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Abstract

A large flux of spallation neutrons will be produced at the
uropean Spallation Source (ESS) by impinging high power
roton beam on the tungsten target. Until the S MW proton
eam is stopped by the spallation target, it travels through a
umber of beam intercepting devices (BIDs), which include
the proton beam window, a multi-wire beam profile monitor,
an aperture monitor, the beam entrance window, spallation
= material and the target shroud. The beam-induced thermo-
«s mechanical loads and the damage dose rate in the BIDs
5 are largely determined by the beam energy and the beam
- current density. At ESS, the proton beam energy will be
£ commissioned step-wisely, from 571 MeV towards 2 GeV.
—% The beam current density on the BIDs in the target station
B is uniformly painted by raster beam optics. The ESS Linac
5 and its beam optics will create rectangular beam profiles on
S the target with varying beam intensities. In this paper, we
& study the impact of different plausible beam intensities and
E beam energies on the thermo-mechanical loads and radiation
E Z damage rates in the BIDs at the ESS target station.
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INTRODUCTION

Upon full commissioning of the European Spallation
Source (ESS) in the next decade, the spallation target will
receive S MW beam from the linac [1,2]. For a reliable op-
eration of the facility, it is crucial to keep structural integrity
> of the beam intercepting devices (BIDs) under the dynamic
< Joad induced by the beam pulses with 4% duty cycle and
/M occasional beam trips. From a maintenance viewpoint, it is
O important to achieve a longest possible lifetime of these de-
g’;’ vices under radiation damage. The BIDs under heavy proton
S beam load are the spallation target, the proton beam window
£ (PBW), and the multi-wire profile monitor MWPM).

The dynamic beam load on the BIDs can be reduced by
creating a uniform beam spot with a reduced beam current
density. This slows down the radiation damage rate and
lowers the cyclic thermo-mechanical load, prolonging the
lifetimes of the BIDs. In order to create a uniform beam
o footprint on the BIDs, the ESS applies a raster system that
Z sweeps the beam in a transverse pattern. The dimension of
E the raster area and the size of the beam determine the radia-
8 tion damage and beam induced thermo-mechanical loads on
@ the BIDs. A focused raster area and beam intensity cause
=a higher damage and heat deposition intensity in the BIDs.
© On the contrary, widely spanned raster beam causes a high
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level of beam loss from the PBW to the target, as the PBW
induces a beam divergence via multiple scattering.

Besides the beam intensity, the radiation damage rate and
heat deposition also depend on the beam energy. The ESS
beam energy will be ramped up step-wisely from 571 MeV
towards 2 GeV upon commissioning, with installation of
additional cryomodules during long shut down periods. It is
important to know the correlation between the beam condi-
tions and the material behaviour of the BIDs, in assessing
the system reliability and the service lifetime.

In this paper, we study the impact of different plausi-
ble beam intensities and beam energies on the thermo-
mechanical loads and radiation damage rates in the BIDs at
ESS.

BEAM INTERCEPTING DEVICES AT
TARGET STATION

Once the proton beam enters the target station, it passes
through PBW, MWPM, and beam entrance window (BEW)
in a sequence until the beam is finally stopped by the tungsten
spallation volume. Each of these beam intercepting devices
are introduced in the following.

Proton Beam Window

The PBW is located at 3.5 meter upstream beam direc-
tion of the target. It interfaces to accelerator vacuum and
serves as the gate for the incoming proton beam to target.
The PBW consists of two convex plates made of Al6061-
T651, which are 1 mm (upstream window) and 1.25 mm
(downstream window) thin respectively. The precipitation
hardened aluminium alloy is chosen, due to its low scattering
cross-sections to incoming proton beam, good radiation re-
sistance and good mechanical strength. The deposited beam
power in the PBW is removed by the water flow running
between the two plates.

Multiwire Beam Profile Monitor

The Multiwire Beam Profile Monitor (MWPM) is located
1.7 meter upstream of the target. It consists of five layers
of horizontal, vertical, and diagonal wires. Each wire for
the beam interception is made of SiC and has a diameter of
100 pum. It measures the position, profile, and peak density
of the high intensity proton beam traveling to the spallation
target.

Beam Entrance Window

The tungsten spallation volume is contained in the gas-
tight target vessel. The BEW is a part of the target vessel
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which faces the impinging proton beam. It is made of solu-
tion annealed 316L type stainless steel material, due to its
proven lifetime under high power proton irradiation environ-
ments. The BEW is cooled by gaseous helium jet flow.

