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Abstract

This thesis investigates the feasibility of a two-stage collimator for the PSB (Proton

Synchrotron Booster) at CERN. Simulations of several shapes, sizes and materials were run

and the indications from this study are that due to heating concerns either diamond is required

for the first stage or a fast kicker would need to be installed to prevent damage in the event of

beam loss. Aluminium is also possible with some compromise on performance. The final design

would be subject to further simulations on nuclear scattering effects and requires the exact tune

to be known; a parameter not yet decided.
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1. Introduction to the LHC Accelerator Upgrade

Particle accelerators and their detectors are the tools of high-energy physics, and to push

forward the frontiers of the field new accelerators are always needed. The main ways of making

new discoveries are higher luminosity to see more rare events and higher energy to create

particles which have never been observed before, the most famous example being the Higgs

Boson. CERN has the highest energy accelerator ever built; the Large Hadron Collider (LHC)

near Geneva in Switzerland, currently colliding protons at a centre of mass energy of 7 TeV (3.5

TeV per beam). [1]

To reach such a high energy, particles need to be accelerated several times by a series of larger

and larger machines (see figure 1). They start in the Duoplasmatron proton source and are first

accelerated by a linear accelerator (LINAC 2) to 50 MeV. They then go on to the Proton

Synchrotron Booster (PSB or PS Booster, just “Booster” in the diagram below) up to 1.4 GeV,

followed by the Proton Synchroton (PS) to 25 GeV, the Super Proton Synchroton (SPS) to 450

GeV and finally the LHC itself, which will eventually run at a centre of mass energy of 14 TeV

(7 TeV per beam). [2][3]
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Figure 1: The current CERN accelerator complex. [4]

The CERN accelerator complex is ageing and is not optimised for current and future projects.

The oldest machine, the PS started operations in 1959 so is now over 50 years old. There is a

proposal to replace LINAC2 with LINAC4 accelerating H- ions to 160MeV, the PSB with the

Superconducting Proton Linac (SPL, initially the Low Power SPL, LP-SPL), and the Proton

Synchrotron with the PS2. The LP-SPL will be 430m long and able to produce 1014 protons for

injection into the PS2 at 4 GeV. The full SPL will be 500m long and accelerate 1.1 × 1014

protons to 5 GeV, or 2 × 1014 to 2.5 GeV. [5] Both give an 80mA current, the LP-SPL for 0.4ms

with a 2Hz repetition rate and the full SPL for 1.2ms with a 50Hz repetition rate. [6]

LINAC4 was intended eventually to be the low energy, normal conducting section of the SPL

after a few years of LINAC4 standing alone and feeding into the PSB. This now looks more
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likely to be a long term solution, with upgrades to the PSB and SPS and no replacement for the

PS, the oldest accelerator still in operation at CERN. This thesis is about the LINAC4 injecting

into the PSB scenario and one change which might have to be made to the PSB as a

consequence. Figure 2 shows the proposed layout of the LINAC4/SPL and PS2 complex.

Figure 2: The proposed new accelerators, the SPL and PS2, and how they fit in with existing

machines. [7]

The PSB is an unusual design consisting of 4 parallel rings stacked on top of each other, this is

so the PSB extracted beam can fill the PS, a single ring of 4 times the circumference. However,

it is now usually run with only one bunch per ring which requires two lots of protons from the

PSB to fill the PS. This is done in order to minimize tune shift (unwanted spread of particle

momenta). [8] Protons are injected into the PSB by multiturn injection. A 6m long section of the

orbit is displaced out towards a septum magnet and four kicker magnets move it slightly
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inwards each turn. This stacks beam in horizontal phase space over several turns before putting

the beam onto its normal closed orbit. For lower intensity it can also be done in one turn. [9] It

can take up to 1.2 × 1013 particles per bunch and accelerates them in 530ms. [10] [11]

Figure 3: The PSB. Most of the beam-pipes are encased in magnets and RF cavities, but the

four pipes can be seen towards the left of the photo.

The luminosity and intensity of the CERN PSB are currently limited by direct space charge (the

like charges of the protons repelling each other) at injection energy, which defocuses the beam.

The main motivation for a PSB luminosity increase is to allow higher luminosity and faster

filling of the LHC, but other experiments such as ISOLDE (On-Line Isotope Mass Separator,

produces radioactive beams, more information in [12]) will also benefit from higher luminosity

of the PSB. LINAC4 is proposed to allow higher intensity in the PSB by injecting at a higher

energy (160 MeV as opposed to the current 50 MeV), relativistically reducing space charge

effects. LINAC4 will also accelerate H- ions (LINAC2 accelerates protons) which allows

injection into the PSB via charge exchange. This happens in an injection chicane (figure 4),
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combining the injected and circulating beam using a dipole magnet, involving fewer injection

losses than the current method.

Immediately after the magnet is a stripping foil to remove the electrons from the H- ions to

convert it into a proton beam. Two further dipole magnets deflect the beam out of the main orbit

and back in, allowing room for a dump to catch any particles that were not fully stripped.

Figure 4: How a charge exchange injection works. The closed orbit is the path the beam takes

when the bending diploes in the injection system are off.

The higher extraction energy of LINAC4 in principle allows 1.6 times as many protons to be

injected into the PSB, 1.5× being required for the ultimate LHC luminosity. [13] LINAC4 also

requires a new H- source as the current source produces protons. [2] The LINAC4 source will

have a higher repetition rate of 2Hz compared to the current 0.83Hz. [14][15] This means that

the PSB can take a beam from the Linac every 0.5s instead of the current 1.2s before

acceleration and passing on to the PS, and this time saving means the LHC can be filled faster.

The SPL has long-term aims for projects other than the LHC. For the LHC luminosity upgrade

only the low power SPL (LP-SPL) is required. It is foreseen that long term future projects such

as a neutrino factory or muon collider could benefit from the completed SPL. The SPL top
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energy is up to 4 GeV compared to the PSB’s 1.4 GeV, much better for injection into the PS2

which would have a top energy of 50 GeV compared to 25 GeV at the PS (see figure 2). [16]

The fully upgraded LHC (1035cm-2s-1) [17] requires a significant upgrade to the injection chain,

such as the SPL and PS2 described earlier or upgrading the PSB to 2 GeV. [18] The current

injector chain has a theoretical maximum LHC luminosity of 1034 cm-2s-1; LINAC4 and the

LHC machine changes described later should improve this by a factor of two or three. [19]

The SPS was not previously a priority for the luminosity upgrade but has been identified as a

significant bottleneck due to its impedance (analogous to resistance if you treat the beam as a

current) being higher than that of the LHC. Ways to reduce this are still being investigated, but

it has been identified that the SPS could benefit from an anti-electron cloud coating. [7][20]

The LHC machine itself is being upgraded at the interaction regions for the higher luminosity.

The inner focusing triplets will be replaced, crab cavities to rotate bunches may be installed (the

“early-separation” (ES) scenario), or there could be more intense bunches with a larger crossing

angle (“large Piwinski angle” (LPA) scenario) [17] and some of the detectors will be upgraded

to cope with the increased number of collisions. Crab cavities are RF cavities which rotate the

bunches just before the interaction point in order to compensate for the crossing angle (see

figure 5).
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Figure 5: How crab cavities increase luminosity. Without the crab cavities a large proportion

of the bunches overlap when they collide, but with the crab cavities the bunches can be rotated

until they fully overlap. They are then rotated back to along the beam direction after collision.

[21]

Another possible future plan is to upgrade the energy of the LHC to 28 or even 33 TeV [22] in

the 2030s. This project is called the DLHC (Double energy LHC) or HE-LHC (High Energy

LHC) and would require all magnets to be replaced in the LHC and SPS (to enable an upgrade

to 1.3 TeV). This would require a very strong physics justification as it would effectively be two

new large accelerators. Modifying the LHC to collide electrons and protons has also been

suggested. [22]
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2. Collimation and Theory

2.1 Collimation

After injection into the PSB, the higher energy beam from LINAC4 will be smaller than a beam

with the same number of protons at LINAC2 energy, but will have more protons. The total

number of lost particles from the edge of the beam is expected to decrease, but because they will

be at higher energy, the protons hitting the beam-pipe will cause more debris and more machine

activation (radioactivity) per proton than at lower energies, and possibly a higher level of

activation than is acceptable in the machine.

The solution proposed in this thesis is a two-stage collimation system (diagram in figure 6) to

remove protons in a controlled manner. This is an initial feasibility study on whether such

collimation could solve this problem and if so, which collimator designs are likely to work best.

