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Abstract

®

CrossMark

Doppler cooling of ®*Sr atoms is studied in the presence of off-resonant red-detuned fluctuating
laser fields. Using a semi-classical approach, we show that the relevant physical quantities in the
cooling process, such as optical forces, the damping coefficient, Doppler temperature, and atom
number in the trap, are strongly affected by the laser amplitude and phase fluctuations. We find
that the Doppler cooling limit is higher than the predicted Doppler theory for non-fluctuating
lasers. This implies an additional heating mechanism exists due to the laser fluctuations.
Furthermore, our numerical analysis shows that the effect of laser power stability on reducing the
number of trapped atoms in a magneto-optical trap is more substantial than the effect of laser

linewidth.
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1. Introductions

Over the last decade, optical forces have attracted extensive
attention in theoretical and experimental studies [1-3]. These
forces arise in the light-matter interaction due to the
momentum exchange between the atoms and the laser field.
When an atom absorbs the laser light, it is excited from the
ground electronic state to some upper state. The subsequent
return to the ground state could be either via spontaneous or
stimulated emission. Each process leads to a unique optical
force that is entirely different in nature. In this respect, con-
trolling the atom degrees of freedom using laser light fields
allowed the accurate analysis of the atom’s inner structure and
the atomic collisions [4]. Especially, the cold-trapped atoms
are well-suited for an extensive range of applications such as
atom localisation [5, 6], atomic clocks [7-9], quantum sensors
[10, 11], and quantum gates [12]. Nowadays, the alkaline-
Earth atoms (such as Mg, Ca, and Sr) are extensively used in
laser cooling experiments due to their lack of hyperfine
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structure for the most abundant bosonic isotopes [13, 14].
Indeed, this provides narrow electronic transitions which can
be well-approximated to actual two-level systems [15, 16].
Unlike alkali atoms, which can reach very low temperatures
with Sisyphus and polarization gradient cooling, temperatures
above the predicted theoretical values are reported in alkaline-
Earth atoms [16, 17]. This indicates that some extra-heating
mechanisms exist, e.g. in the form of standing wave effects,
re-scattering of fluorescence photons at zero, or positive fre-
quency detuning, that are not described by the standard theory
of Doppler cooling.

One attempt to move forward was made by Piilo et al
[17], which consists of describing the radiative collisional
heating quantitatively in a magneto-optical trap (MOT). It is
found that the Doppler limit is not affected by the radiative
heating in alkaline-Earth-metal atoms at realistic densities.
Afterward, it is suggested that the transverse spatial intensity
fluctuations of the optical molasses (OMs) are one possible
extra-heating mechanism [18]. However, this study is limited
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to intensity fluctuation and does not include the phase fluc-
tuations of the applied laser field. The effect of field fluc-
tuations on heating mechanisms led to the development of
numerous theoretical approaches. The number and density of
trapped atoms in a vapour-cell Zeeman trap are investigated
experimentally and theoretically, and it is shown that this
quantity is affected by the laser beam sizes, laser intensities,
laser detunings, and magnetic-field gradients [19]. The
interaction of neutral atoms with the radiation force in OMs is
studied using a semi-classical method of the laser-cooling
concept [20]. Particularly, since the magnitude of the repul-
sive force depends on the laser intensity, the power of re-
scattered light limits the number of trapped atoms. Another
noteworthy scheme includes studying the optical forces on a
two-level atom near an ultrathin optical fibre. In this case,
fibre-induced van der Waals potential force imparts in the
total force in addition to the spontaneous-emission recoil
force and laser field force [21]. The phase diffusion process
for a pulsed semiconductor laser is comprehensively studied
due to its performance as a quantum random number gen-
erator [22]. The optical force analysis in the Rayleigh scat-
tering regime is performed, and the numerical results are
compared with the generalized Lorenz Mie theory [23].
Campbell et al [24] utilized the cooling process from photon
spin to damp torque on linear small molecules to the Doppler
limit of ~500 pK. Nowadays, individually controlled neutral
atoms, especially with Rydberg states [25], have developed as
a promising platform for quantum simulations.

