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Abstract

The interaction between high-brilliance electron beams
and counter-propagating laser pulses produces X-rays via
Thomson back-scattering. If the laser source is long and
intense enough, the beam electrons can bunch on the scale
of the emitted X-ray wavelength and collective effects
can occur. In this case, the FEL instability can develop
and the system behaves like a free-electron laser based on
an optical undulator. Coherent X-rays can be irradiated,
with a bandwidth very much thinner than that of the
corresponding incoherent emission. We analyse with a 3-
D code the transverse effects in the emission. A
generalized form of the Pellegrini criterion is validated on
the basis of the numerical evidence.

INTRODUCTION

A Thomson back-scattering set-up can be considered in
principle as a source of intense X-ray pulses which is at
the same time easily tunable and highly monochromatic.
Due to recent technological developments in the
production of high brilliance electron beams and high
power CPA laser pulses, it is now even conceivable to
make steps toward their practical realisation [1-2].

The radiation generated in the Thomson back-scattering
is usually considered incoherent and calculated by
summing at the collector the intensities of the fields
produced in single processes by each electron [3]. If the
laser pulse is long enough, however, collective effects can
establish and become dominant. The system in this range
of parameters behaves therefore like a free-electron laser,
where the static wiggler is substituted by the optical laser
pulse [4].

From the point of view of the theoretical description of
the process, the possibility of generate coherent X
radiation can be demonstrated with the same set of one-
dimensional equations that are used in the theory of high-
gain free-electron laser amplifier. However, many aspects
of the process are connected with the finite transverse
geometry of the electron beam and of the laser and, in
order to give a quantitative evaluation of the radiation
pulses it is obviously necessary to consider 3D equations
[5].

In this paper, we present some particularly interesting
data relevant to the solution of the 3-D equations with a
discussion of their importance and some conditions for
operating in a FEL mode.
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MODEL EQUATIONS AND RESULTS

We can write our model equations as:
d_

da r; (E) =P

il ()
¥;(t)

=2 o
Lp,)=-u ;Plglz} ~ 2 Reallg A, "]
¥j X-T, '

dt 2pY, ¥; Loz ¥;
2
d_ - a, 1=
TPJJ_(t):_ 2L T[VJ_‘gIZ];:E -
dt 2pYs 7 J 3)
SR o S ML
1+t |
k
J 0 — - . =y 1V g(F(f),f) —i0g (1
—+)AXD-iNVIA=b=— Yy S50 0O
G -mvi N5 7O
4
where:
i Kk k .k -
0.(t)= 1+—9)Z. () + (===t 5
i(® 2pkL(( k)ZJ()(k ) ®)
and
Y =1+7,p°PL +a;,(g |2)Hjm +... (6)

In the preceding equations the laser of parameter
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The FEL parameter is:
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Furthermore t=2pw, t andX = 2pk, x.

We have developed a three-dimensional code that

solves the set of equations (1)-(4), based on a fourth-order
Runge-Kutta for the particles and on a finite-difference
scheme for the radiation field. An example of solution is
provided by a beam with an energy of about 15 MeV (a
factor 2 lower than the typical Sparc-PlasmonX case),
corresponding to <y>=30, with a mean radius c,=10
micron, a total charge of 1 nC, a length Ly= 200 um,
corresponding to a beam current of I=1.5 KA. The laser
pulse considered in this case has wavelength A;=0,8 pm.
Furthermore, the focal spot has radius w, of about 50 um
with a;(=0.8 so that the radiation has A= 3,64 Angstrom
and the p = 4.38 10™. The gain length is about 145 um,
the appearance and the saturation of the collective effects
(taking place in 7-12 gain lengths) being contained in 5
psec, a time of the same order of the duration of the laser
pulse. The quantum parameter q is 0.5. The energy spread
Ayfy is 1. 10" and the initial normalized transverse
emittance has been varied from 0 up to 2.
In Fig. 1 the growth of the averaged collective potential
amplitude is shown in time ((b), curve (1)), as well as the
bunching factor ((a)). The parameters of this calculation
are: a flat laser profile inside a region with w=50 micron,
the laser parameter a;(=0.8, a value of the initial
emittance of €,=0,88 um, a detuning of Aw/w= 210,
The saturation level of the radiation is reached at t=4 psec
at <|A|2>peak=0,275, with a total number of photons of
1,86 10", against the 2 10® provided by the incoherent
process. The peak brilliance, for this example, is 3,7 10%
photons/(sec mm® mr’0.1%), while the coherent power is
15.5 MW.
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Figure 1: Averaged bunching (a) and logarithm of the
radiation intensity (b) versus t in coherent (1) and
incoherent 2) case for: A;=0.8 um,
a0=0.8 , AY¥=10"", Aw/w=-210", £,=0.88 .

114

Proceedings of EPAC 2006, Edinburgh, Scotland

In Fig. 2 the spectrum of the radiation is reported
versus Aw/(wp) for (a) €,=0,44 micron and (b) €,=0,88
micron.
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Figure 2: <|A|2>peak versus Aw/(wp) for the case of Fig. 5
and (a) €,=0,44 um and (b) €,=0,88 um.

