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PRAB ] EZen9iT), Satsr 3k Py2r (American Physical Society, APS) J N #H
BiT|eGE % PRST-AB. Elsevier fU#Z¥HL- 5K Nuclear Instruments and Methods (NIM)
SRS R REVE MDA 7 AR 5. SR LTS UG 3 1 A SR IR SNSRI FR
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1 AR B B0 R IR Gas itk [LPB 36]
Development of mini-undulators for a table-top free-electron

laser

1.1 FARfER
o S HEETHOL
o YE#&: G. Petrov et al. (FZHH: NRL EMFTHT, FEH)
o AL PR, B

o HE¥Z:https://www.cambridge.org/core/journals/laser-and-particle-beams/
article/abs/development-of-miniundulators-for-a-tabletop-freeelectron-laser/
37A3DDE16AC5AB529DBC38A88542BO7F

1.2 fif%

Ak, WOLEINdE e (laser wakefield acceelrator, LWFA) [ & JE51# T A4
B X BHRmATRR R, Flin, R EREATH BT RoeE . R, fAGEN
TRAMERBI PG a2, RERTIR K o IXFR WSOl 1T B IR R I e B 5 LWFA
SEA I ATRENE, (I G ar i BRI RS S LWFA SC3G i hnig i 2 (JL4 em) M52 X
S Ve SCIR R 1A FH IO 0 ok ARGk A Y SR 2 3 9 i 258 AR — B HR ) 45 T
B, HHE T 1% ARG RESTERERIR . TR, ER VIR RS LWFA 7
FBHAT T RIP I FL AL R AT X SR e Sl o

1.3 Tk BAH

C GIFTA WS T TR BIURAY X S A TR0, TR
PR A o (R 8 245 T RSO A F 26 Table 1 5
Table 2,

HEAL, S5 AR IRt SOt B ke £ /) 400 MeV HE-FIR . IXRIE LA+
A IR T BT O S e e AR S A R T RO SRR Y M A IR R B A A
WIHOUA 50, ARLUHAERDE, WU X Mg ARET) \at. B2, Hars
MENE S AR AR 2R (AT T80 B RS IR R g s AR
FHTER X HEfE 5
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Table 1. Electron beam and undulator parameters for the mini-undulator and LCLS-FEL

Parameter LCLS FEL Mini-undulator Ratio
Undulator length (m) 110 1 ~100
Undulator period (cm) 3 0.04 ~T5
Number of undulator periods 3600 2500 ~1.5
Undulator field (T) 125 02 ~6
Undulator strength parameter BI5) 75%107° ~500
Fundamental wavelength (nm) 0.12 1-100 ~0.01
Pierce parameter 45%x107* 1073-107* ~1
Gain length (m) 4.4 0.02-0.2 ~40
Electron energy (GeV) 136 0.02-0.25 ~100
Bunch duration (fs) 200 20 ~10
Bunch charge (nC) 1 0.1 ~10
Bunch current (kA) 34 5 ~1
10° 5 10°
s 1 L 106
Table 2. Electron bunch parameters 10 E 10
10”4 E107
Parameter Value
__10°4 F10°
Q[C] 0.1 2 b
< 10° 4 E10° B
D [um] 20 g 3 5
4 -10 ©
< [fs) 20 810°3 a=0inc [0 ©
N, 6x10° i 10° D=20um  [qo"" i
1 =10 fs
V[m™ 9.4x1071¢ 10° 4 . =0.04 cm 1077
E u
ne [m~] 6.4x10% 10' 4 K=7.5x10" [1¢"*
B=02T
A 44 : e
P lum] 10° Er : BT
Apfhy 0.11 00 05 10 15 20 25 30 35 40

z (m)

Fig. 3. Power amplification and FEL pulse energy as a function of the length z trav-
eled in the undulator for beam energies v =450, 142 and 45, corresponding to funda-
mental wavelengths 1, 10 and 100 nm. The energy above resonance at the undulator
entrance is N = (AY/¥res) 0 = 1074, 3x107% 1073, respectively. Electron bunch param-
eters: Q=0.1nC, D=20pm, t=20fs, /=5 kA. Undulator parameters: %,=400um,

