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Fig. 1. (a) Energy level transitions relevant to this experiment, primarily involving three transitions at wavelengths of 401, 583, and

841 nm. (b) Experimental setup diagram. Following transverse cooling and Zeeman slowing using 401 nm light, the thermal atoms

are further cooled by a 401 nm pre-cooling beam, then captured in a narrow-line magneto-optical trap operating at 583 nm, and

finally cooled to a lower temperature in a narrow-line magneto-optical trap at 841 nm.
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Fig. 2. Experimental setup for rapid preparation and cooling of cold erbium atoms: (a) Configuration of the laser system, primarily

comprising lasers at 401 nm, 583 nm, and 841 nm, along with the laser frequency stabilization system. (b) Experimental timing se-

quence. The atomic beam, following Zeeman slowing, is loaded and compressed in a narrow-line magneto-optical trap operating at

583 nm, and subsequently transferred to another narrow-line magneto-optical trap at 841 nm for further cooling.

150301-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 15 (2026) 150301

JEAR5E ) 841 nm L FEREIEBE AR 180 ms LA
I A A 2k

4 ZBAER

T HE i 583 nm A £k Vi ik G BE Y ST 6 2
T, ARSCR F P ARBIRN 401 nm BUA EE. Wi
HIGRES X 228 52 76 Sl 5 1) ST 1A T ) R
I (4 B A5 201, AT A 1o s 5 R fof L o 4
AT 583 nm A LR TERE I AR AR R APRARS 1 ek
JE BEAE (i 5 S I 2R AE MOT oty 2753k
R WA ECRE ORI 3(a) s, B O5E
SRR N T 401 nm A HIE 2 5 BT
e 2 R A DL S A it 2, s R R A 5K
N(t) = Rr[1 —exp(—t/7)| #EATHIA, Hoh R A%
HOR, m APURE. BT RGN 401 nm T4 4]
I (L KR ) BITEDL, B0 401 nm FAEIGRE
N R TR R AR T 2 FOR P AS LA L, RIS
A B AR T B FOR PR, X B BB TE
T S E] PN 928 583 nm A 2R T R4 GBI Y

Lob@) e
IS e
Z o8t L
= .,
o .
2 0.6
g S .
= K I PREL Sl S

. -
; R
3 P
= R
< 0-2r ,C‘x". 401 nm pre-cooling off
0 Ji:.m 401 nm pre-cooling on

0 2 4 6 8 10 12 14
Loading time/s

1.0}4(©)
2
= osf i
g :
ER I
-
g R
E 04t .,
E Rt

o2t 0 T ...

Q... PO arenee- SEPRPR
o 5 10 15 20 25

Holding time/s

A 3

Jg T i — 4Tt 583 nm 4F 4R TEREOGHE R A%
PSR4, T TR AR ] e AR R TV HIHOE Y
A (192728 5 5 X 583 nm OB K AR A
160 kHz AYIESZ IR, KO SR v % 8 MHz,
T R S R BE S 14N 583 nm AE £k TERE L HE Y
R R IR, SEBUE LR A B A, a5 R an
El 3(b) s, FEBINTEH 2 )5, 583 nm %8 £k Vit
B4 2 1) S T B RE W R T 28 ROk A B A, [ B
583 nm AL Ve GG IS TE 55 Tsgs 245 Isgs
143 FET PN i S LR TR e 4. AR A AT A
HIATELL T, 583 nm JERIE N 40 Isss B EFHCHE
Hix %, (H R BETE—42 I'se3 £-39 Iss3 10 H N FRE
S R HIR, TERAE X 583 nm AL GOt
BEYCHEA TR 2 05, SO R b sl TR T4 sl
YA RE S B RIS, [RIRT, AR SCXF 583 nm %
R TE R CBE A AT T, W T 583 nm AELk
S W GBI b Y T B 583 nm 75 £k e REOG BE G
FIVRG b7 19 4 1 B (R AS [R) 9 A £, 75 3] 1) 25 51 dn

(b) ecee, Frequency mod on
¢ *  Frequency mod off

©
3
T

0.4 . .:2-._

Atom number/10%

0.2 ¢ ¢

.
. H
feceee

—50 —40
Detuning(I)

