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Abstract

The European Spallation Source, ESS, uses a linear ac-
celerator to deliver the high intensity proton beam to the
target station. The nominal beam power is 5 MW at an
energy of 2.5 GeV. The superconducting part covers more
than 95% of the energy gain and 90% of the length. The
beam dynamics criteria applied to the design of the super-
conducting part of the linac including the frequency jump
at a medium energy of 200 MeV as well as the beam dy-
namics performance of this structure are described in this
paper.

INTRODUCTION
The European Spallation Source, ESS, to be built in

Lund, Sweden, will require a high current proton linac to
accelerate protons to be used for the spallation process on
which high flux of pulsed neutrons will be generated. The
accelerator is a 5 MW superconducting proton linac deliv-
ering beams of 2.5 GeV to the target in pulses of 2.86 ms
long with a repetition rate of 14 Hz [1], [2] corresponding
to a duty cycle of 4%. Beam current is 50 mA, which at
352.21 MHz is equivalent to ∼ 9 × 108 protons per bunch.
From ∼ 200 MeV onward the acceleration is done at the
second harmonic of the front end, 704.42 MHz, to improve
the energy efficiency of the linac.

Hands on maintenance and machine protection set strict
limits, 1 W/m and 0.1 W/m respectively, on beam losses
and have been a concern in every high power linac [3]−[6] ,
therefore it is crucial, specially for high power accelerators,
to design a linac which does not excite particles to beam
halo and also keeps the emittance growth to a minimum
to avoid losing the particles that otherwise get too close to
the acceptance and eventually escape the separatrix. The
ESS linac is designed carefully to minimize such effects all
along the linac and transfer lines. A recent study relaxed
the losses in the low energy part of the linac, mainly in the
RFQ and MEBT [7], from the conventional 1 W/m.

The latest design of the linac will be presented here and
the 2003 Design Update can be found in Table 1 and ref-
erence [1]. In the new design it is foreseen not to exclude
the possibility of a potential power upgrade of the linac.
One of the scenarios for such a power upgrade would be
increasing the power by increasing the energy to 3.5 GeV
and/or increasing the current to 100 mA [8].

The beam dynamics of the superconducting linac as well
as the handling of the frequency jump will be presented in
this paper.

SUPERCONDUCTING LINAC
The superconducting linac accelerates the beam from

77.5 MeV to 201 MeV using double spoke cavities
(βopt = 0.5) at 352.21 MHz. The phase law in spoke
section is adjusted to improve the smoothness and conti-
nuity of the phase advance between spokes and medium β
cavities. This improved smoothness is achieved by ramp-
ing the synchronous phase from −20◦ down to −33◦ in
the last seven periods of the spoke section. The additional
effect of this change is improved acceleration in the down-
stream structure as well as decreasing the range of required
power to accelerate the beam in medium β cavities.
The five cell elliptical cavities work at twice the frequency
and increase the beam energy to 623 MeV using medium
β cavities (βg = 0.67) and then to 2.5 GeV using high
β cavities (βg = 0.92). By increasing the final energy
of the spoke section and reducing the geometric β of the
medium β cavities excitation of the Same Order Modes,
especially 4π/5, is significantly reduced at the low energy
end of medium β cavities [9].

The cryomodules of the spoke and elliptical sections
house two and four cavities each respectively. The
transverse focusing is achieved by normal conducting
quadrupole doublets. By adding a diagnostic box in be-
tween the quadrupoles as well as vacuum ports a Linac
Warm Unit is formed. Each lattice period is composed of
a LWU and one cryomodule in the spoke and medium β
sections, or one LWU and two cryomodules in the high β
section.

