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ABSTRACT

The study of ultracold atoms, based on their quantum properties, is a scientific frontier
and a popular area of physics research. Ultracold atoms provide an ideal experimental
platform for exploring complex and interesting physical phenomena and have a wide range
of research prospects in the fields of quantum simulation, quantum computing, quantum
information processing, quantum chemistry, and quantum precision measurement.
Ultracold mixtures are of special research interest due to their large mass imbalance and
specific optical manipulation properties. Among them, the ultracold Bose-Fermi mixture of
alkali metals 8’Rb and “°K has gained extensive attention due to its many interesting
properties, and significant progress has been made in the Bose-Fermi Hubbard model, few-
body and mean-field multibody physical analysis, the realization of mixed bright solitons,
and the generation of polar molecules.

However, many problems still need to be overcome to achieve the degeneracy of Bose-
Fermi gas mixtures in experiments, such as increasing the number and lifetime of the atomic
mixtures via reducing the light-assisted hetero-nuclear collision losses, avoiding the space
competition induced by the overlap of high densities of the two atomic clouds during the
stage for capturing atoms in the three-dimensional magnetic-optical trap (3D MOT) and
finding the right spin state to form atomic mixtures and achieve better sympathetically
evaporative cooling effect in the ODT.

This paper focuses on ultracold Boson-Fermion mixtures of 8’Rb and “°K. Based on
the realization of a dual dark-state magneto-optical trap (MOT) for 8’Rb bosons and “°K
fermions in a magnetic trap, we optimize the optical molasses cooling process of “°K atoms
from the D2 line to the D1 line. Moreover, we employ various techniques to optimize the
production of the Bose and Fermi mixtures with 8’Rb and “°K in the ODT. By gradually
reducing the depth of the optical dipole trap, the atomic information of 8’Rb-“°K in each
stage of the cooperative cooling process is measured in detail. By controlling the loading
time of the two atoms in the MOT, the atomic number ratio of the 8’Rb-*°K mixture that
ultimately achieves degeneracy can be adjusted arbitrarily. We also measure the atomic
number and lifetime of the mixtures at the combination of the spin state |F=9/2,mr=9/2) of

40K and |1,1) of 8’Rb in the ODT, which is larger and longer compared with the combination
I



of the spin state [9/2,9/2) of “°K and |2,2) of 8Rb. By fitting the lifetimes of atomic
combinations in three evaporative cooling stages, the loss mechanism of the 8Rb-°K
mixture in the optical dipole trap is analyzed in detail. Furthermore, we finally obtain more
40K atoms and higher Fermi degeneracy by adding a third 1064 nm laser. The ultracold
atomic gas mixtures pave the way to explore phenomena such as few-body collisions and

the Bose-Fermi Hubbard model, as well as for creating ground-state molecules of 8Rb*K.

Key words: optical dipole trap; Bose and Fermi gas mixtures; atomic lifetime; optical

molasses
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FIF RS BT A, 5256 4 STRb JRF 1) Cooling Y AT 2 7F S'Rb Ji 1

(1) F=2—F =3 FIEE L [, ¥ Repump AR BELE ¥Rb Ji 11 F=1—F =1—F =2

IAE XL b, ¥ K JFEF 1 D RBOEIERBUESE K T F=1—~F =0, 1, 2 MERIE

25 b, B K R T D REOEAIERSUEE K R T F=1—F =2 KT . 8i0iE

FIROEE SR 2 PR Im G £ 3 AU & — ZURCK RE A BUE WO, BOREBEOLE

=64 FRBOCHORSS (Tapered Amplifiers, TA) - JdURK LA A2 SZ56 BT 75 3
JEIE, YRb A OK B0 R G WK 2.3 .

l N
|
| Ea—-ﬁ’ Rb push 2D MOT
“’Rb 780nm —_— e —_ o
cooling
Rb probe
3D MOT
*"Rb 780nm D Rbpump
i -l — — "
repumping r R dopum
E v =9 &= o ! o
= |_ Dark MOT |
| I | - =
| O — ) l A
Iy |
= 7 ,
Cmm - ' e
3D MOT
[———————————
) 5 '
l | 2D MOT
| 1 |
| A |
:’6K7D2 - 1 K pump
nm
4
= K push
[ |
> C