220 H(d)

Width/pm
=
=
S

0 2 4 6 8
TOF time/ms

(a) 5IA 401 nm BV HIOLJ5 IR TR AR | S H B K, Ko 2L (#) (R3R 401 nm BRI (OF) YR T4 (b) 583 nm

AEL TEREOL PR B TR SR e Ak, o2l 8 (W5 €0) 030 583 nm HEAT (R HEAT ) USRI i 7 A 13 2R 748 (c) 583 nm 7%
LRI HEC B o, Hoh 20 B A, BB LA LS IR (d) TOF M 583 nm 45 £k 56w Y6 B R 46 25 U5 I 7 A1 IR &

Fig. 3. (a) Atomic loading efficiency and loading rate after introducing the 401 nm pre-cooling beam. Red (blue) curves represent

the atom number with the 401 nm pre-cooling light off (on). (b) Atom number loaded in the 583 nm narrow-line magneto-optical

trap as a function of detuning. Red (blue) data points correspond to the 583 nm narrow-line magneto-optical trap with (without)

frequency modulation. (c) Lifetime of the 583 nm narrow-line magneto-optical trap. Red dots represent experimental data, and the

black dashed line shows the fitted curve. (d) Temperature of the atomic cloud measured by time-of-flight (TOF) after the compres-

sion stage of the 583 nm narrow-line magneto-optical trap.
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Fig. 4. (a) Lifetime of the 841 nm narrow-line magneto-optical trap. The lifetime of the atomic ensemble in the 841 nm narrow-line

magneto-optical trap is measured by varying the holding time, yielding a characteristic lifetime of 330 ms. (b) Temperature meas-

urement of the atomic cloud after the 841 nm compressed narrow-line magneto-optical trap. The cloud temperature is determined

via time-of-flight (TOF) expansion, resulting in a temperature of 900(20) nK.
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Abstract

In this paper, we report the rapid and efficient preparation of ultracold erbium atomic samples using all-
optical cooling. A multistage cooling process is employed to achieve a large number of low-temperature ultracold
erbium atoms. First, the thermal atomic beam is effectively slowed down by transverse cooling, a Zeeman
slower, and a broad-line 401 nm pre-cooling laser, then efficiently loaded into a narrow-line magneto-optical
trap (MOT) operating on the 583 nm transition. The transverse cooling consists of four beams with elliptical
spots whose long axes are aligned along the atomic beam direction to reduce the transverse velocity. The
Zeeman slower is composed of 11 independent coils, with the currents in the last three coils reversed relative to
the other coils to cancel the residual magnetic field near the main vacuum chamber produced by the preceding
coils. The pre-cooling laser provides combined longitudinal and transverse deceleration for atoms after the
Zeeman slower, bringing the atomic velocity closer to the capture velocity of the 583 nm narrow-line MOT and
simultaneously making the atoms more convergent at the MOT center, thereby increasing the loading rate into
the MOT. To further increase the number of atoms loaded into the 583 nm narrow-line MOT, we apply a
sinusoidal frequency modulation at 160 kHz to the 583 nm laser, broadening its line width to 8 MHz, which
doubles the trapped atom number. A subsequent compression stage yields a cold atomic cloud of 100(2) x 10°
atoms at a temperature of 5.4(0.5) pK. This cold cloud is then transferred to a narrow-line MOT operating on
the even narrower 841 nm transition for further cooling, producing an ultracold atomic sample of 7.4(0.5) x 10°
atoms at 900(20) nK.

Using the developed techniques, we prepare a large ultracold erbium sample within a total cycle time of
600 ms, providing an efficient cooling platform for fast evaporative cooling and significantly reducing the
experimental cycle time. Moreover, without conventional evaporative cooling, this approach can directly load
the cold atomic cloud into an optical lattice, providing a key platform for studying many-body physics with
strong dipolar interactions and for precision measurements. This work offers a feasible reference for cooling rare-

earth atoms and provides insights for atomic systems with similar level structures.
Keywords: narrow-line magneto-optical trap, laser cooling, cold atoms
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