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Abstract

In recent years, with the development of experimental tecnology, the spin-orbit
coupling for ultracold atomic gases provides a powerful platform for exploring many
interesting quantum phenomena. Spin-orbit coupling can be used to simulate many
interesting phenomena in condensed matter physics, such as spin Hall effect, topological
insulators, topological superconductor and Majorana fermions. Magnetic-field-induced
Feshbach resonance and optical Feshbach resonance are such powerful tools and has been
widely used in studying strongly correlated degenerate atomic gases. The following is a
summary of the main contents of this article:

First of all, we measured two key parameters of spin-orbit coupling: the spin-orbit
coupling strength and the lifetime of the 8’Rb BEC. We measured the influence of laser
polarization to the spin-orbit coupling strength in ultracold fermi gas. We perform our
experiments employing a fermionic gas of °K in hyperfine state |F = 9/2, mp= 3/2)and
|F =9/2, mp= 1/2). Then, we study the influence of the phase noises of far detuning single
frequency lasers on the lifetime of Bose-Einstein condensation (BEC) of ¥Rb in optical
dipole trap. As a comparison, we shine continuous-wave single-frequency Ti:sapphire laser,
external-cavity diode laser and phase locked diode laser on BEC respectively. We measured
the heating and lifetime of BEC in two different hyperfine states: |F = 2, mz= 2) and
|F =1, mg= 1). In order to reduce the phase noise of external-cavity diode laser, we use an
optical phase-locked loop for external-cavity diode laser to be locked on Ti:sapphire laser.

We experimentally study the spin exchange collision in ultracold *°K Fermi gases. The
quadratic Zeeman shift, trap potential and temperature of atomic cloud will influence on the
spin changing dynamics. Dependences of the spin components populations on the external
bias magnetic field, the optical trap depth and the temperature of atomic cloud are
experimentally investigated. The spin exchange from the initial states to the final state are
observed for different initial states. This work shows an interesting process of reaching
equilibrium by redistribution among the spin states with the spin exchange collision in an
ultracold large-spin Fermi gas.

We report the experimental results on the optical control of a p-wave Feshbach

resonance by utilizing a laser-driven bound-to-bound transition to shift the energy of a



closed-channel molecule state. The magnetic field location for the p-wave resonance as a
function of laser detuning can be captured by a simple formula with essentially one
parameter, which describes how sensitively the resonance depends on the laser detuning.
The key result of this work is to demonstrate, both experimentally and theoretically, that the
ratio between this parameter for the m = 0 component of the resonance and that for the m =
+1 component, to a large extent, is universal. We also show that this optical control can
create intriguing situations where interesting few- and many-body physics can occur, such
as a p-wave resonance overlapping with an s-wave resonance or the three components of a
p-wave resonance being degenerate.

We directly measure Floquet band dispersions in a periodically driven spin-orbit
coupled ultracold Fermi gas. Using spin injection radio-frequency spectroscopy, we observe
that the Dirac point originating from two dimensional spin-orbit coupling can be ma-
nipulated to emerge at the lowest or highest two dressed bands by fast modulating Raman
laser frequencies, demonstrating topological change of Floquet bands. Our work will
provide a powerful tool for understanding fundamental Floquet physics as well as

engineering exotic topological quantum matter.

Key words: Spin exchange; optical control; P-wave Feshbach resonance; Floquet band;

Spin-orbit coupling
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#| QUIC B, 7E QUIC B i, FRATIFF S SMLL P JR 7147 5 B RV . dlid
KW H, TR E AR, REAWER, BTRITZHEEEE . MG
T ¥Rb JR T HEAT R A, BATA TR R JE7 0 B SR iR, ERR T EK
T HTEAMAMARE, MIE EEEN s B2 EREr, HATEFAH Ro B
TR BT e A

Quadrupole
coils

Bias field
coils

M 22 QUIC Btw&R BALRTRAAWAARE, @il ifH R &R loffe &E
# A2 B H RT3 QUIC Mk, QUIC Wiz 145 Cell F.842 &, i Cell &
B BB TGz T 6. £ QUIC M s A2 AR K KA, KAMdrHF—4
B #%, kiMea%, BPe)F e B,

