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IRadiation of a charged particle bunch moving along a deeply corrugated

|structure with a relatively small period

X 514 H HETEO% %R [Optics Communications 50

IProposal for a free electron laser in the X-ray regiod

T EABOHLEA AT X 514l h 7808 [PRL 96]

IFully Coherent X-Ray Pulses from a Regenerative-Amplifier Free—Electrod

A Brief History of Electromagnetisn{

L % ] B

— it P LT BOR IR TS SIS Bkt [PRAB 20-11]

bain cascading scheme of a free-electron-laser oscillatori

FET GeV gk I B I o 1 1 i O R % S it [WEPC34)

Simulation of an x-ray FEL oscillator for the multi-GeV ERL in Japan|
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NIMA i SR ZERH
H i 2022/7/1

1wt RR &0 A BRI S Y 5 S [NIMA 1028]
Radiation of a charged particle bunch moving along a deeply

corrugated structure with a relatively small period

1.1 EARfFEE
o R HIRLEST

o YE#: Evgenii S. Simakov and Andrey V. Tyukhtin (Saint Petersburg State Uni-

versity)
o FA: PR, BUEA

o HE¥E:https://www.sciencedirect.com/science/article/abs/pii/S01689002220005357
via%3Dihub

1.2 fif%

XIS Y R AR — i B R A MRS S A = A i F R o o
IV B AR S AT RN L MR KA 2 B IXFRB LT, JR B MR 2549 AT LA
“EERGN A7 (equivalent boundary condition, EBC) 43471 AN, BIZ MR E S
WRENS . BTSSR AT IR S5 T LAE— 2000 A IR, AEMIAY
ZERIR AL B SE R P (surface wave), TASE volume radiation, 4 [HFE A EER 2K
RIS, AR AR SR T A RAVE I SRR R o SR B Gt I A S5 A P RE T Pk
SRS RE R AR IR e SR E T BRI

1.3 Tk BAH

o QUFTRD: RXFIESCR A FERGL AL, 456 Hertz (LRREL, SRAR AT AR 205
AR AR TR R 22 M ) PR R T RIS o B RO i ) PR AR ST 0 D R
forced potential II® 5 free potential TI™) | SE41 5 A5l W12 56 & A% 5 R, T4 1)
SRIFIXPHS ST I DL R AL

o TTHR: IXFIBSCAE Introduction {55328 T PRP ST HELRLE B S ERCHT S DL PR A
B R PENEI, AP A4 A1E" (average boundary condition, ABC)
G FA 1 (equivalent boundary condition, EBC). ABC iEiEH T% &4
JEEEA A IR SR A E M EBC RN A IEH THAESMA. HE, ABC E{UEH


https://www.sciencedirect.com/science/article/abs/pii/S0168900222000535?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168900222000535?via%3Dihub

TR EBC HIUN A IR

fEEEa Rmih s E, EBC nfLAE N
sz|y:0 - anwz|y:07 Ewa:ly:() =0

Hep, gm o= id B BRI SR AT E R

Y.
q V
e - - - — — — — - .-
J bo
- e 0 ¥ _
W LA A (AL T G ':Z
ds
ST T T SN T ST, 55'?7;'5??7
-
dy do

Fig. 1. The corrugated surface and a moving charge.
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B, AERME AR ATAT, IXRIE ORI Hertz (rpR%l, Hiben MRz
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=, p=qd(x)d (y —bo) k(z = Vt),j = pVo AN, Hertz (7R ECA] ATRAE ST
g1 forced 5 free, [ LN IAR

+00
=1 4+ 110 = / (I + 110 exp(—iwt)dw
R 5Tk AR N
E,=Vdvll, + kgHw, H, = —ikgrot 11,

FER. Vdivil, = V(V-1L,)s rotIl, = V x I,
ET Hertz (LeREUIHETREAT LORAE, X$F forced (IREL, A