In this work, we investigate the radiation forces and
Doppler cooling limit in the presence of laser fluctuations.
Using a two-level model, the numerical analysis is performed
with realistic data for the most abundant even isotope of
strontium (SSSr). First, an OMs is realized with two counter-
propagating laser beams, and it is shown that higher values of
the Doppler temperature limit are achievable considering both
amplitude and phase fluctuations in the laser field. Also,
including the laser linewidth leads to an increase in the cap-
ture velocity ranges of OMs. Then, to investigate the effect of
laser fluctuations on the velocity capture range and trap
potential, the analysis is extended to the MOT. Finally, the
number of trapped atoms in an MOT is studied under separate
amplitude and phase fluctuations, and it is found that the
effect of the amplitude fluctuations is almost two times
stronger than the one for phase fluctuations.

This paper is organized as follows: section 2 briefly
describes the theory of optical forces arising from fluctuating
laser fields. The relations for the damping force and cooling
limit in OMs are obtained and then generalized to MOTs. The
Numerical results and their discussion are given in section 3.
Finally, section 4 concludes the paper.

2. Theory

2.1. Optical Bloch equations in steady-state

In the light-matter interaction, the light fields can alter the
atoms’ trajectory by applying two kinds of optical forces.
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Figure 1. (a) Schematic model for optical force calculation; The
ground and excited states |g) and |e) are coupled by a resonant laser

of Rabi-frequency € (r), (b) cooling process in 1D optical molasses.
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These optical forces include dipole (or gradient) and radia-
tion-pressure (or dissipative) forces. The former force resulted
from cycles of absorption and stimulated emission and is
proportional to the gradient of the light intensity [26], while
the latter manifests due to the cycles of absorption and
spontaneous emission. In this section, we obtain an expres-
sion for these two forces in the presence of a fluctuating
laser field.

When a laser field of frequency w resonantly couples the
ground |g) to the excited |e) level of a two-level atom, the light
force F can be determined via the changes in momentum:

— d_p — 7E —i0(r)—iwt
F= < - > (k) (el VIR e 14 ce).
(H

Here 2 (r) = p - E(r)/h is the Rabi-frequency, which p
is the electric dipole moment for the transition |g) < |e), and
E (r) is the cycling field vector of frequency w and phase 6 (r).
Note that the expectation value is on both the internal degrees
of freedom of the atom and on the center-of-mass state of the
atom [27]. An illustration of the energy diagram for the two-
level atom, along with the optical forces, is shown in
figure 1(a).

In the weak field regime where the laser light does not
dress the atomic level, for broad atomic transitions when the
characteristic time for the internal dynamics is vastly different
from the center-of-mass dynamics, equation (1) can be fac-
torized and rewritten as follows

d . .
F= <d7f> - 7§<|e> ()inc (VIQ (r) e PO + coc.

@)

The above relation is validated under the following
approximations:

<|e> <g|>inl = pge = p;e,
(V@) e ")y = (VQ @) e 100), 3)

where p,, is the so-called electronic coherence term. The first
approximation assumes that the internal state reaches a steady
state before the recoil time 7, = (Wpe) ' = (Ak%/2m)~\.
According to the ray atom optics limit, the center-of-mass
wave function of the atom can be approximated by a
O-function cantered at r = ry. Therefore, the second approx-
imation can be applied to the well-localized particles. In this
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case, the light force can be expressed as
F = —hl{u@®))*VQ(ro) + (v)*Q o) VO (ro)],  (4)

where (u(¢))® and (v(2))* are the steady-state components of
the Bloch-vector: u(r) = Re [pegei‘)(’)], v(t) = —Im [pegei‘)(’)],
and we define the population inversion as w(t) =
(Pee — ng) /2. The first term inside brackets in equation (4)
accounts for the dipole force, while the second one presents the
spontaneous force. We assume that the real part of the laser
beam electric field E(r, t) with the initial amplitude E,(r) and
the polarization vector £, contains an additional stochastic
amplitude 1/ (¢) and phase ¢(z),

Er, 1= ?:%[Q(r) + Y@)]exp[—i(w t + O@r) + 4(1))].
)

Adding a dissipative contribution and the associated fluc-
tuations to the atomic evolution plays a central role in laser
cooling. The characteristic time for the internal dynamics is of
the order of the spontaneous lifetime of the transition, T, ,
while that for the center-of-mass dynamics is the inverse recoil
frequency, wr..

