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Abstract

The high-brightness beams demanded to drive future
short-wavelength SASE FEL-based light sources result in
stringent demands on the electron beam source. In the fore-
seen TESLA X-FEL [1], a slice emittance (over the coop-
eration length) of less than 1.6 mm-mrd and a rms bunch
length of∼ 25 µm (corresponding to a peak current of
5 kA) are required at the undulator entrance. In this pa-
per, we present the conceptual design of the photoinjector
system for the TESLA X-FEL including Beam Dynamics
studies performed with the codesASTRA andHOMDYN. The
proposed injector can generate 1 nC bunches with mm-
mrd transverse emittances and longitudinal emittance of
60 keV-mm at an energy of 140 MeV.

1 OVERVIEW

An overview of the injector [5] layout is presented in
Fig. 1. The injector incorporates: a radio-frequency (rf)
photoemission gun, a standard TESLA-accelerator mod-
ule, a 3rd harmonic rf-section, a bunch compressor, and
a diagnostics section. The electrons are produced via pho-
toemission using a Cesium Telluride (Cs2Te) photocathode
illuminated by UV light (λ = 262 nm). The injector is
required to operate in multibunch mode, that is to gener-
ate a train (macropulse) of 11500 bunches spaced by 93 ns
(the macropulse repetition rate being 5 Hz). For a 1 nC
charge per bunch, the laser must provide 1µJ of UV light
per macropulse.
The simulations presented henceforth were performed us-
ing the tracking codeASTRA [2] and the multi-slice model
HOMDYN [3]. In this paper we only present simulations for
Q = 1 nC/bunch.

2 BEAM GENERATION &
ACCELERATION

The beam generation line consists of an axially symmet-
ric rf 1.625 cell L-band cavity [4] (f = 1.3 GHz). The
cavity electric field on the photocathode, should be as high
as possible to provide the highest possible acceleration and
thereby reduce the beam blow up imparted by space charge
forces. In the present case the emittance blow-up is due to
space-charge: rf-induced emittance growth is negligible (at
least one order of magnitude lower). It is planned to oper-
ate the cavity with a peakEz-field, of Eo ∼60 MV/m on
the cathode.

Given the cavityEz-field, the free parameters that need
to be tuned in order to optimize the beam parameters are:
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the photocathode drive-laser rms spot size,σr, pulse dura-
tion,Lt, and the laser launch phase,φrf . Henceforth a laser
with a radially and longitudinally uniform distribution is
assumed, deviations from these assumptions results in the
laser requirements gathered in Table 1. The pulse lengthL t

impacts the longitudinal emittance, but also the transverse
emittance because of the space charge forces scaling with
the current within the bunch. In order to find the optimum
setting forσr andLt, we studied the evolution of the beam
parameters atz =1 m, while scanningσr andLt. Since
the emittance at this location is largely due to correlations
(which are removed further downstream using the “emit-
tance compensation” scheme), we computed a “reduced”
emittance, i.e. an emittance that is calculated after removal
of linear and quadratic correlations ofr, pr andz. Fig. 2
compares the emittance and reduced emittance for two dif-
ferent values ofφrf . On the other hand, the thermal emit-
tance scales asεth = σr√

3

√
2K/mec2 [6] (K is the average

kinetic energy of the emitted electrons). While the ther-
mal emittance calls for the smallest spot size, the reduced
emittance has a shallow optimum at about 0.75 mm (for
φrf = 44◦), which gives also reasonable values for the pro-
jected emittance. Table 1 collects initial parameter settings
as obtained after further optimization of the complete beam
line. A solenoid is located close to the cathode in order

Figure 2: Projected (left column) and “uncorrelated” emit-
tance (right column) dependence versusσr andLt. The
computation are performed forφrf = 40◦ (top row) and
φrf = 44◦ (bottom row).

to control the beam envelope, which tends to be divergent
due to the presence of space charge forces. Though it pro-
vides focusing, it also contributes to a reduction of the cor-
related emittance via the so-called emittance compensation
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Figure 1: Layout of the X-ray FEL injector at TESLA. The represented elements are rf-cavity (red) , dipoles (green),
solenoids (violet), and quadrupoles (cyan).

process [7]. The peak Bz-field of the solenoid, the length
of the downstream drift and the gradient of the accelerating
cavity (booster) are chosen to provide a proper matching
condition for the beam. One possible matching technique
is based on the so-called “ invariant envelope” [8]: The
beam should be at a laminar waist at the booster linac en-
trance (i.e. σ′

r = 0) and the average energy gradient in the
booster γ ′

boost
.= Ḡz,1/(mec

2) should be related to the rms
beam size σw, the incoming mean beam energy γ and the
peak current Î via the relation: γ ′

boost = 2
σw

[Î/(3Ioγ)]1/2,
where Io is the Alfvèn current (17 kA for electrons). In this
way, the beam envelope is matched to the “ invariant enve-
lope” which has the property to reduce simultaneously the
beam spot size and the transverse momentum. In the drift
behind the gun and the solenoid the emittance decreases
for most parameter settings not to a single minimum, but
shows two minima separated by a local maximum [9]. For
a certain setting of the solenoid the local maximum of the
emittance is located at the position of a waist of the beam
envelope. At that point, we locate the booster: a standard
TESLA accelerator module that comprises eight supercon-
ducting 9-cell cavities (Ḡz,1 � 11.5 MV/m for the first
four cavities and 25.0 MV/m for the others). The beam is
thereby accelerated up to ∼ 160 MeV.

