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In this paper we compare two concepts of a preaccelerator for the energy-recovery linac MESA: a
hybrid injector that combines normal conducting and superconducting technology and a fully normal
conducting injector. The particle source delivers polarized electrons at 100 keV. Thus the first
accelerating section has to be of a graded-β kind. The graded-β section is designed with a final energy
exceeding 1 MeV so TESLA-type nine-cell resonators can be used as superconducting cavities. The
final energy of the preaccelerator shall be 5 MeV to avoid neutron production in the beam dump of the
energy-recovery linac.
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I. INTRODUCTION

At Johannes Gutenberg-Universität Mainz the Institut für
Kernphysik (KPH) is currently building an energy-recovery
linac called MESA. MESA is the abbreviation for Mainz
energy-recovering superconducting accelerator. It shall
provide an electron beam for particle physics experiments
at a duty factor of 100%.
One of the two main experiments is P2 that measures

the weak mixing angle at high precision via parity
violation [1]. For this experiment MESA is running in
external beam (EB) mode. This means the beam is
dumped after the experiment in a beam stopper. P2
demands a beam of spin polarized electrons at a beam
current of Ib ¼ 150 μA, which translates to a bunch
charge of Qb ¼ 0.12 pC, and with an energy of T ¼
155 MeV at a relative energy spread of the order of 10−4.
The other experiment uses an internal gas jet target and is
called MAGIX (MESA gas internal target experiment).
MAGIX researches a variety of topics, e.g., proton radius
and dark photons [2]. MESA is operated in energy-
recovery (ER) mode for MAGIX to provide Ib ¼ 1 mA
(Qb ¼ 0.77 pC) at T ¼ 105 MeV. In an upgrade stage
MESA is planned to provide Ib ¼ 10 mA (Qb ¼ 7.7 pC)
for MAGIX.
MESA (see Fig. 1) is a multiturn recirculating linac in

race track geometry with vertically stacked arcs [3]. In each

straight section a cryostat equipped with two TESLA-
type cavities [4] provides an energy gain of 25 MeV in
total. The cryostats are similar to those of ELBE at
Helmholtz Zentrum Dresden Rossendorf [5] with some
modifications [6] to adapt them for the use in MESA. In
EB mode the beam passes each cavity 3 times, in ER
mode the beam passes the cavities 4 times: twice
accelerating and twice decelerating. The beam is then
dumped at injection energy. MAGIX resides in an
extension of the fourth MESA arc, for EB mode this
part is bypassed.
The particle source of MESA is the dc photogun

STEAM (small thermalized electron source at Mainz)
that can produce polarized electrons at 100 keV [7–9].
STEAM is driven by a radio frequency (rf) synchronized
pulsed laser (for bunch length see Table I). Following
STEAM the low energy beam transport line MELBA
(MESA low energy beam apparatus) [10,11] leads the
particles to the first rf cavity of the preaccelerator
MAMBO (milliampere booster). MELBA is a rather
long beam line of ≈9 m, because it hosts a spin
manipulation system consisting of two Wien filters
[12] and a solenoid, a chopper system consisting of
two circular deflecting cavities and a collimator with
movable jaws and a buncher system that has a funda-
mental and a second harmonic cavity.
The second resonator of the chopper removes the

energy modulation introduced by the first one [13].
Only a small residue of circa 10% of this modulation
is left. This is a higher order effect of the beam diameter
inside the second cavity. The harmonic buncher linearizes
the phase space distribution. Therefore it acts as a
debuncher that is separated from the fundamental buncher
by a drift space of an odd integer multiple of the rf
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wavelength [14]. The effect of the harmonic buncher
can be seen quite nicely in Fig. 2(a). The use of the
harmonic buncher allows having the chopper accept a
rather large phase spread. So most of the electrons from
the source are accelerated and only halo is rejected. This
is important since the GaAs photocathodes used have a
limited amount of charge of Qmax ¼ 700 C [15] that can
be extracted before they need to be refreshed.
MELBA uses solenoids and quadrupole triplets for

transverse focusing. Quadrupoles are necessary to com-
pensate fringe field effects of the Wien filters. The
solenoids are split in two parts, whose field orientation
is alternating between parallel and antiparallel to the
beam direction in order to cancel out spin precession.