By=02T and K=7.5x1073,



o DBk B TR EAE M FHOCHE S A SR . S —4HAE 2007 4F
Eichner ¢ A\ . Gruner £ A2 H , 7£ VUV 3B (25 nm), A, = 5 mm, K = 0.5, Lg, =
0.8 m, FIFHIE (petawatt, 10 W) HOG =4 73K, SLIGFE 2009 4/ Fuchs
8 NASFIE. 45 —414E 2008 41 Nakajima 32, 7ELLAMEHBE. M, = b
UG E BRI %A FI 2 mm &2 T, X bR e A B R PR T 2
100 pm“PRAR"FEGE, I HOE I T .

ARRARB e i, TR0 e R A E 20N, e It S
R, i 2 — L9587 (scaling) K AR. H FEL HRK R

Au K?
Af = 27 (1 + 7)
FIHRAE Table 2 HHEYHL 7RS4, BT E5R

p="53x10"%/y
Lgain [m] = 3.5 x 10~y
Lo [m] =2 7.5 x 101y

N TR EELR, HETHE PR DA LWL, (HE, HEORBE GBI
KJE ~1m, WHETRAESL Pierce 2% p FrERIAEIH HArRR K

BUBRSE— 4. RaShill, 900 L Fig. 3 Fim. =40 mat i a2
3t (Ming Xie fitting formula) (555, ZB4 HARIE, WLIS% A28 FEL fi50FH.

ORISR LA A T SRR 545 e 1T BT RAE RN 5K IR,
2% I Fig, 4.
H RS0 RR , RS REO M S OB R B N R RL & (. (R, T
SR S T D5 5 5 B A A EL O R 572 0 2 B4R o
SOE) B X AP R, DRIRUH R 77 2 H 250 o P
B A 17
1.4 He

W ERNE, W SR K AR R e IR 50, AN LU AR RO R
(lasing), £, HATEMBIAET R RAX D RE 6 ARET) WSS a0 iR Sk
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Fig. 5. Electron beam spectra taken without traveling through the undulator (top)
and traveling through the undulator (bottom). Although the electron beam charge

100

100

X-Ray Camera

Lanex Phosphor Scintillator Screen

300 um Mylar + 2um Al X-
Ray Filter

25um Al Light/X-ray Shield

is slightly reduced after traveling through the undulator the spectral shape s similar.
The change in beam charge is within shot-to-shot variability and we estimate that the
majority of the electron beam from an LWFA is easily able to pass through an undu-

lator of these dimensions.

Fig. 4. Diagram of the set-up for preliminary measure-
ments using the micro-undulator in a laser wakefield

accelerator set-up.
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Fig. 6. X-ray spectrum from the experiment under three different conditions (corresponding to the diagrams). The three conditions correspend to (a) the electron
beam passing outside the undulator, (b) the electron beam traveling through the undulator, and (c) the electron beam striking the undulator material (generating)
bremsstrahlung. Although there is a slight increase in the X-ray signal from the bremsstrahlung case the total photon spectrum in roughly similar. Further work
showed that these X rays were mainly caused by a large divergence dark current in the beam.
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2 FTHAR B Gy RN R B S kel [PRAB 20 08]

Quasi-half-cycle pulses of light from a tapered undulator

2.1 HEARZR
o S [FPARSTS H RS
o YE&: V.A. Goryashko (Uppsala University, Eiii)
o SEL FEG. R

o 4E¥Z:https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeans.
20.080703

2.2 R

s3I OK##Z% (strong-field few-cycle THz) fikifue =4 558 AR it
BAE N TH. Xrwe e —FIr%, AT =R E GV/m R ki,
HE R T w2 (kHz) 8. 1% 7 R H AL AR 3 as I TSR B (prebunched)
=T B EES . 2T ER AR TET B BB FROsa i S 6 a it —
%R [T. Tanaka, Phys. Rev. Lett. 114, 044801 (2015)[, XES 048 tH T T 7=
A I K ) I Y e G ) OB v A A AR R FE 0 A I AR A S o JEEE G R T Y
W AR I Ve e 3 T R IR E S, XIS T A e S 8O T iR . 8
T RAINLEAT . AR IR AT ) A B R e b A R Y A A 3 TR AR

