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= Abstract

The European Spallation Source (ESS) linac transfer-
g lines to the target and beam dump are designed for the
22 GeV beam energy. The commissioning and operation of
Q’ £ the accelerator will start at a reduced energy of 571 MeV
o with the high beta part of the linac unpowered. The beam

g power at this energy is still above 1 MW and a proper
B transport from the last accelerating cavity to the target is
E essential. Beam dynamics design of the High Energy Beam
< Transport (HEBT) line and Accelerator to Target (A2T) are
§ studied based on this reduced energy in this paper, includ-
'S ing phase advance optimization and rematch. Among the
< factors which are analyzed are the envelope and beam size
£ on the target which are kept close to their values at 2 GeV
+ and losses along the linac and the transferlines.
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INTRODUCTION

Figure 1 shows the overview of the ESS linac layout. At
Sa reduced energy of 571 MeV [1, 2, 3], to transport the
2 beam with the power of 1.4 MW to the target stably, no
.‘“ beam loss in the transport line above 1 W/m is tolerated.
'iThus, the beam envelope needs to be controlled to be stable
£ and phase advance should be smooth. The main work of
5+ the paper is focused on beam phase advance smoothing and
S rematching of each section for the new beam energy. Other
gproblems such as achromaticity, m phase advance in the
é’crossover section [4] and beam size on the target are also
S studied.
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Figure 1: Overview of the ESS linac layout.
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Figure 2: Phase advance per meter from SPK to HEBT for
2 GeV beam.

For 2 GeV beam, the phase advance per meter is smooth
long the linac as shown in Fig. 2, except for some periods
etween different sections because some quadrupoles are
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adjusted to be matched between adjacent sections (see
details in Fig. 11).

For 571 MeV beam, the lattice is rematched from Spoke
Linac (SPK) to the target and dump. All simulations pre-
sented in this paper were conducted with TraceWin code

[5].

REMATCH

Comparing with 2 GeV beam, magnetic rigidity of
571 MeV proton beam decreases from 9.3 T'mto 3.9 T-m,
but space charge effect is stronger for the low beam energy.
In the High Beta Linac (HBL) section, the rf defocusing
disappears with the absence of rf power feeding to the cav-
ities. To keep the beam envelope to be at the same level,
the gradient of quadrupoles needs to be adjusted respec-
tively to keep the same phase advance for each period.

HBL

Four quadrupoles near the interface of Medium Beta
Linac (MBL) and HBL are used for matching as shown in
the red rectangle of Fig. 3. The goal is to keep beam enve-
lope in HBL to be smooth and at the same level as the
2 GeV case, so that beam can be delivered without exces-
sive power loss.
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Figure 3: Root Mean Square (RMS) envelope (upper) and
the vertical dispersion (lower) from SPK to dogleg for
571 MeV beam (Quadrupoles in the red rectangle are used
for matching HBL, green for HEBT, and blue for the dog-

leg).
HEBT

In the same way done for HBL, four quadrupoles near
the interface of HBL and HEBT are adjusted (green rectan-
gle in Fig. 3).

Considering the requirement of phase advance in the
dogleg section, beam envelope in A2T section and beam
size on the target, the phase advance is optimized and re-
defined in HEBT section. It decreases in the horizontal
plane and increases in the vertical plane smoothly.
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The optimized result is shown in Fig. 4. The value of the
phase advance in the last period will be discussed in the
following two subsections (Eq. (1) and Table 1).
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Figure 4: Phase advance transition in the HEBT section for
571 MeV (Upper is phase advance per period, lower is the
difference between two adjacent periods).

Dogleg

Six periodic doublets are between the two dipoles and
the total phase advance is 360° between the center of the
dipoles to make the dogleg achromat [6]. Four quadrupoles
in the last two periods of the HEBT section are adjusted as
shown in the blue rectangle in Fig. 3.

The length between the center of the two dipoles is
64.50942 m and the periodic length in the HEBT section is
8.52 m, so phase advance in the vertical plane for the last
period of HEBT should be

360°/ 64.50942 x 8.52=47.5465°
as shown in Fig. 4.

A2T After Dogleg

There are three doublets in A2T section after the last di-
pole, where each is referred to as Q,, Q, and etc., as shown
in Fig. 5). The requirement of the section is beam waist at
Crossover (CO), phase advance requirement between Ac-
tion Point (AP) and CO, and beam size on the target. Struc-
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ture phase advance between AP and CO is & and it is ad-
justed by Qs-Qs. After that, Qi-Qs are adjusted for beam

waist at crossover and size on the target.
14
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Figure 5: RMS envelope and location of quadrupoles in
A2T section after dogleg for 571 MeV beam.