E23%ARAAKER
Fig. 2.3 Laser system setup diagram
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2.1.2 FESERH

WEG e A NI B G T AT A J A B S b, FRATT 206 R 48 GG B
G NI H SRR A eGP AT SR 24 S0 1) = EREe B, SR 5k tn ]
2.4 (a) Fi7n, 3D MOT HH— X[ 7] 22 0882 24 2 FBL T 1 rR) DY A% ok A6 = 2 195 88 34 714
TEIRA HERI . SR AT 4O IR A SARTE MOT H (45 FEA L 32 B2 Y6 E50RlE 1 45 6E
RS AT R IR AR . N T/ MOT A SRl 1 45 RE 1T 5 R34 ) 4% S 36 <
i, FRAVINLKE 2 BT R A RE B O T RS S RE RS, T AR KPR T MOT

G EURLE T A7 FE -

Quadrupole/
Cail | % ]
- Plug laser beam

B 24 (a) 3DMOT &R (b) ZA#MTER

(@)

t

Fig. 2.4 (a) Schematic of 3DMOT (b) Schematic of composite magnetic trap

WESCBIFR SR I R - 20 IR ARG E . DR B A Stihis AR 5 5 AL

B R A, SEB R 18 W ) 532 nm i JEEO eIt /KT 7 10 5 B e

Oy STURRBHE RS A HEME (K 2.4), HAFHAETTRRNE Di A D2 £R5K5E 51
A& I F ekl

U=-— 3mc? 2( Cerr + Tefr ) (2_1)

ngff TW2 \Weff—w  Wefftw

Kb, Poow 2 R R D R RESE KD, 0 RICRKIE, wep =
(wp, + 2wp,)/3MTpr = (Tp, + 2Tp,) /3R T IIA RAE RN Z A R A A Am i 2,
YRb 12 M w,sr = 2mc/787.6 nmAlT,sr = 21 X 5.9 MHz, “K S Hw,rp = 21c/
768.4 nmAl,r, = 21 x 6 MHz, THHE A AERIBHOCHF 408 300 uK, fE#ISF
s P PR S 4 B RO L HET
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2.1.3 FZF B

SEHG bW R R A DS B R TR W e R B — A I R 1 A O A AR B
(ODT) HHT B2 KA EI47), ODT MK 1064nm, £IL51E T 49K F1 ¥'Rb [
D1 ZEH1 D2 45, DRItk 9K A ¥Rb JR 1 #RREIR 2 21 50 0 B I LU IR 51 e ORI 2R
W AT DA 4 S5 R A RS AT R O T P I BRI, 554 ODT #4g 5
FEAAEZE R BT, KNGS A H R &P g i it 7 A gett .
AR A B A& 2.5 (a) PR, PIRAE X 1064 nm HOGR IRy 3.4 W
23 W, BEFRERN 50 um f1 45 pm, HEWBRAEEFT LB (2.2)
(2.3) FIR:

— 3c? I"eff eff
v= wgff(weff -w weff+w)1(r Z) (2.2)
3mc?
sc( )_ ho 3(—)2 ( ) (2.3)

—272

HFI(r, z) =2Pev@? /nw(2)?, RN ¥Rb Al K 1 HAAKE, o] LU H PR 5
ODT #REMILLAELI U /U, = 0.88, G5 KIZE ODT M4 EES A28 30 uK
H1 26 K. 7 ODT 78 KA H1 i BN AT DLSRAS B ¥ 3 A P oK IR Ak, % ODT 14
RS R AE 2R = AT R TT

Probe laser (b)

|25 (a) AFBmUBLEMFER (b) IXAFBMHHAE A

Fig. 2.5 (a) Schematic of optical dipole trap (b) Crossed optical dipole trap simulations
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22 KB ARZMNL

