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Diffuse laser cooling based on the 6P3/2 excited state of rubidium atoms via 420 nm blue light
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To date, the laser cooling of rubidium atoms has inevitably relied on 780 nm cooling light corresponding
to the first excited state 5P3/2. Here, we demonstrate diffuse laser cooling of 87Rb atoms using the 420 nm
5S1/2 → 6P3/2 transition without a preceding 780 nm cooling stage. A high-power 420 nm laser is used as
the cooling light to produce cold atoms in a 1-m-long diffuse-cooling cell. Absorption spectroscopy yields
a cold-atom density of approximately 1.4 × 1011 m−3. We compare the cooling performance of the 420 nm
and conventional 780 nm diffuse-cooling schemes and verify the feasibility of using the high-excited-state
transition as an independent cooling channel in this large-volume diffuse-cooling system. This approach provides
an alternative cooling/pumping pathway for continuous cold-atom active optical clocks, where compatibility
with the clock-lasing process and reduced cooling-light-induced perturbations are important. It is also expected
to open up research directions and application prospects in frontier fields such as Rydberg atoms, quantum
information, and so on.
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I. INTRODUCTION

The disorder induced by the atomic thermal motion has
long been one of the major obstacles hindering in-depth ex-
ploration of internal quantum states [1] and their interactions,
precise measurement of fundamental physical constants [2],
and even the realization of quantum precision manipulation
[3,4]. Slowing down and cooling atoms to extremely low
temperatures to render them nearly “stationary” is the key
to overcoming these obstacles and opening up new frontiers
in modern atomic and molecular physics as well as quan-
tum technology. Laser cooling technology achieves efficient
deceleration and cooling of free atoms through momentum
exchange between photons and atoms [5–7], and its emer-
gence and development undoubtedly represent a revolutionary
breakthrough. Precise manipulation of atomic motion to near-
stationary ultracold states serves as a core methodology in
modern atomic and molecular physics [8,9], quantum preci-
sion measurement [10–13], and quantum information science
[14,15].

Among numerous atomic systems, rubidium atoms have
become one of the most widely used platforms in cold-atom
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research, owing to their mature laser technology (D2 line
5S1/2–5P3/2 with a wavelength of 780 nm [16]) and favorable
energy level characteristics (electric dipole-allowed strong
transitions and closed cycle transitions). Cooling technologies
based on 780 nm lasers, such as Doppler cooling [17,18],
polarization gradient cooling [19], Raman sideband cooling
[20–22], and magneto-optical trap [23,24], have reached a
high level of maturity. They can efficiently cool and trap
large numbers of rubidium atoms to the Doppler-cooling
temperature limit or even sub-Doppler temperatures, laying
the foundation for numerous cutting-edge research fields, in-
cluding Bose-Einstein condensation [20], atomic clocks [25],
and atomic interferometers [26]. In relevant studies on laser
cooling of rubidium atoms, most systems employ cooling
and repumping light addressing different hyperfine sublevels
within the same set of fine-structure energy levels. However,
the frequencies of the pumping and cooling light predomi-
nantly concentrate on red transitions near 780 and 795 nm in
rubidium, while research on blue-light cooling corresponding
to the 420 and 421 nm transitions of the high excited state
remains relatively scarce.

Conventional 780 nm cooling schemes possess a relatively
large natural linewidth (�780/2π = 6.06 MHz [16,27]). While
this facilitates high photon-scattering rates for rapid initial
cooling, it also imposes a relatively high Doppler-cooling tem-
perature limit. Furthermore, the comparatively short lifetime
of the 5P3/2 level imposes constraints on further advancing
coherent manipulation. Current research utilizing the 6P3/2

excited state of rubidium atoms as the cooling level con-
sistently integrates both 780 and 420 nm cooling [28,29].
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FIG. 1. (a) Schematic of 420 nm diffuse laser cooling of rubidium atoms in a meter-scale vacuum glass tube. (b) The Doppler resonance
condition within the quasi-isotropic diffuse light field. (c) Relevant energy levels involved in the 420 nm cooling scheme. The cooling light
is red detuned from the 420 nm 5S1/2(F = 2) → 6P3/2(F ′ = 3) transition. The repumping light addresses the 780 nm 5S1/2(F = 1) →
5P3/2(F ′ = 2) transition, while the probe light is near the 780 nm 5S1/2(F = 2) → 5P3/2 transition. The 420 nm cooling light also serves
as the pumping light for the active-clock transition by populating the 6P3/2 state, from which cascade decay can establish population inversion
between 6S1/2 and 5P3/2 or 5P1/2, corresponding to the 1367 and 1323 nm lasing transitions.

