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Abstract

To provide essential beam diagnostics for the spallation
target and for the tuning dump of the European Spallation
Source (ESS) with its high-power, low-emittance proton
beam, optical imaging systems have been developed allow-
ing remote viewing of the beam profiles, using scintillation
light from coatings on the proton beam window (PBW) at
the accelerator exit and the target entry window (TW), and
insertable interceptive screens at the tuning dump (TD).

In this paper, we present the techniques used and the
main parameters in the design of the TD system, including
the optical configurations modelled in the software Zemax
OpticStudio (ZOS). We also present the design principles
for reflective optics which can transmit high-quality im-
ages, showing the performance of the imaging systems as
predicted by ZOS and by prototyping. We take account of
the requirements for initial alignment and ongoing mainte-
nance of the optical system.

Studies of the radiation and thermal environments,
which impact on sensitive optical components such as
cameras and mirrors, are also described, as are mechanical
considerations for the vacuum vessels and screen actuators.
Finally, comments are made on the applicability of similar
optics to diagnostic systems at other neutron sources and
accelerators.

TUNING DUMP OPTICAL DIAGNOS-
TICS: SYSTEM REQUIREMENTS

The fundamental requirements for the TD diagnostics
are summarised in Error! Reference source not found..
Beam conditions and the physical environment are specific
to the dump line.

Tuning Dump Optical System Parameters

The Tuning Dump (TD) is designed to receive the ESS
beam during initial commissioning and LINAC tune-up,
whenever the beam is to be studied without sending it to
the target. The dump can safely handle short proton pulses,
and also full pulses but at reduced rate.

It was originally envisaged that a single imaging system
located at the termination of the dump beam-line should be
capable of viewing the beam incident on the dump face, in
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a similar way to beam-on-target imaging, as well as its pro-
file immediately before its exit from the beam-pipe.

Table 1 TD system requirements - main parameters

Parameter Value Origin

Field of View | Max. Full beam-pipe diameter
possible | =250 mm

Limiting Ap- | 200 mm | Vessel viewports
ertures 100 mm | Camera penetration*
Beam Size 1.6 cm Beam dynamics simula-
(nominal) (rms) tion [1]
Resolution <l mm Beam profile
Max Average | 12.5kW | Use Case: ‘Slow Tuning
Power Beam’ [1]

*see Figure 14

Modified Tuning Dump System Requirements

It is not now planned that the dump face will receive the
luminescent coating which could have generated an image.
The requirement for the TD system has therefore been sim-
plified to providing imaging of the beam transverse profile
at two or more locations upstream of the dump itself. These
will be separated longitudinally to retain the capability for
beam divergence assessment. The system is also required
to be able to image a beam occupying any part of the full
physical beam-pipe aperture at its exit.

OPTICS DESIGN APPROACH

Because of the hostile radiation environment in the TD
tunnel area, a system based on all-reflective optics has been
selected, rather than lenses or optical fibres which are
known to suffer rapid damage [2]. Nevertheless, some deg-
radation of components close to the proton beam is to be
expected over time.

The industry-standard optical system design software
tool Zemax OpticStudio [3] has been used to perform all
design work, with theoretical values as initial parameters.
While not essential, use of Zemax has assisted with inte-
gration of the optics with beam-line CAD models. Pure
ray-optics modelling was considered to be sufficiently ac-
curate, as diffractive effects may be neglected.



Tuning Dump Optics Design

Initial concepts explored for TD imaging included a 3-
curved-mirror system based on aberration compensation
principles [4], resembling the optics previously designed
for PBW/TW imaging [5][6][7], and also an optical fibre
solution with cameras located remotely. The multi-mirror
option was considered unnecessarily complex for the mi-
nor gain in field-of-view, while fibres would be too suscep-
tible to radiation damage and have inferior optical charac-
teristics, in addition to cost and availability issues.

