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Role of spontaneously transferred coherence in laser cooling
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The well-known sub-Doppler polarization gradient cooling in a type-I transition (Fe = Fg + 1) is caused by
red-detuned lasers. On the other hand, in a type-II transition (Fe � Fg), sub-Doppler cooling takes place through
blue-detuned lasers. This opposite behavior for the two types of transitions is due to spontaneously transferred
coherence (STC). In the absence of STC, both types of transitions show blue-detuned cooling. In this paper,
we experimentally and theoretically demonstrate blue-detuned cooling for both types of transitions in 87Rb. For
completeness, we compare the temperatures in various configurations.
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I. INTRODUCTION

Atomic coherence plays a significant role in various in-
teresting phenomena such as electromagnetically induced
transparency (EIT) [1–3], electromagnetically induced ab-
sorption (EIA) [4,5], and coherent population trapping (CPT)
[6,7]. Typically, atomic coherence is destroyed by the spon-
taneous emission process induced by vacuum electric fields.
However, when the same vacuum mode of the electric field
simultaneously drives two transitions in a multilevel system,
then the spontaneous emission can lead to the buildup of co-
herence between the ground states through two mechanisms.
The first mechanism, known as spontaneously generated co-
herence (SGC), arises from the decay of the population from
the excited state [8–10]. The second, which can be termed
spontaneously transferred coherence (STC), results from the
transfer of coherence from the excited states to the ground
states [11]. For isotropic vacuum electric fields, SGC is not
possible between magnetic sublevels due to the orthogonal
polarization of the electric fields. However, STC is possible
because the same vacuum field (same polarization) can con-
nect the two magnetic sublevels in the excited state (having
coherence between them) to the two magnetic sublevels in the
ground states. Collectively, these two phenomena are referred
to as vacuum-induced coherence (VIC). The role of VIC has
been extensively studied in multilevel systems in the context
of spectroscopy [12–17]. Since the behavior of laser cooling
has a direct connection with the atomic spectrum profile, STC
also plays a crucial role in laser cooling.

In alkali atoms, laser cooling is generally realized us-
ing type-I transition, i.e., Fg → Fe = Fg + 1 (where Fg and
Fe are the ground- and excited-state angular momenta). In
a type-I transition, both Doppler and sub-Doppler cooling
require red-detuned lasers [18]. In contrast, for a type-II tran-
sition (Fg � Fe), Doppler cooling requires red-detuned lasers,
while sub-Doppler cooling requires blue-detuned lasers [19].
The opposite behavior of these two types of transitions is
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attributed to STC. Red-detuned sub-Doppler cooling is due
to the presence of STC which is prominent if the magnetic
sublevels are degenerate and is therefore very sensitive to the
magnetic field [19–24]. Achieving low temperatures involves
carefully nullifying the magnetic field, a task not feasible in
the magneto-optical trap (MOT) phase. It is known that blue-
detuned cooling occurs in MOT at a type-II transition and has
been demonstrated in Rb with significant advantages [24–26].
Furthermore, blue-detuned light offers additional advantages
in single-atom loading efficiency in the optical tweezer ar-
ray, as compared to red-detuned light [27,28]. Blue-detuned
MOTs have also been demonstrated in molecules and are
crucial for cold molecule experiments [29–33]. In this paper,
we show that blue-detuned cooling in MOTs is possible even
in a type-I transition.

In the experiment, we utilize a narrow open transition in
87Rb for a MOT [34–36], similar to Li [37,38], K [39], Ca
[40,41], Sr [42,43], Yb [44,45], Dy [46,47], Er [48–50], Cd
[51], Eu [52], etc. The MOT for 87Rb atoms is realized at the
5S1/2, F = 2 → 6P3/2, F = 3 transition at 420 nm, which has
a four to five times lower Doppler temperature (34 µK) than
the regularly used broad transition at 780 nm. Since the blue
transition is open, we observe that the repumper laser plays
a crucial role in lowering the temperature of the narrow-line
MOT. We observed that the blue-detuned repumper causes
further cooling in both type-I (Fg = 1 → Fe = 2) and type-
II (Fg = 1 → Fe = 1) transitions in the MOT. We have also
explored various other configurations that produce both red-
detuned and blue-detuned blue MOTs of Rb.

