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Abstracr

In high-power free clectron lascrs, self-ficld effects in the
clectron beam are often the most important phenomenon on
which the beam quality depends. These effects are generally
conceived as space-charge effects, and described by a Poisson
equation in a beam frame. In RF-FEL photoinjectors, the
clectrons of the intense short pulse produced by laser irradia-
tion are submitted, just after their photoemission, (o such a
strong acceleration that relativistic acceleration and retardation
clfects have o be taken into account. The importance of these
cffects will be discussed, from the rigourous calculation of the
Liénard-Wiechert velocity- and acceleration electric and magne-
tic ficlds, as a function of RF-clectric field and beam parame-
ters. The beam pulse is assumed to be axisymmetric, with a
constant photoemitted current density. Consequences for the
maximum current density that can be extracted will be consi-
dered (the "sclf-field limit", a name more appropriale than
“space-charge limit" for the present conditions where electro-
dynamic phenomena play an important role).

I. INTRODUCTION

For the efficiency of clectron-photon energy conversion
in FEL, as well as in other cohcrent radiation sources such as
gyrotrons, the beam quality, as measured by some brilliance
or emittance, 18 a critical factor.

In the particular case of the short electron pulses of a RF
FEL where the electron source is a photocathode, the beam
cmittances (transverse and longitudinal) along the line are es-
sentially those acquired during the first stage of electron gene-
ration and acceleration, i.e. the photoinjector stage. Various
phenomena can contribute to the cmittances observed in the
bcam pulse at photoinjector exit. For gowerful FEL, where
the beam current exceeds say 100 A/cm®, the space charge ef-
lects are dominant over the RF-ficld ones.

Theoretical calculations have been given of the transverse
emittance growth inside the photoinjector for a short beam
pulse cither in ballistic drift or submitied 1o the RF accelera-
tng ficld [1} -[4]. These calculations assume that the beam
density is uniform, and principally that all electrons are mo-
ving with the same axial velocity fB,c, not only in a beam
shice as the consequence of the well-founded hypothesis of pa-
raxiality, but for the whole becam pulse. This assumption, the
chief advantage of which is to allow an clectrosuatic calcula-
tion of the space-charge field map in the bcam frame, may be
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regarded as a rather reasonable [irst approximation when the
beam pulse is sufficiently removed from the cathode. It cannot
be retained for the beam pulse which has just been emited,
On the one hand, at the beam head, about 1 ¢cm away from the
cathode (for a 100 ps pulse), there are electrons which are al-
ready accelerated by the RF field to a relativistic velocity. On
the other hand, at the beam back, next 1o the cathode, one
may find electrons with thermal velocitics. Morcover, the
density is far from being uniform.

In these conditions the electromagnetic ficld map inside
the beam pulse strongly differs from the map which would be
deduced from an electrostatic calculation made in the beam cen-
troid frame. In particular : a) the acceleration ficld is no fonger
negligeable before the velocity ficld, b) the relativistic retarda-
tion effects have 1o be taken into account, ¢) the clectroma-
gnetic forcc suffered by an electron in the z xlm is no lon-
ger —eAz)~ E(r z), but —e[E (r,z) — B,(2)cB, (r,2)

In Sec. I, a theoretical study of clectron m()uon is presen-
ted, which takes these electrodynamic effects into account. In
Sec. 111, sample maps of the electromagnetic ficld inside the
beam pulse are given and discussed. In Sec. IV, consequences
on the self-field limitation for photoemission is cxamined.

In a companion paper [5], the transverse emittance of the
Jjust emitted electron beam pulse is calculated as a function of
the parameters. It appears that, before any propagation, this
transverse emittance already has a valuc of the order of 10 or
50 # mm.mrad (according to the pulse duration).

In fact, the main part of the emittance growth duc 1o the
"space-charge” field, more properly called the "self-ficld”, tkes
place during photoemission.