The system consists of a first thin scraper which scrapes the beam and then a second (graphite)

absorber block further out from the beam. [23] This absorber means the radiation is contained in

one location which can have more restricted access than the rest of the machine, or even be

replaced if it gets too “hot” and will exceed safe radiation levels for people working in the

tunnel if left any longer. The scraper should only deflect particles that are far enough out to be

in an undesirable position and either deflect them outwards towards the absorber (but not

necessarily straight in) or away but on a changed trajectory with a deflection and energy loss

which should result in meeting the scraper again on a later turn. Particles are expected to start

near the centre of the bunch and diffuse outwards so it is not expected that there will be many

particles initially hitting the scraper a long way out, and very few that were already on a

trajectory to hit the absorber are likely to be deflected away by the scraper. The particles

removed are going to be mainly those with large betatron oscillation amplitudes as these make
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up the majority of the particles on the outer edges of the beam, along with those with a large

momentum offset.

Figure 6: The full collimator. The beam shown by the arrow goes from left to right, and should

be deflected by the scraper. Immediately or after more turns it should be absorbed on the face of

the absorber. All distances are in mm.
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Figure 7: A diagram of the two proposed scraper shapes. The one above has a constant

thickness, the one below a wedge much narrower at the centre than the outside, not to scale.

Axes (indicating aperture size) are in mm.

The first stage of the collimator (the scraper) has a horizontal aperture extending to ±a and

vertical aperture to ±b and the thickness depends on the cross-sectional shape as in figure 7

s s denotes the

a b from the inner edge of the scraper (in all cases here,

a b = 10cm). This creates a known opening angle, and the width for a given hit (here for an

x offset) is given by

(| | )

where ds is the distance along the beamline.

(1)
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The scraper has an aperture of 66 × 72 mm2 and the absorber block aperture has to be bigger

than this; the behaviour of the system changes depending on how much bigger the absorber

block aperture is. The material of the scraper, shape (rectangular cross-section or wedge) and

thickness/opening angle also make a difference.

2.2 Simulation and Theory

The PSB is modelled by two transfer matrices described later in this section, one taking particles

from the scraper (denoted point 1) to the absorber (point 2), and the other from the absorber

back to the scraper (if the particle has not been removed). No separate matrix is used for the

absorber, since it is presumed to be relatively short and to have no significant effect on the

machine parameters. The absorber would probably be modelled as a drift length, which is how it

is implicitly indicated in the transfer matrix. On hitting the scraper the particle is scattered and

loses momentum, changing its orbit. If this new trajectory sends it into the absorber or the

beam-pipe (outside machine acceptance), the simulation is stopped, otherwise it takes another

turn and may be scattered again. This is repeated for many particles, usually 10,000, reducing

the uncertainty to about 1%. The fraction that hit the absorber (compared to those lost by being

outside the machine acceptance), the fraction of the absorbed particles that did at least one more

turn after hitting the scraper and the RMS scattering angle are all recorded.

The particle has an initial vector r consisting of the x position, horizontal angle x’, y position,

vertical angle y’ and momentum offset as a fraction of total momentum , which starts as

0

0
(2)
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Only the in the x direction is taken into account as the effect on the radius of the particle’s

orbit is the only effect being considered here. In both planes it affects how the particle travels

through focusing magnets, changing the tune.

A matrix of sine-like (S(s)) and cosine-like (C(s)) particle trajectories and their derivatives has

to be constructed to map the particle’s motion from point i to point j. We construct equation 4

given that at the starting point s0 (where s is the distance), S(s0) = 0, S'(s0) = 1, C(s0) = 0 and

C'(s0) = 0 and Hill’s Equation (equation 3) because the trajectory is real. For the full derivation

see [24] pp. 38, 56 and 62-64. Hill’s equation is roughly simple harmonic motion:

( ) ( ) cos( ( ) )

where a is a constant, is the local beta function (bean envelope) is the phase and is a

small difference. We can now construct the matrix:

( ) ( )
( ) ( ) =

( )

+

where i and j are 1 and 2 or 2 and 1 respectively. For , = cos( )where

( ); for , = cos( ). is the horizontal tune,

an equivalent analysis applies to y (vertical tune). µ is the phase advance, is the beam

envelope due to the magnets in the lattice and . [25 pp 32, 36]

These matrices are then used to create two 5 × 5 matrices with particle motion in x and y (the x

and y subscripted elements are the horizontal and vertical versions of equation 4):

0
0 0 1

(4)

(5)

(3)
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D is the dispersion, a function describing the motion of an off-momentum particle. Both

elements are 0 for vertical motion. [25 p65]

The particle is tracked around the ring by these matrices, M12 takes from point 1 (the scraper) to

point 2 (the absorber block). For particles that make it past point 2, matrix M21 takes it back to

the scraper. is updated each turn by [ ] = [ ][ ] at point 1 and then [ ] = [ ][ ] at

point 2. These 5 × 5 matrices have a transfer matrix like eq. 3 in the top left 4 elements for the x

components and another one in the 3rd and 4th row and column for the y components. A further

column is for the dispersion, which is the widening of the beam due to off-momentum particles

having a slightly higher or lower bending radius which changes their closed orbit (the ideal path

a particle would take around the machine through the centre of the magnets with no offset or

oscillations) [25 pp.64 – 65]. The magnitude of its deviation from the orbit for on-momentum

particles is just proportional to the momentum offset .

If the particle hits the scraper, the vector is updated by

[ ] = [ ] +

0

0

The x and y deflections are scattering angles modelled here by random numbers with a Gaussian

distribution, with mean 0 and variance . KE is the kinetic energy, is the relativistic p

is the mass of the proton and is the material’s density. This is not an ideal model as the

distribution of scattering angles is not quite Gaussian, but is a good enough approximation for

(6)

(7)
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the purposes of this initial study. [26 p224] The last element comes from = , is

and .

The formula for energy loss through a medium is the Bethe – Bloch equation [26 p231]:

1 1
2

( )
2

I is the mean excitation energy and Tmax is the maximum kinetic energy that a free electron can

get in a single collision [26 p232]:

Ignoring ( ) as it is small at these energies and setting Z = 1 (incident particles are protons)

this combines to:

= 1
2

and are the relativistic and ( = 0.52, = 1.17 at injection), K/A = 0.307075 MeV g-1 cm2,

Z is the atomic number of the material, M is the mass of the incident particle (proton),

mec2 = 0.511 MeV (mass of electron), = . The particle also scatters randomly when it

travels through the scraper, with an angle given by [26 p236]:

= × ×

where c is the speed of light, p is the momentum of the incident particle, ds is the distance

traversed through the material and X0 is the radiation length. This formula starts to break down

at distances less than 10 . [26 p236] Depending on the scraper shape, when | | , ds is

(8)

(9)

(10)

(11)
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(| | ), (| | )

10 rather than 10 is used because a small inaccuracy is preferable to disregarding any

scattering at small distances, the scattering angles for these small distances still shrink in a

sensible way as distances get smaller rather than starting to produce large negatives as will

happen due to the ln term if distances much shorter than 10 are used. An alternative

solution would be not to add 10 but to have the scraper not registered as being hit until it

reaches this thickness; having this makes the aperture artificially large for very thin wedge

scrapers as they are thinner than that for distance from the aperture slightly too large to ignore.

To pass point 2 (the absorber), the code first calculates if the particle hits the absorber block

simply by checking if the scatter and energy loss from the scraper causes its x or y co-ordinate to

be greater than the aperture of the absorber. If not, it could get lost in the machine by hitting the

beam-pipe. This is to be avoided as much as possible because it makes the beam-pipe

radioactive. To check if it hits the beam-pipe, equations 13 and 14 are used to see if its

oscillations take it beyond the edge of the vacuum chamber in a typical section of beam-pipe

(outside the acceptance). and here are the Twiss/Courant & Snyder parameters (note: not

the relativistic in eqs. 8 - 10).

( )

(1 + ( ) )

> |

(12)

(13)

(14)
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where Ax (Ay) is the aperture of the beam pipe in the horizontal (vertical) direction, x and y are

the horizontal and vertical positions on reaching the absorber and x’ and y’ are the angles from

the closed orbit they make.
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3. Experimental Method

In this section the different parts of the study are discussed in separate subsections. Some were

stand-alone studies; some had results which affected later sections. The results and conclusions

from each are discussed in later chapters, which follow a similar format.

3.1 160 MeV Simulations

Since the beam gets smaller as energy increases, the largest beam and hence most losses will

occur at the injection energy. A newly injected beam may also contain particularly off-

momentum particles which should be removed as fast as possible. Therefore this proposed

collimator is designed to work at injection and all performance considerations are for 160 MeV.

