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Abstract

Tapering Enhanced Stimulated Superradiant Amplifica-
tion (TESSA) is a scheme developed at UCLA to increase
efficiency of Free Electron Laser (FEL) light to above 10%
using intense seed pulses, strongly tapered undulators and
prebunched electron beams. Initial results validating this
method have already been obtained at 10-um wavelength at
Brookhaven National Laboratory. In this paper we will dis-
cuss the design of an experiment to demonstrate the TESSA
scheme at high gain and shorter wavelength (266 nm) using
the Linac Extension Area (LEA) beamline at the Advanced
Photon Source of Argonne National Laboratory (ANL) to
obtain conversion efficiencies around 10% depending on the
length of the tapered undulator (up to 4m).

INTRODUCTION

X-ray Free Electron Lasers (FEL) have revolutionized the
trajectory of science opening the door to the direct study
at atomic spatial and temporal scales of fundamental sys-
tems such as chemical bond formation, motion of electrons
through materials, 3D images of proteins and many more [1].
In high gain FELs the efficiency of electron beam energy con-
version into radiation is typically limited to less than 1% due
to the saturation effect [2]. Tapering the undulator parame-
ters offers an opportunity to extend the interaction beyond ini-
tial saturation [3], and has been shown to provide a boost in
efficiency. The Tapering Enhanced Stimulated Superradiant
Amplification (TESSA) [4] method using a strongly tapered
undulator an intense input seed laser and prebunched elec-
tron beams to greatly increase the conversion efficiency has
been validated at Brookhaven National Laboratory (BNL)
for 10 um wavelength and 50 cm strongly tapered undulator
demonstrating efficiency greater than 35% [5].

In this paper we discuss the design of an experiment where
we will demonstrate TESSA at shorter wavelength (266 nm)
using the higher energy electron beam at APS linac. This
experiment, which we will refer to as TESSA-266, will start
with GW-level seed power and demonstrate 30 MeV/m en-
ergy exchange rates leading to a final gain of a factor of 10
in laser power. For this experiment we will to use the APS
injector linac at Argonne National Laboratory (ANL) which
has been recently upgraded with an LCLS style photoinjec-
tor and can deliver high brightness beams to an experimental
beamline where we will install the tapered undulator.

In an FEL, resonant wavelength of interaction is de-
fined as 1 = (A,,/2y*)(1 + K?), where v is particle en-
ergy, K undulator vector potential, and A,, undulator period.
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Table 1: Simulation Parameters of APS Linac

Electron beam energy 375 MeV
Peak current 1 kA
Seed power <1GW
Normalized emittance 2 um

The particle energy evolution can be written as dy?/dz =
—2kK;K sin(¥,) where K; = eEy/km,c* laser vector po-
tential and Ey electric field of radiation, K undulator vector
potential, and ¥, resonant phase. By taking the derivative of
the resonance condition and using energy evolution equation
we obtain the tapering equation for the normalized magnetic
field amplitude along the helical undulator:

dK _ (1 + K*)(dk/dz2)
dz 2Kk,

— ky K sin'P,. . (D

While period tapering is a possibility, we will limit this
initial discussion to a constant period case (i.e. dk,,/dz = 0)
and allow the gap inside the undulator to change to modify
the magnetic field amplitude.

MAGNETIC SIMULATION OF
UNDULATOR

Undulator Period vs. Beam Clearance

We used Radia to find the peak magnetic field for different
undulator periods and gap at the center of the undulator.
Figure 1 shows how the undulator vector potential K would
vary as we change the undulator period. Where the resonance
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Figure 1: Undulator vector potential vs. undulator period
for different gaps plotted with resonance condition.
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86.4cm undulator + 16.0cm drift, < axy>=75um
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Figure 2: Top: Beam spot size for 3.2-cm period and 86.4-
cm long undulator with 16-cm drift. bottom: Beam spot
size for 3.2-cm period undulator with a diagram of FODO
setup.

.2 line (cyan) meets the data shows the period at resonance
for different gaps of 5.0 mm, 5.5 mm, and 6.0 mm. As the
g thickness of the undulator and the magnet holder clearance
E required to assemble the undulator were not modified in the
"53 simulations, this should be considered as a rough estimate
& of possible undulator period. The 3.0-cm period is the bare
£ minimum with the beam clearance of 5.1 mm (at the center
_. of the undulator) and holder clearance of 3 mm (between the
g sides of undulator). We consequently decided that the best
N undulator period would be 3.2 cm.