The final design selected has a simple ‘periscope’ configu-
ration comprising 2 plane mirrors, which combines ac-
ceptable image quality with flexible camera positioning.
To meet the original requirement, which envisaged the im-
aging of the beam as it entered the dump face, an early de-
sign was devised with a composite screen/mirror system to
image the beam on the screen front surface as it passed
through, while simultaneously collecting a reflected image
of the beam on dump by using the rear surface of the screen
as a mirror. With the relaxation of the dump imaging re-
quirement, it has become possible to simplify the system to
a plain screen, eliminating the need for rear mirroring.
The optical components comprising the model therefore in-
clude:

o the object (screen intercepting proton beam)
the viewport in the vacuum vessel

1% 45° mirror (outside the viewport)

274 45° mirror (on ray-path from 1% mirror)
imaging lens and camera

Figure 1 Screen in centre of imaging vessel - plan view.
Proton beam direction is indicated by the arrow; the
screen orientation shown is at 90° to the beam.

Photon Sources for Imaging

The primary light source for TD imaging will be a ‘Chro-
mox’ ceramic screen, although an alternative with a ther-
mally-sprayed luminescent coating, most probably Cr-
doped alumina on an aluminium backing, will also be fit-
ted. Screen materials are excited into photon emission by

the energy of incident protons. Studies are ongoing to iden-
tify materials which could improve on the standard widely-
used and commercially-available ‘Chromox’ [8]; however,
these must give adequate photon yield per proton, emission
spectrum, lifetime & linearity, while maintaining their
properties after the heat exposure of the spraying process.

STUDIES OF PHYSICAL ENVIRONMENT

The physical environment in which the optical systems
must function has an effect not only on their performance,
in terms of image quality and stability, but also on the use-
ful lifetime of their components. This applies to the effects
of both heating by deposition of energy from the beam and
also damage at the atomic level from particle collisions.

Tuning Dump — Radiation Environment

The dump line with its vacuum vessels, the dump structure
itself, and the enclosing shielded tunnel, have been mod-
elled using the Monte-Carlo radiation transport code
FLUKA [9]. By applying the expected beam parameters at
the dump and the estimated utilisation, based on the ESS
operating schedule, to the outputs of the model, the total
radiation dose per year has been calculated, at locations of
interest in the vicinity of the imaging vessel. The objective
was to find positions for the cameras which while provid-
ing the required field of view would ensure an adequate
useful lifetime, before radiation damage to the CCD sensor
compromised the image quality unacceptably.

Camera Radiosensitivity

Studies have been made both of dose and of neutron or pro-
ton fluence, as related to observable effects expected in im-
age quality or system performance, including:

e permanent damage to sensor pixels

e  ‘upsets’ to camera electronics, recoverable after reset
e irrecoverable damage causing imaging failure

Based on these sources [10], and the expected major annual
shutdown schedule during which degraded optical ele-
ments may be replaced, an arbitrary target dose of < 20
Grays/year has been set for selection of the imaging cam-
era locations, with any associated shielding. At a fraction
of this dose, no detectable effects are expected.

A number of alternative, specifically ‘radiation-hard’ cam-
era solutions were considered, such as the older ‘Vidicon’
tube type which are still available (e.g. Mirion), or CID
sensor types (e.g. Thermo Scientific). These have quoted
operational dose limits of 2x10° and 3x10* Gy (lifetime),
and 3x10* and 1x10° Gy/hr (during imaging), respectively.

Beam dump
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Figure 2 FLUKA model of the dump line tunnel (elevation shown from RHS); beam from L to R. Dimensions in m.
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However, for optimum image quality and choice of supply,
an adequately shielded standard scientific CCD camera is
preferred; details of the selected type are listed in Table 5.
As occasional single event upsets from radiation are to be
expected, the camera control system must allow rapid reset
by remote power-cycling.

Although no other critical component is as radiosensitive
as the cameras, dose assessments have also informed the
selection - or avoidance - of such susceptible materials as
elastomer vacuum seals and actuator flexible drive belts.