Using the calculations in the previous chapter, a Mathematica [27] programme (see Appendix 1

for the code) tracked simulated particles around the accelerator and determined if and how they

were removed. This was run at the injection energy of 160 MeV when the beam would be at its

widest and most of the collimation would happen. Ideally they should all be caught by the

absorber, but in practice this does not happen. A parameter here called the efficiency is defined

as:

( )
( ) ( ) ( )

where N(Abs) is the number which hit the absorber, and N(x) and N(y) are the number of

particles outside the horizontal and vertical acceptance. Since they are dealt with separately, the

beampipe is modelled as rectangular. It is actually oval but this would require the horizontal and

vertical acceptances to be dealt with at the same time which is a lot more complicated and not

necessary for a study as basic as this.

(15)
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Another important parameter “multi turns” is the fraction of particles that made multiple turns,

i.e. did not hit the absorber during the first turn after hitting the scraper. All simulations were

done with a test particle with initial conditions to make it hit the scraper on a known turn

number.

Higher multi turns and therefore thinner scrapers are better because of something known as the

impact parameter d (see figure 8). If it is very small or zero, the particle may hit the absorber but

bounce off and possibly be scattered outside the acceptance. Ideally the stray particle should be

almost parallel to the beamline and hit the absorber at right angles to the facing edge, not at an

angle and graze a face of the absorber orientated parallel to the beam. The latter is likely to

result in the particle being removed by a single large scatter sending it directly into the absorber.

As many multiple hits as possible on the scraper theoretically makes the system better, but also

makes heat damage worse.

Figure 8: Diagram to

explain impact parameter d,

the perpendicular distance

from the aperture. The pink

rectangle is a cross-section

through the top part of the

absorber, the blue arrow is

the ideal beam position. The

horizontal black arrow is the

ideal path of a stray particle,

into the absorber with a

large d. This is most likely to

happen after several scatters

by the scraper.
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A scraper efficiency and multi turns fraction both of 90% were aimed for. The PSB currently

suffers some losses and it has yet to be seriously damaged by activation from standard use, the

configuration with LINAC4 would mean these losses occur at higher energy and do more

damage. Taking out around 80% of the expected losses should reduce the activation to below

the current levels, extending the lifetime of the machine. Generally the horizontal phase space

has better performance than the vertical, and a scraper efficiency of around 80% is tolerated for

vertical phase space. From flat scrapers for the first four materials, an acceptable performance

occurs when

= 0.025 to 0.054

s is the thickness, X0 is the radiation length and Z is the atomic number. This is an

empirical result found from the first few materials to get a rough idea of where to look for

suitable thicknesses for later ones, not calculated from any theory. There was little correlation

between the value of Z and where in this range the limit of suitable scraper performance was.

The simulation is run to calculate the efficiency and multi turns (with thicknesses in the range of

equation 16) and so find the maximum suitable thickness for a flat scraper.

An interesting modification to make to this was to correct for radiation length and nuclear

charge by multiplying the thickness by the atomic number divided by the radiation length which

should have made the graphs of efficiency and multi turns overlap for the different materials.

This is included in the results in figures 17 – 21 in section 4.2.

(16)
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3.2 1.4 GeV Simulations

The study was repeated using protons at the extraction energy of 1.4 GeV as while the number

of losses is expected to be much smaller, the energy deposited per particle is much higher. The

simulation had subtle changes made to allow for this; numbers which had previously been hard-

coded were made variable to allow them to be adjusted to a different energy and the usual input

parameters were changed to give a higher maximum number of turns (106, previously 200). This

was done when it was clear that 1.4 GeV simulations involved significantly larger numbers of

turns due to much smaller scattering angles; the previous threshold cut off many of the particles

which were going to hit the absorber. This is probably because the slower diffusion means there

is a strong dependence on distance travelled through at the tip of the wedge as the particles

spend more of their time near the edge of the aperture. Particles would probably never spend 106

turns at top energy in the machine but this number was chosen to give good statistics on what

happens to the particles as much less than this means it often takes more turns than the

simulation allows for the particle to be removed.

The simulations were not repeated for the whole range of thicknesses, but just those selected as

suitable from the 160 MeV studies (0.1mm tungsten, 0.7mm copper, 4mm aluminium and

10mm graphite wedges, 0.1mm aluminium and 0.2mm graphite flat).

3.3 Tune Variation

The PSB tune with LINAC4 has not yet been decided, so the effect of the tune being different

from the one assumed in the initial simulations needs to be known as it could have a significant

effect on performance.

The collimation was simulated as usual with vertical tunes over a range from 4.45 to 5.25, with

increments of 0.01, using a tungsten wedge scraper of maximum thickness 1mm, an aluminium

wedge of maximum thickness 4mm and a flat aluminium scraper of thickness 0.1mm. The same
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parameters as in the main collimation study were used and recorded: efficiency (fraction of

particles hitting the absorber), multi turns (fraction of particles making at least one full turn after

hitting the scraper) and average number of hits on the scraper made by the particles in the

simulation. 10,000 particles of the same initial properties were used as usual to get statistics to a

significance of around 1%.

A 0.1mm flat tungsten scraper was also tried briefly but there appeared to be no change in

behaviour with tune variation, the multi turn behaviour was very poor and the average number

of hits on the scraper stayed around 1.

3.4 Heating

It is important to consider off-momentum particles depositing large amounts of energy in the

scraper as there could be enough energy deposited to cause serious damage to it. This is likely to

have an effect on which materials to use, possibly justifying ones which are more expensive or

difficult to work with, which would not otherwise be first choice. If no suitable materials can

withstand the maximum possible energy deposition a protection system needs to be

implemented.

To get a first idea of how to solve the problem and to estimate roughly the size of the effect, a

simple model with no conduction or radiation was used.

For all materials, simulations at 1.4 GeV calculated the average number of hits on the scraper

per particle and indicated that 18 – 19% of turns hit the scraper. With a revolution time of 10-6s

the time for the particle to be lost can be calculated and thus the time taken for the scraper to

reach its maximum temperature, or melting point if lower.

Given the number of hits and the material properties, the heat gain was calculated in another

simple simulation.
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The energy deposited per hit was calculated by

where 3

thickness in cm.

The temperature rise was then calculated by

where E is the energy loss in eV as calculated in equation 17, nhits is the average number of

times each particle hits the scraper, e is the charge on the electron in Coulombs, npcls is the

number of particles in the beam, A is the area in cm2 Cv is the heat

capacity in J/g K.

Lithium and boron are not practical scraper materials, but have been included in this study to

explore behaviour at low atomic numbers.

Properties for each material were ascertained as inputs for Mathematica calculations; these are

in table 1 below. [28][29][30][31][32][33][34][35][23]

(17)

(18)
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Material Specific

heat Cv

Condu-

ctivity

(J/cm

oC s)

Atomic

number

Radiation

length

(g/cm2)

Density

(g/cm3)

Mean

excitation

energy

(eV)

Thickness

(mm)

Graphite 0.6904 0.238 6 42.70 2.210 79 0.2

Aluminium 0.8996 2.22 13 24.01 2.699 162 0.1

Copper 0.3849 3.93 29 12.86 8.960 311 0.02

Tungsten 0.1339 2.01 74 6.76 19.30 742 0.005

Beyrillium 1.824 1.82 4 65.19 1.848 58 0.8

Diamond 0.5104 23.2 6 42.70 3.52 79 0.2

Lithium 3.598 3 82.78 0.534 46.3 1.8mm

Boron 1.025 5 53.20 2.46 69.7 0.25mm

Table 1:.Properties of the materials investigated. Conduction was not investigated for lithium

or boron.

Thickness was defined by the maximum acceptable flat (when possible) scraper at 160 MeV,

given by multi turns × efficiency of around 80%. For Tungsten none of the thicknesses tried for

flat scrapers was anywhere near that figure (all were far too thick with very poor performance)

so instead the flat equivalent of the 0.1mm wedge was found. This was obtained from looking at

the correlation between RMS scattering angles for flat and wedge scrapers, Tungsten wedges of

a given maximum thickness had roughly the same RMS scattering angles of a flat scraper 1/20

the thickness of the wedge’s maximum. The Bethe-Bloch energy loss given by equation 8 was

used to find the energy loss per hit on the scraper and then multiplied by the density and

thickness (which later cancels out).

The total energy deposited in the scraper was found by multiplying this by the average number

of times each particle hit, the number of particles and converting from MeV to Joules. Average
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numbers of hits were found with simulations of 10,000 particles at 160 MeV and 1.4 GeV using

the code for scraper simulation. The number of hits is the only way the thickness makes a

difference. The temperature change was found by:

where Q is the energy input (calculated as above), m is the mass and is the constant volume

specific heat, although for a solid rather than a gas constant volume is more or less a given.

Since the mass is found from the volume × density and the volume involves the thickness, this

cancels with the thickness to find the energy loss per hit.