FEIX — 5 IR 70 SEIR RGN, #5 Z BT D2 B0 ] Molasses 12 21 A2 )
#74 D1 2k Molasses 2 ZIdFE, MM KHIFET: T Molasses W HIRUR . K56 H17%
#1 (Gray Molasses) 7 ZixF-/&H Grynberg™®Ifl Weidemuller™®ZE A2 . Kuhr /)
AR D2 e BK (5 A #3815 7 IR EE~48 pK 1 K i 100, Salomon /NHRY
IThRIH D1 R K 2 A E 3R T IR ~20 pK 1 40K JR-FBY,  seag gl BRI Dy 28
AR € 86 (41 ¥ K0 AT DASRAT: BE AT 1) it B 0 B 22 1) iR 12

40

() K ()
[P SEE T Fo== : K cell Pd—> . |
i Coolin _WF:WZ : A detection i

4°P
wor | [ |
767nm :_________________________l

F=9/2

Slave cooling

770.108nm 00> taser barrier
D1 B
3
A 0

Y/ HWP Shutter HWP
3 I—ft—-—————————————————— = |
| EQ_-_\ |
1285.7MHz : y  detection :
F=0/2 b - ¥ !

B 2.6 (a) Di% Molasses e AT &H (b) DIZKALRZTAKER
Fig. 2.6 (a) Schematic diagram of the Molasses energy level on D1 line (b) D1 line laser system unit
diagram
N THAFLIF LI IOR, KT D2 B RHA AT ZCy DI &R HTTE.

TAVEBOCR G PG T —F YK JE T Di & BOGE, DIZ&BUtR AN LR E
W 2.6 frw, HT D118 770 nm oL@ +350 MHz ) AOM 40 J5 #E 47 1 Fl
WSS, B BOEATR BE AR K JRT F=1—F =2 MRk . Serah B4
Fras A0 (F=9/2—~F =7/2) MM (F=72—~F =7/2) WEFFFH AOM
AR, BARBIBOR R & .
VKD Laser = V39 12 T 350/2MHZ = vaog pp 75,7/, — 474MHz + 350/2MHz

= Vao p,o/2-7/2 + 811.8MHz + 350/2MHz (2.4)
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le,COOliTlg = vK,Dl,Laser + 2 X 215MHz — 110MHz
Vb, repump = Vb iaser2 X 227MHz — 2 X 201MHz — 110MHz

HAvp, cootings Vb, repump /I D1 WOCAE I BR T LHIBE, vk p. 1aser IBOGES
RAESZE, -110 MHz A TA J5 ) AOM #4ii. 7£ D2 Z0tREH ' N\ Di 6% & i it
e — AN T8CE T BT O SEIL, T T D1 8 Do 2RO A [ —MEA
BiE NOEER, 1K BB AETE — AR DN BB RO SR IR i 8, B I BT
F Frfs D 2670 Do OGRS 56 4 B L BUK PR, Sl RPN D 263
N FHETFAZ MOT (Z3R 6%, EHEATIA 2 S8 DI &BOERREIA R T e 2
ROOIKRGika e B — IR o X — ) @5 35 s 50 5 7 AR A — B [a] Lk A

3| D ZFABAR AR . 2518 2 YR T HUIT R 1 2 O AL T & T R Wk
MIARIE D1 3 v ITIAA R MOT BIfeEtE. BRI E 2.7 T s
7E MOT 22, D2 i) AOM TRHFIFEIRAS, Do ZRE0G#E NTEABUE WO
ax, [F D14 AOM AT R ORFF IR HPIRZS (APIAJGEE): CMOT & A 2T
SR, Do ZAN D1 4K AOM 73 7 R4F T 5 MSCHPIRAS s AU SS9 IT IR A
(PR TINIEE), Do BB NTFE NS E NI ES; Molasses WAL FEH, D 28
A1 D1 £61) AOM 73 A1 A2k AT IR KA, BT R ORFF T R RES G A IO
%), D1 ZGBOLEEANTENSE MR -

70s 10ms 5ms 500ps
MOT CMOT Molasses pump
_ -15.6MHz
K D2 Cooling AOM 13.2MHz lm'
K D2 Repump AOM TV Off +8.8MHz
HWP Shutter Off on Off
K D1 Cooling AOM Off 21MHz
K D1 Repump AOM Off ivAz 1

