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Abstract

The feasibility study of a vertical Slit was performed. This Slit is needed for the diagnostic Line for
Beam energy Spread of the Linac 4 (LBS line). The Linac 4 will replace the Linac 2 and enable the Large
Hadron Collider (LHC) to reach an energy of 14 TeV (highest energy ever reached).

When the beam impact on it, the Slit heats up and deforms. The deformation of the slit is the
key problem. The present feasibility study aims at assessing whether or not it is feasible to keep this
deformation below 50um, according to the specifications [14].

The determination of all the issues related with the Slit was driven. The priority was given to the
thermomechanical issues. The methodology chosen to approach the problem led to three steps:

e First, the determination of possible designs for the Slit. One design was identified.

e Second, the determination of the best materials. Two figures of merit and a model were specifically
conceived for it. Graphite R4550 was identified as the best material.

e Third, the Monte-Carlo FLUKA code and the numerical simulation software ANSYS were used to
evaluate the deformation, temperature and stress state of the Slit.

The thesis concludes by stating that such a Slit is feasible and proposes a design.
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1 Introduction and Perspective

1.1 How far the present study is integrated in the CERN project

Before reaching the Large Hadron Collider (LHC), particles are produced at the sources and accelerated
by a set of preaccelerators: linear accelerators and synchrotrons. The Linac 4 is a linear accelerator which
will replace the Linac 2 as injector to the Proton Synchrotron Booster (PSB [1]).

The goal of the Linac 4 project is to build a 160 MeV H linear accelerator replacing Linac 2 as
injector to the PS Booster (PSB). The new linac is expected to increase the beam brightness out of the
PSB by a factor of 2, making possible an upgrade of the LHC injectors for higher intensity and eventually
an increase of the LHC luminosity [1].

Before the beam escapes the Linac 4 to reach the PSB, the energy spread of the beam is checked
along the the Line for Beam energy Spread (LBS line). The present thesis focuses on the feasibility study
of a vertical slit which will be used in the LBS line.

1.2 CERN highlights

CERN stands for “Centre Europeen de Recherche Nucleaire”: european center for nuclear research.

The range and number of experiments currently running at CERN is too wide to be presented in a
few pages. What follows only gives highlights of a few major aspects. For more details, links to relevant
pages are proposed. The acronym are defined in the glossary.

Most of what follows is directly selected from the CERN presentation website: http://public.web.
cern.ch/public/en/About/About-en.html.

1.2.1 The CERN accelerator facility

The CERN accelerator facility is a succession of
particle accelerators that can reach increasingly
higher energies (see figure 1.1). Each accelera- FOUNDATION: 1954

tor boosts the speed of a beam of particles, be- PLACE: Geneva

fore injecting it into the next one in the se- ASSOCIATES: 20 member states

quence. BUDGET: 1 billion € a year
The facility also includes the Antiproton De- STAFF: 20000 employees

celerator and the ISOLDE facility and feeds NOBEL PRIZES: 6
the CNGS project and the CLIC test area
(CTF3).

Protons are obtained by removing electrons from hydrogen atoms. They are injected from the linear
accelerator (Linac 2) into the PS Booster, then the Proton Synchrotron (PS), followed by the Super Pro-
ton Synchrotron (SPS), before finally reaching the Large Hadron Collider (LHC). Protons will circulate

1


http://public.web.cern.ch/public/en/About/About-en.html
http://public.web.cern.ch/public/en/About/About-en.html

in the LHC for 20 minutes before reaching the maximum speed and energy.

Lead ions for the LHC start from a source of vaporised lead and enter Linac3 before being collected
and accelerated in the Low Energy Ion Ring (LEIR). They then follow the same route to maximum
acceleration as the protons.

1.2.2 CERN experiments

Physicists at CERN perform a wide range of experiments, which use beams of energetic particles pro-
duced in the accelerator facility. Each experiment involves specialised equipment, the detectors, to record
what happens when the beam hits either a fixed target or particles in a similar beam coming from the
opposite direction.

At the lowest energies, the Proton-Synchrotron Booster supplies beam to ISOLDE, a unique source
of radioactive isotopes for experiments with applications that range from astrophysics to industry and
medicine.

The Proton Synchrotron (PS) delivers higher energy protons to two contrasting experiments. DIRAC
is testing ideas about the strong fundamental force, while CLOUD is finding out how natural high-energy
particles might influence the formation of clouds. The PS also provides the protons that create the an-
tiprotons for the Antiproton Decelerator (AD), where physicists are learning more about antimatter in
the ALPHA, ASACUSA and ATRAP experiments. The ACE experiment also uses antiprotons, in this
case to assess their suitability for cancer therapy.

The next largest accelerator is the Super Proton Synchrotron (SPS), where COMPASS focuses on
investigating hadrons - particles made of quarks, including the nucleons (protons and neutrons) of ordi-
nary matter.

The Large Hadron Collider (LHC), CERNs most powerful accelerator, hosts six experiments designed
to find out how the particles of matter behave at a new high energy frontier. The experiments are located
at points where the LHCs two beams, which travel in opposite directions, collide head on.

For more information about the LHC experiments: http://public.web.cern.ch/public/en/LHC/
LHCExperiments-en.html. For more information on non-LHC experiments: http://public.web.cern.
ch/public/en/Research/OtherExp-en.html.

1.2.3 The Higgs Boson

The existence of new boson around 126 GeV was announced at the CERN semi-annual conference on
the 4th of July. Its behaviour is said to be consistent with the predicted Higgs boson. The discovery of
the Higgs boson was one of the main reason for the construction of the LHC. It is however not the end
of the story as Rolf Heuer, the president of the CERN, said !, but the beginning. Other questions are
raised, such as:

e What are the properties of that particle 7
e Are there any other Higgs bosons or is it the only one ?

LT was personnaly there and heared him
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2 Motivations

In order to assess the quality of the beam at the exit of the Linac 4, two diagnostic lines exist: the Line
for Beam Emittance measurement (LBE) and the Line for Beam energy Spread measurement (LBS).
The quantity describing the energy spread is %p. The measurement principle of the LBS line requires the
installation of a vertical slit (abstract of [8]). This is the motivation.

The central element of this diagnostic line is a vertical spectrometer magnet, which sorts the par-
ticles according to their individual energy along a vertical position axis. From the central value of this
distribution the mean energy can be derived, while the width of the distribution is proportional to the
beam energy spread (abstract of [8]). The layout is presented on figure 2.1.

The following formula connects %p to the measured beam radius:

dp 1 5
? = B\/ameasured - (6/3)2 (2'1)
where:
e D is the dispersion (known)

dp . .
?p is the relative momentum spread

B is the usual beta function
€ is the emittance of the beam
® O easured 15 the half-width of the gaussian distribution of the beam spread

The relative momentum spread can only be calculated if the €f term is small compared t0 O eqsured-
The slit intervenes precisely in reducing the emittance (€), and the measurement instrument (SEM grid)
is placed at the minimum of the 8 function, so that:

dp 1
p

- Bameasured (2'2)

SEM Grid

Viz
//

3843.5 mm

1200.8 mm 54°

7026 mm

[ x - !

Collimator Slit Spectrometer Magnet

Figure 2.1.: On the left: Photograph of the present installation of the two diagnostic lines. On the right: schematic
layout of the present energy measurement line. The distances and the bending angle read as they are
implemented for Linac2 [15]







3 Formulation of the Problem

3.1 First Formulation

The purpose of the Slit is to vertically cut the beam. Figure 3.1 represents a sketch of a typical Slit.
In order to fulfil its function, the aperture of the Slit must remain constant during operation. To put it
another way, the surfaces of the aperture of the Slit must not deform too much !.

vertical

longitudinal

| horizontal

Beam

(a) Sketch of a typical Slit in 2D.
(b) Sketch of a typical Slit in 3D.

Figure 3.1.: One part of the beam goes through the aperture while the other one impacts on it and stops. The
part that impacts on the Slit heats it. The Slit, being heated, dilates: it deforms. In order to fulfil its
function, the aperture of the Slit must not deform too much.

However upon irradiation by 160 MeV protons, the Slit heats up and does deform. In first approach,
the problem can be formulated:

“How to keep the deformation of the Slit as low as possible 7”

On what parameters does the deformation of the Slit depends 7 First on the loading condition, i.e.
the beam parameters, and second on the design of the Slit.

The beam parameters (power, energy of the particles and spatial distribution) are fixed by the
specifications [14]| (Appendix A). The only free variable is the design, i.e. the material and the geometry.