The number of hits per particle was estimated from the model of the particle going around the

machine as normal with the collimator. This is probably inaccurate because in addition to

scattering, the change in central orbit will send the particles into the absorber more quickly.

However, this should almost certainly overestimate the number of hits to lose a particle and

slight overestimates are needed to ensure the system would be safe.

The other important quantity to estimate is the number of hits per unit area, requiring the

number of particles in the beam, the beam size and distribution. There are 2×1013 particles per

beam, and the beam size has been measured at extraction on a CNGS (CERN Neutrinos to Gran

Sasso [36]) cycle to be y = 2.28mm (see appendix 5) and 3 standard deviations taken to

include most (>99%) of the particles. The beam with LINAC4 aims to be about the same size.

The CNGS cycle was used because it is higher intensity than an LHC cycle so is better for worst

case scenario calculations. This gives the vertical size of the area being hit. The horizontal size

is assumed to be 3mm as due to the absorber aperture being 3mm larger than the scraper, so that

very few particles will hit further out than 3mm. The distribution has been approximated to

triangular as the maximum density of hits will then just be double the mean. This is modelled

here by halving the area, giving an area of 0.1025cm2 at 1.4 GeV, assuming a normalised

(19)
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emittance (see below); the area will be 3.75× bigger at 160 MeV due to equation 20. The most

useful beam size is that at extraction because the number of hits per particle before being

scattered away at low energy is so low it is not of interest for calculating a worst case scenario.

N) is a quantity which stays constant with the beam energy as the

emittance changes during acceleration, and can be used to calculate the emittance at one energy

given the emittance at another known energy. The normalised emittance N =

emittance and and are the relativistic and ) stays constant if the only change in is

directly due to the acceleration of the beam. Assuming the beam size stays the same relative

to knowing and at injection and extraction, and at extraction ( 1) we can find at

injection ( 2) by:

=

The low energy figures in the results section are not completely accurate because they use the

beam size at extraction. However, since they are smaller and the actual beam size would only

lower them further they have been included to demonstrate that the limitation is extraction

energy.

Even without scattering, the beam could be lost due to the change in closed orbit. This could

possibly be modelled by decreasing the energy each turn in the Mathematica simulation to

compensate for the change in magnetic field. However, losses appear to be dominated by

scattering rather than the movement of the beam over the scraper. Estimates of the total number

of turns (not just hits) indicate in the region of 1000 turns (about 0.145 of the turns hit the

scraper), with 5×10-7s per turn and the central orbit moving at 2m/s this is only a movement of

about 1mm. Diffusion from scattering is probably 3mm as this is the difference in size between

the scraper and absorber half apertures, beyond this particles would hit the absorber.

(20)



26

3.5 Conduction

A simplified model of the beam hitting the scraper with heat conduction has been made in

Mathematica (Appendix 3). The model treats the beam as a circle incident on a disc with the

size doubled to compensate for the fact that the real beam hits an area adjacent to an edge,

which would give it close to half the area to disperse over. The disc is split up into narrow rings

with the central 100 rings having beam incident on them. Each ring has heat transfer for it

calculated using the temperature of the adjacent rings, and if relevant, the power of the incident

beam.

Rather than the total power of the beam, the power per unit area is used to simplify the

calculation. To get the temperature, this is multiplied by the area of each ring, and the net heat

in or out is calculated. This is then divided by the heat capacity and the mass.

The area of where the beam hits the scraper is calculated the same way as in Section 3.4. In

order to take into account the beam being more intense in the middle a triangular distribution is

assumed making the maximum intensity simply double the mean, making an effective area of

10.25mm2. However, due to the geometry here being a beam incident on the centre of a disc

when what is being simulated is an edge the area is doubled to 20.5mm2. The area is taken to be

in a circle for this approximation, an area of 20.5mm2 gives a radius of 2.55mm, and is divided

up into rings for the simulation. The innermost 100 rings are defined as being inside the beam

makes the incremental radius of each ring-shaped element, = 0.0255mm. The disc was

extended well beyond the edge of the beam to an arbitrary 731 elements to give plenty of space

for heat to conduct out of the edge of the beam.

The area of each annulus is ( ( ) ) where n is the ring element number, which

simplifies to ( ).
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The equation for heat transfer in elements with beam taking into account heat in and out and the

area connecting each element to its neighbour is:

+ ( )

for element n = 1 (the central circular spot) and

+ ( )( ) ( )
( )

for n = 2 onwards, where Tn is the temperature of the nth element, t is time, k is conductivity, is

density, cv s the thickness and is the power per unit area. The

simulation was run with two arrays for temperature, T' updated as it ran through every element

but getting T from an array not updated until the end of the time increment, when every ring

element had its new temperature calculated. This is important because all spatial elements are

supposed to be changed instantaneously in time, so the temperatures of adjacent elements must

be from a temperature array which is fixed until the end of the time increment rather than the

one updated during it. The two are set equal at the end of the time increment.

Without beam (for elements outside the beam or for the whole disc when the beam is off)

( )( ) ( )
( )

The beam x and y x y x

x for horizontal size was taken and then multiplied by the 3mm aperture

difference between the scraper and absorber for scattering in the vertical direction, giving an

area of 20.5mm2.

(21)

(22)

(23)
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3.6 Radiation

While energy is being put into the scraper, its rising temperature means some is also being

radiated and it was important to verify that this was not significant. To calculate it, a perfect

blackbody was assumed. The Stefan-Boltzmann law gives [26 p4]:

Power radiated (W) = AT4 Js-1

-8 W m-2 K-4, A is the area in m2 and T is the temperature in Kelvin. A was

taken to be 2.05 × 10-5 m2 and the temperature used is the melting point as this is the highest

temperature of interest given the aim of this is to see whether radiation could prevent it melting.

The actual amount of radiation will be lower than this figure obtained from the temperature at

the centre of the area hit by the beam. This is because the area has been scaled for the heating

calculations which depend linearly on temperature whereas radiation scales with the fourth

power of the temperature. This is sufficiently accurate unless this overestimated value turns out

to be a large fraction of the input power.

The materials in this study are not perfect blackbodies, a more accurate formula is

AT4

predicted by eq. 23 actually emitted, so the energy radiated is even less.

(24)
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3.7 Variable Heat Capacities

Previously, all simulations have been done assuming that heat capacity stays constant with

temperature, but this is not the case. For most materials it is close to its maximum value at room

temperature and any changes at higher temperatures are negligible, but for carbon it is well

below the maximum (see figures 9 and 10) and for copper it is about 25% lower. This means

that diamond and graphite could take a lot more energy before melting/subliming than previous

simulations have implied. Figure 9 shows how the diamond and graphite heat capacities change

with temperature, figure 10 shows the smaller but significant effect for copper.

Figure 9: How the heat capacities of graphite and diamond change with temperature.
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Figure 10: Change of heat capacity of copper with temperature.
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the temperature rises above this is not of interest because the scraper needs to be solid even

though the graph’s shape implies the heat capacity could rise much further.

The Mathematica program was similar to the conduction case, which is a finite element analysis

but in time as well as space. It was iterated for every hit up to the relevant average number of

hits on the scraper, for each hit the heat capacity was calculated from the temperature after the

previous hit and the heat deposited on that hit was calculated from this heat capacity.

3.8 Reducing the Number of Turns

Given that the optimal performance for many materials requires a scraper design which may be

insufficiently robust to withstand beam loss, another approach was to investigate the highest

possible performance scrapers which would withstand such a scenario. This was done by

calculating the highest average number of hits on the scraper without melting it, then by trial

and error finding a scraper thickness that could withstand a 1.4 GeV beam loss. It is possible to

apply this new thickness to the number of turns established using the original thickness because

the thickness makes no difference to the heating calculations. A thicker scraper means a longer

distance along which to deposit energy but also a larger volume to hold it, and these exactly

cancel out assuming insufficient energy loss to change dE/dx significantly.

The performance was then checked at 160 MeV as the scraper is mainly needed to remove stray

particles at injection.
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3.9 Nuclear Scattering

As well as the ionisation energy loss previously described using the Bethe-Bloch equation,

beam particles can lose energy by scattering off nuclei in the material. To find how many such

scattering events happen requires the number of scattering centres, the number of particles in the

beam, and the cross section of each scattering centre (Sc).

First, the number of scattering centres ( , related to the volume) is calculated:

where V is the effective volume and L is the effective length, in this case the thickness

multiplied by the number of times travelled through.

where is the density.

= ×

=

where A is atomic mass and NA is Avogadro’s Number.

(25)

(26)

(27)

(28)

(31)

(29)

(30)
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The number of scattering centres per atom is related to projected area, not just the number of

constituent quarks. This is because unlike atomic nuclei in a solid, protons and neutrons in a

nucleus can be treated as having no gaps in between.