The optical Bloch equations take the following form:
L 1
u= (A + 0+ ¢)V - El—‘atomus

R . 1
v=—A+0+ du+ (Q+ P)w — EFatomv,

w=—Q+ P — LomWw + 1/2), (6)
where I, 1is the spontaneous emission rate, and
A=w—uwy is the frequency detuning. The limit

Y (t) = ¢(t) = 0 represents the case with no random fluc-
tuations. The phase diffusion model describes the laser fluc-
tuations: the stochastic phase and amplitude and their time
derivatives are invariant with the changes in atomic position.
Furthermore, the time derivatives are 6 —correlated in time
[28, 29], i.e.

(1h(0) = (p(1) =0,
<¢(t)7p(t/)> = 21—‘amp o — 1),
(B P)) = 2pns 6" — 1), 7

where 2I,, (related to laser power stability) and 2L
(related to laser linewidth) are usually defined as the spectral
densities of the stochastic process.

The direct relationship between amplitude fluctuation and
spectral width leads us to express intensity fluctuation in
terms of spectral width. The phase fluctuations show its
spectral width in the spectral density function of the laser
source. The spectrum of the radiation is

2TnsEq

(W — w)? + Doy

(W) = ; ®)

which is obviously a Lorentzian function with spectral width
Aw' = Ty Also, it is proved that (¢?) = (TyomIphs) /2 [291,
therefore (¢?) = 2Imp. As a result, we will have Iy, =
(Fatomrphs)/4 = (TuomAw') /4.

Bloch equations with stochastic fields lead to the multi-
plicative stochastic processes [30, 31], in which the exact
solutions can be obtained for the ensemble-averaged Bloch
vector ((u), (v), (w)). Accordingly, equation (6) changes as
follows

(i) = @+ D) = (22 4 1w,

0) = =&+ O+ 20w) — (B2 4 Tt T 0,

<W> = _Q<V> — (Tatom + 1—‘amp) <W> - 1—‘atom/z-

©))
These equations show that both # and v components relax
quickly in the presence of laser fluctuations, and the popu-

lation inversion is only affected by the amplitude fluctuation.
The steady-state values of the components are given by:

(u)p* = =29(A + 0) /1D,

<V>SS = - atomQ/D»
, 4(A + 0)?
<W>bb = (¥ + thomf%)/zDv (10)
M
where M= 1+ 2ths/Fatom, Y = I+ 1—\amp/Fatom, =

1+ 2Lmp/Taiom + 2Tphy/Tuom,  and D = (4(A + 0)*y,/
"+ Fitom'yz% + 20%).
In the presence of laser fluctuations, the ensemble-aver-

aged radiation-pressure (or scattering) force and dipole force
for plane traveling wave are respectively

Tom 22Tk
Fecat = ) - 2 P (1D
4—(A — k- V)2 + 72’73Falom + ZQZ
mn
and
AVOA(A — k- v
Fapoe = —2 ( Yn
4=(A =k - v)* + 17l + 202
m
where v = 7, and wp = —k - v is the Doppler shift experi-

enced by the moving atoms. By defining sy = 202/I'2,,, =

1/1I; as the on-resonance saturation parameter and Lo, =
27y with y being the natural linewidth of the transition,
equation (11) can be rewritten in the following compact form

Som
2A —k-w)
Ly

ﬁk Falom

ﬁcatt = (1 3)

]+SO;n+[

where sg,, = 80/, is the modified saturation parameter and
Ly = Lyjom JW % is the modified decay rate. It can be
observed that the scattering force is velocity-dependent and
experiments such as optical friction for laser cooling can be
implemented to investigate this feature. It should be noted that
for A < Tyom (i.e. the weak field regime), the optical dipole
force can be ignored.
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2.2. Damping force and the Doppler cooling limit