~ +OO . .
e = — 9% o (’&) / a1, 2 ke + iy = o)
—00 yO

A
/)
+

FRATHE LB 2 free fL% IS = e, + e, , 4

Hgm) ~ +00 Rx . . .
e | _ O o (Z@) / ik exp [ika + ikyo (y + bo)]
sz Cko 6 —00 Rz kyo

o~ )

26~ Ykok
Rx — B~ ko acno
ko\/k2+k21 B2 +(k2 k2) m

ko [k24+k2 1257 g (k2—k3)n
3

ko\/k —k2 )ngl

Hrr, it =Imn™,

KT BB O F AL LA L free ArpR&UN RSy, T2 H 28 A7 R B ELE TR
g1, WabAIE . Hip, Zif” UB YA <8 MRS BT O i RE S AR AL B Re i, FRON
R (surface wave), FHA A volume radiation, FEZEANASEE N HER o

FERPIER AR RS A FEPRAR EZEAE IR, A T & Fig. 6 5 Fig. 7H
S5 TERL, AT LA I S A AN R 7R e (B AL A 00 B A FE 2R AT B
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Fig. 6. The component of the surface wave E;“ depending on coordinate ¢ = z— ¥t for the Gaussian bunch with g =1 nC. The bunch velocity is f = 0.99 (solid black curves) and
P =0.8 (dotted red curves). The bunch length is 2c =3 cm (top plot) and 20 =5 cm (bottom plot). Parameters: d = 0.05 cm, d, =0.04 em, d; =1 cm, b, =3 cm, x =10 cm, y=0.
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Fig. 7. The same as in Fig. 6 for component EX.



XREIEIC Section 5.2 XA IBEARS R RER S REW AT FIBAE Lao XTI,
2 AR AR R RE R A] LAS AR

d (s) 1d (s) 2) +o00 +o00
LW 2
dzp Voodt cB ) 0

r=x0>0

N E'j >
S, = — (EWHY — EWH)

TR, bk CGS BA7H

Fig. 9. The energy flow of the surface waves.

1
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Fig. 10. The spectral density of the energy d*>W'* /dz,dk, depending on wavenumber
kg =w/ec+ié (6 —» +0) for the Gaussian bunch with ¢ =1 nC and 26 =3 e¢m. The bunch
velocity is # = 0.99 (solid black curve) and g = 0.8 (dotted red curve). Parameters:
dy=1cm, d =005 cm, d, =0.04 cm, by =3 cm.



1.4 He

RRIE X 13X R AT Smith-Purcell 585FHXJ. Smith-Purcell 44
N, AE R RIATS RS B BN HAL IR MR, BT E
s 1A S 2. B R AR IR . AEAREXNBEIL Y, KPR S Smith-

Purcell 2121,



Opt. Comm. S WA . KA
HH#: 2022/7/8

2 X Bt4H BB FEEEIHR I [Optics Communications 50)]

Proposal for a free electron laser in the X-ray region

2.1 EARFE
o 3 FPAESTS H R TREOL
o YE&: R. Colella (Purdue University) and A. Luccio (BNL)
o AL WA

o {ff%: https://doi.org/10.1016/0030-4018(84)90009-9

XSO R H A TROE (free electron laser, FEL) BE&# 4 H H AU BN
ARAJG, 5 X BHARE R T S A e A e S e st al, somiese
T SEEL 2 ~ 3 A BURTREME . 45 HAIARIFEE, S INEEE D 53T AN IR
R BERT T

2.3 TEHREAIHT A

o BIFTR: RXRIESCEIEAE X S BLE A HOUIR G A R R n AT . 6
SEAET A AR X ST BT — @ ST R A A RIS, N Fig. 1 45 HiBiR Al
REHYAIAEL