The choice of the material impacts on the deformation because some materials may heat and deform
more than others. Similarly the geometry, especially the shape of the impacted area impacts on how the
heat is spread on the surface and in the volume?.

Since the only free variables of the problem are the geometry and the material, a second formulation
of the problem would be:

“What is the geometry and the material that minimize the aperture deformation” ?

1
2

See the specifications in appendix A for the numerical values.
See table 4.1 for the different shapes of the impacted area.




3.2 List of all issues

Although minimizing the aperture deformation is the key issue, it is not the only one.

Being a BID (Beam Intercepting Device), a Slit shares all the issues of BID. The BID themselves
are a subclass of the engineering devices and thus share their issues: typically cost and maintenance. All
these issues are summarized on figure 3.2.

4 ™
[ - Cost f 11 - Vacuum (outgassing)
- Maintenance :gtterrgsseg:ture - Dimension limits
- Availibility - Microstructure

- Shock waves
- Activation

% Slit issues 4

\ BID issues J

Engineering issues

Specific operation constraints

Set of all issues

Figure 3.2.: Classification of all the issues. See the glossary for the abstraction process, the Monte-Carlo code and
FEM.

Upon irradiation by 160 MeV, the Slit heats up and deforms, therefore stresses occur. The stress
should be kept below the fatigue limit of the material®. Moreover, when the beam hit the Slit, a shock
wave is produced. That might break it.

The microstructure of the material after irradiation should also be assessed, since the macroscopic
thermomechanical properties of the Slit depend on it. Will the thermomechanical properties of the Slit
be the same after a few weeks, months or years ?. The activation of the whole Slit should also be checked
for radioprotection reasons.

Though less critical, vacuum aspects (the Slit is in vacuum) and dimension limits have to be taken
into account.

Like all engineering instruments, the cost, maintenance and availability should be considered.

Finally, the problem will not be solved analytically but numerically using ANSYS workbench. The
model depends on the quality of the abstraction process, the precision of the Monte-Carlo code (FLUKA)
and the quality of the Finite-Element modelization (FEM) done with ANSYS.

3.3 Scope of the feasibility study

Now that all the issues have been enumerated, the problem can be exactly stated:

3 Tt might be first thought that the yield strength is the relevant criteria, but it is not. The beam being composed of

pulses, it is discontinuous meaning that the stresses in the Slit are also cyclic.
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”"What is the optimal design and optimal material that suit all the issues?”

Yet, the present feasibility study does not deal exhaustively with all the issues. It focuses particularly
on the Slit specific issues and those issues common with the BID. The thermomechanical issues are
exhaustively treated (temperature,stresses and deformation). The other issues are only briefly discussed,
but the keys to treat them are given.

Moreover the present feasibility does not provide the complete design of the Slit. The integration with
the other parts of the beam line is not discussed at all. It only focuses on the design of the volume which
interacts directly with the beam. In order to avoid any confusion, we introduce the word “predesign” to
denote that part that interacts directly with the beam.

The present feasibility study answers with a systematic approach to the problematic:

"What predesign and what material best suit the temperature, stresses and deformation
issues 77

Then the predesign and the material selected are found to meet all the other issues (see the conclusion
section).

3.4 Approach of the Problem

The methodology used to select the best predesign and material is based on the following assumption:

1. “Separation of predesign and material selection?”: the material choice is dependent of the predesign.
The possible predesigns should be defined first, and only then figures of merit and materials selection
for each predesign can be derived.

2. “predesign selection by literature review and imagination”: from literature review only a few designs
are found. Two are presented.

3. “Selection of materials by figures of merit”: since there is no single currency to classify all the
materials figures of merit are defined in order to eliminate materials that are likely not to be good
candidates®. Then it appears that only a few materials are left.

4. “Finite element as the concluding step”™ once a predesign and a material are identified as relevant
candidates, three simulations are run to assess the temperature, stresses and deformation of the
Slit. From theses three simulations the conclusion on the feasibility (or non feasibility) follows
immediately.

In general predesign and material selection interact. In general there exists for a predesign D; a best material M;
and for another predesign D, a best material M, such that M; # M, (see section 7.6 on the selection of material and
shape first paragraph of [10]).

The conception of the figures of merit is done in the next chapter.

3.4. Approach of the Problem 9






4 Predesign selection

There does not seem to exist a general and rigorous method to conceive the best predesign. Therefore
the first step in the predesign selection was to browse through the literature and imagine new predesigns
from it.

The predesign of a slit can be divided in five independent features':

the phase of the material

the shape of the impacted area

the cooling system

the mechanical movement during operation
the working temperature

The various possibilities are presented in table 4.1. By combining them, possible predesigns can be
derived.

Some predesigns are simpler to build and to work with than others. For example a solid static block
of copper with drilled water pipes would be much simpler than two rotating copper cylinders rotating
in opposite directions and cooled down by water. However the latter predesign may have advantage the
first has not (lower temperature and stresses levels for example).

The methodology chosen was to focus first on simple predesigns and check if they fail or not. If yes,
more complex predesigns would then be analysed.

Among the various predesigns which were thought up, only two are presented.

4.1 predesign 1

The design 1 is composed of two symmetrical blocks and is presented on figure 4.1. Depending if the
material is a metal or a ceramic, the cooling can be either convective (water flowing through pipes) or
conductive? (using a copper jacket).

Refering to table 4.1, the beam impacts on a perpendicular area, there is no mechanical movement,
the phase is solid and the working temperature low.

The main advantage of the design is its simplicity.

4.2 Predesign 2

The main difference with the predesign is the working temperature which is high. The cooling mode is
radiative. The beam impacts on a block, and heats it. The block heats until it radiates as much energy as
it receives. Around this block is another part which capture the emitted radiations. Since the temperature
reached is high, high-temperature alloys and ceramics are of special choice.

The motivation to work at high temperature is twofold: first the specific heat capacity of most
materials, especially the ceramics, increase significantly with temperature (see figure 4.3). When the
heat capacity increases, the temperature gradient and therefore the stresses in the materials following
the pulses decreases. Second, working at high temperature enables defects annealing.

L As far as we have found and imagined. Other features may also exist. The features chosen and presented in table 4.1

are not always independent: it is difficult to have a solid rotating slit cooled down by convection (water).

2 Ceramics usually cannot be drilled.

11



Table 4.1: The five dimensions of a predesign are presented in the first column. By picking up one of the possibilities
in each dimension, a predesign is found. For example: a shape of the impacted area with an angle cooled
by convection (by drilling pipes), static, solid and working at high temperature. Other combinations
are possible, but some of them may not be practical.

perpendicular with an angle

Shape of the I — %
I—

impacted S

area ﬂ

cooling conduction (jacket) convection (drilled pipes) radiation
mode

rotating
mechanical static translating (L to beam direction)
movement %
phase liquid solid
working low high
temperature

4.3 Comparison of the two predesigns

The first design aims at simplicity, while the second aims at diminishing the stresses in the material.
Predesign 2 is only interesting if the first one fails.

However, simulations were made, and the predesign 2 proved to be much more technologically chal-
lenging than the first one. Moreover though the stresses due to the pulses are indeed two times lower than
with the predesign 1, others stresses appear. Indeed at the temperature reached the thermal conductivity
of graphite decreased by nearly an order of magnitude, leading to a significant temperature gradient.
Since the predesign 1 already proved feasible, no more research was done to solve the eventual issues of
predesign 2.

The predesign 2 proves that the stresses due to the pulses are significantly reduced, but that other
issues do appear.

4.4 Dimensions of the predesign

The range of 160 MeV protons in any material can be evaluated by SRIM and is shown in figure 4.4.
The minimal depth is therefore of 14cm. Then depending on the material the depth may be reduced.
The width and height of the half-blocks of both designs should be large enough to capture 70 of the

12 4. Predesign selection



y 140

() m———— 8§() mm

Figure 4.1.: Tllustrations of the predesign 1. It reduces to two symmetrical blocks with an aperture of Imm in
between. On the left, the impact of the beam is represented in green, on the right the minimal
dimensions of one of the two blocks are given in mm. Left figure made with ANSYS [13].

*L D

180 mm 0 e e S0 MM

Figure 4.2.: Tllustrations of the predesign 2. The beam impacts on the block shown on the left. This block heats
to a temperature until the equilibrium with radiated energy is reached. The radiations are catched
by the other part which is cooled by drilled pipes. The colors represents roughly where the hot (in
red) and cold part would be. Figures made with ANSYS [13].
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Figure 4.3.: Evolution of the specific heat capacity with temperature for a some ceramics (left) [9] and nuclear
grades graphites (right) [6]. When the heat capacity increases, the temperature gradient and therefore
the stresses in the materials following the pulses decreases. For graphite, for example, the specific heat
capacity triples from room temperature to 1500K, which means the stresses would be divided by three
by working at that temperature.
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Figure 4.4.: Range of 160 MeV protons in common materials. These estimations are based on SRIM [7] calculations.
Depending on the material, the slit should be between 20 and 140 mm to be safe.
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beam, i.e 7% 3mm = 2.1cm 3 for the height and twice for the width (symmetry). Figure 4.1 sums up
minimal dimensions for the slit.