As shown in figure 1(b), in the one-dimensional (1D) Doppler
cooling, the kinetic energy of the trapped atoms reduces as a result
of an overall scattering force applied by two red-detuned (A < 0)
counter-propagating laser beams. Such a configuration of stand-
ing-wave laser beams is called ‘OM’. We have

Fom = F o — wo — kv) + Fqu(w — wo + kv), (14)
where Fg,, are obtained from equation (10). In the limit of

|k - v| < T}y, the scattering force can be approximately summed
up as:

S0m A

fOM = +8ﬁk2Fat0m (15)

SV = —av,

2
F%,](l + Som + %)

'y
where a > 0 is a damping coefficient. For small enough velo-
cities, the force is proportional to the velocity, which resembles a
viscous damping force for A < 0. Thus, the fluctuating laser field
can decelerate atoms in a broad range of velocities. On the other
hand, the atomic sample is heated due to the absorption /emission
recoils in random directions. In the concept of Doppler cooling,
the atom is cooled as a result of the difference in absorption
probabilities and red-detuned counter-propagating laser beams. In
the steady state, equating the heating with the damping force of
equation (15) leads to non-zero kinetic energy. According to the
equi-partition theorem [27, 32], the Doppler temperature found

from this kinetic energy is

h T3+ som + 48%/T3)
8k A '
. .. I
which has the minimum value T, = TkBPM‘/l + so,  at
A = =Ty /1 + 5o, /2. For the low-intensity laser fields, the
Doppler cooling limit in the presence of laser fluctuations is
T, = M
2kg

that is (7,73)!/? times higher than the limit for the case without
laser fluctuations.

T=— (16)

7)

2.3. Number of capturing atoms in the MOT

The relatively compact MOT relies on both inhomogeneous
magnetic fields and optical pumping that provide a strong
radiative force. The local Zeeman shift of each sublevel
should be adjusted in pace with the decrease of atomic
velocity (the co-called Zeeman-compensated slowing). For
the inhomogeneous coaxial field B(z) = bz Z, (b > 0), the
Zeeman shift is expressed as AE,,.(z) = g ftzmrB(z), where
g is Landé g-factor and p; is Bohr’s magneton. In this case,
equation (13) can be modified as

fsican _ :l:hkratom S0m -
2 1+ som+4ATk-vT B2/ Ty

(18)

where 3 = pb/h and i is the effective magnetic moment
for the cooling transition. When both Doppler and Zeeman

frequency shifts are small compared to the laser detuning A,
the approximate Doppler force reads as Fyor = —av — kzZ,
where the damping coefficient « is defined in equation (15),
and the spring constant % is given as k = a3 /k. This relation
is valid for the limit | Gz|, |kv| < Lyom, and implies that the
Doppler force is also affected by the laser fluctuations.

The number of magneto-optically trapped atoms, N, can
be determined when the MOT capture rate, R, equals to its
loss rate due to collisions between thermal background
vapour and cold trapped particles. Note that L, = 1/7iap,
where Ty, is the Lifetime for an atom to remain in the trap.
The loading dynamics of an MOT can be described as [33]

AN R TN — gf néor(r, DAV
dr v

Here, £ is a loss rate coefficient and nyor is the MOT atom
density. The third term on the right-hand side of equation (19)
represents losses due to two-body intra-trap collisions. When
the loading and loss rates are independent of N, equation (19)
can be solved as

N(@) = N(O)exp(— Tt ) + RTuapll — exp(—Tt )]
trap trap

In the limit when losses due to intra-trap collisions can be
ignored, the equilibrium number of atoms in an MOT, N, is

Ocol Vth ’

where v, is the maximum capture velocity, vy, is the mean
thermal velocity of the background vapour, o is the collision
cross-section between background and trapped atoms, and A is
the cross-section of the trapping area. It is noted that the ana-
lysis is performed for a Gaussian beam in the fundamental
mode, where the wavefront can be considered as a plane at the
waist. In the presence of laser fluctuations, the effective
deceleration saturates at @cir = fik [Lyom /4m (1 + v,75)], with
m being the atomic mass.

