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Fig. 1. Diagram of the principle of demagnetization cooling. The proportion of blue and red solid spheres in the figure represents the
system’s temperature. An increase in the proportion of blue spheres indicates a rise in the number of atoms in lower energy states,
reflecting a lower temperature of system. (a) When the atom’s average kinetic energy is much lower than the Zeeman splitting
AE. = gyjusB between adjacent internal states, the atoms are polarized in the lowest Zeeman state mj = —J; (b) as the mag-
netic field is gradually reduced, and the Zeeman splitting becomes comparable to the atom’s average kinetic energy, some atoms in
the mjy = —J state transfer to the adjacent Zeeman state mj = —J + 1 through dipolar relaxation; (c) the atoms are then
pumped back to the mj = —J state through an optical pumping process; (d) schematic of the optical pumping process for 164Dy
atoms, in the transition at a wavelength of 684 nm, the lowest Zeeman state behaves as a dark state for o~ -polarized light; (e) the
for 164Dy atoms at different magnetic fields within the tempera-

calculated results of dipolar relaxation coefficients 63; and By

ture range from 1-10 pK; the solid and dashed lines correspond to B; and B, respectively.

216701-2


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

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 21 (2024) 216701

[T, S T DL A TR S A, M
P 1, SCOREREROY BVRER 7. 1
T ) 5 P L R B T IR
BRAE. WA 1(a) PR, ST T IBNAE kT LA
THIAR I 25 ] 1 56 8 BF 5L A, = g, B I (Jorh
ky FORBURIE BB, TIoRIKRIE, o) JRM
T, WIURRET, B AORRETHRIE), i TH
AERARIED A my = — T 25 (FUo my (GBI
W T BE O TR0, BEZRESMENE, 2%
B 5 T B R R (A 1(b) TR,
T AR BV B B, 3553 my = — ] SRR T2
RS Emy = —J + 1B A0 B B L. X — it
A5 TR R ISR (Lo SR B AL, R LR (n
el 1(c) B ), T DA R AL 1 5] g = 7
2. ERHOLF , SRR T R R,
PR P - 5 S P S B 1 5 T Rl i
AR [ B A, TR AR AVRSR. M
LRI T R AN, T LA B iR

Fve AL .
|

BEN?

B I AT AR IR BV H i A b B G
B ot B AR R (my = —J + 1)
RIS (my = —J), Bk TR HTERA
AT, GnlE 1(d) P, AR R R E AR
KH 684 nm (4f?(OH)5d6s? 5Tg — 4f 10652 Olg ) Y
JGERAE T, 164Dy 5 1Y B S I 2K & RGN o
TRPRIGR BN, HAh, SLIn s RR WL ERIT i
7% B AR AR 43 3 b PO ARG, DR ot 2 PR AR A 1R
RHDCIEHIRGE . AR — e, A3 4, 164Dy
JRF REIFHE. AR LR ST, DG s R
MR TS H R AR A (Tosy = 21 x 95 kHz),
A L2 0 FE 2 BR G [A A T B kA, 455
TR A MO DGO S, S b A] DS A
RS 2E S REH MY R S B2 LT LA &0, nlDhg
AL IR SO S RS S R, 1A
FESGAR A B H 194Dy Ji B e AN A ZE 2 HEY,
Bl g =8my;=-8 Fl|J=8my;=-7 &R
WGV AN AR P A (30 SR Ny RN ) BT
1k, Ny R TR, Hgeika oy be21

. BrNiN, N
Ny = % dIVI ? +NN1_Z'VmJ,qN1+Z'VmJ,q (N1+N2)|CmJ,q‘27 (La)
q q
: BINE  ByNiN» N
Ny = drv B drv +NN2_zq:’YmJ,qN2+zq:7mJ,q (N1+N2)|ch,q‘2’ (1b)
1 Ls 4
N=——N-2N 1
Thg V2 ( C)
- . \ r
%glﬁﬁﬂg%g 3%3:‘ Nl ﬂ:ﬂ N2 ZIEHE/‘JEEI%?&% ’Y’rru,q = SmJ,q§|C7rLJ,q|2a (2)

