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PHASE SPACE DESCRIPTION
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BRIGHTNESS |

A(Y) = Z)‘ﬁ(l + K2/2 + 721&2) resonant wavelength

Aw‘*‘ljl — NL —> A@D ~ \/)\1/Lw Ar = /ALy — Awag Al
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< dn > — aNq%fy2 [KK]2 n of ph in a bandwidth, in solid angle A2 ~ 1/(72N,,)
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B = A: — tranverse phase space area brightness

Spectral flux= number of photons per unit time in a given bandwidth AWy 1/Ny
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BRIGHTNESS I

In a tipical third generation light source we have:

waNy, (I/e)(Aw: /wi)[K K)?
B — ((le))(QExtéxf)[ ]

YoV ~ep ~ 107 %mm — mrad, X g2y ~ €y, 2 107 Ymm — mrad,
(I/e) ~100mA/e ~ 10 /sec, aN, ~1, Aw/w =107

Then we have:

B —~ 1020 (phpersecondin().l% BW)

(mm)?(mrad)?
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BRIGHTNESS AND COHERENCE |

Undulator in a Storage Ring:
N,=100 My=56cm K=1 €, =4x10""m — rad
e, =4 x 1071 m —rad p*=5m I=100mA

B = B(Epy) My(Ey) = EeEpy  10eV < By S 10%eV

A (10) =484  M,(10) ~10 M, (10) ~ 107!
A (10%) = 4,8 x 10724 M, (10%) ~ 10* M, (10%) ~ 10
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BRIGHTNESS AND COHERENCE Il
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BRIGHTNESS AND COHERENCE Il
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FROM UNDULATOR TO FEL

Tranverse enhancement:
The FEL radiation is completly coherent A; ~ e,¢, — (\/47)?

If A\ = 1.54, give an anachement factor o = 101

Temporal enhancement:
In a FEL the electron in one coerence length radiate together,
the intensity enhancement is

Number of electrons inone L, N, ~ L2 ~ 106

ec p

The bunch length being squeezed by bunch compressor to 10C
femtosecond [, ~ tc =3cm  (fort ~ ps [, >~ 30cm)

EXAMPLE Brightness in LCLS: B ~ 1033 fully coherence hypothesis
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1D PARTICLE MODEL

0z0 =7 9:11 = ae’’ + c.c
1 1 :
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P = [slw 1{4 (15%5]/]2) gﬂl/g

Ao _ A — B
Lo= 17V, M =22 1+ K?/2+~%?) K= 3%

K1 = eK[JJ]/(Llfygch) ko = eK[JJ]|/(2€00)
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LINEAR APROXIMATION

Oza = —b Ozb = —i P 0P = a

b = <€_29>A Bunching parameter P — <77j€_29>A collettive momentum

d3a o
d—Zz:iZL aoxe =1
3
1 b(0 -
i) = 3 > {&(O) - z% - z’P(O)m} e~ HI?
[=1

SASE: a(0)=0P(0)=0  (aa*) ~ {|b(0)|2)e¥3 (|b(0)[?) ~ =
N; = number of electrons in a coherent length [, ~ \/p

=

C
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1D VLASOV EQUATIONS

Klimontovich Distribution

Ne
F(0,n;z) = (dN, /) 25(9 — 05)o(n — ;)

(82 + 00y + 7'7(977) F(0,n;2z) =0

Frequency Domain

1 .

E(z,t) = 5/dVEV(z)eZA”kl(z_Ct)—|—c.c.
1 —iv0

Fy(n;z) = 5 | dve E(0,1; 2)

Waltham Massachusetts June 2006 — p.12/2



LINEAR APPROXIMATION |

F0,n;2) =V(n) +AF(0,n;2)

(0, + iAvky) By (2) = —kang / dnFy,(n; z)
(0; + iv2kyn) F (n; 2) + k1E,(2)d)V(n) =0

0 = 2kyn N = K1 /dyeweEy + c.c.