3 The beam width is about 3mm. For more details see the datasheet in the appendix C.

4.4. Dimensions of the predesign 15






5 Material selection

As explained in the approach (section 3.4), the materials are classified by figures of merit (FOM) that
are first defined. Two thermomechanical FOMs are defined (section 5.1) and charts are used to select the
candidate materials. A model has been specially built for these two figures of merit and is presented in
appendix B. In our case, the set of candidates is reduced to only graphites and carbons.

5.1 Figures of Merit

Figures of merit! (FOMs) are:

“the key to optimal material selection. For most load bearing components, performance is limited not
to one but a combination of materials properties. Indices of performance are combination of material
properties which, when maximised, maximise some aspect of the performance [10].”

Relevant comparison of material properties and loading conditions have therefore to be formulated and
transformed into equations. In the present case (beam heating matter), the loading condition depends
on the power of the beam and the properties of the material. Therefore correlations are needed to make
the FOMs only rely on the properties of the material.

Once FOMs are produced, softwares such as CES? can draw charts to classify all the materials
according to these FOMs. Such softwares possess a database of thousands of materials (3836 with the
license used for the thesis) and all the usual mechanical and thermal properties of the materials.

To derive them, we propose the following “algorithm”:

State in words the condition

Translate it into equation

Try to link the parameters to the intrinsic properties of the materials from their definition

If necessary, build a model linking the loading conditions to the intrinsic properties of the material
Rewrite the whole figure of merit

ANl ol e

Temperature figure of merit

e statement: the maximal temperature in the material must remain below the maximal working
temperature

e translation into equation: Ty < Tyorking

e link to intrinsic properties: Tyqx = To + Tireadyseace + AT pulse

e use of a model®: T, =~ 300K, Ts¢eqdystate Would need a model (not developed). As an order of
magnitude we take 100°, which is the order of magnitude of the value found for graphite. AT, =~

3.10° 4
pO186¢,
. T, 3004100+AT,
e final expression: —2%— = Pulse
Tworking Tworking

or indices of performance.

See glossary for information about it.

The full description of the model used to evaluate AT, is given in appendix B.
idem.

AW N
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Stress figure of merit

e statement: the maximal stress in the material must remain below the fatigue limit
e translation into equation: 04, < Ofarigue
e link to intrinsic properties: O gy = E€pmgx = EQAT 4,
£ amodel’: ATy, ~ -1 _6
e use of a model®: AT, ~ PECTNE
e final expression: o/ = —2max— — Ea - ATpyise

O fatigue Ufatigue(l_zv)

5.2 Development of a model for AT

pulse

The stress figure of merit, as defined above, need the estimation of the maximal increase of temperature
ATy following a pulse. The model is presented in full details in appendix B.

Without going in all the details, we comment here its main results.

In the present case, the maximum increase of temperature occurs at the Bragg peak’, and is given

by:
1 1.92.107"2 - N,y
Bragg __ particules
ATPulse - 0.186C ’ 270 .o (51)
P p eqy " Teqy
where:
e p is the density of the material
e ¢, the specific heat capacity
® Nygricles the number of particles in one beam pulse (no unit)
® 0, and O¢q, are the beam gaussian distribution widths in x and y directions
and
2 _ 2 2
® 0, =0% + 0]
20 42 2
® O, =0y + o,

where o is the average width of the beam gaussian distribution of one particle (the “s” is for straggling
and scattering).
In its fully developped form, equation 5.1 is:

A Bragg _ 1 1.92.107"2- Nparticules

Pulse p0.186Cp ) Zﬁ 2 22—12 2
. 2 L L22 . 2 AT
2o+ (.25 p%) oy + (.25 p_73)

From this equation conclusions can be made:

e since the denominator of equation 5.1 is in the order of magnitude of 1, AT will be in the order
of the magnitude of a few Kelvins if the numerator is also of the order of magnitude of 1, i.e. if
Npgrtictes * 1.95.10712 ~ 1 ie. Nparticles ™ 5.10'. This gives an order of magnitude of the number

of particles in one pulse from which the temperature “really” increases.

The full description of the model used to evaluate AT, is given in appendix B.
proved in section 5.3.

7 See glossary for Bragg peak.
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e the importance of the density of the material relatively to the maximal increase of temperature is
small since its exponent is small. It is interesting to notice that the only property of the material
relevant here is the specific heat capacity.

5.3 CES Maps

The figures of merit which have been used to draw the CES [5] ® charts are the following one:

EaAT,
ot = pdse 1 (5.3)
O fatigue (1 - 21/)

T 400 + AT,y 1
=<
Twork

By injecting the beam specifications in equation 5.2, we have:

1 1.92.107'2. Nparticules

Bragg __
AT = .
Pulse p0.186cp 29T - Ueqx . oeqy
1 1.92.10712.9.96.10"3

00-186¢ ) > =
’ —3)? 222 2.8.1073)2 25 222

This equation can not however be taken as input directly in CES since the atomic mass Z of each material
1

2
is not available in the datasheets of the CES database. Therefore, the term o, = (.25 . 22—71) has been
evaluated to 2mm, which is the average value for this energy”.
With this approximation the equation becomes:

1 1.92.107"% - N,orricutes

Bragg
AT = .
Pulse P0'186Cp 27T - O-eqx . Ueqy
1 1.92.107'*.9.96.10"*
P10, om. \/(2.2.1073)2 + (2.0.10%)2 - 1/(2.8.1073)2 + (2.0.1073)?
-, 97.10°
p0.186cp 2L
AT 3.10°
Bragg — p0.186cp
The equations used for the selection of materials in CES were therefore:
6
* 14
o' = <1 (5.5)
O fatigue (1 - ZV)
6
400+ e
T"=—— <1 (5.6)

Twork

8
9

CES [5] is a software. See the glossary for more details.
This can be easily seen by lunching simulations with SRIM on usual materials.
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——— SiC, BN, SiN.

Graphites, Carbons

O—>|<

Figure 5.1.: Evolution of the temperature figure of merit with the sigma figure of merit 9. Each material is
represented by an ellipse. The grey materials are those who do not pass the conditions. The condition
for acceptance is to be below one for both of the FOMs. Only a few materials are left (14 on 3836):
in yellow are some graphites, carbons and other ceramics. Since graphites and carbons are closer to
0, they are the best candidates. The materials which appear in grey and are in the square either are
not available as bulk materials (wires of filaments) or does not fit vacuum conditions (foams)). Chart
made with CES [5].

5.4 Conclusion on the materials selected

From figure 5.1, the only candidate materials are graphites!! and carbons. The already available graphite
for BID at CERN is the R4550 graphite (see its datasheet in appendix C).

To be perfectly rigorous, the other issues (enumerated in table 4.1) should have been taken into
account in the material selection. Two reasons led us not to consider them yet. First, most of them are
not quantifiable (as for example the microstructure evolution). There is an practical impossibility to
consider them. Second, the materials selected in the end (R4550 graphite) has already been tested and
used at CERN for similar experiments, i.e. with similar issues. Moreover it is common knowledge that
graphite is used in high-irradiation environment.

Now that we have only one possible class of materials and one predesign, three simulations are needed
to conclude on the feasibility of the slit.

11 jdem.
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6 Other issues

The thermomechanical evolution of the slit is the most important parameter in the deformation of the
slit. This is however not the only one. Other issues should be taken into account to complete the feasibility
study.

6.1 Microstructure evolution

Upon irradiation by energetic particles, radiation damages occurs. Common one are:

e ion track formation

e vacancies and voids creation

e defect formation: points, clusters, dislocations, protusions
e surface effects

The microstructure evolution necessary impacts on the macroscopic properties, especially on the me-
chanical and thermal properties.
The evolution of the mechanical and thermal properties eventually impacts on how the slit deforms.
To minimize the microstructure evolution, and thus remove one of the reason of deformation, the
choice has been made to select amorphous materials. This is the case if the graphite is selected.

