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1.

Introduction
1.1.

INTRODUCTION

In 2011-2012, an update of the ESS accelerator design is taking place. Work package 7 in this Accelerator Design update is
concerned with the High Energy Beam Transport, normal conducting magnets and power supplies. One of the work units in WP7 is
named High Energy Beam transport, and the present document is the first delivery in this work unit.
1.2.

OBJECTIVES

The objectives of the study, as reported here, is to perform a preliminary design of:
x

the transport of the beam, from the exit of the linac to the entrance of the target section

x

the short tune-up beamline, from the above mentioned beam line to the tune-up beam dump

x

first considerations of the power considerations of the tune-up dump and some remarks about the technology

x

free available HEBT length available for future additional cryo-modules available for either energy upgrade, power upgrade
or lowering of accelerating gradients increasing reliability of the overall accelerator

x

the beam expander system delivering a beam profile of the wanted characteristics on the target

x

first considerations of collimation strategy and collimator hardware in the HEBT

Although the main objective is not to discuss the technology, some remarks will be given where relevant.
1.3.

DEFINITIONS

HEBT = High Energy Beam Transport
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2.

HEBT transport

The present section will describe the elements of the HEBT, i.e. the different sections, which the HEBT will consist of. The expander
design, which is of particular importance and complexity, is described in section 3. Collimation and a tune-up dump, which are
separate and later deliverables, will here only be described briefly and mostly qualitatively in section 4 and 5.
2.1.

GEOMETRY

The actual geometry of the HEBT cannot be finished at present, as the actual site layout is not frozen and studies of a large
number of boundary conditions are on-going. Hence several of the elements of the HEBT described below are only conceptual and
will have to be retuned once the site layout is frozen. Therefore the present study is mainly to survey the alternatives and identify
and test the software tools needed.
The HEBT geometry will consist of three HEBT sections and an additional short line for the tuning and commissioning beam dump:
Ǧ

An underground straight transport section denoted HEBT-S1. To allow for future upgrades of the ESS with additional rf
cryo-modules, this line will have a length of ~60 m

Ǧ

followed by a semi-vertical uphill straight section (HEBT-S2) giving a vertical displacement of 11.6 m in the December
2010 baseline design, this will probably be reduced to a few meters

Ǧ

followed by another horizontal straight section (HEBT-S3) of length ~30 m which includes the transport and expansion
section at the target level leading to the main target station behind a proton beam window.

Ǧ

Additionally, a short underground transport and defocusing section (HEBT-dump) will be designed leading from HEBT-S1
to the tune-up dump.

Figure 1. Schematic structure of the HEBT.
2.2.

PRIMARY TRANSPORT STRUCTURE
2.2.1.

HEBT-S1 – STRAIGHT UNDERGROUND SECTION

In HEBT-S1, a number of matched transport cells should be utilized, bearing in mind the constraints of the prospective upgrades.
These matched transport cells should be matched to the beam structure of the linac and only serve to reserve room for upgrade
cryo-modules for future energy or power upgrades or lowering of the accelerating gradients to increase the reliability of the overall
performance. The most obvious solutions would be either a doublet (FDO) structure or a FODO structure and examples of both are
shown in section 2.3.1. and 2.3.2. Disregarding non-linear loss mechanisms, the transport efficiencies of a FDO and FODO structure
are quite similar. However, due to potential beam losses supposed mainly to occur in regions of strongly changing focusing
structures, it seems slightly advantageous to continue the FDO structure of the linac. At present, the high-beta elliptical cavity linac
is designed to have a period of 11 ± 2 m and a phase advance of ~25 ± 2 deg/period1. An FDO-based HEBT-S1 would also lead to
fewer conflicts in case of a future incorporation of upgrade cryo-modules, as the (high-beta) modules are designed with a FDO
structure. Also, one would save a FDO->FODO matching section by continuing the FDO structure found in the linac. The slightly
softer focusing structure of an FODO structure as compared to an FDO, possibly causing slightly increased losses, is not considered

1

Source: M. Eshraqi, ESS AB.
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to be of any importance. If a collimation system will be incorporated in the HEBT, see section 4, this would also be inserted in this
HEBT-S1 section.
2.2.2.

HEBT-S2 – DOUBLE BEND SECTION

To transport the beam from HEBT-S1 which is underground to the target level, a system of double bends, enabling the vertical
displacement, imposes a change in focusing structure and leads in addition to a finite dispersion. HEBT-S2 can be kept overall
achromatic, by either a more or less FDO- or FODO-like structure. With the FODO-like structure, focusing and dispersion correction
can be achieved using fewer quadrupoles and power supplies; hence the FODO structure is preferred 2 . A minimum of two
quadrupoles is necessary in HEBT-S2 to ensure the achromatic condition, and additional quadrupoles are needed for focusing.
Assuming an 11.6 m elevation, a HEBT-S2 including 2u2 dipoles and 5 quadrupoles is our preferred option. This number of HEBTS2 elements is likely to change if the elevation is decreased.
2.2.3.