II. A PRIORI CONSIDERATIONS

After considering different cryostat options also at
different rf frequencies for MESA [16] the ELBE module
was chosen for the main accelerator. So the frequency was
fixed to frf ¼ 1.3 GHz. The preaccelerator could operate
at the same frequency or a harmonic. At a harmonic
frequency the duty cycle needs to be reduced accordingly,
which is easily achievable. But the shorter wavelength at a
harmonic frequency implies a higher peak current at a
given bunch charge and therefore a higher space charge
field. To avoid this, the frequency of MAMBO will also
be 1.3 GHz.
It was chosen to operate the particle source at 100 keV

for several reasons. Most prominent the negative
electron affinity photocathodes necessary to generate
spin-polarized electrons are rather delicate. Experience
with the MAMI particle source [17,18] during the past
3 decades showed them to be very reliable at this energy.
Since MESA shall be a production machine providing
several thousand hours of operation for data taking per
year, reliability is most important. Further the setups for
spin manipulation and bunch preparation are more com-
pact at lower β.

The beam stop of the main accelerator shall be placed
inside the hall with modest shielding. Electrons exceeding
energy of 3 to 10 MeV can produce neutrons depending
on the material of the beam stop [19]. To avoid neutron
production at the beam dump the injection energy to MESA
is going to be 5 MeV.
The energy of 100 keV provided by the particle

source translates to β ¼ 0.548. This low energy beam
cannot be injected into high β cavities, because a strong
phase slip will occur. This is caused by a large differ-
ence in the velocities of the particles and the accelerat-
ing wave. Therefore it is necessary to use a graded-β
type structure as a first accelerating stage. There the
length of each accelerating cell and thus the phase
velocity of the rf wave is matched to the particle
velocity. To our knowledge, there are no superconduct-
ing 1.3 GHz booster cavities for electron acceleration in
continuous wave (cw) at such low β available at the
moment. KPH does not have the expertise to develop
such resonators, but a long tradition in normal con-
ducting cw standing wave acceleration at the Mainz
microtron MAMI [20]. So it seems to be sensible to
design at least the first accelerating stage with normal
conducting technology. This stage shall provide at least
a beam energy of 1 MeV. This translates to β ≈ 0.94
which can be captured in a β ¼ 1 rf section sufficiently
well. Now there are two options that shall be inves-
tigated in the following sections: a fully normal con-
ducting linac and a hybrid linac that starts with a normal
conducting graded-β section and then uses, e.g., one or
two TESLA-type nine-cell cavities to reach the final
energy. Earlier design stages of MAMBO had been
reported in [21–23].
All beam dynamics simulations have been carried out

with PARMELA [24] using 3D space charge. The normal
conducting structure has been modeled with SUPERFISH

[25]. The cells are represented in PARMELA by their Fourier
coefficients. A script to find optimum cell length for a given
energy gain and phase slippage per cell was implemented

FIG. 1. Overview of the planned MESA facility.
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with the ROOT package [26]. This script interpolates the
Fourier coefficients of the cell from a look-up table. The
script is a reproduction of a function called “design” that
had been part of earlier PARMELA versions. Both buncher
cavities and the superconducting rf (SRF) cavities are
represented by SUPERFISH field maps. Further the built-in
chopper element is used and the acceptable phase spread is
set to Δϕc ¼ �80°.
The 6D input particle distributions to be used with

PARMELA in the following were extracted from CST

PARTICLE STUDIO simulations during the design of
STEAM [9]. The longitudinal phase space projection of
the particles at the end of MELBA as they are going to
be injected into the first MAMBO section are shown in
Fig. 2. The data presented in this publication has been
extracted with the PARGRAF tool provided with PARMELA.
The corresponding data is listed in Table I. Two beam

currents were researched exemplarily: Ib ¼ 150 μA and
Ib ¼ 1 mA.