6.2 Charge accumulation

The incoming particles will necessary charge the slit when impacting on it. Moreover, during the impact
on the incident surface, electrons may be ejected leading to an overall non-neutral slit. To avoid these two
problems, a suppression grid (electrode with a cylindrical hole )can be placed lem before the incident
surface. By applying a voltage between the slit and the grid, the electrons will be reflected back on the
slit, and the surplus of electrons could be released through an external circuit.

6.3 Particles accumulation

When the beam impacts on the slit, the hydrogen particles stay inside at given depth. Since they are
accumulating over time, the question to know if the particles concentration become critical for the device
arises.

From the specification data-sheet we read that the slit will first operate during 12 hours a day for
two months (commissioning) and then 8 hours twice a week for 24 months. That means, for a frequence
of 1.1Hz, the number of pulses will be: 3600 * (12 % 60 + 8 * 24 * 30 % 2/7) * 1.1 = 9.37.10° pulses.
Since one pulse deposits 9.96 - 10'3 particles, that makes 9.37.10% % 9.96 - 10> = 9.3 - 10%° particles.
The hydrogen distribution is given by SRIM, and is presented in appendix D. The volume where 95%
of the particles deposits is about (2 * 133.4 - 10°) * 7 % (2 % 236.7 - 10°)? = 1.88 - 1023A% = 0.19cm?.
This means the concentration of particles (at the point where they stop) in one half of slit is about
0.5%9.3-10%°/0.19 ~ 2.34 - 10?' particles/cm>. This value is very to the order of magnitude of usual
atomic concentrations (table 4 page 24 of [4]). For carbons and graphites, the usual atomic density is
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about 1022atoms/cm® so that the relative amount of Hydrogen locked inside would be of 2%, i.e. not
enough to modify the properties of graphite.

Moreover, diffusion may happen and reduce even more the concentration of hydrogen at that depth.
Such diffusion has been observed for Helium [11].

Formation of hydrocarbons or other phases would then be limited and are likely not to impact on
the function of the slit.

6.4 Shock waves

When the beam impacts on the slit, a shock wave is produced and then reflected on the edges. When
the shock wave comes back in the middle, stresses might be critical and reached much higher level than
those caused by the temperature gradient. [12].

However the evaluation of such stresses is not easy for complex shapes, and cannot be analytically
driven. One easy solution is to introduce asymmetry in the design, by letting the beam impact not on
the middle of the entrance surface of the slit, but slightly shifted to the right or the left with a distance
in the order of magnitude of the radius of the beam (3 mm in our case).

That problem would need a whole thesis on its own to be fully treated.

6.5 Activation

There is no general and easy method to estimate the activation of the materials. A common rule of
thumb is: the higher the atomic number the higher the activation.

A recently released program (2012), Actiwiz ! developed by the CERN radioprotection team could
help choose the low activation materials. Graphite and carbon composites are among them.

The final selection is left to the CERN radioprotection team. Graphite being a very used material in
the field, nothing seems really to be feared.

6.6 Vacuum

The slit will work in Ultra-High Vacuum (UHV). Thus the less the material outgas the better. The
quantities to evaluate the outgassing properties of the materials are:

e porosities proportion
e equilibrium vapor pressure
e adsorption and desorption properties

However there is no database for all material for those properties, therefore no selection can be driven.
The final materials selection has to be driven by the CERN vacuum team (VSC group). Graphite
has already been used in such atmosphere [2].

6.7 Cost and maintenance

These two issues are common to all engineering projects, but are not crucial in the present case. However
it is clear that the cheaper and the simpler the better.

1 See url... but need CERN access.
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6.8 Simulation with FLUKA and ANSYS

FLUKA |[3] is a fully integrated particle physics MonteCarlo simulation package?. Tt is frequently used
at CERN to evaluate the energy deposition of beams in matter. The present feasibility study depends
on its validity, which we assume.

ANSYS [13] is a finite element software which uses the energy deposition profile given by FLUKA as
input. The quality of the simulation mainly depends on:

e the relevance of the abstraction process
e the contacts
e the quality of the mesh?®

The abstraction process reduces the problem to the simulation of the beam impacted volume. The
simulation of the other parts, especially the copper jacket, or any screw or clamps are not relevant.
The convection coefficient used to simulate the cooling system is 5000W /m?/K, which is a typical
value.
The shape of the slit being highly geometric (all the elements are perfect cubes), the quality of the
mesh does not need any improvement.

See http://www.fluka.org/fluka.php for more details.
The quality of the mesh can be assessed by checking the proportion and deformation of its elements, the nodal fraction
and difference.

3
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7 Results and discussion

One predesign and one material have been identified. The last step to conclude on the feasibility of the
slit is to run a simulation and check that:

e the maximal temperature remains below the working temperature of the predesign
e the maximal stress remains below the fatigue limit of the material
e the deformation of the slit remains below the specification limit (50um)

The simulations of the interaction of the beam with matter are based on the FLUKA code [3]. The
output file of FLUKA (deposition of energy) is the input file of the finite-element software ANSYS [13]!
(as a heat generation). The FLUKA simulation are shown on figure 7.4.

7.1 Temperature evolution

The evolution of the temperature at the Bragg peak position with time is presented on figure 7.1. The
temperature in the slit at the 24th pulse is presented on figure 7.2.

From these two figures, two comments can be made. First, the maximal temperature reached is about
285°C, that is much lower than the working temperature of graphite (which is about 2000°). Secondly,
the temperature on the external surface is low (below 60°C) but not enough to consider any thermal
dilatation of the jacket small.

The conclusion is that the predesign and the material pass the temperature test, but further inves-
tigation on the choice of the material for the jacket has to be considered.

7.2 Stresses

The fatigue safety factor is shown on figure 7.3. This factor is defined as the ratio of the Mohr-Coulomb
stress in the material to the fatigue limit at 107 cycles?. Since the minimal value of the safety factor is
above one (it is about 2), the set of the predesign and the material pass the stress test also.

From the specification data-sheet we read that the slit will first operate during 12 hours a day for
two months (commissioning) and then 8 hours twice a week for 24 months. That means, for a frequence
of 1.1Hz, the number of pulses will be: 3600 * (12 * 60 + 8 * 24 * 30 % 2/7) * 1.1 = 9.37.10° pulses. We
can therefore guarantee that this set of predesign and material will not mechanically fail for that time.
Beyond it, the predesign and material should still fit for twice that time since the typical fatigue limit
curves do not vary much after 107 cycles, but nothing is however sure.

7.3 Deformation

The final and maybe most important control is the deformation check. Indeed the purpose of the slit is
precisely to keep its aperture stable during operation.

1
2

The simulation launched was a transient thermal followed by a transient structural
The value taken for the fatigue limit of graphite R4550 as input into ANSYS is taken from analogous graphites in
CES.
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Figure 7.1.: Evolution of the temperature at the Bragg peak position during the first 25 pulses. AT}, corresponds
to the variation of temperature caused by one pulse while ATgeqqys¢qre COITesponds to the remaining
temperature after the heat of the pulse has been dissipated. After 25 pulses, this temperature becomes
constant: the thermal equilibrium is reached. Graph made with ANSYS [13].

The deformation of the inner surfaces can also be evaluated by ANSYS, but in two steps. The cal-
culation of the deformation at the thermal equilibrium with the input file from FLUKA takes too much
computer time. To tackle that problem, we divided it in two small ones.

First the deformation due to one pulse can still be done by ANSYS in a reasonable time. The defor-
mation of the slit following the first pulse is shown on figure 7.5 and is about Sum.

Secondly, the average deformation of the slit once the thermal equilibrium is reached can be approx-
imated by considering that the beam energy is deposited along a small cylinder (see figure 7.6) This
problem can also be solved by ANSYS, and lead to a value of the average deformation of 18um.

By summing the two components of the deformation, we get an approximation of the total deforma-
tion of the slit: 23um, which is below the value of 50um which is given in the specification. Therefore
the present set of predesign and material pass the deformation check.
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E: Transient Thermal - 25 Shots ?ﬁr USYS
Type: Temperature
Unit: C
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Figure 7.2.: Temperature in the slit at the 24th pulse. Figure made with ANSYS [13].
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Figure 7.3.: Fatigue safety factor at 107 cycles. Because the safety factor is above 1, the predesign is safe. Figure

made with ANSYS [13].
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Figure 7.4.: Deposition of energy in the slit calculated by FLUKA [3] for graphite with a density of 2.2g/cm®. On
the left, the 2D map gives an idea of the significant volume of interaction of the beam with the slit.
The yellow is already four orders of magnitude less than the peak of deposition of energy, i.e. more
than 99.99% of the beam is in a cylinder with a radius of 3 cm. On the right, the maximal deposition
of energy is about 0.035GeV /cm® at a depth of about 10cm.
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Figure 7.5.: Directional deformation of the inner surface of slit following the first pulse. The maximal deformation
here is:5um. Figure made with ANSYS [13].
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(b) Directional deformation of the slit based on the mod-

(a) Modelization of the slit in order to estimate the av- elisation explained in paragraph 7.3. The maximal de-
erage deformation of the inner surface. The beam de- formation here is:18um.

posits a uniform energy along a cylinder in the middle.

