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Abstract
Energy Recovery Linacs such as PERLE require high 

average current high brightness beams. This sets particular 
requirements on the kind of injectors that they can use as 
the injectors must be capable of producing bunches at MHz 
repetition rates, compressing the bunches to the specified 
value and transporting those bunches while they are still in 
the space charge dominated regime into the main ERL all 
while keeping the emittance low. In particular, PERLE will 
require a 20 mA beam consisting of 500 pC bunches with a 
repetition rate of 40 MHz. These bunches will be required 
to have rms lengths of 3 mm, a total beam energy of 7 MeV, 
appropriate Twiss parameters to match them to the main loop 
and transverse emittances of < 6 mm⋅mrad. In this paper, a 
DC gun based injector capable of meeting this specification 
will be presented with beam dynamics simulation showing 
the behaviour of the beam from the photocathode to the exit 
of the first main linac pass. The beam dynamics challenges 
will be discussed in terms of both the transverse emittance 
growth and the sources of non-linearity in the longitudinal 
phase space.

INJECTOR DESIGN AND SPECIFICATION
PERLE (Powerful Energy Recovery Linac for Ex-

periements) is a proposed three turn energy recovery linac 
(ERL) [1, 2]. The injector is the part of the machine were 
the electrons are generated and the initial beam manipula-
tions are performed before the beam enters the main ERL 
loop. The design of the injector is important because it sets 
the lower bound on the achievable beam quality. The de-
sign needs to deliver bunches at MHz repetition rates, while 
preserving the beam quality from the cathode, compressing 
the bunches to the required length, matching the Twiss pa-
rameters of the bunch to the main ERL loop and physically 
transporting the beam into the main ERL. A number of dif-
ferent injector schemes were investigated before a baseline 
was chosen. The layout of the baseline scheme can be seen 
in Fig. 1.

The injector uses a 350 kV DC electron gun. PERLE 
will use the ALICE electron gun [3] with planned upgrades 
incorporated [4]. The shape of the electrode geometry was 
re-optimised for PERLE [5]. After the electron gun the 
beam is focused and emittance compensated [6] by a pair 
of solenoids. A buncher cavity to compress the bunch is 
installed between them. There is then an SRF booster linac
∗ ben.hounsell@stfc.ac.uk
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Figure 1: The layout of the PERLE injector. In the merger
section quadrupoles are shown in red and dipoles in blue.

with four independently controllable single cell cavities
which accelerates the beam to the injection energy of 7 MeV.
The beam is then transported and matched into the main
ERL loop by the merger. The merger presented here is a
three dipole design which is an established design used and
proposed by a number of ERL projects [7–10] . The exam-
ple presented here uses four quadrupoles before the dipoles
to match the beam, the quadrupoles between the dipoles to
make the beamline achromatic (assuming no space charge)
and two quadrupoles after the dipoles for the final matching.
Only two quadrupoles are used after the dipoles due to the
limited space between the final dipole and main linac.

The injector was optimised in three steps. First the elec-
tron gun electrode geometry was optimised [5] based on
the beam dynamics performance using POISSON [11] to
model the electrostatics, ASTRA [12] to model the beam
dynamics and the many objective optimisation algorithm
NSGAIII [13] as the optimisation algorithm. The injector
beamline from the cathode to the exit of the booster was op-
timised using OPAL [14] to model the beam dynamics and
again using NSGAIII as the optimisation algorithm. Then
finally the merger from the exit of the booster to the exit of
the first main linac pass was optimised. The matrix code
Optim [15] was used to generate initial guesses for the mag-
net settings then the beam dynamics code OPAL and the
optimisation algorithm NSGAII [14] were used for the fi-
nal optimisation of the merger. At the end of this multistep
optimisation procedure a solution was selected. The perfor-
mance of that solution relative to the specification can be
seen in Table 1.

The emittance values are within the specification. The
final bunch length and Twiss parameters still require some
fine tuning. The remainder of this paper will be a discussion
of the beam dynamics of this chosen solution focusing on

31st Int. Linear Accel. Conf. LINAC2022, Liverpool, UK JACoW Publishing
ISBN: 978-3-95450-215-8 ISSN: 2226-0366 doi:10.18429/JACoW-LINAC2022-THPOJO26

Electron Accelerators and Applications

Energy recovery linacs

THPOJO26

743

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



Table 1: The achieved parameters of the chosen baseline
injector and the specified value both at the exit of the first
main linac pass.

Parameter Achieved Specification

x emittance [mm⋅mrad] 5.0 < 6
y emittance [mm⋅mrad] 2.7 < 6
Bunch length [mm] 3.2 3
Beta x [m] 6.1 8.6
Alpha x -0.48 -0.66
Beta y [m] 5.1 8.6
Alpha y -0.17 -0.66

the emittance growth mechanisms and the formation of the
longitudinal phase space.

BEAM SIZE AND BUNCH DISTRIBUTION
The evolution in beam size both transversely and longi-

tudinally can be seen in Fig. 2. The transverse beam sizes
are maintained below a target value of 6 mm rms to ensure
the beam can fit through all the apertures. The quadrupoles
make the beam sizes asymmetric which can clearly be seen
and can be adjusted to match the Twiss parameters.

Figure 2: The rms transverse beam sizes and bunch length
along the injector beamline. The location of beamline ele-
ments is shown below the plot. The electron gun is indicated
in cyan, the solenoids in yellow, the buncher cavity as an
orange ellipse, SRF cavities by grey ellipses, quadrupoles
are shown in red and dipoles in blue.