The first approach involves preliminary cooling with 780 nm
lasers, followed by secondary cooling using 420 nm blue light
[28]. In essence, it utilizes the broad linewidth of 780 nm
(∼6.06 MHz) to achieve efficient trapping and initial decel-
eration, and then leverages the narrow linewidth of 420 nm
blue light (�420/2π = 1.42 MHz) [30,31] to break through
the temperature limit of 780 nm laser cooling. This process ne-
cessitates laser source switching and critically depends on the
preliminary cooling stage. Another approach is the dual-light
cooperative cooling scheme [29]: Both 780 and 420 nm lasers
are turned on simultaneously, but the 780 nm light still serves
as the dominant cooling light, with the 420 nm light playing
an auxiliary role. This configuration retains a fundamental
reliance on the 780 nm light source and introduces complexi-
ties associated with spectral interference and power-matching
requirements.

In this work, we demonstrate independent 420 nm laser
cooling on the 5S1/2 → 6P3/2 transition using a diffuse laser
cooling configuration [32–35]. By employing a highly re-
flective barium sulfate (BaSO4) coating to multiply scatter
the cooling light, we generate a quasi-isotropic light field
that enables large-volume cooling without complex optical
alignments or magnetic fields. Unlike previous schemes that
require a 780 nm precooling stage, we directly utilize the
420 nm 5S1/2 → 6P3/2 high-excited-state transition as the
cooling transition within this diffuse light field. Our goal
is not to replace conventional 780 nm cooling, but to ver-
ify this high-excited-state transition as a stand-alone cooling
channel. Experimentally, we produce cold 87Rb atoms in a
1-m-long diffuse-cooling cell, detect them via axial 780 nm
absorption spectroscopy, and compare the cooling perfor-
mance with that of conventional 780 nm diffuse cooling.
This single-stage 420 nm cooling scheme is primarily moti-
vated by continuous cold-atom active optical clocks [36,37],
where the 420 nm laser simultaneously cools and pumps
atoms without perturbing the clock-lasing process. Further-
more, it opens new avenues for Rydberg atom preparation

[38], 420 nm optical frequency standards [39–41], and atom
interferometry [42].

II. THEORETICAL CONSIDERATIONS

As shown in Fig. 1(a), the diffuse-cooling geometry con-
sists of a 1-m-long glass tube coated with barium sulfate
(BaSO4), which creates a quasi-isotropic light field through
multiple reflections of the injected laser beams. Following the
isotropic-light-cooling model of Ref. [43], the ideal diffuse
field is treated as a continuous distribution of plane-wave com-
ponents over all propagation directions. In the low-saturation,
two-level approximation, the mean radiation-pressure force
on an atom with velocity v is

Fiso(v) = h̄k�

2

∫
4π

s̃0n

1 + 4(δ − kn · v)2/�2
d�, (1)

where h̄, �, k, δ, and n denote the reduced Planck con-
stant, natural linewidth in angular-frequency units, wave
number, laser detuning, and propagation-direction unit vec-
tor, respectively. For an isotropic field, s̃0 = Siso/(4π ) is the
on-resonance saturation parameter per unit solid angle, with
Siso denoting the global saturation parameter of the isotropic
field. Rotational symmetry eliminates the force components
transverse to v, giving zero net force for a stationary atom
and a damping force opposite to v for a moving atom under
red-detuned illumination.

As illustrated in Fig. 1(b), the resonance condition δ =
kv cos θ defines a velocity-dependent cone of resonant prop-
agation directions, where θ is the angle between n and v.
For red detuning (δ < 0), the resonant components satisfy
cos θ < 0 and therefore propagate predominantly opposite to
the atomic motion. Different velocity classes consequently
interact with different angular components of the diffuse field,
providing a three-dimensional Doppler-cooling force.