Av=1—-—v ng=dN./(dzX )
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LINEAR APPROXIMATION I

e N.
dlu ezluz ZKQnO —I/(9 O)
by = : E,(
) = P it | PO+ g, N 2 - .
Av [ V()
D(p) = p———
W=y, / " lo— 7

The Dynamics of the system is determinate by the the singularity a
the solution of the dispersion relation
For e-beam with vanishing energy spread

V(n) = d(n) — D(p) =p’ -1
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FROM 1D TO 3D

DIFFRACTION EFFECT
EMITTANCE OR ANGULAR SPREAD EFFECT
ENERGY SPREAD EFFECT

Qualitative discussion
Decreasing the average beta function (focusing whit quadrupole) will actually degrade the fel

performance, because the large angular spread introduces a spread in a resonant wavelength

A)\l_ /2)\ < ~ ~!
N 0z & p— 0y Lg—Ur

the angular divergence should be no more than the angular divergence of radiation.

for a given emittance of the e-beam the beta function should be:

696 — Lger

a smaller beam emittance allow a tighter focused beam size
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3D EQUATIONS |

(a +w+2v2> /d@/aﬂ /dnf 5 Z)

(87, + 00y + POy — l%%aéap + /dueiy€8n> f0,n,2,p,2) =0

v=Av/2p a, = 2\/§k1LgoE,/e_i’72 f= p/\/glego
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3D DISPERSION RELATION

]324—1_6%3_32 .

PP + By = gme 7 — e

0 ) — — 97 — o1
& QWJ%IC% \/ 2oy,

Opr = 0z\ 2k1kyp Op=o0p/p €= 5‘3/_{5/161

scaled rms tranverse beam size, rms energy spread and the electtron beam emittance

Performing Van Kampen’s Normal Mode Expansion we obtain the 3D dispersion relation:

1 1 0 PPN
— U4 =V3 | A@) = — / dre= 00 /2=inT
(“ Y l) () k202 ) oo

/dzA T cos(kgT) + P sin(kgT) e_ﬁ2+%j2 iT + 1
T — T 2 —
P R PR k202
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3D TRANVERSE EFFECT

Diffraction effect

Gy = 0p2kikup = 1= Zy > Ly,

Emittance or angular spread effect

(_Tgl_cﬁ = 3.

_5,;]%5) /2 A“’ 2]@2,0 = AM 47T\/_L90 — 477\/§A)\)1‘1Ngo the beam

€ =2 €, inorder to generate coherent radiation

)

angular spread o/, = kgo, introduces a spread in a resonant wavelength, the resonant

condition can be mantained for the whole beam if 52ks < 1

Energy spread effect

Oy = 53 o~ 5ok = A3 N, S 1
the resonant wavelength spread caused by energy spread must be less then unit
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FITTING FORMULA |

From a numerical solutions of the dispersion relation we can built a

very useful fitting formula.
Ly = Lg(1+A)

b = Psat/Pbeam:p(

1.6
14+ A)?

A=Aag,n) i=119 j=1,3

L
n = %fgz no = 4w )\Okle N3 = 47T )\ Cop

where n; are respectively diffraction, angular spread and energ

spread parameter
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FITTING FORMULA I

ﬁl/B

_ pp1/3
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Fa) 7"
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We can Plot the gainlength and the efficency as a functions of g

Ly=Ly(B)  E=E(@p)
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FITTING FORMULA Il
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FITTING FORMULA IV
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FITTING FORMULA V
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FITTING FORMULA Vi
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Table 1 High-Gain FEL

experiments/projects (All SASE based except for HGHG)

