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ABSTRACT

The atomic coherence effects can change the law of interaction between
the light and matter via coupling different atomic energy level by coherent
light fields, and result in the emergence of new physical phenomenon of
characteristics of absorption, dispersion and refractive index of lights.
Moreover, the coherent manipulation of the group velocity of pulse light has
important application prospect in optical information storage, all-optical
delay line, and laser radar and high-sensitivity interferometer. So, we focus
on atomic coherence effects such as the electromagnetically induced
transparency, electromagnetically induced absorption and four-wave mixing,
investigate experimentally the manipulation of the group velocity of multi
pulse beams based on these atomic coherence effects. The paper includes
mainly the following four parts:

The first chapter is a summarization for the manipulation technologies
of the group velocity of pulse light beams. The research progresses of change
of the group velocity based on the electromagnetically induced transparency,
electromagnetically induced absorption, coherent population oscillation,
four-wave mixing, stimulated Brillouin scattering, stimulated Raman
scattering and structural dispersion in photonic crystal are given. Finally, the
applications based on fast and slow light technologies are introduced.

In the second chapter, we investigate the generation and manipulation of
the transmitted and reflected fast light in degenerate two-level system. In the
degenerate two-level system of cesium atom, the dispersion characteristics of
the reflected signal and transmitted probe lights are investigated based on the
coherent reflection of standing-wave. The group velocity of the injected
probe and reflected signal pulses can be controlled simultaneously by
changing the intensity of standing-wave coupling field. In experiment, the
group velocity of the transmitted probe pulse can transform from subluminal
I.e. slow light to superluminal i.e. fast light propagation by changing the



power of backward coupling field from zero to the value of forward coupling
field. Simultaneously, the reflected signal pulse is always the fast light
propagation result from the resonance absorption. We show the simultaneous
superluminal light propagation of the transmitted probe and reflected signal
pulses at the perfect standing-wave. Moreover, we simulate numerically the
experimental results by the absorption and dispersion theory of susceptibility.

In the third chapter, we investigate experimentally the gain slow light
propagation of two pulses based on the four-wave mixing effects. Firstly, in
resonant four-wave mixing and suitable level structure, the injected probe
light is enhanced and a new conjugate light is generated. In pulse mode, we
investigate experimentally the characteristics of gain slow light propagation
of the probe and conjugate pulses. Finally, in far off-resonant four-wave
mixing and suitable level structure, the influences of one-photon Raman
detuning, the system temperature, and pump power on the gain of the probe
and conjugate lights are studied. The influence of the two-photon detuning on
the gain and delay time of the probe and conjugate pulses are also obtained.
The maximal fractional delay for the probe and conjugate pulses is
respectively 2.07 and 1.83. We also investigate the influence of the pulse
width on group velocity delay by using different width pulses.

In the fourth chapter, we observation experimentally the gain slow
propagation of four pulses based on four-wave mixing. In the double-lambda
four-wave mixing system, the gain slow light characteristics of the forward
probe and conjugate pulses are investigated. Furthermore, four four-wave
mixing processes can coexist by improving experimental scheme. If one
probe pulse is injected, the probe pulse can show slow light propagation, and
three new slow light pulses will generate. We can obtain four slow light
pulses in a single atomic system, in which the delay time of backward pulses
is larger than that of forward pulses. The group velocity manipulation of
multi pulse beams has important application prospect in multi-channel
information processing.

The innovative works are:



[ . This experiment research on the simultaneous group velocity
manipulation of the injected probe and reflected signal pulses by using the
coherent reflection of standing-wave in degenerate two-level system of
cesium atom. The simultaneous fast light propagation of two pulses is
obtained at perfect standing-wave. The experimental results are explained
theoretically by the dispersion characteristics of susceptibility.

II . Based on the double-lambda four-wave mixing effects, we
investigate experimentally the continuous manipulation of the group velocity
of the injected probe and generated conjugate pulses in resonant and far
off-resonant level structure.

I1I. Four slow light pulses are obtained simultaneously in a single atomic
system by injecting one probe pulse when four four-wave mixing processes
are coexist in suitable experimental scheme.

Key words: Electromagnetically induced transparency; Electromagnetically
induced absorption; Four-wave mixing; Slow light; Fast light
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ik B R T SO X ik e G R PR AT 454 DA R SEBIOI AR T A i A RS B
TR AT U R . AT 2 B BT ST SR PR B ik e e RO T R AR T R 4
b, HEANE TSRS, N T ITENER - RGN EREE T HR,
i A TLE B A Z 0 rh SEIL RN X YA~ B 22 ANl (AR T34, It /5 2R AT 14
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ST HE T 22 k' AR s

B — R GRS 2 A Bk s R B B R . H AT R RAE B BT B O
27854 % FWM S5k M AR SR Se X — H 1.

N, FRATTE S AR FWM S5 28 AR P AN kv 6 R )4 T B 1) [ ) 45
L. XEFENABRIE: —R—RANSHIRER, S8 FWM SFdEg AR
E BN JF 7 R G5 TP S48 6 ik b 6 R DA ) (0 i, AT 52 AN ) Bl P A
FRErE; R RN —AMEkoe s, 8 FWM SRRt i, 724 —HUE i ik of
s NSRRI AR R PR TR G R 23 0l 22 P AS TR B BSURe P e 2R TS AS R ) 3 Tl 2
T REREPE. 2006 4F, Y. F. Zhu ZIIHF 7N HEA R T RS, 58 FWM
ARV, R NS RE RS S ko, E B AR R R, ERET Bk A
=5k T RIS AL

(a) ®) -y

PBS PBS probe Ahzzhs
S —‘}" conjugate 5P,
m probe
scope A R
F= F=3
=5
2 [(cC
24 |
E 3l Pump frequency
=
g | :
: l F=2-5P L F=3-5P,
_% ]___ - _._,._.,__ﬁ\ \ = —
a 0 . /_: \J.\ . |
-3 2 1 0 1 2

T\;'o-photon_detuning 0 (GHz x 2m)

B 1.6 P. D. Lett FARMIRIEMIRT XL RFREWFERTE. QAFEEE, b)RFEE

R RER LA, (o) RIFAT R & 4Tk, 4 A Tak[23].