& 2.7 Molasses 427 i 5 B

Fig. 2.7 Molasses cooling sequence diagram
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IR AR H G561 V8 78 I 0 v SR BE G B AR 40 B A7 3K, T BLRE 1
HBNHHE 6 56T MR A . RS Salomon /NHMISEE 7%, Di A4 H1R
JE 54 FEAFAE IR 2 K7 < RAT~80B? uK/G?, Hitn B SR 2 3L
AL GEA TR IR 3R A ZIHLE . DRI, O T 8 D R34 H TR (K 5% A 37
AN, ARGV BRI, R AME R RBAE = AN J5 1) R A i /MK . D 2R
AT R AP S EUR RO R S cooting T Orepump - BEJF, ML FHFIT T “K J5
TAHBEFFOCRIEMKBOCR, SLITTRWT: HRMA D22k MOT Hot3#,
YK R, EERERDCHHETTIT D RBOGT KOG R A AT, o Cooling Jt
X} BE[Fg=9/2)—Fg=7/2)K1L, Repump HXJ Bi[Fg=7/2)—>|F=7/2)8KIL . 7EHRTEHEIH
P T WO T RE AR R Scooting T Orepump » B 24 3RAFHA E 3005 Bt e O 1K
ki, K 2.8 (a) AT coo1ing M Orepump M IR, I Cooling JEERIEAI %
FIXF T [Fe=9/2)— [Fe=7/2) NT5 51 3.5T (I'=2nX6.03 MHz N JE T Di B EHRL 50,
Repump Y ERT SR A XS T |Fe=7/2)— [Fe=7/2) N W5 5<% 3.50 W R FA HBCR B & .
TWFFEIR A FE B2 JNIN R 52 0, R0 8 € 9 3.5T IR A 21218 R 4 K
B B I 1] Tygorasses e SERERANE 2.8 (b), FEEAMNAIKEK, JHTHk
HIGM, BV HIN T N Tyo1gsser=5 mSo

7
(a) 6F ) —* Scooling=8T" (b) . S
% M —*— SCuolingzs'Sr 6 /\/ \ N
L;\\' —o— scuoling:3~5r " \\.;.,l P
— i scucling=2'2r —~ - \. .\ /.
'<\ 4 ‘”J . '<\ 5F w
o o
= 1 ) n
S S
8 L4t
. P £
= 0000’ L ] =
y o
o} 2t
0 2 4 6 8 10 0 5 10 15 20
Srepump (T) Molasses time (ms)

B 28D &AL R. (a) AHXELSRBEHXF (b) AHBE S Molasses i 1189 X £
Fig. 2.8 D1 line optimization results. (a) Cooling efficiency as a function of detuning (b) Cooling
efficiency as a function of Molasses time
R IE T 1, ProBURSRH T ZNM NS, T P BRESRA =)
BNZA RS . Ik Dy AR AR SR U RE SN — A R A2 2L
il AT D2 R EIT %R, D1 REWOCBURIIBEE T LA Rl e k%™ . Dy
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LR A FRT LORE Kl ALY A AR S [ B EE SR B~ 1077, dnh
RO 23 1) 3 R D9 B B 6 AR AR I P 0 28 R v AR I T R I 4R 2%

2.3 BRESHIE

TR M ATy — b RS (B L RAARE T Z MR AVEE, Bt o ke
FERE AR TP B AR AT DLE A AZ it I 18], Jp (R SR A S L 1 — A (i
[AIARAER TR I, SRS E B . TR A A A RS 40 B e 25 A A
BN R 78 R e HIPOIEE Ty T ke AR B AR . 3 TR, AT PRI 415k 08
IR P IR B RS ] A ISR

AL (RFL)

AR LB (RF2)
Y

—

ﬁﬁﬁ\fﬁ%(RF@

B 29 A& R nEER
Fig. 2.9 Diagram of the experimental setup for spin state preparation

e AN G SO 28 B A = AR A — AN 5 (2.9, HAaFEsiil Rb
BEREPOT R FE . L K EES BRI S LB (RFD. S50 Rb S5 K 1)
ZipE (RF2). SEPL K RS BT 2l (RF3), 7E B2k Bl 1 JPR AN 0 £t
i S BT IL T S5 AT, ARSI b, ARAE I 7 BT I AN R e S R B o0
T =FhEi .