In this paper, we undertake a comprehensive numerical
investigation employing a density matrix analysis to explore
the role of STC on the sub-Doppler force in an atomic system
characterized by the Fg = 1 → Fe = 2 transition. Our primary
objective is to assess the feasibility of blue-detuned laser cool-
ing in MOT. Subsequently, through experimental exploration,
we investigate various configurations of blue-detuned MOTs
for Rb at a narrow transition on the D1 and D2 lines. Our re-
sults, supported by a density matrix analysis, demonstrate the
efficacy of blue-detuned laser cooling even in type-I MOTs,
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FIG. 1. Effect of Fg = 1 → Fe = 2. (a) Energy level diagram of
the atomic system in the presence of σ+-σ− light. Zeeman energy
levels are labeled using |i〉 notation. Clebsch-Gordan coefficients are
shown near the transitions. Velocity-dependent force curve for the
system is presented for (b) a large velocity range and (c) a small
velocity range. The dashed red (solid blue) curve corresponds to the
presence (absence) of STC. The black-circled portion in (b) is magni-
fied and illustrated in (c). Parameters: �1→2 = +3� and � = �/

√
2.

achieving sub-Doppler temperatures as low as 24 µK in the
D1 MOT and 31 µK in the D2 MOT.

The paper is organized as follows. In Sec. II, we discuss
the theoretical framework to study the role of STC in laser
cooling using a density matrix analysis. In Sec. III, we discuss
the experimental setup. In Sec. IV, we present the results and
discussions. Finally, Sec. V is devoted to the conclusions.

II. THEORETICAL FRAMEWORK

First, we analyze the cooling by two counterpropagating
lasers with σ+ and σ− polarization for Fg = 1 → Fe = 2 with
all the magnetic sublevels [as shown in Fig. 1(a)] using density
matrix calculations.

The Hamiltonian H of the eight-level system under the
electric-dipole and rotating-wave approximation and in the

rotating frame is expressed as

H = h̄

{
−2kv|3〉〈3| + (kv − �)(|4〉〈4| + |5〉〈5|)

− (kv + �)(|6〉〈6| + |7〉〈7|) − (3kv + �)|8〉〈8|

+ 1

2
�

(
|1〉〈4| + 1√

6
|1〉〈6| + 1√

2
|2〉〈5| + 1√

2
|2〉〈7|

+ 1√
6
|3〉〈6| + |3〉〈8|

)
+ H.c.

}
. (1)

Here, �, �, and k denote the detuning, Rabi frequency, and
magnitude of the wave vector of the lasers, respectively, and
v is the velocity of the atoms. The atom-field interaction is
described by writing the Liouville–von Neumann equation for
the density matrix,

ρ̇ = − i

h̄
[H, ρ] + L(ρ). (2)

Here, L(ρ) accounts for the spontaneous decay of atoms via
various channels. Sixty-four simultaneous differential equa-
tions are obtained. Only equations for ρ̇12, ρ̇13, and ρ̇23 have
the effect of STC, which are given below. The terms appearing
due to STC are underlined:

ρ̇12 = − i

2
�

(
ρ42 + 1√

6
ρ62

)
+ i

2
√

2
�(ρ15 + ρ17)

+�

(
1√
2
ρ45 + 1√

3
ρ56 + 1

2
√

3
ρ67

)
, (3)

ρ̇13 = − i

2
�

(
ρ43 + 1√

6
ρ63

)
+ i

2
�

(
1√
6
ρ16 + ρ18

)

+ 2ikvρ13+�

(
1√
6
ρ46 + 1

2
ρ57 + 1√

6
ρ68

)
, (4)

ρ̇23 = − i

2
√

2
�(ρ53 + ρ73) + i

2
�

(
1√
6
ρ26 + ρ28

)

+ ikvρ23+�

(
1

2
√

3
ρ56 + 1√

3
ρ67 + 1√

2
ρ78

)
. (5)

