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hasers: Detailed studies of temporal, spatiotemporal, and spectrotemporai

dynamics 3

R ke 2 AR B2 A 5 4 [JMO 50]

bpatial and temporal properties of ultrashort pulses propagating in free spacd 6

B ke E R HE . RIS SR A [TMO 46]

IFree-space propagation of ultrashort pulses: Space-time couplings in Gaus—l

|sian pulse beamd 9

i BN K [PRE 58]
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1 HHBETHOCIRG &5 BB SN s : =850
=5 WEh 1% [PRA 84]
Equivalence between free-electron-laser oscillators and actively-
mode-locked lasers: Detailed studies of temporal, spatiotem-

poral, and spectrotemporal dynamics

1.1 EAEFEE
o K BRSNS H B HEFH0E
o YE#: C. Bruni, T. Legrand, C. Szwaj, S. Bielawski, and M. E. Couprie (ZEZA[ A4
Universite Paris-Sud 11, EEE+—K2%, HH)
o B BERA. S

o ¥ https://journals.aps.org/pra/abstract/10.1103/PhysRevA.84.063804

1.2 fj#

IXES I C M LSS S5EUE FIERH B HH T EOEIR % es (free electron laser oscillator,
FELO) 5 18ROt BEAIERROMNIT N R AENTEAIER LR Haus J5
PR SE . FEXBIER (gain) S BHIIA . IXREIBICHE T Nd:YVOs 3
AN E TR0 TR B TR RER B B SEROE Ik IR
AR, AT DOEI R e TR R SR GRI Bl )5

1.3 STER AR
o GPFTAG IXRIESCRGEHITE 1 B A FROEIR G a5 E3h B0 a1 =15 o
o wEk: BB TRORG 6 TSRO A RLL, WARIAARIR T,

— EPEROEAR BN AL, BT AR R, L EAKSHE
Ve STIpIE SN

— HHEBEFROIRG A HLasR AR S BT (B2, W AR R RE
18 7T ILECGES. NI, 528 ERERSAS 2 Sy B R 5 B e iy {5 B 0
Bl TR A3 AL 3l 22


https://journals.aps.org/pra/abstract/10.1103/PhysRevA.84.063804

(a)

laser undulator(s)
K pulse [LIIIIITD ﬂ output
e e E e )
—_ (LTI
HR ocC
g modulated gain \
electron
bunch
(b) synchronous pump
— B ﬂ output
e e B | e
e
HR modulated gain OC
© v
L O i s |
- - - ---- e R e | e >
——
HR gain loss modulator OC
medium

FIG. 1. (Color online) Paradigm of (a) free-electron-laser oscil-
lators, (b) classical mode-locked lasers with a synchronous pump,
and (c¢) classical mode-locked lasers with loss modulation. A main
comparison point concerns the modulation of gain or losses at
(or near) the round-trip frequency (or a multiple). HR denotes the
high-reflection mirror and OC denotes the output coupler.



EH BEAEEH, ALLT Haus master equation FiA& Hi 3z B 2350 127

er +veg = —e + g(T) f(0) [e — ceg + ego] + iDegg + /0

£(6) = exp - (%)

1) = e ()

Hepr, o(T) WL ITH

>~ >

5

D L (1= [Cle o)

ELSER BT, A LI Haus master equation Hik F SN 2571
er +veg = —e — pb?e + g(T) [e — aeg + egg] + i Degg + /1€

s,
Wl (R ~ o)~ om) [l 9>|2d9)

PL TR, T /2 round-trip time (slow time), DA cavity field decay time 7, JAH
fi7.; 0 J2 pulse temporal duration (fast time), LA reference time ty HHf7. AP,

— aep = ARSI SFRET 9% X FELO 15, HRE-FREIKEL tr K
I — M 2 I

— V0§ = HREST .

