Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

= REBRH R T SE =48 EHTRITE R AT

ARABAR IR

Analytical solution of three—dimensional Fourier transform frequency spectrum for three—level potassium atomic
gas

Zhao Chao-Ying  Tan Wei-Han

5] Fi{% B Citation: Acta Physica Sinica, 69, 020201 (2020) DOI: 10.7498/aps.69.20190964
TEZL 1 View online: https://doi.org/10.7498/aps.69.20190964
MHANZE View table of contents: http://wulixb.iphy.ac.cn

LT RGN HA SO

Articles you may be interested in

RGP Z G P 2 G 5 Y BT 4RE
Quantum manipulation of entanglement enhancement in cascaded four—wave—mixing process

WIFEAEAR. 2019, 68(9): 094205  https://doi.org/10.7498/aps.68.20181837

PN IR E R 2 = A8 JS PRI P TR P ) 1z
Wavelet transform in the application of three—dimensional terahertz imaging for internal defect detection

WIFEAEA. 2017, 66(8): 088701  https://doi.org/10.7498/aps.66.088701

AR 98 ) = REZE T oS BRARR MR 7 S AR (07 454
Low—noise optical field phase—shifting manipulated using a coherently—prepared three-level atomic medium

YIFISEH. 2017, 66(2): 024205  hitps://doi.org/10.7498/aps.66.024205

AT AR VEL = REUR T A R RS
Spontaneous emission from a V—type three—level atom in a dynamic photonic crystal

YIBR2EA. 2017, 66(1): 014202  hitps://doi.org/10.7498/aps.66.014202

AT = RS T 5 P IRAS A AL
Quantum phase gate on a single superconducting A —type three—level and two superconducting resonators

Preezd. 2018, 67(17): 170302 https:/doi.org/10.7498/aps.67.20180830

PG R 5 -2 = REPUR TR R & R e P O T B0 T
Single photon transport properties in the system of coupled cavity array nonlocally coupled to a —type three—level atom

YrH2Ed. 2017, 66(15): 154203  https://doi.org/10.7498/aps.66.154203


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.69.20190964
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20181837
https://doi.org/10.7498/aps.66.088701
https://doi.org/10.7498/aps.66.024205
https://doi.org/10.7498/aps.66.014202
https://doi.org/10.7498/aps.67.20180830
https://doi.org/10.7498/aps.66.154203

) 32 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 020201

Z Re iR F R = 4E 1 B AT NI R AT R

ke Rl

VTR

1) (WU FRR RS2 B, i 310018)
2) (INPE RGBT RN, B SR F i E R E S50 E, K5 030006)
3) (LERF=YH AR, LiF  200444)

(2019 4£ 6 F 20 HUkE]; 2019 4 10 A 21 HUE & k)

AR V) 5 B A L 07 8% S BT R 22 o K20 HH = RE B 1 UMk = (o L A il /e T = 0
ST 64 A T TR B 2 2R T, A B2 R SERGE £ S OC FR BORT LAE TR G A AR T Y O ) b ARl = 4
e LI A S A 1) D) R R A . 4 SR AR T, AR ST R SE R R, T [T 3 X A0 4T S, X A A G R

WO, IR 2 A B, IR R A1 2 7 )

LR HE M ASRE PR, R UR
PACS: 02.30.Nw, 42.65.-k, 32.30.—r

1 5 =

FETF = ok o 7 2 DU D TR R AR 1) (1 2 A ol L
I AR Y 1 2 P T A SR AR RO 1 2 ) — A T
J'&. ZYENREE A R W N 20 T 20 A AR
R N, e LA & A T 2, 2010 4F,
Siemens 5§ B i 52 V) i BE BT R i T
Al L AR O AT B AR S X s
SO ALY SR, FLAE S n] P S s B
ARG SRR S SR TE i I . 4
T BA YRR B E B TR R A MBS
I E T H, filan, Kb pEssh Ji2e W 2k SRR
TBE -8 (RSN J12E 4. 2013 4F, Li %5 1) kA
SEE S T R AR = A A i
AT RE T I 7 R AR AR T B | S AR
FMEMIE. 2015 4, Bell 45 10 i FH 52 V) A HL
T UFENTR M T A B AR . AR T