Radiation Transport Modelling with FLUKA

The FLUKA code is a mature simulation environment for
the Monte-Carlo modelling of radiation transport (charged
particles, neutrons & photons) through matter. A model of
the ESS tuning dump, the TD beam-line and its shielded
tunnel has been created, including all significant geometry
and material compositions, as shown in Figure 2. A simu-
lation is run by propagating particles from the start of the
beam-line towards the dump and collecting data on the his-
tory of each primary particle as it interacts, possibly pro-
ducing secondary particles which are also tracked. As
events in the regions of particular interest were rare, a very
large number of primaries had to be followed; typically this
was 5x10° to 10° for the TD geometry, for statistically
meaningful results to be obtained. Following FLUKA
guidelines, five repeated independent runs were performed
for each model, allowing an estimation of the associated
variance.

The external viewer program ‘SimpleGeo’ has proved
useful for preparing detailed 3-D geometry images and for
the plotting of particle tracks, based on FLUKA data files;
it also provides a CAD modelling interface.

Camera Radiation Dose

For the TD system, the absorbed dose was recorded in
those regions proposed for locating the imaging cameras.
Dose is estimated by FLUKA per primary particle, the total
number of which must be calculated from the projected
beam current and the annual time for beam on dump, based
on the equation:

I
Protons per year = 0.5 xts x 3600 xf

= 3.54x 10"
where annual machine study time ts = 500h; time-on-
dump fraction (estimated) = 0.5; beam current (mean) Ip =
6.3pA; e = electronic charge

It was also demonstrated that a large fraction of the dose
received by an unshielded camera is due to particles scat-
tered by the imaging screen itself; with the screen removed,
only that radiation escaping from the dump entrance makes
a contribution. Figure 3 shows the imaging vessel in the
dump-line tunnel, with the proton beam propagating from
L to R. Tracks of different types of scattered particle are

indicated by colour. On the top picture, the screen is in-
serted into the beam; on the bottom it is removed. Each run
is for equal numbers of primary protons.

As new candidate locations were explored, the FLUKA
model was developed progressively by adding the required
geometry, so that doses at multiple camera positions could
be compared during the same run.

Cameras

Imaging
Vessel

Cameras

Figure 3 FLUKA particle tracking displayed in ‘Simple-
Geo’, with screen inserted (top) and removed (bottom).
Camera locations shown are unshielded. Beam is L. to R.

Table 2 Camera doses for different locations. Camera 1
to L side, Camera 2 to R. Doses in Gy/year; errors at 1.

Location Camera 1 Camera 2
Shielded Bunker on Tunnel | 700 £ 150 | 380+ 90
Floor, 5cm concrete lid
Shielded Bunker, thicker 430 £ 60 650 + 140
cover plate, 7.5cm concrete
Shielded Trench excavated | 325+350 | 275+ 350
in Floor Slab, 7.5cm cover
High-Levelf, otherwise 100+ 150 | 4070
layout as for Bunker case
High-Levelf, further dis- 180+290 | 24+22
placed from beam axis
High-Levelf, down-looking | 120 + 60 55+30
onto 1% mirrors
High-Level, horizontal in 45+20 15+9
wall ‘niches’ (5+£6)* (3£35)*
High-Level, set well back 15+£25 12+£7
into walls
High-Level, in 1.5m hole N/A undetectable

*Note: Doses with screen removed from beam, see Fig-

ure 3. FHigh-level cameras unshielded, unless in walls.
In Table 2, results show that with cameras located close to
or just under the beam-line, addition of shielding alone can-
not sufficiently reduce the dose to the target. The combina-
tion of height and the optimal use of the existing shield wall
thickness has provided a solution. Drilling restrictions limit
the size of hole, primarily due to the wall



Figure 4 Camera locations (9) corresponding to those listed in Table i“(reacfwfrom t;)p, L to R). Dimensions in cm.

reinforcement, but the hole will have a minimum diameter
of 100mm; its depth will not exceed 1.5m. It should also
be noted that due to changed imaging requirements (see
Modified Requirements), only a single camera will in fact
be deployed; in Table 2, ‘Camera 1’ and ‘Camera 2’ refer
to locations on opposite side of the beam-line. Figure 4 il-
lustrates the 9 locations listed: cameras are represented as
grey cuboids in the vicinity of the vessel.