The remaining equations are presented in the Appendix. They
are numerically solved and the force experienced by the atom
is evaluated from the absorption of the σ+ and σ− light,
following a similar approach as in Refs. [18,36,53]. The force
on the atom can be given by the following expression,

Fdamp = h̄k� Im

[
(ρ14 − ρ38) + 1√

2
(ρ25 − ρ27)

+ 1√
6

(ρ36 − ρ16)

]
. (6)

In Fig. 1(b), we present the force versus velocity plot for
a large velocity range under the influence of blue-detuned
lasers. The red dashed (blue solid) curve corresponds to the
force in the presence (absence) of STC. Both the curves re-
veal indistinguishable Doppler force profiles for large velocity
ranges. Zooming into the black-circled region in Fig. 1(b),
Fig. 1(c) provides a closer examination of the small velocity
range. STC exerts a substantial influence on the force ver-
sus velocity behavior, particularly for lower velocities. In the
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presence of STC, atoms with positive (negative) velocities
experience a more pronounced positive (negative) force com-
pared to the Doppler force alone, contributing to enhanced
heating. Conversely, the absence of STC results in a sign
reversal in the slope of the force versus velocity curve, in-
dicating the blue-detuned cooling in a type-I transition. These
curves for force versus velocity flip signs for negative detun-
ing, leading to polarization gradient cooling (heating) in the
presence (absence) of STC.

The flipping of the sub-Doppler force profile is associated
with the absorption from the two counterpropagating lasers
by the atom. For the atoms with large velocities, absorption
from one laser is not significantly influenced by the other
laser and the individual absorption spectrum is Lorentzian.
However, for the near-zero velocity group of atoms, the ab-
sorption of one laser is modified in the presence of the other
laser and the nature of the absorption spectra deviates from
the Lorentzian profile for the small velocity range. For the
small positive velocity group of atoms, absorption from the
σ+ beam is reduced, due to the presence of the σ− beam,
which is analogous to an EIT dip, and the absorption from
the σ− beam is increased. This is the case in the absence of
STC. In the presence of STC, the situation reverses, which is
analogous to the conversion of EIT to EIA due to the popula-
tion redistribution as a result of the STC. Thus, for the same
velocity group, absorption from the σ+ beam is enhanced and
that from the σ− beam is reduced. As a result, the sub-Doppler
force profile flips its sign in the presence and absence of STC.

III. EXPERIMENTAL SETUP

The experimental setup comprises one commercially avail-
able (Toptica) 420-nm (blue) external cavity diode laser
(ECDL) and two home-assembled 780-nm (IR) ECDLs. Po-
larization spectroscopy is employed for the IR MOT laser’s
frequency stabilization [34], while saturation absorption spec-
troscopy is used for the IR repumper laser and the blue laser
(similar to our previous experiments [36,54]). Four sets of
beams L1, L2, L3, and L4 are derived which are IR MOT
(5S1/2, F = 2 → 5P3/2, F = 3), IR repumper (5S1/2, F =
1 → 5P3/2, F = 1 or 2), red-detuned blue MOT (5S1/2, F =
2 → 6P3/2, F = 3), and blue-detuned blue MOT (at the D1 or
D2 line depending on the configuration) beams, respectively.
All these beams are switched on/off using acousto-optic
modulators (AOMs). Each beam is further divided into three
beams, overlapped, copropagated, made circularly polarized
using dual λ/4 wave plates, expanded to a diameter of 25 mm,
sent to the MOT chamber, and retroreflected back using a dual
λ/4 wave plate and mirror. In each arm, the polarizations of L1

and L3 are the same, and L2 and L4 are the same but orthogonal
to L1 and L3.