DOI: 10.7498/aps.69.20190964

AR S R A A T LS. D A
SRS TR AR I BE T, BT LU 4B
WFoEm 4 8 R TR 2. 2017 4, Titze F1 LillV 345
TR K R B AE R AL DC 1) i = B R
LAk N, FLAE R 5 SCER (9] 78 T = 0 8T Y
FHAE R BN, AR R 12
i1 FH Z2 A8 B OGS I 5 48 8 4 R
G sh ) BT TR RIS, B R 2R
R A (916 SR PR Wk o, A2 L3k % e
TOGHHZE AR SR | 1] 43 B A B MO 2
Jid. VAR, BEPE M4 i 2R e pE g 2] (1720
FEIR T A1 B0 45 e R AR S L AT O
TR TAE. 83030k [12] H45 7 # R+
SR = A B AR B i R A, SO 25 e
AR AR, PR, A SCEh T B SR = 2
WARREAE T = 0 BRI, FLA5H 530k [9,11]
BB — 3K

*EERHRBIER ST FERERES (S 11504074) MZF IR T E AR E JHfES: KF201801) % BAYIEL.

t BIE1EH. E-mail: zchy49@hdu.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

020201-1


http://doi.org/10.7498/aps.69.20190964
mailto:zchy49@hdu.edu.cn
mailto:zchy49@hdu.edu.cn
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 B ¥ R Acta Phys. Sin.

Vol. 69, No. 2 (2020)

020201

2 Z AR R

U A = 2R TGS Y S 56 2122 S AR
X5 AR I ALY AR LR B 1, (EEA T 3RS
FOERE M T BGEAR PR =4k i) F 2R
RN T =gty b A Sk BB
RG] PR A S8 SR T 2R S I — R B A 4
T 1214 e 1 R,

C(kc)
TFWM
MNH/\/\NI‘\IZIC
|<— T -I- t

1 2 3

T PO TR AR

Fig. 1. Four wave mixing schematic.
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Fig. 2. (a) 2D time; (b) frequency coordinates for photon echo signals; (¢) 2D time projection onto the diagonal corresponding to a

slice along @y/; (d) 2D time projection onto the cross diagonal corresponding to a slice along @,/ .
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Table 1. The relation between in-homogeneous line-width and the diagonal correlation coefficient.

Yy z

dwig = dwao, R=1 0
dwio = dwazo, R# 1

dwig = mdwap, R=1

45w%0 0
2(1 4 R)w,

1\%. ,
1+ —) &
(+m) Wio

_ 2 - 2Rm+1 24+2Rm+1 1
Swio = mdwszo, R # 1 (m QO )5w10 (m QO )5wfo (1 _ W) 52,
Scs,p3 (Wi, wr) R TT 45, 4 Swr0 B Swno, B, FAMHS C, D
8In2 [Io—i(wi+wo)]? FA Nk —%
oy et PR3
T om+ 1 8w 210 — i (wr + wy)] Spa,ra (we,wr)
) 8In2 [T20—i(we—wo)]?
« Erfe 2\/@ Ip—1 (wt - WO)] _ 2m e Vm2+2mR+1 3w,
m+1 Swio VmZ + 2Rm +1 dwag [2I%0 — i (we + wr)]
8In2 [Mo—i(wi+wo)]? \/ _ _
+ em+1 50_]%0 « Erfe 2v/21In2 FQO 1 (wt wo)
vm2 +2Rm +1 dwag
2v2In2mly —i(w; +w
x Erfc 10 — 1 (wi + wo) ,  (14) 8In2 [0 —i(ws +wo)]?
m+1 6(&110 + e\/m2+2’mR+1 5w§0
Sps.r3 (we,wr) Bt l 2V2I2  mlby —i(w +wo)
812 [[ho—i(wi+wo)]? vm? +2Rm +1 Bz
2¢v/In2 emtl dw3o (17)
m 41 8wy [2I50 — i (wi + wr)] M (10)—(17) KT RAE B2 01U S
B [2V2102 T — i (w1 — wo) Sw A . 4 Tk, i BUARAILEE 1 F 8w 7351 %
m + 1 80.)20 j"ﬁﬁ%lﬁ@%ﬁﬂﬁl
8In2 (FZO_i(W2t+WO))2
+emtt S 3 HEEW
2\/mmr207i(w7 +CUO) w SN s
xErfCl o 5o (15) BAEB P, B 380 wio = 386 THz,