HEBT-S3 – TRANSFER AND EXPANSION SECTION

After the beam has been bent up to the target level a straight section will transport the beam to the target. The baseline of this line
will initially include a simple quadrupolar defocusing doublet to provide the requested footprint on the target. The total HEBT
design with quadrupole expansion in HEBT-S3 will be shown in section 3 concerned with beam expansion.
More intricate methods can be used to obtain a more flat current distribution at the target footprint, than the one for quadrupolar
expansion, and for these alternatives HEBT-S3 will include an additional focusing structure appropriate for the chosen expander
method, cf. section 3 on expander designs. In case of multipole expansion consecutive transverse beam waists are advantageously
implemented to decouple as far as possible the horizontal/vertical expansion. Another expander method is painting/raster scanning
for which HEBT-S3 will include two fast scanner magnets. For all expander methods it is advantageous to let the beam expand
slightly already in HEBT-S1 and HEBT-S2 to save space and quadrupoles in HEBT-S3.
Initially, for HEBT-S1 and HEBT-S2 we have adopted the 50 mm aperture radius of the quadrupoles in the high-beta linac, but
possibly a larger aperture will be needed in the very last part of HEBT-S3; this is not studied further in this preliminary report.
Scraping or collimation of the beam might be needed anyway (see section 4), which could then also possibly reduce the Ø100 mm
aperture.
2.2.4.

HEBT TUNING AND COMMISIONING DUMP

A relatively small beam dump, for initial commissioning of the linac and for future daily tuning, will be installed in line of sight after
the HEBT-S1. This is considered to be the solution with least risk, as the beam always will point in the direction of the dump.
During the very early commissioning of the ESS linac, a transportable beam dump will also have to be acquired and installed after
the consecutive linac sections.
Depending on the final choice of the layout of the linac and target, the elevation of HEBT-S2 might decrease to less than a few
meters, and other possibilities as inclusion of a horizontal dipole magnet for either the dump or the line to the main target might be
necessary for space constraints.The HEBT-dump beam line will include a simple quadrupolar expansion system to enlarge the beam
cross section to ~ Ø50 mm or more to reduce the radiation and cooling issues of the dump. Such beam dumps are usually built as
a central core of either graphite or cupper for spreading the beam and an outer heavy material region to absorb the power and
secondary particles, possible with some cooling (water or air); see later for more details.

2

Since the focusing structure of the HEBT-S1 is inevitably altered by the dipoles, the beam loss rates are expected similar when
using either FODO or FDO in HEBT-S2. 
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Eventually, it has to be decided how large a beam power, this HEBT dump should be designed for, as this dump will be somewhat
expensive in both investment and also maintenance. First considerations are given in section 5.
2.3.

HEBT LATTICES

The optics was initially studied with linear lattice programs like WinAgile and MAD. To be able to include space charge effects,
TraceWin has been adopted. TraceWin is used for both linear (dipoles and quadrupoles) and non-linear (higher order poles)
calculations for 2D and 3D ion beams. The different element of the transport beam can be optimized to obtain the desired beam
size, phase advance or Twiss parameters at different locations. Multi-particle transport can be carried out to study e.g. the effect of
space charge and using a Monte Carlo approach the effect on errors in the elements can be studied. Fig. 2 shows the transverse
beam sizes and the vertical dispersion for three different currents (2 mA, 50 mA (= the current at ESS), and 500 mA) as a test to
obtain first experience with the space charge influence. It is evident that the effect is very minor at the relevant currents for multiparticle simulations based on 2·105 particles. The transverse beam sizes changes only slightly and similar very small changes are
observed for the dispersion.

For the remainder of this report, all lattice plots obtained with TraceWin (except the folded linac) will include space charge and the
beam sizes (1 rms value shown unless otherwise mentioned) are evaluated from a multiparticle simulation based on 2·105 particles.
All Winagile plots (the folded linac) will not include space charge.

This document is the property of the ESS Accelerator Design Update Project. It cannot be copied or disseminated without the authorization of the ESS ADU Project.

6 / 31

Preliminary report on transport and expander design
alternatives

Figure 2. The transverse beam sizes (X and Y) and the vertical dispersion function (V Disp) for a test beam line consisting of a
double bend (DIP 1 and DIP 2) in the vertical direction and nine quadrupoles, QP1,2,5,8,9 for focusing and QP3,4,6,7 for keeping
the line dispersion free.
This document is the property of the ESS Accelerator Design Update Project. It cannot be copied or disseminated without the authorization of the ESS ADU Project.
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2.3.1.

BASELINE HEBT-S1 FDO LATTICE – EXAMPLE 1

In the following, an example lattice (essentially a revised version of the 2010 baseline) will be discussed. The parameters of the
main elements are listed in the tables below and the geometry is shown in Fig. 3. The first two quadrupoles (QP1-2) keeps the
periodicity and phase advance of the linac and this section is meant to be repeated several times to reserve room for future
upgrades. The additional quadrupoles are used for focusing the beam through HEBT-S2 as well as keeping the HEBT overall
achromatic.

Table 1. Summary of the quadrupole characteristics for FODO HEBT baseline.
Parameter

Unit

Value

Magnetic length

mm

200

Aperture radius

mm

50

Strength

T/m

< 26

Pole-tip field

T

<1.3

The pole tip field for the strongest quadrupoles is clearly too high, but this can be remedied by either increasing the magnetic
length to something like 400 mm (as used in the linac) or by decreasing the aperture size. As mentioned before, in the current
design of the HEBT the aperture radius is 50 mm (as for the linac), but by introducing collimation this may be significantly reduced.