Figure 7.6.: Evaluation of the average deformation of the slit when the thermal equilibrium is reached. The
geometry is shown on the left: the volume of interaction of the beam with matter is assumed to be
a cylinder. The heat deposition is assumed constant and equal to the maximal deposition of energy
calculated by FLUKA: 0.035GeV /cm® as shown on figure 7.4. Figures made with ANSYS [13].
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8 Conclusions

The slit is feasible from the thermal and mechanical point of view.

Once the problem has been clearly formulated and all the issues enumerated, a methodological ap-
proach has been defined. The key problem, deformation, and the key issues, temperature and stresses,
were identified and treated thoroughly. The other issues were also tackled, but briefly.

The key problematic was to find the predesign and material that best suit the temperature, stresses
and deformation issues. To tackle the problematic a systematic methodology was defined (section 3.4).
Four steps were identified:

e Separation of predesign and material selection

e Predesign selection by literature review and imagination
e Seclection of materials by figures of merit

e Finite element method as the concluding step

Two predesigns were proposed (sections 4.1 and 4.2) . Though both may be feasible, the first predesign
was identified (figure 4.1) as the best one for simplicity reason.

Two figures of merit were then defined (paragraphs 5.1 and 5.1) to select the only possible materials.
The class of graphites and carbons was found the best (figure 5.1). The only member of that class already
in use at CERN is graphite R4550.

Finally, three finite-element simulation with FLUKA and ANSY'S were launched to asses the temper-
ature, stresses and deformation of the first predesign with graphite R4550. The results of the simulation
show that the issues are met:

e The maximal temperature reached remain below the working temperature of graphite R4550
e The maximal stresses remain below the fatigue limit of graphite R4550
e The deformation remain below 50um as the specifications stated

Most of the other issues are not critical, except maybe two: the microstructure evolution during
irradiation and shock waves.

The choice was made to choose an amorphous materials to limit possible microstructure evolution
which could eventually lead to significant evolution of the macroscopic properties of the materials (sec-
tion 6.1).

The shock wave issue was dealt by introducing a slight dissymmetry in the predesign: the beam
should not hit the slit right in the middle. A shift of 3mm to the right or left would already remove a
concentration of stresses when the wave is reflected back in the middle (section 6.4).

Improvements are however far from impossible. First, other predesigns as simple as predesign 1 may
exist. By changing the shape of the impacted area from perpendicular to “with an angle” (see table
4.1), stresses might be even lower. Secondly, the material chosen, graphite R4550, the best one in the
set, of available and already tested graphites at CERN. Other graphites or carbon composites might be
better candidates. Finally, two issues should be investigated to reach a more satisfying predesign: the
microstructure evolution during irradiation, and the propagation of shock waves in the slit.

The feasibility study being now closed, the next step consists in building the complete design so that
to connect it to the other parts of the LBS line of the Linac 4.
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A Specifications of the Slit and the beam

A.1 Introduction

The document at the origin of the slit feasibility study is the Linac 4 project document No L4-B-ES-0003
rev.0.3 supplied by the group BE/OP [14]. The EDMS (CERN document server) document number is
1094603. The main author is Thomas Hermanns (Thomas.Hermanns@cern.ch).

What follows sums up the relevant information and data for the present feasibility study.

A.2 Specifications

A.2.1 Beam pulse parameters

The paramters are given in table A.1. The beam intensity at the slit entrance has a gaussian shape with
o values of 2.8 mm (horizontal) and 2.2mm (vertical).

Table A.1.: Definitions of the Linac4 macro and micro pulses. A macro pulse is not a continuous stream of particles,
but is structured in micro-pulses. The ion is H™ at 160 MeV

Macro-Pulse Micro-Pulse

Number of particles 9.96-10% 1.14-10°
Pulse length 400us 2.84ns
Repetition rate 1.11 Hz 352.2 MHz
Average Current 40 mA 65 mA
Deposited energy per pulse 2.55 kJ 0.03 J

A.2.2 Slit parameters

e length : 200 mm at maximum, this corresponds to 2.4 times the absorption length of 160 Mev H™
in carbon. Other materials, or smaller length can be proposed.

e aperture size : Imm x 148 mm. A precision of 50um is tolerable.

e position and angular aligment precision : 0.15 mm precision for horizontal and vertical aligment
should not be exceeded.

A.2.3 Operational scenarios

Not one but several scenarios should be considered for the LBS line. Table A.2 sums up the four scenarios.
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Table A.2.: Operational scenarios for H~ at 160 MeV

. Average Pulse Repetition = Mean
Scenario comments
current length rate Power
Commissioning0 mA 100 us 1.11 Hz 709 W 12h per day
~ 8h, twice per
Measu?ement 40 mA 100 ps 0.1x 1.11 W week during 24
operation Hz months (max
LHC run)
01 111 1Q single ‘shots
MD 40 mA 400 us 283 W without inter-
Hz
lock
2 consecutive
Failure 40 mA 400 s 1.11 Hz ag30 W  Shots, before

interlock sets
in

A.2.4 Other requirements

Vacuum level of less than 10"®mbar without the beam has to be maintained. That means the vapor
pressure of the slit should be as low as possible.

Activation of the slit is expected. Radiation and activation simulations should be performed to identify
the shielding needs in the vicinity of the slit.

34\. Specifications of the main|\glossaryentrySlit?\glossaryentryfieldslit\glsnamefontSlitsee figure \ref {fig:Slit Sketch}.
The function of a slit is to cut one part of the beam while the other goes through. The main challenge with energetic
ions, such as in the present feasibility study, is to keep the aperture of the slit stable during operation. This aperture

may indeed deforms during operation because the beam heats the slit, which dilates\relax
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B AT,,i5. model

The definition of the figures of merit for material selection of section 5.1 needs the development of the
present model.

The model evaluates the increase of temperature following a pulse where the maximum increase is
expected.

The maximum increase of temperature is expected either on the entrance surface or at the Bragg
peak. The model then evaluates the increase of temperature at these two points (equations 9 and 13, 20
and 21).

Two versions of the model are proposed. The first one is valid for all energy below 200 MeV but need
the SRIM software (equation 9 and 13). The second version is only valid for 160MeV but does not need
SRIM (equation 20 and 21).

The model develops a conservative approach and estimates the maximal increase of temperature
possible. It gives an upper bound of the temperature reached.

The model is voluntarily left to the format of a paper and is sufficient to itself. The reference are not
included, they are limited to two: SRIM [7] and FLUKA [3].
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A model for the determination of the maximal
increase of temperature in a 160 MeV proton
beam intercepting device following the first
pulse

A. Ouzia

Abstract

The aim of this study is to evaluate the maximal temperature reached in a beam
intercepting device (BID) right after the first beam pulse. The beam considered here is a
160 MeV proton beam (Linac 4 beam).

Two versions of the model are proposed. The first, requires values calculated by
SRIM whereas the second, (less precise) only relies on the properties on the material.
The model considers that the entire beam power is transformed into heat and therefore
develops a conservative approach.

Keywords: Linac 4, maximal increase of temperature, beam pulse, beam
intercepting devices, SRIM

1 Introduction

Upon irradiation by energetic protons, beam intercepting devices heat and deform leading
to internal stresses. Such stresses might cause the failure of the device and are a common
problem in the realisation of beam intercepting devices.

The order of magnitude of such stresses directly depends on the heat generated, which
depends on the energy deposition. The properties of the material impacts on the amount
of heat generated and the resulting internal stresses. Some materials may heat less than
other but still fail due to resulting stresses higher than their yield strength. Some other
may heat more but having much better thermal and mechanical properties, they will not
fail. Therefore the question is not to know what materials heat less than others or what
materials have better mechanical properties than the other but what materials have the best
compromise.

The choice of the materials should therefore take into account this compromise, this is one
aspect of the present model. Figures of merit using the results of the model can then target
the only set of possible materials for such a beam.