RN — Bk e L EERAEN A RE T SEIN, AR 5250 2
[ brUE I P. D. Lett % NSCHLE o A ATT & 6 7E 2007 4E21, 7ER R 7 R Girh,
NI — SRR AR AN — SRS IR AT ke, RSy iR S R DR AR N, SR AR
SR AE A A A S A F R A ERIT Be e, /£ FWM RN IIPERT T, &4t



o R

PR RO R BT R BE bk b o, i TR AL RS PO I W B R, AR
P& Kramers-Kronig LfiC R, “HBE T RORWIER G, HWRIBEOCE
FEAERRFE . ARA T BB R 2 UL EEAE ekt Wil 1.6 Fion. BEJEMATITE
2012 4V EFPEIIE T RS, RAARRPSEE S8 (BRI T RIERROL
THRESHREANAT  SEIL T MRS BK O s . BRI, H
AREEAR K J. Okuma 5 NP4 2 ERIANR T R G0 H, RFW A TUPIRAT RS 4
o, FIA FWM RE8E, 3RS 10K RS AL RE ke VLB i . BTk &
e I ERET AL BEOE R RN AR, B — B SRR, BERA R BRI — &
G5, WRIT T EREFRISLEE G A Z 1] 1 PR e P70,

] Py 5 R K 25 14D v o2 DT (0 F /0N 2L 0 [ R K 2 st R AR 22 T R F 9 /N A
3T FWM HAR B8RS A T 923 i el 81, o gr 2 I /N 2L A XU A 2
Fa R FWM ARSI 70 PR B 't SR T8 2 ) 4542

[4)
_\.,I_ —

1529.4 nm
(LD2)
pump 1

T80 nm
(LD1) /
signal FWM light
/
al "7 "
(a) (b)

B1.7 SR DEESNBLEH P AR FWM BREIIURA AR ARG EIEE (a) o5t
%K (b) . A L [81],

FT FWM SR NATTSEDL 1L 5L R G0 A6 P AUk e B 1 1) [ A g, 00k
IR BRLAN Z2 G0 P ) A B AR 495, TE6(5 B U8 5 B 22 1 S T i 52 [T
N BB /E B — R G SE I S8 2 BIE A T3, IR IE TR — B i i,



BT JR T AR T 22 kb e SR I P 45 42

1.2. 4 BT ZH% BN MZHE S M RRE R

IR E R SR, R RAE IR T RGIC AR B RN, FER
JLF EIT. EIA. CPO M1 FWM 55 J5 7 FRIAH TR0 o SR o Jik b ol SRR S 32 4884 1 5
FRIEHIRZ, NEHAIRS S G EOGCE AT wh A B T B R I et e
DA A R 4 o T G E AT I 248 110 3 A 1 A = R IS T A R U2 BT AR
KRRVE o AEF I GEF O B 6 R R FE AT I 7 LB 32 S W R 3230 B
JHECST (Stimulated Brillouin Scattering, SBS) 15234 S #44 (Stimulated Raman
Scattering, SRS).

B SBS gain Pump  SBSloss
(Stokes) Signal I (Anti-Stokes)

Pump in

N
v i+ v

W% P P /
‘r’ S A S ‘L_+
Signal in € T > Signal out
m SBSgain  Pump SBS loss
(Stokes) (Anti-Stokes)
ISignaI
2 Pump in

V% Y

A- N i

47

B SBSgain  Pump SBS loss
(Stokes) (Anti-Stokes)
I ISignaI
2 Pump in
W % %Ew v
[ |
Jl*ﬁ“‘ﬂ - Y e

1.8 MR LRI R RS RIZ . (2) R TARABA SBS MR, () REFA
SRR SBS M AR, FAMBONKE, ©AfEFROMERT SBS MELR, FLRA
a8 Sk [41].

ST BN — R OER & B =B AR R I G, Hg i el p Y E AL B
AFLLIN R AR, A0 1.8 ARt SRS SRS S SR RIS DA, BT
SR (SRR A P A U AR RN, NI FE 2T O 75 1, 7 1 B i B A
FEIC WGBTS 6 7 W e I8 o S AE R Y PN o H T S 5 R P S /N TG I A
B, MAGZVEHC 26 AF 2RI e ZE e ki, 1 1.8 (a) 1, WIRFHILAE 5
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o iR

[P 22 55 A LK ARS v AARSE, WIZESHYE B9 e AR rIME EEHIER S, 5
AW e, M —umthi: B 1.8 (b) 1, ZZIHDG. 55 M E
RILR, RS SO N T IIMOCE N, R FRHBERT, Rtk
REE R 2R ENE SOt b, mAFEUE 5K E I m 8Ot e ire e, MM
MEE 1.8 (o) W, H{E S HIAER K T RZEGE ER, (55 GR35
AOCMHER 28k, M- SBOL R RO JE T 523 BN BUN b
LR R KRR ). T. Mok 25N, #it /) K. Y. Song 25 NLA M SEERY Y.
Okawachi 25 A\ 7E 2005 4543 5l 52 2] (B33, 75 3T 52 oA LK BUR O se it b el 1
T Bk G SEE L+ MHz B97G L, B DAKIF OB 56 B2 2 02 5 iR Ff i .

BTS2 W 2 U ' T s S0 e A AR AE 2005 AFESEILEY, SEHSEER J. E.
Sharping £ A\ BRI F 52 4 2 BT 430fs kG 1EIR T 365.5Fs, Al sk T ix—
FARBIAATYE . HEARSLIG S B K 1.9 Fros. kb 96 2 430fs (15 5 ko't AR
FAEIH OPO P24, kv 5 FE S 500ps 1 18] 25 25 i ik v ot B vl o 88 77 4
55O R RO U o B AR Gt N s AR S = TRORER 4, i,
T3 5 Bk b AN 23 K b G B B S S S BB 2 OBOKR, B AATARAE T ik G AR 4
IR RIS AR e o 5 B SE IS R Ak R G ik v o' Tl R i AT 445 B A S AE T
PATTAT LA i oA 25 T ' R A9 23 IS 2 R SR G 28 I A A R D' AR AR o FH T
SRR B S B SR T 32 A LN B 2608, BT DA SE SRR 2 B S5 A A
AR ) U R A RN I B A4 ) ik o 5 P o

FPC FPC

Tunable
Laser

1535 nm
tp=500 ps

S OSA

Sig. Ref.