Main parameters UCLA/LANL' HGHG? VISA® LEUTL" TTF1’ FLASH® LCLS’ EURO XFEL®
Electron energy 18 MeV 40 MeV 71 MeV 217 MeV 233 MeV 440 MeV 14.4 GeV 23 GeV
Peak current 40(;01;8)A 110 A 250 A 200 A 400 A ke 3.4 kA 5 kA
Pulse length 3-5.5 ps 4 ps 1ps 2 ps 2.5 ps ~100 fs 200 fs 200 fs
Energy spread 0.25 % 0.043 % 0.17 % 0.2 % 0.3 MeV 0.3 MeV 0.01 % 0.01 %
MNormalized emittance | 2.5 —~ 4 pum (3) 4 pm 3 pm 5 pm 6 um 4 pm 1.2 pm 1.6 pm
Undulator period 2.05 cm 3.3 cm 1.8 cm 3.3.cm 2.7 cm 2.7 cm 3 cm 4.5 cm
Undulator parameter 1.04 1.5 12 3.1 12 152 37 4
Undulator length 2m 2m 4m 20 m 14 m 27m 120 m 200 m
Average beta function 0.2 m 0.6 m 0.3 m 1.5m 0.7m 4.5m 18 m 43 m
FEL wavelength 12 pum 5.3 pm 830 nm 530 nm 109 nm 32 nm 1.5 A 1A
FEL parameter 0.016 0.01 0.008 0.004 3.2x10°" 2.3x107 5x107* 3.9x10"
Power gain length (m) 0.12 0.25 0.18 0.86 1.73 0.72 4.2 7.94
Saturation power 12 MW 27TMW T6MW S0MW 24MW 17GW 17GW 32.2GW

Note: these are example numbers and see references below for details. Other notable projects not in the Table are
1. DUV-FEL (HGHG): L.-H. Yu ef al., Phys. Rev. Leit. 91, 074801 (2003).

2. FERMI FEL (multi-stage HGHG): http://www.clettra trieste.it/FERMI/index.php?n=Main. HomePage.

3. BESSY FEL (multi-stage HGHG): Technical Design Report (http://www.bessy.de/cms.php?idcatart=241).
4. Spring-8 SCSS (SASE): Conceptual Design Report (http://www-xfel.spring8.or.jp/).

! M.J. Hogan et al., Phys. Rev. Lett. 81, 4867 (1998).

2 L.-H. Yu et al., Science 289, 932 (2000).

3 A Tremaine ef al., Phys. Rev. Lett. 88, 204801 (2002); A. Murokh et al., Phys. Rev. E 67, 066501 (2003).
4 8. Milton et al., Science 292, 2037 (2001); Y. Li et al., Phys. Rev. Lett. 89, 234801 (2002).
5 V. Ayvazyan ef al., Phys. Rev. Lett. 88, 104802 (2002); V. Ayvazyan ef al., Eur. Phy. J. D 20, 149 (2002).
SV, Ayvazyan et al., Eur. Phy. J. D 37, 297 (2006).

7 Linac Coherent Light Source Conceptual Design Report, SLAC-R-593, UC-414 (2002).
8 TESLA Techinical Design Report, DESY 2001-011, TESLA Report 2001-23, TESLA-FEL 2001-05 (2001).
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TRANVERSE COHERENCE |

—aooz

(e) = — 75 m (F) = — 87.5 m

Figure 5.2: Evolution of the T.LCILLS radiation angular distribution at different

=z location (courtesy of S. Reiche, TJCI.A).
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TRANVERSE COHERENCE I

Transwverse Mode Profiles of LCLS at 1.5 A
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Figure 5.9: The first three dominate L.CL.S transverse modes (courtesy of L.
ie, LEL.).

that their associated gain length is rmuch longer. Inm the high-gain limit, we
may keep only the fundamental mode in Eg. (5.75) and arrive at [23, 24]

e R e C#AOU(R}efﬂmnz [f T Ay () et (e T — f A2 / dfpf a7
[als} -

O =
< P (2 B, T / A Agy (O)) (ool
e (5.104)

where (oo is the normalization given by Eqg. (5.77) for the fundamental mode.
The first term in the sguared bracket describes the process of coherent arn-—
plification (CA), which starts from a coherent input signal ag.. - The second
term describes the process of self-amplified spontaneocous emission (SASE),
which starts from white noise. Fguation ((5.104) for the parallel e-beam |
(writh wvanishing emittance) reduces to those of Ref. [10, 25].
For example, using the current LCLS design parameters in Table 1, we
have g — 2.8, &, — 0.45, and ;.:5 = 0.29. The fundamental guided Mmode (. Agqga
mode) has a complex growth rate geoo — — 1.2 + 0.42zZ at the optimal detuning

1L OO
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