Dose from Beam Losses

When the ESS is operating in ‘User’ mode, the beam from
the LINAC is directed into the target line by dipole mag-
nets in the first bend of the ‘dog-leg’ section. Some of the
protons are lost from the beam in this region and will enter
the dump tunnel, as shown in Figure 5, contributing to the
total dose received by the imaging cameras. To model these
losses, advantage was taken of earlier ESS modelling work
to provide the input data files containing full parameter sets
(position, direction vectors and energy) for a large set of
particles. A customised code module ‘SOURCE’ was writ-
ten to read the pre-processed particle data into the existing
TD FLUKA model. From this, the dose per source proton
at the camera location was obtained, and hence the annual
dose derived using the following result:

900 A00 700 ROO F00 400 B-200

-200 7

Proton Losses to Dump Tunnel per year
= (5300 X 3600) X (2.52 x 1073)
%X (0.002 x0.01) /e
= 6.00 x 108 protons

where average beam current (SMW full power beam on tar-
get) = 2.52mA, operating hours = 5300 per year, and frac-
tional loss rate at the dipole = 0.002% (assumed).

Doses to the camera in its final selected location as shown
in Figure 14 were undetectable in FLUKA simulations.

Dipoles |
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Dump

Beam losses

Figure 6 Beam losses from first dipole in the dog-leg sec-
tion, which enter the dump tunnel. Beam from LINAC en-
ters from L, beam to target leaves to R.

Decay Dose-Rates

A separate study was made of the dose-rates which would
be expected in the vicinity of the imaging station, close to
the TD, in the period immediately after beam shut-off, due
to the decay of activation products in and around the dump.

Dump Irradiation Profile (Normal Operations)
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Figure 5 Projected beam-on-dump irradiation profile for 1 full year, after the start of normal user operations. Particles
delivered in each period are based on an average beam current I, = 6.3pA.




The pattern of beam-on-dump periods taken from the pro-
posed ESS Operations Schedule, after the initial start-up
date, is shown in Figure 6.

FLUKA accepts arbitrary particle irradiation times and
rates as input, and provides dose-rate output at any selected
decay times after beaming. Dose-rate 2-D profiles in the
horizontal plane of the beam are plotted in Figure 7, for
times of 1, 8, 24 and 72 hours after shut-down, at the end
of one year’s operation.
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Figure 7 Decay dose-rate plots in horizontal beam plane
in the vicinity of the imaging vessel, after 1, 8, 24, & 72
hours’ cooling time. Distances in cm, dose-rate in uSv/h.

The intense spot in the centre-right of Figure 7 is due to
the imaging screen; decay in radiation streaming from the
activated dump itself (to R of the plots) is also evident.

An independent study was made by analytical calcula-
tion of the activity induced by a 4.5cm radius beam of
2GeV protons via Cu(p,xn) reactions [11] in the copper
dump cylinder and the subsequent decay of the 21 most

important nuclides produced, using the equation [12]:
d —t;ln2 =tcln2
N,yo t t
SA(qu_l)Z%d_f 1-e 2z |e 2

where Ny is Avogadro’s Number, o is the cross-section for
the reaction, A is the nucleon number for Cu (taken as the
atomic weight for natural copper), d¢/dt is the particle flu-
ence rate, t; is the irradiation time, t. is the cooling time,

and ti; is the radioactive half-life. This equation gives the
activity per gram S, at time t. after the end of the irradia-
tion. The result is converted into the total activity in the
volume of the dump, using the density of Cu.