FREQUENCY JUMP
To allow for larger longitudinal acceptance at low ener-

gies and also ease of machining of the components a lower
frequency is used at the front end of the ion accelerators. At
intermediate energies is beneficial to increase the frequency
to one of the higher harmonics of the bunch frequency to

Table 1: ESS Main Parameters
Parameter Unit 2003 (LP/SP)∗ 2012
Ion – Proton / H− Proton
Energy [GeV] 1.334 2.5
Beam power [MW] 5.1 5
Repetition rate [Hz] 16 2

3 / 50 14
Beam current [mA] 114 50
Beam pulse [ms] 2 / 0.48 2.86
Duty cycle [%] 3.3 / 4.8 4

∗ Long pulse / Short pulse.
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Spokes Medium β High βDTLMEBTRFQLEBTSource HEBT & Upgrade Target

2.1 m 4.0 m 3.5 m 32.5 m 58.5 m 113.9 m 227.9 m 159.2 m

75 keV 3 MeV 78 MeV 200 MeV 628 MeV 2500 MeV

352.21 MHz 704.42 MHz

Figure 1: Block layout of the ESS segmented linac 2012 (not to scale). Orange boxes represent the normal conducting
components, the blue boxes the superconducting secions, and the green arrows the branching sections.

benefit from a higher accelerating gradient and also to min-
imize the size of the cavities in this area. For example in
the case of ESS there are around ∼ 180 cavities that are run
at this doubled frequency. This not only reduces their cost,
but also minimizes the amound of liquid helium required
for their cooling and other costs related to the transverse
size of the cavities, cryo-modules and tunnel cross section.

However, such a change in the frequency causes an
abrupt change in the average focusing forces in the lon-
gitudinal plane at the frequency jump according to Eq. 1, if
not handled correctly, which subsequently causes a redis-
tribution of charged particles inside the bunch, emittance
dilution and enhanced halo generation.

k20l =
2πqT sinφs
mc2β3

sγ
3
sλ

=
2frfπqT sinφs
mc3β3

sγ
3
s

(1)

There has been studies [10, 11] proposing solutions to
avoid this unwanted effects. One of the drawbacks of these
methods is that they find solutions by only adjusting the
structure which comes downstream of the frequency jump.
Figure 2 shows the phase advance per unit length, square
root of the average focusing force, and average energy gain
per meter, and power consumption per cavity when the fre-
quency jump is handled using the method discussed in ref-
erence [11].

The frequency change in the earlier ESS linac, 2011
Baseline [12], happens at around 50 m in Fig. 2. To keep
the same longitudinal acceptance the synchronous phase
is decrease to twice its value before the frequency jump,
Fig. 3. To smoothen the variation of the average phase ad-
vance across the frequency jump the accelerating gradient
in the medium beta section, the first section downstream of
the frequency jump, is reduced. This causes an energy gain
per meter of ∼ 0.5 MeV/m, and the power per cavity is
reduced to less than ∼ 50 kW. The latter requires a specific
coupler design for these cavities and also reduces the effi-
ciency of the power sources for these cavities significantly.

These two are mainly caused since the average phase
advance should be matched to that of the upstream struc-
ture. One could equally well increase the average phase
advance in the upstream structure by lowering the syn-
chronous phase gradually in the upstream structure, e. g.
the spoke section in the ESS linac. The 2012 ESS linac uses
this new scheme to enhance the acceleration in the overall
linac. On Fig. 4 and 5, at ∼ 40 m, the average phase ad-
vance is almost equal to the target average phase advance
in the medium beta section. From this point on the syn-
chronous phase gradually decreases towards −35◦ to keep
the average phase advance constant. This diminishes the

Figure 2: Top: phase advance per unit length, middle: av-
erage energy gain per meter, bottom: power consumption
per cavity in the ESS 2011 SC linac.

Figure 3: Synchronous phase in the ESS 2011 SC linac.
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Figure 4: Synchronous phase in the ESS 2012 SC linac.

Figure 5: Top: phase advance per unit length, middle: av-
erage energy gain per meter, bottom: power consumption
per cavity in the ESS 2012 SC linac.

acceleration efficiency in the spoke section to ∼ 96% of
its original value where the synchronous phase was −14◦,
but since the accelerating gradient in the medium beta sec-
tion is higher this minor loss of energy gain could easily be
recovered in few cavities of the medium beta section.