2 Formulation and modelization of the problem

2.1 First description of the problem
2.1.1 Case of one particle

When an energetic particle penetrates a beam intercepting device (BID), it loses its energy
and therefore gradually slows until it stops (assuming the BID is long enough). The term
describing the energy loss is called the stopping power and is denoted % where z is the depth
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(a) Illustration of the particle trajectory in matter.
The distribution of the particles evolves with depth,
especially close to the end of the pathway. The red
lines represent the volume in which 99.99 % of the
particles are (the beam distribution is a gaussian).

(b) Temperature in half of a slit following the first
shot of 160 MeV protons in graphite. The maximal
temperatures are reached in two regions: in the first
mm and at a given depth. The simulation was run
with ANSYS 13 using the FLUKA code to simulate
the beam interaction with matter.

Figure 1 — /llustrations of the beam trajectory (left) and resulting temperature in the material following

the first shot (right).

axis. The energy deposition can either be solved with the Bethe-Bloch equation or using a
Monte-Carlo code such as SRIM (Stopping and Range of Ions in Matter) ! or FLUKAZ2.

When the particle penetrates matter it does not travel along a straight trajectory. It
will deviate from its trajectory due to interaction with matter. This is called straggling
(longitudinal or lateral).

2.1.2 Case of one beam

By contrast with a particle, one beam already has a spatial distribution when it hits the
dump. All particles are not concentrated on one point but are distributed in space according
to a gaussian distribution. When it enters matter, each particle has its own trajectory leading
to the spread of the distribution with depth? (illustrated on figure 1a).

The deposition of energy occurs according to several mechanisms, among which electronic
losses are one of the main for energies up to 200 MeV. Other mechanisms include nuclear
interactions. Electronic losses results in the heating of the material.

2.1.3 Reformulation of the problem

The first question is where does the maximum of heat deposition happen. At first sight
the Bragg peak might seem the only candidate. However the beam experiences straggling:
the beam distribution dilutes with depth (see figure 3 and 4). The beam distribution may
well be diluted enough at the Bragg peak so that the maximal heat deposition occurs at the
entrance surface where the beam is well focused, thus:

“The maximal energy deposition occurs either at the Bragg peak OR at the
entrance surface “

The problem is therefore:

“What is the increase of temperature at the entrance surface and at the Bragg
peak “

1SRIM is a collection of software packages which calculate many features of the transport of ions in matter.
Ton stopping and ranges in targets is a typical applications. For more details see http://www.srim.org/
2FLUKA is a fully integrated particle physics MonteCarlo simulation package. It has many applications
in high energy experimental physics and engineering, shielding, detector and telescope design, cosmic ray
studies, dosimetry, medical physics and radio-biology. For more details see http://www.fluka.org/fluka.php
3and interaction between the particles also occurs
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(a) Average deposition of energy of one Z [cm] (beam direction)

160 MeV protons in carbon. The peak of
deposition is called the Bragg peak and is
where the maximum of temperature would
be reached if only one particle was sent.
(simulation made with SRIM)

(b) Deposition of energy of a beam of 160 MeV protons (Linac
4 beam) in graphite (the trajectory is seen in figure 1b). By
contrast with one particle a peak of energy deposition occurs
at the entrance surface.(simulation made with FLUKA)

Figure 2 — Comparison of the deposition of energy for one particle (left) and for a beam (right).

Once calculated, the highest one gives the maximal increase of temperature.

2.2 Modelisation and approach

The volume where more than 99% of the beam is intercepted has the shape given in figure
la. This volume is considered to be cut into discs of thickness €, so that € is small enough
compared to any variation of the temperature along the z axis.

We will focus on two specific discs: the first one at the entrance surface and the one at
the Bragg peak depth. The approach is:

e to determine the distribution of deposited energy in the discs Deptrance and Dpragg
e to determine the energy deposited in each disc
e to determine the energy deposited in a small prism situated at the center of the disc

e get AT from reformulation of the first principle of thermodynamics (see section 3.1)

3 Data and relations known

3.1 Thermodynamical relation

The Linac 4 beam is considered. One pulse deposits EfP*#*¢4 — 9 55k.J  The beam shot
is considered short enough (400us) to assume there is no heat dissipation during the time of
impact. Moreover the whole beam power is considered to be absorbed as heat *.

Under these assumption, the first principle can be written:

5Q +0W =dU = dEdepositEd (1)

4This means we only take into account the electronic losses (which in the end results in heat). Nuclear
reactions may actually not be negligible but there are no easy rule to have an order of magniture of these.
Below 200MeV, it is common knowledge that the main part of the energy deposition consist of electronic
interactions. Therefore the worst case is considered here.




where Egeposited i the energy deposited by the beam. Assuming their is no mechanical work
(6W =0):

0Q + oW =6Q = C,AT = dU = Ejeposited
where C), is the specific heat of the material of the dump. By introducing the specific heat

of the material ¢, such that C}, = mc, where m is the mass of the material interacting with
the dump, the previous equation becomes:

meAT = Edeposited

dividing both side by the volume V' of material interacting with the dump, we get:

m Ede osited
VCPAT = p?
which finally reduces to:
E eposite
pepAT = —etzes (2)

3.2 Beam parameters

The beam considered here is a 160 MeV Proton beam with 9.96 - 1013 particles/pulse (Linac
4 beam). The energy of 1 pulse is 2553J. It has a beam distribution o, = 2.2mm and
oy = 2.8mm Figures 77 represents one beam shot.

4 Calculation details

4.1 Method using SRIM

4.1.1 Entrance surface disc

At the entrance surface, one particle deposits an energy which can be read on SRIM: %

=0
The energy deposited in the surface disk of thickness e is: -
_ dE
E;;g = Nparticulesdi € (3)
z z=0

where Npgrticules 1S the number of particles in one beam shot.
The proportion « of the beam going through the small prism o,/10 - 0,/10 - € 5, situated
at the center of the disc, to the entire disc is:

05/20 0,/20 ¢

f f fd(x,y,z)dxdydz
—05/20 —0, /20 0
o= (4)

[ee] oo €

I [ [d(z,y,z)dzdyd=

—oo0 —o0 0

where d(z,y, z) is the beam spatial distribution, i.e. a gaussian, so that:

c/20 o/20 e _( 22 | 4%
I Je <2“§+2”5>dxdydz
—o —0 0
“= /j: 00/2(: z2 y? (5)
) fei<ﬂ+ﬁ>dxdydz
—o0 —oo 0

S5the o is the parameter of the gaussian distribution describing the beam. sigmag /,, /10 was chosen since
the beam distribution barely changes on this range




z2
since e_(m) ~ 1 in the range [—0/20;0/20] and the integral of a gaussian is vV2wo?2, the
previous equation becomes:
0./10-0,/10-€

V2mo2,[2mo2 €

so that finally:
1

= 6
“ = 2007 (©)
Therefore the total energy deposited in the prism is:
Bprism = B (7
dE
= aNparticules : df € (8)
z=0
and using equation 2:
1 E,
AT _ - Tprism
surface ey ‘/prism
aNparticules : % - €
- z2=0

pcy  0./10-0,/10 €

finally:
dE
1 Nparticules Cdz o
AT, =—" = 9
sur face pcy I Oy 0y ( )
4.1.2 Bragg peak disk
By contrast with the previous case, the beam spatial distribution d(z,y,2 = 2Bragg) is

different to the original distribution. The cause is the straggling of the particles when they
interact with matter. This is illustrated on figure 3. We therefore introduce the quantity o,
to describe the gaussian distribution of one particle at the Bragg peak depth.

What is then the distribution in the Bragg peak plane ? Considering a flow of particle
going through (X;,Y;,0) (see figure 4), the flow will spread to a gaussian distribution at the

Bragg peak:
_((m—xi)2+<y7‘/¢>2>
202
e s

2
2mo;

(10)

and the distribution of particle at point (X;,Y;,0)¢ is:

N ticul 7(@ 252
d(Xi,Y;‘,Z _ 0) _ particules e 202 202
2mo L0y

so that the distribution of particles at (x,y, 2Bragg) is the product of the two:

z—X;)2 y—v;)2
(x)2% | (v)? _((‘ 2}(21) +(J27Y21))
N, articules _< 212 + 212 ) e 78 78
d(l‘7 Y, ZBragg> X, E) ==L € e 7y
2mo L0y 2ro

2
s

The total distribution in the Bragg peak plane is obtained by integration over X; and Y;:

6Please note that x and y refer to the plane at ZBragg While X; and Y; refer to positions at the entrance
surface plane
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Figure 3 — Beam particle distribution in the surface and Bragg peak planes. Because of interaction
between the incoming protons and matter, straggling occurs and the distribution flattens. Both distribution
are gaussian as it is proved in section 4.1.2.