1
OPO  f=====s / J\
1
1640 nm : R so/s6 l

A%=9.1 nm %5,; ==
tp=430fs HNLF (1km)

Asymmetric Asymmetric

Michelson Raman Amplifier Mach-Zehnder

i

B9 AR R ORI AR IR E . 4 A TAK[39],

11



BT JR T AR T 22 kb e SR I P 45 42

1.2.5 BT FRAPEHHFTNRIRERIE

AT FE], Dk ' R R R mT DL T SRR 0 — B G BRI ), D6 7 #h ik
RO B 4% o i i (0 ORIR I 1), (R SO AR 2 Ak A6 R AR T i —Bir
TGRSR, FRZ A B NSOGB R R LA SE, 33
ARG GG, AT P AR BR A AL, SO A 5 (0 € BRI B T RS A TR A TE T
WFEBIEALR TS BE B AR P 1 R 2 AR - NG AN 5t
HRFSE BE BT MR MRS, B T APRIS IRV 1571 o B 8 B8 A R A AL
PG 7 A 10 45 ) C IO 2 1 kb O R IR EE , [RIRE LA AT 5 A5 i B 1Y
Rtk AN, BT TR SR, EH AR NS A .

6T R AR AR BRI B R IR 0 2 4k R IR LK, SR DG TR
B DL SAE RO T RS I R, X BRSO MO T WAL InRAE
O T R REE R SNSRI, AR RO T R T . U, AR B T SRR R
BRI AR, XA, AR X, BT oA, Il E g,
MR Kramers-Kronig (o< R ATAL,  IGE TS N BRI IR (UL SCIFieoleft
B, XARICT I ARBCT AR AN . ST iR R AR 7Ot
P, L TR R BRI, DRAIE N SRR E T R . & 1.10 45
T ARG 23 T AT Ja e e R I LA S R A B O 7 it A I8 2 (R0 it AT
R FREITA AR R P

S st u = 2 A Band edge
s S 15+
& ‘g 10
S - ) |
g Py o Y g| £
§- = %\0\ g =4 2
™ & )
g 5 S £ B e e e
S 0.276 0.278 0.280 0.282
Normalized frequency
Slow light 80 i :
0 mo D Dl Beo] & patmEl
0 1 38 8 7 =00 & 3
Wavenumber Group index 5402 s
S 20 —

0.276 0.278 0.280 0.282

ide
g 3 ‘ _ Normalized frequency
. ]
2 ; e | £05
i ik 6k =

e TR ' 0;76 0.278 0.280 0.282 ‘
1.0 10 30 50 : - . . 2

Group index Normalized frequency

B 1.10 5. BT R4 M. a. bfec AL TRBFOH R, BITHEHN; dive
AKT R F OB ITA A 8 LAK[31],

12



B it

BT R E AR+ — LI E 2] 7 R R . 2002 4, H
A K. Inoue 5 \BAZE i 7 SR B szEl TOBREEEE A 0.17¢ ) 0.03c K
BT . 2005 4E, @K Y. A Viasov 25 A BVR 6 T Ak S R oy
e, SZBL T ORHRERE P . A RER]. 2008 42, HAK T. BabalPUxd TG T iRk
BB CEARM 12538, 8t ETOUT AR SR HEOR, BRI LN &
IR AR, HATHRBIAE — 2 T, (HEAH THIER SR, LR

5 B A A LLIA B 100—1000. [F]E, H T 6 BUE BRE R A 6 1) R Ya w4, fd
1SR TOL T AR IR R A T RE 1) N A .

T T SR B 45K B RO R B3 3 A5G (0 8 i, AT 4 s 4
*,%%T%?ﬁ%m%%%@ﬁ%%ﬁk&Mﬁﬁﬁmﬁ%ﬁwoEIWBM$,
VR e AR R R, B B RAEAL B, AT SEEIE 6
TBOGRIPRICIFEAR . AEE T T AR BBk i R B S s Bagh, AP MR
B — N

v, —Dxd—a) (1.3)

do

1D TR IERE, o AL IX — A 5T DL HI R A (1D
HEFEE,

1.3 BHREBRIT RN H

i

1.3 1 @R AR

HAGH Y 3x10° mis , X EMAE G AT DAE — B i WA GRH kAR IE 7.5 [El, B
TE—2NFP IS AT 30em. Wb R T8 P A ) T 5 R AU TR HEAT A R B AR i, (R
F& R ok T LI I P HDGAE S I R, 18 a2 e AR — XA B0k
HAT, 18 BORTER SEOC R R A BAE . 06T (e difh. AobaEiR
28) . mRBUET WAL BOLTEIERE 75 2 A5 SR 1 B RS2 2] T AT
o

Bk R AEE e S AR, AER I S R s, FH S RE R A
SRS, TR T R B I AR M RN G0, R IE R B .
X —BAR N BIAE L i 2 B AR, 7T LUK ARk b 2 (1 3R 2 v 10000 1355,
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HeTJE T AT 12 KO AR S R4

186X — B RAE L FRAT AT LA SE /N BRAY BOH0'E 52 4t SEI AR DD 37K P 1Y
AEZAERON . B 2010 4F P. Colman %5 N\ M 7E S T itk (5 B8 s BAR 5
ARLRAERON, BT AT DAL JEOK L A B K T AT

I HAAE AT IR 5 T 2 EE AT YT IR« — T T 1 5 e T R IR
S J7 ARG SRC T R IIAL B R 7). ] 1.11 B OCHEIRTE &I OC R B s DG b 3
e I EER Y, — A NN HEAC TP 6, AR\ st i Bl vl LAZh & 5 3 B4 —
Al AR, GUR SRR RN 2L, st M OEEZE, BT TIPSR
AL EERE /7, BT RAESE— i) () R Ge b B — AN L. R T IR — o), R4
FESE— % BN Mg es o, At AT BLE ) A HE e BIIA T R K S IR I Tl 180 HoR
FEAIEIT R Jep gz ph e B a6 IR 26 P B AT R BT -

(a) Switch
Input Qutput
ports ) ports
Nx N
-
(b) .
Slow-light
- » / medium

MU ¥ J\WiWjW)}

—_—

MU S

B1.11 BABRKELAFXFHER. (a) NxN&LFL, (b) EX—RFmARANT,
HRAFE B ES, RETFXLERS . WA K511,

1.12 R HARSR =TI R BUE 1 LB U5 Ak AR W
AL ZE, T R, BUE W R 22 R miEe =L (BIBRE B, W
BERARMHSE), HALZENAp=nowL/c, HALZFENGIZ AR AT LI R

14



o iR

Ln
dA¢:_ﬂ_mm—:£(n+w£EJ:h_g (1.4)
do do c C dw C

Horbng AT R, BRI OO R SR RS SR AR K REEUE, AT L
A RIS R BUE SR R . BB, 186 B AT SO, T
W R o, R YR AR, AT PR AR AL AR A I ARSI 1
BB B Z. M. Shi 2 N7 815, A A LR e (i R BUSE 4R 2 T 100 £5

18 e AL TT AR FE R MR OB TR A R G, FSRARIE A e oA [R5 1
B UURIERFE B R, B8 HAR AT 1R sl A ik 5 ., DA
TN R TR, AR TE SRS, & T PR BRI ARk, 2P
AN ke B RE DT IC I, 2 AT LA SR A R ELAE B T80, BT 7 A 5 1 B0

beam splitter slow light medium

4

— L —

tunable detector

laser | |>1
|

beam splitter

B1.12 BABRREFISL PR A, #8a L [53].