B, DB I T i (T AR SR 4
[ (1a) SR (1) 2% 5 45 RTFI0L, Fool 5
1 Gy SRR 0 6 AR 1 e B 69
PR R BT N> Ny, By HEEEIE N,
1N, 2B RRERLIA T, 200 T B4 N, T
TR V- (SR ) deti
SR T TR KR, 31 @ AT RIS
%, m TR (1a) SR (1) 524140
S5 T TR A A U A 5
BFBUK, B (10) 3, St mg Wy 15 S HRREAE
KR A, L 4 =K & R (1)
I (1) 2% 54200 e TN A YA 5 4
BRI TR, s B () 55 | ) A5
LA, ksl

Hr, DRI ARLTE, cm, o WES [T my) 5
PR ZIER |J,my + q) 1) Clebsch-Gordan(CG)
28, q e {1,0, -1} 3 BIX R ot A o~ TP,
Sm.y.q HFISEL, HFRAA N
s

ma Ty 4A,22J’q/1“2
Hrr ) s RRWHIEHR, A, , 2N BRI,
e, - € XA e TEA[ARARTT 1] e, B9 . PHAL
THOUT, JCARM A BT L Ll o~ MR, X% &
TSR R IRAN SE XV HI FR Y ).

N TR (1a) 200 (1b) X, B e 2R
Wit B R 5L 65 M B, . M TRIEFIRR, XA
BT DL LE PR SIS AE SRR i 5 XA DGR 5
PR 8 AT AP BRI 5, Rk 5k 29:

(eq €)%, ®3)

216701-3


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

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 21 (2024) 216701

6;; = ((01 + 202)Vre1) K B = (0-1vrel) EvL i 5y Urel
PR PIAAARS BEE L oy A o 70 3R PIAACHR
S BRI D) RBZ A T B ) A AR
S, I R RS RER AL N FEE R, o U
R 1) T BEZR 1 e T (0 A A RO . AR
T, AR B ] DL Sy 29

_8n g [polgspm)®m]’ N
01—1—5J [47:712 (1+f(kf/k1))?i,

8 [polgsps)?m]’ e
02*1*5J [4nh2 (1+f(kf/k1))a,

2 2
roa= B [T i K ()

K, o WHAHET R, hRR A W WAL,
i I ke 73 391 R DR BT AT S A9 Bl pRER £ ()
LERLT R, HFRA AN

L =1
~5» z=1,
T)= 9 5
f(@) 0 osaef o (5)
2 Bx(ivad) " (pa?

X T MR 2% S B O A AT, 854
(4) 2URT (5) 2K, X A B 3 S A T AR 3.
TEMEE Y BN, SR A e Bl 2 0 SR %6 &
RE 2T 5 14 B AR BE K vam , min = AAE. /m =
VAAm g rueB/m , Fod Amy R R B
K 1(e) R T1E 1—10 puK IBJETRIN, RERS
1Dy JEF AR IR R BT AR, HAEUEAR
PO B i — B 2. 8] 1(e) P SRR
HELE 3 BIXT I B F By, TSR, 45 2R RD, 18
THEMA T, HE T IREEREAR, 85 W), 78
fEEREE T, BEE R, B R, X 5ixidfe
S REREAL R FE S RE R IR EUGARST; AHXTRHE, B,
D 52 B A S ) AR A
P = AR HABE b, PRJE A S e o )
PAFIR g 21
N0 el Vrel
22 (6)
Horp, n NIR T BURE L ; G = 44/keT /mm )55
(7 AR SR BE s oo = 8ma2 g 42 7] 3 €5 F 1)
PERUR B, o S s BEBURCBE. X T 194Dy J5F,
as=92(8)ao ¥, TR, FEMAITIGZET, 19Dy
A ) Pl A T R L AR ARt P 3 3R e — A e
G, PRI R AE Ve J 5 R v IR 24 T O AR S

Fe1:

ZEG DL EB AR, IRV H R R AR R A N e AR
AT AR g (16.26)

E = Edip + Eloss + Eop, (7)
X, Egp 2t 50 B v 14 R sl e 1] 7€ 2 g
AR, FRONIRREH AR, 1200 FE R AR R R
Eloss %ﬂ Eop ﬁ%u%%ﬁ%*ﬁ%*ﬂ%ﬁﬁﬁ*ﬁ I:Flﬂ
SO T EA AR R, A Rk, ik
5