III. NORMAL CONDUCTING
PREACCELERATOR

The normal conducting MAMBO rf structure is a
biperiodic standing wave structure [27,28] with magnetic
coupling operated in π=2 mode. This design makes use of
the fact that in this particular mode even numbered cells
have no field and therefore can be shortened to increase
accelerating efficiency, i.e., shunt impedance. The cells are
named after their function: those with field are called
accelerating cells (AC) and the shortened ones coupling
cells (CC).
Biperiodic structures at 2.45 and 4.9 GHz are in use at

MAMI for a long time. The MAMI injector linac ILAC has
a cell design optimized for β grading [29]. To be used at
MAMBO this design was scaled to 1.3 GHz and modified
to allow for higher cell coupling and a larger beam pipe
diameter. The later was found necessary, because the beam
current of MAMBO shall be a factor 10 to 100 larger than
that of ILAC.
The normal conducting MAMBO consists of four

accelerating sections. The first one is a graded-β section
(MAMBO 1) where the length of the cell with the index
g is lg. The following ones are constant-β sections
(MAMBO 2–4). Due to shorter ACs the shunt impedance
of MAMBO 1 is decreased considerably to Rs ¼ 46.7 MΩ
while the constant β sections have Rs=L ¼ 44.9 MΩ=m
which is Rs ≈ 100 MΩ, each. In this paper the linac
definition of shunt impedance is used. The rf sections
are separated by short drift spaces that incorporate trans-
verse focusing elements. Additionally six solenoids

TABLE I. Bunch data of the 100 keV beam as extracted from
STEAM at Ib ¼ 150 μA and Ib ¼ 1 mA and at the end of
MELBA. The phase space distribution of the beam injected into
MAMBO is shown in Fig. 2. The acceptable phase spread of the
chopper was set toΔϕc ¼ �80°. Additionally the transverse rms-
emittance values are listed. Further the same data for the bunch
exiting section MAMBO 1 is given. The longitudinal distribu-
tions are depicted in Fig. 3. At Ib ¼ 1 mA solenoids over
MAMBO 1 are engaged.

STEAM MELBA MAMBO 1

Ib mA 0.15 1 0.15 1 0.15 1
hTi MeV 0.1 0.1 0.1 0.1 1.279 1.279
ΔTrms keV 0.007 0.03 1.02 1.36 3.38 3.8
ΔTrms=hTi 10−4 0.7 3.1 102 135.4 26.5 29.3
Δϕrms ° 23.1 23.2 4.42 5.2 1.28 1.47
ϵrms °keV 0.08 0.35 0.29 1.11 0.88 1.73
ϵ99% °keV 1.41 6.39 4.39 18.4 14.83 25
ϵ100% °keV 2.75 12.5 40.5 102.4 194.7 60.3
ϵx;rms mmmrad 0.113 0.12 0.16 0.66 0.18 1.3
ϵy;rms mmmrad 0.113 0.12 0.13 0.34 0.14 1.25
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FIG. 2. Particle distributions in longitudinal phase space of
different beam currents (Fig. 2a: Ib ¼ 150 μA and Fig. 2b:
Ib ¼ 1 mA) at the end of MELBA that are injected into the first
MAMBO rf section.
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producing Bsol ¼ 10 mT each are placed over MAMBO 1.
Using those allows weaker focusing magnets inside the
drift spaces for currents around Ib ¼ 1 mA. The field
direction of the MAMBO 1 solenoids is also alternating to

compensate spin precession. Beam waists are avoided,
because they increase beam divergence and space charge
density.
MAMBO 1 is designed to deliver a final energy of