Atomic vapor is introduced into the MOT chamber by
passing 2.15 A current to the dispenser (AlfaSource AS-Rb-
0090-2C). First, the IR MOT is loaded for 2 s at the quadruple
magnetic field (B′) of 12.5 G/cm by switching on L1 (power
50 mW and detuning −10 MHz from the 5S1/2, F = 2 →
5P3/2, F = 3 transition) and L2 (power P1→2 = 33 mW
and detuning �1→2/2π = +40 MHz from the 5S1/2,
F = 1 → 5P3/2, F = 2) transition. The power of the L1

is lowered by five times and is kept there for 4 ms to lower

the temperature. The number of atoms N in the IR MOT
is ∼1.3 × 108 and the temperature T is ∼2 mK. Then it is
transferred to the red-detuned blue MOT by switching off the
L1 beam and switching on the L3 beam (power 26 mW and
detuning −7 MHz from the 5S1/2, F = 2 → 6P3/2, F = 3
transition). After 4 ms, the power of the L3 beam is reduced to
10 mW and detuning is ramped to �2→3/2π = −3 MHz in
5 ms. After 20 ms of hold time, L2, L3, and B′ are switched off.
N and T are measured from the time-of-flight (TOF) method
using absorption imaging at the 5S1/2, F = 2 → 5P3/2,
F = 3 transition on a complementary metal-oxide-
semiconductor (CMOS) camera with an exposure time
of 100 µs.

IV. RESULTS AND DISCUSSION

We first study the effect of the orthogonally polarized IR
repumper laser (Fg = 1 → Fe = 2) on the IR MOT by chang-
ing the power (P1→2) at �1→2/2π = +40 MHz. We observe
that with an increase in P1→2 from 0.5 to 33 mW, T of the IR
MOT increases from 1 to 2 mK. N also increases and saturates
to 1.3 × 108. We then vary �1→2/2π from −20 to +40 MHz
at P1→2 = 33 mW. We observe no significant change in N
and T . This is because the IR MOT laser is driving a closed
transition and only a small fraction of atoms are lost due to
off-resonant excitation.

Now, we study the effect of IR repumper on the red-
detuned blue MOT. As the blue transition is open with a poor
branching ratio, atoms decay continuously to the lower ground
state, Fg = 1. Figures 2(b) and 2(c) show the variation of the
T with P1→2 and �1→2/2π respectively for the configuration
shown in Fig. 2(a). Here, the L3 is at −3 MHz detuned to the
5S1/2, F = 2 → 6P3/2, F = 3 transition. First, the repumper
laser is kept at +40 MHz detuned to the Fg = 1 → Fe = 2
transition (which is also a type-I transition), and the power of
the repumper laser is varied. We observe that with an increase
in P1→2 from 5 to 30 mW, T decreases from 80 to 65 µK
as shown in Fig. 2(b) by solid blue circle points. This is
opposite to the case when the repumper laser is red detuned.
When �1→2/2π = −5 MHz, T increases from 90 to 105 µK
as shown by the open red circle points in Fig. 2(b). In both the
cases, N increases with the increase in P1→2 and then saturates
to 1.1 × 108.

Next, we study the behavior of the red-detuned blue MOT
with the detuning of the repumper laser �1→2/2π at three
different powers, 10, 20, and 33.4 mW, as shown in Fig. 2(c)
by the open green diamond, solid yellow triangle, and solid
blue circle points, respectively. When �1→2/2π is varied
from −20 to +40 MHz at P1→2 = 33.4 mW, T decreases
from 120 to 75 µK and then saturates. A similar pattern is
observed at P1→2 = 10 and 20 mW. We observe that blue-
detuned laser cooling works even at a type-I transition and
the blue-detuned repumper laser helps the narrow-line MOT
at the blue transition to reach a lower temperature than the
red-detuned repumper laser.

The same study is done for the configuration shown
in Fig. 3(a), where the repumper laser is −5.2 MHz red
detuned to the Fg = 1 → Fe = 1 transition, which is a type-II
transition. Similar to the previous case, T increases from 120
to 150 µK when the power of the repumper laser (P1→1) is
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FIG. 2. Effect of the repumper laser, L2 (Fg = 1 → Fe = 2).
(a) Relevant energy levels. (b) Temperature vs power of the repumper
laser when �1→2/2π = +40 MHz (solid blue circle) and −5 MHz
(open red circle). (c) Temperature vs detuning of the repumper laser
when P1→2 = 10 mW (open green diamond), 20 mW (solid yellow
triangle), and 33.4 mW (solid blue circle). L1 is switched off.

increased from 5 to 30 mW [as shown in red in Fig. 3(b)].
In the blue-detuned repumper laser configuration, i.e., when
�1→1/2π = +17.4 MHz, T shows a decreasing trend from
90 to 44 µK with an increase in P1→1 from 5 to 30 mW. In
both the cases, N increases with P1→1 and then saturates to
1.1 × 108.