The atomic transitions involved in diffuse laser cool-
ing are shown in Fig. 1(c), and the relevant parameters of
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TABLE I. Comparison between 780 nm Doppler cooling and 420 nm Doppler cooling.

λ (nm) Corresponding energy levels �/2π (MHz) TD (μK) vp (m/s)

780 5S1/2 → 5P3/2 6.06 [16,27] 146 0.167
420 5S1/2 → 6P3/2 1.42 [30,31] 34 0.081

the 780 and 420 nm cooling transitions are summarized in
Table I. Here, TD = h̄�/(2kB) is the Doppler temperature
of an ideal two-level atom, and vp = √

2kBTD/m is the cor-
responding most probable thermal speed, with kB and m
denoting the Boltzmann constant and atomic mass, respec-
tively. The narrower linewidth of the 420 nm transition yields
a lower Doppler-temperature scale but also a smaller velocity-
capture range and photon-scattering rate than the conventional
780 nm transition. In addition, cascade decay from the 6P3/2

state through the 6S1/2, 4D3/2, and 4D5/2 states makes the
cooling cycle open. These properties motivate the use of rel-
atively large red detuning and high optical intensity for direct
420 nm cooling.

III. EXPERIMENT

The experimental optical layout and relevant partial en-
ergy levels are shown in Figs. 2(a) and 2(b), respectively.
Because acousto-optic modulators (AOMs) at 420 nm have
relatively low diffraction efficiency, shifting the high-power
cooling beam after frequency locking would introduce sub-
stantial optical loss. We therefore apply the frequency shift
in the spectroscopy branch before locking. Since �420/2π =
1.42 MHz and the required red detuning is only several mega-
hertz, two AOMs operated in the +1st and −1st diffraction

orders are used to produce a small net positive frequency
offset. The frequency-shifted beam is then locked to the 87Rb
5S1/2(F = 2) → 6P3/2(F ′ = 3) transition using modulation-
transfer spectroscopy, leaving the unshifted cooling beam
stably red detuned from resonance while avoiding AOM-
induced power loss. The open decay channels from the 6P3/2

state through the 4D3/2, 4D5/2, and 6S1/2 states can trans-
fer atoms to the dark 5S1/2(F = 1) ground state. A 780 nm
laser is therefore locked to the 5S1/2(F = 1) → 5P3/2(F ′ =
2) transition using saturated-absorption spectroscopy and em-
ployed as the repumping light. Rate-equation calculations
indicate that, without repumping, atoms rapidly accumulate
in the 5S1/2(F = 1) state and the cooling cycle is effectively
quenched.

The core of our vacuum and cooling apparatus is illustrated
in the three-dimensional schematic of Fig. 2(c). It consists of
a cylindrical vacuum atomic cell fabricated from glass, with a
length of 1 m and a diameter of 2 cm. The vacuum environ-
ment is maintained by an ion pump with a pumping speed of
45 l/s, achieving a background vacuum level on the order of
10−6 Pa. To explicitly address the atomic supply mechanism,
the rubidium vapor is provided by a reservoir-type source
attached to the vacuum system, as marked in Fig. 2(c). This
source contains a natural isotopic mixture (approximately
72% 85Rb and 28% 87Rb) initially sealed in a glass ampoule

FIG. 2. Experimental system. (a) The 420 nm laser undergoes frequency shifting before frequency locking, resulting in a 420 nm cooling
light with a specific red detuning relative to the 5S1/2(F = 2) → 6P3/2(F ′ = 3) transition. The 780 nm repumping light is locked to the
5S1/2(F = 1) → 5P3/2(F ′ = 2) transition, while the probe light corresponds to the 780 nm 5S1/2(F = 2) → 5P3/2 transition. (b) Relevant
energy levels. (c) Schematic illustration of the overall vacuum system apparatus, explicitly highlighting the 1-m-long vacuum glass tube
coated with BaSO4 and the reservoir-type rubidium source.
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within a crushable copper tube. Upon establishing the back-
ground vacuum, the copper tube is mechanically crushed from
the outside to break the glass ampoule and release the atoms.
The rubidium vapor subsequently diffuses along the 1-m cell
until reaching adsorption saturation on the inner walls. At
an ambient room temperature of 22 ◦C, the system achieves
thermal equilibrium, yielding a steady rubidium vapor pres-
sure of approximately 2 × 10−7 Pa governed by the cell wall
temperature.

