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" S {_The classical “conventional” FEL

¢ High-gain FEL mechanism involves two processes:

In this work, we investigate the spontaneous emission process EEENIENRIE RN R Se i AR v A Zoges Bunched electrons drive radiation (Maxwell’s wave Eq.)
and its detrimental effects on coherent free-electron laser (FEL) B _ e [E LT l_i] 1 JE2 aJ
emission. In our model, the electron dynamics are described by a - — VE 292 M03;  TheHigh Gain FEL

discrete Wigner distribution coupled to Maxwell equations. For an @ High-gain FEL is described by [1]: MIMIIMIIIMIIIMIMII
FEL operating in the quantum regime of single photon recoil, WA &

elechon photon

9 . = k -|_ k 7 — ) t . P d t h beam ‘ W\ beam
insights on the variation of momentum distribution, bunching do; j = U + k) j PONEETOMOHYE PRase AR mmuum\\
factor, and radiation power are presented. We also show a simple s dz J pj = ()/j — ¥r)/pYyr  Scaled energy change e Ao

- - - - - - p] 0 :
d|ffere|Tt|aI eq_uatlon th_at desc::|bes the evolution of thc? radiated E _ _( Aelfi + ¢ c.) AP = £g|E|2/pn,ymc? Scaled EM field intensity o) -
power in the linear regime. It is shown that the essential results ~N
of this work agree with those predicted by a density matrix dA Z -6 = (¢~10)) z=1z/Ly; =4mpz/A,,  Scaled position in wiggler /
7 1
approach. dz \N Bunchmg factor | p = ﬁ (1/17 kA)/3 (AWaW/Znab)2/3 Classical FEL parameter ditience
T

2. The quantum regime of FEL: What and how to reach?

@ Physical interpretation @ Possible scheme

@ Condition of the quantum regime

_ ymc A .
® Quantum FEL parameter [2]: p=0p (—) , mld ~pP E-beam (longitudinal) coherence length is defined as : ® The laser undulator FEL can be quantum FEL [3]:
nk 14 22 h (Collective Compton backscattering)
_ mcAy l Aé Electron recoil (momentum Spread) L. = A; where A =— s the de Broglie wavelength vy Laser power
— e — A P 2 L \
P hk @E Photon recoil effieelertions, Ar = (A/4y°)(1 + aL) dp = = (\/ P (TWJ
0
Q-regime Ap<nk (p < 1) Cl-regime Ap>hk (p >> 1) In terms of FEL, wave-like nature of electrons should be significant if A is the laser wavelength. Laser radius
lassical . - K lassical A L >2 v Intuitive example: e .
e Classical description wi I?rea down  Classical description f)ds. _ N | o nop _h To generate sub-Angstrom QFEL, A,=0.1 A p P
e Momentum exchange is discrete, e Momentum exchange is continues, Rewriting L. In terms of electron momentum, p : LC =3 = Mirror ¢ ,
sin?Ie ph?ton emission is allowed. multi phot¢?n emission is allowed. p-hp Ap - The gain length L, = A, (or A, /2)/ATp o ///’
e A single line spectrum. o A broad-spiky spectrum. h " S Magndt  Dump
L. >4 implies —>A4 ie. |hk>Ap hk (8 L PR ‘
10 0 Ap - The QFEL is operated if p < [
0.8 mcy
05, This is the same condition as derived previously for observation of @ Undulator FEL: @ Laser undulator FEL
04] quantum effects.

Ay =1cm @ E = 10 GeV Ar=1pum @ E =100 MeV
p~107°& Lint > Ly~1km!! p~10"* & Ljy > Ly~1 mm

4.1. Results 1 (Field dynamic)

@ Detrimental effect of spontaneous emission [5]

02, This suggests that, in this regime, a wavefunction description

(or equivalent) of the FEL interaction is required.

0.0+

0 is assumed to be a periodic variable in (0,27|. This hypothesis assures that the

conjugate momentum variable p is discrete [4]. 1.0 ' I . I
Discrete changes @ At resonance 5=1/2ﬁ, ) _gigg?
of momentumA B(0) = 0.01, A(0) =0, 0.8 - —D=0:05 /\
The momentum state: Momentum operator:  Eigen-value equation: n=1 Py(0) =1, P_,(0) =0. - —— D=0.10
_ 06 I —— D=0.20
In) = exp(inf), p=—i vl [0,p] =i p\n) = n|n), n=0 P, § (i) For D = 0, the system shows a o i
. fiie periodic behavior, with maximum —
® The electron dynamic is described by a Schrodinger-like equation: A|2=1. 0.4

al‘lj(_ 0)) _ p* 0 (i) The detrimental effect of 0.2 |
= H|¥(z,0)) | H=>=—ip(4e" +c.c.) el | ‘

0Z 2p spontaneous emission is neglected ‘
when D <0.05. f A ——

® The coupled equations that describes the FEL including the spontaneous emission: 0.0 ) 20
Bwy(Z,0) s dw(Z,0) |
Saz_ S = (A 4 . ) W 2(5,0) — We1/2(2,0)) + [P0 s (Z,6) — wi(7,6) FIG. 1. \A\ vs.z ?
@ Linear and non-linear regimes
Spontaneous emission rate D= (eawmeyr/6hk)
z f Wm+1/2(Z,0)e” ‘9d9[+16/1] p3/2 o ] _ 1.0 777717 BV LI L
\ S~ Detuning § = (v, — v0)/pYo Solving the coupled equations - (D000 , , ]
in the linear limit: 08 I Nonlinear !
® Wigner function is Eoeriodic in 0 and is expressed by: B(0) = 0.0, A(0) = 0, I E);OTOLSmear !
_ 1 N i N — — a Nonlinear :
WS(Z; 9) — % z WSl{ (Z)elld9 ) W,%k = Cnm+kCm—ks Wﬁlk:_ll/z — Cm+k+1c‘m I PO(O) L P_l(o) 0, - 0.6 — — -Linear "
Koo we get, < - D=0-1N I_
® From the above equations, we get the coupled equations in the form of: 245 Y (z) 04 | [ __ o
Initial population P, = wg, Bunching B = w?, ,,, 7 T (i6 + D) -
i (AB*+c.c.)—DP 45 (i6 + D)B + A(Py — P_y), T
— = — C.C.) — , — = — — 1. —D% # -
Fi IdZ, |ati 0 : dz | O 1 —[1-Dz]e™*4 =0 l Lol 1
inal population P_;y = w_,, _ ) 00 Lo 1. == ] I T
dP ] 1 4] =no. of pcri\;)ltons per electron z=.pz, §=1[6-(1/2p)1//P- 0 1 2 3 4 5 6 7 8 9 10
= (AB* +c.c.) + D(Py — P_y) — =B FIG. 2. |A|'vs. z *

5. Conclusion

4.2. Results 2 (Electrons dynamic)

® A distribution function Q is defined as [5]: We have presented a discrete Wigner model for the quantum FEL, including
00 spontaneous emission. This model describes the momentum as a discrete variable, as it

- _ - - should be assuming spatial periodic boundary conditions. We have shown that, in the

Q(z,6) kZ [Wm(z’ O +w, 1 9)] quantum regime, the equations reduce to these for two-momentum states coupled to

the coherent radiation field. Spontaneous emission is there interpreted as responsible
| for the loss of coherence (i.e. bunching) and the transfer of electrons into and out of
| £---p=1 “ _ the two momentum states via rate equation terms.
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In FIG. 3, the energy spread
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FIG. 3. The electron distribution function Q vs. 6.