% 4 ﬁﬁ%ﬁ, gl 6&)10 = mSUJgo, R 75 IHTJ‘, ﬁﬁbﬁ
TR
Sca,pa (Wi, wr)

8In2 [0 —i(wi—wo)]?
e\/m2+2mR+1 3wy

2v/1n2
Vm2 +2mR+1 dwio 2010 —1(we + w.)]

222 I —i(w — wo)]

x Erfc
vVm2+2mR+1 dwio

8In2 [Iio—i(wi+wo)]?
+ e Vm2+2mR+1 dw?,

2v/21n2 mFl()—i(Cdt +w0)
vm?+2mR+1 dw1g

x Erfc l

(16)

woo = 388 THz. M4 (9), (10) X, At A KN %}
LA RE R AN, B #gAe irig —4efi 5
AR AR S A B R DR —FERY. AR (11),
(12) X, B§#E C-F B X AZAH R AL R 38 X
Feas e 3 fnE 4, BEm = 1.5, BUZ R, BEE R
W/, S (wi,w ) TETE WS [R5 328 8722 /)N
AR 3 #1Kl 5, 24 R = 18}, RRXH A2 5 2500
6], m B2 AT IR VERAR Y S 4 i ny 281k, BEE
m BB/, Scs s (we, wr) BEERIE [0 P JHE K, B
TR, R 4 FE 6, s dE S TE, B
B m BN, Scapa (wi, w, ) TS 0] T HE K
B ARG Fb R 5 FIAL 6, Bho AR X FR 2R A O
REL, Scapa (Wi, w, ) FGARTS R

I8 7E B A ZR G o, oo, FARII IR TEAHICRY

020201-4


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

) 32 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 020201

()

(b)

B
—385.6 —385.6 |
—385.8 —385.8 -
N N
3 =
—386.0 —386.0
5 5
3 3
—386.2 —386.2
—386.4 —386.4
I N
385.6 386.0 386.4 385.6 386.0 386.4 385.6 386.0 386.4
wi/THz wi/THz wi/THz

Bl 3

M Sw1p = dwap = 0.2 THz, I'p = I3 = 0.05 THz, R = 11} Sc (wt, wr ) ik E

(a) THE; (b) HEHE; (c) £

Fig. 3. The three-dimensional Fourier transform spectrum Sc¢j (wi,ws) with w1 = w20 = 0.2 THz, I'ig = I39 = 0.05 THz,

R =1: (a) Real part; (b) imaginary part; (c) module.

(a)

(e)

—385.6 —385.6
—385.8 —385.8
N N
—386.0 —386.0
= S
3 3
—386.2 —386.2
—386.4 —386.4
385.6 386.0 386.4 385.6 386.0 386.4 385.6 386.0 386.4
wy/THz w/THz wy/THz

& 4

é’ 50.)1() = 8(.020 =0.2 THZ, F]_o = Fzg = 0.05 THz . R=0.5 HTJ‘ SC2 (wt,w-,-)}ﬂjijaﬁ <

(a) FEHE; (b) HEHB; (c) #E

Fig. 4. The three-dimensional Fourier transform spectrum Sco (wi,ws) with dwig = dweg = 0.2 THz, I'ig = [0 = 0.05 THz,

R = 0.5: (a) Real part; (b) imaginary part; (c) module.