BFERLRREME 2.10 () P, HBEE 5 (Agilent, 5183 MXG)#z
ft— N 6.8375 GHz. TEE N 8 dBm (dBm=10*log (P/ImW)) HI{E5, &it
Switch FBUK 2% J5 HE\BF 55 2% (Aerotek, HI13-1FFF)RE& R SR, AL 6.8
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GHz [z i) ¥'Rb Ji 15 285 8] 1 R A &

Coaxial ~ Waveguide

- Switch Amplifier isolator
(a) Microwave
Analog Signal > 6.8GHz
Generator '>| ;‘_>
N5183A

(b) Microwave
Analog Signal
Generator
N5183B 500
resistance
Generator
33600A - Mixer Switch Amplifier 1.28GHz
e — — Switch I
4
Signal Signal \ Mixer
l Generator —> Generator
l 33600A 33600A ' Switch
witc
\_ _Guaspulse

Switch Amplifier 5.00
(C) Microwave resistance
Analog Signal [
oy S N P P E= savme
33250A

210 R PSR ETER

Fig. 2.10 Schematic diagram of the experimental microwave trans conversion device

FEASLRIE (RFD) MSZiedE B ani 2.10 (b) fior, MEE S (N5183B) 14
—AMIIZ N 1.35808 GHz. TRFEA 17 dBm I FEMERES, H— &1 5 (33600A)
PEHELAZ 50 MHz PRI 05 5 BUH P 615 S IRA & 7 A4 S i B kb 5 5
Gt — & @SB E SRR 5 — 6 T RE SRR, Siie Bk -1 gl
HMONBRE S5 - $ 155 7T B Switch 2% (Mini Circuits, ZFSHA-1-20) F1 Mixer
IRAEE (Mini Circuits, ZX06-U432H-S+) i AR, RIS G 5 F& 1Tl
K#% (Mini Circuits, ZVE-8G+) F—> 50 Q HFHZERS E i ai 2Bl I, st
B 1.3 GHz i) K RIS MR AR A

STRb Ji -5 A A R RN 40K J5 - R 4t 45 44 [|] 1) RO A & A %2 #5 4E MHz B
i, BATMFIRH -GS, X EIRATUR S L Bl AT 1 st . A2
(RF3) HseindeBanE 2.10 (o) Fin, HMEE SR (33250A) 24—y
6.3 MHz. TEE N 8 dBm (55, 4 Switch, JEOKZEA—A 50 Q B BHIZERES] E i
AR 2k B L

SIS R B RSSO AR 2-2 ), ﬁiﬁ%hLRMWK%ﬁ%ﬁ
FE, LI FIEFRTE RS A Rb2,2)—]-2,-2), B FE) L5 BARSHRR: 26~17
MHz (-3dBm3s). 17~-8 MHz (-3 dBm 6 s). 8~3 MHz (-3 dBm4s). 3~1.29 MHz
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(-5dBm 4 s). 1.29~1.02 MHz (-8 dBm 4.5 s). fESHIFIHE A d id 37t 735 Bl
AN RS . BIFIRIEE & 258 G/em, 7RSS =028 Kt FE g7l 258 G/em~154
G/em, {EF VDRGSR H 154 G/em~113 G/eme.

k22 Rl b eSS H

BRIEAS 37 R g JE YL | WSTA]
'F, m)— [F", m") (6) (MHz) (dBm) | (MHz) | (ms)
Rb[2,2)— 1, 1) 2.8 6837. 5 8 0. 25 20
K|19/2,9/2)—19/2, 1/2) 19.6 6. 238 3 0. 34 100
K|9/2,9/2)—19/2, 3/2) 19.6 6. 238 3 0.25 100
K|19/2,9/2)—~19/2, 5/2) 19.6 6.238 3 0.1 100
K|19/2,9/2)—~19/2, 7/2) 19.6 6. 131 -1 0.1 100
K|9/2,9/2)—17/2,7/2) 2.8 1329. 3-50 17 0.01 10
K19/2,1/2)—17/2,-1/2) | 2.8 | 1335.808-49. 999 8 0 0.7
K|7/2,-1/2)—19/2,-3/2) | 2.8 | 1335.808-48.3 6 0.1 20