To generate the diffuse laser cooling light field, a BaSO4

diffuse reflection coating is uniformly applied to the outer wall
of the vacuum cell. This coating possesses a high reflectivity
of approximately 95% for the 420 nm laser and 98% for the
780 nm laser. The 420 nm cooling light and 780 nm repump-
ing light are coupled into multimode fibers and injected into
this diffuse-coated cell. Within the cell, the generated diffuse
light field exhibits quasi-isotropic intensity and frequency
distributions [32–35]. To interrogate the resulting cold 87Rb
ensemble, a homemade 780 nm interference-filter external-
cavity diode laser [44] is employed as the probe beam, which
propagates axially along the 1-m-long vacuum cell.

IV. RESULTS

A. Absorption spectroscopy of cold 87Rb atoms

The 420 nm cooling light is red detuned by approximately
8 MHz from the 87Rb 5S1/2(F = 2) → 6P3/2(F ′ = 3) tran-
sition, while a 30 mW repumping laser is resonant with the
5S1/2(F = 1) → 5P3/2(F ′ = 2) transition. Under these con-
ditions, the diffuse light field decelerates and cools the atoms
within the 1-m-long cell, as shown in Fig. 3(a). The cooled
atoms are detected using a weak axial 780 nm probe with
microwatt-level power, whose frequency is scanned across the
three allowed D2 transitions from 5S1/2(F = 2) to 5P3/2(F ′ =
1, 2, 3). Because the 420 nm cooling scheme produces fewer
cold atoms than conventional 780 nm cooling, a narrow cold-
atom absorption feature is clearly resolved against the broad
thermal background only at the F = 2 → F ′ = 3 transition,
as shown by the blue curve in Fig. 3(b). The narrow fea-
ture arises from the cold-atom fraction (∼0.7%), whereas the
broad background is dominated by the thermal population.

Because conventional time-of-flight thermometry is not
applicable to the present geometry, the cold-atom absorption
linewidth is used to estimate a conservative upper tem-
perature bound. Using a simultaneously recorded rubidium
saturated-absorption spectrum as the frequency reference, the
absorption feature obtained under 420 nm cooling is fitted
with a Voigt profile, as shown in Fig. 3(c), yielding a Gaussian
linewidth of �νG = 1.56 MHz. If this Gaussian contribution
is entirely attributed to Doppler broadening, T = mλ2(�νG )2

8kB ln 2
gives an upper bound of 2.81 mK, where λ is the probe
wavelength. Because unresolved nonthermal broadening may
also contribute to �νG, this value should not be interpreted as
the actual cold-atom temperature.

For comparison, conventional 780 nm diffuse cooling was
implemented in the same cell. The cooling light was red
detuned by approximately 15 MHz from the 87Rb 5S1/2(F =
2) → 5P3/2(F ′ = 3) transition, while the repumping light
remained resonant with the 5S1/2(F = 1) → 5P3/2(F ′ = 2)

FIG. 3. (a) Under the cooling effect of the 420 nm diffuse light
field, diffuse cooling is implemented throughout the 1-m-long cell,
and the cold-atom absorption is probed along the axial direction.
(b) Absorption spectroscopy of cold 87Rb atoms for the 780 nm probe
light (blue curve). The red curve serves as the reference rubidium
saturated-absorption spectroscopy. Cold atomic absorption can be
observed at the position corresponding to the 87Rb 5S1/2(F = 2) →
5P3/2(F ′ = 3) transition. (c) Voigt fit to the cold-atom absorption
feature obtained under 420 nm cooling.

transition. The resulting cold-atom spectrum was measured
using the same axial probe. By precisely controlling the fre-
quency and intensity of both the cooling and repump lights,
a significantly improved cooling effect for 87Rb atoms is
ultimately achieved. After the rubidium atoms are cooled, a
780 nm probe beam is similarly used to detect the cold atomic
cloud.