. (T, B)N? (T, BN, N.
Edip:(_ﬁdr(’ ) 1 +Bdr( b ) 1 Q)AEZ,

V(T) V(T)
. T 2kgTL
Eloss = _312? N — k]%/Q 3N37
g
EOp = Z'YmJ,qErec (Nl + NQ) s (8)

q
HHt, Eree = kpTree = K217 /2m FR UG T 19
MRRERE, kMUK, SRR T ARG, KK
FRFIRT A S0 1558 =R T IR, ffE
R E B REELE IR TACR AP RE S, M5
AR Z I T LRGP, AR RNREN E =
3NkpT , ¥& H L i rf N REAZ AL 3 By il AR f R
ATLAZRIR N
dT  E —3ksTN

dt = 3Nkg ©)

3 R

o5 2 WA T IR WS FNAEEA R, IR
TRV A REAEAT T BISEB M. TR A I
AT BB SRS HON 191Dy ST R Y
SN, R IXLESHOAT AL, AT B A
PSR SR, B AR AR AR, LIS THA A
ROR, I S Fr S8 v i IR v A0 B S BR
TH 16Dy J5iT BEC 2B SR

3.1 HESmKEAK

MRAE IS A, RS R R B (WA 1(e) 5
PR AR BERIRE R/ INEDIAROS, T S A e
BRI S RE R R T e . P, v A 7
TR IOE T R, BRI R S RE
FESDRENFEALHCR, RERREHCR By . A SO
M ZTE Egp < 055 T, 18 | Bap| S K B9 8E S
Y. MRS SR SCI 25, BT iR s 220 4 i1

216701-4


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

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 21 (2024)

216701

BATERBEE N N (t=0)=1x 10", No(t=0)=0,
RZIRE N T = 20 uK. RO o WS R
P =1499/1500 (0~ : 0™ : 07 = 1499 :0.5: 0.5), )t
BB N @ = 21 x 50 Hz, JEF 60 nyg =
20s. —ARIKR BRI Ls 275 1 i 192Dy Ji TTEAR
W, PRI 5 A R 3R 10 o 45 2R 129,
WUH N Ly =5 x 107 mb/s. TEREAN B it F2
FOCHYGR RIS LERFE 2, 43900 T = 5001,
A =200 BESr R (1) K (7) A (9) R, Kl
HESTBOCAE A, TR AR A R b 194Dy
Ji ORI B2 T Ak, et AR SEB BEC By

JE T (A sth A 0.

Kl 2(a) JB/R THT LRSI LRI T E A
FIMREHNTY. G55 RM, N T iR B AR PR,
e 2, #E R FE 3.21 mG. L, SR
E Y 22 1o 3T R S5 6 T S B G G VS & Ok
EE. AT, BRI R ] S IR
A O R B Lm0 B TR
FRYATATPE. W 2(b) FiR, BEE & Had f i ot
17, R R IR R 1V, B s
HE 2k F/R BEC I LR BE 7,89, RSB XN T, ~
0.94hoNY3 kg . E 2(b) HHH K T T, J5 B 1K

16.8
g
X <
= )
T 126 3
- +~
E :
:
g 84 g
E &
E
4.2+
0] Sttt :
0 2 4 6 8 10
Time/s
d —— NBEg
s @ -
=
= =
=)
i -
g g
= 5
g =
= -
z 5
g % 15}
Q
< A
m
0r 0
0 2 4 6 8 10 0 2 4 6 8 10
Time/s Time/s

B2 HAWZTE Egy < 05T, 0 | Egp| 8K 0518 0 St 3, v 30 B A T 3145 5 (o o Ak 20, 38 D7 A ok
N1 =1x10"7, No =0, KR REE T = 20 pK, FEWH N o~ M 8k B4 Aty P = 1499/1500 , S 38 1% 8 43 51 2 T = 5001 ,
A= 2000, SEHFEH PR HE N © = 2n x 50 Hz, JE T Hfr mg = 20s, SRR BB Ly =5 x 107 m®/s)  (a) BRI
THRLEAL; () R B A po Ak, % U4 BEC Il R Te , i BN EEAR T T )5 R R IR BG4k, 76 10 s iR E T
-, e T = 181.6 nK; () BR TR (L EAELLK), |J=8my=-8) & (HEOERL) M |J=8my=-7EETH ROE
2k Fififst 8] A9 38 4k 5 (d) BEC JE -1 %b i a] 4 78 1k