1.25 MeV at a phase slippage per cell of Δϕ ¼ 0.1°.
The injection phase shall be ϕ ¼ −25° with respect to
the maximum of the sine. This represents the phase
convention at linacs. The Ohmic losses in MAMBO 1
are Pc ¼ 41 kW. The bunch is focused by the buncher
system into the first rf section that follows after a drift of
1.5 m. There the focal point lies approximately in the fifth
cell. The bunch executes half a period of synchrotron
motion in MAMBO 1 and leaves the section longitudinally
converging. The focal point would be near the exit of
MAMBO 3, if MAMBO 2 and 3 would not alter the
focusing. The lengths of the cells lg of MAMBO 1 are listed
in Table II. MAMBO 1 is kept the same for all variations
presented here. The bunch data of the beam exiting
MAMBO 1 is given in Table I. The longitudinal phase
space diagrams are shown in Fig. 3.
The sections MAMBO 2–4 are designed to provide an

energy gain of 1.25 MeV each and be of less than 2 m
length for practical purposes. The effective accelerating
gradient at the AC is Eacc ≈ 0.66 MV=m. The power
dissipated in each rf section is Pc ≈ 19 kW. Now there
are three variants to be investigated.

TABLE II. Length lg of the cells of the graded-β rf section
MAMBO 1. The lengths are measured from the center of the two
neighboring coupling cells. g is the index of the cell. There are 19
AC and thus 18 CC. Rs ¼ 46.7 MΩ, which corresponds to
Pc ¼ 41 kW.

β ¼ 0.579…0.958

g lg=mm g lg=mm g lg=mm g l=mm

1 66.8 6 93.6 11 104.2 16 108.8
2 74.2 7 96.6 12 105.4 17 109.4
3 80.4 8 99.0 13 106.4 18 110.0
4 85.6 9 101.0 14 107.4 19 110.4
5 90.0 10 102.8 15 108.2
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FIG. 3. Particle distributions in longitudinal phase space of
different beam currents at the end of the first MAMBO RF-
section. At Ib ¼ 1 mA the solenoids over MAMBO 1 were used
at Bsol ¼ 10 mT (indicated by ’s’ in the legend of Fig. 3b).
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TABLE III. Length lj of the cells of the rf sections MAMBO 2–
4 for different variations of the normal conducting concept. The
lengths are measured from the center of the two neighboring
coupling cells. The index j indicates the section number. Each
tank consists of 17 AC and 16 CC. The shunt impedance is
Rs=L ¼ 44.9 MΩ=m, so Pc ≈ 19 kW for each one.

Version 1 Version 2 Version 3

βj lj=mm βj lj=mm βj lj=mm

MAMBO 2 0.977 112.64 0.977 112.64 1.0 115.3
MAMBO 3 0.990 114.16 1.0 115.3 1.0 115.3
MAMBO 4 0.995 114.69 1.0 115.3 1.0 115.3
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FIG. 5. Phase space distributions of the particles at the end of a normal conducting MAMBO at Ib ¼ 150 μA (Figs. 5a, 5c and 5e) and
Ib ¼ 1 mA (Figs. 5b, 5d and 5f). The figures of merit (bunch length, energy spread and emittances) of each version are listed in Table IV.

PREACCELERATOR CONCEPTS FOR AN … PHYS. REV. ACCEL. BEAMS 24, 011602 (2021)