1. 3. 2 R AN A

LR, BEPOCHRIIARE, NMTESRE TR POCER R A 51 F3E R A
SRR IR RS 1 — 2y P25, X R, R A O A TR T
WA R, R, X BT R B S8/ g T A R A,
FEARTR R T IAOR B ) R o USRI AR 51 2000 mh S P Ji 28 el o
TR (B8 1.13): AWM RS TWACRE T, WAEMER. KEERAM
SR B M ) B R PO, WO P NKE PRI RS, BT A
ANREZE, K ETYWHREL 5l eGSO ZE MO/, i 5HET
FOUNIR B T B 51 BRI R USRI i e SO ARG I R U
FINPIEA 5, AR IR R 5 K 2 TR AR 3RO -

15



HeTJE T AT 12 KO AR S R4

do o n(w)

d  Ln (o)

(1.5)

AUER, BHTHOCABIMA (n, <L), BKEARUNER, xR #H KK
SRR RIARAL, BRI 1 & R G 5] J13 5 HE R BEARAL B R B

A

Arm storage mirrors
(for resonant sideband
extraction design)

R
)

Fast-light  Eafu foed

material’ H : Signal
recycling/extraction

........

-'_'__ . 5 mirror
\‘F ” /
Detector W

B 113 BARKE AN b8 R, 8 Lak[52].

PRYGAN 5 AT LI 58 AR AR A 1 RBBRE X — e P T DAL I ZE 32 R ' B
EACPERE o BURIIICEFFERR R LAY G e — DI A ATAT R EDWL I B B
JEHRAE DI NI BERTAT,  GARIPR A B i in e e, B4tk Eid%
FRLLIA B B B A BE SE i — M3, BG5S — M I (& 3 1R 88 K
THIEFER K. KIBEKEEWRERKPK, SN EERIRMR, tias)
NIRRT N TR R IR . ez, SRR e, e RO B
HIAT BRI O R AR IR Al 2 K5 L AL IR AR o 368 3o 00 J 1 SRR = sl T
PAFS 21 5 B e e (R T A A, R RIIE R GRS, T BURIR S 1] R S
X 22 G 28 25 A A I B RS R B R T AT TR i SRR IR AAL I I B AG FE, IEN EA
PO R IG, X T R, IR A K2 RIS O, X2 R
T TRAECFERRAC TR I R BB, BRI A B o 1 SRRSO e % 1) R U

1.4 KXHEERR

BT IR AT ke AR B B 3R R AR 2T aefs BAC B e R T
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o iR

WA S AT 5 AN, A SO R B S s & B . Al S o Y
BORIEE T AT RN, SEIRATTE T 2 Bkt G R R B R R It . R ENBE N
DL =377

1. BRI T I R R ARG RS PO P AR . A R T ) T
TREMERIT, ERAETEAAG ML, SCIL 7O SR E KR S A S ke B
L R PROGAE . K AR AL ZR R RSORT (i ie, BB S, 1 sk ia s R .

2. HF=FSRIGHTTT 1R T PUBR A BT O6 R B3 S 18R . e AE SR
VYR TR AL 2 V4 DU TR AT L T SEERBIF AT 1 A SRR A A A2 (R SR A ik o' i 3
TR AME AL R R . SRS SR FH A [R] AR B8 FEE R BK s 2B 1k e R R A
IR FRIRE o

3. B IYE LI Tﬁ?lﬂ]/ﬂi@ﬁm@ﬁﬂﬂwqﬁémi‘%fy.)lﬁﬁz:iﬁ? FE DY DY
TRATEAE L Ve 12 R AP AE I SE6 7 2, 8 NS — RERET ko, SEEG Th A 52 5
VUSRS 1R R T B e Rl P PR R o I b B — R (1) 22 ke o' TR A R
PN 22 03 115 B AR B B N HAME .
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S fIF RESR GBS A PO K [ 7 A

BT BHZRBRGETEFNRFRIEHER =%
2.1 5|5

R IR G AR PR AR P SR P BRI BORAEARER Ve DB BAEfl . 20tIFk.
e R AT MO 7 18 S5 U A ARG RO R AT 5%, 2 B 76 S ) — 7T
F S i TR B RE T DA LL BLA N o, <, BRZ Ao B 18k AE
s kO R KA B n] LB A e R R E O R o, > ¢, 0, <0, FRZ NN
JIEEE PO BRI O AEE A% T LUASE S A B GRS PR ],
I I R R I CL IO S R LB i K o R B SRR IO s 0 R
L K I S e BT S AT AN A o A S B SRR O AR R . G, 78
JEF R ORI D67 S AR I8 £ 2 S8 17 Bk b o SRR B ) B
2, MRT R T H AR AR, ARl LA 5, OV U B ik
I TR R

BEAh, BEE R TE B EORIARIR R, AMITZHR B 288 & 15 B A
TR, DR I 4 A% 2 Pk e e R B R R YOS ST R, AT B DU
RIEAR, W A BERARGT, EEAN—SgERENE, s R R A &
TRARAE, SEILT X NSRER IO [FIR, PRAR— R Ryt X —d R,
5 (RT3 OG0 KB P AN R BRI RE, 28 GRS i AN JR ARG 320 3ol 77 2 — 4R
EOL T AL 7, B R RS IEMSIE T RIS T, R
SEIG AN, IR BRI B O T RE . RGURESE, W] DLSEILIRET A LR K
P 0 B P A 2O Bl [ I RO A T 28R, el AR B DU IR AT 2
P S EEARLRNES R, R EANPIRKT A, A5 PR 6 R 4 A R ) iR
T 2 0 AR [ 3 o A /TS 92980,