The bunch length is initially long due to the long laser
pulse on the cathode which is used to reduce the space charge
forces in the gun. The bunch then expands to the position
of the buncher cavity the ballistic compression begins. This
ballistic bunching is the main form of compression in the
injector however there is additional velocity bunching in
the first cell of the booster linac. The interaction of the
longitudinal dispersion of the merger and the space charge
forces causes some undesirable debunching.

The charge density distribution of the bunch in both the
horizontal and vertical planes of the bunch at the exit of first
main linac pass can be seen in Fig. 3. There is a high density

Figure 3: The charge density distribution of the bunch in the
horizontal and vertical planes at the exit of the main linac.

bunch core as well as a more diffuse head and tail. The tail
of the bunch forms during the ballistic bunching process due
to the non-linear relationship between particle energy and
particle velocity. In the horizontal plane a tilt can be seen
due to residual dispersion at the end of the merger. This is a
consequence of the space charge forces changing the energy
of the particles, and hence how they are bent by the dipoles,
as they move through the merger leading to an error in the
cancellation of the dispersion.

TRANSVERSE EMITTANCE
The evolution of the transverse emittances in the injector

can be seen in Fig. 4. In this figure initial emittance growth
can be seen which is then compensated in the booster linac.
In the merger the beam becomes axially asymmetric so the
emittance evolution is asymmetric. In the horizontal plane
the emittance increases significantly at the first dipole when
dispersion is introduced into the beam. It then decreases
significantly after the final dipole as the majority of the
dispersion is cancelled. In the vertical plane the emittance
grows slightly again before emittance compensating.

Figure 4: The rms transverse emittance along the injector
beamline. The location of beamline elements in shown be-
low the plot in the same way as in Fig. 2.

Examining the transverse phase space distributions at
the end of the main linac can allow us to determine which
mechanisms are responsible for the emittance growth in the
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injector. The phase space distributions can be seen in Fig. 5.
In both planes there are non-linearities in the phase space
distributions which indicate slice emittance growth. These
non-linearities can originate with non-linear space charge
forces or from aberrations in the elements of the injector.
It can also be seen that all of the slices are relatively well
aligned rotationally with the exception of the front slice.
This indicates reasonably good, but not perfect, emittance
compensation. In the horizontal phase space there are also
translational offsets between the slices which is indicative
of residual dispersion. As discussed earlier the space charge
forces in the bunch cause this residual dispersion.

Figure 5: The transverse phase space distributions at the end
of the main linac. The bunch has been sliced longitudinally
into five slices, indicated by colour, so the slice rotations
and translations can be clearly seen. The slices by colour
from front to back are purple, red, green, orange and blue.

It may be possible to mitigate some of the emittance
growth mechanisms discussed above. Modifying the elec-
tron distribution by shaping the photoinjector laser pulse
could reduce the non-linear space charge forces and hence
the slice emittance growth [16]. The emittance growth due
to the residual dispersion could be reduced by matching the
longitudinal space charge (LSC) kick at the exit of the dis-
persive region with the Twiss parameters of the bunch at that
point [17]. The kick at that point determines the orientation
of the axis in phase space along which the slices are offset.
If the beam ellipse has the same orientation at that point
the emittance due to the LSC kick will be minimized. In
the case of the injector presented here this matching can’t
be achieved as there are only two quadrupoles between the
final merger dipole and the main linac so there aren’t enough
adjustable elements to achieve the match while matching
the vertical Twiss parameters to the main ERL loop. If the
available space here was increased two quadrupoles could
be added to give sufficient adjustable elements.

LONGITUDINAL PHASE SPACE
In addition to the transverse emittances of the beam the

longitudinal phase space distribution is also important. Ide-
ally it should be as linear as possible to minimise the energy
spread at the interaction point. The longitudinal phase space

of the bunch just prior to entering the main linac can be
seen in Fig. 6. The motivation for looking at the longitu-
dinal phase space at this point is so that the phase space
non-linearities which develop specifically in the injector can
be seen without the effect of the main linac. In the plot it
can be seen that there has not being significant longitudinal
slice mixing. This is the desired behaviour as slice mixing
is incompatible with the emittance compensation technique
used in the injector [6].

Figure 6: The longitudinal phase space distribution just prior
to entering the main linac. The particle colour indicates
initial longitudinal slice.

An ”M” shaped non-linearity can be seen in the longitudi-
nal phase space distribution. This is due to the combination
of a number of different non-linearities. The central dip orig-
inates from the ballistic bunching process. When the bunch
is longitudinally focused down to a waist the space charge
forces push outwards reversing the bunching. As the charge
distribution is asymmetric, due to the diffuse tail discussed
earlier, the longitudinal space charge forces are also asym-
metric. As a result the head of the bunch starts debunching
before the tail. At this point during the bunching the longi-
tudinal phase distribution is a ”V” shape. The bunch is then
accelerated by the booster cavity. The booster introduces a
second order RF non-linearity which is the outer ”wings”
of the ”M” shape. The asymmetry in the height of the two
peaks of the ”M” shape develops in the merger due to space
charge induced chirp that develops at the front of the bunch
where the charge density is highest.

CONCLUSION
In this paper a conceptual design of the PERLE injec-

tor which meets the specification has been presented. The
source of emittance growth in the transverse phase spaces
were discussed. The origin of the ”M” shape longitudinal
phase space due to the ballistic bunching process, booster
linac RF distortion and a space charge induced chirp develop-
ing in the merger was also discussed. The use of laser pulse
shaping and the addition of quadrupoles to allow for LSC
kick matching were presented as possible future directions
to reduce the emittance. Following this conceptual design
the next will be the technical design.
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