XEE—Rhig N, R LA (single crystal silicon), 4 AR 90 LR, @il
Xt X BRSNS AT, WS ER R DI EE [ (422)] S5 HE, 7T EAS 2]
2T 0.91 BYRE . LRI, — O X STl 1 20T S B0 58 2 80% e
L, XIS SCRENWEE R B EH R N EERAURE T BT 90 BT X
ST o

e Fig. 1 W PIRIE A, BEoNERT, RUESLRR bl 7 2O IR i
Bk, SEENKEAAEER, XM CERS, XMERSEWLER LT
LAZWEASTT o

LUy, Aok H &SRS (self-amplified spontaneous emission, SASE) #E& i . 53K, SASE [k @ L
FHhr, 1 XFEL R0 & RIS, —EZ) 2008 2 54 5282 K.
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Mirror Undulator Mirror

f

Storage ring

Mirror

Fig. 1. Schematic diagrams of Free Electron Lasers built
around storage rings. Part (a): in the optical cavity the pho-
tons are traveling back and forth. Part (b): this is a ring laser.
The photons are traveling in one direction only.
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& Fig. 1 058 =Ml 55— Faaum 28, X SIS AR tesh, wt
EATHIT S, WHITEE, SRS AR o B R B R, A1 S
FHREE AT RS/ INe FEUEFIAATE R, ASTFIZ9 60 [, HAU74E 60 JERT, HIZ4s
AT ARSI 94%, AR B A 2 Jm sl

o DTk HASTAAE 90 BEHHLRY, AFEBHCH) X G EH AT S 2 R R
AR E Fig. 20 &, HA 1° = 60 minute.

10

08

Q
o

o
B

{422) Reflectivity

o
™

00
0 2 4 6 8 0 2 149 16

A Minutes of arc

Fig. 2. Reflectivity profiles of silicon (422) at 6 ~ 90° for
different wavelengths. The quantity plotted on the abscissae
axis, A@, is the deviation of the angle of incidence from 90°.
Note that A6 in this figure has a different meaning from the
same quantity referred to and defined in the text.

2 —JgHr A rocking curve JE% sharp.
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PRL 5 FERR : AR
H#: 2022/7/10

3 ETHEABOLR BT X 548 306 [PRL 96]
Fully Coherent X-Ray Pulses from a Regenerative-Amplifier

Free-Electron Laser
3.1 EARFE
o K FBHATS H B HEFEOE
6% Zhirong Huang and Ronald D. Ruth (SLAC)
ER: HIE. BUEITE

#59% :https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.144801

3.2 fH®

RIS S I — R T AR BRI R 2T 8 X S | R0t T
o XN EAMNZERT Bragg shAIV N RO ETE L X ST ist, HB0s s BB
~ 20 mf, BT KB =4 Bk B & (self-amplified spontaneous emission, SASE) #& 4t
5, Gt HERIER Y, HEIEIR G ANAN, 5ETRBIA S EE L HAEN . X
YR AR MR T ORGSR AN, B 7 —EW B R diig, —#9 AN Bragg fh
SRS NI ZEE 1o AT ZBL, BT XM S-S, =R B K H
KBS SASE FEL 15 7 2 =M E0a .

3.3 TTHRERAIHT A

o BT BT HEABCILEK H B HE0E (RAFEL) A2, 1999 4

B IRAELLAMR R B i IF BURSRAESES EARSSk. tholh, fERIMGH BLhE
JE AR o XL SCREAERE X GIEBL, M7 Bragg sbiAIE i SOt 5
e X Gi4efint. mEEMTA Fig. 1.
FETBOALH B BT 3H0ot (RAFEL) 5 3 7 ROGIR Y+ (FELO) BAREE¢F
EEAHEZESR, RENWEHEMAAR. FELO ML e, FIH
RO AR . RAFEL MDY St fe, fER8 X ST, XPeailik i
BT EOR AT L XFELO ShZe Al

* PG I B P R ~ 100 m &, LIRSS 2 ~ 50 m
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.144801

Bragg mirror

e-beam

X-ray

chicane undulator Bragg mirror

FIG. 1 (color online). Schematic of an x-ray RAFEL using
three Bragg crystals.

