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What I'm trying to do here...
We (ESS) are declaring “We've figured how to
build a working 5 MW proton linac!”
(But, in reality, there are a lot of assumptions
and the “proof” is far from the flawless.)

Pierre de Fermat

We're too busy for practical things so letting
the clever people (you) do the proof :)
But, we at least give some insights to our
problem.

Sir Andrew Wiles
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Outline

Intro to ESS proton linac
● Summary first
● Some examples and details
●

ESS proton linac at a glance

IBSIMU

Toutatis
TraceWin

Average power [MW]

5

Peak energy [GeV]

2

Peak current [mA]

62.5

Pulse length [ms]

2.86

Repetition rate [Hz]
Duty cycle [%]
RF frequency [MHz]

Footprint on Target

14
4
352.21/704.42
Courtesy of H. Thomsen

4

Beam loss, beam loss, beam loss...
●

●

High power hadron linac is all about beam losses.
–

H- linacs are dominated by the loss due to the stripping. SNS did a test with a
proton beam and the loss was ~1/10. For a proton linac (simulation), we have no
such an obvious source.

–

What we normally do is to check the sensitivity of the linac against the errors
(and “get confidence” or “feel comfortable”). For the losses, we look at the
confidence levels. (Is this systematic and convincing enough?)

Situation of the ESS lianc.
–

We also use the 1 W/m criterion. (In principle throughout the linac but the SC
cavities are more sensitive.) For the 5 MW and 2 GeV beam, 1 W is 2E-7!

–

Because the aperture-RMS ratio after the NC part is ~10, we are not sensitive to
the transverse emittance and halo. Because we use the raster system (used to be a
octupole based system), the same applies to the target footprint.

–

I'm NOT implying the transverse dynamics isn't important in general. This is a
ESS specific case.

–

Almost all the losses seen in the simulation are ones off the longitudinal bucket,
especially at the frequency jump.
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“Wish list” after talking with ESS colleagues
●

3 major simulation issues
–

Space-charge
●

–

Space-charge compensation
●

–

How well we can simulate?

Error study
●

●

How well we can simulate the particles far from the core?

It seems there is a room of improvement on how to model the errors
of the machine?

Other minor things
–

Interfacing multiple codes
●
●

–

Bunching in RFQ. (True end-to-end simulation.)
MC code to calculate the energy deposition. (2D, 3D info of the loss
instead of 1D.)

Envelope code with nonlinear space-charge? (Necessary for the
low energy part of the ESS linac.)
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Space-charge (1)

100k RFQ output

~10M RFQ output
●
●

●

I suppose somebody talks about the space-charge models, parameters, and etc…
We often see benchmarking and discussions of the RMS parameters (emittance, Twiss, and
RMS sizes). Looking at the LINAC4 and other machines, simulations of the RMS parameters
seem fine. But, how about the dynamics of the particles far from the core?
Can we adjust the weights of the macro-particles (at least for the initial distribution)?

7

Space-charge (2)

●

●
●

●

Particles beyond 3-sigma at the end of the
linac are “back-tracked”.
Diffusion evident. (Mild resonance present?)
Ever benchmarked? Should we try to
parametrize, e.g., with diffusion coefficient?
Should have repeated for z plane.
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Space-charge compensation in LEBT

●
●

●

We assume 95% level space-charge compensation.
The effect has a big impact on the following section and knowing the
initial condition is crucial for the linac simulation.
The effect depends on the pressure, but the LEBT is a complex system
9
and the aperture isn't constant.

Simple simulation of 95% vs 90%
95% RFQ exit

95%DTL exit

90% RFQ exit

90%DTL exit

●
●

We're applying a uniform 95% reduction within the beam.
When the level is lowered to 90%,
–
–
–

transmission at the RFQ exit lower by ~9%.
emittnances at the RFQ exit larger by ~4% for x and y and ~8% for z.
0.01 - 0.1 W level losses within DTL with no error.
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ISrc

Space-charge compensation and pulse structure

2.86 ms

~3 ms

LEBT

~100 us

~20 us + ~100 ns

MEBT

RFQ

~100 ns

~10 ns

MEBT “choppers” is based on assumptions
– Build up time of the space-charge
compensation is < 20 us.
– This part could cause losses. (SNS and
J-PARC not worrying.)
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~10 ns

Error study

●
●

●

We can only check the confidence level of the losses.
Except DTL tanks, for cavity field and phase, we are lumping errors
into the setting error of the power supply amplitude and phase.
Dynamic and static errors are not just “corrected” and “uncorrected”.
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Absolute phase, relative phase, and reality
?