2.3 TTEREAIHT A

FERBRZL L AN B, W RS R bk 2 A2 S E 5 o L AR ) S A )
TH. Hui=4: 580 RIIOb 22k i 7 2ORE0s -
o SERPOCAEARLNE ST, W AELEEN L ngeEREE (LiINDO3, lithium niobate),

L AT (optical rectification) Hok = FRLIER—RHIET 5 THz, LT Hy
EQ& .
==

o FRERL Tl 2 R G RV A 2R S = 20K GeV. nC HLFIR, /NI
WIME . HOIEE & T 5 THz, A2 R G2

'https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.044801
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https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.20.080703
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.044801

o QUFTAL XRIRSCRIATIER (prebunched) M7 REAUIG DG 7
AR SRR LA T B AR AT RIS IR SR, A LR 2 MHz &
g%, FEHAOIER RS E . ART LA THz 2. XRIESOMEE], 1
F N FPRT Tanaka §9—F3T B o H 7 HOGH P RS #2261 28 /D i S5 A bk
AR

FERITER B s, RIS RS A BUR T35 ar R IR sz kb TUAE
IR e i B W s A R B, B2t 7 28— A 3R & R K ik
Mo A QB AAT K S5 Ak A L 28 R B AT LR B0, an SRR 2 ] R R
ST S8 TR WA WK I S Bk o g b — A B0 DUt e fk Y I S AT WK ik e S o
JESIAH S A PR AT B gl Rl LU A2 —MUE DU LA (few-cycle) RYRRST IR

DUk AKX RIE S, impulse 35 BN FE AR B A R R AT kR s pulse R FE
ARIE R RO R RS KT XIS SCE e HEBIFME L : quasi-half-cycle pulse
5 frequency-chirp pulse Z [P, HTIE Fig. 1 RBL. MRARXAFETA
[RIAR ik g0 TR AR A o

.-(a)/—- \
YavaVva\
VY
DMV

(b) (d)

phase=-

_. Fourier Decomposition

A\

Signal
—
_—

1
-

-1 0 11 0 1
Time (arb. units) Time (arb. units)

FIG. 1. Schematic illustration of the Fourier decompositions (a)
and (c) of the quasi-half-cycle (b) and frequency-chirped
(d) pulses, respectively. The quasi-half-cycle pulse is formed
by the superposition of in-phase sinusoidal components, whereas
the frequency-chirped pulse is composed of the sinusoidals with a
nonlinear phase shift in between them. The amplitudes of the
Fourier components are not to scale.
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B, XA Tanaka (07, 1825 BRSNS AR =
E(t) = /Eop (t — to) npg (to) dto = Ew = Eo?’Lo /pwg (to) BthOdto = Eonopwgw

Hrfr, p @7 profile, g 2HFH profile. WA EEENES1S E, A4
SRR T I Y TR RS g0 B, A BIETRIR S SR &4

|gwpw| = fwy arg (gw) = —arg (pw>

Hr, f, = 2/7raf’w2e*”t2“’2/2 & quasi-half-cycle pulse HYfH 37 47 5% PR . Tanaka
TEZ AT TAEHR 9o = pho

*Hﬂ HRHY AL AT A IS 3R P w7 (tapering) s i HL -SR] FR ARG TR]
HifREl, 2% M Fig. 2.

V tapered undulator
prebunched beam

z
HIEHEE N\Alm

L electromagnetic
, * A(s) radiation
direction of r Ay

] ‘
beam propagation radiated
pulse

FIG. 2. Schematic of a tapered undulator and a prebunched
beam. The distance between the bunches s changes as the
radiation wavelength along the undulator impulse A.
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FIG. 5. Optimal undulator field envelope and radiation fre-
quency vs distance in the undulator. L, = 70 cm.
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3 F3h Q X X HEAAERRES A HRFEDE [PRL 131]
Active Q-switched X-Ray Regenerative Amplifier Free-Electron
Laser

3.1 EARFE

2K [FPRRATS A B HEE0E

{E+4 : Jingyi Tang, Zhen Zhang, Jenny Morgan, Erik Hemsing, and Zhirong Huang
(EZHLH: SLAC)