El 5

Fig. 5. The three-dimensional Fourier transform spectrum Scs g3 (wi,ws) with dwip = 0.3 THz, dwzo = 0.2 THz, I'p = I> =

()

—385.6
—385.8
N
5
".\\ < —386.0
\ 3
I| —386.2
|
4
—386.4
385.6 386.0 386.4 385.6 386.0 386.4 385.6 386.0 386.4
wy/THz wy/THz w/THz

%’l Swlo = 0.3 THz s 50.120 =0.2 THZ7 FlO = FZO = 0.05 THz s R=1 ETJ‘ SC3,E‘3 (wt,wT)if)ﬁijE.tlE

() FZFE; (b) HEHB; (c) B

0.05 THz, R = 1: (a) Real part; (b) imaginary part; (c) module.

72%77%[ R, m, dwig, Swzoﬁfwféﬁiﬂiﬂﬁu, @ﬁﬁﬁ
L7518 E A = e R Ul R R E B O T RE

T AE 1 WL B0 WA AR Xof A W B A S A0 AR AL
MR AWE AL, # A-F BEA2 055 5] i 7 — 5K 5]
H, PR R T = 0 B S8 B Y — AE B AR
W, e 78 8 Bk, ZE B A AR

K%, 4 N fch B BRIEEIEIE, 47 Ak C Bt
B B 3% 2 N Mo DA B S R R
(13) =N (15) =X, B A2 B A5 — 2 A B it AR 46 it
R OB EE R R (14) X
(16) 3K, F I A% 7 15 = 4 (i 5L o A0 0 050 18] 5
D BRI B R — R RS 2] T T = 0 FLiE 45

020201-5


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 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 020201

N ©
I ( 5 —385.6
—385.8
N
V| E
| B —386.0
\ IS
| 3
i —386.2
-\ —386.4
385.6 386.0 386.4 385.6 386.0 386.4 385.6 386.0 386.4
wy/THz wi/THz wy/THz

B 6 X dwig = 0.3 THz, dweo = 0.2 THz, I'ig = I = 0.05 THz, R = 0.5 Scy, pa (we, wr) FIGEE (a) 523F; (b) BH; (o) 1
Fig. 6. The three-dimensional Fourier transform spectrum Scy4, g4 (wt,ws) with 8wig = 0.3 THz, 8wgo = 0.2 THz, I'p = I> =
0.05 THz, R = 0.5 (a) Real part; (b) imaginary part; (c) module.

(a) _385 (®) _385.0 (©) _385.0
N
jus}
H
5 386
= —386.5 —386.5
g N N
| : :
£ 387t g g
g 3 3
e —387.5 —387.5
£ —3s88}
12
Q
<

— 389 L h —388.5 —388.5

385 386 387 388 389 385.5 386.5 387.5 388.5 385.5 386.5 387.5 388.5
Emission frequency/THz wy/THz wy/THz

BO7 0 SRl AR BE  (a) 2225 30k [11) TP &L 5(a), Tio = Iho = 0.05 THz, dwip = dwap = 0.2 THz, (b) R = 1;
(c)R=0.5

Fig. 7. Three-dimensional Fourier transform spectrum: (a) Fig. 5(a) in Ref. [11], I'io = I30 = 0.05 THz, dwip = dwzo = 0.2 THz;
(b)R=1;(c)R=0.5.

(a) —385.0 (b) —385.0

—386.5 —386.5
N N
= as
B B
S =
3 3

—387.5 —387.5

—388.5 —388.5

385.5 386.5 387.5 388.5 385.5 386.5 387.5 388.5
w;/THz wy/THz

8  RNIFIME, = 4efil B 3L 3053 ) o = o = 0.05 THz , dwio = 0.3 THz, Swap = 0.2 THz (a)R=1; (b)R=10.5
Fig. 8. The three-dimensional Fourier transform spectrum with I'79 = I39 = 0.05 THz, dwip = 0.3 THz, dwgp = 0.2 THz for
different R: (a) R=1;(b) R=0.5.

