atoms, which is around 9 TW/cm2.[30] The domi-
nant ionization mechanism under our experimental conditions
is multiphoton ionization (MPI).

3. Results and discussion
3.1. MOT size characterization based on absorption imag-

ing and photoionization signals

According to the above method, figure 3 shows the mea-
surement results of the absorption imaging. The radius of the
atomic cloud in the 3D MOT in this plane is 0.55 mm by Gaus-
sian fitting.
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Fig. 3. Measurement of the atomic cloud size using the absorption imaging
method. (a) Reference image, (b) absorption image, (c) atomic cloud dis-
tribution, (d) and (e) Gaussian fitting of the atomic cloud in two orthogonal
directions (x-axis and y-axis). The black dots indicate the experimental data,
while the red solid lines represent the Gaussian fit.

Figure 4 shows the relationship between the Sr+ yield and
the laser focus position in the z-direction, where the zero posi-
tion corresponds to the maximum ion yield. The initial atomic
states include 5s2 1S0, 5s5p 1P1, 5s4d 1D2 and 5s5p 3P2, which
require the absorption of 4, 2, 3, and 3 photons, respectively,
for multi-photon single ionization. The relative probability Y

of ionization is sensitively dependent on I by Y ∼ IN (N is
the number of photons absorbed).[31] At a laser intensity of
3 TW/cm2, the contributions of the single ionization of the
5s2 1S0 and 5s5p 1P1 states are comparable.[16] For the laser
intensity of 0.48 TW/cm2 used in the experiment, according
to Y ∼ IN , the contribution of 5s2 1S0 is supposed to be at least
one order of magnitude lower than that of 5s5p 1P1. Therefore,
in the present work the contribution of 5s2 1S0 to ionization is
neglected. Based on our previous studies,[15,16] we have de-
termined the momentum distributions of photoelectrons in the
laser polarization direction that correspond to different ioniza-
tion channels of the initial atomic states. For the 5s5p 1P1, the
ionization channel Sr(5s5p 1P1)+2h̄ω→ Sr++ e, the magni-
tude of the electron momentum in the polarization direction of
the pulsed laser is 0.03 a.u.; for the 5s4d 1D2, the ionization
channel Sr(5s4d 1D2)+3h̄ω → Sr++ e, the magnitude of the
electron momentum in the polarization direction of the pulsed
laser is 0.26 a.u.; and for the 5s5p 3P2, the ionization channels
Sr(5s5p 3P2)+3h̄ω → Sr++ e, the magnitude of the electron
momentum in the polarization direction of the pulsed laser is
0.17 a.u.
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Fig. 4. The total yield of Sr+ as a function of the laser focus position.
The experimental data (black square) represents the measured Sr+ yield
at different laser focal positions.

Since momentum is conserved between the photoelec-
trons and Sr+, the momentum distribution of the final-state
ions in the laser polarization direction can be obtained by fit-
ting these peaks, which allows us to determine the contribu-
tion of each initial state to the total ion yield. Figure 5 shows
the momentum distributions of Sr+ along the laser polariza-
tion direction at different positions, and the fitting curves are
also shown in the figures. In the experiment, with fixed laser
intensity, the ion yield is proportional to the initial atomic den-
sity. We used the ion yield obtained from the ionization of the
5s5p 1P1 state atoms at different positions to reflect the den-
sity distribution of the MOT. The positive axis of Fig. 6 shows
the ion yield from the ionization of atoms of the state 5s5p 1P1

at different positions. By symmetrically extending the data
from the positive half-axis of Fig. 6 to the negative half-axis
and performing Gaussian fitting, we obtain the radius of the
atomic cloud in this direction to be approximately 0.35 mm.
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Fig. 6. Yield of 5s5p 1P1 state atoms as a function of the laser focus
position. The experimental data (black square) represents the measured
yield of Sr+ originating from the 5s5p 1P1 state at different focal po-
sitions. The blue curve shows a Gaussian fit to the data. Note that
distributions with z < 0 a.u. are mirrored from the positive parts.

This direction is along the axis of the anti-Helmholtz
coil magnetic field, where the magnetic field gradient is twice
that of the radial direction. According to the relationship be-
tween the MOT size and the magnetic field gradient, 〈r〉 ∼
(∂B/∂ r)−1/2,[32] the size of the atomic cloud along the z-axis
is smaller than that obtained in the previous section using the
absorption imaging method along the x- and y-directions.
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Fig. 7. Fraction of 5s5p 3P2(blue squares) and 5s5p 1P1(red circles) as
a function of position.