011602-5



(i) In the first version the lengths of the cells are
lj ¼ βjλrf=2. Now βj of each rf section (j ¼ 2, 3, 4) is
set to be in the middle between injection βin and extraction
βout of that particular accelerating stage. The phase slippage
is positive if the particle velocity is less and negative if it is
more than βj. The injection phases shall be negative, i.e.,
focusing. They are selected such that the absolute value of
minimum and maximum phase are about the same (see
Fig. 4). This also results in ϕin ≈ ϕout which is a kind of a
longitudinal triplet focusing. This strategy has been
adopted from the concept of ILAC.
(ii) In version 2 there is β3 ¼ 1 and β4 ¼ 1, too. From the

point of easy fabrication of the resonators this seems to be
sensible since in version 1 we have β3 ≈ 1 and also β4 ≈ 1.
The slope of the phase slippage is always positive for
β ¼ 1. The injection phase is chosen to be focusing. A good
starting point is jϕinj ≈ jϕoutj. The amount of net focusing
can be adjusted by shifting input phases. ϕin of MAMBO 2
is kept as in version 1.
(iii) For completeness a third version is investigated

where also β2 ¼ 1.
The corresponding β and lengths of the cells are listed in

Table III. The beam phases are plotted in Fig. 4. As one can
see there, phases of identical rf sections are kept the same.
This has been done for a better comparison of the effects
caused by the changes introduced. Also the phases of
MELBA have not been touched. The amplitudes of the
buncher cavities at Ib ¼ 1 mA have been raised by 20% to
allow for a comparable bunch length at the entrance of
MAMBO 1 (see Table I). Also some transverse focusing
elements directly in front of MAMBO 1 have been altered
to optimize beam transfer at 1 mA.
The final phase space distributions as found 0.1 m

behind the last rf section are shown in Fig. 5. The bunch
data obtained from those distributions are listed in Table IV.
Each of the three versions researched can lead to a

longitudinally converging particle distribution. So a short
bunch at the first MESA cryostat can be obtained. The

actual distribution there is of course depending on the
properties of the transfer channel to MESA and the actual
phases chosen for the MAMBO rf sections. In a former
concept [21] the linac was optimized for minimum energy
spread. But research of injection into MESA showed that a
short bunch is more desirable to achieve a good energy
spread ΔT at the experiment than a low initial ΔT [30]. So
the design goals were changed accordingly. For special
purposes minimum ΔT can still be achieved by changing
the phases of, e.g., MAMBO 4.
Looking at the phase space diagrams in Fig. 5, one can

see that for 150 μA the cores of the distribution of version 1
and 2 are still quite straight, while it is slightly bent
upwards in version 3. All distributions show some s-formed
tails that are a result of the unavoidable nonlinearity of rf
voltage. At Ib ¼ 1 mA the core of the distribution is wider
and more distorted due to space charge. Also the tails have
become larger and more spread in both directions, ΔT and
Δϕ. The phase space distributions of versions 1 and 2 are
nearly the same. From the diagrams Figs. 5(a) and 5(c)
at Ib ¼ 150 μA and also from Figs. 5(b) and 5(d) at
Ib ¼ 1 mA they cannot be distinguished. Differences are
mostly found at low current. Comparing the numbers in
Table IV, especially the emittances, one could say that in
version 2 they are slightly worse than in version 1 by
approximately 2%, while in version 3 there are up to 45%
larger emittances than in version 1. Remarkably version 3
delivers about 25% shorter bunches than version 1. This
can be understood from the strongly negative phases in the
second rf tank. Also version 2 produces slightly shorter
bunches than version 1 (≈3%).
The transverse rms emittances of all versions do not

differ considerably. Comparing data from Tables I and IV
one can also see that most of the emittance growth happens
during transport of higher beam current at low energy.
The simulations also show that versions 2 and 3 are

reaching a reduced final energy without adapting the field
amplitudes. This is due to the fact that in the β ¼ 1 sections
acceleration deviates more from on-crest acceleration than
in the corresponding cavities of version 1.
Concluding the research of a normal conducting

MAMBO the preaccelerator version 2 seems to be a good
compromise of simplified fabrication and good bunch data.