A FRARSE R 5], (X T A, BPISRERAER AOAEXS AL, ARXT 22 2 R BYENE, [
Ui, BB XA REBOF A e TR E 3, FEXT F e S A BRITHRA R, N2 B e 1208
HIT A, B PIERAR B 37 TR PR B4 A D57 FSEHER M. HERE 7(a) FTEL (b), 153 B 45 5
B, XMMIEAZ R, O ENTEH AR HZHEICHK [11] A 5(a) 5E2—E

IR TE ). O, D P AR B 1837 T B AR & i R 7(b) FE 8(a), M Pl 2 B E

020201-6


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 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020)

020201

PSR SR MRS A LT ) A — %E BYSEA, XF
IR SRR T, — Bk, A, B PIERAERS L
BRI ARSI LR TEAAAE, XAt M 7 1 B R
AARFELTE, O, D Wi A X L A SE {4
JIET

B S B U Fr e B = RE LR A
R IR G A TR M) PR 22 R K
=PRI R B T R AL, (i EL (AR PR
TN IR BT, BIF5E T — REGER TR
2 e L AR 0 5 A F A S 2R BT L X A A G AR B
R m ZAIHRE. WZ R, HE R BN, 35E
BHTEIR, JRIFZEEAL /N, BE m, BEE m ),
PRI, Bn, 4 A-F B = 4 fd s
ik 1w e — 5K, R3] T = 0 B SE B Y
A L AR O PR AR A AR SR [11] #Y
Kl 5(a) BUERIUESE RIS . =406 otikig
LI R T AR 2R SR LR, sl Xt
e A R B AEAR Y S R B, PN BRIT AR AR
PSR TE RS IOL (R X A R (EL R X F R T s .
DR AR 2D AT AR 00, B4
= AT R e R 0 = ZE R A B T B
HE AR ZOR AR — A LBt

JERIGH S 1 i 20 LK [ o A2 ) P AR 2 A B B 1Y

Wi

S7% 30k

[1] Ernst R R, Bodenhausen G, Wokaun A 1987 Principles of

15]

(16]
(17]
(18]
(19]
20]
21]

[22]

(23]

020201-7

Nuclear Magnetic Resonance in One and Two Dimensions
(Oxford: Clarendon Press)

Jonas D M 2003 Annu. Rev. Phys. Chem. 54 425

Siemens M E, Moody G, Li H B, Bristow A D, Cundiff S T
2010 Opt. Express 18 17699

Fecko C J, Eaves J D, Loparo J J, Tokmakoff A, Geissler P L
2003 Science 301 1698

Turner D B, Wen P, Arias D H, Nelson K A, Li H B, Moody
G, Siemens M E, Cundiff S T 2012 Phys. Rev. B 85 201303
Cundiff S T, Bristow A D, Siemen M, Li H B, Moody G,
Karaiskaj D, Dai X C, Zhang T H 2012 [IEEE J. Sel. Top
Quant. 18 318

Nardin G, Moody G, Singh R, Autry T M, Li H B, Morier-
Genoud F, Cundiff S T 2014 Phys. Rev. Lett. 112 046402
Moody G, Akimov I A, Li H B, Singh R, Yakovlev D R,
Karczewski G, Wiater M, Wojtowicz T, Bayer M, Cundiff S
T 2014 Phys. Rev. Lett. 112 097401

Li H B, Bristow A D, Siemens M E, Moody G, Cundiff S T
2013 Nat. Commun. 4 1390

Bell J D, Conrad R, Siemens M E 2015 Opt. Lett. 4 1157
Titze M, Li H B 2017 Phys. Rev. A 96 032508

Dai X C, Bristow A D, Cundiff S T 2010 Phys. Rev. A 82
052503

Dai X C, Richter M, Li H B, Bristow A D, Falvo C, Mukamel
S, Cundiff S T 2012 Phys. Rev. Lett. 108 193201

Zhao W, Zhou Z Y, Yang J X, Dai X C 2015 Prog. Phys. 35
177 (in Chinese) B, JH2ET:, #400T, MR 2015 P32k
J& 35 177)