RV R PR K O AR AR T R R A T R SR B Bk O SR L. 1998
%, M. Blaauboer % NPUMERIE E4R T R F G SR CLIBEEE 7 VAT TN A S
ik B AR AR I . AEABATTROEAR Y, R R K = B AR 2R R A6 22 A0 ot BR e A2 R
KRR, MALICPEELR A B IR UL R ™ A 2052 A Jot b 7 R S [ ) [ A
JCHRIRIN » NS5 — PR3 IERET G, i AL RE B ST R AT Bl T 18 0 28 DU SR LR 6 A
B, WU AR BRI S b X [ I 45472 S Bk b RS S Jhket ' AR AR AR 1K
BRI, L G, Wang AP Pl st T 2R LA RGOV &, Sl
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HeTJE T AT 12 KO AR S R4

SR U ) VR R B LT A U A, T DR 3 R e R R S R e P AR
TERF T 2610 T 1T DA 453 38 569 ok b R S S Bk ool (R B AT I e sl Ay . i, Al AiTid
fEHAT MR RE R T 5@ Kramers-Kronig (8¢ 2 Bif AN [F] ) 7 7 €
BN, I 23 T RGE R 22 5T R0 8B F) ) B S 3 S B ORONEAR T AR
104 A, Sé&chez-Merofo2i AOIE T R4t WS T REFPOEILS: . S, Longhi 4%
NI TN R 2 e 5 B ) PR B T 5 R SR B 2 3 T RSO B SR

FAVNAAEE B VS, DR FIRE N RN R, /£ A B EIT HESETF,
SR B H0 SR I SRR AT L AR T SR, SR8 T R e 00T R s A1
K e O TAEMERE |, 4R 7R F R ARG, KM A, LR
5 5 i R S S Ik e R T B R . SIS R, SRR A 3 AT A A B 4y
SR F B 58 A YRR, 7 Sk ot AR T RS ' A g A A B ol i R R
FAO®, R B B ke — B AT e B O RS . IR BT SR A
AT I FEPIHBAET, X IEF AT T, &M RS 508 B Z 1) G 5 R
AR, RIMIEF EBIOR ARy SR B, T 5 B02 S Bk Y6 dk it A8 6478 Sy ok
SRS, FRS TG — I RE, (EIRIN RGA A IL PRI I, 1 25 AN
MR AT 4 3 RV FH 5 S8UR ST (4 18 28 0 o A7 A — /N SRR IR, o 823G SRR i, BT
DS S ik e — B AL T PO AR RSO SRR BRAE R T RS, fE5e &Lk
PP, SIS FSRI T 3 G AN R SR Ik e TR B 0 AR A e Rk

2.2 SR EMER

SLgerh, IATRAHH)E T DIZHER4REd: 6°S,, F =4 JH&, 6°F), F'=3
NBRA, WEMBEIF AR5, WK 21 (@) Fox. Hdr, wrmmEm#Es
HeimIRAHE, S MERA o M op; FEHDCHRIRS S0 E) PR 2 B H A0
BRIRN 0, EEXDCHREET, BETTHIEIHR FWM (55 R ESO6R
Wik: o =0 +wy—w,. K21 (b) SKIRES, HFE—GHREABOLERERE
o, G U MR 73 e BE A o O O ERED A AL (iR &0 . o R AR
OGRS (EOMD | Bmiikeh, Bkobt=Eme5e) 8us o K milikos o
— /NSRS ke e AR 2 BRI, HARE S HRIR R B R A EA
UHE R 1R, B A 1 BRI 20 AR A R OR R A R
PRI Ve BRLH G 73 BRI FS ARG O, REF IR AIRE SO 8 a3t 2. TR AR
SO KOG HDE R ZARE 3 I, = RERIE T — ST R AR R
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S fIF RESR GBS A PO K [ 7 A

OGRS AR B J5 VR 2 (IR [ 78 7 55°C » S8 I R Ol SO A8 M Bt s 7E 4 5
THEMKIE F=4>F =3 L, BIAMECIREEL 4mW, JEHRMBELIIR
A DLIESE T .

(@)
M N
4
HWP HWP _ HWP HWP ED2
Laser Il I EOM} I - -=-—I
L | 1
l FBS PBS PBS | : P[;
1 1
HWP i 1
d/ : Cs cell T
HWP PD3 I P M
PBSL > = .’ ‘ A
7
B PBS PBS
HWP

Z/
A\ 4
£

(b)
B 2.1 (a) B F%E. (b) FEE, HWP: F R/, EOM: £ RAH %, PBS: 1adkos A4,

M: &4t4t, PD1, 2, 3: EE—#H¥E1,2,3.

B 2.2 I B3 m AR B 6 D2 BT A5 21 B PR ET Dk AN B ik et 6 O B SE 1 OL o
P P LT R R AN S kot g, B (a) FRIE SRR O R IE R I TR
EEBECRE ikt gs (e —HE 1 R0D AURGAKrF s (HDEHR ZRE 2 8
WD i . RIS CTIER AT, RGN EIT 451, LrbEGHE
KO T EIT R8-S SUR IR il SIE0CHE RN LH, tm ikt S
By 0.45ps, HIAI oy =L/At A LTS H AR A #EE B K/ 0.00055¢
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ST HE T 22 k' AR s

Bl 168Km/s, Hrt L 2R FIERIKEE: BEE SRS G MM, B aRE ik
FEI AR B [BE TR, 7EJG AR G C D)2 NS 3.6mW B, ZEIR B[] 48 4 f i,
VORI S ks 2B BP0, 125 AR AR R E] 4amw B 5 #i
AT RMEN, BRse &, RSN EIA, FrLli@ iHRe kot £
R KOs AL fr, SEIRE AN —0.54us , Sk G EEE A —0.00046¢  E
-138Km/s; HE— LIS AR AT, I SFRE ' i A SR I A) 23 PR IE
B, RPROCHEL. 5 IR omW ZEAE (L E] smW it fEd, g
ik o' RT3 VR AT 5 ik ' ) A SR B TR) — B (E, I R IR Bk o — BT
SR . B 2.2 (b) F AR IERI [R5 ARSI ImW N EUS
KIEZN —0.87us, XMk eI #EEE Yy —0.00029¢ HP -87km/s. B 2.21145 %
AT AR T RG M B BUR R B 45 MRS &6 DI OmW 3 38 fn 2
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B 2.4 538 S AR KON S S Kb G R 52 1 (R I A2 1 L . B R 2Lt [
AR TR I S R BT DK G I SE IR I 8], 68 = 3R SR Dk G RGBSR I ], 21 ¢
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RIZ BB DL IRET KA Y6 AR IR E JE A% i T Sk b ol A2 o' A, A9 AT
SRR BN R -POC I 2R RS ST RIS TR AR SOt TR
PRI, R KRS S5 ik b 6 #8 S I00 H 0 o6 T A% i PO A 2 R4 RIS S ik ot
RIR-POCRT I, X thm] LB AR N IR T SRR & 5 V5 3 1006 TR
B2 H RO 100,