Tungsten Bricks

The spallation volume of the target consists of 6696 tung-
sten bricks. Each brick is 10 mm in width, 30 mm in depth
and 80 mm in height. The spacing between two adjacent
bricks is 2 mm. Figure 1 shows the layout of tungsten bricks
placed on the cassette. Maximum 16 tungsten bricks span
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Figure 1: Layout of tungsten bricks in the cassette.

190 mm horizontally in each target segment. Each brick is
held by top and bottom cassette plates, which shadow 10 mm
of 80 mm height of the tungsten bricks. Therefore, the view
area of the tungsten spallation volume seen by the proton
beam is defined by —95 mm < x < +95 mm and —35 mm
<y < +35 mm.

BEAM RASTER PARAMETER
Target Area Definition

Ideally, should all the incoming protons land on the tung-
sten spallation volume, while not hitting the structural parts
made of stainless steel. The beam footprint on the target
may deviate from the centre point of the segment by max-
imum +14.7 mm horizontally and by maximum +3.0 mm
vertically [3]. The front face of the tungsten is 1250 mm in
distance from the rotation axis of the target wheel. The target
wheel rotates with a frequency of 14/36 Hz, and the front
face of the tungsten drifts by 9 mm during the pulse length
of 2.86 ms. The requirement on the positioning accuracy of
beam footprint on target is set to be less than +5 mm. The
horizontal runout of the target wheel is maximum +2.4 mm.
The tolerance on the horizontal displacement of the wheel po-
sition is limited by +2.0 mm. The phase error from the target
rotation speed contributes to maximum +2.0 mm horizontal
deviation of the beam footprint from its centre position. The
vertical deviation is mainly contributed by the positioning
accuracy of beam footprint on target, which is set to be less
than +3 mm.
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Taking the maximum beam deviations from the centre
point of each segment into account, the effective view area
of tungsten by the proton beam is reduced from the ideal
view area of 190 x 70 mm? to 160 x 64 mm?.

Nominal Raster Parameter

The raster magnet system generates a Lissajous-like pat-
tern using triangular wave forms to create a two dimensional
mesh of interweaved sweep trajectories. During the beam
pulse starting at the time ¢ = #y, the trajectory of the beam
centroid in the plane perpendicular to the beam direction at
the BEW is described by

1

xi(f)zAi |:4‘ mod (nif—qﬁi, 1)—5'—1], (1)

T
fori = x, yand 7 = r — tp. Here, 7 represents the beam
pulse length, and A, and A, respectively represent the raster
amplitudes in the horizontal and vertical directions. The pa-
rameters 7, and n, represent the number of sweeps during
the beam pulse respectively in the horizontal and vertical di-
rections. These are correlated to the raster frequency fy and
fy vian; = f; - 7. The ¢;s are free parameters representing
phase shifts. Table 1 summarises the nominal beam raster
parameters at the BEW.

Table 1: Nominal Beam Raster Parameters on the BEW

Parameter Symbol Value Unit
Pulse length T 2.86 [ms]
Maximum Ay 60.0 [mm)]
displacements Ay 20.0 [mm]
Sweep fx 39.55 [kHz]
frequency 5 29.05 [kHz]

BEAM FRACTION ON TARGET FOR
DIFFERENT BEAM ENERGIES

Proton Scattering at PBW

The protons are lost on its way to the target. The main
cause of loss is the multiple scattering at the PBW. The ex-
tent of proton scattering depends on the beam energy. Three
beam energies are considered, the 571 MeV, 1300 MeV and
2 GeV. When the linac unit up to the medium beta cryomod-
ules is fully functional, a 571 MeV beam will be delivered to
the target. The 1.3 GeV beam will be delivered when about
a half of the high beta cryomodules are commissioned. With
a full commissioning of the linac, a 2 GeV beam will be
delivered to the target.

In order to calculate the additional beam divergence due
to the presence of the PBW, Monte-Carlo simulations are
made using FLUKA [4, 5]. The beam source distribution at
6 meters upstream of the target is calculated by TraceWin [6],
which is then read by FLUKA for particle transport simula-
tions. Figure 2 shows the angular distribution of the proton
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Beam divergence at PBW
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Figure 2: The polar angle distribution of proton momentum
upstream and downstream of the PBW.

momentum upstream and downstream of the PBW. For refer-
ence, a polar angle divergence of 1.0 mrad implies a 3.5 mm
transverse offset on the target. The simulation shows that
about 1 % of the protons are lost at the PBW, depositing
about 2 MeV per proton in there.