T ORIATNIEL BRI R, 7T DL S B (5 5 & VRS e fmik 1Y -
Brr = By cos(wgt) (2.7)

wo N HE S Z A RIBREIIRME, |F,mp)5|F, mp £ 1) Z [8] KRR G 985 ] LS NP8

0= (1/8)gusBoF(F + 1) — mp(mp + 1) (2.8)

S5 5 5 1 B B R AR G A BRI M T AR IR N -

22 (07 ¥ 6%t
P () = |G * + G| sin? <—>

= S — 2.
02+ 62 2 (29)

Hbh O HRB AR, SRR, 20t =nlf, fAP,=1, RTEE -
IBRAE, ARIXANMFEGT MKy o kf, SR 58 e WOT ki 2 ikt

T ok R v A7 28k P SO0y 3 S XA g S AT S T e R S5 HR (JE 2.1D),
B N ORTRAT IR b 17 B A28 J7 ik 28 Jok v R v A0 2 P e P X o Sk R T Rk o -
Bycos (wot), |t <§

= 0, A

(2.10)

HL Al B J5 (A
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_ ysin((a)—wo)g)
Flo) = oot

(2.11)

MaaC 210 ME 2.1 () FafUE W, —MERRK B2 G, e Rk
HAMLEL S HIRN wo, EEHIZEN oot3n/t. ootSw/t 55 “5HM” F=tE, Sk
e S A I ) o Aok,

XM HEZE o B i R K

tZ
f(e) = 2t e (2.12)
FLAE H A R S A
_orxz(oo—wo)2
F(w) = Bye 2 (2.13)

M (2.13) FRTLAE Y, mll B kb 8 A2 s, e 7528 2 iR
Mk, HOR e AR ez AL T2 . T o R TAREI [RIK ek &L, P
SR S RS TR T L S G P

(@10} . (b) 10} .
08 08}
FWMH=1.9kHz FWMH=1.41kHz
06} 06}
k! 2o
5 5
o o
04 0.4}
02f 02}
00Ff 00}
6 4 2 0 2 4 6 4 2 0 2 4
Fre(kHz) Fre(kHz)

B 2.11 (a) #HHFETAHMES (b) RMERBRFE TS

Fig. 2.11 (a) Rectangular pulse signal RF transitions (b) Gaussian pulse signal RF transitions

2.4 INGE
TEAZ I, LA T H14% 87Rb Fil 90K [1a0nb 3 B Fseie it i, AT
BWOC ARG HOCHE. e BB eI B T R . BEJSVEAANH T A
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Molasses 4 HIFEH BRI K R He & A998 T SR BLRSEIR A IR o B Ja VRS 435K
Sl R P A 1 B S Hl s M SR, Hrh i RGBS B . 2k P e 2 I
TR KON vy 40 R fk v 1 2 2 X1
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3AFBRAP MU ZFHBERREFRESE

3.1 iR

A R TIRA SRR ERA BS54t T — NN &, #
A% 5y 1O, GBI A OO WAL B T FIAR AL B R 66T B g O8O
A Efimov = ZARUIT2, ply T H HAG K T AP A0 J5 1R 8 IR S s e i, XU
JEFIRE Y BA RR AT 73 o X B iR AP rT Lot DU 5 U G 4 FAH
[ B2 AN [R] B e as U3 m Ar 204, R AS 8] (9 J5 175770, Bl =l oA [ g i 78
BeAh, T DL I i R 26 R v IR SE B B oK 1 i B TR R, #ilan TLi-°Lil,
87Rb-4OK[88], 23Na-6Li[89], 8481‘-8781‘[90], 23Na-4OK[82], 41K-6Li[83], 133CS-6Li[84], 174Yb_
SLil®3], OLi-8Srl36), Fgi4xJ@ SRb A1 K (A B - TOKIR GV R T H AT 2 5 @I
PESRAS T2 HIoeiE,  F ALEBE -7 K Hubbard BT /DRI 137) 2 (A4 HH 4y
B8, SEER G I, P AR A 4y OIS T T O B R