— D = iEPRIEEEL (cavity dispersion)o X KEMHOGIK R EE, SHBOE RN
A LAZLS o

— ego = ¥ HUSN.. fE FELO 1, MEUEHR T REFOCHCEHMEM, RHEBA
I (slippage)o FELCHLBIOROE, HHBLGR A voe AU

— AL ep = FALEIHOCT LR L b1 P/ N s A AR
i AE FELO Hr, FrN lethargy. XHERSTIKIMTNTS . IR L2 .

1.4 Hp

SR IR R T SO B RO R T SRR, (B
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2 EREDGRKAE B s AL R 2 S I R [TMO 50]
Spatial and temporal properties of ultrashort pulses propa-

gating in free space

2.1 FARMER
o S HRIERST
o YE#: Baida Lu and Zhijun Liu (FEAH: PR A

o KA HE

o ¥ https://www.tandfonline.com/doi/abs/10.1080/09500340308235188

2.2 "

X TE SO B MIAT AT AR 4> (Rayleigh diffraction integral) St & (5538785
1% (analytic signal complex representation), 752 [ GIKIMAE B H 2 RERERI T2,
REAS L FRAT A 5T IX M A Rk i 1 2 J) S BT R R 1 o I IX ST R, AT AR 6K s
HEHZ M ARAE (deformation). fETE (broadening). #Mi%ZI % (redshifting). 254
(narrowing) 54%JF (distortion). AN, fEEZGH Bk T2, R ki o
ATIE MR EOARAE

2.3 DTk EAIHT A

o QPR HEMEDT NZ S F RO R R, IXRIE SO TRk A B e
IR, MIERFIATAI R IT4G. A

—iks
u(r,w) = ! u” (50, w) 9 (e ) d*~o

om 5 0z S

Hr, s:]r—ro\:\/(:c—:co)2+(y—yo)2+220
o rfgk: L kr > 1IEMRL, AR LE—2 5

ik e ks Js
u(r,w) = %/uo (ro,w) 5 5s d’r,

TS, B, s~ S0H0-20tui) - gn o gp o

ik cos @ e ik
u(r,w) = oy /Euo (ro,w) exp {_§ (25 + yg — 2xx0 — 2yy0) | d’ro

6
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S, HTRBIIRRTIRAM WA w0 (r0,w) = f(w) exp (— £ ).
EERIR, R SHERMER, wo = /.
H R 2 IS . ATAHLRITABIR VST, MRS S I 400, 12

klrsin® 6
2(r +1l)

il cos O

ulnw) =

f(w) exp(—ikr) exp [—
5| N\ complex analytic signal, & XA
2 +oo ‘ .
u(r,t) = E/o u(r,w) exp(iwt)dw
A

ilrsin® 6
2¢(r +il)

il cos 0
u(r,t) = r 4+l

Hep, F(t) AfE r = 0 ZLRYBIAR K [R] oA

F(t) = \/% /0 7 Fw)e dw

F[t—>t+
C

P A, A

il cos
r—+ 1l

2
a(r, w) = 2h(w) _ lkrsin «9}

fw)e ™ exp { DCES]

HEg, 5 EXURE, £ 7 Heaviside step function,

R Te SR % &I S ik P B i 2 R R R, 153

u(r ) = ilcos@F (t— r N ilsin20)
c

T 2c
A — AR AR AL R S

r I2rsin? 0 ilr? sin® 6
-+ +
¢ 2c(r2412)  2c(r24102)

FERPISCS AT, 0 AT AT A
_ilcost azt'2 o Tw. .agt
u(r,t) = T P (— e ) {exp (iwct") [1 —erf (— 5~ )}

g
Tw, t
+exp (—iwt') [1 — erf ( 2:; - i%)} }

T=—




2.4

T il cos 6 T2 (w — we)?
u(r,w) = h(w) , {exp -
V2a, T+l 4a?
L bex TP (w+ we)” e~ lwr sin® 6
P 4a? P 2¢(r +il)

RRIESCEA N 45 R E ek BT AR H R 2 A RR R A5 IR IALIE 5.
He

fw) NEETE R RS AT o
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3 BRRKAE B m S EERE . Rk AORAIN 2 S [JTMO 46]
Free-space propagation of ultrashort pulses: Space-time cou-

plings in Gaussian pulse beams
3.1 EARFE

o 4335 HIREERST

. V&

° %’é@

Q

F.R. Caron and R.M. Potvliege (University of Durham, Z&[F)