4
3

Combining equations 32 and 33 gives:

Substituting equation 31 for the number of atoms and equation 36 back into equation 27:

Finally we get the number of events, Nev by multiplying by the cross-section and the number

of particles in the beam Nb:

To find the value for the cross-section the momentum is needed, which can then be looked up in

the tables in [39] and [40]. From the well-known equation:

E2= p2 + m2

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)
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we can rearrange to get:

p2 = (KE + m)2 – m2

where KE is the kinetic energy and m is the mass of the particle (proton in this case). If this

momentum is close enough to an entry in the table the cross section can be used. If not,

assuming the relationship can be approximated as linear (which is probably valid for such small

increments), it can be extrapolated from neighbouring values by

=

where x is the particle momentum, a and b are the nearest momenta below and above

respectively, and are their respective cross-sections. This can be rearranged to find :

( )

The energy loss per event is uncertain, see the discussion later, an upper bound of the total

kinetic energy of the particle has been assumed.

(40)

(41)

(42)

(43)
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4. Results

This section contains the results from all the subsections of chapter 3 and discussions of the

implications of each result before moving onto the next. The conclusions are in the next chapter.

4.1 160 MeV Simulations

Scrapers of aluminium, copper, carbon (graphite here) and tungsten were investigated for

different thicknesses along the beamline and for different sizes of the graphite absorber’s

aperture. For the rectangular cross-section (figures 11 – 13), thicknesses of 0.1 – 1mm were

tried in 0.1mm increments, for the wedges (figure 14), 1-10mm in 1mm increments. In some

wedge cases the efficiency was falling as the thickness approached zero and in most it was

rising, so additional simulations were made for 0.02, 0.04, 0.06 and 0.08mm which showed it

does rise at very small distances.

Figure 11: Example of an efficiency graph comparing the different materials.72×42 is the

absorber aperture and x refers to the particle being lost in horizontal phase space. Others were

done for wedge collimators, vertical phase space and different absorber apertures.

0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1

0 0.2 0.4 0.6 0.8 1

Ef
fic
ie
nc
y

Thickness (mm)

Absorber 72×42, x, flat

Aluminium

Tungsten

Copper

Carbon



36

The effect in figures 11 and 14 (high efficiency when very thin, lower efficiency then rising

again) which is visible in the graphs for materials with short radiation lengths is because there

are three main ways to remove the particle. For very thin scrapers the particle is slowly

dispersed outwards until it hits the absorber but is never outside the machine acceptance. For

thick scrapers it gets a single kick straight into the absorber (which would in practice probably

not be absorbed but that is not taken into account by these graphs alone). In between, neither of

those happens as much because the most likely outcome is that particle gets a single kick which

is too small to send it to the absorber, but it does not get a chance to be diffused outwards

because the kick was big enough for it to be outside the acceptance and get lost in the machine.

The efficiency graphs (figures 11, 14 and 15) are a combination of increasing efficiency with

multiple scatters as the scraper gets thinner and apparent increasing efficiency from large single

scatters as it gets thicker. The results here imply that a zero thickness scraper is best, this is due

to the model used being an approximation which breaks down at very low thicknesses. Since

scrapers this thin cannot be constructed, the approximation is still sufficient.

A scraper of aperture 66×36mm and an absorber of aperture 72×42mm are proposed. The

simulations indicate an absorber x aperture up to ±37mm and y up to ±22 (74×44mm) work well

for ideal shaped scrapers, because of uncertainties in the position of the beam these should be

reduced by 1mm to ensure a margin of error. If it is very poorly positioned, the collimator could

be adjusted, so that the alignment would be accurate to about 0.1mm. The machine tolerances

can be as low as 0.01mm for some materials so this is much less of a problem. [41]
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Figure 12: Example of graph comparing multi-turn behaviour in the different materials for a

given scraper design.

Figure 13: Showing how the RMS scattering angle increases with thickness. It is dominated by

the square root term.
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Figure 14: As figure 11, but with a wedge-shaped scraper.

Figure 15: Comparing the efficiency graphs when the thickness is corrected for radiation

lengths and atomic number.
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Figure 16: A possible alternative to having thresholds for efficiency and multi turns is to

multiply the two together. The horizontal phase space has slightly better results and is therefore

not the limiting factor.
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4.2 1.4 GeV Simulations

Material Efficiency RMS scattering angle (mrad)

Graphite flat x 0.1mm 1 0.115

Graphite flat x 0.2mm 0.9999* 0.168

Aluminium flat x 0.1mm 1 0.176

Tungsten wedge x 0.1mm 1 0.114

Graphite flat y 0.1mm 1 0.115

Graphite flat y 0.2mm 1 0.168

Aluminium flat y 0.1mm 1 0.176

Tungsten wedge y 0.1mm 0.9999 0.114

Table 2: Flat scraper and tungsten wedge, these were not plotted because there are not enough

data points to justify graphs. 0.9999 as opposed to 1 is significant as it indicates the scraper

design is on the edge of maximum efficiency. Multi turns are not included as these are all 1.

Table 2 presents the values of the RMS scattering angles at the thicknesses used. Thicknesses

were chosen for similar performance at 160 MeV, the scattering angles all being broadly similar

at 1.4 GeV indicates similar performance at extraction energy too.
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Figure 17: The efficiency for particles lost in horizontal phase space. The x axis is corrected for

radiation length and nuclear charge, as is figure 18.

Figure 18: Efficiency at 160 MeV over the same range of thicknesses for comparison.
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Figure 19: Average number of hits on the scraper for horizontal phase space.

Figure 20: RMS scattering angle at 1.4 GeV.
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Figure 21: Scattering angle at 160 MeV.

At 1.4 GeV, the RMS scattering angles become much smaller (compare figure 20 to figure 21)

which in some respects makes the scraper behave equivalent to a thinner one than it did at 160

MeV. For example, at 160 MeV in figure 17, graphite has an efficiency of just over 98% for a

1.5mm scraper, at 1.4 GeV in figure 18 it would have this efficiency at around 0.4mm and the

whole 0-2.5mm range of figure 17 resembles the roughly 0-0.5mm portion of figure 18.

Performance at 1.4 GeV is significantly better than 160 MeV, so that the scraper choice can be

made on the basis of efficiency and multi turns at the injection energy. The larger number of hits

on the scraper places limits on the design due to the amount of heat the scraper may be

subjected to.
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4.3 Tune Variation

Figure 22: The efficiency of the tungsten wedge scraper over the full range investigated. The

5.0 – 5.3 section looks the same as 4.5 – 4.8 and 4.45 – 4.5 looks likely to be part of the same

shape just below 5.0.

Figure 23: The tungsten wedge in detail over a range of 0.5 in y tune. Scattering angle,

efficiency, multi turns and average number of hits (nturns) have been plotted on the same graph

to show how they correlate. The average number of hits has been divided by 10 and the

scattering angle by two in order to put them in a similar range to the other parameters.
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The tungsten wedge (figure 22) shows a repeating pattern over a range in tunes of 0.5. The

range 4.5 to 5 was investigated in more detail with smaller increments of 0.005 (figure 23). This

is not the most likely range of the machine tune but the pattern looks probably identical over

any range of 0.5. From looking at the scattering angle, it picks out resonances at (subtracting the

starting point of 4.5 and in approximate order of significance) 1/4, 1/6, 1/3, 1/8, 3/8, 1/10, 1/5,

0.216, 3/10, 0.421, 3/40, and 1/7. Most of these are obvious integer or fractional resonances,

some less so but might be more sensible fractional resonances not obvious from the resolution

of the graph, or not on the pattern that repeats every 0.5. Only the major resonances were clearly

repeating every 0.5, the more subtle ones were only noticed when it was looked at in detail over

a smaller range.

Figure 24: Tune for the aluminium wedge. The pattern is very similar to the tungsten wedge

(figure 22) but with efficiencies concentrated higher.
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Figure 25: As figure 23, for the aluminium wedge.

Not plotted: Tungsten, flat, 0.1mm. All tunes have efficiency 0.83, average number of hits 1.02,

multi turns 0.004 – 0.023.

The aluminium wedge pattern (figures 24 – 25) looks very similar to the tungsten wedge but

with not quite as many resonances. This is probably because the efficiencies are all quite high so

are harder to identify. Resonances picked out from the scattering angle graphs are 1/4, 1/6, 1/3,

1/9, 3/8 and 7/25. The resonances at 1/9 and 7/25 are less obvious on the tungsten scraper,

which also has some features not on the plot of the aluminium scraper.
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Figure 26: As figure 23, but for the flat aluminium scraper. Scattering angle has been removed

as this is constant.