FEX IR T AR, ﬁM%ﬁKEHﬁTﬁ%@WW¢%%%%Aﬁ”%ﬁKmﬁ
KRG BRI C AR RB R B, VR & 1 P RV L AR AN B
&*”MWK%E¥ﬁ AN AEE . S R PIARFAE MOT i) e 4t
], A DAERRE T SRb-OK IR AW ODT i &S Bl fai IR 78 Lb i, 43R4 1
LI AN G TE 705 505y 35 s FF4A4H SR RS 7], SR1G =R R 74t
B2, 1£ 50 s ZRERAE TR TEZ M K E T (24 6x10%), {E 35 s [FEEH,
HAEHRIL T A YRo-YK M ATKIEEY (49 1.6x109. FEfEIIE 11
LAEBE K 1) B TEASF=9/2, mF=9/2)f1 8Rb (1|1, 1)HE FIRA YN TH0
ﬁm,ﬁh?mK%Em*WL9Mﬂg®MWL2%F,W@ATH§W%§%
JRFEAE K . thah, IR =R 1064 nm OGRS K6 E IR 2
R, BAPFRE TELZH YK ET (8X10%) M EMI TR FHFE (T/Te=0.25),
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3 27 BB 0 ) 6 € 9K S5 TR A U
32 KWFRRERTHH

IR E WA 3.1 (a) AR, 45 ¥Rb Ml K ) 2D MOT #1 3D MOT % & . #
¥, 2D MOT M\ A ik 3E 2 7Rb A K R 754K, AT #4%7F 3D MOT )
M RN ETF T REESL RN ES, SRR T Rk, 5
W anE 3.1 (b) FoR, ESREXMEHOGHF IR YK SRR 60 s, SR [E
B SR JE AR SR OK SRR 10's, BRI TR A 4 B F=7/2 A F=1 NS4S
SRIG, RO AR IR 10 BE T 24T FR AR A6, DAUG 2 i Ji - AH 2 ) 5 B
NT R SW IR, SR THATT 3 ms YEEE R4, YRb TR D2 261
IREOFEAVSETTZR, T K SR RABCERE SR D &K O AR AT %, el
FMOE E—T k. A TEMBE A G735 E T, HZEHE 0.5 ms 4 ¥Rb
WK R FIR A& BRI A2, 2)M(9/2, 9/2). SRIG, TECIERN PURK IR 4 Rk
52 2 O o S AR R A ENHE— B A AR TIRA Y, SRR R A H R S
SRR R T b, BRGS0 5 HER B, SRS R FTRb A AK 5T ]
Fty st bk Tl i T B PG, SR B k|2, 2)1(9/2, 92V B K BN (-215+10)
aol92l, UL, FEHOCFERBHIAERI B, HZ RS ENA S, Rbj2, 2)F1 K[9/2,
92V T BN 6.2x107 Fil 2.6x107, JBAMIEELI N 15 uK.

SIS L e R IR AP NHEME T RS A ODT W, 18 ARIEE A HE B AR 2 1) [F] e
£ 500 ms K ODT A REF B K, RJETE 1.4 s WIS HPE S A REBEOCHT, k)5
FAK T CHHAREE . BEERER W EREM 2.7 G FISNTHS T,
FIH MW KZ8K5) 6.8 GHz IELE(E 575 20 ms Wil it Landau-Zener BRI I 2SI
SRb JEFHEM(1, 1YERSHER . @it iRy 0.03 ms HPOE (780 nm) L£Ek12, 2)
WAMFIRE T, LB OK JJ P sk, fEiX5E, ODT MK A 1064 nm 1)
PHREH (L1 3.4 W & L2 23W) 7£ (X" +y") /K A XM, JEPEE4EN 50
um 1 45 um, @WK 1 (a) Fras. B FURFER ODT BIABHAE, ikshmiik
4 57 T Bk A kit tH 25 AT SR B ODT H 28 KA 4]
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(a)