By tracing the free particle trajectories which are scattered
.« by the PBW, the fraction of beam that land on the target area
f 160 x 64 mm? on the tungsten bricks are calculated, for
< different beam energies. The energy dependence of beam
% loss on the target is summarised in Table 2. In order to show
-'§ the beam loss due to scattering at the PBW, MWPM and
£ BEW, a reference case is also shown, which assumes no
2 beam interception in the upstream beamline of the target.

work must maintain attribution to the author(s), title of the work, publisher, and D

Table 2: The Fraction of Beam that Land on the Target Area

Beam Fraction Reference Statistical

energy on target  fraction Error
0.571 GeV 0.885 0.961 +0.01%
1.300 GeV 0.928 0.961 +0.01%
2.000 GeV 0.965 0.988 +0.01%

Compared to the reference fraction, which is determined
by linac optics and raster parameters, the presence of BIDs
causes additional beam losses of 2% for a 2 GeV beam, 3%
8 for a 1.3 GeV beam and 7% for a 571 MeV beam. The de-
£ viations from the reference beam loss could be reduced if
_og the collimation effect of the proton channel surrounded by
£ the monolith shielding structure is taken into account. Fur-
3 ther analysis will be made to fine-tune the raster parameters
3 further, for different proton beam energies.

rms of the CC BY 3.0 licence (© 2018). A

?Beam Loss and Thermal Stress in Target Vessel

If the beam on target suffers from maximum allowed offset,
the maximum heat deposition at the target boundary per
pulse is calculated to be less than 10 MJ-m ™ in stainless steel.
If the edge of the raster boundary misses tungsten bricks
and hits the target vessel structure instead, the maximum
temperature increase in the steel structure is calculated to be
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less than 3 °C per pulse. This temperature increase per pulse
makes the 316L stainless steel to expand by 4.8 um-m~!,
resulting in less than 10 MPa additional thermal stress, which
is about 5% of the yield stress. From this, we conclude that
protons landing off the target area do not risk the structural

integrity of the target wheel.

EFFECTS OF BEAM SIZE
Raster Failure and Heat in PBW and BEW

In case beam raster fails completely, a single beam de-
posits a concentrated heat load in the PBW and BEW. Dur-
ing a single full power pulse, the maximum temperature
increases by ATp,x in the PBW and BEW are expressed by

T Iotal dE

ATax = — —
ma pCp 2nooy dz

. 2)

max

Here, 7 is the pulse length, p is the mass density, C, is the
specific heat, iy is the beam current, the dE /dz| .y is the
maximum energy deposition per single incident proton per
unit length, and o, and o, are the beam RMS sizes.

A requirement on the beam size is that the structural func-
tionality of the PBW and BEW shall not change with a
failure of beam raster for single pulse. The aluminium al-
loy Al6061-T651 of which the PBW is made overages if
the temperature on it temporarily reaches above 250 °C [7].
Therefore, the temperature in the PBW shall not increase
above Tiax:ppw =250 °C during single pulse. On the other
hand, a prolonged exposure to temperatures in the range of
550 °C to °850 C in austenitic steel may cause chromium-
rich carbides to precipitate at the grain boundaries. This
limits the maximum temperature in the BEW to be below
Tmax:BEw =550 °C.

The maximum operational temperatures in the PBW and
BEW are 60 °C and 160 °C respectively. The threshold beam
sizes to raise the maximum temperatures above i ax-pew and
Thax:BEW are calculated to be o - 0y = 33.5 mm? on BEW
and o - 0y = 32.6 mm? on PBW. The nominal beam cross
sections are oy - 0y, = 68.2 mm?2 on BEW and o, - oy =
42.5 mm? on PBW, satisfying the requirements with a safety
margin of 30%.

Dynamic Stress Wave in Tungsten Bricks

The raster sweep during beam pulse induces dynamic
stress wave in the tungsten bricks inside the target. For the
nominal beam size and raster parameters, each sweep of
beam raster on a tungsten brick induces an effective pulsed
beam load with a few microseconds’ pulse length.