Fig. 2. Calculated results of the cooling process under the magnetic field profile that maximizes IEdip| under the condition Edip <0:
(a) Calculated optimal magnetic field profile; (b) evolution of the temperature over time, with the blue dashed line representing the
BEC critical temperature T¢ and the inset shows the temperature evolution of the system after it falls below 7T¢ ; at 10 s, the tem-
perature tends towards equilibrium, with 7°= 181.6 nK ; (c¢) time evolution of the total atom number (red solid line), atom num-
bers of |J =8,m ;= —8) (blue dashed line) and |J =8,my = —7) (green dashed line) states; (d) time evolution of the BEC
atom number. Initially, the atomic populations are set to N7 =1 x 107, Np = 0, with a system temperature of T = 20 pK. The
proportion of the o~ polarization in the optical pumping light is P = 1499/1500, with intensity I = 500Is and detuning
A = 200I". The mean trapping frequency of the optical dipole trap is @ = 2n x 50 Hz , the atomic lifetime is 7,, = 20s, and the
three-body loss rate is Lg =5 x 107#m% /s .
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Ve AT IR, A — DA p 25 8] 73R
PV AR R, R A IS AR R W
g, Ve A AR, (E ) I = A R R 2
T, 3 R Ak FES g, mT LU i Bl
ARCBEF- IR o SR TR R L, LA v 2
ARG TR RO, TR T IR . ¥%
HIBRE LN x = —In(ps/pi)/ In(Ne/ Ny, 38T
s ) A T sk s 4, b s A e
IP RV BRI R A S B, NG AL N v
HpJE B2 BeAh, SEAD Gt 2 R Ve A
. FEAROER T, 36 39 no'asi nl LA3R s A
R, (AR 5 2 e A D b R A [ I
M i o v B A SR, Dk B e AL B
DA S AR ot B R A 2, v AR T A,
ARLEIG IOCER 2 P ECR G LT, BRAS E0HY
W BRI EE . PRI, 7 ] 7 R AT e o i 2P AR
TR ARG 75 DR AN T P
APy A S B R T RO IR T BEC il
#, RS E 2 MR R HAR S Ea a7 Bau i
MG, T T AR @ DL G A T n] S

1K BEC J7 4k, BARZE R 3(a) i, it
ALK, X FRA o AR R, 78
BIESI R © = 21 x 90 Hz , ZE 3 J65® T = 27001 2 4L
T, AISEEA BEC IR FE0GA 5K, I Nppe ~
5.3 x 109, [&] 3(b) B/~ T AR @ X I 1 fe A6 28
HeiE T, BHIRCR x Bl o AR . 24 o 5/, B3
BAREAIR, AR BRI B,y 32 BIBRE. MY o
EERAE, B AR 2 G 4 S, R R
WL, B IR AERARBIAE Go = 27 x 96 Hz
(K 3(c) MR A L) T, REBRILE x ~
44.92 , WAL G 78 KB HIROR & — > BoE 9 P,
E 3(c) BR T AR @ X i R mss T, 52
M K520 BEC (v 51t ] [ o 19722 4k, AT LA
BRI, ME o fem, W AHEREEE K If TR A
TEFA BT 2R Gope = 21 x 96 Hz (18] 3(c) Hi% g (4
FEER) T, RN AT LAZE R 22 0.71 s.

3.3 KR RIRAE N

HR AR W v H A A S5 38, AEDE o~ ik
BT PRy, v A0 I R A i A Y ) PV AR
W FEXFER T, AT =8,m;=-8) INETF
URAARFFTERE AR, R T A E R B RO, X
XA AR E A A, S RS AR B[R] (i &
T 6T U S DR AN ERELONE . SR, 7R PRee s
W TR EEY Ot DR IR R R E, L
PR AEAL i B v A 8 A R R w52
M58 A I Im AR OCAE R RME. PRI, B9 D4 46
JEXS VAR RS, X T8 5 S5 v i s 1) D
afi 7 B H 28 . R 518 2 MR R HAb S 800E
MRESHBICAATKNE T, ZEPPA © = 21 x 90 He,
FAMIOGIR T = 27001, ZHCT, MUE o~ Imdlk 8040 4
o P, #1598 T 928k BEC JR 75t A i BE
T/T. 5 BEC JR-F4ub P A4k, anE 4(a)fims,
Wi PSR, V2R PRI UG, Y PR T
{8 Pei = 0.9873 (R W L FE £k ) I, T/T. < 1. 4
P =10}, AT LLSCEL B AR XS i BE R T/T, = 0.688 .
WE 4LV 7R, M P < Py = 0.9873 (7 5 {0 1
28) BF, Npee = 0. B# PISK, BEC JR T B
M. 4 P = 10, AT RASEERZY 5.54 x 108 JRF400)
164 Dy J# ¥ BEC. & 4(b) H4fi ¥l & /< T BEC Ji
F i kb Ngpe/N Bl P78 AL, BEE PYER, Ngec/N
B R, M P =11, Ngge/N = 0.674.
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Fig. 3. Under the same other parameter settings and magnetic field waveform optimization strategy as in Fig. 2, the influences of
optical pumping light intensity and average trap frequency @ on the cooling process: (a) The maximum achievable atom number of
BEC under different @ and optical pumping light intensities; (b) the cooling efficiency as a function of @ at the optimal intensity
of optical pumping light; the light blue dashed line indicates the value of w at which x is maximized, representing the optimal
trap frequency @opt = 21 X 96 Hz ; (c) the time required to reach the maximum atom number of BEC as a function of & at the op-