Table 2. Summary of the dipole characteristics for FODO HEBT.
Dipoles (rectangular vertically deflecting)
Parameter

Unit

Value

Magnetic length

mm

2000

Magnetic field

T

1.444

Radius of curvature

m

7.639

Deflection angle

°

± 15.0

Edge angle

°

7.5/7.5

Figure 3. Geometry: Only two FDO periods of HEBT-S1 are shown here. The 11.6 m beam elevation takes up ~30 m of projected
length. A FODO-like structure is shown in HEBT-S2.
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Figure 4. Vertical dispersion function in HEBT-S2: four quadrupoles operated in pairs (QP5+9 and QP6+8) are used to bring the
dispersion back to zero, while QP7 exclusively focus. Operating the chicane quadrupoles independently will increase the number of
power supplies by a factor of two, but the lattice flexibility is increased vastly. As mentioned before, and seen above, only QP5 and
QP9 are needed to keep HEBT-S2 achromatic.

Figure 5. Beta functions in HEBT-S2: The FDO structure consisting of QP3+4 focuses the beam into the achromat. QP5-9 keeps the
beam fairly focused while ensuring the achromatic condition.

Figure 6. The transverse beam sizes in the HEBT-S2.
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2.3.2.

BASELINE HEBT-S1 FODO LATTICE – EXAMPLE 2

In the following, an example lattice (essentially a revised version of the 2010 baseline) will be discussed. The parameters of the
main elements are listed in the tables below and the geometry is shown in Fig. 7. To compare these two baselines one has to
remember that this FODO baseline requires an additional matching section before the here shown optics, and thus it will either take
up more space of the HEBT than the HEBT-S1 does in the FDO baseline and there will be less room for upgrades. Also such a
matching section will have to be moved if upgrade cryo-modules are added. The first two quadrupoles (QP1+2) represents the
building block which is repeated to reserve room for the future upgrades. The additional quadrupoles are needed for focusing and
keeping the beam achromatic. In the present baselines a FODO lattice yields 2-2.5 times higher beta functions and thus larger
beam sizes and therefore it seems advantageous to choose the FDO HEBT-S1 lattice.

Table 3. Summary of the quadrupole characteristics for HEBT baseline suggestion 2.
Quads
Parameter

Unit

Value

Magnetic length

mm

200

Aperture (radius)

mm

50

Strength

T/m

< 23

Pole-tip field

T

< 1.2

Table 4. Summary of the dipole characteristics for HEBT baseline suggestion 2.
Dipoles (rectangular vertically deflecting)
Parameter

Unit

Value

Magnetic length

mm

2000

Strength

T

1.444

Radius of curvature

m

7.639

Deflection angle

°

± 15.0

Edge angle

°

7.5/7.5

Figure 7. Geometry: Only the distances between the elements in HEBT-S1 are changed, thus giving a FODO focusing structure in
the HEBT-S1. Only two FODO periods are shown here.
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Figure 8. Vertical dispersion function in HEBT-S2: As before, QP5 and QP9 are particularly responsible for keeping the double bend
section achromatic, while QP6-8 are necessary for transverse focusing.

Figure 9. Beta functions in HEBT-S2: QP3-4 focuses the beam into the HEBT-S2.

Figure 10. The transverse beam sizes in the HEBT-S2.
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3.

HEBT expander design

The HEBT will towards its end have a beam spreading system in front of the proton beam window to create an elongated footprint
of the beam at the target with the required properties. In particular, the lateral current density on the footprint should be as flat as
possible to keep the maximum lateral beam power density as low as possible, since this critically determines the lifetime of the
target. In addition keeping the peak current density minimal, we believe that the distribution should also not have too sharp edges,
i.e. the intensity should not drop off too steeply.
The principles of the HEBT to target interface is shown very schematically in Fig. 11. The neutron target itself sits inside a large
monolith of concrete, iron etc. for radiation shielding. A proton beam window, some meters upstream, will separate the vacuum
system of the accelerator to the target monolith enclosure. The HEBT section at target level will consist of the last bending magnet
and the expander system. Neutrons from the target will pass through these magnets being absorbed in a neutron beam catcher.
The area defined by the location of the neutron beam catcher, the tuning beam dump and the target shielding are denoted the
nuclear area and in this high radiation zone, special radiation resistant magnets will be needed.
As the beam at the proton window will have a smaller transverse cross section than at the target, although it is thin, it will also be
a critical and difficult component to construct. Furthermore, it will be highly radioactive and have to be replaceable. Details of the
HEBT target interface are very important and have to be developed soon. In the following we will assume that the desired target
footprint has the dimensions: 50 mm to 60 mm vertically and 200 mm horizontally. We are aware of the development of a rotating
target, which would require a somewhat different footprint. However, such a footprint should be feasible with the present expander
methods.

Figure 11. Schematic drawing of the HEBT-S3 to target interface.

There are at least 3 different ways of providing beam spreading.
1.

A system of quadrupoles, expanding the Gaussian beam profile from the linac.

2.

A system of multipole magnets providing a more flat profile.

3.

Fast scanning/painting of a slightly expanded narrow pencil beam from the linac.
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Quadrupole spreading of the beam is used as a base line for comparison. For multi-pole expansion a system of quadrupoles,
octupoles and possibly dodecapoles will be used for spreading and folding the Gaussian beam profile into a more rectangularshaped and flat profile. For painting, the beam is more or less expanded by quadrupoles and two fast dipole magnets are used for
scanning the 2.86 ms pulse over the desired target area. The different expander systems will have to be studied in detail,
integrated with the HEBT, before the preferred system is selected. However, it is expected that a spreading system with a flatter
distribution than a Gaussian can be built.
3.1.

