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Abstract
This paper will provide a status report on the high gain

high efficiency TESSA-266 experiment planned at the Linac
Extension Area (LEA) facility at Argonne Photon Source
(APS). The goal of this project which is carried forward by a
multi-institutional collaboration between university (UCLA),
national laboratory (ANL) and small industries (Radiabeam
and Radiasoft) is to demonstrate very high efficiency elec-
tron beam energy extraction in a 4-meter long strongly ta-
pered helical undulator seeded by an ultraviolet 1 GW peak
power laser seed pulse, and to study the spatial and spectral
properties of the amplified radiation. We focus here on the
discussion of the break-section area in between the undu-
lators which has been designed to maximize the efficiency,
and show the results of the numerical simulations for the
system.

INTRODUCTION
Free-Electron-Lasers enjoy many unique properties as

radiation sources, including high power, coherence and tun-
ability and have been at the forefront of scientific research
for decades. Especially in the short wavelength region of
the electromagnetic spectrum, FELs have enabled a novel
generation of radiation sources opening new frontiers in sci-
entific research. On the other hand a characteristic drawback
for conventional Free-Electron-Lasers amplifiers is that the
energy efficiency is actually relatively poor, limited by the
Pierce parameter [1] which at short wavelength (ultraviolet
and below) is typically below 1 percent and often below 0.1
percent.

Following up earlier work on Inverse Free Electron Laser
acceleration [2], few years ago a novel regime of operation
has been proposed to greatly increase the FEL efficiency
using prebunched electron beams, intense seed laser, and
strongly tapered undulators (so called TESSA scheme) [3].
An experimental demonstration of the TESSA concept in
the mid-infrared was carried out at BNL [4] where using
a 200 GW seed laser at 10 µm wavelength, an energy ex-
traction efficiency as high as 30 % was demonstrated. The
intense seed laser pulse used for this experiment hindered
measurements of the spatial and spectral properties of the
newly generated radiation (i.e. the experiment was carried
out in the low-gain TESSA regime).

The current TESSA-266 project aims at pushing the per-
formances of the proof-of-principle BNL experiment and
explore this interaction in the high gain regime (using a less
intense seed laser pulse) and extending the scheme to shorter

wavelengths where high efficiency radiation sources would
be extremely attractive (EUVL). The experimental design is
based on a tapered gap-tunable helical Halbach [5] undulator
which will be installed in the Linac Extension Area (LEA) at
the end of the Argonne Photon Source injection linac. The
APS linac will provide 375 MeV and up to 1 kA e-beam at
1-10 Hz pulse repetition rate in the interleaving mode that
makes the beam available for this experiment 75 % of time.
A seed laser of 1 GW and pulse length 0.6 ps will then be
used first to bunch, extract energy and quickly decelerate
the electron beam, yielding high gain TESSA amplification
and an extraction efficiency which in the ideal simulation
case reaches values as high as 10 percent (see Table 1 for a
summary of the experiment parameters).

EXPERIMENT DESIGN
The tapered helical undulator for TESSA-266 is designed

to maintain the resonant condition as the electrons lose their
energy to the radiation along the interaction varying the
undulator K factor while keeping the undulator period con-
stant [6]:

γ2
r =

λu
2λ

(1 + K2) (1)

where λu is the undulator period, λ is the laser wavelength,
and K the normalized undulator vector potential.

The undulator period is chosen to be at 3.2 cm in order
to satisfy the resonance condition with e-beam energy of
375 MeV and wavelength of 266 nm with a gap of sufficient
size to hose the vacuum pipe (> 5.5 mm).

Table 1: TESSA266 Nominal Parameters

Element
Beam Energy 375 MeV
Peak Current 1 kA
Emittance 2 um
Energy Spread 0.1 %
RMS Mean Spot Size 47 um
Undulator Period 32 mm
Undulator K Parameters 2.8 - 2.4
Radiation wavelength 266 nm
Seed Power 1 GW

A number of considerations entered the final choice on
the length of the undulator sections in the design of the ex-
periment. There is enough space in the LEA tunnel to house

39th Free Electron Laser Conf. FEL2019, Hamburg, Germany JACoW Publishing
ISBN: 978-3-95450-210-3 doi:10.18429/JACoW-FEL2019-THP073

THP073
730

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I

Novel Concepts and Techniques



(a) (b)

Figure 1: Optimized power output of time-independent sim-
ulation obtained from parameters in Table 2. (a) Output
power vs. Drift length. A linear fit indicates that increasing
the drift length of the break-sections, the output power de-
creases by around .5 % per centimeter, (b) Optimized phase
shift vs. drift length in each break section.

a very long undulator, but it has been shown that high gradi-
ent deceleration is particularly important in order to avoid
excessive growth of the synchrotron side-band instability
which is the main limit to the radiation extraction efficiency.
In order to leave open the possibility to reach the ambitious
goal of 10 % efficiency we then set the undulator length to
4 m. A compromise is then made between i) using one long
undulator which would enable continuous energy exchange
and ii) breaking up the interaction using multiple undulator
sections. The latter option leaves the opportunity to add
focusing elements that can squeeze the beam transversely
and maximize energy extraction efficiency [7]. In addition, a
maximum undulator section length of 1 m is set by the length
of the mill workplane at Radiabeam where the undulator is
going to be built. In the final design of the experiment the
THESEUS (Tapered HElical SEgmented Undulator System)
undulator will comprise four 990 mm long sections.