The gamma dose-rate at 4m from this source on the beam
axis (the approximate location of the imaging vessel), was
then estimated. The dose-rate D’ is calculated for each sig-
nificant gamma-ray from [13]:

D = @ (h) ()
4T \ p
where A4 is the nuclide activity, n is the gamma-ray abun-
dance, E is the gamma energy (in J), pler/p is the mass en-
ergy-absorption coefficient (for air), and G is the ‘geome-
try factor’ for a cylindrical source, derived from the expres-
sion [14]:

1 R§
ﬁ (—+z)ln 1+ﬁ
(z+2)
h 2
(=]
2 _ﬁ)
2772
_1%+z _12—%
+ 2R, |tan Rq — tan Ry

where Ry and h are the radius and height of the cylinder,
and z is the distance from its centre, on axis.
The contributions are then summed for the total dose-rate.

Table 3 Summary of decay dose-rates from two estima-
tion methods. All dose-rates are quoted in mSv/hr.

Cooling Time (hours) | 1 72
Total Dose-Rate (analytical) | 51.3 20.6
Dose-Rate (from FLUKA) 10-100 | 1-10

The results shown in Table 3 are consistent, given the cal-
culation uncertainties, especially as the analytical approach
ignores self-shielding by the dump. At the shorter cooling
time, FLUKA data will be enhanced by rapidly- decaying
local radiation from the screen.

Screen Heating Studies

As the beam passes through the imaging screen, it deposits
some energy as heat, thereby raising the temperature [15].
In the beam-pipe vacuum, only radiative and conductive
processes are available to dissipate the heat. Studies were

Beam profile
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Figure 8 Model of passage of beam through screen,
showing 'core' region for thermal analysis (1o width).



carried out into the instantaneous heating effect of a single
full ESS proton pulse, assuming no immediate heat re-
moval. In Figure 9, the peak temperature reached in the
various layers of a composite screen is plotted against
beam size (at 15), assuming a Gaussian distribution. The
plots labelled ‘SCR_xBC’ relate to the beam 1o ‘core’ re-
gion of the screen layers, treated as if in thermal isolation
from the outer regions.

Screen Heating by Full p+ Pulse
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Figure 9 Peak temperature in screen layers vs. beam size,
for a single full pulse of 1.114x10"° protons, at E, = 570
MeV.

Considering the melting points (MP) of candidate screen
materials, these results indicate that a coated aluminium
screen (MP = 660°C) is safe down to a beam size ox > 0.75
cm, while a Chromox screen (MP ~2000°C) could be used
at ox > 0.4 cm.

In comparison, a nominal beam of ox = 1.6 cm is predicted
to heat the screen materials by a maximum of 70°C.

SYSTEM PROTOTYPING
Tuning Dump System

Figure 10 Prototyping with optical table for resolution
tests, showing light path to camera via mirrors M1, M2
(looking down on path, camera seen in L. foreground).

At the University of Oslo (UiO) a prototyping facility has
been constructed with two large aligned optical tables;
these may be used in tandem to model the long path lengths
of the ESS optical systems. Prototyping assists in confirm-
ing the results of ZEMAX optical simulations, which can-
not always reliably incorporate the effects on image quality

of realistic errors in optical components. The effects of ap-
ertures and limits on fields of view can also be evaluated,
and the proposed initial assembly, alignment and mainte-
nance procedures assessed.

PROJECT PLANNING

The development of the project has been marked by a num-
ber of milestones and major reviews, as imaging systems
for both the PBW/TW and the TD were developed in par-
allel:
e  Preliminary Design Review (PDR)
e Critical Design Review (CDR)
e  System Prototyping
For the TD system, additional review stages have been:
e PDR specifically for the imaging vessel, this be-
ing integral to the full TD beam-line
e final CDR and sign-off for the vessel, with a full
documented specification
Stages yet to be completed include:
e Placing of orders for components, & fabrication
as per specification
e Delivery & integration; acceptance testing
e Final installation & commissioning on site, in
‘cold check-out’ and ultimately, with beam.
Initial mechanical testing will be integrated with the stand-
ard vacuum vessel acceptance process at the STFC
Daresbury Laboratory.