\/_‘E:

\

o %7 https://www.tandfonline.com/doi/abs/10.1080/09500349908231378

3.2 fH®

RO IE SR B A K A B R 2RI AR R 00 N I 2R & -5 55 Rl AR & Y E
(BRI 43 I ELATRE A5 A MR BB FIHCBE (Rayleigh length)B, 45 7 fifik
Fif I ERE A, KB T/ B A A R T ke el B B R RO AR Y B,
SR E R 2 B o

3.3 TRREAIHT A
o Tk ORI, FRAROEIK T LT B
E(r,t) = x(z — ct)E(r) explik(z — ct)]é

Horbr x(2 — cf) AR R ELZE R (FICHIE) YRR XPh x filiid )5 =0 ik if
AEHFERS, 21T E(rt) AFHREFHIE Maxwell J7fE. 1041, XFHEIA TR
BT RG] S R R P REAT AN ROUN AT . XIS (A 5 e R s U
SRR, R, I 2SRRGB, Ak P IR 28] R s =
HIR RIS 2%

RRIESOEH &P RIS . — A miritig

(sw/wo)SH

m exp (—sw/w)

filw) =

SHFIKEE Zr = kwi/2, B, FRBai RS S5 AR F P HRBER/ N (spot size)o

9
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3.4

i)

AN BT EL AR DL 70 A1 PR Y
fo(w) = N cos®™ [ (w — wp) b/(2c€)] exp(—nwb/c), |w — wo| < c&/b
=0, lw — wo| > c&/b
Hrp, H— M No = 2271 (n!)?b/[(2n)cg]

ERITHEERAOR . 67 R B KT LR R 2551

Y ) __kp?/b o A
Eapr(p, 2,1) = Ef/o T+ 212/ exp (=17 5i2/b expli(kz — wt)]dwa

AV, T E R
Eepp(p=0,2=0,t) = Erexp[—(s + 1) In (1 + iwpt/s)| &
HEISNE
sinh@Q 7w
T
Q P

E kop?/b
1278 2;2/[) exp (— N —EPQii/b> exp [i (koz — wot)] x
Her, Q =[—i(z —ct)/b+ (p*/0?) /(1 + 2i2/b) + n] €.
ek B[R] 23 RS & AT LA BT sonsUrh S0 B 2 MR IUA . 2 ma ke
HiRG . Mo, Bih B hiis - . XYl EGd ] LVEREN F A
I = w  p°/b
Sl ) =y | 1o (<5 )

2 b2
X exp {iw E <1 + %) — t} } dwz
Hrp, SffE f(w) ERFEEON, FEEB M w MRS RER A 20 5MU p Bk
MR o XSGk P28 22T . H K Rs o A o 20 (AR 20 MO 5 L
Ao B TATAYTREIRAL 2 ki [ AT L SMU p RS AR 2
5t = 2 20/ 1?
Tocl 4422/
FEf_E (p = 0) KRR T LARIHE Y
E o0
Eap(p=0,2,1) = H—sz/b/o f(w)expliw(z/c — t)|dwe

HEER, IR B A2 E S

Eapa(p, 2,t) =

HE
(BRI S B B A B —FERIIE DL (Hetn: 54 (confocal) #RNE) . 0
&t SLINYI e
E(r,t) = x(z — ct) E(r) explik(z — ct)]é