Zhu W D, Wang R, Zhang C F, Wang G D, Liu Y L, Zhao
W, Dai X C, Wang X Y, Cerullo G, Cundiff S T, Xiao M
2017 Opt. Express 25 21115

Zhao W, Qin Z Y, Zhang C F, Wang G D, Li B, Dai X C,
Xiao M 2019 J. Phys. Chem. Lett. 10 1251

Huang T Y, Li X H, Shum P P, Wang Q J, Shao X G, Wang
LL, LiHZ WuZF, Dong XY 2015 Opt. Express 23 340
Wang L, Li X H, Wang C, Luo W F, Feng T C, Zhang Y,
Zhang H 2019 Chem. Nanomater. Bio. 5 1233

Liu J S, Li X H, Guo Y X, Qyyum A, Shi Z J, Feng T C,
Zhang Y, Jiang C X, Liu X F 2019 Small 15 1902811

Zhao Y, Guo P L, Li X H, Jin Z W 2019 Carbon 149 336
Garrett-Roe S, Hamm P 2009 J. Chem. Phys. 130 164510
Mukherjee S S, Skoff D R, Middleton C T, Zanni M T 2013
J. Chem. Phys. 139 144205

Li C F 2009 Nonlinear Optics (Beijing: Electronics industry
Press) p57 (in Chinese) [42¥5 & 2009 JELMEE2 (05 BT
TolkHRRAL) 55577)


http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103907
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1364/OE.18.017699
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1126/science.1087251
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1103/PhysRevB.85.201303
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1109/JSTQE.2011.2123876
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.046402
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1103/PhysRevLett.112.097401
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1038/ncomms2405
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.96.032508
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevA.82.052503
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1103/PhysRevLett.108.193201
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1364/OE.25.021115
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1021/acs.jpclett.9b00524
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1364/OE.23.000340
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1002/smll.201902811
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1016/j.carbon.2019.04.075
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.3122982
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
http://dx.doi.org/10.1063/1.4824638
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 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 020201

Analytical solution of three-dimensional Fourier transform
frequency spectrum for three-level potassium atomic gas’

Zhao Chao-Ying Y2t  Tan Wei-Han?

1) (School of Sciences, Hangzhou Dianzi University, Hangzhou 310018, China)
2) (State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of
Opto-Electronics, Shanzi University, Taiyuan 030006, China)

3) (Department of Physics, Shanghai University, Shanghai 200444, China)
( Received 20 June 2019; revised manuscript received 21 October 2019 )

Abstract

With the development of laser technology in the field of optics, ultra-fast optics has become an important
research field. Compared with the traditional technology, ultrafast optics can be realized not only under shorter
pulse function, but also on a smaller scale, which can more quickly reflect the dynamic process. We present an
analytical calculation of the full three-dimensional (3D) coherent spectrum with a finite duration two-
dimensional (2D) Gaussian pulse envelope. Our starting point is the solution of the optical Bloch equations for
three-level potassium atomic gas in the 3D time domain by using the projection-slice theorem, error function
and Fourier-shift theorem of 3D Fourier transform. These principles are used to calculate and simplify the
third-order polarization equation generated by the device, and the analytical calculation of three-dimensional
Fourier transform frequency spectrum at 7 = 0 is obtained. We simulate the analytic solution by using
mathematics software. By comparing the simulations with the experimental results, with the homogeneous line-
width fixed, we can obtain the relationship among the in-homogeneous broadening, the correlation diagonal
coefficients and the three-dimensional spectrum characteristics, which can be identified quantitatively by fitting
the slices of three-dimensional Fourier transform spectrum peaks in an appropriate direction. The results show
that the three-dimensional Fourier transform spectrum will extend along the diagonal direction with the
increasing of the in-homogeneous broadening, and the spectrogram progressively becomes a circle with the
increasing of the diagonal correlation coefficient, and the amplitude also gradually turns smaller. According to
the analytical solution, we give a complete two-dimensional spectrum of the 7' = 0 interface. The results can be

fit to the experimental 3D coherent spectrum for arbitrary inhomogeneity.
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