o TIHL: XESIECEEI T T RAFEL [WEARY ISR, FIH 4k LT,
75t RAFEL B9A20 (F5%0) B sS4 HahE

BRIME, HFARER TR CEAEEIRIER RS Y B (t)g(t), 7 E H KRS
Yy 6En(1), H
EL(t) = En(t)g(t) + 0 En(t)

Hrr, g(t) TR E I8 £/ BT 0 886 2 sR A AT RIACHOARGA N (1) = go exp (—12/202)

B P AR T AL AT LA O

E,1(t) = / ;l—:e_i‘“t/ dt'E® (') €' f (w — wy)
Hrp, f RAE Bragg A ST EERIIEB Y. f(u) = rexp (—u?/407,)e ERIHIA
R, A

Braat) = | e 000 1) 1, )

4> 1R, 20 B ARSI, BUECR R RS AT P

E,(t) = A" T A(t)e

13



Horpr, A SRAE round-trip field gain. NA]LAGBIEA R RS b B TR, A

A t? 200700 za o2

€ex — = ex -
PP\ Ta02) T Tt a0zez, P\ T+ 4ol
:/H\:EF[ s Ogaq = UmOUT/ \V 20—;%0 + 072-0 ﬁzfj‘ 00> ﬂUT%‘éU‘@‘?fﬁﬁ%%% Q{/El\ﬁg‘o

Round-trip power gain A

4 2 \/1+80202 -1
Gefr = |A0|2 = GORLQMQ =GR * SImOr
14 402,02, \/W+ 1
5 oo, BEMXK, H, o HEKRAKE, 0, N Bragg K415 . 3£ T RAFEL
IR LMEE,

[ Pa(t)dt — an+1 t)dt 402,02,
= [ Pa(t) 1=k 1+40202,

RIS AR LA LCLS A28, 45— 912 RAFEL HURiT 248 BihZ
BAlLiZ2%%ie 3 Table Lo FI&] Figs. 3 55 4. 5 pRoh B a4 i id i 5
55 10 [l H 5 ST 2 O kb B i) 0 A o

10' 1

o
o
w

—
o

o

(4]

o
-.‘l

—

o
e e =
w B U o

relative rms energy fluctuation

o
o

radiation energy at undulator end (mJ)
o

|
o
-

1 2 3 4 5 6 7 8 9 10
number of x-ray passes

FIG. 3 (color online). Average radiated energy (blue solid line)

and relative rms energy fluctuation (green dashed line) at the
undulator end.

fE Figs 4, wEZONELY . BBRRAE D AE Bragg S S TS,
A LB AE R A I — B a(Gd g, A Fig. 5 BBk a4
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power (GW)

2l

FIG. 4 (color online).

0
-200 -150 -100 -50 0 50 100 150 200

time (fs)

Temporal profile of the reflected (green

dashed line) and transmitted (blue solid line) FEL power at the

end of 10th pass.

3.4

Ve
b

-200 -150 -100 -50 0 50 100 150 200
time (fs)

FIG. 5. Temporal profile of the final transmitted FEL power
after passing a monochromator with a FWHM bandwidth =
2Aw,,/w, = 8 X 1070 to filter out the SASE radiation.

XK RAFEL HUHIABRT Fig. 1 fIERIEAIE . RILR 90° FHRH T .
HE, HIEEN RS RIZIE T 255 & multiple-wave diffraction, JMANAIE.
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HESi% SRR AR
FI: 2022/7/14

4 A Brief History of Electromagnetism
HLT 7 T

4.1 HAFER
- K HE

o E#: Charles Byrne (University of Massachusetts)

F

\|

<

o f{f%: http://sites.iiserpune.ac.in/~bhasbapat/phy201 files/EMHIST.pdf

219 N2 HT, AMIEEARRAE AR £ 19 HEkZ )5, FEELE
HRARFE . WS BOR G Z ARG — O 14 2 19 {HA00H], “H IR B0A 1B
L. £ 18 R, B NERRIEARN —HHEE, AMPUHAERAE, 8T,
R IR S X SETC R AR LA g ks Pl o A JR AT B2
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PRAB 5i# SR 2R
H i 2022/7/16