BASELINE QUADRUPOLE SYSTEM

The simplest way of spreading a beam over a surface is by quadrupoles. This system maintains the Gaussian distribution from the
HEBT at the target footprint. The baseline HEBT with HEBT-S3 only consisting of four quadrupoles is shown in Fig. 12. The
maximum current density at the target is thus determined by how wide the Gaussian distribution is, which in turn is determined by
how much intensity are allowed to hit outside the desired beam footprint captured by a collimator/absorber. Assuming that 2 % is
absorbed by this collimator, we obtain a maximum horizontal (5x) rms of 40 mm (and 12 mm (5x) rms vertically) for a target
footprint of 60 mm x 200 mm. The corresponding intensity distribution is shown in Fig. 13, and has a maximum current density of
~ 600 PA/cm2.

Figure 12. The transverse beam sizes (5 x rms) in the HEBT for a quadrupolar expander system. The lengths scale does not
represent the full length of the HEBT, since QP1 and QP2 will be repeated a number of times to reserve room for upgrades and the
total length of HEBT will be 100 m.
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Figure 13. The beam profile at target obtained from the geometry in Fig. 12.
Assuming that the Vx/Vy ratio is the same as the width/length ratio of the desired footprint, the peak current density and the
percentage of protons which ends outside the target have been calculated. This is shown in Fig. 14.

Figure 14. The peak current density (left axes) and the percentage of protons which ends outside the target footprint (right axes)
for a Gaussian distribution as a function of the horizontal sigma, assuming that the ratio between Vx/Vy is the same as the
width//length ratio of the desired footprint.

3.2.

BEAM FLATTENING USING A MULTI-POLE MAGNET SYSTEM

A system of multi-pole magnets can be used to produce a flatter distribution. Quadrupoles are used to increase the Gaussian profile
of the beam and subsequent multi-pole magnets, that being octupoles (possibly in combination with dodecapoles), will fold the
transverse tails of the beam back towards the centre. This mechanism facilitates irradiation of a large target area with at a nearly
uniform particle flux. The final distribution depends on the multi-pole magnets used as well as the ratio of their strengths. For
quadrupole spreading, the Gaussian distribution from the linac is maintained.
By addition of octupoles, the intensity distribution on the target can be made flatter within the same transverse area, hence
diminishing the peak current density. If the octupole strength is large, the distribution will become more box-shaped, however at
the expense of sharp peaks (‘ears’) near the boundary of the beam. The resulting large intensity gradients are clearly unwelcome,
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as they could cause harmful thermal stress in the target at the boundary of the beam. By adding dodecapoles to the strong
octupole field, this problem can be remedied, resulting in a rectangular shape with sharper edges, cf. Fig. 15. At IFMIF, a multipole
system containing quadrupoles, octupoles, and dodecapoles is under construction and the simulated distribution at target is a flat
tophat which is uniform within 7 % (c.f. Fig. 16).3 Another way of producing a flat tophat distribution is a combination of chopping
of the Gaussian tails and folding by octupoles. This has been done at the Takasaki Ion Accelerators for Advanced Radiation
Application (TIARA) of Japan Atomic Energy Agency (JAEA) and a flat distribution covering a 6 cm x 6 cm area with an rms value of
2% in the central area have been obtained.4 However chopping of the tails of the Gaussian might not be convenient since this will
result in losses of high power.

Figure 15. Schematic drawing of the possible intensity distributions on the target. A Gaussian distribution obtained by quadrupoles
(a). Two somewhat flat structures obtained by quadrupoles and weak (b) or strong (c) octupoles. A rectangle distribution obtained
by quadrupoles, octupoles and dodecapoles (d).

Figure 16. The suggested high energy beam transport line at IFMIF (right) and the simulated intensity distribution obtained at the
target for this geometry.
3.2.1.

DESIGN OF MULTIPOLE EXPANSION SYSTEM FOR THE ESS

In the following, some initial studies of octupole expansion are presented for a geometry like that at the ESS (Fig. 17 and 18).
However, a final design is not available, and the results merely serve to show the effects discussed above. The final design has to
be detailed, including boundary conditions and error analysis. In this preliminary design only quadrupoles and octupoles are used
and this results in a somewhat flat distribution with soft edges (cf. Fig. 19). If sharper edges, i.e. a more box-shaped intensity
distribution, is desired two dodecapoles will have to be added to this design.

3
4

R. Duperrier et al. The IFMIF high energy beam transport line, EPAC (2004)
Y. Yuri et al. Formation of a uniform ion beam using multipole magnets, PAC (2009)
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Figure 17. Example of optics of HEBT-S3: This lattice is not optimized and simply serves as a preliminary test bed for simulating
multipole beam expansion. The double waists are achieved using two quadrupoles. QP3-4 gives the principal expansion while the
vertical and horizontal tail folding’s are performed by the octupoles MT1 and MT2, respectively. More realistically, a larger number
of quadrupoles should be utilized to increase flexibility of the interface from the HEBT-S2 to the target. In this example, the
distance from QP4 to target is 10.0 m.

Figure 18. The transverse beam sizes in the HEBT-S3 for multipole expansion.
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Figure 19. Beam Profile at the target: The 200 × 50 mm2 profile is in both planes a top hat of nearly uniform projected current
density. The weak octupole shaping ensures low current density gradients at the edges.
3.3.