W ARAEE, TFEREFHTEERREZ, HETFEER Cell hi&, ¥
PEBIKMER 12mm. 30 FE0 A 24 AN EAER B, I8 U [N B IO 25 R
AN Toffe HRMTELT, R TR Cell by )5, BF LW MHAME TR, fHIE
JGE AR N ke 2
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2.2.3 FHRIEEHAZEEZLAN

a PES
P A
? : ;
U | I
R L Ay
j\lﬁ /\-‘ ,:;;6/':?:%\ '
/-ldpMH(z____‘, |

| ACM

M 23 KFBBHABTEER (a) 1064 L3N8 Bl L% % 20W, 421 PBS
SRl AN L A 2 58, | AT EIL AR E, #£9MH-100MHz,
2R K FF BT EKRIARE, AIMH-110MHz, #)F 5 A% 5 KAVT A Bk 49 FF %
B AR T I AR RFHRFERE K REAR AL ENLL, LiFind hFy5
AA AW F2 2Wo I d SATA A FP i R BALSA R 9 X (b) 1 5842 2 5545t
#MABL AL FAN Cell L, G S HEEEEA 300mm F» 400mm 9 & % £45%
HRILE, AREGESBFIETZ0LE,

B F 2 QUIC BHIZARAH, HHE Cell Fhta)a, SRb FJ5 74 H # AR (Y
N3 x 107, EMAME NS pK, YK JETEH I ABE 9 x 106, i 2.5 (a)
(b) Firne BERTFTIFPARAH LA S (Jeffi 907D KN 1064nm Iz £ A MBI i
GRS, R R T 248 P e BB AR A M b . a0l 2.3 Fras, R 1064 5@4L
AMBOE Al — B DR AL AN A R AR i, 80 PR 20 YA B ot A TR e 43 ) 2 5 TR
ARSI RS, RIGHEAGLT T Cell. PR 1064 LT AMNFOEM Cell FIMITHEIH A,
X RN B IR AR T Z A E . Hoh— oA 300mm FEFE FE BT R A, THERE
A58 38um, IHE N IW. ZEEH ] 400mm FEFER)IEEE, EREAN 499um, I
R 2W. WEOLEERHER, FRS5ETEES.

JEMER R R, A AT R AR KR A, RS BEC BAK
DFG. AR AR R BI R, 15 REE KR TR B A BN, FITRET
20 0d AR i SR A B AT, AT BRI 7R SR AR . B R T2 H I, A
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() BE AT N, B S SR I . R RATLI R F B/ BIR KT, WA
ETFEIN—H 0.03ms FIFLIREOE (780nm), KFEERF AR M ¥Rb 7T & BRI,
VK R FECE N6 x 100, JFFANEIF = 9/2,mp = 9/2)4&, fHBSEONT/Tr =03,
Tp AWKIRE, B XN: Te=Ep/kg = (6N)Y3h@ kg, Horh@ ~ 21 x 80Hz, 2 BOLH
fF3RM%, Wl 2.5 (d) Fizn. 23] BEC i3 ¥Rb 578 H N6 x 10°, JEFA4bdE
|F =2,mp =2)34, WE 25 (o) fiaw.

2.2.4 Rk

‘ Probe laser

w=Juadrupole
‘ coils

Bias field
coils

loffe
coil

B24 FMmBEARTER KMNAHOREKXE LFHHANCell, 7aSHEzHm, B
HERTEERRTREE, AR ETHAE, MEHEN CCD, #i7mE, %
BT A, NTUFERTRAN - SAFERLSHE,
ERBFFIMAR R TAEE, ATHRBETZHE R, YR T AT RISURE .
a7 H B JE SR RS AR A, % R, FF B a7 3 T, EOR O
AT 9% PRI LA R OB BE, %51 3Rb JE7,  H B AT 30ms, K & T 1K
AR (B A 12ms o ®AT S FRATTADY R £k Bl _E 07 S A — BRI, FF H CCD( Charge
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coupled devices) F%f%, WNFE 2.4 fion. CCD RUAZ U, A% 503 F fw R FH #0052
REAT B AL, BRATIRER M B BUR X 30y 2R 0y 1024x 1024, Wl 2.5 fac. —
KRR TSR R B =R R: 1 WS 7% R SE AR 2. 71
WADCHAE: 3. RN RRE. RERNAAZ ZELRE BSAETER
H B S BR T = A5 LRI e E S, BAVERS 15 B8 48 e & oA
Ko AWETRBISEIR 78 . FEENE TR REBEE. WK 2.5 s, 2
AT 2 G R A I 22 4 2R