5 —HhA R EDLIRG AR HUREGL [PRAB 20-11]

Gain cascading scheme of a free-electron-laser oscillator

5.1 HAfEHE
o 2 FPEATS A HEFR0E
« 1E#: Kai Li and Haixiao Deng (3§ 5 FH RS T
o KA HUEA

o HE¥7:https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.
20.110703

5.2 i

KIS %5 B B T HOETR % (free electron laser oscillator, FELO) GEfE =4 5 Kl
%~ BHIMNEE X GBS TS . X SCH PP BLR & i3 a PR
B EIR G a P B2 B Gt . RS F RIS IR G e dIE, X7 RaEW
AT R ARSI T BEEEE DR, E R SR KRR . VEABIT, XIS
LLAMNBBC ST X SR B 2 PR 7 d A

5.3  TTRRERAIHT

S FELO il f— 4L 85 AW B ALK, T A 2t By
A REREL, TR AR I E A ELAR R pE e [ R s Ok R
— B M T SRR, I3 R TR VR AERR S A A S T RS
Wi FRH R, TR T EAESH R RTI AR, TRAGAFIN. WA
(14 g)r =1, Her, gk (BRE) W5, r WM (BRI JTHHERE. TR
AR ER AT % (single-pass gain) 5t G T IS -

o BIFTR: XRIESUR I R IHTT R, IR R EZ B (86t PR
X)), MARRNBRAB G0 ARIERN. 2B, A RERogrEEn
TREGEAEME I E— RGO NSRRI AS . N ar sE S R S A R0
AR BAE M . R IE Fig. 1 AR i &K BL, BT X et 2P

NS
AE
PN
A

AT LU B SN AR A R B AR A EME O [ — B R, B RE R A /DB Lk Al
FHETH TR
SONBEENIEE S EEREE s Wi AR (FR passive cavity loss), & MRS (7] active output coupling),

17


https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.20.110703
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.20.110703

AL AEERIE PR S H RS TR RS 2 Bl 4 RV AL & REAS i

Yerpifsi, 2% M4 Fig. 2.

e-beam 1 e-beam 2
\A A/ \A A/
- A A ‘

FEL (a) FEL
delay
AA AA AA AA
e ~Aa ~Aa ‘

alla

FEL (b) FEL
delay

VN VN 7'\

FEL (©) FEL

FIG. 1. Schemes for gain cascading in single-pass of FEL
oscillators. (a) The original idea conceptually to replace the
degenerated electron bunch with a fresh one. (b) A more practical
method of using bunch trains and refresh it through the delay
between the two stages of undulators. (c) The bunch trains are
replaced by a single long electron beam.

0.3
— cascading

0.25F ~. = —normal

0.2

Gain
o
o
«

-

01 N

0.05f N

0 X ,
10! 102 108 10* 10°
Power (MW)

FIG. 2. Single-pass gain as a function of cavity pulse power.
The dashed green line represents the single-pass gain at saturation
for the typical 6% output coupling. For the same output coupling
efficiency, the gain cascading FEL oscillator generates a larger

light pulse power inside the cavity than the traditional FEL
oscillator.

TR : IXREIE T Section IT 25 HAFEHT /34T, 18 BA 22 Bk W dm 2 R S5 LE B S v
RESZ5 Y B S Y RE AR . AN[H T optical klystron (OK) #x(, )5 2 Brij
Vs [AIHY chicane & HIRIRRR 7 ARSI TRl 2 o (AL, b7 RV 73R
255t chicane Z J5 P A EIG a5, (H2& OK iUy B 1R ME EiE 4 o

XIS Section I 55 IV 73525 8 LT 1 et SR 0 2 20N B

R X BB, WA T I s JUBCRGURENS 25 Hh B e HY D (EL D, I HL o HY AR
S IR e TR R AR 2
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o =3 o =]
o o o o

Peak power (MW)

o
o

%o
100

200

Round trip (no.)