PAINTING

Painting an arbitrary shape with a pencil beam is a widely used technique in particle therapy (PT). In PT, the beam is even scanned
in 3D with high precision in dose and position.5 In PT, the third dimension is the energy! For continuous painting (=raster scanning)
the current density depends on the beam size and how fine the surface is scanned, which then in turn determines the scanning
velocity and thus sets the requirements on the scanning magnets and their power supplies. The smaller the beam, the more
uniform a distribution can be obtained. Using synchrotrons and cyclotrons quasi dc beams can be obtained.
For the ESS, where a flat rectangular foot print is preferred, a similar scheme is in principle possible. However, for thermal reasons,
the rectangular beam shape has to be painted in one pulse, 2.86 ms, which requires very fast sweeping magnets. The beam is
swept across the surface in a “zigzag” pattern as shown in Fig. 17, resulting in the wanted box-shaped intensity distribution.

Figure 20. Schematic drawing of the principle behind painting.

5

T. Furukawa, et al. Fast raster scanning system for HIMAC new treatment facility, IPAC, MOPEA007 (2010), T. Furukawa, et
al. Development of raster scanning system at NIRS-HIMAC, HIAT09, G-04 (2009), T. Furukawa, et al. Performance of the NIRS
fast scanning system for heavy-ion radiotherapy, Med. Phys. 37 (20xx) 5672-5682, and B. Marchand, et al. IBA proton pencil
beam scanning: an innovative solution for cancer treatment, EPAC (2000)
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We assume a distance of approximately 10 m from the scanning magnet to the target. To paint a rectangle (= two horizontal and
two vertical lines as show in Fig. 18 left) in 2.86 ms will require a magnet which needs in the region of 1500 V and 260 A for a
scanning magnet length of 0.5 m and an aperture of 60 mm. For PT, a power supply which can provide 2000 V and 300 A has been
made, so this is feasible6. However this distribution is only flat over a somewhat small area in the middle. A more tophat-like
distribution can in principle be obtained by running several supplies in series. As an example, the distribution from painting 6 lines
(instead of 2) with a rms beam size of 5.3 mm beam and a vertical spacing of 10.6 mm results in a reduction of the maximum
beam current from 27 to 19 PA/cm2 (cf. Fig. 22b).

Figure 21. The 3D intensity distribution (left) and contour plot (right) for a sigma = 14 mm Gaussian beam painted in a rectangle
with a maximum current density of 27 PA/cm2.
Finally, we point out the problems with the use of shorter pulses for commissioning and tune-up: Fully painted pulses are
not directly possible!
3.4.

RISKS, ADVANTAGES AND DISADVANTAGES OF THE THREE PAINTING METHODS

The distributions obtained by the three different expander systems are compared in Fig. 22. The distributions shown here all have
the same integrated dose outside the desired target area, that being 2% in the present example. This amount of dose outside the
target area can be reduced to any number by squeezing the distributions. However, since a Gaussian extends to infinity,
quadrupole expansion and painting may benefit from introducing slight collimation upstream cutting away the tails. Painting is in
figure 22 illustrated by a distribution made from painting an 5.3 mm rms Gaussian beam over 6 horizontal lines and five short
vertical lines resembling a snake (vertical spacing 2 rms). The vertical painting velocity is twice the horizontal to avoid spikes at the
turning points. Multipole expansion is illustrated by a tophat distribution where the sides fall off in a Gaussian manner. The baseline
Gaussian target footprint has a maximum current density of ~66 mA/cm2, which can be reduced by a factor of 3.5 utilizing either
painting or multi-pole expansion methods.

6

Private communication, Franz Bødker, Danfysik.
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Figure 22. Three different current distributions with the same particle content (~98% inside 200mm x 60mm): a) a Gaussian
distribution (max. current density of ~66 PA/cm2), b) a painted distribution resulting from 6 horisontal lines with a pencil beam of
5.3 mm rms with a linespacing of 2 rms (max. current density of ~19 PA/cm2) and c) an ideal tophat close to that of a multipole
distribution (max. current density of ~18 PA/cm2).
Table 5. Comparisons of the three different expander methods.
Quadrupole
defocusing

Multipole
expander

Painting

Number of
quadrupoles after
bend

4

4+

2

Special elements

None

Two octupoles

Two scanner magnets

Peak current
density (PA/cm2)

66

18

19

Advantages

Simple

Relatively simple

Low max. current density

Well-known

Low max.
current density

Any flatness can in principle be
obtained

Few active
elements
Disadvantages

High max.
current density

No tails in
distribution
Maybe strong
multi-pole
elements

Time varying fast elements (scanner
magnets)
Strong scanner magnets
Difficult for varying pulse lengths

Risks

Dependent on scanning; can target
stand one pulse not being scanned?
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4.

First comments and discussions about beam collimation in the ESS

Although the aim of the ESS is to provide an intense proton beam on target, losses of beam will inevitably occur along the ESS
accelerator and proton beam lines. These losses may be relatively weak tails of beam lost over long operation periods, but also
short pulses (until the beam is shut down) of the main beam impacting major components cannot be excluded.
To secure hands on maintenance, beam losses should on the average be lower than around 1 W per meter, corresponding to
fractional losses of 200 ppb or 10 nA at high energy. Obtaining even smaller numbers will be strongly favored, and a continuous
loss improvement will be advantageous, as experience at the SNS has shown. The above mentioned losses are indeed very small
relative numbers, and great care has to be taken to minimize the losses in the design. In addition, a detailed strategy has to be
developed for how and where these inevitable losses will be captured and absorbed. Only in this way can the significant doses be
handled and cost minimized.
The present considerations are partly built upon the design and experience from one of the high power machines existing, namely
the SNS in US operating in excess of 1 MW with 1 ȝs short pulses. In the future, we also have to look into the strategies and
hardware at other facilities like SINQ in PSI operating at around 1 MW with a dc beam from a cyclotron and also JPARC, LANSCE
and ISIS. Significant differences are, however, present between the ESS and the SNS. The main variations are that at the SNS, the
beam is consisting of an H- beam before the accumulator rings, which allows separation of beam halo and tails from the core of the
beam using stripping foils and subsequent charge separation in downstream magnets. After the beam has been extracted from the
SNS accumulator ring, it has a very large emittance and energy spread and short time duration (1 ȝs) as opposed to the small
emittance and energy spread but long pulse (2.86 ms) at the ESS (see table 7).
4.1.