BEAM

Figure 4 — Beam particle distribution in the surface and Bragg peak planes. Because of interaction
between the incoming protons and matter, straggling occurs and the distribution flattens. Both distribution
are gaussian as it is proved in section 4.1.2.
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Since the integration is symmetric in x and y,we can focus only on the resolution of:

_ Xz _(@=x)?
A — e 20% 205 Xm

Using Maple, we get:

2
= exp | =7 (55 + )
At 25 a0t (- - )
let ocq, such that:
1 1 1 1 1
o2 252 + 1 1\ 202 1 1
€qx ke 40’;1 (7 202 - E) T 40'3. (W + @)
after full calculation, we come to:
02, =05+ 0% (11)
thus A can be rewritten:
2/ x? 202027 22
A= )=\ e g )

A ———
/2 42 2(02 + 02)

and coming back to equation , we have:

<x> <Y> ) ((m—xi)z (y=v? 2.2 25252

202 - P R 202027 oLOLT
// v/ ke o v/ dXdY; = S 2ys2
oy + 0% oy + o5

— 00 —0O0
o e )
exp(—————)exp(——————~
o024 02) 202 4 02)
202021 [20202m z? >
— r7sT ys emp(f2 )exp(f2 )
05‘11 Uer Ue‘]m Ue‘]y
thus:
Nparticul 1 202021 [2020%m z? y?
d Y, _ particules % % zYs . y“s N _
(2,4, ZBragy) 2noL0y 2no? Oeqs Teq, czp( 20¢q, Jep( 20'eqy)
and finally:
1 x? y2
d(T,Y, 2Bragg) = 555~ "€xp | — - (12)
ragg 277(0'3(1 +quy) Qqu 2U§qy
where:




2 _ 2 2

® 0.y, =05+ 0%
2 _ 2 2
Oeq, oy + o

Similarly to paragraph 4.1.1, « is independant of the variance of the gaussian (o) so
that the proportion of the beam going through the small prism ocq, /10 - 0¢q, /10 - € is also
a = 1/(2007). The equation describing the increase of temperature is therefore very similar
shape to equation 9:

dE
Npa'rticules Cdz

1 Bra,
AT, =—" 99 13
Bragg 0Cp 2 - Ocqy * Ocq, ( )

4.1.3 Comparison between ATg,,fqcc and ATgyqgq

It might be useful to see at one glance whether the maximal increase of temperature will
occur at the surface of the Bragg peak depth. Here we give a rule of thumb:

dE
dz
AT’Bragg o Bragg % Og Oy — Fx Og Oy
ATSurface dE Ueqz . Ueqy Ueqz : Ueqy
dz
Sur face

For 160 Mev, E ~ 6 for all materials (it has been assessed with SRIM), so that:

A,I‘BTO,gg o Oy Uy

6
— 299 _— G« =
ATSurface ‘/g'g-'—o'g\/o'z-’—gg \/1_._%\/14_%

z y

Since sigma, and sigma, are usually close: 0, ~ o, ~ o the equation becomes:

(14)

ATBragg Og - Oy 6

— =9 — G =
ATSurface m\/ﬁ 1+ %g

which means ATp,q4, predominates over ATsy, fece if and only if 6 > 1 + %g, ile. o5 <
V5o ~ 2.2507

4.2 Method without using SRIM

4.2.1 Dangers and usefulness of this method

In the equation 9 and 13, SRIM was used to get % at the surface and the Bragg Peak
positions. Moreover the radial straggling of the beam was taken from it to get equation 13,

; 2 _ 2 2
since oz, = 0y + 05

and % and o,. It was found that

z=0 Bragg
correlation could indeed be found between these quantities and the intrinsic properties of

the materials (p, ¢, and Z as we will see).
However these estimations are only approximate at 160 MeV protons, and are based on
SRIM. They will therefore only give the right order of magnitude, but not the right value.
The usefulness of the method lays in the fact that AT is connected only to the intrinsic
properties of the material and the beam. Figures of merit can therefore be derived from this
estimation and classify all the candidate materials

Another way has to be found to estimate %

"For 160MeV protons, os ~ 2mm + 1lmm for most materials. Therefore the maximal increase of temper-
ature is at the Bragg peak for beam with o > 2mm.

8The CES software can rank materials according to one properties or a composition of these, such as a
figure of merit. Once we have a figure of merit, this software proves extremely useful.




4.2.2 Estimation of the range and the straggling

From the SRIM software, the following correlations where assessed for positive protons at

160 MeV:
R[m] = p[kg?&§?0.814 (15)
Slm] =R- {—VZPR} T =025 222 (16)

where R is the average range (in meters) of the protons and S the o of the gaussian describing
the scattering of an infinitely thin beam (in meters also). Z is the atomic number of the
material® and K, is a constant which is determined in the calculation details section. The
correlation coefficients for R and S are respectively .992 and 0.96.

In order to get 4£ and 22 from R (the Range), the quantity 2 is
2=0 Bragg Average
introduced:
dE Elparticle 160MeV
ok - = (17)
dz Average Range R

From this quantity, the following correlations were made:

dE
dz
C=—Brws . 388 (18)
dE

dz

Average

dE
dz
S (19)
dE
dz

D =

Average

The standart deviation of C' and D are respectively of 0.1 and 0.01. Injecting these relations
in equations 13 and 9:

1 3.02.107 3 - Nporticul
AT _ . particules 20
sur face p0.186cp 2 - oy - oy ( )
AT _ 1 . 1.92.10712. Nparticules (21)
ragg pO.ISGCP o2 - Ue{]z . UEQy
where:
. agqx = 0'326 + ag
° 0, =0, 40}
or to put it in its fully developped form:
1 1.92.107"2 - Nparticutes
ATBragg = P (22)

p0-186¢, , o 2 , ot 2
2m -y o2 + (.25- p‘73> “A[o:+ (.25- p(73>

From the previous two equations comments can be made:

9or the average weighted atomic mass if this is a compound




e since the denominator of equation 21 is in the order of magnitude of 1, AT will be in
the order of the magnitude of a few Kelvins if the numerator is also of the order of
magnitude of 1, i.e. if Npgrticies * 1.95.10712 ~ 1 i.e. Nparticles = 5.10'. This gives an
order of magnitude of the number of particles in one pulse from which the “temperature”
really increases.

e the importance of the density of the material relatively to the maximal increase of
temperature is VERY small since its exponent is small. It is interesting to notice that
the only intrinsic property of the material relevant here is the specific heat capacity.

5 Critics of the model

5.1 Limits and sources of errors

The two main sources of errors are:

e the assumption that the entire beam energy is transformed into heat. In reality, when
nuclear reactions occur, some particles are produced and some escape from the material,
but not everything is converted to heat.

e SRIM’s own limitations. It explicitely appear in equations 13 and 9, but is hidden in
21 and 20 through correlations made.

Comparisons were made with FLUKA for this energy (160 MeV) and no significant difference
were found (the values obtained are in the same order of magnitude). The present model
gives values systematically higher than those obtained from FLUKA. This is probably due
to nuclear interactions not taken into account in the present model. Yet by applying a
coefficient of 2/3 to all our results, the results were as close as 20% (standard deviation) to
those of FLUKA.

5.2 On the generalisation to other beam energies

The question should be asked whether such model could be generalized to other beam ener-
gies.

The rigorous answer is NO. However the method used to reach such results remains valid
for beam energies lower than 160 MeV at least. Above such energy, nuclear interactions may
be far from negligible, ruining the relevance of the model.

Even if the model can not be generalized to other energies, it provides valuable results
which are at first sight counter intuitive. It is sometimes thought that the higher the density
the higher the temperature reached. However equation 21 and 20 proves that it is not the
case in general.

10







C Datasheet of Graphite R4550

The data below are based on tests made at CERN.
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Table C.1.: Mechanical properties of Graphite R4550

Properties Numerical value  Unit
Young’s modulus 11500 MPa
Poisson’s ratio 0.1 no unit
Bulk modulus 4791.7 MPa
Shear modulus 5227.3 MPa
Tensile Yield Strength 38 MPa
Compressive Yield Strength 125 MPa
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D Distribution of Hydrogen with depth

This is the simulation of the distribution of the Hydrogen ions in the slit. SRIM [7] was used for the
purpose.