IV. HYBRID PREACCELERATOR

The hybrid MAMBO would be identical to the normal
conducting concept up until the end of the drift space
following the graded-β section MAMBO 1. Then a cryostat
with SRF cavities can be used to reach the final energy.
There are two advantages one can see from the beginning:
much less rf power is needed and the preaccelerator will be
much shorter.
Two versions are investigated: (i) Hybrid 1 utilizes a

cryostat with one TESLA-type nine-cell cavity (one-seater),
e.g., the TRIUMF ARIEL e-Linac injector cryomodule

TABLE IV. Comparison of longitudinal bunch data of the
researched normal conducting MAMBO versions as found
0.1 m behind the end of the last rf section. For a complete
picture the transverse rms emittances are also given.

Version 1 Version 2 Version 3

Ib mA 0.15 1 0.15 1 0.15 1
hTi MeV 5.05 5.05 5.04 5.04 4.98 4.98
ΔTrms keV 2.94 2.6 3.01 2.7 3.6 3
ΔTrms=hTi 10−4 5.8 5.2 6 5.4 7.2 6.1
Δϕrms ° 0.79 0.97 0.77 0.95 0.58 0.74
ϵrms °keV 0.4 1.26 0.41 1.26 0.58 1.34
ϵ99% °keV 5.63 20.25 5.74 20.3 8.53 19.93
ϵ100% °keV 112.7 74.4 115.9 74.6 146 68.7
ϵx;rms mmmrad 0.22 1.32 0.22 1.32 0.21 1.32
ϵy;rms mmmrad 0.15 1.21 0.15 1.21 0.14 1.21
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ICM [31]. (ii) In hybrid 2 a two-seater cryostat such as the
ELBE cryostat used for the MESA main linac or the
TRIUMFARIEL e-Linac accelerator cryomodule ACM [31]
could be used.
To reach a good comparability, the settings of MELBA

and MAMBO 1 are identical to the normal conducting
MAMBO. For all drift spaces inside the cryostat those of an
ELBEmodule were assumed. Since the TESLA cavities are
β ¼ 1 the slope of the phase slippage is always positive.
The beam phases of the hybrids are plotted in Fig. 6. There
it can be seen that the first and the last cell exhibits a
different phase slip than the center cells. This is because
those cells have a different length to allow coupling of the
higher order modes (HOM) to the HOM dampers situated
in the beam pipes [4].
Injection phase into the SRF cavity of hybrid 1 was

chosen such that jϕinj ≈ jϕoutj is achieved for near on-crest
acceleration. The effective accelerating field was set to
Eacc ≈ 3.8 MV=m which results in a final energy of
approximately 5 MeV. The particle distribution is shown
in Fig. 7. The corresponding bunch data is listed in Table V.
The bunch exits the linac longitudinally converging. The
amount of effective focusing can be adjusted by changing
ϕin of the SRF cavity.
For hybrid 2, one can think of several modes of operation

of the two SRF cavities. The first one is using both on-crest
(hybrid 2a). Acceleration is split equally between both
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FIG. 6. Beam phases of the two versions of the hybrid
MAMBO. For the two-seater cryomodule several modes of
operation are shown.

TABLE V. Comparison of longitudinal bunch data of the hybrid
MAMBO versions under investigation as found 0.1 m behind the
end of the last rf section. Further the transverse rms emittances are
given to judge the phase space evolution.

Hybrid 1 Hybrid 2a

Ib mA 0.15 1 0.15 1
hTi MeV 5.09 5.09 5.05 5.05
ΔTrms keV 2.1 2.3 2.2 2.3
ΔTrms=hTi 10−4 4.2 4.5 4.4 4.5
Δϕrms ° 0.93 1.09 0.86 1.02
ϵrms °keV 0.31 1.3 0.39 1.31
ϵ99% °keV 4.27 20.79 5.19 20.67
ϵ100% °keV 100.9 107.3 104 100.3
ϵx;rms mmmrad 0.2 1.34 0.2 1.34
ϵy;rms mmmrad 0.14 1.23 0.14 1.23