In the 2012 ESS SC linac the average energy gain
per cavity in the medium beta section is increased to
∼ 2.3 MeV/m, which is more than twice the energy gain
in the 2011 ESS baseline. At the same time the power per
cavity is increased from ∼ 50 kW to ∼ 130 kW, reducing
the range of the power per cavity from ∼ 13 to ∼ 4.

The real estate gradient over the active length is in-

Figure 6: Tune depression evolution vs. length. Length
measured from the beginning of SC linac.

creased from 13.388 MeV/m in the 2011 ESS SC linac to
13.731 MeV/m in the 2012 ESS SC linac. Though the dif-
ference is not significant, this change results in an extra
∼ 137 MeV of energy over ∼ 400 m length of the ESS SC
linac. Since the linac layout has changed significantly from
the 2011 baseline to 2012 baseline, the real estate gradients
were calculated only over the total length of the cavities,
excluding the effect of different filling factors in the two
linacs that has decreased from 0.505 in 2011 to 0.454 in
2012.

BEAM DYNAMICS
The new design of the linac is focused on improving the

integrity of the accelerator as a single structure and im-
proving the real estate gradient while the progress in the
mechanical drawing of components has been reducing the
filling factor. The guidelines on the design of the linac are:

• The transverse phase advance per period is limited to
87◦ to reduce the percentage of the beam that due to
their phase otherwise would have had a phase advance
exceeding 90◦ per period.

• The smooth and monotonic variation of the average
phase advance.

• At the same time the tune depression is being kept
above 0.4 limiting the number of mismatch reso-
nances to only two, Fig. 6, from which one is al-
ways present irrespective of the tune depression and to
avoid the second resonance one should keep the tune
depression above ∼ 0.6, Fig. 7 [13].

• Since the tune depression in very close to 0.4, unless
the beam is equipartitioned tune depression will be
less than 0.4 at least in one plane. This limits the lon-
gitudinal phase advance per period to 73◦, permitting
to keep the linac almost equipartioned in large part of
the linac.

Though every section of the accelerator is designed to
match the average phase advance of neighboring structures,
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Figure 7: Mismatch excited resonances vs. tune depres-
sion.

Figure 8: RMS and 99% emittance evolution vs. length.
Length measured from the beginning of SC linac.

a further phase advance smoothness matching is performed
during the integration to assure a premium beam quality.

The Start2End (End2End) simulations are per-
formed with 100, 000 macro particles using the code
TRACEWIN [14]. The 3D PICNIC space charge routine
with a 10 × 10 × 10 mesh is employed for space charge
calculations, which are performed 25 times per β · λ, a
limit that speeds up the calculation and does not affect
the results. This beam is generated at the RFQ input and
transported through the linac and HEBT to the target wheel
surface. However, this paper covers only the SC linac.

The aperture to rms beam size in the SC linac stays above
10 and 8 in transverse and longitudinal planes respectively.
The emittance growth from the input to the SC linac, end of
the DTL, to the end of linac are 8%, 7% and 2% in xx′, yy′,
and zz′ planes, Fig. 8. The simulations use a beam which
has already been tracked through the normal conducting
front end.

The sensitivity of linac to the Same Order Modes and
Higher Order Modes have been studied [9] confirming that
none of these modes are excited, especially at the extremi-
ties of each of the three accelerating structures.

ERROR STUDIES
To define the tolerances on the active elements, a set of

statistical runs applying errors on the alignment and field
vectors of quadrupoles and cavities have been performed.
These studies are broken in two steps, firstly to define the
tolerances on each variable, e.g. only quadrupole align-
ment, and its effect, and secondly applying all the errors,
weighted to have comparable effects, to simulate the effect.
The study was performed using 100, 000 macro particles,
with the same space charge routine and settings as for the
beam dynamics studies, over 1000 linacs, on each of them
the variable under study is varied uniformly between zero
and maximum error × step of error.