Beam envelope in the horizontal plane at Qs; is much
larger for the 571 MeV case comparing with the 2 GeV
case. To avoid beam loss there, phase advance in HEBT
and dogleg in the horizontal plane is optimized as shown
in Fig. 6. As the horizontal phase advance for the last pe-
riod of HEBT decreases, beam size on the target gets close
to the required value, at the phase advance value of 25°, it
gets closest to the desired value with an error of about
0.02%, and is adopted as the optimized value (bold line in
Table 1).
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Figure 6: Optimization on phase advance of last period at
HEBT.

Table 1: Optimization on the Horizontal Phase Advance for the Last Period of HEBT

Phase ox@Qs ox@Target oy@Target Required ox  Required oy OX error oy error
advance (mm) (mm) (mm) @Target @Target (%) (%)
© (mm) (mm)

60 4.355 16.549 4.502 13.5 5.05 22.585 -10.851
50 4.595 15.703 4.595 13.5 5.05 16.319 -9.010
40 4.860 14.841 4.723 13.5 5.05 9.933 -6.475
30 5.418 13.537 5.043 13.5 5.05 0.274 -0.139
25 5.518 13.503 5.051 13.5 5.05 0.022 0.020
20 5.562 13.505 5.051 13.5 5.05 0.037 0.020
15 5.593 13.498 5.051 13.5 5.05 -0.015 0.020
10 5.615 13.495 5.051 13.5 5.05 -0.037 0.020

There is a long drift from CO to the target. With initial
beam parameters of {&,, @y = 0, 5y} at CO, the beta func-

2
tion will be f; = S, + ;— on the target. For 571 MeV, the
0
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same size o, = /&4 on the target should be achieved as
that in 2 GeV, where ¢, = &,/(By). It means that beam
size at CO would be about 1.4 times larger.
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The three quadrupoles in the dump line are adjusted
manually and beam size on the dump is matched within
20.1% (Table 2).

Table 2: Comparison of Beam Size on the Dump

RMS_X RMS_Y
2 GeV 23.085 15.255
571 MeV 23.107 15.242
Difference  0.022 (0.095%) -0.013 (0.085%)

MULTIPARTICLE SIMULATION

A multiparticle simulation was conducted to check beam
oss along the linac and the result shows there is no power
oss at Qs and CO, even with raster scan [7, 8, 9].

When errors [10, 11, 12] are considered, still no loss was
observed at CO, but there is 1 W loss at Q3 and 52.2 W on
£ the Proton Beam Window (PBW) (Fig. 7).
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S Figure 7: Beam relative size (the ratio of RMS size and lo-
E’cal aperture) and RMS power loss at Q3 and PBW with er-
rors

2019). A

If only raster scan is considered (without errors), beam
© power loss on the PBW is 2.12 kW. When both considered,
g it is the same as the case without scan at Qs and CO, but
§ power loss on the PBW will increase to 2.87 kW. A possi-
= ble way for decreasing power loss on the PBW is to de-
m crease beam size on the target. When RMS size on the tar-
P get is decreased by 10%, power loss on the PBW will be
S within 1 kW.
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= COMPARISON

£ A comparison between the two different energy cases is
= . . . .

8 shown in Figs. 8, 9, 10 and 11, including RMS envelope,
£ emittances, quadrupole gradients and phase advance.
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Figure 8: Beam RMS envelope comparison (Beam size at
HEBT and A2T sections are larger because lower energy
leads to higher geometric emittance).

Unit of all y-labels is 7.mm.mrad
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Figure 9: Normalized RMS emittance comparison (The
emittance bump in the vertical plane in A2T section is an
artifact due to that the dispersion is not taken into account
in the emittance calculation).
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Figure 10: Quadrupole gradients comparison (Gradient of
all the quadrupoles is within £10 T/m and it is lower for
the low energy case).
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Figure 11: Structure phase advance per meter comparison.

CONCLUSION

To prepare for the initial phase of commissioning when
high beta cavities are unpowered, a new lattice for the
transport line of 571 MeV beam was designed with Trace-
Win. Phase advance in HEBT was optimized to maintain
the beam envelope at the same level as the nominal 2 GeV
case. Multiparticle simulations with errors and raster scan
were conducted and confirmed that no beam loss is present
at crossover section and beam loss level at Q3 and PBW
before the target is within the acceptable level.
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