Coupled thermal and transient structural simulations are
made for a tungsten brick for 30 beam raster sweeps, using
ANSYS Workbench [8]. Two different beam sizes are con-
sidered, the nominal one with o, X o, = 13.5 X 5.05 mm?,
and the one with oy X oy = 10.8 x 4.04 mm? having 40%
higher beam intensity. Figure 3 shows the dynamic transient
and quasi-static von Mises stress responses of a tungsten
brick located at the centre of a target wheel segment.
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Figure 3: The dynamic transient and quasi-static von Mises
stress responses of a tungsten brick located at the centre of
a target wheel segment.

With a smaller beam size, the stress amplitude gets higher.
This should be due to higher beam intensity combined with
shorter beam exposure time per raster sweep. The ampli-
tudes of dynamic transient stresses amplify with time, with-
out showing a sign of saturation. The peak transient stress
during the simulated time interval is almost 4 times higher
than that of quasi-static stress. The reason for this could
be attributed to proximity of the multiples of horizontal
raster frequency fiaseer =39.55 kHz to the resonance fre-
quency of the tungsten brick. The calculated resonance
modes are at the frequencies of 41.2 kHz (1.04 fiagter) and
78.4 kHz (1.98 fraster)- The coherence between the resonance
frequency and the beam raster sweep rate will be further
analysed. The raster parameters will be fine tuned to avoid
the raster sweep rate lies within a band-width of a resonance
mode of tungsten bricks.

HEAT LOADS AND BEAM ENERGIES

The heat deposition in the BIDs differ for different beam
energies. Table 3 summarises the calculated maximum beam
energy per single proton deposited in the beam intercepting
materials. For the same beam current, the beam energy de-

Table 3: Calculated Beam Stopping Power per Single Proton
in the Beam Intercepting Materials

Beam Energy PBW BEW Tungsten (Max.)

[GeV] [MeV-proton!]

0.571 141 3.98 8.12
1.300 124  4.38 10.8
2.000 122 501 14.5

posited in the BEW and tungsten bricks increase with beam
energy. This is due to larger contribution of back scattered
neutrons from the dense spallation volume at higher beam
energies. However, the heat deposited in the PBW is the
highest at 571 MeV, which is about 16% higher than that of
the 2 GeV beam. At the early stage of the linac commission-
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ing with a lower energy beam, an attention should be paid
to this higher heat load and associated higher thermal stress
in the PBW.

RADIATION DAMAGE

Proton Beam Window

The proton dose limited lifetime of the PBW is determined
by the helium production in the aluminium alloy [9]. The
helium production rate depends on proton energy and beam
current density. At ESS, the total helium production in
the aluminium alloy is limited by 2400 He-appm. FLUKA
simulations are performed to calculate the helium production
rate in the PBW. In steady operation, full current beam will
be delivered to the target for 5400 hours per year. With
the maximum time averaged beam current of 2.5 mA, the
calculated accumulated helium production in the PBW per
year are respectively 2240 appm at 571 MeV, 3160 appm at
1.3 GeV and 3620 appm at 2.0 GeV. Applying the maximum
2400 He-appm criterion in the PBW, the lifetimes of the PBW
are respectively 5780 hours (8.25 GWh of accumulated beam
energy) at 571 MeV, 4110 hours (13.3 GWh of accumulated
beam energy) at 1.3 GeV, and 3580 hours (17.9 GWh of
accumulated beam energy) at 2.0 GeV.

Beam Entrance Window

The maximum displacement damage on the BEW made of
stainless steel 316L is 0.4 dpa at 2 GeV, 0.35 dpa at 1.3 GeV
and 0.25 dpa at 571 MeV for the 5400 hours of annual oper-
ation at full current. During the 5 year lifetime of the target
wheel, the BEW will receive less than 2.5 dpa of the damage
dose, which is more than three times less than the maximum
displacement damage dose recorded in the SNS target win-
dow [10]. Indeed, the maximum displacement dose in the
ESS target wheel is located at the horizontal vessel plates
mainly due to a high intensity fast neutron flux [11]. The
lifetime of the target wheel is limited by the maximum dis-
placement dose of 7.5 dpa in the target wheel during 5 years
of full power operation. With a lower beam energy than
2.0 GeV, the target lifetimes are extrapolated to be 6 years at
1.3 GeV and 8 years at 571 MeV.