INITIAL CONSIDERATIONS ON BEAM LOSSES AND COLLIMATION NEEDS

Firstly, losses of protons in the ESS accelerator might occur due to interactions with the residual gas, but the accelerator system
can relatively easily be built with a sufficiently low gas pressure, that these losses are negligible.

Table 7. Relevant parameters for the SNS and ESS
SNS

ESS

Beam energy

1.4 GeV

2.5 GeV

Beam Power

1.4 MW

5 MW

Normalized rms emittance at ion source

0.2 ʌ mm mrad

Normalized rms emittance in MEBT

0.4 ʌ mm mrad ??

Normalized rms emittance at linac output

~0.4 ʌ mm mrad

0.27 ʌ mm mrad

Real rms emittance at linac output

0.9 ʌ mm mrad

0.93 ʌ mm mrad

Rms beam emittance in RTBT on target

24 ʌ mm mrad

1.1 ʌ mm mrad7

Beam emittance in RTBT (100%)

120 ʌ mm mrad

Max. beam current density

25 ȝA/cm2

Beam size on target

200 mm x 50/60 mm

The proton beam used in the ESS accelerator will be defined by the ion source, which is expected to have a normalized rms
emittance of 0.2 ʌ mm mrad at the extraction energy of 75 keV. After the RFQ, at an energy of 3 MeV, a normalized rms emittance
of 0.4 ʌ mm mrad is expected.

7

Vertical emittance growth is expected in the HEBT-S2. The specified value is the vertical emittance in the HEBT-S3, based on the
lattice in Fig. 4.
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At the MEBT, a system of scrapers is expected to be installed, which will define the beam, in particular the tails, to be
further accelerated in the linac. At the SNS, these scrapers are simple water-cooled remotely adjustable blades.
Following the rfq, the aperture of the remaining linac accelerator system will be designed sufficiently large to ensure that no part of
the main beam (without any beam halo or tails developing) will hit the aperture defining components. For example for the
superconducting spokes and elliptical cavities and their associated quadrupoles, a relatively large aperture radius of 50 mm is
planned.
However, even when ample aperture is installed in the accelerator, losses can still be expected to occur. These losses will originate
from tails in the beam developing in the two transverse planes or in the longitudinal. Although some qualitative understanding
about the origin of beam losses in the linac (non-linear motion and space charge) has been acquired over the years, the
quantitative level of the losses cannot be predicted at present. What can, and will, be done for the ESS regarding losses is to
design the linac with a smooth focusing structure, as it is known from e.g. the Los Alamos linac, that abrupt changes in focusing
leads to development of beam halo.
Once it has been realized, that tails in the beam will develop and hence losses are inevitable even for a well-functioning
accelerator, we have to address the issue of installing collimators. The purpose of collimators is at least three-fold namely, beam
scraping equipment, protection and localization of activation of machine components. A fourth purpose, which will not be discussed
further, is the use of collimators for diagnostics purposes.
The first purpose of collimation is to scrape off the halo from the beam to provide a well-defined extent of beam tails (in principle
both transverse and longitudinal), which otherwise could have an undesirable effect on the accelerator components.
Secondly, the purpose of collimation is to protect the accelerator components by designing collimators, which the beam will impact
before hitting other accelerator components. The collimators will then be designed to withstand larger beam-powers than other
more sensitive components.
Thirdly, the purpose of collimation is to capture specific and/or unavoidable beam losses at few but well-defined positions, where
larger doses can be tolerated and where possibly additional shielding can be added or where remote-handling techniques can more
easily be used. At the same time, losses can be reduced elsewhere to ascertain easy hands-on maintenance here.
4.2.