B 25 BMABELER (a) (e) A¥YRbAEF, (b) (d) AYKEF; (a) (b) AR
F 4 QUIC BHE K TG A5 E Cell P&, £RAMZAT, BT BT = 69 H R,
CATBF 4 A A 30ms. 15ms, B-FE# 55 H3 x 107, 9x 10%; (c) (d) AARBALR
TG FRAT B ARG AR, RATEFE A A 30ms. 12ms, BRTHE A A6 X
105, 6 x 10°,
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2.3 ING

AR AN TR R AT G & L% 7 E SRR, dREEEaRE
PUANB B 1n 20 MOT AR 7 HIfFAR S TR 40 2. 4 MOT AR 7 R 486 B
hAfRAR B Al Stdiz AR QUIC B P S SR A v Bllo 3 SR IR B e 2k 5
BFZER. 4. WU .
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A EHUE R A A SR s R BT

E=E EIELERA AR RO

3.1 #fak

BB BOGEAR A RE, B LI T YIRS 1Ak Bz EH R (BEC)
U2, SR 7 R IRA R T — AN e R P G R A RER S WD, BFory bl kE
T B M. AR AEE R 7T T Z RN R, RSl ERA T K
MR, K TIRZHOWENR . &k, ERE TR0, R
WOARAE I S BOCRR S I A E 1 B eSS, MR T —4EaeuEfS. 4 A
JEBNIERE A A 24 T /2 Rashba B efhiE # & a(o k, — 0, k, )1 Dresslhaus [ e 18 #
Fraocky + ok, ) FEERUH NN 10T, — 4 B HEEILTE R B 1K S B AT B B A
TR . B RePIER &3 T VF 23 A MR T SOl B OGREPEME A - Bl
£ K MSeRAR T R AR S =4 BIER ST 4B B REERS G TS, FINAE
BEC 1, FIFI S8 s kst sl 7 4 i B i sl A 0o

FIA HRSeys T 7S, A AR R BRI AT R M R — W R T 1
i, AT HIEHUER G SR . PR B2k A B EER &, BT B BE SR
FOGME FE A, 22 B S B0E TR T BE MR AR LA R BOGBE HOR S IR T 80 H o XA
WKL SR T, IRBIBATELR R AR Rl UL R et . HRLIERG
o LR SLEG SRl AR UER A M EE SR, CRE ARSI, LU R

=]

Ho

AR T [ 5 — 8 20 BRAT TR X v i i — SRS B A [) R AL R 7S RSO R AT T Iz 2R
T O BB X A SR T A A R IR o 5% 0 20 FRAT TR B 5 5 N R s = O ) AR SR
W UM IR XS eI R 5 G PR 52

3.2 IS BN BEC F a2
3.2.1 SIS

FRAT VA P 49 B A — AN K 4 T i (0 B AR 5 IOk B8 (M squared lasers
Ltd Sols Ti:sapphire) Fl—PoME¥FABOEEE (Toptica diode laser DL100). ARz
FHBOCARMH Livrow B, BOLSMEEL T NILE kHz, HERMAALEEF .
AT BRACAME - FARBOG SR A AR S, TR A A G BUAEMT B (PLL) 4
F SAREOE A BUE BIE A0S . SRR RS AR 68 B P RO A AL, AT
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AP AT B0 SEFE B RRRfEEE 1A T e i, A s, Botriiz
BCL R A 22 T 22 BRI TR - B A B, JCE B AR R T U B T aE
HEMPAH, LB SEH (BIT) Mk S/ME. HFSHIERIN 2 i CE
CAHGE A RR0L, A 3.1 FR, BRE A B0 SR AME SR ROE 83 1 BOGH A R R 7
FRRFIR A B, RJeEARE G ZRE, P ERRIE S LA ESIEERNS
HETIEACEBEAEE . SO BB D RS STEA RS S
JCEE . JGEABUHIA RS A S B [ e BRI S A ] g A S At el g, AR 2.1, 18 %
U5t 1] 8% 11 FH 2 s Fi A 3 2 B SR A - AR O s AT S e b A o 18 e W D 1
19 LA kHz, FIRAMESNZ AR AR RS o BRI S e 15 T N8O IR
RLAE, PR 36 A LA MHz. J05R RINEE S, AR S BU A R 2 BB
WRAROLE, RIS RotS0mHE SRR (MH2), 0k 3.2 (a) B,
REIRE MEE PARFOE 8 A LG 55 IR 508 W o D9 1 THBRARALIE A, BATT I IRE n
HPE R, SR ARROE IR E S 2 B/ RE (H), W 32 (b)) .
RN S IE S PR ROGSS RO AL A BB AR T, (ERE M BB S