I A

54 https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.055001

3.2 fH%

W EHFEREE X GF4H B T7H0E (x-ray free-electron laser, XFEL) £ T 4%
BENE, BRIEAEANA XFEL 38 FERSHT. BEETH X R0t X
e SCHIR —FHEE T3 Q TR0 X BHATE RO sR e B THOE, IR A
T mrEs EEAAE X S E 0. Gl A A A S AR, XY
ZRREAS A R G I Y it o R Q BT i H R

3.3 TIRREAIHT A

AT TH) XFEL — SRR, HI-PAse k. mEM XFEL 2SR
Bos ATHT R SR AT R 2 28 = N0, JTRIBERI R AT o R, &
HIHTRAEB P BCE AR FEL B3ar . HATFRM .

o QPR T SEEE GREL) MR 3 Q FF%, IORIESC R AL LT AR
AELEWANK. T X A B AR Bragg RATHEAISE (< 100 meV), iR/
PR RS 1k B ORI I R Rt i 4B ek s S0l
TARAGRELLAMK, WIES D FRST RO REAE MR IERE 5 sk, SEBEZ) Q JT%
2 FPABOCHUR E FEFHOG (RAFEL) 5 8 B FHOBIRS 2 (FELO) MUNTIfE LR M B2, ST E(]
AIEBLRRTH AR . FELO J(RSasid 2, FIAIRSUER 622 AR . RAFEL NARisasid i, 70 X 4%,
XA AR BER T LA XFELO 0gER1, X TA T SR e LB SR, RS2 i i
1. AREHL PR S
“T Brags [ZAHEAVE. WAMBAEEAN. FETHM FEL B,
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X B Ao AR B TR0

AT %, A28 T XFEL kA RS & BOoRR R AL
felmtil, T BRI E AT, Bl (A SRR S S A
W oot BhiALEO BT, BB ARMENIA B o SRR AT R A oy, 5
BEGH A B0 AR B 2 RS

BT TR Q IR X GRS B M- FROEE AN Fig. 1, Hrr, £
Bragg T [ BB 778 [l [l 20 16 SR I I am N LDBrBE R B o, AR
AN MRS & BTE R SNER VRO S o

chirped e-beam
undulator f::fﬁ
“===  FEL radiation
_______ / WP == Recirculated
focal = - :
l:ises - # 0 ... Outcoupled
.L < I == Electron beam

P> Bragg 'y.'mdow

ct photon energy

-.<
&
=
;“
e
.
E—-
o —
spectral intensity

FIG. 1. Illustration of an electron-beam-based Q-switching
scheme for an XRAFEL. Insets 1 and 2: electron longitudinal
phase space evolution and FEL process. A chirped electron
beam (blue line) will be slightly compressed or decompressed by
the undulator (see text for details), resulting in a shift in the
microbunching and the FEL wavelengths (4,5 and Agg; ). Inset 3:
the FEL radiation (orange line) spectrum is effectively switched
out of the narrow reflection bandwidth of the Bragg mirror for
output (orange dashed line). The remaining portion of the
spectrum within the reflection window (green line) is recirculated
to seed the next electron beam.

o TRk XEESCGA AT AERE R b = DL [ TSR A R R T
P, HAUDHR R AR —E R

A
© AN,
Wy 3

AR A% B A T LA SR A R 21, R ANIE . B, XRIE305 i =i
WL, Hrb, BB AR TR B A R R RE SR . S HUE S5
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Table I,

TABLE 1. Electron Beam and Cavity Parameters.

Parameter Case I II II' Units
Beam energy, E 8.0 8.0 30 GeV
Beam repetition rate, 0.1 0.1 1.0 MHz
Cavity round-trip length, L, 300 100 100 m
Embedded undulator length, 128 46 46 m
Undulator strength K 1.657 1.657 0.675
Undulator period, 4, 2.6 2.6 1.0 cm
Resonant photon energy, i, 9.83 983 695 keV
Beam peak current, / 2 kA
Beam rms duration 20 fs
Normalized emittance, ye,, ye, 0.3, 0.3 pm
Uncorrelated energy spread 1.0 MeV
Beam energy chirp 033 033 025 MeV/fs

XFEE— RGO, FTH T4 F SR A R R S Y —/ NE TR S FE R PR T e 42
Pt )a £ R E AR ARG il e FEL IR, H&BHE R,
BERAIE, WA HRE, BT RREE A h BB, A
SZWRMREL S Mo B R [ Fig. 2.