Hybrid 2b Hybrid 2c

hTi MeV 5.08 5.08 5.1 5.1
ΔTrms keV 14.9 16.9 9.2 10.1
ΔTrms=hTi 10−4 29.3 33.3 17.9 19.9
Δϕrms ° 0.89 1.05 0.47 0.58
ϵrms °keV 0.31 1.29 0.71 1.52
ϵ99% °keV 4.24 21.27 10.35 22.37
ϵ100% °keV 100.1 112.5 151 86.3
ϵx;rms mmmrad 0.2 1.34 0.2 1.34
ϵy;rms mmmrad 0.14 1.23 0.14 1.23
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FIG. 7. Phase space distributions of the particles at the end of
hybrid MAMBO version 1 at Ib ¼ 150 μA (Fig. 7a) and Ib ¼
1 mA (Fig. 7b). Bunch length, energy spread and emittances are
listed in Table V.
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resonators running at a field gradient of Eacc ≈ 1.8 MV=m.
The other mode is to use one cavity for acceleration and the
other one for additional focusing to have a shorter bunch to

be transferred to MESA. If the first cavity is used for
acceleration (hybrid 2b), the second one is set near zero
crossing. This corresponds to a postbunching cavity added
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FIG. 8. Phase space distributions of the particles at the end of hybrid MAMBO version 2 at Ib ¼ 150 μA (Figs. 8a, 8c and 8e) and
Ib ¼ 1 mA (Figs. 8b, 8d and 8f). The bunch data of each operational mode is listed in Table V.
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to hybrid 1. While using the second resonator for accel-
eration (hybrid 2c), then the SRF cavity one cannot be run
at zero crossing, because this results in a focal point inside
the second cavity so the bunch exits the linac longitudinally
diverging. So a less focusing phase needs to be chosen
(see Fig. 6). In both cases, the accelerating cavity should
operate around Eacc ≈ 3.8 MV=m and the focusing one at
Eacc ≈ 0.8 MV=m. The particle distributions resulting from
the three modes of operation mentioned are shown in
Fig. 8. The bunch data is also listed in Table V.
Comparing the emittances of the hybrid MAMBO

with those at the end of MELBA (Table I) and with the
emittances delivered by the normal conducting MAMBO it
shows that in some settings the hybrid can almost preserve
the emittances delivered by MELBA while in the normal
conducting linac emittances grow by roughly 20% to 40%.
This can be explained by the higher field in the SRF
cavities and thus higher longitudinal focusing on the one
hand and on the other hand the shorter length of the hybrid
so space charge forces diluting the emittance have less time
to act on the bunch.
The phase space projections of hybrid 1 [Figs. 7(a)

and 7(b)] and hybrid 2a [Figs. 8(a) and 8(b)] look quite
similar. Also the corresponding bunch data in Table V are
quite near to each other at 1 mAwith hybrid 1 having about
20% smaller emittances at 150 μA. The additional focusing
of the second SRF cavity of hybrid 2b compared to hybrid 1
results in a strongly correlated and therefore less distorted
phase space. It would be expected that the emittances of
hybrid 2b are smaller, but they are almost identical. To
check whether there is less distortion of the phase space,
one can put a very long drift after the last cavity and
compare rms-bunch lengths at the focal points. Simulation
for Ib ¼ 150 μA shows the bunch length of hybrid 2b
being about a factor of 6.6 smaller than that of hybrid 1.
A significantly shorter bunch at the focus is a clear sign
of a less distorted phase space. The straightening of the
phase space removes the accumulation of particles at the
upper and lower ends of the energy spectrum without
lengthening the bunch too much. It is most effective for the
low current setting. As mentioned before, the energy spread
of the injected beam is not as important as short bunches
for the beam quality provided by the main accelerator. The
energy spread of hybrid 2b is increased by roughly a factor
of 7 if compared to hybrid 1 or 2a. This can be accepted
in exchange for an improved energy distribution. The
smoother energy spectrum generated with this operational
mode could be very interesting for precision experiments.
Hybrid 2c is not as effective in straightening the particle
distribution as hybrid 2b. Although it provides the shortest
bunches of all four, it produces the largest emittances.
The emittances even exceed those of the normal con-
ducting MAMBO.
Concerning transverse emittances the hybrid preaccel-

erator is comparable to the normal conducting one.