parameter nom. value tolerance unit
laser σr 0.75 ±0.05 mm

Lt 20.0 ±1.0 ps
rise time - ≤2 ps

Q 1.0 ±10% -
r-distrib. Uniform 10% -
t-distrib. Uniform 10% -

gun Eo 60 ±0.3 MV/m
φ 44 ±2 ◦

solen. B̂ 198 ±1 mT

Table 1: Requirements and tolerances on parameters set-
tings for various elements of the electron source.

3 BUNCH COMPRESSION & LONG.
PHASE SPACE CORRECTION

Figure 3: Effect of the 3rd harmonic section on the longi-
tudinal phase space at z = 18.00 m.

A general problem inherent to rf guns is the interplay
between transverse and longitudinal emittances. To reduce
the transverse emittance the bunch length, σz , generated in
the rf-gun should be made long; this leads to an increased
longitudinal emittance. While the increase in the gun might
still be tolerable, the longitudinal emittance growth induced
by the cosine-like rf potential in the subsequent accelerat-
ing section(s) is generally intolerable (εz ∝ σ3

z). A scheme
for compensating the longitudinal phase space (s, δ) non-
linearities introduced during the acceleration consists of
using a 3rd harmonic (f = 3.9 GHz) accelerating sec-
tion prior to the first bunch compressor [10]. Two addi-
tional advantages of the 3rd harmonic section are: (1) it
can also be used to compensate for nonlinearities of the
subsequent bunch compressor sections, and (2) it reduces
the sensitivity of bunch compression on incoming time jit-
ter. The average energy gain Ḡz,3 and phase φ3 required
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for the correction can be derived analytically, requiring:
d2δ/d2s|s=0 = 0, d3δ/d3s|s=0 = 0, while dδ/ds|s=0

is adjusted to the desired value (e.g. for maximum com-
pression dδ/ds|s=0 = −1/R56). The staged compres-
sion scheme, foreseen in TESLA FEL [11], requires an
incomplete compression in the first bunch compressor, a
four-bend chicane (R56 = −10 cm) located in the in-
jector downstream of the 3rd harmonic rf-section (which
we assume consists of four TESLA cavities frequency-
scaled to f = 3.9 GHz). A comparison of the longitu-
dinal phase before and after correction using the 3 rd har-
monic rf-section is presented in Fig. 3. Thus the bunch
is compressed from σz ∼ 2 mm down to σz ∼ 0.3 mm.
The 3rd harmonic rf-section parameters were optimized via
simulation – using as a starting point the aforementioned
set of equations – to achieve a linear longitudinal phase
space downstream of the compressor. The obtained val-
ues are: Ḡz,3 = 13.9 MV/m and φ3 = −179.26◦ and
φ1 = −16.03◦ for the phase of the booster. During the
compression process the projected emittance dilutes from
0.9 to 1.1 mm-mrd due to bunch self-interaction via radia-
tive effects [11].

4 DIAGNOSTIC & MATCHING SECTION

Downstream of the compressor a matching section fol-
lows: it allows the transverse matching of the beam into
the subsequent accelerating sections and also incorporates
a diagnostics section. The total length of this section is ap-
proximately 10 meters. The optical layout consists of two
four-quadrupole telescopes, separated by a F0D0 channel.
The F0D0 channel comprises four F0D0 cells with a beta-
tron phase advance, in both plane, of µx,y = 45◦/cell. Four
transverse profile monitors separated by 45◦ provide an op-
timum configuration for measuring on-line, with a high res-
olution, the transverse emittance at the compressor exit.

5 SUMMARY

The evolution of the beam envelope and longitudinal
beam parameters along the beam line ,up to the 3 rd har-
monic rf-section are presented in Fig. 4. The achieved pa-
rameters upstream and downstream of the bunch compres-
sor are gathered in Table 2.

paramters at z=18 m at z=24 m units
σz 1.8 0.3 mm
σE 2.1 2.1 MeV
εtot 0.9 1.1 mm-mrd
εz 58 80 keV-mm

Table 2: Beam parameters downstream of the third har-
monic section (z = 18 m) and bunch compressor (z =
24 m) for nominal settings.

Distance from photocathode [m]

Distance from photocathode [m]

Figure 4: Transverse (top) and longitudinal (bottom) beam
parameters evolution along the injector beamline. The
dashed line and solid lines are results from HOMDYN and
ASTRA respectively.
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[6] Flöttmann K., report TESLA-FEL-97-01, DESY-HH

[7] Carlsten B.E., NIM.,A285 pp. 313-319 (1989)

[8] L. Serafini and J.B. Rosenzweig, Phys. Rev. E 55 p. 7565
(1997)

[9] Ferrario M. et al., report SLAC-PUB 9400, (1999)
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