timal intensity of optical pumping light; the light blue dashed line represents opt -

(a) — T/T: (b) — NBEc
8.5
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o
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B4 7E5 15 2 A0 R 0 A S 5080 & TR PO AL SRIE T, BER @ = 21 x 90 Hz , ZEW 638 T = 27001 50K, % o~
4R Nt PRI B () AHXTIREE T/Te B PIZEfL; 2 P < Py = 0.9873 B (RSB L), T/T. > 1; ¥ 4 Xt
BT/Te=1; BN P>Pytf, T/T. b PHI7ZEAL, 24 P=18f, T/T. = 0.688; (b) A 5B BEC J5& T %k & Py 51k, 24
P < Py = 0.9873 B (ki (A HELR), Nppc = 0; 81} Npe/N B PIY72E4L, 5§ P = 1B, N/Nggc = 0.674

Fig. 4. Under the same parameter settings and magnetic field waveform optimization strategy as in Fig. 2, with a trap frequency of
w =21 X 90 Hz and an optical pumping light intensity of I = 27001 , the influence of the proportion of the o~ polarization in
the optical pumping light on the cooling process. (a) The relative temperature T'/T; as a function of P. When P < P.; = 0.9873
(light blue dashed line), T'/T; > 1. T /T = 0.688 . The blue dashed line corresponds to T/T, = 1. The inset shows the T'/T; as
a function of P when P > Py;j. When P =1, T/T, = 0.688. (b) The achieved BEC atom number as a function of P. When
P < Py =0.9873 (light blue dashed line), Nggc = 0. The inset shows the Npgc/N as a function of P. When P =1,
Ngec/N = 0.674.
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Abstract

In magnetic atomic gases, the dipolar relaxation process couples the system spin and kinetic degrees of
freedom. When the average kinetic energy is significantly lower than the Zeeman splitting, the atoms
predominantly occupy the lowest Zeeman state. As the Zeeman splitting approaches the average kinetic energy,
some atoms transfer to adjacent Zeeman states through dipolar relaxation, converting kinetic energy into
Zeeman energy. By utilizing optical pumping, atoms transferred to higher spin states can be repumped to the
ground state, thereby achieving a continuous cooling cycle and effectively lowering the system’s temperature. As
the energy removed in a single cooling cycle is much larger than the energy of scattered photons, this
demagnetization cooling scheme significantly enhances cooling effciency and reduces atomic loss. In this work,
we establish state-coupled equations that incorporate dipolar relaxation and optical pumping to analyze the
demagnetization cooling process, modeling the evolution of atom number and temperature during the cooling of
164Dy atoms. We develop a strategy to genmerate an optimal magnetic field waveform by maximizing the
demagnetization rate. Based on this strategy, we investigate the influence of crucial experimental parameters on
demagnetization cooling and determine their specific ranges for producing large atom number of BEC, including
the optical dipole trap frequency, as well as the intensity and polarization purity of the optical pumping light.
The results indicate that demagnetization cooling enables the direct preparation of a large number of
dysprosium BEC with sub-second timescales, reducing the cooling time by an order of magnitude compared to
conventional methods for dysprosium atoms. Furthermore, it could achieve a cooling effciency of x ~ 44.92, an
order of magnitude higher than that of traditional evaporative cooling.
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