PBS
; ) - HWP ] .
Ti:Sapphire B ] E »\ ngh vacuum
e HWP cell
— [— —]
HWP
- 1 PBS -
DL100 | E«é— A »4$8
= HWP PBS Rb BE C
‘ PBS X
Spectrum analyer
Fast Beat
Detector sign al " 0 °
T I
Fast Path Function generator
(0]
Slow path PLL ¥ = ;\’:é

B31 RRARILE K ELMOLE R E SR LB 0 OLE S R A Ak,
A LI AR A S TS, P AN S AR SR — AR EE S
Wpep— P AR E SR B, KA F 3 A KA ik
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() of(b)
g . COl
T 80 =, 80}
: |
o‘f-loo E—lOO
T e . . . . -120 O , , . .
-8 4 0 4 8 -8 4 0 4 8
Frequency (MHz) Frequency (MHz)

B 3.2 ARG 50t 47, 2T A A 20MHz, 59 F 5 H 150Hz. (a)
AR Ao #18 RHE 1 76 0 44 5043 5 893 E 5 (b) B B Ao #0 RUBE 5 b i R @ 9% B 2490
125 ik,

322 LWHERER

48 *Rb BEC MIHl& 7L i M. FATWIEKE R FHl & 17E|F =
2,mp=2)(12,2)), [F] Ry FATT AT LA A 0B |2, 2) 46 AR ) & B |F = 1, me=
11, 1)E . BATFI AR S AR T 265 B, R G . ke
mi o, R AR R ORI (AR . JRATTA R O Sh A s R AR 1
s} VB R AR R T of B €25 (R W3 3R (BEC) ARG R LA K St Jo - 55w 52 i

TE A AN b R T B AR AT AR — Bl TR R R

N = —aN — Ly(n?)N (3.1)
Hor, o2 B U LGB0 AR RN M FE R B, Ly(n?) 2 =R HFEER. Ly
SHRIFERE, (nP)RFEMITIONR. ZARE &S FBUREKE I, mHX A
J87 32 B R A AE A R0 R 2 B e g . BT AERATAISEER T, AR AR TR
THOBARBIFEI AT LLZME AT, 33X BIRATRA % TS SRR BN #4408 11
TAFEZE  FEAINESMFOGIIE LT, 1562 B AR Bk | 2, 2) 25 I37Rb BECI1) 75 41 43.2s,
3.3 (a) o sfin.

AV PR A e B Ko 785nm, FEBREEAE N 200um . BRATTIGER 5 A1
JGHRSE] YRb () BEC JR T = F OTMEE T fE T Z&m i bR B E R = A
e ST TR (v AL . LSRR 3.3 (a) WEEphgk, BATAT LURBLE 7 H B T — & [1in
N, T At EIN AR — 2 SRFEFRATRI A M S BOLR B HRARE A 800
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ATFIH T A SRR E T =M. HHIE TN SARECEE, (U
N SR B, TR N R s 1 [ B R 2 s Bk [ B . P T BIE AT A 2 S AR
JeAsBOR R AL 75, BEC HAF dir SURIAIAZ /N (190ms), ANFARNAH &, 48] 3.3 (a)
WL, XA A SREOL A NS Kst Bl BRI, BEC 1754y JLF- Al E s T
(2 —FEMT. 18 R ] B AN & M2 1 A AR RTEE RS, AT - 350 eSO A A g
Fio I XA i e SR O 88 N Ek 18 S 15t L R R S ik [l %I, BEC MIE@ A T
—E RIS, ARG T — 2, EAR, (ISR L BRSO R 2 1R
Z. WAk, fENZTE, FRATFEIR BHE T ¥Rb £E]1, DAME ANEA L, ik 3.4
fiam. MEIHATLLEH, |1, D)ERFEGER|2, 2)EEFEmK.

uf,—\ '(a) B No Laser

2 6 e Ti:Sapphire
S~ * DL100(Slow & Fast)
A 4 DL100(Slow)
Nf\ DL100(Nomne)
Nyl

o

o

e

Q

Nl

=

Z.