The beam sizes matched to the undulator natural focusing
% beta-function for the period range of 3 cm-3.2 cm for 1-m
= long undulator were as large as 70 um to 74 um. Figure 2
< shows that matched beam size for a 86.4 cm long undulator
E section followed by 16 cm drift was was 74 um with average
8 beam size of 75 pm. This beam size would be relatively large
o compared to radiation spot size which will be around 100-
JC:) 120 um depending on Rayleigh length and waist position and
2 is not optimal for extraction efficiency. We consequently
8 decided to look into installing quadrupoles around the un-
2 dulator as in Figure 2 and 3 to decrease the electron beam
E sizes.
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= Quadrupole Design

_“2 Although placing quadrupoles compromises thickness

2z of the undulator and consequently requires slightly longer
E period we found that the difference between the two mag-
8 netic undulator period designs was not significant (less than
« 1-2mm) when considering the beam and the holder clear-
= ance so we decided that it is worthwhile to implement strong
£ focusing in the undulator design. Figure 3 shows our prelim-
= inary undulator design of 3.2 cm period with beam clearance
% of 6 mm at the center and holder clearance of 4 mm around
O
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Figure 3: Radia simulation of undulator + quadrupole de-
sign for 3.2-cm undulator and 22-T/m quadrupole gradient.
Blue = undulator, Red = quadrupoles. The tick marks are in
0.1-mm scale.

the sides of undulator and quadrupoles. This design gives
maximum quadrupole gradient of 22 T/m which decreased
average beam size to 45 pm (Figure 2). In principle it would
be possible to further decrease the holder clearance around
the magnets and increase overall focus and radiation power
with custom design of magnets.

We studied the dynamics in the resultant FODO lattice to
optimize beam size and power output given undulator period
of 3.2cm and maximum quadrupole gradient of 22 T/m.
We simulated the simplest FODO system with focusing
quadrupole, drift, and defocusing quadrupole to be placed
inside the undulator. We varied lengths and gradients of the
quadrupoles as both factors affect overall focusing strength,
transverse electron propagation, and power output. Depend-
ing on the length of the undulator section it was possible
to reduce average beam size upto 43 pm with quadrupole
gradient of 22 T/m for undulator length of 64 cm. A more
conservative design uses a 86.4 cm undulator which had
greater power output due to the longer length. This 86.4 cm
undulator and 16 cm drift system will have focusing and de-
focusing quadrupole lengths of 19.2 cm, 48.0 cm in between
the two quadrupoles, and drift length of 16 cm between each
undulator sections, and the system will have average beam
size of 45 um (Figure 2).

GIT SIMULATION OF 3.2-cm
UNDULATOR

The beam energy is 375 MeV with a peak current of 1 kA,
corresponding to 375 GW peak beam power. With approx-
imately 10% efficiency, the peak power of the TESSA am-
plifier will be 20-40 GW, so that there will be considerable
amount of change in the normalized field amplitude K; along
the undulator.

The system will operate in the TESSA high-gain regime.
In order to optimize the tapering we used Genesis Informed

Seeded FELs



38th International Free Electron Laser Conference
ISBN: 978-3-95450-179-3

30

power(GW)

bunching
o o
~ o]

e
N

0.5

Figure 4: Power, Beam sizes, and bunching factor plots for four undulator sections of 86-cm undulator and 16-cm drift
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Figure 5: Power, Beam sizes, and bunching factor plots for four undulator sections of 86-cm undulator and 16-cm drift with

quadrupoles.
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Table 2: Simulation Parameters of Undulator

Simulation parameters of undulator

Undulator Period 3.2cm

Undulator gap 6 mm

Number of modules 4

Module length 4.096 m

Simulation results for undulator without FODO

RMS beam size 76 um

Power output 28.4GW

Efficiency 7.6%
Simulation results for undulator with FODO

RMS beam size 47 um

Power output 36.6 GW

Efficiency 9.8 %

Tapering method where Genesis is called at each undulator
period to simulate particle and radiation beam evolution and
the tapering is varied following Equation (1) for the next
perlod.

GIT Simulation of Undulator without Quadrupoles

Using GIT we simulated four sections 86.4-cm long undu-
lators with 3.2-cm period. Figure (4) shows the average beam
7 size of 76 um and a final radiation power of 28.4 GW with an
= efﬁmency of 7.6%. For these simulations we assumed an ini-
< tial bunching factor of 0.5 determined by a prebuncher with
% 4-cm-period undulator and a magnetic chicane located 52 cm
0 before the entrance of the tapered undulator. The beam size
@ slightly increases throughout longitudinal propagation due
8 to the variation of K along the undulator.
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GIT Simulation Undulator with Quadrupoles

For four sections of 86-cm undulators with FODO system
of 19.2-cm long, 22-T/m gradient quadrupoles, 48.0-cm
drift between the quadrupoles, and 16-cm drift between the
undulators (Figure 2), we obtained average beam size of
47 um and the final power output is 36.6 GW (Figure 5). The
conversion efficiency of the system is 9.8%.
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CONCLUSIONS

We show by 3D Genesis simulation that the TESSA-266
experiment could achieve an extraction efficiency of 7.6%
without using strong focusing in the undulator and 9.8%
with quadrupoles. This will be an order of magnitude im-
provement from the previous record values of efficiency at
UV wavelengths [2]. The improvement has the potential
for breakthrough impact in research areas such as materials
synthesis, lithography, and nano-engineering where short
wavelengths FELs are used [6]. The experiment will be
the first time to demonstrate TESSA design at high regime
taking advantage of strong focusing in the undulator.
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