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Chirps in a high-gain free electron laser seeded by
high-order harmonic generation and ultrafast

source production
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+ Chirps in a seeded Free Electron Laser (FEL) in general
#®  Frequency chirp along the seed pulse
#  Energy chirp along the electron bunch

# Intrinsic frequency chirp developed during FEL process
# Interplay of the chirps

+ ABCD formalism

+ High-order Harmonic Generation (HHG) seed is attractive
#  Ultrashort, VUV to soft x-ray, attosecond pulse train (APT)
# smearing of APT and APT restoration

+ LCLS-type high brightness electron bunch seeded by HHG
#  Ultrashort, powerful, hard x-ray FEL,
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+ Wigner Function for a Chirped Gaussian Seed Pulse

#® The electric field of the chirped seed laser is assumed to be

E(t, 2) = Eg€ (ksz‘wst)e—(67+i/3)co§(t—z/\/g,O)2

Seed Chirp

with v o = s /(K + 2K, /3)

@ The Wigner function is defined as

W(t,,2)= | E(t-7/2,2)E*(t+7/2,2)e” " dr

#The Wigner function for the seed laser is a Bi-Gaussian:
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<+ Contour plot of the Wigner function for the seed laser
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Fig. 10. A beam ellipse based on the ¢ matrix. The maximum
extent of the ellipse and its orientation are shown as a function
of the matrix elements.

+ Electron bunch: RF cavity and Bunch Compressor
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+ FEL process — group velocity dispersion and gain

# Integral representation of a seeded FEL
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# Energy chirp in the eleﬁfon bunch--
_ 2 dy AT
Yo dt

#The FEL electric field in (t, z) coordinates

Ere (t.2)= Eqpe € e )K”Zei(ksz_wst)e_[as'f (@46, (D)L (t-2/ . f

where ay ¢ (2) = 402 (62| 2, (1) = s (D02 ¢ (2) ] R~ a2 (2
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+ Wigner Function for the FEL Pulse is again Bi-Gaussian:

&° A dw A4
>~ 2r - + —
g,
W(t, w,2) O exg ——=21 ;G.ir;)ff 05,1

d =t—(t)and dw= w—(w)
Ot B 1 i <(t —<t>)(a)—<a)>)>

I = 2/83 f B
Uw,s,f 2a’s,f Jt,s,faw,s,f Jt,s,fUa),s,f
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+ Second moments:

Utz,s,f(z) — a)LS;\7
w?Z VARV
< 05s1(2) = ( —— )
4U V
_ _ _ ﬁs,f(z) il ﬂ
- Oho- @) =520 = &

~

#The longitudinal emittance of the Gaussian seed is defined as

eLight=V {(t—{))2) {(w—(W))?) — {(t—{t))(w—(w)))2 | = V2

#The longitudinal Compute €(z) =2 = Coherence is Preserved!

Juhao Wu
Jhwu@SLAC.Stanford.EDU

Sep 09, 2007
FEL Frontiers 07 -- Chirps

Brookhaven National Laborator




L/ ik“- Stanford Linear Accelerator Center
L LT Stanford Synchrotron Radiation Laboratory
+ Notations:
U = 3+P2 [0+ (6+4R) o+ V3 (2B —u)]
V. = 3|0+4(1+R%)a
W' = 4(V3R0,+3B) +Pu [20+4 (3+2R%) oy — 3]
(p = & s
O, GF
' 2 2
0 = ﬂ(ﬂ;{tﬁﬂms . with u = iﬂ and Go.Gr(z) = \/3V§Pms
w.GF S Y@y dt 1 oz
R = Jes
O, GF

Notice that, even for BS: p: 0, W # 0, hence FEL intrinsic chirp

<+ Centrovelocity:

Z8 -2V3 s T 3#)/(2\702),GF)
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+ Ellipse evolution
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Fig. 7. (Color online) Contour plot of the Wigner function Wit —z/v_ m—m;) of the FEL light for z = [0,20] m. The centroveloeity o, is
given in Eq. (32). The electron beam has a pogitive energy chirp. The left (righty plot is for an inikial positive (negative) seed laser chirp
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+ Ellipse evolution
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Fig. 9. (Color online) Contour plot of the Wigner function Wit —z/v_, w—wm) of the FEL light for z = [0, 20] m. The centrovelocity v, is
given in Eq. (321, The electron beam has a negative energy chirp. The left irighti plot iz for an initial pozitive (negative) seed laser chirp
of equal magnitude.
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4+ Chirped pulse compression
# Preundulator — introduce the chirp via horizontal shearing — stretch temporally