II. THEORETICAL MODEL

A. Electromagnetic field : general Liénard-Wiechert
expression

All the physical quantities will be calculated in the laborg-
tory frame. The ficld (E,B) generated at time ¢, at point P, by
an electron which, at time ¢, is at point M (1), is given by
the general Liénard-Wiechert expression
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Bp(t)=1zn/\ Ep (1),

where :
n= M )P ’
MG HP

and where the retardated time ¢ is such that M(¢t)P =c (¢—").
The first term in E is the velocity ficld, which decreases as
l/rz, the second one the acceleration field -the radiation field
{ar from the source- which decreases as 1/r.

B. Electron motion : iteration procedure

Except for a narrow layer next to the cathode, the paraxial
condition 1<<1A=17ﬂ",(kA) is satisfied for £ = 100 A, if the axial
RF electric field on the cathode has an amplitude E,>10
MV/m. In these conditions, for almost the whole beam pulse,
axial and radial electron motion can be decoupled, and all the
clectrons of a given slice have the same 7. The correction due
to the narrow non-paraxial zonc will be discussed later.

Taking advantage of the decoupling, and considering an
axisymmetric beam, where 7,z are the cylindrical coordinates,
the following iteration procedure has been used to calculate the
clectromagnetic field map inside the pulse, at different times
1€ (0,7), where T is the pulse duration.

At order 0, the (E,B)® map is determined from the slice
axial trajectories z @ (1t in the axial RF field alone, where ¢,
is the cmission time for the considered slice. Then, order 1
slice trajectories z (V(dley) are calculated for electron slices
submitted to both the RF field and the (0)-axial self-electric
ficld on the beam axis £, @(r =0,z,¢lty). From z®(t Ir,), a new
ficld map (E,B)V = [EQ)(r.z,0), BD (r,2,0] is deduced,....
Three iterations have shown themselves sufficient.

C. Analytic treatment of the electrodynamic and re-
tardation effects: the case of E,0(r,z,1) =
Ezlj(m(r,z,t)(velocily field) +EfO(r,z,0
(acceleration field)

The beam pulse is assumed to be cylindrical, with radius
R, carrying a current /, emitted by the cathode with a constant
and radially uniform current density J. Taking into account the
retardation cffects -the detailed, rather intricate, discussion of
which cannot take place here- and the boundary condition im-
posed on the cathode by equipotentiality, one finds for
E(”)(r,z,t ), with the notations of Fig.1 :
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III. ELECTROMAGNETIC FIELD MAP :
SAMPLE RESULTS

Table I shows the axial elcctric ficld at cathodc center
(r=0,z=0), when the whole clcctrqn beam pulse is extracted
(t=7), for :J =100 A/em®, zR *=1 cm’, E4=30 MV/m,
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=100 ps. £,0,0,7) = E 40, 0,7) + Esﬂ(() ,0, T) is compared on
the one hand to the 0-order value E (0,0,7) and, on the other
hand, to the values which would bc deduced from an electro-
static calculation for either a constant uniform emitted current
density, or a uniform density.

TABLE 1
Ey Ezﬁ Ezﬁ Ez EZ(O) Ez stat J Ezslat p
(MV/m)
15 5 14 056 570 5.72  6.10 4.30
30 3.60 074 434 435 4.68 3.08

E,: RF electric field ; E, : axial electric self-field at cathode
cmcr (E,g its velovity part Ep:its acceleration part) ; E
zero-order E,, (axial electric scif-field generated by beam elcc-
trons which are supposed to be accelerated by the RF field
only). E, .., * axial electric self-field at cathode center dedu-
ced from a Poisson equation for a constant J photoemission.
L - axial electric self-field at cathode center deduced from

stai p

a Poisson equation for a constant p_photocmission.

[V. PHOTOEMISSION SELF-FIELD LIMIT

| as
dnd for

Fig. 2 and 3 show the maximum exlractcd current IV,
a function of the pulse duration 1, for zR 221 em?,
£,=15 MV/m or 30 MV/m.

Figure 2
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Figurc 3
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