DESCRIPTION OF FINAL DESIGN
Optical Performance of the TD Design

Figure 11 Image quality assessed by viewing a millimetre
resolution test scale at the prototyping facility, through
the same camera and lens as those proposed, plus a sam-
ple of viewport window.

Conventionally, the Modulation Transfer Function
(MTF) is the standard measure of optical performance, im-
aging fine detail. However, a more realistic prediction of



image quality than that simulated by Zemax has been ob-
tained experimentally at the prototyping facility, equipped
with a lens, mirror and camera identical to those planned
for installation, as shown in Figure 11Error! Reference
source not found.. In view just R. of centre is a small sam-
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Figure 12 Locations of imaging stations in the dump line.

Tertiary imaging vessel is to be initially installed empty.

Beam direction is from bottom L to top R.

ple representative of the proposed viewport window.

The limiting aperture in the system is the 200mm diam-
eter viewport, the mirrors being sized to accept the full
field of view. The main optical properties of the chosen de-
sign are listed in Table 4Error! Reference source not
found.; these are the values expressed in the Zemax model.

Table 4 Design parameters for the Tuning Dump system -
values entered into the Zemax model

Parameter TD system

Focal Length (mm) — set by lens selected | 135

f/# {proposed} £/2.85 {t/2}+

Mirrors: Clear Diameter (mm)

M1 | 290
M2 | 110x 150
Screen — Lens Distance (mm) 3828*

*variable, depending on exact position of camera
1 depends on position & hole diameter (see Figure 14)

Tuning Dump System Components

Initially, two identical systems will be installed, with
provision for a third at a predefined upstream location, in-
dicated in Error! Reference source not found.; access to
three profiles would enable more advanced diagnostics, in-
cluding emittance measurements.

Mechanical System

Figure 13 Imaging vessel final design (axiometric

view). Beam enters from lower R., viewport flange to
front. (Inset: Actuator showing limit switches.)

Each imaging vessel will be special custom-made 5-way
cross, the horizontal arms conforming to the DN-250
standard of the beam-pipe, while the vertical will be to
DN-350 to accommodate screens wide enough to allow
coverage of the full aperture, illustrated in Error! Refer-
ence source not found.. With a beam-height of 500mm
above the tunnel floor, there is space below the beam-line
for a vessel sized to accept the one unused screen in its
lower vertical section, while the upper part is sufficiently
tall to take both screens when fully raised clear of the
beam. To facilitate maintenance reassembly, threaded
‘half-moon’ split-rings, rather than separate nuts (x36 for
DN-350 size), will be used for clamping the top and the
45° viewport flanges of the vessel; this also allows the
flanges to be rotatable.

A long-travel vertical linear actuator on the top flange,
seen in Figure 13, can move either of 2 screens into the
beam. The actuator is a conventional edge-welded bellows
design driven by a lead-screw. Special features include an
in-line planetary gearbox to meet the torque requirement of
2 N-m from a stepper motor with a moderate current load,
though a directly-coupled option is also under considera-
tion; the motor is selected for ‘harsh-environment’ (radia-
tion) service. The configuration also avoids the need for an
elastomeric drive-belt, which could be susceptible to radi-
ation-induced failure; the annual dose to the motor as as-
sessed by FLUKA modelling is 50 Gy. The system has no
encoders, motion being controlled by five limit switches
which sense intermediate screen positions as well as ends-
of-travel.

Optical System

Screens will be mounted at 90° to the beam direction and
will be viewed directly through a large diameter fused-
quartz viewport on the vessel’s 45° arm. The viewport win-
dow may be changed when needed due to transmission
loss; although quartz is radiation-resistant, FLUKA model-
ling predicts a dose of up to 5.7 kGy/year.