The flat aluminium scraper (figure 26) has similar variations to the wedge scrapers. This

indicates that whatever is causing the variations is not the thickness of scraper traversed, which

otherwise would have been a good explanation for the behaviour of the wedge. The only

difference between wedge and flat seems to be whether multi turns or number of hits has a

stronger correlation with the efficiency. For the tungsten wedge (figures 22 - 23) there is a

strong correlation between the scattering angle and efficiency, they mainly mirror each other

(one increases when the other decreases) except some very large dips in scattering angle

correlate to a dip rather than a peak in efficiency. For the flat aluminium (figure 26) the

scattering angle is fixed. For the tungsten wedge (figures 22 - 23) scraper the average number of

hits looks almost random and multi turns do not look much more closely correlated, there are a

couple of groups of around 100% multi turns which tend to be where the scattering angle and

efficiency are decreasing. The flat aluminium (figure 26) on the other hand has the number of

hits mirroring the efficiency. Most dips in efficiency look loosely correlated with the high
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fraction of multi turns but there are also very high multi turns in other places. It is not clear why

there is so little correlation between average number of hits and multi turns, or why average

number of hits had such a strong correlation with efficiency in the flat case but not the wedge.

For both flat and wedge scrapers the tune must be accurately known as for a given design the

tune can make the difference between an efficiency of 95% and 85%, even lower on or very

near a 1/4 integer (including 1/2 integer and integer) resonance. When the tune is known, it is

possible that a thinner (to get adequate efficiency) or thicker (for better robustness if there is a

good margin for the efficiency) scraper may be better than the one proposed for the currently

assumed tune.

The most significant result from this is the way the efficiency changes with tune does not follow

a smooth, predictable pattern but has some very sudden changes. A detailed simulation will

have to be run for the actual tune when it is finalised, results cannot be extrapolated from similar

tunes.

The similarity between both wedges suggests that the difference in performance from the flat

aluminium scraper indicates that geometry alone dictates the behaviour, a scraper of similar

performance but another material shows the same pattern. The effects seen probably occur

because tunes near resonances result in higher betatron oscillations. This means any particles

which do not go straight into the absorber are more likely to be lost in the machine as they are

more likely to oscillate outside the acceptance.
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4.4 Heating

Material Thick

ness

Hits Effic

iency

(160

MeV)

Multi

turns

(160

MeV)

Temp

2×1013

pcls (K)

1.4GeV

Temp

2×1013

pcls (K)

160MeV

Melts

(K) n

Ratio

to

melting

point

total

time

(ms)

Mel-

ting

time

(ms)

Beryllium 0.4 155 0.7951 0.9916 2325 522 1560 152 1.49 0.809 0.621

Graphite 0.2 170 0.806 0.9931 6727 944 3948 170 1.70 0.904 0.555

Alu 0.1 155 0.7929 0.9923 4333 736 933.5 155 4.64 0.824 0.19

Copper 0.02 123 0.7543 0.9817 6901 1188 1358 123 5.08 0.654 0.134

Tungsten 0.005 121 0.7544 0.9783 15175 2275 3695 121 4.11 0.644 0.16

Lithium 0.1 157 0.7831 0.9888 1231 409 453.6 142 2.71 0.755 0.365

Boron 0.06 156 0.8075 0.9832 4043 708 2349 157 1.72 0.835 0.523

Diamond 0.2 169 0.8169 0.9944 8965 1183 3820 169 2.35 0.899 0.396

Table 3: How much each material is heated by a beam loss. No conduction, radiation, variable

heat capacities or increased thicknesses to reduce hits are taken into account.

The first column of data in table 3 gives the desired thickness of the scraper in mm giving

around 80% efficiency. A lower efficiency is tolerated for copper and tungsten due to the very

low thicknesses involved, and also because for copper and tungsten a wedge may work better

and these thicknesses are approximating a wedge of slightly better efficiency, for which it

would be much more difficult to calculate the heating. All scrapers here are flat for ease of

calculating the heating, although wedges have not been ruled out. Hits is the average number of

times a particle will hit that scraper design, temperatures for 160 MeV assume 7 hits as all

materials showed an average number of hits between 5 and 7 at 160 MeV. The upper bound was

taken because the main purpose of the 160 MeV temperatures are to show they are lower than at

1.4 GeV. The higher energy loss per hit at 160 MeV is less important than the larger number of

hits at 1.4 GeV.
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The sixth and seventh columns are the temperatures assuming 2×1013 particles for beam losses

at 160 MeV and 1.4 GeV. The temperature assumes no conduction as this has been shown to

make no noticeable difference to the maximum temperature.

The tenth column is the ratio between the maximum temperature and the melting point of the

material. The best of these is Beryllium, but even then 50% over the melting point. Beryllium

also has the smallest absolute difference between maximum temperature and melting point but

still probably too much for a cooling system to make a difference. Lithium has the lowest final

temperature but slightly higher absolute difference from melting point, much higher ratio to the

melting point, shorter time to reach the melting point but is not a suitable material for a scraper.

With the geometry here a mechanism to remove the beam before it melts the scraper would be

needed. From the time taken to lose the particle and the temperature then, the time after the

particles first hit the scraper when the melting point is reached can be calculated. Again, the best

of these is Beryllium at 0.621ms, graphite and boron are not far behind at around 0.5ms.

However, boron was only included to show low Z behaviour and is not a practical material to

create a scraper out of, but boron carbide might be worth investigating.
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4.5 Conduction

Figure 27: These graphs are what happens after 3640 time iterations of input beam, the

expected time the beam would be on the scraper. The y axis is temperature in Kelvin, the x axis

is element number (see Appendix 3). Top row (left to right): tungsten and graphite. Bottom row:

copper and aluminium.

Simulations with conduction indicated some cooling at the edge of the beam but made no

difference to the centre, meaning that the maximum temperature was not affected. Therefore

conduction will not be considered as a factor in calculating whether the scraper will melt.
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4.6 Radiation

Material Emissivity Radiated power (J) Input power (J) Radiated/input

Aluminium 0.02 0.017 3.0 × 104 5.9 × 10-7

Tungsten 0.02 4.33 4850 8.9 × 10-4

Copper 0.02 0.079 2.16 × 104 3.7 × 10-6

Graphite 0.75 53.2 7.14 × 104 7.4 × 10-4

Diamond 0.02 2.4 1.63 × 105 1.5 × 10-5

Boron 0.9 31.9 6.95 × 104 4.6 × 10-4

Lithium 0.02 9.8 × 10-4 1.4 × 105 7.0 × 10-9

Beryllium 0.02 0.14 8.54 × 104 1.6 × 10-6

Table 4: the power radiated at melting temperature (found using the Stefan-Boltzmann law)

compared with the input power from the incident beam (from the Bethe equation only).

[42][43][44]

The highest fraction of any radiated power as a proportion of the input power is about 0.1%

making this negligible as a cooling effect. Due to the approximations involved this is actually an

overestimate, making the real radiated power of even less significance. Heat loss by radiation

will therefore be disregarded.
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4.7 Variable Heat Capacities

Material Temp fixed C (K) Temp variable C (K) Melting point Melts?

Graphite 6727 2795 3948 No

Diamond 8965 3186 3820 No

Copper 6901 5452 1358 Yes but later

Table 5: New temperatures calculated from heat capacities which change significantly with

temperature. This is only significant above room temperature for carbon and copper.

The temperature dependent heat capacity (table 5) gave a 21% reduction in maximum

temperature for the copper scraper, but this was not enough to prevent melting. It does however

delay the point at which it melts, since the beam would have to be stopped in under 23 hits as

opposed to 19 as indicated by the constant value heat capacity. If one turn of the PSB is 10-6s

and 18.8% of the turns result in a hit, 23 hits is about 120µs.

As the melting point is the maximum value covered by the data in [37], whether or not the

extrapolation beyond there is accurate does not matter.

The graphite and diamond scrapers however are safely below their melting/sublimation points

making these appear viable. More accurate data on how heat capacity changes at high

temperatures is needed to confirm this as [38] only gives figures up to 1500K and the formulae

have been assumed to hold up to 2000K for graphite and 2428K for diamond.
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4.8 Reducing the Number of Turns

Material Hits New hits Old thickness
(mm)

New thick.
(mm)

Efficiency New Eff. Eff. × multi

Aluminium 155 77 0.1 0.2 0.6568 0.6568 0.61483048

Copper 123 20 0.02 0.14 0.5102 0.5102 0.28719158

Tungsten 121 45 0.005 0.014 0.5671 0.5671 0.4616194

Beryllium 155 96 0.4 0.66 0.6930 0.6930 0.6631317

Lithium 157 48 1.8 6.0 0.5723 0.5723 0.47460839

Boron 156 102 0.25 0.38 0.7115 0.7115 0.6878782

Table 6: Performance for scrapers with thickness increased to that which would not result in

heating from a beam loss melting the scraper.