(19)

(20)

Ny = RTtrap =0.1 21

3. Numerical results and discussions

In this section, we study the effect of laser fluctuations on the
radiation pressure force, the Doppler temperature, and the
number of ¥Sr atoms trapped in an MOT. The corresponding
atomic system parameters are summarized in table 1. The natural
linewidth of the dipole-allowed (5s2) 'Sy — (5s5p) 'P, trans-
ition is Tyem = 27 X 32 MHz, which leads to a Doppler
cooling limit at the 4K level. This transition has a short lifetime
of ~5ns and is well suited for the first stage of cooling and
trapping [34]. In all numerical calculations, the frequency
detuning is set to A = — 0.5 Tyom.

As mentioned, the radiation-pressure (or scattering) force
originates from the photon scattered by the atomic dipole and
is collinear to the direction of laser propagation. For A < 0,
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Table 1. Corresponding parameters for the optical transition in a 53Sr atom.

Transition Taom /27 (MHz)

Wavelength (nm)

Saturation intensity (mW cmfz)

(5s) 1Sy — (5sSp)'P 32

A = 460.8

425

F (REL,)

Scattering Force, F (fikI,)

cattering Force.

Q

0

Atomic velocity, v (1 , k)

Force, F (hkI,)

Scattering

Atomic velocity, v (I ] k)

2 0 25
Atomic velocity, v (I : k)

Figure 2. Atomic velocity dependence of the scattering force for 1D
optical molasses. (a) [ynp = Ipns = 0, (b) Limp = 0.5T0m, Ipns = 0,
© 1—‘amp =0, ths = 0.5T}om, and (d) ths = 1—‘amp = 0.5 Lyom-

this force acts as viscous drag and competes against the
atomic velocity, therefore viscously hinders the atomic
motion. Figure 2 illustrates the velocity-dependence of the
scattering force on a two-level atom in 1D-OMs for three
different saturation regimes. Figure 2(a) is plotted for the case
Limp = Ipns = 0, while the other ones derived from a fluctu-
ating laser beam. It can be observed that the scattering force is
always positive (negative) for v < 0 (>0). The maxima for
the scattering force occur at v ~ =+ Iy+/son + 1/2k, and
Fi.. decreases quickly for larger velocities. A comparison
between the figures suggests that both amplitude and phase
fluctuations reduce the magnitude of scattering force. With a
fluctuating laser field, the scattering force is nearly linear with
velocity for sy < 1. Also, it can be inferred that in a strong-
field regime (so > 1), the phase fluctuation (related to the
laser linewidth) is the dominant mechanism for damping of
the atomic motion. In the weak-field limit, the damping rate,
i.e. the slope of the curves near v = 0, is highly sensitive to
laser fluctuations. In contrast, this sensitivity reduces in the
strong-field limit. Figures 2(c) and (d) show how the range of
capture velocity is extended with the phase fluctuation. The
capture velocity v. can be estimated as the velocity of an atom
that is stopped by a force equal to half of the maximum
scattering force. Referring to equation (15), the range of
capture velocity is 1. =~ Iom/k for non-fluctuating laser
beams, while this range changes to v ~I)/k=
(11%)"?Lyom/k for the fluctuating laser fields. As it is
expected, a wider range of capture velocities is attainable for
the fluctuating laser fields. In other words, the ability to
capture relatively hot atoms from the atomic beam increases

4000 —

3500 [ |-
3000
2500

2000

T (1K)

1500

1000

500 — - - 4 - . - " )
60 50 40 <300 2200 -0 0 0 02 04 06 08 !

Detuning (A/27, MHz) I phs T yom

1300
(c)
1200

1100 ¢

(1K)

1000 =

min

900
800 |
700
600 - - - .
o 02 04 0.6 08 1

Saturation parameter, s

Figure 3. Doppler temperature of the optical molasses as a function
of (a) the frequency detuning, (b) laser fluctuations, and (c) Doppler
cooling limit 7y,;, as a function of saturation parameter s.

by broadening the linewidth of the cooling fluctuating laser. It
is worth mentioning that when Ijns = Tyom, the capture
velocity is twice its value for the non-fluctuating case. This
doubled value for the capture velocity (=28 ms~!) is still
relatively small compared to the most probable typical velo-
cities of a %3Sr thermal beam (22400 m s~ 1. It should be noted
that due to the lack of restoring forces, the OMs do not trap
neutral atoms that have been displaced from the center. This
is why the Zeeman effect is used in an MOT to decelerate
atoms before Doppler cooling [35].