FERR T DR R BRI AN, —BOR 2 RERS fEHIAY

10
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4 BERETKHOEHR [PRE 58]
Ultrashort pulsed Gaussian light beams
4.1 FEAFER
o 4335 HIREERST
« YE#: Miguel A. Porras (Universidad Politecnica de Madrid, PGHEZF)
o A HIB

o %%¥7: https://journals.aps.org/pre/abstract/10.1103/PhysRevE.58.1086

IXFR Ve SCHE IR R H— T FH R A 8 R Y K PP AE 1B 28 TR R O 55 R O i o X
L8R i e A B I (A A T S S A Al T i e X, T AR A A TR B 2 e () BB
Jeas BEEOEHK . X SCEE WSS A K R, a0 ki RIEIR . AR
o Wik 5. ATSE BRIPRE R 25 A S WAEIX R 1 S CEA LTS . Yk (UE &
JUN R B AR, X EE 00 AR5 AN ] 20 o
4.3 TUEREAIH A

o BT ORI ICR 2 GULRRIF I 54 %Rk (analytic signal complex: represen-
tation), >RfE—RSEEHNIE T FERI K ET R (pulse Gaussian beam, PGB) fi#.
o DUk IXRIETCAT H Maxwell 377 R H &
wWo 0¢ .Wo 6@[1 1 82¢

Agp — 2 8T8 9098 SOV
v ! c 0z 102 ot ¢ 0t? 0

XA, AT LIS s P

oy _2 0%
0z ¢ 920t

Ay — 2iky
SNk A IR R S S R FEE To/ T, A

0 1 (T oy
Ax’yl/J — QZI{ZO& |:'¢ + % (T) %:| - 0

11
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FTLVER], Sk E B S 2 ik AR, EGR N RGEHI S5 4T R
., 0
A:v,y¢ - 2lk30&¢ =0

PR IE SR8 To/T U, JEkAE B 2 ALk i B I TRl 22 R A R

SRS SC Section T HE G v, [FE T, FEUIZIE S Ref.[2] B p(t') = e=**/T° cos(wot!)
WG, ATREASIEMRE = A S R A . BT o 28 18 H Al (5 5 B ik

F BT (E 52 50RTE, ATLMS 2K N L R E Oy

no Bl w—w *(—w —wp)] ex ﬂ exp (iwt’) dw
Blrant) = 252 [T 0w+ £ (-l exp | s | exp i)

b, BUSE T KA RIS o BAA MR RIS 2 SR XTEIRHOE R
g8, IXMBEARGL. B, f(w) U IR A -

JXRIE AT Section IV A HEZHIR B (1, 2,t') = 784, () exp (iwot,) , Hrfil
TEEEZHRIEE

7,2

- 2cq(2)

=1t

=
1 1 2i

a(2)  R(z)  koa*(2)
ARk AR H B2 R RVRE . FF i BIER AR L B B G 1
FAN, EHE T ki RE R A 2S [F) A

w2y =[] e [ < e

- {ﬂ}"p P()] I [a;;z)}

Hrr, g & pulse form function.

2

" . T2
vr (t “woa%z))

KRB Section V % [& T = AR p(t), 25047

—-p(t) = wﬁﬁ cos [wo + tan™! (' /At)]
— p(t') = sinc (Z—t;) cos (wot')

— p(t") = exp (—t"*/At?) cos (wot)

12
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FIG. 1. (a) Displacement in the complex plane ¢, of ,(t.) to
obtain the pulse envelope as the cut along the real axis. (b) Sche-
matic drawing of the PGB, showing the pulse time delay and broad-

ening.
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5 REMEhkMEHE [Opt. Comm. 53]
Propagation of femtosecond light pulses
5.1 HEAFE
o S35 HIREERGT
e YE#: LP. Christov (Sofia University, fi17|iF)
o R HY

o ¥ https://wuw.sciencedirect.com/science/article/abs/pii/0030401885900185

5.2 %
X VB SCR AR B AT FIE 70 AT MOk b AE H l 2SRRI I TE) =S TRV ARR

5.3 TETHREAIHT A

o TUHk: XRIESCZ R \ﬁfnéﬁnﬂﬂwﬂlﬂ ((HIEAE DBk IR O0) A8 A s e
FERFIERYIE S M(ﬁ@ﬁﬁ R A, REILCPREENE (#) B3R