% )& start-to-end P, XSEICRE D AHIL, BRIEAIRE 2 2 FriE NI HE T
R 25 SR FLSAE B0 T RS EE S5 0, AT & Fig. 5 45

X AMEOL . 25 REHT N KRN R AERE SR (fat), T HE O S
Yyl DM AR TR IR DA PR, EENER AR AT 5 IR, PR AR L RE & WA
F FE - AR 2 P e I R BB AT i iR, 4 HAE Bragg & AN RR &
Gt o BAUEE R I A Fig. 3.

3.4 HE

FFAERE R AR HE 1 O &t 9 v de . 774 SASE FEL fES 7S 520, 4047
W% Refs. [1, 2.
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FIG. 2. Case I: Electron-beam-based Q-switching scheme with
100-kHz 8-GeV electron beam and 300-m cavity round-trip
distance. (a) Recirculated and outcoupled power evolution as a
function of time with FEL starting from shot noise. Each dot
represents a recirculation pass in the cavity. Orange bars in the
lower inset indicate the passes where a chirped electron is
involved and amplifies the recirculated radiation. (b) Five shots
of outcoupled radiation power profile after reaching steady state.
(c) Five shots of normalized on-axis spectra outcoupled from the
cavity. The blue curve represents the on-axis reflectivity of
diamond (400).
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FIG. 5. Simulation of electron-beam-based Q-switching
scheme with electron energy chirp jittering. (a) (b) Stability
of the outcoupled pulse as a function of e-beam chirp jitter.
(c) The intra-cavity power buildup process with 10% rms en-
ergy chirp jittering.
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FIG. 3. Case II: Electron-beam-based Q switching scheme with

100-kHz 8-GeV electron beam and 100-m cavity round-trip
distance. Flat and chirped electron beams are used alternatively
to build the intracavity power and outcouple radiation. (a) On-
axis spectrum of FEL radiation from flat electron beam (green)
and chirped electron beam (orange). Solid curves are the spectra
outcoupled from the first Bragg mirror while dashed curves are
the spectra at the undulator exit. (b) Recirculated and outcoupled
power evolution as a function of time with FEL starting from shot
noise. Bars in the lower plot show the pass with electron beams,
with green ones representing the flat electron beams and orange
ones the chirped electron beams.
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FIG. 1 (color online). Cherenkov wakefield cones of a pointlike charge moving along (a) a waveguide with a thin arbitrary slowdown
layer on a metal surface; (b) waveguide with a thick layer; (c) infinite medium.

ML EZER, af DM 258 L RAE R S5 RO RRIT S5 2R . AEIR0RE 7B 3l S5 77 A e
TIE, A

BE(0) =~ ES(0%) =~

 2maZey’ maZeg
DABCAE N ERIEE R, SR E a5 A [l Rk i i o A sl I it (conformal map-
ping) f3%l. 2% N Fig. 2, IR Fig. 2(a) HIFHUAAAE, W Fig. 2(b,c,d) AL
T T 36 436 30 = O O A1 IR ESHA: 200S B A [ S5 A ) A o

Fean, X RS RAEIEEA , EEE EAOE I, R FTE 24 A9 ff et
w— Y = agg=le, BUPRAMEMET, DUN EEOT

([ Eeas, = [[ B2as,

19



a
N - i
() (b)

(c) (d)

FIG. 2 (color online). Cross section of the considered metal waveguides with slowdown layers (yellow): (a) cylindrical, (b) cylindrical
with displaced charge, (c) planar, and (d) square.
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FIG. 1. (a) Definition of the conformal map from the w plane to the y plane. (b) Schematic of the shock wave formation process.
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FIG. 5. Normalized maximum of the longitudinal wake
potential (red) and maximum of the y-component of the trans-
verse wake potential (blue) for the Gaussian distribution as a
functions of the &,/a. Dashed lines are asymptote given by

Egs. (20) and (21).
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