Summing up, in on-crest operation there is some differ-
ence between the hybrid using one or two TESLA cavities.
The single cavity variant gives better beam quality at low
current and has the advantage of less financial and less
spatial needs. But the two cavity hybrid is more flexible,
since different modes of operation providing interesting
features can be employed. This makes it a more desirable
solution. The sum of static and rf losses of the modules
at 2 K is assumed at a conservative Q0 ¼ 5 × 109 to be
9 to 12 W.

V. POSTBUNCHER FOR NORMAL
CONDUCTING MAMBO

To achieve a linear longitudinal phase space as provided
by the hybrid 2b also with a normal conducting MAMBO a
short rf section MAMBO 5 could be positioned behind
MAMBO 4. This section should operate at zero crossing.
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FIG. 9. Particle distributions in longitudinal phase space of
different beam currents at the end of the normal conducting
MAMBO version 2 with a post-buncher (Fig. 9a: Ib ¼ 150 μA
and Fig. 9b: Ib ¼ 1 mA).
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For this a prototype that had been built for rf testing of the
normal conducting MAMBO structure [3] could be used. It
consists of 7 AC and 6 CC at β5 ¼ 1. It is critically coupled
to the waveguide in order to reach Eacc ¼ 1 MV=m with
the 15 kW MESA prototype rf amplifier [32] so any
limitations of the design would have been found during
high power testing.
Since near zero crossing there is no beam loading that

needs to be compensated by the coupling factor critical
coupling is fine.
This setup has been simulated for Eacc ≈ 0.66 MV=m.

The input phase was chosen ϕin ≈ −92°, so the middle cell
was at −90°. The particle distributions can be seen in Fig. 9
and the bunch data is listed in Table VI.
As expected the particle distribution looks less bent in

the diagrams of Fig. 9 compared with Figs. 5(c) and 5(d).
This is achieved on cost of the energy spread which is
acceptable, as mentioned above. Bunch lengths again are
not affected, also beam energy did not change considerably
and emittances stayed the same within some percent. The
effect of the postbuncher is again tested with a very long
drift after MAMBO. One finds that the bunch length at
the respective focal point is about a factor of 3.3 smaller
for the beam at Ib ¼ 150 μA with postbuncher than it is
without. The energy spread is increased by approximately
the same amount. This confirms a decrease of the phase
space distortion. So a postbuncher seems to be a good way
to also achieve a more linear phase space distribution with
the normal conducting linac.

VI. SUMMARY

Two concepts of preaccelerators for MESA have been
researched in different configurations. A fully normal
conducting linac and a hybrid that employs normal con-
ducting and off the shelf superconducting technology. It
could be shown that low energy particles can be energy
matched to standard SRF cavities by using a normal
conducting graded-β structure without a loss of beam
quality. This removes the need for small projects to use
either a high voltage gun exceeding several hundreds of

kilovolts dc voltage, or a SRF gun or to develop special
SRF cavities for acceleration at low energy. As those
approaches are technologically quite challenging, a basic
normal conducting tank can be an easier solution.
Both concepts have been found suitable for MESA.

Because of constraints in both the financial and the cry-
obudget the normal conducting option 2 has been chosen.

VII. REMARK

The MESA upgrade scenario to Ib ¼ 10 mA has not
been researched, because this will most probably cause an
upgrade of the energy of the particle source and therefore a
redesign of the preaccelerator will be necessary. For this
higher bunch charge special attention to beam breakup and
HOM damping needs to be paid.
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