We study the effect of repumper laser detuning (�1→1/2π )
on the blue MOT at three different powers, 10, 20, and
31.5 mW [as shown in Fig. 3(b) by the open green dia-
mond, solid yellow triangle, and solid blue circle points,
respectively]. At P1→1 = 31.5 mW, T decreases from >200
to 44 µK and reaches saturation as the �1→1/2π is changed
from −10 to +17 MHz. A similar trend is observed when
P1→1 = 10 and 20 mW, but T saturates to a higher value.

For completeness, we also study other configurations of
the red-detuned as well as blue-detuned blue MOT, and the
minimum temperature achieved at different configurations is
summarized in Table I. The blue-detuned blue beams are
generated by switching off the L3 beams and switching on
the L4 beams. Additionally, the magnetic field is increased
to 45 G/cm. The minimum temperatures of the blue MOT is
24 µK in the D1 MOT using the 5S1/2, F = 2 → 6P1/2, F = 2
transition, and 31 µK in the D2 MOT using the 5S1/2, F =
2 → 6P3/2, F = 2 transition. Unlike in Ref. [25], we have
observed an almost spherical shape of the atomic cloud with a
Gaussian distribution of atoms in all different configurations
of the MOTs.
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FIG. 3. Effect of the repumper laser, L2 (Fg = 1 → Fe = 1).
(a) Relevant energy levels. (b) Temperature vs power of the re-
pumper laser when �1→1/2π = +17.4 MHz (solid blue circle)
and −5.2 MHz (open red circle). (c) Temperature vs detuning of
the repumper laser when P1→1 = 10 mW (open green diamond),
20 mW (solid yellow triangle), and 31.5 mW (solid blue circle). L1

is switched off.

The temperature for the blue-detuned MOT will be deter-
mined by the width of the multiphoton transparency window.
For the case of Fg = 1 ↔ Fe = 1 with counterpropagating σ+
and σ− laser beams, there is one V system (Fe; mF = −1 ↔
Fg; mF = 0 ↔ Fe; mF = +1) and one 	 system (Fg; mF =
−1 ↔ Fe; mF = 0 ↔ Fg; mF = +1). In the steady state, the
population will be redistributed, and only two sublevels,
Fg; mF = +1 and Fg; mF = −1, will be populated, hence a 	

TABLE I. Temperature of the different MOTs. Detuning (�/2π

in MHz) of each laser from its corresponding transition is shown.
The IR repumper laser is driving the 5S1/2, F = 1 → 5P3/2, F = X
transition, where X = 1 or 2. The blue MOT laser is driving the 5S1/2,
F = 2 → 6P3/2(1/2), F = X transition for the D2(1) MOT, where
X = 1, 2, or 3.

IR repumper Blue MOT T

Case Transition �/2π Transition �/2π (µK)

1 1 → 2 +40 D2, 2 → 3 −3 65 ± 2
2 1 → 1 +17 D2, 2 → 3 −3 44 ± 2
3 1 → 1 +17 D2, 2 → 3 +2 53 ± 2
4 1 → 1 +14 D2, 2 → 2 −2.5 32 ± 1
5 1 → 1 +14 D2, 2 → 2 +5 31 ± 1
6 1 → 1 +14 D1, 2 → 2 −2 40 ± 1
7 1 → 1 +14 D1, 2 → 2 +5 24 ± 1
8 1 → 1 +14 D1, 2 → 1 −2 61 ± 2
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system will be formed. The width of the transparency window
will be subnatural and determined by the decoherence rate of
the ground-state magnetic sublevels mF = +1 and mF = −1
and the power broadening by the lasers.