# Postundulator — chirped pulse compression via horizontal shearing —
compress temporally

# Yet, the FEL is a group velocity dispersive medium with gain
®Foru=0

Positively defined, inevitably stretch the
pulse temporal duration
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+ However, forp+0

1 1+4C% 4 . 1+ 202
Ty f= Oy 1+4{TE_ 2602 T}'—EC EN— "
2(3 + 4C%) . 11::‘.6621?2'”2
+ C + —
243 7 TT729 ° 7
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+ Example, interplay of the chirps and optimization for
compression
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Fig. 11. (Color online} Plot of the FEL pulse duration o, after postundulator pulse compression versus the dimensionless frequency
chirp € in the seed laser (left plot) and the dimensionless energy chirp » (right plot) in the electron beam introduced in Eq. (43).
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4+ ABCD formalism — transfer the complex Gaussian parameter

I . - Ap(0)+B
o) - —2Bs r(z)s +i204 p(Z)ws, as p(z) = Cp(0) 1+ D

# Symplectic ABCD matrix

B 2ikyz
0O [:f-l— v@)p Wy
D

(W4m%_ﬁﬂwrwhﬁﬁ?mdgq+m
2U 2% |, *

Only forp+0,C+#0
Bl >
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+ ABCD canonical transformation

(30 8) ()]
dr — dt , where
dt /> Cﬂl—}zﬁ1 =

Stanford Synchrotron Radiation Laboratory

_ > dk —t— _Z
! 2 dw ﬂ]:ﬂ.'lj-_t Vo0
w,z £k

= dwm 0=,

for a vertical shearing in the t—-w ellipse

# Itis now clear that B represents a horizontal shearing, and C
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<+ Contour plot of the Wigner function for the seed laser
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Fig. 10. A beam ellipse based on the ¢ matrix. The maximum
extent of the ellipse and its orientation are shown as a function
of the matrix elements.

+ Electron bunch: RF cavity and Bunch Compressor
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4+ HHG Seed
N J%—
. . o 2
Ey(1.2) = E, g¢ithie= o) g iBsad® 5o A0y 00} (6-tn) -/

n=-—N

# Attosecond pulse train
=t =nt/2
- IB ~ — ASI Ir + blr
2 F 2saf
Sa)ll’ O-t,ir Ir

# Multiple harmonic order, yet FEL is a narrow band filter
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+ Attosecond pulselet smearing: example: A, = 800 nm, t, =
nt,/2,0,,=10fs, o, =1,/10 = 267 attosec, and s = 27
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lllustration of smearing effect. Red @ z = 0; blue @ z = 18 cm into exponential
growth regime; green @ z = 4.2 m approach saturation.
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4+ Attosecond restoration via energy chirp? example: A, =
800 nm,t,=nT;,/2, 0,,=10fs, 0, =1,/10 = 267 attosec,
and s = 27
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Fig. 1. The FEL pulse rms duration (upper left). the rms bandwidth (upper right), the rms
duration after post-undulator compression (lower left), and the time-frequency correlation
(lower right) as a function of the location into the undulator. The solid (red) curve is for
w — 2. the dashed (green) for u — —2f,. and the dash-dotted (blue) for g — 0. For all
these three cases., s ~ 8.7 x 1072, The dotted (purple) curve is for p — By — 0.
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Fig. 2. The evolution of the Wigner function ellipse as a function of the location into the
undulator is shown in the left subplots. For clarity, only three pulselets are shown. In the
right subplots, each ellipse stands for experiencing a postundulator compression. In the

upper row, the energy chirp in the electron bunch is g — 2. In the lower row, g — 0. In
all the plots, By = 8.7 x 107,
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+ High-order Harmonic Generation (HHG) Cascaded HGHG FEL for
LCLS
Small chicane Magnetic shifter
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+ Discussions

# FEL Coasting Beam Green Function can be characterized by an
ABCD Canonical Transformation

# FEL Process = Group Velocity Dispersion and Gain Modifies the
Seed pulse duration, spectral bandwidth, and chirp

# Longitudinal Coherence of the Seed is Preserved in the High Gain
Exponential Regime

# Energy Chirp in the electron bunch is necessary to achieve FEL
pulse temporal net compression

= Attosecond pulse train can be preserved with proper energy chirp in the
electron bunch with postundulator process

@ With LCLS-type electron bunch, cascaded HGHG scheme with HHG seed
for LCLS
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