Images will be relayed vertically through pairs of 45°
plane mirrors, to CCD cameras mounted in 1.5m deep
holes drilled in the tunnel walls, 1.5m above beam height,
as shown in Figure 14. Remotely-controlled lenses on the
cameras will focus the final images and also provide for
adjusting the f~number. Remote filter-changers located just
in front of the lens, or alternatively at the entrance to the
shield-wall hole leading to the camera, will provide se-
lectable attenuation for image intensities which could, un-
der certain beam-focusing conditions, exceed the dynamic
range of the camera. It has also been demonstrated that
depth-of-field across the full screen width may be im-
proved by applying a tilt of less than 2° to the camera sen-
sor, using the Scheimpflug principle [16]. Characteristics
of the selected optical elements are listed in Table 5.

An interface with the Machine Protection System, to in-
hibit the beam in case an unsafe condition is detected, will



be provided through logic in the image processing software
[17].

Control Systems

Controllers for both actuators and cameras will be located
in racks outside the dump tunnel area. Motion control will
use the ESS standard EtherCAT protocol which is sup-
ported by a range of commercially-available modules;
these will also provide the logic processing for the limit
switch array.

camera
(inside)

——————] 1e+03 mm

Figure 14 Optical path from a screen inside the vessel,

via plane mirrors to a camera located inside a hole drilled
into the shield wall. Proton beam direction is indicated by
the red arrow. (Inset: Plan view, with beam from bottom.)

Table 5 Selection of Principal Optical Components. Mir-
ror surface quality is quoted in wavelengths.

Compo- Property
nent

Mirror M1 UQG Optics 290mm diam x 6mm thick
Aluminium surface coated on borosili-
cate; SiO; protected
Quality: 1 A per 25mm.

Mirror M2 | UQG Optics 150 x 110mm x 10mm
thick
Silver coated on UV fused silica; SiO;
protected
Quality: A/4 across surface
Hardness: 40-20 scratch-dig

Lens Canon 135mm /2L USM

Camera Allied Vision Manta G-419
Sensor: CMOS 2048 x 2048 pixels

Figure 14 was generated in the ‘non-sequential” mode of
Zemax, which has also been used to explore the options for
providing illumination of the screen in the absence of a
beam. For this, it is currently proposed to locate a radiation-
hard light source between mirror M1 and the viewport.

CONCLUSION

An optical system has been designed to form images of
the ESS proton beam profile at the end of the Tuning Dump
line. The design has been developed and optimised to meet
performance requirements under severe radiation environ-
ment constraints, and corroborated using the Zemax tool-
set, It has been shown that it is possible to adopt a very
simple two-plane-mirror system while maintaining ac-
ceptable image quality; the cost and complexity of improv-
ing the image using further mirrors is not considered justi-
fied. Although detailed tolerancing studies for the effects
of thermal expansion, misalignments, and production un-
certainties are not presented here, prototyping of the sys-
tem with mirrors of the specification to be installed has
demonstrated they are able to meet imaging requirements.

Assessment of predicted radiation dose in the Tuning
Dump line after irradiation has informed the location of im-
aging cameras for acceptable working lifetimes, the choice
of materials for other key components, and the conditions
to be expected during maintenance access. A detailed de-
sign for the imaging vacuum vessel and its mechanical el-
ements has been developed to meet vacuum and other re-
quirements.

Applicability to Other Neutron Sources

The design criteria have emphasised resilience and dura-
bility, giving assurance of longevity together with main-
tainability. As such, an imaging system of this type would
be suitable for other high-power proton beamlines, unless
a non-invasive diagnostic is required. The element of the
system carrying the greatest risk is the screen itself, which
is subject to beam damage, breakage or loss of emission,
and this is mitigated by provision of a running spare at each
imaging station.
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