0

10
Wait time (s)

m No Laser

e Ti:Sapphire
* DL100(Slow & Fast)
A DL100(Slow)
DL100(None)

=
b
W

=
)
S

=
iy
W

<
—
o

Gaussian radius of [2,2> (mm)
o
o
wn

=
o
S

5 6 8 10
Wait time (s)
A 33 ALFEBRUBYRTE=6RTH (a) i F 2 (b) AR E AN 49T
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ety &, BAKETRFHEL|122)E, HANBIHEANENA 15mW, 2EH
BA T AL, BEABIKRELEL, HENBH A WET I EFFHREL
B, HERMEF FIRELE R B AR5, & A IMNEFF RS B i
1R R B VAR B iR B B 5. b N F R AR, FERA S K, KAV 49
SEBA: y=Act+y,, Kbt FHAEE,

o ® No Laser
2 e Ti:Sapphire
~ 1 * DL100(Slow & Fast)
VAN | 4 DL100(Slow)
= DL100(None)
o
(I
o
—
H |
E
z

0

Wait time (s)
m No Laser
e Ti:Sapphire
* DL100(Slow & Fast)
4 DL100¢Slow)
DL100(None)

=
L

=
[\

=
s

Gaussian radius of |1,1> (mm)

Wait time (s)

B34 AXFERMTRFE0RTH () FZATF2 (b) AR LN eT
i, BAKECTRTHEE|LLS, HANBHAALDENA I5SmW, L E 8
BATWBINEK, BEARBKHAREZLHA, HENBH A HBFTHMEFFHREL
B, BENIIEFFHREALSE R mBERRAE%, BENIIEF FHREA SR N
1 BV @ ¥ AR B ik BT = 9,
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33 R EHEWIRT T BREHER S EE

33.1 KWHES

2 Optical
P3/2 axis D Initial polarizati
£ E, direction L?
P 1/2 &
|I> AZZA r
— “A\2
polarization
d b direction
121.4G Raman 2
(O] ' !
Fermi gas *
Raman 1
polarization
1.418 MHz W [1> dir ection
Q =R
T 38.774 MHz W I~
Il ¢ Z
b= 36.579 MHz BV,
"h.‘_‘.y
T T T T Initial polarization
mpg ' direction
5/2 3/2 1/2 -1/2

B 35 (a) RRRKETER, #PILEL 1214G, A®RE|9/2,3/20)1E A,
19/2,1/2)E A K&, ABKITMEN 38.774MHz; (b) ARBEZETEE, AEET A
W k5 A K AL A OB,

FATSLIGAE 40K oK T hdhdT . 97 PRk 7 RUHI & 258 — B O/ dl . 1Al
B e R A e R 4 B e A% 9/2,9/2), ZJEHE 19.6G R, FIHA 150ms 5T 4
WA IR 9/2,9/2)H % 2119/2,3/2)7, SHEIAMTLMERN 6.25MHz, FEEA
0.34MHz. AL H R A|9/2, 3/2)115?3%)]% A, 19/21 /2 RS . HAVKHE 1
SEAE 121.4G, JEIN P B e M4 2 ERIEMZE Y 38.774MHz, @& 3.5 (a) . M
WP E S — N R LTI Y FRATER A B 28 (M squared lasers Ltd Sols
Ti:sapphire) K242, WA E A 772.4nm. P O3S0 30 I S B 27 (19 75 6 1) il 4%
(3200-124, Crystal Technology, Inc) RIFTIME, AL MM 58 (NS183A,
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Agilent) IR B 75 5 P il # o FRATVIE L 853 = U5 X DR B0 00 20 T SRR B e (1 i 2
2] 38.774MHz. P HCAH BATSER 2] 40K BIRE T = b, JIEdisE x e, 3 H
HEHT y-z I, WIRFT L y-z PN, WE 3.5 (b) fros. TR B/ 20
MR (B35 (b)), BLR—DA/413 R (3.9 (b)) KA AR 2 61 IR 34718