Probe theory
v Signal
Signal theory

Delay time (us)

P,(mW)

B2. 4 F AR B o BATRRY AL R B ] 8 B i R 42, RIS HE2. 24 R,

2.3 g HR

AT FRATTIN R G I L BUR P R T I BR AR S B0 25 SR, LS, ] DAMARAL R 1

R, TR BUE TR A AR R SR R B R R SR A R . T T SE AR G ) e
= KRG RFERERIE A

WE2.1 (@) B, fiFF RS ARGA LIS A B = REg DO, g 51 R

S5 (NG SR H 2o~ 08 e S50 E H AU LA P e 5 H, 2 A, 0 Rt

H=H,+H, (2.1

Ho = o, |) (@l + hay | Y b] + e, o) c] 22)
H, =—=h(Q +Qze ™ )e ™ |b)(a|-nQ e [b)(c[+he.  (2.3)

Hrlt Qe =(upEe 1(20) « Qg =(14,E5 / (20)) F1Q =( 14,y 1 (20)) 73 AR 1]
WA JERR S CAIRE R IR, gy M g REARRERT AT, 6=2A,
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e T2 H I S B RTR PRSI IRE, Ay TR 788l 38U 2 5 E
%o ARSI A SRR EOLIIREOL, P LRI & AR 5 0 1 8105 22 (Y
H1 2 WA A BT JA R & O HOE s — oz K TREHOENDEsR,  MiREHL R
NFRTRGMEAEE, XL, ARG RIS 358 Al DS 2%
FETC po A1 p,, IS BN RE

% = (i + Ve ) Poc +1 (Q’,‘: +0Qre” )einthc (25

Vo VKA |b) BIEERS [o) FLRATZ, », RHEDNES |a) F |c) IR
T3, T BRI, 4 ., = po EXpli(ew, — A 5, = p, Expli(@, — Ad — @ )t]
BHA N (2.4) A1 (25) AJLAEE|

% = (1A, +1Ay = Vo) B +1( Qe + Q8™ ) B +iQ2, (2.6)
% = (1A, = 4o ) P +1(Q1 + Q™) B, (2.7)

Hlr Ay =@, -y .
IR PRE R TTIE Bl 5 FE R IE A T LA R O B2 A 5
P = X Pl 28
P = 2 A 29
¥ (2.8) F (2.9 WA (2.6) 1 (2.7) , FRIERESLEM, RATLIEHE
FETE B, IR OC R K
RAY = QL QR A+ 008, A -8, (2.10)

/\l:i:]
P, =—A, —Ay +N5+iy — S, Qe ~ R, [

R — 1
"20g—A, NS +iy,
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3 1
—A,+No+1y,

n

ENZ, =p ) gt SRAES R IE TR (2.10).
FkEMN Finn=0, (2.10) Z&H

-Q
_ P . (2.1
Po _QFQB R0X1 _QFQBSOZl

CREWWE

QT:QBRl _ QT:QBul

1= . = > 3 (2.12)
R -QsQS,7Z, 1— |QF| |QB| T,
2 2
ol ledfT,
2 2
ol T,
1-..
o QS Qe QK (2.13)

1

P,—Q.0.R X} _1_ Q:° ||
E
A
1-..
HfU, =R /Ry To=(Sa/P)Upr Ki=SL/Py, Li=(Ra/Po)Kyy e
AR (AR A 2R 45 i B T A (8 B A3 i B0 2 IR AE 4 56 R )

o - Ne| ‘ﬂbc‘z — rwﬁ[o](
EOth \/ZO' o 7BC

P Ap,Ad)xexp[—Ag /(202)] dA, (2.14)

|2

2
o N |/ubc| |:“ba 1 J‘+°°/5£1CJ (Ap,Ad)xeXp[—Ag /(20'2)} dA,

6,1°Q, QL Q275
O R N (2.15)
_ Nt [t

_ Zl J~+OO
66,1°Qe QL Q, 270 7=

,bt[)g](Ap,Ad)xexp[—Ag /(20%)] da,

Ho, NRETEEE, oRZEMWE. B p© mssil i i s
G IREC B OISR, B SR DUBIR AN 5 ' Bt EORIR AR 1 El AR A =%
2® Wi, &) (2.14) F1 (2.15) ATLLAHTE SRR SHE S RSO G ieke e, A
25 HSZE S0 RS SRS IOk G R BEAFAE o ER T SEIG H BT R A AR DI R 24,
N T SIS AR R, AT ZR O IR AR Q 55T P [1I9C &

Q=y, 121, = 1P 2r?) 1 21, (2.16)
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Hop P2y, r Z2Medlm, | RIEAEsR. 76 N mEe i, Wy, 1E
NH—LEAL, JFEX R=Q2/Q% =P,/ P. RIALF RSG5/ LM shH
Z e, Pe APy 4 AT A RS AR GO DI A . AR SEIS S HHT M AR S O T R
AmW, JEIEARZ) 0.5mm, AT RATHEH AT IR SR AmW FIT0T B Rz EE A Dy
Q. =10, SEE AN 5 AR S GThEE, BT DU RS [F] (14 f5 e b A9 5l AN [ (1)
R HU{H.

0.24 -

2.5 EMIRARATL (a) FoEdt (b) b, HEAKSHA =0, 7, =1
O =10, Q, =15.

BATMBEL: Yoo =0, ¥y =L Qe =10, Q, =15, FEAF R HAE N4 H T iEHHREE
SRRSO L ECRE I, I 2.5 Fras. M 25 (@) ATRAE R BEE S AL
FIEn, SEHREOCH R S EVEHTARSS, 2R RS G TR0 25 i e A
EOTIHRMER, Se AN RS TR B S AR SO TR ARSI R, A
A Ve o B R BRI R o 2.5 () X Rl o0 A2 Ja IR &L DA N T RTAAR &
MR BRAIBTB, R —EEIEH OB, B SCRHEO EAL i, (02 7L 578 A R
L, RYUERE GO, SFEICEE. BRI E RS 6D R KT Al 1a A
EHTRAE DRI R=1.254t, RGN RF SRR R 2R, KT
OB RS . (HARAERSLVEE N, W LA B SCR (U ETR N B RIS Se iR 4
K@% 2Z 8.

