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what is QFEL?

QFEL is a novel macroscopic quantum
coherent effect:
collective Compton backscattering of a high-
power laser wiggler by a low-energy electron
beam.
The QFEL linewidth can be four orders of
magnhitude smaller than that of the classical
SASE FEL
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SASE high-gain regime
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* start up from noise
+ exponential growth of intensity and bunching
+ saturation (P4 ~p Ppean) after several L,

b~0 E——  b~0.8 bunching:

v

wiggler length (several L)) 5



DRAWBACKS OF 'CLASSICAL' SASE

R.Bonifacio, L. De Salvo, P.Pierini, N.Piovella, C. Pellegrini, PRL (1994)

Time profile has many Broad and noisy spectrum at
random spikes (n=L,/L.) || short wavelengths (x-ray FELS)

simulations from DESY for the SASE experiment
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QUANTUM FEL MODEL

Procedure :

Describe N particle system as a Quantum Mechanical ensemble

]

Write a Schrodinger equation for macroscopic wavefunction: Y
or equivalently ..

the equation for the Wigner function (quantum distribution): W

Include slippage z, ¥(0,2,2))
(i.e. propagation) ) or
W(0,p,z,z,)




R.Bonifacio, N.Piovella, G.Robb, A. Schiavi, PRST-AB (2006)

1D QUANTUM FEL MODEL
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the classical model is valid when p >>1
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LINEAR THEORY

Classical theory (A x elﬁ)
1) (A—-A) 2+1=0 R.Bonifacio, C.Pellegrini, L.Narducci, Opt. Commun. (1985)
Quantum theory
Previous approach
2) (A—-A") 2 +1=0 A=A _% A= % (P:.RBES&%ae)der, C.Pellegrini, P.Chen,
Mistake of equation (2): incorrect quantization pe "’ — ﬁe‘ié
Correct quantization { =i : fg] ~i0
pe "’ a%(ﬁe “re’ p) Weyl symmetrization rule

1 R.Bonifacio, N.Piovella, G.Robb,
3) (A- A)(ﬂz - 5 j +1=0 A. Schiavi, PRST-AB (2006)



Quantum Linear Theory (4o ¢#)

(A—A)(x2—4152j+1:o

Quantum regime for p<I
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discrete frequencies as in a cavity
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The physics of Quantum FEL

— mo_o(p,)
Ak nk
Momentum-energy levels: l n hk
(p,=nhik, Eqocp,? ocn?) hk (n—1) hk

a)n :En —E;l_1 oclnz —(n_l)z]oczlxl_l (n=0,—1,...... )

Equally spaced frequencies as in a cavity

CLASSICAL REGIME: p >>1 QUANTUM REGIME: p<I
many momentum level a single momentum level
transitions transition
= many spikes = single spike

In classical regime with universal scaling no dependence on ,O "



momentum distribution for SASE

CLASSICAL REGIME: p=5
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SASE mode operation

quantum regime (p = 0.05)
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R.Bonifacio, N.Piovella, G.Robb, NIMA(2005)

classical regime (p=5)
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CLASSICAL AND QUANTUM SASE

classical regime, p=5 quantum regime, p=0.1
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LINEWIDTH OF THE SPIKE IN THE QUANTUM REGIME
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why QFEL requires a LASER WIGGLER?

_ mc A, h A, (1+a:
p=pt=py (Kf—j v=\/ w)

mc

p<l=

for a laser wiggler Ay —> A /2

to lase at A =1 A:

MAGNETIC WIGGLER: LASER WIGGLER

Aw~ lcm, E ~3.5 GeV Aw~1 um, E ~25 MeV

p~10°,Ly~3Km p~104,Ly~2 mm
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typical parameters for QFEL

e :I * ‘-- I ‘ - jri-a -
| A _l_\’
Mirror e

A
Off-Axis Parabola WiEgRet NP

Laser
Heam

Electron beam

Laser beam
E [MeV] 21 QFEL beam
A [um] 1
1[A] 420 A [A] 1.5
p — P [TW] 2 P [MW] 3.5
¢, [mm mrad] - t [ps] 40 o 07
oy/y [%o] 0.01 Wo [um] 30 Brillance 1028
Z [mm] 3 19




EMITTANCE CRITERIA FOR A LASER WIGGLER

C o 47‘CR2 Giy
1) e-beam contained in the laser beam: Ze =" > B = -
ZR < B € < L
4t R

2
for instance y=50, A;=1 pum, ¢ < 4(%} If R~20, €, <1 mm mrad !!

A |24
2) Resonance broadening £ < I rad
due to off-axis emission smaller ‘ 27T Lgam

than the natural linewidth

O
~0.061, EJO +a’)(2Z,/L,)

4o
Z, = 7 20

r




SCALING LAWS FOR A LASER WIGGLER

independent parameters: A (A), A, (um), a,, p
N —4 P 3 2\ 1+p
p=5-10 Lg(mm)zo.l\/krkL(Haw) —
\/}\‘r}\‘L(l—l_aiv)
5-10° |x I
250 M (iva2) A~ J;<l+ai>p3<l+p>
e-beam: A, S R
__—l/4
¢ (mmrad) ~0.13-X,4/1+a2 | o(um)~ 4{7»rk5L(l+a§v) lgf}
PL(TW)zs.ai\/xrxL(Ha@)lff
laser beam:

R. Bonifacio, N.Piovella, M.Cola,

T(ps) =1.35- \/kr%’L (1+al) I+p L.Volpe, NIMA (2007)

=3
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2Z,=5L, R=1.50

QFEL parameter P 0.2 5 0.2
Laser wave length A, (um) 1 1 10
Radiation length A (R) 1.5 1.5 1.5
Wiggler parameter a, 0.3 0.8 0.3
FEL parameter p 7.5-10° 1.5-10°3 2.4-10°
Gain length L, (mm) 1.2 0.03 37.5
Laser Rayleigh range Z, (mm) 3 0.07 94
Laser radius R (um) 15.4 24 274
Laser power P, (TW) 2 0.3 6
Laser duration T, (ps) 40 1 1200
Interaction length L, , (mm) 6 0.14 187
E—beam energy Y 42.6 52.3 135
E-beam radius o (um) 10.3 183
Peak current I (kA) 0.4 2 1.3
Emittance limit €, (mm mrad) 0.1 0.1 0.9
Gain band width Ayly 3.4-10°° 1.5-103 1.1-10°°

FEL power

(MW)

35

900

11

Photons’ number

ph

6-10°

3-101°

6-10°
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Classical versus quantum SASE

Classical SASE FEL X-ray experiments (DESY LCLS):

* require very long Linac (~GeV, Km) and undulators
(~100 m)

‘Generate cahotic radiation with broad and spiky
spectrum (Aw/ov~10-3),

Have very high cost (10° U$) and large size
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Classical regime : §>> 1

Quantum regime: 5 <] : discreteness of momentum exchange
relevant=> quantum effects.

The system is prepared in a defined momentum state p,, making
transition to the lower state

The system radiates a monocromatic train wave lambda, whose
length is L,. Hence one has a single line with linewidth

A /L, =107

In the opposite case random transition from many momentum

states. Each transition gives a spike with different frequency.

Total bandwidth: p=107
QFEL has a linewidth 4 orders of magnitude smaller than the
classical

The dimensions and cost are three order of magnitude

smaller
24