Phase reference

CAV

CAV

CAV
●

●

●

Phase from the envelope and tracking
are not identical

●

CAV

The cavity phases in simulations can be absolute
or relative.
In a real machine, we can't know the absolute
phase. The beam decides the phase and
amplitude of a cavity based on the cavity scan
and time-of-flight measurement.
The phase and amplitude errors are not random
but correlated based on how we set the cavity
phase and amplitude.
User's problem. But can be implemented into
the code?
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Errors in multi-cell cavities
DTL tank 1 (60 cells) field vs gap error

●

●

For DTL, we are applying uncorrelated random errors to the drift
tubes but this isn't realistic.
For SC cavities, we're not taking into account the effects of
manufacture errors on fields.
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Emittance growth: random vs proper errors
Longitudinal emittance growth [%]

●
●
●

1%

3%

2%

4%

As expected, the systematic effect makes the situation worse.
One way is to prepare a lot of DTL fields and SC cavity fields with errors.
Can we do in a cleaver way? Such effect may be included into the driftkick-drift type mode of a cavity (FRIB is constructing higher order driftkick-drift maps from 3D field maps, HB'14 MOPAB35.)
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Static vs dynamic errors
Dynamic

●

Linac 1
●

Static

Linac 2

Linac 3

●

Static and dynamics errors are
often mixed in one set of errors.
But, I think, static errors define
machines and dynamic errors
define bunches undergoing
different jitters.
This is mainly the issue of the
user side (and how to interpret
the data).

Linac N
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Back-up slides
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Correlations with losses
MBL
vs
W

DGLG
vs
W

MBL
within
cryo

HBL
vs
angle
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Summary text
The European Spallation Source (ESS) is a spallation neutron source currently under construction in Lund, Sweden and will be the brightest neutron
source in the world, driven by a proton linac of an unprecedented 5 MW beam power. The first part of the linac is the normal conducting front-end,
which consists of an ion source, low energy beam transport, radio frequency quadrupole, medium energy beam transport, and drift tube linac. The
normal conducting front-end is followed by sections of three different types of superconducting cavities: spoke cavity, medium-beta elliptical cavity, and
high-beta elliptical cavity. After another beam transport, the last section of the linac is accelerator-to-target section, which houses six quadrupoles and
fast oscillating dipoles to magnify and, at the same time, paint the beam onto a rectangular region on the target surface.
Like the other high power hadron machines, the biggest challenge in the design and operation of the ESS linac is to minimize the beam losses,
especially in the sections of loss-sensitive superconducting cavities. Unlike a H- linac, for which the dominant source of the losses is the stripping of Hion, a proton linac has no such an obvious source of losses, making evaluation of the losses difficut. The standard way of evaluating the losses is to test
the sensitivity of the linac against various types of errors and the standard figure of merit of this test is the confidence levels of the losses. This type of
test obviously requires accurate modeling of errors but, for superconducting cavities and drift tube linac of the ESS linac, the effects of the
manufacturing errors on the fields are modeled only in simplistic manners. A preliminary study on the first tank of the drift tube linac showed that the
field errors generated from manufacturing errors and Maxwell’s equations have a systematic pattern within the tank and thus tend to have worse effects
on the beam. In this way, a brute force solution to this problem is to prepare field maps or parameters of cavities for hundreds or thousands of cases of
manufacturing errors by solving Maxwell’s equation for each case. Such a solution may be acceptable for the case of ESS with an order of a hundred of
cavities. However, for even a larger machine such as planned future electron-positron colliders, such a brute solution may be too computationally
expensive. Nonetheless, it is ideal if the community could find a clever way of describing the effects of the manufacturing errors of the cavities on the
fields and thus on the beam.
If the standard 1 W/m power loss criteria is applied to the 5 MW ESS linac, 2E-7 of one bunch carries 1 W of power at the final energy. Given that
the modeling of the errors of the lattice elements are far from perfect as discussed above, simulating this level of a detail within one bunch is likely
meaningless even if increasing the number of macro-particles to the real number (~1E9). However, as the loss is still caused the outermost particles
(ones in the longitudinal plane for the case of the ESS linac), it is better if the code has a better prediction on dynamics of particles far from the core and
also on the diffusion effect, for a machine with strong space-charge. It is often seen that the codes are benchmarked based on “RMS parameters” such as
the emittances and Twiss parameters and the difference in the routines and parameters of the space-charge solvers are discussed based on these
parameters. For the machine like the ESS linac, the benchmark beyond these RMS parameters could be useful.
Another major difficulty in the simulation of the ESS linac is the simulation of the low energy beam transport. In this section, the beam ionizes the
gas out of the source, traps the opposite charges (electrons for the case of the ESS linac), and thus effectively has a much lower current in terms of the
space-charge with respect to the current of the beam itself. For the case of ESS, based on previous experiences, the level of the compensation is
anticipated as ~95%. This effect has a large impact on beam quality in the downstream sections. A preliminary simulation showed that, even if the
compensation level is lowered to ~90%, growths in the emittance and halo were visible. The process is dynamics and also depends on the details of the
structures, thus making the simulation difficult and time consuming. Though, there already exists a code to simulate this process, such as WARP, it is
desired to understand the accuracies and limitations of the codes against the real machines as well as those of simplified models. Note that the beam
conditions within the linac is extremely sensitive to the initial conditions and the simulation of the low energy beam transport is important in this aspect,
providing an accurate initial conditions for the simulations of the following sections.
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