The resulting cold-atom absorption spectroscopy is shown
in Figs. 4(a) and 4(b). Due to the higher efficiency of 780 nm
laser cooling, the number of cold atoms obtained is sub-
stantially increased. Consequently, three absorption peaks
are visible, corresponding to the transitions 5S1/2(F = 2) →
5P3/2(F ′ = 1, 2, 3), respectively. The corresponding Voigt fit
for the 780 nm cooling scheme is shown in Fig. 4(c). The
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FIG. 4. Absorption spectrum of cold 87Rb atoms obtained un-
der conventional 780 nm diffuse laser cooling. (a) Full absorption
spectrum containing the relevant transitions of 85Rb and 87Rb.
(b) Expanded spectrum showing the resolved 87Rb 5S1/2(F = 2) →
5P3/2(F ′ = 1, 2, 3) cold-atom absorption features. (c) Voigt fit to the
cold-atom absorption feature under 780 nm cooling.

extracted Gaussian linewidth is 1.66 MHz, giving a conser-
vative upper temperature bound of 3.16 mK under the same
assumption. As in the 420 nm case, this value contains unre-
solved nonthermal broadening and therefore represents only
a loose constraint on the actual cloud temperature. Moreover,
the microscopically inhomogeneous polarization distribution
produced by multiple diffuse reflections can support sub-
Doppler polarization-gradient cooling [45–48], suggesting
that the actual atomic temperature may be substantially lower
than this spectroscopy-based upper bound.

FIG. 5. Cold-atom density within the 780 nm probed region
under 420 nm diffuse laser cooling. (a) Dependence on the red
detuning of the 420 nm cooling light from the 87Rb 5S1/2(F =
2) → 6P3/2(F ′ = 3) transition. The maximum is obtained at a de-
tuning of approximately 8 MHz. (b) Dependence on the injected
420 nm cooling-light power at the optimal detuning. No saturation
is observed over the investigated power range of 0–2.5 W. The red
dashed curves are empirical fits to the experimental data. The shaded
region indicates the favorable detuning range around the maximum
cold-atom density.

B. Optimization of the cooling-light parameters

The absorption of the weak 780 nm probe is used to
determine the probe-volume-averaged cold-atom density and
optimize the 420 nm cooling parameters. Figure 5(a) shows
the cold-atom density as the red detuning of the 420 nm
cooling light from the 87Rb 5S1/2(F = 2) → 6P3/2(F ′ = 3)
transition is varied from 0 to 18 MHz. The cold-atom den-
sity presents an increasing and then a decreasing trend with
increasing detuning, reaching its maximum at approximately
8 MHz. At smaller detunings, strong near-resonant photon
scattering increases recoil heating and reduces the cold-atom
density. At larger detunings, the reduced photon-scattering
rate weakens the cooling force. The optimum near 8 MHz
therefore reflects a balance among scattering strength, recoil
heating, and velocity capture.
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Cooling-light power is another important optimization pa-
rameter. After frequency shifting, frequency locking, and
multimode-fiber coupling, the 3 W 420 nm laser provides
a maximum power of approximately 2.5 W at the entrance
of the vacuum cell. Figure 5(b) shows the probe-volume-
averaged cold-atom density as the injected cooling-light
power is varied from 0 to 2.5 W. The cold-atom density
increases monotonically with cooling-light power, with no
plateau observed over the investigated range. At an injected
power of 2.5 W, the probe-volume-averaged cold-atom den-
sity reaches approximately 1.4 × 1011 m−3.

To determine this probe-volume-averaged density quan-
titatively, the absorption of the weak axial 780 nm probe
is analyzed using the Beer-Lambert law [49]. The optical
depth is given by OD = − ln ( Itrans−Idark

I0−Idark
), where I0, Itrans, and

Idark are the incident probe intensity, transmitted probe inten-
sity, and dark-field intensity arising from ambient light and
the detector dark current, respectively. The probe power is
maintained at the microwatt level to minimize probe-induced
heating and absorption saturation. In addition, the broad ab-
sorption background arising from thermal atoms is subtracted
before evaluating the cold-atom contribution. Using the reso-
nant cross-section σ0 = 3λ2

2π
for the 780 nm probe transition,

the probe-volume-averaged cold-atom density is calculated as
n̄p = OD

σ0L , where L = 1 m is the effective interaction length.
Because the radial density distribution of the cold atomic
cloud cannot be resolved in the present experimental geome-
try, the measured density is not extrapolated to the full volume
of the cylindrical cell.