An integral part of the THESEUS design are the break-
sections in between the undulators. The radiation in these
regions freely diffracts quickly reducing the on-axis intensity
at the restart of the interaction and degrading the energy
exchange. With our parameters we simulated that the output
power would decrease as much as 0.5% per centimeter of
break section length (Figure 1a) putting a strong request on
keeping the break sections as short as possible.

At the same time, a large number of elements needs to fit
within this section, transforming the design of this part of
the experiment in a unique engineering feat. The focusing
schemes for TESSA266 includes a doublet of permanent
magnet quadrupoles to minimize the e-beam size along the
interaction. [8]. Furthermore, simulations indicate that a
tunable phase shifter would be highly beneficial in order to
maximize the energy extraction. Vacuum pumps, undulator
and laser diagnostic station add their own level of complexity
to the challenge. The final design includes an extremely
dense 17 cm long break section, hosting doublet quadrupoles,
a phase shifter, a diagnostic station, and built-in bellows for
correcting misalignments as shown in Figure 2.

Using Genesis simulations, we determined that the opti-
mal phase shift in this configuration will be close to a full 2π

Figure 2: Break Section Design with the two permanent
quadrupoles (blue), electromagnetic dipole (red), and diag-
nostic station (grey).

(a) (b)

Figure 3: GPT Simulation of the break section with two trans-
versely shifted quadrupoles and an electromagnetic dipole.
(a) e-beam trajectory (b) magnetic field.

shift (Figure 1b). To obtain a phase-shifter in the very limited
space available, we took advantage of the quadrupole pair
already included in the focusing lattice. When a quadrupole
is shifted in the transverse direction it behaves as a dipole
and can be used to deflect the beam. The phase shift is then
based on the use of remotely controllable translation stages
for the PMQs (which effectively double as dipoles for this)
and the addition of a small electromagnetic dipole (EMD) in
between, to form a very short 3-dipole mini-chicane (Figure
3b). The chicane lengthens e-beam trajectory (Figure 3a) so
that the phase of the electron beam micro-bunches is shifted
relative to the photons that travels in a straight trajectory.

The transverse shift in the quadrupole position required
to correct the trajectory for a given dipole field is:

∆x1,2 =
LDBD

LQgQ

z2,1

z1 + z2
(2)

where LD and BD are the length and field strength of the
EMD respectively, LQ and gQ are the length and gradient
of quadrupole, z1 and z2 the center-to-center displacements
from each quadrupole to the EMD. The shift would then be
minimized if the dipole was placed in the center of the break
section equidistant from the two quadrupoles. However be-
cause of the diagnostic cross, it is not feasible to place the
EMD in the center. In addition, due to the very tight bound-
aries around the diagnostic station and the quadrupoles, only
28-mm space in the longitudinal direction and 38-mm trans-
verse was available for the dipole. This required maximizing
the coil volume and bending the pole to redirect the field
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(a) (b)

Figure 4: Phase shifter element design. (a) Adjustable hybrid
quadrupole design, (b) H-shaped electromagnetic dipole
with peeking out pole.

toward the center of the assembly (Figure 4b). A novel
adjustable hybrid permanent-magnet-based quadrupole de-
sign (Figure 4a) was developed in order to enable tuning of
the quadrupole gradient and minimize the e-beam size in-
side the undulators. The hybrid quadrupole design is based
on two permanent magnets, four steel poles and two steel
shims. The shims can be moved from 5 mm to 15 mm which
changes the integrated quadrupole gradient from 6.5 T to
7 T by redirecting the magnetic flux.

GPT simulations of the beam trajectory show that a
full phase shift can be achieved without increasing the
drift length or compromising the quadrupole focusing (Fig-
ure 5). In the plot one can see that for a full phase shift the
quadrupoles is shifted by less than .5 mm from the on-axis
position and the EMD field will be at around .25 T which is
well below 0.5 T saturation field for this magnet.

Figure 5: phase shift and quadrupole shift vs. dipole mag-
netic field strength. For a full phase shift the dipole field is
0.25 T, for which the first quadrupole needs to be shifted by
0.7 mm to straighten the electron trajectory.

(a) (b)

Figure 6: FEL Time-Independent Genesis Simulation Re-
sult. (a) radiation power at the end of the 4th undulator, (b)
radiation (green) and e-beam size (red and black).

SIMULATION RESULTS
The optimal tapering for the experiment is finally deter-

mined using a period-by-period Genesis simulation as dis-
cussed in [3]

dK
dz
= −2kuKl sinψr (3)

where ku is the undulator wavenumber, Kl is the normalized
laser vector potential and ψr the design resonant phase.

The time-independent simulation result for four undulator
sections of 29 undulator periods, the nominal drift length,
and quadrupoles of 195 T/m gradient, along with optimal
phase shifts in between undulator sections shows an extrac-
tion efficiency near ten percent (Figure 6).

Table 2: TESSA266 Distances

Element Physical Length
THESEUS section length 989.4 mm
Physical break section length 170 mm
Total Sys. Length with pre-buncher 6610 mm
Quadrupole Effective Length 26.2 mm
EMD Effective Length 15.0 mm
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