Spallation Material

As the spallation material does not carry any structural
function, there is no dose limited lifetime defined for the
tungsten. The calculated maximum displacement damage in
the tungsten bricks are 1.0 dpa/year at 571 MeV, 3.0 dpa/year
at 1.3 GeV and 2.6 dpa/year at 2.0 GeV. Tungsten is known
to show completely brittle behaviour at the operational tem-
perature of 500 °C already at above 0.1 dpa [12]. With the
proton and neutron induced radiation damage, the thermal
conductivity will also degrade with time [13]. The radiation
damage in tungsten also makes the material stiffer. Pure
tungsten irradiated by heavy ion up to the maximum damage
level of 0.05 dpa showed an increased material stiffness by
12% [14].
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The effect of radiation induced changes of thermal con-
uctivity and stiffness on the operational temperature and
elated static stress level in the tungsten brick has been stud-

ied with FLUKA and ANSYS simulations. The temperature
~ dependent thermal conductivity of irradiated tungsten is
£ taken from Ref. [13] for 3.8 dpa, and 20% higher Young’s
£ modulus has been assumed for the irradiated tungsten based
s on Ref. [14]. The results of analyses, based on a quarter of
= single wheel segment model shown in Fig. 4, are summarised
% in Table 4. Specifically, a transient simulation for 10 beam
% pulses are made, where the initial condition is provided by a
£ calculated steady state configuration.
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Figure 4: The geometry model used for the flow simulations,
which represent a quarter of single target wheel segment.
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Table 4: Radiation Damage Effect on Operation Temperature
and Maximum von Mises Stress in a Tungsten Brick

Parameter Time Unirr. Irrad.
maximum  Pre-pulse 321°C  337°C

temperature  Post-pulse 395°C  411°C
maximum  Pre-pulse 27 MPa 50 MPa
stress Post-pulse 83 MPa 117 MPa

Also the effect of different raster sweep areas is analysed.
For an un-irradiated tungsten brick, the reduced maximum
= raster amplitudes A, =54.3 mm and A, =18.7 mm result in

§ higher temperatures and thermal stresses. The calculated

-“é pre and post-pulse temperatures are 341 °C and 427 °C
2 respectively, showing a marginal increase of temperature
“g’ compared to the nominal beam case. The corresponding von
2 Mises stresses are 31 MPa and 117 MPa respectively, which
2 are considerably larger than the nominal beam case. This
E shows that the beam raster area need to be monitored with
ot <11 .. . .

S an order of milli-meter scale precision to avoid a higher than

= design stress in tungsten bricks.
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€ Multiwire Beam Profile Monitor

At 5 MW proton beam power with nominal raster parame-
ters, the displacement damage in the MWPM made of SiC is
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5 dpa per year. A highest damage level in SiC wires for beam
profile monitoring is known to be deposited at Target Station
2 of ISIS, which is estimated to be 3 dpa and it continues
operating without failure. Based on this, the proton damage
lifetime of the MWPM is estimated to be 1 year at 5 MW
operation of proton beam at ESS.

NEUTRON YIELDS FOR DIFFERENT
BEAM ENERGIES

In order to assess the neutron yield from the target, a toy
FLUKA model consisting of a tungsten slab with dimension
180x80x400 mm? subject to a pencil beam is studied. Fig-
ure 5 shows the energy dependent spallation neutron flux
from the top and bottom surfaces of the tungsten slab per
MW beam power.

%10

Neutron Flux via Top and Bottom Surfaces of W-Slab

Flux [neutrons/cmzls/MVW

0.8 i} 1.2 1.4 1.6 1.8 2
Beam Energy [GeV]

Figure 5: The energy dependent spallation neutron flux from
the top and bottom surfaces of the tungsten slab per MW
beam power.

The flux of spallation neutron per unit power increases
with the beam energy, until it saturates at above 1.3 GeV. This
loss of spallation neutron flux at lower beam energies can be
compensated to a certain extent by optimising moderators
and reflectors [15].

CONCLUSIONS

The correlation between the beam parameters on the tar-
get and its implications on the operational conditions of
the beam intercepting devices are studied. The thermo-
mechanical loads on the BIDs could differ considerably with
a minor change of beam parameters, which shows the im-
portance of beam diagnostics with precision. The beam
parameters will be further fine-tuned from its baseline val-
ues, to gain higher reliability of the BIDs than is predicted
under nominal beam parameters.
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