The measured 1/e2 intensity diameter of the probe beam is
1.2 mm, corresponding to a waist of wp = 0.60 mm. For the
Gaussian probe mode, the effective transverse area is Aeff =
πw2

p

2 , giving an effective probe volume of Veff = Aeff L =
5.65 × 10−7 m3. The effective cold-atom number sampled
by the probe is therefore defined as Neff = n̄pVeff . At an in-
jected 420 nm cooling power of 2.5 W, the maximum density
reported above corresponds to an effective atom number of
approximately 7.9 × 104 sampled in the probed region.

In the diffuse light field, photons undergo multiple reflec-
tions, and the intracell energy density can be approximated
as spatially uniform. The system can therefore be treated
approximately as an integrating sphere, for which the intracell
light intensity is estimated as Iin ≈ Pin

Awall (1−Reff ) , where Pin is the
injected optical power, Awall is the total internal surface area
of the vacuum cell, and Reff is the effective reflectivity. The
reflectivity of the coating at 420 nm is approximately 95%. To
approximately account for losses at the light-entry ports and
the ends of the cell, an effective reflectivity of Reff ≈ 92% is
used. At an injected cooling-light power of 2.5 W, the intracell
intensity is estimated to be approximately 49.3 mW/cm2.
This value corresponds to approximately 2.1 times the ex-
perimentally measured saturation intensity Is,420 = (23.18 ±
0.28) mW/cm2 reported in Ref. [50], which is consistent with
the theoretical value of 23.45 mW/cm2.

The observed increase in the cold-atom density can be
attributed to the higher diffuse-field intensity, which enhances
the photon-scattering rate and improves the capture and cool-
ing of the atoms. Although the estimated average intensity
exceeds the saturation intensity, no saturation of the mea-

FIG. 6. Cold-atom density within the 780 nm probed region un-
der 780 nm diffuse laser cooling. (a) Dependence on the red detuning
of the cooling light from the 87Rb 5S1/2(F = 2) → 5P3/2(F ′ = 3)
transition. The maximum is obtained at a detuning of approximately
15 MHz. (b) Dependence on the injected 780 nm cooling-light power
at the optimal detuning. The shaded regions indicate the favorable
operating ranges, corresponding to the vicinity of the optimal detun-
ing in panel (a) and the near-saturation power regime in panel (b).

sured cold-atom density is observed. This indicates that the
ensemble cooling performance is not determined solely by the
saturation of the optical transition, but is also influenced by
the spatial distribution of the diffuse field, the velocity-capture
range, and the open multilevel decay dynamics. Further in-
creases in cooling-light power may therefore enhance the
cold-atom density.

For comparison, conventional 780 nm diffuse cooling
was also investigated. At an injected cooling-light power
of 300 mW, the cold-atom density reaches its maximum
at a red detuning of 15 MHz and decreases at larger
detunings, as shown in Fig. 6(a). This optimal detuning cor-
responds to approximately 2.5 times the natural linewidth. At
this detuning, the cold-atom density initially increases with
cooling-light power, reaches a maximum near 300 mW, and
then decreases slightly at higher powers, possibly because of
recoil heating and saturation-induced imbalance, as shown in
Fig. 6(b). For the 87Rb 5S1/2(F = 2) → 5P3/2(F ′ = 3) tran-
sition, the saturation intensity is Is,780 = 1.67 mW/cm2. The
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effective diffuse-field intensity at 300 mW is estimated to be
9.6 mW/cm2, corresponding to approximately 5.7Is,780.