The quadrupole errors are applied in three different set
of runs:

• Alignment, i.e. ∆X and ∆Y , up to 0.5 mm, divided
in five steps. The effect of rotation around x and y
axes, pitch and yaw, was found to be negligible.

• Roll angle, i.e. rotation around the z-axis ∆φz , up to
0.25◦ corresponding to 4 mrad in five steps.

• Gradient errors, ∆G, up to 2% divided in four steps.

• The effect of higher order components of the magnetic
field is still under study.

The cavity errors are applied in three sets of runs

• Alignement error of the cavity ∆X . Up to 5 mm in
five steps. Due to symmetry it was assumed that for
the ∆Y the same value could be tolerated.

• Cavity pitch, rotation around the x axis, ∆φx, up to
5 mrad in five steps. Due to symmetry rotation around
the y axis is not studied.

• Accelerating field errors, ∆Eacc, up to 2.5% divided
in five steps.

• The phase of the accelerating field, ∆φs, up to 2.5◦

divided in five steps.

• Due to cylindrical field symmetry the errors in roll of
the cavities, rotation around the z axis is not studied.

After this first set of studies the new boundaries are found
and distributed almost fairly amongst the different vari-
ables. The applied errors for the second set of studies is
limited to ∆XQ, YQ < 0.3 mm, ∆φzQ < 1 mrad,
and ∆G < 0.75% for the quadrupoles, and to
∆XC , YC < 3 mm, ∆φx, φy < 3 mrad, ∆φs < 1.5◦,
and ∆Eacc < 1.5% for the cavities, all parameters varied
together in three steps. There has not been any particles
lost in these simulations, the results are reported in Table 2.

The maximum beam radius for the three steps of the er-
ror is plotted in Fig. 9. Considering the fact that the in-
put beam jitter has not been included in these studies, one
should be careful not to consume all the available margin
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Table 2: Results of the Error Study Reported as Average±σ
Parameter 1/3 2/3 3/3
∆ε∗x[%] 6.50±3.37 23.31±9.71 47.02±21.99
∆εy[%] 7.33±3.61 25.80±11.33 50.51±23.69
∆εz[%] 17.47±7.73 56.77±17.50 94.47±34.66
Halox 1.97 ±0.12 1.91±0.32 1.94±0.42
Haloy 1.96±0.13 1.88±0.34 1.91±0.45
Haloz 2.06±0.26 1.67±0.41 1.46±0.53
x′‡σ [mrad] 0.078 0.149 0.235
y′σ [mrad] 0.082 0.173 0.250
αxyσ 0.024 0.058 0.081
αx′y′σ

0.012 0.028 0.045

∗ The ∆εs are the additional emittance growth wrt to the
nominal output.
‡ For angles and αs just the σ is reported.

Figure 9: Top: maximum beam radius in case of errors,
bottom: rms beam centroid, green 1/3, amber 2/3, red 3/3 of
the maximum error applied.

without taking into account the effect of upstream struc-
tures on the beam. Therefore one can argue that the limit
should be 2/3 of the errors defined in previous paragraph.
Though yet the beam center has not been corrected, but the
beam size in the high beta region is specially dominated by
the envelope oscillations and not by the beam center ran-
dom walk, Fig. 9.

SUMMARY
The beam dynamics of the SC linac of the ESS was pre-

sented with emphasis on the new method to handle the fre-

quency jump in this linac. The sensitivity of the linac to a
set of defined errors was checked and the results of the er-
ror study were presented. The linac is designed respecting
the rules of the thumb in high intensity ion linacs, namely
smooth and monotonic variation of phase advance, 87◦ up-
per limit on phase advance and avoiding resonances have
resulted in a robust design. Simulations show that the beam
quality is preserved in the nominal case and even when re-
alistic errors or the SOM and HOM are applied the linac
transports and accelerates the beam without affecting the
beam quality or inducing any losses.
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