K 2.6 2 EHE S RSO Gtk FTRE B REHE ST S, ZHGEHT,
SR A — ARG, X AR 3 B IR A ) B HE UM T SR S
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kb EAR A SE AR AL, BEARRIDL A BRI BAT IR B, X 5 SRR LR
AFFE, ARG IR T 3RA 1B 25 R S 3R FE IR RN
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MR RIE A v, = LI At W] AZE H bk B3R 1 (8] 40T Brs
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At=— do, (2.17)
Hrp, LaEmKE, cearTtdE, y2RFEKRLE.
BATE SRR A (2.14) F1 (2.15) X 2 808k A, B S 3 A A (2.17)
o, R DL A5 200 S PR B A s S ik e TR RE AR N [R) 2Rk 2
_ Lo, N|u| dag a,)
T2 ghQ,  daw, (218)

2 2 -
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W7 RAEA T RGeSl 7 AU 8 et . EXRTRF, FEHtEs
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LMD RA M LR BRI WIR, XML 0.23°, HAMLLILEC KM E 17k
LS o3 JE ARSI 5 — M. 468 R VR = K BE 9 75mm.

32



S = T PUBERAABUK O R 1 i 18RI

Conjugate

(b
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Bk, PBS:1RIRHN KA.

3.2.2 SLIGLERFTHE
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RO AR T LB I RE BRI R R E 1, I AFERIRE R SESR 261, R GUIREE
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F TR P RERIE T S TR R s R,
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—i— Probe
6 | —@— Conjugate

Gain

-200 -100 0 100 200 300
One-photon detuning (MHz)

7] Ppump=200mW (b)

—— Probe
| —®— Conjugate

Gain

-

Pl

-200 -100 0 100 200 300
One-photon detuing (MHz)

7] P pump=250mW - ©

-

64 —i— Probe
—@— Conjugate

Gain

200 100 0 100 200 300
One-photon detuning (MHz)

B 3.4 RRKEADET, HAFLIANG M

36



S = T PUBERAABUK O R 1 i 18RI
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F LG BIREE R TI R ANB 0, BRETAILHE A 1 B d o, TR0
IR IR, ST RE— 2D R 2 (AT RN
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Fos I RESIC B R A2 B SRR 2, FL L BT AT A2 IR I 252 T D' SR 50 Y e A 4 i
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FTIFRL) 2.3uW o MR TR E MR EEE T =110°C . L4 ik a i) — /Nt
IIERE NG TR R AR NS ko, i A R VS R A AR Y
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400
—=— Probe
350 1 —e— Conjugate
300
250
200 -

150 4

Delay time (ns)

100

50 4

0

T T T T T T T T T T T
12 10 -8 6 -4 -2 0 2 4 6 8 10
Two-photon detuning (MHz)

B 3.8 %% KF %K 104MHz B AR IR BT A fo L F & 589 £ £
3.3 IEKIEW A FWM R PI8EF 18I SLIS A5
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2 VR R 2, T2 IR B AR P 2 S SSCRR kb F B DL
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HiJfl 7 D1 S RIRAEZ6°S,, M 6°P, Z MM BT, HpoEKh
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H D1 ZFRATT AL tHan &l 3.9 FroniylURha A fed. Sibr b, BT R DUFhBELRL
GERZ AN, IAFAELL 67R,,, F =3 NBEUR AL RE I &, e VUFAH R (1 Re g 4544,
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RN IEAT TAF RIS . MOBBETAR . B 2 K/NRI SIS 7 (56 & AN TT 45 &
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3. 3. 3 ELEL AR T

XHTEI3.9 (a) fis FWM i EE, SREHSEAIIEHE IO B 2 m LA # i 3. 9
(b)), FHABREDCHPRPRVEE RE . WRIRE O FE AR E 2% K, Bl
FeReHtHE 3.9 (a) FroasfgRaE iR At — B3 S LPOCRBRIER AL . XA K
O R R IR AT B SO RE A 3. 11 P, v Al AR i T 3
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P AN IEAR A R T 2R SR INAL B A A BLRGEF EHT PV 2508 5 BURIHRET 63
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Lefn ). XPLLELERIILHIEHE, Hofiim I ot LBV, A2 DDy I 35 28 i R Ak T
HASAERE F=4—>F =4 MZEHRIGEEN. aTDER]: 3G esot Ik
FFAE. B 3.11 K/ NEIF, REDEIE R0 5820 1I0MHz 2247 . RIEE 3. 11 [4h
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] 3.12 S ERET A FLHE (11 25 B S - I AR A 15 10 - B T Y T %6 200mW
WEP TR 1220w, Hi R FR=EIRE 5 H109110°C, 120°C f1130°C . A LLF BI7E =
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REMAN (LEREFRERE [ FEREIE S R BRE Bk R0 B8 ik > 1) 4% i e
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I 320 25 1 X L PRI ARSI R D BB s 5, i HLa ety =%, A PR ET
kb e (38 KT LB K e 2, 5 2RI MBS TR A1 IO e S
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(IREIR I 1AL A B Bk, 20 09 2.0 A11.9us , X6 7 R R I3EFE 73 I 409 0.000119¢ A1l
0.000132c B 35.7Km/s I 39.6Km/s, AHRIFIREIR L4724 0.35 F1 0.32, FEIR HE &
SRR IEIR I B8] Az FOVENERET Bk b G 4 SE R LB, RIS REEH)
JEIRBE B FBAR bR . HbAh, kit a8 (KN 58 SORIE SHRET Bk OG I D) # 5
HENRE e I T E 2 . B8 AOM BRBHLE K/, XL T 2K 1 H
-6MHz A F] 2.4MHz, BREFIK AT ILSE KOG I 55 E RN, EXOLTRIEA
OMHz RILHR b8 25 1A B e KAH, SR)E, dREROCB NG T 00, PRk 6 o (138 26
kIS o 3t AR H Jk i ik e P 5 K38 & 49 3l 26 AT 23 TR EEULBA IR, TR 1 5
RIEIRFERODG TR 2.4MHz &b G RIE 26 3.3 F1 2.4, 1Ak K 26 AP X0
THARA . AT R R T 2.4MHz 350 A T4 25 W6 A0 2 R A 1V 22 1)
CUn P 3.0 45800 Fm ), BRINE, WRSCRIE 25 2 18] (1) 35 4 AR S B2, S8t iih 28
HIA S ARG, 7 2.4MHz 4k 2> BB T AR AL 5 K [y A48 1123 1200,
FEFF I B H 4% SO A, — 7 T 7R B R B /N K G I B, [ I 3 75 2
PAFERMIEIR L, IXFEA AT Sk 4 B 28 e IR « 72 3CiHR[123]H, R. W. Royd
HENTHR T IBCHIR AT RE AT I e R AEIR LG (], 45 tH i R e iR LE A =X
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hz%(l_ﬁj (3.1)