A question may arise in the concept of laser-cooled
atoms: whether this collection of atoms can be said to have a
temperature. If there were no other external control on the
atomic motion, all atoms would quickly decelerate to v = 0,
and the sample would reach zero temperature, which evi-
dently is a nonphysical result. Doppler cooling forbids cool-
ing to zero temperature because the stochastic feature of the
momentum kicks due to the cycles of the absorption and
spontaneous emission leading to an atomic momentum fluc-
tuation around the steady-state value (p) = 0. This process
heats up the atom and causes the equilibrium temperature to
be a non-zero value. On the other hand, the competition
between this heating with the damping force leads to non-zero
kinetic energy in a steady state. There is some light-induced
heating that must be taken into account, and it derives from
the discrete size of the momentum steps that the atoms
undergo with each emission or absorption [36]. At this state,
the heating and cooling rates for atoms in OM should be
equal. Figure 3(a) shows the Doppler temperature of the Sr
atomic cloud as a function of frequency detuning at a low
saturation intensity regime. The Doppler cooling limit
changes from 7p = 7679 uK for Ijp = liiom =0 to
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o (SI unit)

60 -50 40 30 20 10 0

Detuning (A2, MHz)

Saturation parameter, Sy

Figure 4. Damping coefficient « as a function of (a) saturation
parameter sy, and (b) the frequency detuning.

N I
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Figure 5. The modified saturation parameter versus laser fluctuations
at the low saturation intensity limit.

Tp = 1027.1 pK for a fluctuating laser with Ipg = Lyom =
0.1 Tyom- As can be seen, the Doppler cooling limit is
increased above 1 mK with the stochastic laser fluctuations.
To overcome this issue and reach the minimum achievable
limit, it is required to increase the red-detuning laser fre-
quency. Figure 3(b) shows the Doppler temperature variation
as a result of the amplitude and phase fluctuations. The color
bar is scaled to uK.

At low saturation of the atomic transition sy < 1 and in
the absence of the laser fluctuations, the Doppler limit for **Sr
cold atomic sample is found to be Al /2Kg = 767.9 uK.
Figure 3(c) shows the minimum Doppler temperature Ty, is
an increasing function of the saturation parameter sy. The
Doppler limit increases with the laser fluctuations, and the
effect of laser linewidth (i.e. I},) is more dominant compared
to the laser power stability. For sy < 1, considering laser
fluctuations with I}y, = Iimp = 0.1 Liom, the Doppler limit is
~995.3 K, which is almost 30% higher than that of the case
without fluctuations.

Equation (15) indicates that the damping coefficient is
affected by the modified saturation parameter, the modified
decay rate, and the frequency detuning. In figure 4(a), we plot
the damping coefficient « as a function of s, with and without
laser fluctuations. It can be noticed that for both cases, by
increasing the saturation parameter of the laser field, «
increases almost linearly in a low saturation limit, then it
reaches a maximum value and decreases uninterruptedly for a
high saturation limit. Also, the value of the damping coeffi-
cient is higher without laser fluctuations. Figure 4(b) shows
the variations of « in terms of the laser frequency detuning.
The curves are obtained for a fluctuating laser field with
Iohs = Limp = 0.1 Lijom. In both cases, the maximum damp-

ing coefficient occurs in (4A2 4 T'3)) /T3,

£

3%

0 0.005 001
4r L (m)

0.015

Number of trapped atoms, N

0 0.01 0.02

Trapping beam size, L (m)

0.03 0.04 0.05

Figure 6. Number of trapped atoms versus 1/e¢ beam diameter for
so = 1. The other parameters are vy, = 470 ms~!, o, = 8.1 X
107 cm—2,