250

FIG. 3. The growths of output peak power in FEL oscillators
from steady-state simulations, in which the blues are results from
anormal oscillator with 25% single-pass gain from a single-stage
undulator, while the reds are results from an FEL oscillator with
25% single-pass gain from two-stage cascaded undulator, i.e.,
12% from each one. The diamond, square and circle represent the
cases with the output coupling efficiency of 6%, 8% and 10%,
respectively, and the passive loss of the cavity is assumed

to be 1%.

FIG.5. The temporal and spectral profile of the output 1.6 xm pulse in the normal FEL oscillator (blue dashed line) and the two-stage
undulator cascaded FEL oscillator (red solid line), with the chicane delay of 1.0 ps. The output coupling efficiency is 6% and the cavity

P(w) (arb.units)
s o o

o
N

250

FIG. 4. The cavity detuning curve for (a) output energy and (b) peak power.

~
=]
S

detuning length of 0.2 ym for both of them. (The upper figures are manually shifted to the center.)
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FIG. 7. The growth of output peak power in x-ray FEL
oscillators from steady-state simulations, in which the total
reflectivity and single-pass gain are assumed to be 89.8% and
15%, respectively, and the output coupling is 4.5%.

N1 N pes=100 N, es=500 N, =1000
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Iy
=15 <03 I £3 s
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FIG. 6. The temporal and spectral profile of the output 1 A pulse in the normal FEL oscillator (blue dashed line) and four-stage
undulator cascaded FEL oscillator (red solid line).
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Conf. Proc. i SRR« FEAAHI
H 41 2022/7/19

6 HT GeV BEHEEE MU E L H B i i FHOGIR G A [WEP C34]
Simulation of an x-ray FEL oscillator for the multi-GeV ERL

in Japan

6.1 FEAXR{FE
o 4335 FRPERATS B TR0
o YE%: R. Hajima and N. Nishimori (JAEA, H7)
o R I

o #54%: https://accelconf.web.cern.ch/FEL2009/papers/wepc34.pdf

6.2 fHE

IXFRVE LS H— PP T RE R I BN #Y (energy recovery linac, ERL) 3Kz H
HTHEFROIR a4 (xray FEL oscillator, XFELO) 1J7%, M T #EHERM & &
JEREZR RN s T RIG s IR RE . M EERAL_EUESERI A 5 GeV 50 B L 7R AE
0.1 nm A&GEFREN . BIFSEEET H A7 W5 BRI #AE" (Japan Atomic Energy
Agency, JAEA) fryfg i e gmin 2l

6.3 TR ERAIH A
o QBT SRS U AR AGRE R 5 GeV B FiEfT XFELO Kt iRLGERE:
fll, TR TR, RSSO T S I 2 S B 2
DL HENE ML, AEARREBE= A JE 0% ) WR B M T B2 B R S . T SR RS
AR EARIEES . N B BT ROCR G a R IR R AL E R
o TUHR: OATAREE RS XS R A A B (Z4EN) IR MES, X RS IE S FEWIR I I
FERTE 5 GeV IHENL T :
— TR IE = 20 pCy 2 ps. HEAL 107
— AR EREERNEN = 7.7 pC. 380 fs« HEHL 0.5 x 1074

/IME TR S A SR R I Fig. 5 foR
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small-signal gain
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Figure 5: Small-signal FEL gain estimated from analyti-
cal formula. Gain without velocity bunching (20 pC, 2 ps,
or/E = 10~%) and gain with velocity bunching (7.7 pC,
380 fs, o /E = 5 x 1075 are plotted.
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X-ray photons per pulse (intra cavity)
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Figure 6: Model of Bragg mirrors: Reflectivity and phase
shift are plotted for a cavity rond trip.
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Figure 7: X-ray pulse evolution in the X-FELO.

Figure 8: Temporal profile of a saturated FEL pulse. The
temporal duration is 1.2 ps (FWHM).
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