Most of the scrapers tried here would appear to melt according to tables 3 and 5, but if poorer

efficiency can be tolerated then it is possible to modify the beryllium or even aluminium scraper

to something which would not melt. Beryllium only shows a 3.6% improvement on aluminium,

which may not enough to justify it given the significant safety concerns. Lithium and Boron

were only included to indicate low Z behaviour.
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4.9 Nuclear Scattering

Material Nuclear events:

1.4 GeV

160 MeV Energy loss:

160 MeV (J)

Energy loss:

1.4 GeV (J)

B-B energy loss

(J) (1.4 GeV)

Aluminium 2.42×1011 3.07×1011 15.72 54.21 11.3

Graphite 5.18×1011 6.36×1011 32.58 116.3 22.6

Diamond 8.26×1011 1.01×1012 51.88 185.2 35.8

Copper 1.21×1011 1.60×1011 8.223 27.07 5.26

Tungsten 4.56×1010 6.66×1010 3.412 10.23 2.22

Beryllium 9.54×1011 1.30×1012 66.54 214.1 31.56

Lithium 1.35×1011 1.88×1012 96.33 303.7 41.3

Boron 7.47×1011 9.83×1011 50.38 167.6 27.1

Table 7: Number of nuclear scattering events and the energy loss they result in, assuming all

kinetic energy of the particle is deposited in the scraper.

More detailed simulations need to be done on the effects of nuclear scattering, if the energy

from these scatters (about a factor of five greater than that due to ionisation for most materials,

and around 7 for very low atomic numbers) all counts towards heating then they will be a

serious and possibly insurmountable problem. If the debris from these events leaves the scraper

depositing almost no energy their effect will be almost negligible. To establish which of these

scenarios or what combination of them is the case will require an extensive custom Monte Carlo

generator beyond the scope of this project. It is possible that if nuclear losses are significant, in

which case it may have to be checked if a thicker diamond scraper could still have useful

performance.
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4.10 Accuracy and Errors

Nothing in this thesis has been experimentally verified so there could still be important effects

and practical issues which haven’t been thought of yet. All simulations have been custom

written and might still contain mistakes. This study mainly serves the purpose to indicate what

needs looking into in more detail such as by more rigorous simulation and testing with a live

beam. There is no current similar protection system in the PSB to compare against.

There are several known sources of error:

The beam size is very difficult to measure accurately and it is even harder to predict the

exact size in a machine which hasn’t been built yet.

The tracking around the machine is a very simplified model.

Only two initial particle trajectories have been considered.

The Bethe-Bloch equation is an approximation for a narrow range of energies

The RMS scattering angle has been assumed to have a Gaussian distribution; this is a

very approximate model of its distribution.

The simulations have been run for enough turn to find how almost all particles are lost,

this involves running it for longer than the machine would have them at that energy for

which might bias it in favour of slower loss methods.

The manufacturing errors are at least 0.01mm [41], positioning is probably about

0.1mm if it can be adjustable.

The exact motion of the beam during a loss has not been carefully modelled.

The beam has been approximated to simpler distributions for heating simulations.

Conduction may change with temperature

Material imperfections will probably matter

These generally result in pessimistic estimates or are expected to be small.
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5. Conclusions

5.1 Performance and Design

Graphite Flat 0.2mm Wedge 10+mm

Aluminium Flat 0.1mm Wedge 4mm

Tungsten Flat N/A Wedge 0.1mm

Copper Flat N/A Wedge 0.7mm.

Beryillium Flat 0.4mm

Diamond Flat 0.2mm

Lithium Flat 1.8mm

Boron Flat 0.25

Table 8:Maximum acceptable scraper thicknesses using the graphs of efficiency × multi turns

(figure 16) and an efficiency × multi turns threshold of 0.8.

All thicknesses quoted are the maximum acceptable according to this study. More detailed

simulations could change these figures. Wedge thicknesses were not established for the lower

four materials as these materials were only investigated after the heating concerns arose; the

lack of conduction on relevant timescales makes the thin point of a wedge very vulnerable as

well as much harder to model, so only flat scrapers were used from then onwards.

From this alone, the 4mm aluminium wedge or 0.5mm copper would look likely to be best. A

0.1mm flat sheet of aluminium would be a lot more robust at the point where the particles hit.

If worse performance could be tolerated, some materials could satisfy this at thicknesses which

would not appear to melt them.
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5.2 Overall Conclusion

In the event of a beam loss depositing the maximum possible energy on the scraper, taking into

account only Bethe-Bloch losses, one can theoretically propose a high performance scraper

made from graphite or diamond and a reasonable one made from aluminium. Practical

considerations rule out graphite, since above 70°C it outgasses and degrades the vacuum. This

leaves either diamond or finding a way to ensure that the worst case scenario discussed here

does not happen. [45]

A tungsten scraper is unrealistically thin and should probably be disregarded even if a fast

kicker renders its performance acceptable. Brief research on the internet did not find a source of

tungsten at the required thickness but sheet or foils for all other scrapers investigated here

appear to be obtainable.

Diamond has the best material properties for the scraper as established in this study, although

the practical and economic concerns of constructing a suitable scraper have not been

investigated.

The option least likely to hit practical or economic barriers is aluminium, but this requires

reduced performance or something to ensure the entire beam is never lost on the scraper.

All of this depends on a more in-depth look at the effects of nuclear scattering, which could

result in the heating being anywhere up to eight times higher, but it could also be low enough to

not make much difference.
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6. Appendices

Appendix 1:Mathematica Tracking Code

(*material={z, rho, x0, Io, A}*)
Tungsten = {74, 19.3, 3.5, 741.5351*10^-6, 183.84};
Aluminium = {13, 2.699, 88.96, 161.8284*10^-6, 26.9815386};
Copper = {29, 8.96, 14.35, 311.4414*10^-6, 63.546};
Carbon = {6, 2.21, 193.2, 79*10^-6, 12.0107};
Beryllium = {4, 1.848, 352.8, 55*10^-6, 9.012182}; (*was 58*)
Lithium = {3, 0.534, 1550.19, 46.3*10^-6, 6.9412};
Boron = {5, 2.46, 216.26, 69.7*10^-6, 10.811};
CDiamond = {6, 3.52, 121.3, 79*10^-6, 12.0107};
(*Energy={beta, gamma, mom, ke}*)
onesixty = {0.52, 1.17, 570.75, 160};
onepfour = {0.9159915293879254, 2.4925373134328357, 2141.5881957089696, 1400};
twogev = {0.94767, 3.1322, 2784.2414 , 2000};
(*Set up variables*)
Tracking12[{A1_, B1_, A2_, B2_, mu1_, mu2_, xtune_}, {A1y_, B1y_, A2y_, B2y_, mu1y_,
mu2y_, ytune_}, {accepx_, accepy_, disp_, xin_, yin_, delpp_, nturn_}, {a_, b_, absx_, absy_},
{dels_, dela_, delb_}, {z_, rho_, X0_, Io_, A_}, {beta_, gamma_, mom_, ke_}] :=
(*Create module to internally do calculations*)
Module[{r = {xin, 0, yin, 0, delpp}, r1s = {}, hits1 = {}, hits2 = {}, r2s = {}, outsidex = {},
outsidey = {}, hitabs = {}, lastvector = {}, theta = {}},
(*Initialise variables*)
psi21 = xtune*Pi*2 - (mu2 - mu1);
psi21y = ytune*Pi*2 - (mu2y - mu1y);
(*de/dx, needs to be multiplied by density*)
dEbyDx = (0.307*z/(A*beta^2))*(Log[(2*0.511*beta^2*gamma^2)/Io] - 0.5*Log[1 +
2*gamma/1836 + 1/1836^2] - beta^2);
(*RMS scattering angle*)
thetarms = (13600/(beta*mom))*Sqrt[dels/X0]*(1 + 0.038*Log[dels/X0]);
theta = thetarms;
(*Matrices: 12 is point 1 to 2, 21 is back to 1, in x and y*)
M12 = {{Sqrt[B2/B1]*(Cos[mu2 - mu1] + A1*Sin[mu2 - mu1]), Sqrt[B1*B2]*Sin[mu2 -
mu1]}, {-((1 + A1*A2)/Sqrt[B1*B2])*Sin[mu2 - mu1] + ((A1 - A2)/Sqrt[B1*B2])*Cos[mu2 -
mu1], Sqrt[B1/B2]*(Cos[mu2 - mu1] - A2*Sin[mu2 - mu1])}};
M21 = {{Sqrt[B1/B2] (Cos[psi21] + A2*Sin[psi21]), Sqrt[B2*B1]*Sin[psi21]}, {-((1 +
A2*A1)/Sqrt[B2*B1])*Sin[psi21] + ((A2 - A1)/Sqrt[B2*B1])*Cos[psi21],
Sqrt[B2/B1]*(Cos[psi21] - A1*Sin[psi21])}};
M12y = {{Sqrt[B2y/B1y]*(Cos[mu2y - mu1y] + A1y*Sin[mu2y - mu1y]), Sqrt[B1y*B2y]*
Sin[mu2y - mu1y]}, {-((1 + A1y*A2y)/Sqrt[B1y*B2y])*Sin[mu2y - mu1y] + ((A1y -