POSSIBLE COLLIMATION STRATEGY IN THE ESS

As described above, collimation is foreseen in the MEBT defining the input beam to the DTL, Spokes and the elliptical cavity
sections. No collimation is suggested in the linac itself, i.e. between the MEBT and the end of the linac, also as the aperture of the
cavities and quadrupoles is considered to be sufficiently large that only acceptable losses occur.
Hence, the question to be addressed is what needs and advantages there are for collimation in the HEBT for beam transport and
requirements to the beam impinging on the commissioning beam dump, the main target and other future possibilities. At present,
the requirements to the beam dump, the target and future options are to a large extent unknown. Concerning the HEBT transport,
if sufficient aperture is kept in the HEBT, clearly there should be no need for any collimation, apart from safety aspects and risks of
malfunctioning, as we are not expecting additional tails or beam halo to develop in the HEBT. We shall not in the present
discussion develop the strategy of beam malfunctioning and detection, but only assume that a beam pulse of nominal current and
energy can be switched off at low energy in less than 0.1 ms leading to an energy of 13 kJ in a single pulse and not the 360 kJ in a
single pulse of nominal length. Hence the requirements to the collimators are to be able to capture and withstand single occasional
pulses of at least 13 kJ; additionally it should be possibly in daily operation to cope with relatively small continuous beam losses.
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In order to produce a relatively efficient transverse collimation, we have to develop at least two horizontal systems with a phase
advance of around 90 degrees in between and similarly two vertical systems. Special optics might have to be developed. However,
we do not foresee any longitudinal systems, a momentum collimation system, as the dispersion in the beamline will be relatively
small making longitudinal collimation difficult. Also, as a consequence of the small dispersion, particles with a large momentum
deviation will also not easily be lost. This strategy has to be substantiated further in the future. For the moment we foresee two
horizontal and two vertical collimators each consisting of a left/right or upper/lower collimator, i.e. 8 pieces in total each able to
withstand 0.5 kW of beam power. This would correspond to a contingency factor of a factor of 8 over the nominal losses of 1 W/m.
A circular non-movable 2 kW collimator has been developed for the proton beam at the SNS ring and RTBT line. In brief, primary
tungsten collimators scatter lost particles into thick secondary absorbers. The secondary absorbers are double walled steel balls
with water cooling. Severe radiolysis has occurred at the SNS, and forced air-cooled might be a better alternative, as being
developed at the SNS. The collimators themselves will be shielded heavily by a supplementary removable radiation shield. These
collimators, depending on the attainable losses, will get rather radioactive, and will have to be dealt with properly, i.e. remote
controlled and replaceable.
We foresee similar, at least in principle, collimators as that described above for SNS. Such collimation should be installed early in
the HEBT. Although these 8 collimator systems will be a significant investment, it will reduce the beam losses in the HEBT
elsewhere with the obvious handling advantages. Furthermore, the collimation systems should be able to handle miss-steered short
(0.1 ms) single pulses. Finally, beam tails will be captured by the collimators, excluding beam hitting outside the target. This effect
could also be reduced by installing fixed collimators just before the proton beam window and the main target.
It remains to be seen (simulated) how efficient the collimators will be, as both primary particles but also secondary particles may
scatter out of the collimator and lead to halo particles further downstream.
Collimators may, at least in principle, be improved by the use of crystal primary collimators. Using channelling, or rather so-called
volume capture, particles may preferentially be steered into secondary collimators (absorbers). Systems of aligned single crystals
are needed. Although this volume capture effect has been studied in detail, and used in an accelerator environment at Serpukhov,
the relatively low energy (2.5 GeV) and the relatively harsh environment (large beam power) at the ESS might make crystal
collimation problematic.8

8

http://accelconf.web.cern.ch/AccelConf/e02/PAPERS/THPLE016.pdf
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5.

Commissioning and Tune-up beam dump

A beam dump for initial commissioning of the linac and subsequent daily tuning/setting up of the linac will be installed.
It is suggested to have a short beam line for the tuning dump. A narrow flight tube will pass through a shielded/fenced barrier
(wall) between the linac tunnel and the beam dump region separating the possible activated dump region from the linac tunnel.
The ESS will have a beam power of 5 MW at 14 Hz and 2.86 ms long pulses with beam kinetic energy of 2.5 GeV. For comparison,
the SNS (1 MW and 60 Hz) commissioning beam dump is designed for a maximum power of 7 kW, which is obtained by a
combination of a low repetition rate (1 Hz), and short pulse length. After a short beam-loading oscillation stabilisation time of some
10’s of ȝs, operation in the remainder of the pulse is stable. At the SNS the minimum pulse time is 100 ȝs easily making operation
at 7 kW possible (see fig. 23). Something similar to these pulse lengths and repetition rate reductions will have to be done for ESS
depending on the properties of the chosen beam dump. For example, at a repetition rate of 1 Hz, which is a somewhat lower limit
for easy tuning, the maximum pulse length for a 20 kW beam dump is 160 micro-seconds.

Table 7. Tune-up beam dump and rep rates.
Unit

SNS

ESS

Power

MW

1

5

Rep. rate

Hz

60

14

Max. linac pulse length

ms

1

2.86

Max. Pulse for tune-up dump

ȝs

100

160

Beam dump power

kW

<7

<20

The SNS was commissioned as follows; Optimization is carried out at the above mentioned parameters (1 Hz, 100 micro-second
pulses and low current). Power ramping up was then made in a succession of steps over 3 years increasing rep. rate (1-60 Hz),
pulse length (0.3-0.8 ms) and linac proton current (20-40 mA).
After a shutdown, they first tune to full beam intensity at 1 Hz and then ramp up the repetition rate over minimum an hour. During
commissioning they had low-power beam dumps for each of the commissioning steps, and they still use insertable beam stops in
the MEBT and between the warm and SCL linac.

Figure 23. Schematic drawing of the time structure of a proton pulse, illustrating the rf reflection in the first part of the pulse.