In figure 5(a), we plot the modified saturation parameter,
Som, in terms of laser fluctuations for the low saturation
intensity limit and frequency detuning A = — 0.5 Lyom. As it
is expected, the modified saturation parameter has its highest
value in the absence of laser fluctuations. Like the Doppler
limit 7p, the modified saturation parameter exhibits more
sensitivity to the laser linewidth variation rather than laser
power stability. This implies that to drive atoms between the
ground and excited states and further control the momentum
transfer between laser light and atoms, counter-propagating
laser beams of carefully chosen phase differences should be
utilized. Figure 5(b) shows the top view of the variations of
the modified saturation parameter.

As a final point, in figure 6, we investigate the effect of
the stochastic processes associated with the phase and the
amplitude of the trapping laser beam on the number of trap-
ped atoms in an MOT with a fixed magnetic-field gradient.
The length of the trapping region is defined to be the 1/e
diameter of the trapping laser beam’s intensity. We assume
that the surface area of the trapping region is a sphere with a
diameter equal to the beam diameter, so the cross-section of
the trapping area is A = wL% Background particles with a
speed lower than the capture velocity v, are trapped in the
MOT. To consider the fluctuation of the force arising from the
randomness in the number of photons scattered, we assumed
I = [, i.e. the effective deceleration experienced by the atoms
is aer = (1/2)ag, (I = ). Figure 6 illustrates the nonlinear
increase of the number of trapped atoms with the beam dia-
meter of the trapping laser. While o, and vy, are considered
to be constant, v, depends on the laser fluctuations. The
capture velocity relates to the effective surface area of the trap
volume via v, = /2a.g L (with L being the radius of trapping
area), and @ = Ak [Lyom/4m(l 4+ v,7;)]. For a fixed
intensity, a larger beam diameter always causes more atoms to
be trapped in an MOT. Also, it can be observed that the
number of trapped atoms in the MOT increases very rapidly
with the beam diameter and is extremely sensitive to sto-
chastic laser fluctuations. Both amplitude and phase fluctua-
tion of the laser leads to a reduction in the number of trapped
atoms. For example, for a laser beam with a diameter of
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5 mm, the phase fluctuations decrease by almost 17% of the
number of trapped atoms. However, the amplitude fluctua-
tions decrease nearly 33% of the number of trapped atoms
under the same conditions. Therefore, it can be concluded that
the effect of laser power stability on reducing the number of
trapped atoms is more substantial than the effect of laser
linewidth.

Note that the present model for Doppler cooling in two-
level atoms does not consider the multi-level structure of
realistic atoms, polarizations of the laser fields, and the dipole
force. A comprehensive model that imparts these phenomena
displays several ‘sub-Doppler’ cooling mechanisms, leading
to temperatures two orders of magnitude cooler than the
present Doppler limit.

4. Conclusion

In summary, we have investigated the effect of laser fluc-
tuations on the Doppler cooling and trapping of 88Sr atoms.
Using a semi-classical approach for a two-level atom, the
relations for optical forces, the damping coefficient, Doppler
temperature, and the number of atoms in the MOT have been
obtained. We have shown that the relevant physical quantities
in the cooling process are strongly affected by the laser
amplitude and phase fluctuations. It is shown that the laser
linewidth extends the capture velocity range and decreases the
damping rate of the atoms in the OMs. Also, it is found that
the Doppler cooling limit is higher than the predicted Doppler
theory for non-fluctuating lasers. This indicates that due to
temporal laser fluctuations, an extra-heating mechanism in
Doppler cooling of *Sr exists, which is an extension of the
heating mechanism recognized in [18] due to spatial laser
fluctuation. Next, we have expanded the analysis to the MOT
to show that both the velocity capture range and trap potential
are affected by the laser fluctuations. It is concluded that the
effect of laser power stability on reducing the number of
trapped atoms is more substantial than the effect of laser
linewidth. The results provide an insight into Doppler cooling
with fluctuating lasers which finds applications in novel
devices such as optical atomic clocks and quantum sensors.
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