Az, y, z,t) 3/2 JIIA (kg by, w) exp {i[wt — (kyx + kyy + k.2)|} dk, dk, dw

i, &, = (w2/c — k2 —k2)Y2,

RS, k. = w/e — 5(c/w) (k3 + k) + ..., ERATRIgE— B AL fEh
Az, y,z,n) = (2#)_3/2 /g((,u)ei“’77 Jf f (kg ky) e*i[k”””kyy*%5(kg+k@2/)z]dkm dk, dw;

Hip, n=t—z/c, fka ky), g(w) 7230 f(2,y), g(t) FHEZNARSR, HHIUGA0
Alz,y,z =0,t) = f(z,y)g(t)o XRILTHEHIAD AN =M ArtE i, Hr,
f@,y) = Aoexp [ (2* + ) fa]
g(t) = exp (—t*/T* + iwot)

WA FE I — R =X

Ay, 2m) = AT dw exp [ iwn — (w—wo)* T2 Py
’ Var ) 1 —1i2z¢/wa? 4 a? —i2zc/w |

14
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NORMALIZED FIELD
AMPLITUDE

T2 0 3 i
LOCAL TIME n (IN UNITS n/ew,)

Fig. 1. Pulse field configuration (absolute value) in local time
n=1t—z/c atz = 0, for a pulse with duration 2T = 4 fs (full
width at level e™1) and central frequency wq = 3.8 X 1015 Hz.

7=6a ,_/\/\ z*ba
Z=ta t=£c1 M\'\

z=20

2:0 ,J\fm\a\

42024681 -£L-202¢L6811

LE T

NORMALIZED FIELD
AMPLITUDE

LOCAL TIME | (IN UNITS n/ws)

Fig. 2. Pulse field configuration (absolute value) in local time
n =t — z/c for a pulse with duration 2T = 4 fs, for various dis-
tances r from the beam axis: (a) z = 400cm and (b) z = 800 cm.
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WG eI RER LT IE, a0 B, RTLUER], ko SMIUFR 7 BE A I 1)
ERRATH EUIE, FEH., AT RO P . T Fig. 2(b) ko R
WEEE LRGN, i, FRFEE 7 =6a fE T, HREER KD
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6 [E e RN DG E B B2 AL RRE [OLT 39]
Propagation properties of ultrashort pulsed beams with con-

stant waist width in free space

6.1 HEAR{FHE
C % EREARAY
o YE#: Qihui Zou and Baida Lu (BNL)

o %7 https://linkinghub.elsevier.com/retrieve/pii/S0030399205001957

6.2 FHE
X T F R AT B9 (Rayleigh diffraction integral) SN 552 £~ (an-
alytic signal complex representation) $#iA [&] i W MR KOG kA E B i 25 R AR RE R
XANTTERA L, FOUATESS Il A5 245 8 Bk 0 28 ek 2 e S ik
Pho I EE S S AN 2 A E X BT R FE AT 2 )5 . X SCEEE s T
/U ) SR e L] 30 v T ke 1 S T SR o
6.3 TTEREAIHT A
o GPFTA: XIS CETIRIATH R ST E 5 280N, 1528 E Sk AEr [
MR, R R E AR GBIk P 7E B i 28 R AR R Rk o
o DUk — AT R KR B AR R S R AP L
1. [&E R
2. [EEATHKE
ﬁ%i@y%}ﬁ%—$¢lrﬁﬁ’ Z‘E% Eﬁ%ﬂugﬁi EO(J"anO)Z - Oat) = F('rOvyOaz =
0)f(t) X EN Fkaz, Hrr, F Ff beam shape, f # pulse shape.