g

332 LW HERER DR
3321 MARSHEH R

0 |9/2,3/2>
| >
li> z]: W12
A — — — — -

19/2,1/2>
B36 RT=—mAZALIFLKRLEEKRITER
ki 3.6 B, RRAILIATEREFRIERERE, N—I=RERS%. FAT
WA ELE 121.4G, PIRBLEI60k19/2,3/2) (IfNFFN9/2,1/2) (iNEHE
BN R A, TR )8 )ERES 7K, MRS AMEREE 5 N hw,
Mlhw, . PHHRFLE O T | )R |07 ) BRI I FLIR BRIT A 2 1 208 75 71 R -

By = o — @ys By = wyp — w0y T4 B AL RN T BRI LI N 6 =
Ay — By = @y — wypr Fotooy PR BB W MU 22, wyp f2 1RSI0 A

HFERE SR, 5 26T RE T hEE, BRI Z=R R 5H
B — DRI R R RSP, 3 HIEUIIA AL, = A=A, R THIWIARRS
(K341 B e T AW () RN -

W(E) = |4,(0)|% — |4;(£)]? = sin? (§ t) — cos? 2t = —cos(0t) (3.2)
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Hor & & MR HA,Om = i, £, DERE T TR Im)I JLEE, %R
TAEIZS AR 2 A0 BB A HORZE AW A TEAR Y « L2 RITHL B AT L
RIEA:

ﬂ:_%:_(flﬂlezz(;l#fllt) (33)
He, 0, =py-Ej/h, Oy = py- Ey/h (upps pp ARKIEMRIIE, Ej. E, 53 BAPR
LG HIHARED B, CAPANMIRITIEIE it . LB HE S AR T WS
SCHR[21].

3322 MBI AHARBL

-
o

a Angle:90° c Angle:45° € Angle:0°
Aol Period:0.023ms| Period:0.031ms| Period:0.1ms
5 oo
of
& 0.6
G
(=]
go4r
S - 2
= . b s
o 0.2 .
0.0 ‘ : . . . ‘ : . . . L . . . ‘
0.00 002 004 006 008 010000 002 0.04 006 0.08 0.100.00 0.02 004 006 008 0.10
1.0 Raman pulse time / ms
b Angle:70° d Angle:20° s
Aoak A~ Period:0.026mg Period:0.06ms g o
o = 4k
=% =
a &
S 0.6 0\ o gl
[ b=
[=] wn
- L
6 0.41 LJ .E) 2L
g B
L] c~y ey
= 0.2 ™G :
0.0 ! s L . . ‘ s . . . 00 01 02 03 04 05
0.00 0.02 0.04 0.6 008 0.100.00 002 004 006 008 0.10 Polarization Angle/ =

Raman pulse time / ms Raman pulse time / ms

B37 (a ) () (d (e) #AKRERE kK AT (90°, 70°, 45°, 20°,
0°) #ytbirH. () kAL AMEBERAEN X R B A,

S TR LB TR P R iz B AR B VR . JATT AT BA A3 0 5 Y R 0t
R IT 1A, G0 3.5 (a) Fas. EEARFEH 800 2 AR A, FosRs
206 1 MRRTT . RS0 1 BRI R, IR P R 47 8 ik 14 ¢ A sl A2 4
o W 3.7 s, JATAT LRI, BE&ERIRKALR, fMERAELLR, Bl
B HIERR SRR AR, HAh, ROLEFER RS R MREEE M0, [F
I B P R R 2 G T 1) . a0 3.7 s, FRATAT BRI 24 O P SO B IR 77
], AHSEA AR b SR AR, B AR O AL,
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Fraction of |9/2,1/2>