T 2yT, 72

Forr, T AN T 73501 2 ik B9 S AR IS (R FDNSREIBK b 58 52 5 f S ads B o 11 RIR
oy W 5, 0 RIS IIRPUR A RIE, y REWE DR, LBt
JRI L EERAGA R bk o A8 75 EERK RS 58 /N T 988, X — TR
FAFe (31D FTRUEMERE B X T 5 198 BEMTREE, ik o8 BE s/,
IR PR 120 U B a2 SRR, 3EIR Pt AR ATTIEAE ok o 9 S5
IR TE AN 2 IATIR T, 45t 1 W] RESRAG M RO RREIR bE KA

[Eq 3ot (3.2)
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YR ORIE B EEE W Y BE E 5. PFrBL, JRATT o fE S v 3B s/ ik
ETERE, RIVERFESCI S AN, FraRAS Bkt B35 LU B R B 3R . B
Ja, AR LI eI 365ns =il ik ot (E W NSHERET kb6, 20 #r
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3.4 INGE

X —, AT HEILIRFZ RIER A FWM RS, 04T 7 ASHRE
W A LG R B AR AR A A R . AR FWM R, RATE %
FEAGE IO TRIXOE TR, IR13 I ERET 1L S bk e 0 e K3 25 0 R 3.2 F
3.6; FRAS HOHRET AN L0 kv 6 1 e R AEIR 2y 3104 0.98 A1 0.58. #H EL T3¢k [24] 7
WRT RGP AR, FRATHGER LRI S5 4088/, (ERRAITMHR T R4 H
FHABKMFES RGN 2L, IR ALYk e R 2 0k, i B ILIRAE
IR TE N, EEKIE RS, W RAAFEKM R, — s 7 REr A
SEHE S R IR R 2R R, 59— D7 T ARG 1 ik B X A AR FE e . SRS
HH I I SR RO T R SR I TR R AN SR P e R TR R R, FER RO
THRIET, LIRS FIRE A SLAE T i I8 25 40 24 A0 22, SRAZERETFA 3
BRI B R ZEIR EL ) 2.07 A1 1.83. AHELF STk [23] FEHNR T RGPS
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BIE £ T IR A RIS o ST 5T

4.1 5|§

18 SRR T i S. L. McCall 1 E. L. Hahn 2% 121 (i By 1 455 5% B &%
REFE 1967 4ESEHLM, IXJE T AR 00ims . MATZESEEG A ki it i
HILTE AT AR RE, WIEER) T BEE R 1ER . B85 7E 1968 4, D.J. Bradley 2 A1k
TR IR E TR AF BRI MRS T I % . BEJE T TR
ERERLIRNM AR EA KEREZEREZE. B3 - L +5/A¥], S E
Harris 2 AUSUR T s REE GBS (K BIE, X — 2R MENL] S 318 etk 52 31
MR SGE . 78 1999 4F, FET EIT RS EARRS 174 N8 H IR . B
B REA0 L. V. Hau 25 NIOUEA R T R G0 R EIT BRSCEL T JEIRELZ) 5, A
ISR P 240 17m/s 1118 M. M. Kash % \TIZE S Ji 7 R Ge b, h NP A,
[FAERIH EIT BoR1S 2] 17 HE# L) 90m/s 1I185%; D. Budker 5N, fE= M 1 &
gich R EIT SRR T RER 2 8mis 101807, BEJS, 2T EIT 8RR NG
T AT B AR S5 St A 4k s ), BT, B FRE T, A EIT BoRTTLGA
B PR) f K A AEA I 1] 20 16 80, 3 Fe 36 [ i v 7 B4 T 25 e RO IF 72 /N 1 e ol SR8,
ME RPN =15 BN, (EEn) A 2/ D ER R a8 B, X — HARME 2013 4
RAFSEHL, X OBl BRRE A A U SRR O I T AT R, A T R
THBaRmE, EEARET, FH EIT BEARRE N EKAFAG A 2] 7 —0%8h.

RGBT RGBT =B EE M, — i I R Sealnt — Akl (5 i
P, BUE S FEE LS R TR, AR TS AARAS, B
SEHURT B LU I PR AE, B0 U SIS P 1 R A S ) [ I 45 48 il 75 2 (] I 8 22 />
PIASYEEIESY . BRT, SEELPIANGIEIE 1 R R R AR B EIT BoRU> e
DU IR AR P2 Fr R A DU IR AR, 78 BN JET 2 45 Fp R 48 4 R
ikt (el P 2320, DI RSB Sk e (R A A A N L A S TR = AR OIR
PRRIR A LIS, 244K, G SR AR RS 7 B — R G0 [ 445 O 2 kb o SR B T
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MR AL /N SR 3R 6T 1T LA Sl P AR — NERE R PRI 7, xR, ASTIRE T
SRIFIOR BRI, 3B =4 7 —ASE L3 7. M4 Kramers—Kronig Ak &, 1E
IXFRAEZR VS n wl b, 38 25 06 (1 67 B0 R R B IR B, AT S5Ok o Y 7 T R
R/, BSR4 X il 2 R B ik e AR AE 22 3838 (1045 S A0 3R ek 32 22
f ST 5 o P D. Lett 25 AP0 A BB A K 205 5 /N PRI EAT /N 2R 2010053 1 A s
T AT RGP EE TR A DY VR AR 58 AU ' o PR Ak i 4 4% A
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4.2 SRR FER R

VUSRS i REAE PR T AU % R AN, £ DU BRI Z &K
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