KR SO EG TS BTG
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T kr>LIEON, A

Br,w) :%/EEO (r0,0) S T ey

ERFRAA (EE, WIEAFEM TS 1)

ik cosf e

ikr Zl{f
/ /EO (ro, w) exp { 5 (2§ + yg — 2220 — 2yyo) | dzodyo
s

2 T T

FIFH BAAGSE A e, B Sefy H 7 e N

Et(r,t) = \/g /0 " B, w) expliwt)dw

Hrp, MHELSE . FHBOUEE A A E TR, eI LIS A
il cos @ ox (—ii exn | — risin? Qw
i P c P 2¢(r +1il)

E(r,w) =

E(r,w) = 5(w)

AR SR A TR BRI KR A oI R P,

N
f(t) = exp [— (agf> ] cos (w.t)
N e 4 L R AN

2 o <
E'(r,t ——/ E(r,w)e™" dw
)= [ )
_ 1 / zlcos@exp (iwt)
0

2./Tp r 4+l
rlsin? fw (w— wc)Q} (w+ Wc)2
X exp {—m} {exp [—T +6Xp —T dw
X AR AT
1 ilcosé (w— wC)Q} (w+ wc)z} rlsin? Qw
E(I’,C«)) —h(w)\/—2_p . T {exp [—T +6Xp —T X exp —m

Hrp, h(w) & Heaviside %Y

RV SR RITHE R ey 2O T REDE ke B i 2 R F I 2050 42
A A ) e

6.4 H7p
WEFAUE TLA IR A B S bk b A B 253 2 M P B 2% R B R AR 0 TR,
ELRAIA B S P IR T F 37 PR R
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7 SERFIKIE A i THOE [PRST-AB 9-03]
Short Rayleigh length free electron lasers

7.1 EAREE

2K [FBRRATS A B E0E

{E#&: W. B. Colson, J. Blau, R. L. Armstead, P. P. Crooker, R. Vigil, T. Voughs,
and B. W. Williams (NPS)

KA HE R

%54% https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.9.030703

7.2 FHE

G B R T RUGCIRG & (FEL oscillator) {550 &, —BAER Gy 4T Y 1
FHELIN Bt IR 1/3 28 1/20 XA REAS (884 ot nl R HAT- 5 SRR 5B e K
FER DR LLIME B E MG B FEL, RSty rl RE0 a2 ST Ba: 8 7 B i i
M0, ATCAE RS e S B RS sl N5, AT LU (E) 9%
FER G TV AR . (B, XA RIS FEL s HAE AT &M X S0l
FIN—FHT I ARAR R SE . A BUERAUIR TR S 5 H B 1 R B A AT RO . A
WABL, XFEOUT . RS RATE . AR R AL, IR SR I
IR i R AT 51 HE B 358 o

7.3 TTERECAIHT A

o GUFTAL IR AN BN E I P RNt TR AR S b, —E R ERE
FUEN A BT ROCIR G AR AR . 53— 5T, RS ST B RTBOR (s
WARIE RCTEE) . w] LA S e 4755

Ry H 7 HOERar (FEL oscillator) 500 F . —RAER Grar W ARST 19 Hi
FHCEEZ I G AR TERY 1/3 2 1/20 iXANEEERAT AIZIE ST Section T 45 iR
15%‘?%%” G = P/PO —1x ! g :/H\:EP’ <0 = ZO/LJ ZO = 7T-V[/()z/)\ jl‘jf#_lﬁ$u‘£/(}§o

T
20+ 135,

Wz = /112~ 0.3 B, Bl Zo = 0.3L if, G FAks
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Conventional FEL
( AP S

Short Rayleigh Length FEL

»_

FIG. 1. (Color) Schematic comparison of the conventional and
short-Rayleigh length FEL designs.

RRIESGEEFIN P HAAIR RGE (P5KANRT), REMS A RS ARG T
FEPRH AR A S [ 204, ) EEASTULR T AR AT ) 0 d T BB A AT 3 AR

l\L

o DUk RXRIESCE L4 G dn D ARST AR AR SO N R S A A BE D
Dran AR RYEAE , InlE Fig. 2

Wik e 2 4, &
a(t) = ag [1 + (1 — Tw)2 /z(ﬂ ~1/2
5
¢(1) = —tan™" [(17 — 7) / 20
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FIG. 2. (Color) Dimensionless optical field amplitude a(7) and
phase ¢(7) versus dimensionless time 7= ct/L, for a short-
Rayleigh length FEL, z; = 0.1. Note the rapid change in ampli-
tude and phase near the optical waist at the center of the
undulator, 7 = 7, = 0.5.
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