K K&Rb 2D chamber

Science chamber 150 I/sion \ | 150 mm | X«—l
| 100mm | y

Rb 40 I/s ion
(b) 60s ~ 10s  10ms ~ 3ms  500us
1 1 1 1 1
Load K load Rb&K CMOT Molasses pump
K Push -10.6MHz | Off
K D2 Cooling |213:6MHz -10.6MHz]  Off
K D2 Repump off [13:2MHz 7 2MHz Off +8.8MHz
K Dark Repump|_13 9MHz Off
Rb Push Off -29.6MHz Off
Rb D2 Cooling | Off p=s=mmeet-288MHz|  Off
-30.8MHz| -
Rb D2 Repump |  Off 1OMHZ  55MHz | -40MHz | o
Rb&K depump | Off = | Off
K D1 Cooling Off 229MHz Off
Rb&K Pump Off L. of
Quantized Field Off on Off

B 3.1 & MOT Mri& 6952 5 7 £ A0 5o () T4 63 &-% KRG AT ZAHMAR, 0
52 L4 27 SRb F= ©K #9 2D MOT 2 F 4252 2L MOT. CMOT. Molasses ¥ it 4245 3D MOT.
(b)& MOT ¥ £ # ek 29 TRb Ao K A48 17 B

Fig. 3.1 Schematic of experimental scheme and timing diagram at MOT stage.

3.2.1 AFERMF ITRANE

AT RIS (TOF) AR Dy — B AR RGN U5 i vl LB 340 H IR 1 ] R AT
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B 3.2 A KA & W B VRb A= VK BB IE (TOF) A% B2 7 o
Fig. 3.2 Absorption imaging and density distributions at 8’Rb and *’K for each stage of evaporative

cooling.
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Fig. 3.3 Scale diagram of the atomic number of the gas mixture as a function of Rb loading time.
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Fig. 3.4 Experimental sequence diagrams and atomic lifetimes for atomic mixtures ’Rb and *’K.
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Fig. 3.5 Evaporative cooling of the first step (a) and the fifth step (b) *’Rb atom |2,2) state and |1,1)
state lifetimes.
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Fig. 3.6 “°K atomic |9/2,9/2> state lifetime after evaporative cooling.
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Fig. 3.7 (a) Diagram of the three-beam experimental setup. (b)-(e)

Experimental results.
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Fig. 3.8 (a) Spin-state [9/2,1/2) and |7/2,-1/2) RF radio spectral linewidth compression. (b) Rabi

oscillations between spin states [9/2,1/2) and |7/2,-1/2).
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LT NS B e-PUERE S (SOC) 116, F3A5 T — AN B AT 5 A 2K 7
X G, AT/ —ERVEE B IR-HUER G T ok, il st
VA S5 1) =4k e -PUE RS A AR SRR v S E AR A R 2 4 R (AW SM)Re Al ), i
SR IR B — AN B 4 B I-ERR S B T REE/R (QAH) BAER 1%
Fie w RS Bl UER S RA FE WU AR, AE AR
SOC 4G =AM A . Flan, ek wF 70 sl B AE o] a8 557 28 #h b
YR T RREN T D BORINMEZAR NS Fk, fF7ETHEEET SOC B RiA 1)
2R ETHICARFRE.

BT PR 2% A€ BT IR SR AT DAT R BB R (Rydberg) 5177 ] R A
T, FATIFRIFEEE 286 nm EAMNIIE KRG LI K R T BB ESHRDER TR, 4
B TS BT 5 Ok 7 ST DLTE AT B 9T R A AR R T ORI . Rydberg JRF B
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AR HABAREN L, A AT LSEI AR AR ELAER], K Rydberg JR T 21K R4
2 A EAF IR EET 6. BT BEEE ARG E T AR E 7Lk
AER T L & E T MR T, ik ¥Rb-YK e Bt 3 oKiR & RGN B
TR KR AU T R LT 510,

SROYK J A7 T R BATARIT FURI I B 5 17 A% 0 TRk 0 Y B 1k
AU ELAE FI AT AT R V2 A8 AR BRI 70 491 54 F 1 AR 7 K R A IR R 7 A A
Beridi S A KR T e B A AU AL, R % 1) S AR LA A S A% T
FER WL, W ARG A EO N A28 e B A AR S5 5 T A AR TR BT TR 5
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