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FEL equations
in the time domain, gain describing, the scaling and FEL simulations
invoking a average of the e- beam over a longitudinal distance
not applicable to the problems related spontaneous emission

Spontaneous emission studied with the L.-W potential equation
dose not describe the interaction of e- radiation

theory study of SASE is carried out in the frequency domain

Including the spontaneous emission in the same framework
is meaningful and convenient to FEL analysis

with the time domain approach:
we investigate spontaneous emission (incoherent and coherent)
and its self-amplification in FEL
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é;.: Generally 1s dependent on the time

but for the spontaneous emission
e- have no interaction with optical field,
1s independent on the time

Spontaneous emission

rluau5p zi —z—(é +2)

e ! H(S—zy—¢,+Z2)H(z,+ ¢, - Z)
e, j
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< > the ensemble average over bunches
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quﬁlﬁ . ) .
incoherent spontaneous emission: (term i=j)

rAa o

CZ;E (euup)
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1,/2<¢, <1, /2
N, , the number of e- in the distance /=,-, ¢ =max[-1, /2,7 —z,]
4 1

¢, =min[/, /2,S+Z Z, ]

® coherent spontaneous emission: (cross term i # )

rAad ? Ne
G (Z,7) = (—) Y e H(S -4 —2,+ 2)H(C + 2, Z)
228 Jl=1(j#0)

*H(S-¢, —z,+ 2)H({, +2, - Z))

~ eﬂ‘u au 5p
= —7/26

A(C): normalized e- density distribution function

WEH(S—¢ —zy + D)H(E +2, - 2)dE]
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Written together

7 r©eeas

| ]
Both incoherent spontaneous emission and coherent spontaneous emission
related with slippage distance

= reﬂ“uaué‘p 2 ) o)
a,(Z,7)= . N, f(©dg+N,

e

in the body of the radiation pulse

[ 5 for short e- bunch (/ p << S)

=66, -

S for long e- bunch (/, >>S)
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long e- bunch

Ip=12,5=4
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Incoherent and coherent spontaneous emission

for a rectangle profile e- pulse

The longitudinal quantities are scaled to the radiation wavelength
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long e- bunch short e- bunch
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Incoherent and coherent spontaneous emission

for a Gaussian profile e- pulse
The longitudinal quantities are scaled to the radiation wavelength
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rectangle e- bunch distribution:

Power
Py =(Qkl) p’P, /N, P . . T
e =N,,sinc (ﬁ. [) N
P =16p°Psin’(k1/2) % '
[: (Z), integral over Z
Energy

W, =4kl:p’PS/N,

2 .
W g :[ A j N min[S,/, ]

W, =16p P min[s,,] "= \7h >
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coasting beam

in the body of the radiation pulse it has /=S
a., =16Z7NAryo’ /2,
P, =8zw Np'e,

_ P&,
27

Effective noise spectra.(L.H.Yu)

Undulator radiation on axis (from L.W .potential)
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*ap>#%  For the 1deal case

All e-s are modulated, the spontaneous emission 1s full coherent:

reﬂu u
s = /22 N P =(2klp)’ pP, Lo _ N

el

SE

For long bunch (/,>S): /=S

P.. = (47N p)’ pP.

PCSE — N
Py 7

number of e-s in the slippage distance
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qul‘ﬁiﬁﬁ,ﬁ Coherent enhancement factor of CHG (coherent harmonic generation)
\/
existing theory:

- taneous emission ..
L.-W. potential —> Spon — coherent radiation
P coherent enhancement factor

FEL equations ——>  coherent radiation *

— rAad nlL 2 ) 2
a; = ( / ), (A8 f," P =(4nNp) J (nAg)f,” pF,

N

(previous—) incoherent spontaneous radiation

a;, =167NAryo’ /2, P, =8rw Np’s,

Coherent enhancement factor
Rn — Ne,sJif (nAg)frz

N, - number of e-s in the slippage distance for radiator section undulator of CHG.

*JiaQika,; Phys.Rev.ST.Accel.Beams, Vol.8, No.6(2005)
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Fanamk Effective Start-up Power of SASE

When there exist an optical field interaction with the e-s,
e- distribution cannot be regarded as independent on the time.

Arao

a _seup—z
P *[dpf(r.2.¢)

0
{——( —,3) a(b}f—o

f=ht 1 mono-energetic e-:

1 Z0=Z+C5 ) ..
h=2 868t 2- 2= 206" give spontaneous emission

perturbing term <<f,
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G, =d,+a, (2kp) jd jd¢jd7"5f;§~ £

ay, : input optical field; ag,: spontaneous emission, (previous)
X : average linear density of e-s

Consider the coasting beam, the mono-energetic e-
above eq. can be solved by Laplace transform

SO /uasp (/Ll))(ll’l_i_ ¢O )2 o 3 i(&SO +/um&3p (/um))e/umz

1 ()= ) Res = (2k,p)’
a(7) Z s ,Ll(ﬂ+l¢o) _l(2kup) ( up)n”; Mo (= 1) (1, = 1)

=1
#l,k

riAao
i, () - (e;g“)—exp““qj IS expl- 40N +2HE w22

p(p+igy") —i(2k,p)’ =0
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the leading role 1s the exponential growth term
at the resonant energy 4, =0, =k p(\/g +1)

We obtain

( )= (as() T aef)eLg

~2

a,, effective input power of SASE
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> exp[~(oN3+DkSH(E, +2,~2)
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ae2f E( p) ( c 62)
7z, l, l k.

= (L, /4,)4, slippage distance per L,
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The firs term: effective shot noise power

(incoherent spontaneous emission contribution )

a

44 r, 2
Szn: s PanZa)Sp £, _ 1 P
J3z, J3 3N

e,c

Comparing with previous(a’, =167NAryp’ /S, , P =870,Np’e, )
it is equal to the fraction of the spontancous undulator radiation in one L,

frequency domain approach:
the effective start-up noise power spectrum =

= spontaneous undulator radiation power spectrum in./3 L,
~2L
g
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The second term: effctive super-radiance power
(coherent spontaneous emission contribution )

P, =4p’P,
])sr ~ N ﬁ _ ( //i's )2
])Sn e,A T p e,c 27Z'Lc

N, ,and N, .: number of e-s in one A, and in one L



a FLS2006 DESY
|NSRL SASE saturation estimate

= B AR JEI3E

g

Near the saturation one can expect
the e-s are approximately full modulated
and maintained in a distance a.L . before saturation

2
the radiation generated 1in this distance AP, = a PP

3
(from previous formulaP., = (47N p)’ pP,)

Saturation power

o> 1.542pP,, 0=2, the distance is the last field gain length

S = —a p e
3(1-e™) 0.527pP,, a=1, the distance is the last power gain length




FLS2006 DESY
AN

= B AR JEI3E

g

Taking P ~pP,, and only consider shot noise effective start-up power

Saturation length

L, =In[27N, |L, =(3.252+In[[(A), (nm)/ p])L,

e.g. VISA FEL: A =842nm, I=250A, p=0.0081
L=20.3L,=2.075m (L= 10.2cm for ideal condition);

L=3.63m (if L,= 17.9cm for non-ideal condition were used) agrees with the experiment
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With the time domain approach,

Spontaneous emission (incoherent and coherent)
for an arbitrary e- pulse profile.

The effective start-up power of SASE
Consist of:
the shot noise term, the incoherent spontaneous emission
= the usual spontaneous undulator radiation in the one L,

the super radiant term, the coherent spontaneous emission.

An analytical estimation of saturation power and length
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