Under these optimal conditions, the cold-atom density is
approximately 1.3 × 1013 m−3, corresponding to an effective
atom number of approximately 7.4 × 106 within the probed
region. For reference, if the probe-volume-averaged densities
are assumed to be spatially uniform throughout the entire cell,
they would correspond to extrapolated total atom numbers
of approximately 4.4 × 107 and 4.2 × 109 for the 420 and
780 nm cooling schemes, respectively. However, cold-atom
clouds produced in isotropic cooling geometries are expected
to exhibit an approximately Gaussian spatial distribution,
with the density decreasing toward the reflecting surfaces
[51]. Therefore, the total atom numbers inferred under the
uniform-density assumption should be regarded only as rough
order-of-magnitude estimates and may be overestimated.

V. DISCUSSION

The optimal detuning and saturation behavior of the
420 nm diffuse laser cooling differ significantly from the
conventional 780 nm scheme. This distinct cooling dynam-
ics stems fundamentally from the intrinsic properties of the
blue transition. First, the momentum of a 420 nm photon is
approximately 1.86 times that of a 780 nm photon (p = h̄k).
Consequently, each spontaneous emission cycle imparts a
substantially larger recoil kick, making the fundamental recoil
heating energy (∝k2) nearly 3.5 times higher. Second, the
420 nm transition features a much narrower natural linewidth
and a larger wave number, resulting in an inherently nar-
row velocity-capture range (vc ∝ �/k). To effectively capture
room-temperature thermal atoms and counteract the height-
ened recoil disturbance, it is necessary to employ a large
red detuning and high optical power. Despite these strin-
gent intrinsic physical constraints, the 420 nm diffuse light
field successfully establishes a steady-state cold atomic cloud.
This confirms that the high-excited-state transition can inde-
pendently and effectively sustain cooling performance in a
large-volume macroscopic diffuse field. The meter-scale cold
atomic cloud can provide an extended interaction length and
a large effective gain volume, which are beneficial for future
active optical clock experiments.

While conventional 780 nm cooling remains the supe-
rior technique for preparing large-number atomic ensembles,
the independent 420 nm cooling channel circumvents the
severe limitations of 780 nm light in continuous four-level
cold-Rb-atom active optical clocks. Continuous operation re-
quires simultaneous cooling and lasing. However, introducing
780 nm cooling light (5S1/2 → 5P3/2) induces a massive ac
Stark shift that destroys clock coherence: It directly addresses
the lower level of the 1367 nm clock transition and creates
extreme near-resonant crosstalk for the 1323 nm clock transi-
tion. This fatal physical interference forces traditional systems
into a pulsed operation mode.

In contrast, the 420 nm scheme (5S1/2 → 6P3/2) is de-
tuned from the clock transitions by hundreds of nanometers,
inherently minimizing light-shift perturbations. Furthermore,
it provides an integrated cooling and pumping mechanism:
The 420 nm laser simultaneously cools the atoms and excites
them to the 6P3/2 state, establishing the required population
inversion through cascade decay. This eliminates the need
for separate pumping sources, offering a compact and robust
route for continuous active optical clocks.

VI. CONCLUSION

In summary, we have experimentally demonstrated dif-
fuse laser cooling of 87Rb atoms using the 420 nm 5S1/2 →
6P3/2 transition without a preceding 780 nm cooling stage.
In the present large-volume diffuse-cooling configuration, this
higher-excited-state transition serves as an independent cool-
ing channel. At an injected cooling-light power of 2.5 W
and an optimal red detuning of approximately 8 MHz, the
probe-volume-averaged cold-atom density reaches approxi-
mately 1.4 × 1011 m−3, corresponding to an effective atom
number of approximately 7.9 × 104 sampled by the probed
region. The main implication of this work is that ground-state
rubidium atoms can be directly cooled by 420 nm blue light
while being simultaneously excited to the 6P3/2 state. This
method bypasses the conventional cooling route based on
the first excited state of rubidium and the sequential path of
780 nm cooling followed by 420 nm cooling. It therefore
provides an alternative technical route for combining laser
cooling with high-excited-state preparation. This capability
is particularly relevant to cold-atom active optical clocks,
where simultaneous cooling and pumping are required for
continuous operation. It may also be useful for future studies
involving Rydberg-state preparation, blue-transition optical
frequency standards, atom interferometry with blue transi-
tions, and quantum manipulation based on highly excited
atomic levels.
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