We can note an enlargement of a factor two of the
bandwidth with increasing emittance.
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Figure 3: <|A|2>peak versus €, for the case of fig 5, with
A®/®=0, and for: (a) flat laser profile with w=50 um and
a;0=0.8 and (b) Gaussian laser profile with a;(=0.8 and
61=106 um.

In Fig. 3 the dependence of the saturation radiation on
the emittance is presented. Curve (a) is relevant to the
situation of flat laser pulse with wy=50 um, while curve
(b) shows the more critical situation of Gaussian profile.
In this case the quantity oy is 106 um with a;;=0.8,
increasing consequently the laser power.

We note considerable emission in violation of the
Pellegrini criterion [29] for a static wiggler. In fact, in
case (a) of Fig 3, for instance, the emittance largely
exceed the value YA/4m, that in this case is about 9 10
um. We can justify this result by considering that the line
width in a situation dominated by emittance effects can be
written as [30]

R kb ®

In order to have considerable emission, we must assume
that the linewidth AAMA < ap, with o a numerical factor
not very much larger than 1. Hence, we can write for the
emittance
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Considering the definitions of the gain length Lg
=\ /(4np) and that of the radiation Rayleigh length
Zr=2ToR>/\, We can express the factor p in terms of the
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furthermore that the electron beam and the radiation
overlap, so that 6;=Cg, and remembering the resonance
relation in its simpler expression A, =4y°A, we obtain for
an optical undulator
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The usual Pellegrini criterion can be obtained for a
static wiggler assuming Zg=L, and considering the
resonance condition for the static undulator.

Taking into account the fact that in our situation Zg/L,=
1.18 10, and estimating 0=2, we can predict considerable
emission up to an emittance value of €,=0,3 um
(corresponding to a value of €,,=0,15 mm), not far from
the results of Fig. 8.

The last Fig. 8 shows the most critical effect, i. e. the
dependence of the growth of the signal on the transverse
energy distribution of the laser in the case of a Gaussian
pulse for £,=0,44 um, A0/=-1.10", a;(=0.8. In fact, in
this case, a spot size with a radius smaller than 75 micron
does not permit the instauration of the instability. The
collective signal in this condition, therefore, does not
grow.
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Figure 4: <\A\2>Pcak versus w, for the case for the

Gaussian laser profile for €,=0,44 um, Aw/o=-1.10",
aLo=0.8.

A possible remedy could be the development and use of
a flat energy distribution of the laser beam obtained with
a guided propagation.

This example is characterized by a choice of the
electron beam with larger emittance than in the first case,
not far from the best actual experimental values, but with
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a larger current. However, the requirements on the total
energy of the laser and on the stability of the energy
transverse profile are in this case particularly demanding.
Another critical issue is the variation in the laser
intensity A=Aajy/aj, that leads to a broadening in the
spectrum of
AMA=2a;,°A/(1+a?). For a FEL operation of the

l+a;
w must

Thomson source, the condition A<p
A

therefore be added. Assuming a laser pulse duration of

ct= 10 L4, we can derive a further threshold condition on

the laser pulse energy U of the form U>18.6 A /A?, that

in our case means U>0.15/ A%J.

CONCLUSIONS

Considerable coherent X-rays radiation is possible as a
result of the collective interaction between an electron
beam and a counter-propagating laser pulse. If the laser
pulse is long enough the FEL instability can develop and
a regime of collective effects can establish. The result is
an emission at least two order of magnitudes larger than
the incoherent one and with a thinner and more peaked
spectrum However, the brilliance and the power delivered
are a few orders of magnitude smaller than these same
quantities for a static wiggler FEL in the X-ray range.

Other critical issues for the appearance of collective
effects are connected with: (i) the current density carried
by the electron beam which has to be large enough, (ii)
the emittance of the packet which has to be not too much
larger than that provided by the generalized Pellegrini
criterion, (iii) the transverse distribution of the laser pulse
which cannot have a sensible variation on the region
occupied by the electrons, (iv) the fluctuations of the laser
intensity and (v) the large laser energy needed .

REFERENCES

[11 I. V. Pogorelsky, 1. Ben-Zvi, T. Hirose, S.
Kashiwagi, V. Yakimenko, K. Kusche, P. Siddons,
J.Skaritka, T. Kumita, A. Tsunemi, T. Omori, J.
Urakawa, M. Washio, K. Yokoya, T. Okugi, Y. Liu,
P. He and D. Cline, Phys. Rev. S. T. Accel. Beam 3
(2000) 090702

[2] W. J. Brown, S. G. Anderson, C. P. J. Barty, S. M.
Betts, R. Booth, J. K. Crane, R. R. Cross, D.N.
Fittinghoff, D. J. Gibson, F. V. Hartemann, E. P.
Hartouni, J. Kuba, G. P. Le Sage, D. R. Slaughter, A.
M. Tremaine, A. J. Wootton, and P. T. Springer,
Phys. Rev. S. T. Accel. Beam 7 (2004) 060702

[3] P. Tomassini, A. Giulietti, D. Giulietti, L.A. Gizzi,
Appl. Phys. B 80 (2005) 419

[4] A.Bacci, C.Maroli, V Petrillo,
Eur.Phys.Jour. AP (in print)

[5] A.Bacci,M.Ferrario,C.Maroli,V.Petrillo,L.Serafini
Phys. Rev. S. T. Accel. Beam (in print)

L.Serafini:

115