—===== H (10) into Layer 1 =======
SRIM-2008.04

ION and final RECOIL ATOM Distributions
See SRIM Outputs\TDATA.txt for calculation details

Ion = H Energy = 160000 keV

TARGET MATERIAL

Layer 1 : Layer 1

Layer Width = 1.E+09 A Layer # 1- Density = 9.024E22 atoms/cm3 = 1.8 g/cm3
Layer # 1- C = 100 Atomic Percent = 100 Mass Percent

Total Ions calculated =4466.00

Ion Average Range = 109.3E+07 A  Straggling = 133.4E+05 A
Ion Lateral Range = 150.4E+05 A  Straggling = 223.1E+05 A
Ion Radial Range = 236.7E+05 A  Straggling = 196.1E+05 A

Transmitted Ions =; Backscattered Ions =1
(These are not included in Skewne- and Kurtosis below.)

Range Skewne- = -000.5701 &= [-(X-Rp)*3]/[N*StraggleA3]
Range Kurtosis = 007.4305 &= [-(X-Rp)*4]/[N*Straggle?r4]
Statistical definitions above are those used in VLSI implant modelling.

'+ 60 mm
. ION RANGES
Depth vs. Y-Axis
—_ Ion Range = 109. mm Skewness =-0.3221
™ Straggle = 1.31 mm Kurtosis =5.5985
g 30
o
=
25
= 5
o
=
i = 2.0
s
- 15
o
=
w
~. 1.0
— ol
- =
2\ c |® 5
a = = -
S = |3
- 60 mm ~
L 0
0A — Target Depth — 120 mm A ~Target Depth - 120 mm
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Glossary

abstraction process This is the first, often implicit,
step of a finite element simulation. It aims at
choosing the only relevant phenomena in the sim-
ulation in order to reduce the calculation time. For
example, in order to simulate the trajectory of one
planet around the sun, you may not need to take
the mass of the other planets to do so since they
are negligible compared to the solar mass. You
could be more precise by taking into account all
the other planet masses but the calculation would
be much longer and not so much precise. 8

ACE Antiproton Cell Experiment.. 2

AD Antiprotons Decelerators.. 2

ALPHA Antihydrogen Laser PHysics Apparatus.. 2

ANSYS ANSYS is a finite-element Computer Aided
Engineering software (CAE). It is widely spread
in the industry. For more information, see www.
ansys.com/. i, 13, 23, 2529, 31

ASACUSA Atomic Spectroscopy And Collisions Using
Slow Antiprotons.. 2

ATRAP Antihydrogen TRAP.. 2

beta function the beta function is the distance from
the focus point where the beam width is twice as
wide as the focus point. If the beta is high, the
beam is wide and straight, it it is low, the beam is
narrower and chaotic. While the emittance gives
an idea of the minimal distance the beam size can
be reduced to in theory, the beta function gives
an idea of how wide it is at a position x (the beta
function depends on where the beam is measured
whereas the emittance is always the same). 5

BID Beam Intercepting Devices, for example: collima-
tors, targets, dumps. Theses devices shares com-
mon issues such as deformation and stresses when
irradiated. See figure 3.2 for those issues. 8, 9

Bragg peak Position where one particle deposits the

maximum of its energy. See http://en.wikipedia.

org/wiki/Bragg_peak for more details. ix, 18, 25

CERN Centre Europeen de Recherche Nucleaire i.e.
FEuropean Center for Nuclear Research. iii, v, vii,
1-3, 20, 22, 23, 31

CES software used for rational selection of materials
according to their properties. It produces 2D maps
such as those found in section 5.2. See the chart
5.1. ix, 17, 19, 20, 26

CLIC The Compact Linear Collider (CLIC) Study is
a site independent feasibility study aiming at the
development of a realistic technology at an afford-
able cost for an electron-positron Linear Collider

in the post-LHC era for Physics up to the multi-
TeV center of mass colliding beam energy range
(nominal 3 TeV). See http://clic-study.web.
cern.ch/clic-study/ for more details. 1

CLOUD Cosmics Leaving OUtdoor Droplets.. 2
CNGS Cern Neutrino to Gran Sasso. See http://

proj-cngs.web.cern.ch/proj-cngs/ for more
details. 1

COMPASS COmmon Muon and Proton Apparatus for

Structure and Spectroscopy.. 2

CTF3 The Clic Test Facility aims at demonstrating

the feasibility of the CLIC scheme of multi-TeV
electron-positron linear collider by 2010. 1

DIRAC DImeson Relativistic Complex.. 2
dispersion A particle beam is never monochromatic

but has an energy spread. A physical interpreta-
tion of the dispersion is the deviation of a particle
from its ideal path when it has a difference 6 from
the ideal momentum. 5

figure of merit See section 5.1 for definition and expla-

nation. 17, 18, 20

FLUKA FLUKA is a fully integrated particle physics

MonteCarlo simulation package. It has many ap-
plgications in high energy experimental physics
and engineering, shielding, detector and telescope
design, cosmic ray studies, dosimetry, medical
physics and radio-biology. In the present feasibil-
ity study, is used to simulate the deposition of en-
ergy of the Linac4 beam in the materials. For more
details, see http://www.fluka.org/fluka.php.
i, 23, 25, 28, 29, 31

ISOLDE On-Line Isotope Mas separator. See http://

LBE

isolde.web.cern.ch/ISOLDE/default2.php?index=
index/facilityindex.htm&@main=facility/facility.
php for more details about the facility. 1, 2

Diagnostic line for emittance (or energy) measure-
ments. Before injecting the beam in the next accel-
erators, its "quality" (energy and energy spread)
must be checked. The LBE line aims at measuring
the emittance of the beam. 5

LBS Diagnostic line for energy spread measurements.

Before injecting the beam in the next accelerators,
its "quality" (energy and energy spread) must be
checked. The LBS line aims at measuring the en-
ergy spread of the beam, which is not perfectly
160 MeV but has a spread of about 0.2MeV. The
LBS line is represented on figure 2.1. i, 1, 5, 31
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LEIR Low Energy Ion Ring.. 2

LHC Large Hadron Collider.. i, 1, 2

Linac 2 Linear Accelerator of the second generation.
Linear accelerator are often present between the
proton source and the rings: it provides a first ac-
celeration. The output energy of the Linac 2 is
around 50 MeV. i, 1

Linac3 Linear accelerator aiming at accelerating ions
before injecting them in the PSB. See figure 1.1.
2

Linac 4 Linear Accelerator of the fourth generation.
Linear accelerators are present between the proton
source and the rings: it provides a first accelera-
tion. The Linac4 will replace the Linac2 in order
to increase the output energy from 50 MeV to 160
MeV. This will enable the LHC to reach its highest
energy. i, 1, 5, 31

predesign This term is volontarily introduced in the
present feasibility study to avoid any confusion
with the word design, whose definition varies from
the complete description of the device to only its
shape. In this study, predesign denotes the shape
of the volume of interaction of the beam with the
device, its phase, how it is cooled, if it has a me-
chanical movement or not. Considerations about
how to integrate the device with the other part
of the beam line, what kind of screws should be
used, etc are left out. vii, ix, 9, 11-13, 20, 25-27,
31

PS Proton Synchrotron. It accelerates protons delivered
from the PSB or ions from the LEIR. See http://

vide beams for the Large Hadron Collider, the
COMPASS experiment and the CNGS project.
See figure 1.1. 1, 2

SRIM Stopping and Range of Ions in Matter is a soft-
ware that evaluate the trajectory and deposited
energy of energetic ions in matter. For more infor-
mation, see : http://www.srim.org/. 12, 14, 19,
21, 35

working temperature Temperature above which the
mechanical properties of a materials decreases sig-
nificantly. There does not seem to be exact defi-
nition of what is meant by "significantly", but all
materials do lose their mechanical properties be-
fore they melt, be it hundreds of degrees from it
or only a few degrees. The drop of the mechanical
properties are then very fast. 11, 17, 25

public.web.cern.ch/public/en/research/PS-en.

html for more details. See figure 1.1. 1, 2
PSB Proton Synchrotron Booster. See figure 1.1. 1

safety factor The safety factor is defined as the ratio of
the ultimate strength a material over the maximal
stress at a point. In our present study the fatigue
safety factor was used and is defined by the ratio
of the fatigue limit of the material at 107 cycles
over the maximal stress in the material. The safety
factor gives a value around onme, it is below the
material fail, if it is above it does not. 26, 27

Slit see figure 3.1. The function of a slit is to cut one
part of the beam while the other goes through.
The main challenge with energetic ions, such as in
the present feasibility study, is to keep the aper-
ture of the slit stable during operation. This aper-
ture may indeed deforms during operation because
the beam heats the slit, which dilates. i, viii, ix,
7-9, 33

SPS The Super Proton Synchrotron is the second
largest machine in CERN accelerator facility.
Measuring nearly 7 km in circumference, it takes
particles from the PS and accelerates them to pro-
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