A EHUE R A A SR s R BT

EE,  FRATTAT DA B R bz 8 5t 1) F R B il R IE O
E, = A,(sinbé, + cosOé,) (3.4a)
E, = Ay(sinfé, + cosBé,) (3.4b)
Horfr, 81 820 BT BT R AEAT T O A p i, ORIBA BN E, AIE, 5 4
kA, k3.5 (b) fras. WAIT 3.3, WATfghr P iy R A N
Qf = A A,ry,sin(0 + B) (3.5)
i 3.7 (6 o, IR 5 A [E ) F R & ) Hz B AR A A S, A
o fEREE AR AR 2, FIR A SEIG A RV S B

1.0 = 1.0 B T 955 =90°
"0+B=0° +B=
L .H+B:0° [ :e+ﬁ=90:
0.8+ *04+B=0° lQlo_g- 0+ B =90
A = | X
of ®
0.6+ 06+ »
b o +
3 Sy
S ],
0.4F goar o \s
A = 3
0.2F 0.2F a
I _ 000.0 0.0: B aw - |
+ ] .
0_0;-_.43_'_'"9.."? L} ....... 0.0 I I 1 ! )
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Raman pulse time / ms Raman pulse time /ms

38 (a) BAKFAREZANCXRERAACH, ARMEBESZERE, B
BTHAE (D) BARKFEARIE T ANCLET LA A0, ARMEMERE AR
%, HEHELRE.
3323 AEA P —REZANERBA

i 3.9 (a) Fras, AVER S8 1 hiEA—MA/48 0, KetEs A/2fE. £
LB SGIEITA/ 431, F PR Al 2 e R IR IR JE M IR 907 . SRS BAT B LR
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, 1 T _: : &
Q=04 X ;fg e~ masin(eD/ogr=(),, ], (%2)

ergzﬂlg ” %J-OTe—i5m35in(mt+¢0)/wdtzﬂl3]0 (523)
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T Y0

e 425" () s ()] 9

Hj, )&% 35 n B NI ZEREEL. BATTLLERSD], = MNERMH S5 3E
PR THL, IS TR ETE R R R, BKh v RUR SR AAEAE . FERAT SE48 o,
FRAT IR 2 EE AN SR 1 11 (¥ T 1R SR AR Rl L) Sy = Sna = O o FEIXFPIG LT
B 2L R 5 S Q 5 T LA

'QZ3

03 = 0y X 3 f; e™i0meos@itdo/Dsinigo/D/w i, (”Tmsin(qbo/Z)) (6.4)

FUEA BB S A5G R S, (B2 T DLZE R R B T, A7 R 24 A ot
FEQ AN = Q1500300 M7 S AE BT AT AER AR . X2 P BUK R T s (AL B
AR 22 b A A ) 2 B AR AE b P SRR B N S R AR R

TN THIFRATTFH 5 R ¥ HGIE B 0 A O
6.4.1 Fik—

I G A E ] LR (FRAMEAE, = h2kZ2m, hk AFRREERMB)E M) H
fi)

(k — q,)? — = —
H=| —22  (k—gq)?+ 61 —= (6.5)
o e (k = q3)* + 85(6)
PIAS R AE TR ) AT BLS O -
8, = 80y + Oppcos(wt + ), (6.6)
83 = 8300y + Opzcos(wt + a + Pg)» (6.7)

Forpr o b HIRTEEREAL, oAt 9118 | HRY AR R AR AL
AT E R TEL, BATAT AR —A S A K IR e
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12 12 27770 27 Y0
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Q0 QO _f et [sin(t+a)-sin(t+a+¢o)] zaf g gy it Cos(r+a+—2)
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+ %Z% ([[Vw, Hy), V(—f)] i [[Vm, H,), Vc—j)D 4O (%) (6.15)
=

XAFER TP I LEBOE AL . (E AR T 58w RO BIRER 1], FRATT AT BA 22 4= g R
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£ BT, Ho R M B & sy, Hep.
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Sma i
V(+1)= 0 Tzela 0 ]
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0 0 0
Sma —ia
i 0 8 0 (6.16)
0 0 %e—i(aﬂbo)
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Br—Fr I, I ErIEATR LA A R SR SR

4 2
0y =il (1—f$§+---) (6.17)
F 2
Q13 = Q43 (1_i$z+”') (6.18)
5 2 2 _
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’ 2 »— o 3z
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1 w1
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0 0 0
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K@ 0 o sin(wt+a) : (6.21)
0 0 23 sin(wt + @ + o)
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