The ESS will have an average beam power of 5 MW, with 2.86 ms long pulses at 2.5 GeV at 14 Hz. This means that at a repetition
rate of 1 Hz (which is the lowest for easy tuning) the maximum pulse length for a 20 kW dump would be 160 micro-seconds.
For ease of design, operation and maintenance, some type of simple expander system should be built for the dump line, probably a
quadrupole system increasing the Gaussian beam size to something like Ø 100 mm on the target.
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The location of the beam dump is clearly important, and if possible, the dump should be placed straight after the linac, which is the
safest design as no deflection magnets are needed. In many existing facilities, however, the dump is bending away from the direct
line of sight from the linac/ring.
Here, we summarise some low power (< 7kW) beam dumps and high power (> 100kW) beam dumps (italic).
Beam spreading technique on the dump:
a)

Quadrupole spreading (two to four quadrupoles): SNS, CNSN, KOMAC, IFMIF-EVEDA, JPARC

b)

Painting/sweeping: NLS, SPS, LHC

c)

No spreading: FRIB, FERMI@ELETTRA

The choice of spreading technique correlates clearly with choice of material, beam power, placement, cooling etc. Below, we
present a list of different dumping materials
a)

Solid cupper dump with a graphite core (NLS, SPS)

b)

Steel with Iron shielding (SNS-linac dump)

c)

Carbon core with aluminium shielding and Cu back plate (FERMI@ELETTRA)

d)

Composite carbon (LHC, SNS-ring dump)

e)

V-shape plates with graphite surface (KOMAC)

f)

Rotating water tanks (FRIB)

g)

Cu with water cooling (IFMIF-EVEDA)

h)

Iron in steel in concrete (JPARC)

5.1.

BEAM DUMP BASELINE LATTICE

A baseline lattice for the HEBT-dump line has been designed. The first four quadrupoles (QP1-4) are the same as shown in the
HEBT design and the field strengths are not changed from normal running conditions. Additionally four quadrupoles are added to
expand the beam to an ellipse with a vertical size of ~Ø60 (3xrms) and a horizontal size of ~Ø100 (3xrms) at a distance of 19.9 m
after the entrance to the first bending magnet of HEBT-S2.

Table 8. Summary of the quadrupole characteristics for HEBT-dump beamline.
Parameter

Unit

Value

Magnetic length

mm

400

Aperture radius

mm

50

Strength

T/m

< 14

Pole-tip field

T

<0.7
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Figure 24. The transverse beam sizes in the HEBT-dump.
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6.

A folded linac lattice

It has been suggested to fold the ESS linac to save space, either at around 240 MeV between the spokes section and the low-beta
section or at 590 MeV between the low-beta and the high-beta section. The suggestion was based on the possible saving in land
and building area.
A folded linac is proposed at the FRIB facility at MSU in the US. The proposal is argued in order to save building and facility area at
the university site, where little free space is available.
We have studied briefly three possibilities of an achromatic 180 degrees bend using 4x45°, 3x60° and 2x90°. The geometry layout,
the dispersion functions and the betatron functions are shown in the following figures in linear optics.

Figure 25. Plan view of the 4x45° folded linac baseline (left), the betatron functions (right top), and the dispersion (right bottom).

Figure 26. Plan view of the 3x60° folded linac baseline (left), the betatron functions (right top), and the dispersion (right bottom).
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Figure 27. Plan view of the 2x90° folded linac baseline (left), the betatron functions (right top), and the dispersion (right bottom).
After these preliminary studies, the suggestion of folding the ESS linac has been abandoned, mainly as the space charge at 240
MeV is considered to be so strong that the dispersion will vary too much for different transverse particle positions.
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7.

Next tasks to be studied in the detailed design

Several of the elements in this report need further studies in order to estimate the needs and propose final solutions.
7.1.

HEBT

Here two examples of HEBT designs are present and as soon as the final layout of the site is frozen an upgraded version can be
made. Furthermore, the balance between minimizing the number of magnetic elements (thus the cost) and the flexibility of the
HEBT transport system will be discussed.

Next deliverable: Preliminary report for the upgraded HEBT system (15-08-2011)
7.2.

COLLIMATION

In this report the collimation technique of the SNS is described in detail. As mentioned the effect of collimation are fourfold.
1.

Scraping of the beam halos to get well-defined short tails. One benefit of this will be that the aperture of the HEBT can be
reduced, which will give a cost reduction.

2.

Capture beam losses at specific places. Beam losses will occur even for a well-functioning accelerator and it is important to
confine these to specific locations to ease handling for the rest of the system.

3.

To protect down-stream components.

4.

For diagnosing tails and beam halo.

We initially suggest that a set of eight movable collimators should be added in the beginning of the HEBT as well as two fixed
collimators before the proton beam window and main target. Pros and cons will have to be further studied and evaluated.

Next deliverable: Preliminary report for the HEBT collimation system (08-06-2011)
7.3.

BEAM EXPANDER SYSTEM

Here we have briefly discussed the three different expansion methods which are relevant to the ESS. When the target type has
been decided, which in turn sets the requirements for the beam footprint at target, we will be able to expand on the ideas
presented here and make a final proposal for the expander method..
A study of the requirements to the magnetic elements for the different expander methods will be carried out to locate the
technological bottlenecks.
Also, the requirements to the stability of the beam position and intensity from the ion source, the HEBT magnetic elements and
power supplies, will be analyzed to secure a sufficiently good beam transport and target footprint .

Next deliverable: Report on transport and expander design alternatives (23-09-2011)
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8.

Questions
1.

What is the balance between minimising the number of magnetic elements and limitations on flexibility?

2.

Who is in charge of all beam dumps that being the neutron beam catcher, the tuning beam dump, and the transportable
beam dumps to be installed after the various linac sections?

3.

What should the target beam footprint be?
a.

A stationary target will most probably benefit from a tophat distribution?

b.

If a rotating target is chosen, a horizontal painting is to some extent done by the target rotation. Will this change
the requirements to the beam distribution on target?

c.
4.

Requirements to irradiation outside the target area
a.

5.

We assume that edges in the intensity distribution should be avoided, correct?
Do we need collimation before the proton beam window and target to remove beam halos? Where?

Where will the proton beam window be placed?
a.

What are the limitations in beam current density for the window?
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