As the laser scans towards the edge of the atomic cloud,
the proportion of 5s5p 3P2 atoms increases, while the popu-
lation of 5s5p 1P1 atoms decreases, as shown in Fig. 7. This

observation indicates that the spatial distribution of dark-state
atoms is broader than that of excited-state atoms.[33] By fit-
ting the data in Fig. 8, the radius of dark-state atoms in the
z-direction is approximately 0.55 mm, suggesting that the con-
finement effect of the magnetic trap is weaker than that of the
magneto-optical trap.

3.2. Characterization of MOT and dark-state atom tem-
perature

The temperature of the 3D MOT is obtained by measur-
ing its free expansion images of the atomic cloud using the ab-
sorption imaging method. When the magnetic field gradient is
32.4 G/cm, the temperature is 3.3 mK. As shown in Fig. 1,
the dark-state atoms in the MOT, which populate the long-
lived 5s5p 3P2 state through a cascade decay process, escape
from the cooling cycle and no longer absorb photons from the
461 nm cooling light. Consequently, they do not experience
the scattering force typically exerted on atoms undergoing re-
peated optical transitions. Instead, these atoms are solely in-
fluenced by the magnetic field gradient generated by the anti-
Helmholtz coils, which provides a conservative trapping po-
tential. This enables their confinement in a purely magnetic
trap, distinct from the MOT mechanism. The magnetic field
gradient force is a conservative force for atoms with a mag-
netic moment, and the spatial density distribution of atoms in
the magnetic trap can be described by the Boltzmann distri-
bution for a given potential field U(r), and the atomic density
n(r) can be expressed as

n(r) = n0 exp
(
−U(r)

kBT

)
, (2)

where n0 is the atomic density at the center, kB is the Boltz-
mann constant, and T is the temperature.

The potential energy of an atom with a magnetic dipole
moment in a magnetic field is given by U = −𝜇 ·𝐵, the pro-
jection of the magnetic dipole moment along the direction of
the magnetic field is µz =−gJ µBMJ , gJ is the Landé g-factor,
µB is the Bohr magneton, and MJ is the z component of the
quantum number of total angular momentum J. For 5s5p 3P2,
with L = 1, S = 1, and J = 2, the Landé g-factor is 1.5, as
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derived from the following equation:

gJ = 1+
J(J+1)+S(S+1)−L(L+1)

2J(J+1)
. (3)

The corresponding MJ values are −2, −1, 0, 1, 2. Only for
atoms with MJ > 0, i.e., MJ = 2 or MJ = 1, the force experi-
enced by the atoms points toward regions of weaker magnetic
field and they are trapped in the magneto-optical trap.

By fitting the spatial distribution of the dark state using
the Boltzmann distribution, we obtain the temperature infor-
mation of the dark-state atoms. Figure 8 shows the ion yield
from the ionization of the 5s5p 3P2 state atoms at different po-
sitions. The solid blue line represents the Boltzmann distri-
bution fit. In the fitting process, only the case of MJ = 2 is
considered because the trapping efficiency of MJ = 1 is sig-
nificantly reduced. This reduction occurs because these atoms
are more likely to be lost due to spin-exchange collisions[34]

and the MJ = 2 state has a larger magnetic moment, result-
ing in a higher trapping efficiency in the MOT. Through fit-
ting, the temperature of the dark-state atoms is determined to
be ∼ 0.40 mK, which is about an order of magnitude lower
than that of the 3D MOT. It indicates that evaporative cooling
occurs during the formation of the magnetic trap.[35] Atoms
with a temperature higher than the depth of the magnetic trap
will escape the trap, leaving behind lower temperature atoms,
which reduces the overall temperature of the 5s5p 3P2 atomic
cloud.
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Fig. 8. Yield of 5s5p 3P2 state atoms as a function of the laser focus
position. The experimental data (black square) represents the measured
yield of Sr+ originating from the 5s5p 3P2 state at different focal posi-
tions. The blue curve represents the Boltzmann distribution fitting.

4. Conclusion
This study investigates the dark-state distribution of

strontium atoms and the temperature characteristics of dark-
state atoms in MOT using femtosecond laser ionization mo-
mentum imaging techniques. The atomic distribution in the
MOT was characterized using absorption imaging and pho-
toionization techniques, revealing the impact of the magnetic-
field gradient on the MOT size. The temperature information

of the dark-state atoms in the MOT was obtained, and it was
confirmed that evaporative cooling occurred during the con-
finement of the dark-state atoms, providing a new perspective
for the study of cold atomic systems. This method can simulta-
neously extract information on atoms in different states within
the cold atomic cloud, facilitating the study of cold atomic dy-
namics in complex external fields.
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