For the case of Fg = 1 → Fe = 2 with counterprop-
agating σ+ and σ− lasers, there is one V system
(Fe; mF = −1 ↔ Fg; mF = 0 ↔ Fe; mF = +1) and one
W system (Fe; mF = −2 ↔ Fg; mF = −1 ↔ Fe; mF =
0 ↔ Fg; mF = +1 ↔ Fe; mF = +2). The W system can
be approximated as an impure 	 system. The impurity
is quantified by the population in the Fe : mF = +2 and
Fe : mF = −2 states. The linewidth of the transparency
window will be approximated as ∼�2�/(�2 + �2).
Therefore, the width of the transparency window will
be narrower in the case of Fg = 1 → Fe = 1 compared
to Fg = 1 → Fe = 2. Hence, blue-detuned cooling at
Fg = 1 ↔ Fe = 1 will be more effective compared to the
Fg = 1 ↔ Fe = 2 transition since the former is a pure 	

system. As a result, the second case (65 ± 2 µK) exhibits a
higher temperature compared to the first case (44 ± 2 µK).
Overall, the blue-detuned cooling is more efficient for the case
Fg � Fe than Fg < Fe because, in the steady state, Fg � Fe

forms one or multiple 	 systems, whereas Fg < Fe forms one
or multiple W systems or WV systems.

The fourth and fifth cases yield similar temperatures but
lower than the second case. This is because the blue transition
Fg = 2 → Fe = 2 populates the Fg = 1 state more compared
to the Fg = 2 → Fe = 3 transition, as the Fe = 2 can also
directly decay to the Fg = 1 state, leading to more cooling by

the repumper laser. The D1 blue transition exhibits a higher
temperature as it is a weaker transition and populates fewer
atoms in the Fg = 1 state. In the seventh case, the temperature
is lower because the number of atoms in the MOT decreases
by a factor of 2.

V. CONCLUSION

In summary, we observe that STC plays a crucial role in
laser cooling in the sub-Doppler regime. Prior to this work,
it was known that there is no sub-Doppler cooling with blue-
detuned lasers in a type-I transition. In this work, we show
that it is possible to achieve cooling with blue-detuned lasers
but in the absence of STC. As STC is very sensitive to stray
magnetic fields, we observe blue-detuned cooling even in a
type-I transition in MOT. For completeness, we also explore
various combinations for the effectiveness of blue-detuned
laser cooling in both type-I and type-II MOT configurations,
achieving temperatures as low as 24 µK in the D1 MOT and
31 µK in the D2 MOT.
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APPENDIX: DENSITY MATRIX EQUATIONS

The equations [excluding Eqs. (3)–(5)] obtained using the density matrix analysis for the eight-level system are presented
below:

ρ̇11 = − i

2
�

(
ρ41 + 1√

6
ρ61

)
+ H.c. + �

(
ρ44 + 1

2
ρ55 + 1

6
ρ66

)
,

ρ̇22 = − i

2
√

2
�(ρ52 + ρ72) + H.c. + �

(
1

2
ρ55 + 2

3
ρ66 + 1

2
ρ77

)
,

ρ̇33 = − i

2
�

(
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6
ρ63 + ρ83
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+ H.c. + �

(
1

6
ρ66 + 1

2
ρ77 + ρ88
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,

ρ̇44 = i

2
�ρ41 + H.c. − �ρ44,

ρ̇55 = i

2
√

2
�ρ52 + H.c. − �ρ55,

ρ̇66 = i

2
√

6
�(ρ61 + ρ63) + H.c. − �ρ66,

ρ̇77 = i
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ρ̇88 = i
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�ρ83 + H.c. − �ρ88,

ρ̇14 = i

2
�

(
ρ11 − ρ44 − 1√

6
ρ64

)
− i (� − kv)ρ14 − 1

2
�ρ14,

ρ̇15 = i

2
�

(
1√
2
ρ12 − ρ45 − 1√

6
ρ65

)
− i (� − kv)ρ15 − 1

2
�ρ15,
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ρ̇16 = i
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