A2y)/Sqrt[B1y*B2y])*Cos[mu2y - mu1y], Sqrt[B1y/B2y]*(Cos[mu2y - mu1y] -
A2y*Sin[mu2y - mu1y])}};
M21y = {{Sqrt[B1y/B2y] (Cos[psi21y] + A2y*Sin[psi21y]), Sqrt[B2y*B1y]*Sin[psi21y]}, {-
((1 + A2y*A1y)/Sqrt[B2y*B1y])*Sin[psi21y] + ((A2y - A1y)/Sqrt[B2y*B1y])*Cos[psi21y],
Sqrt[B2y/B1y]*(Cos[psi21y] - A1y*Sin[psi21y])}};
(*Dispersion*)
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{Dx, Dxpri} = {disp, 0} - M12.{disp, 0};
{Dx2, Dx2pri} = {disp, 0} - M21.{disp, 0};
(*Put the x and y matrices together*)
M512 = {{M12[[1, 1]], M12[[1, 2]], 0, 0, Dx}, {M12[[2, 1]], M12[[2, 2]], 0, 0, Dxpri}, {0, 0,
M12y[[1, 1]], M12y[[1, 2]], 0}, {0, 0, M12y[[2, 1]], M12y[[2, 2]], 0}, {0, 0, 0, 0, 1}};
M521 = {{M21[[1, 1]], M21[[1, 2]], 0, 0, Dx2}, {M21[[2, 1]], M21[[2, 2]], 0, 0, Dx2pri}, {0,
0, M21y[[1, 1]], M21y[[1, 2]], 0}, {0, 0, M21y[[2, 1]], M21y[[2, 2]], 0}, {0, 0, 0, 0, 1}};
(*Loop starts here*)
(*First if statement checks if particle hits collimator*)
Do[If[a + dela > Abs[r[[1]]] > a || b + delb > Abs[r[[3]]] > b,
(*Updates vector with particle motion properties*)
(*0.37=1/beta^2 * 0.1 (cm^-1 -> mm^-1), 1098=KE+M *)
(*why divide by beta^2??*)

r = r + {0, RandomReal[NormalDistribution[0, thetarms]], 0,
RandomReal[NormalDistribution[0, thetarms]], dEbyDx*(0.1/(beta^2))*dels*rho/(938 + ke)};
(*Logs what happened so it can be viewed outside the module*)

AppendTo[hits1, {indturn}]];
(*Moves particle on to absorber block*)

r = M512.r; AppendTo[r2s, r];
(*Checks if it hits, if so, logs and stops*)

If[Abs[r[[1]]] > absx || Abs[r[[3]]] > absy, AppendTo[hitabs, indturn];
AppendTo[lastvector, r]; Break[],
(*If not, same for getting lost in machine*)
If[((1 + A2y*A2y)/B2y)*(r[[3]])^2 + 2*A2y*(r[[3]])*(r[[4]]) + B2y*(r[[4]])^2 > accepy,

AppendTo[outsidey, indturn]; AppendTo[lastvector, r]; Break[]];
If[Sqrt[((1 + A2*A2)/B2)*(r[[1]] - disp*delpp)^2 + 2*A2*(r[[1]] - disp*delpp)*(r[[2]]) +

B2*(r[[2]])^2] > Sqrt[accepx] - Abs[r[[5]]]*disp/Sqrt[B2], AppendTo[outsidex, indturn];
AppendTo[lastvector, r]; Break[]];
(*If not hit absorber or lost, particle continues back to start. Logs vector and information for

graph plotting*)
r = M521.r; AppendTo[r1s, r]],
{indturn, 1, nturn}];

hits2 = Length[hits1];(*Dimensions[hits1];*)
lastel = hits1[[hits2]];
frac = hits2/lastel;
(*Outputs information*)
{r1s , r2s, hits1, outsidex, outsidey, hitabs, lastvector, hits2, frac, theta} ]
data = Table[Tracking12[{1/6, 6., -1/6, 6., 0., 2/6, 4.281}, {1/5, 5., -1/5, 5., 0, 2/5, 4.451}, {365,
120, 1.4, 1, 18, 0, 1000000}, {33, 18, 36, 21}, {0.015, 100, 100}, Tungsten, onesixty][[{4, 5, 6 ,
8, 9, -1}]], {10000}];
{xacc, yacc, abs, hits, fract, tharmss} = Transpose[data];
{xloss, yloss, absloss} = {Join @@ xacc, Join @@ yacc, Join @@ abs};
Dimensions[absloss]/(Dimensions[yloss] + Dimensions[xloss] + Dimensions[absloss])
Dimensions[yloss];
Dimensions[xloss];
Dimensions[absloss];
theta = Mean[tharmss];
f = Total[#] > 10 &;
outp = Select[abs, f];
absturn = Join @@ outp;
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Dimensions[absturn]/Dimensions[absloss]
theta
N[Mean[fract]]
N[Mean[hits]]

Appendix 2:Mathematica Code for Conduction

(*Copper*)
(*cv=0.384928;
k=3.93296;
dels=0.002;
Pa=43603;
rho=8.96;*)
(*Aluminium*)
(*cv=0.89956;
k=2.21752;
dels=0.01;
Pa=74438;
rho=2.699;*)
(*Carbon*)
(*cv=0.69036;
k=0.238488;
dels=0.02;
Pa=156755;
rho=2.21;*)
(*Diamond*)
cv = 0.5091928;
k = 23.2;
(*k=23.2;*)
dels = 0.02;
Pa = 191615;
rho = 3.52;
(*Beryllium*)
(*cv=1.824224;
k=1.58992;
dels=4;
Pa=207960.0;
rho=1.848;*)
(*Tungsten*)
(*cv=0.133888;
k=2.00832;
dels=0.05;
Pa=206946.3;
(*138793.0;*)
rho=19.3;*)
t = ConstantArray[293.0, 732];
Temp = ConstantArray[293.0, 732];
(*Find out how many elements to edge of effective beam*)
(*Check power calculation*)
(*number of elements the beam hits*)
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m = 100;
(*size of element in radius*)
delr = 0.01368;
(*time increment*)
delti = 10^-6;
Do[t[[1]] =Temp[[1]] + (Pa*delti)/(dels*cv*rho) -k*delti*2*n*(Temp[[2]] -
Temp[[1]])/(delr^2*rho*cv);
For [n = 2, n < 731, n++,
If[ n <= m,
t[[n]] = Temp[[n]] + (Pa*delti)/(dels*cv*rho) + k*delti*2*((n - 1) (Temp[[n - 1]] - Temp[[n]])

- n (Temp[[n]] - Temp[[n + 1]]))/(delr^2*rho*cv*(2*n - 1)),
t[[n]] = Temp[[n]] + k*delti*2*((n - 1) (Temp[[n - 1]] - Temp[[n]]) - n (Temp[[n]] - Temp[[n +
1]]))/(delr^2*rho*cv*(2*n - 1))]];
Temp = t, {3640}];
(*Cooling when the beam is off*)
Do[t[[1]] =Temp[[1]] - k*delti*2*n*(Temp[[2]] - Temp[[1]])/(delr^2*rho*cv);
For [n = 2, n < 731, n++,
t[[n]] = Temp[[n]] + k*delti*2*((n - 1) (Temp[[n - 1]] - Temp[[n]]) - n (Temp[[n]] - Temp[[n +
1]]))/(delr^2*rho*cv*(2*n - 1))];
Temp = t, {30000}];

Appendix 3:Mathematica Code for Variable Heat Capacities

Note: the code for heating with no conduction and fixed heat capacity was very similar but with

the fixed value instead of the heat capacity calculation.

z=6;
A=12.0107;
Io=79;
rho=2.21;
dels=0.2;
turns=310;
beta=0.94767;
gamma=3.1322;
T=293;
For [n=1 , n<257,n++,
If [T<2000,c=11/120+0.0004T-10^-7*T^2,c=59/120];
delt=2*(0.307*z/(A*beta^2))*(Log[(2*0.511*beta^2*gamma^2)/(Io*10^-6)]-
0.5*Log[1+2*gamma/1836+1/1836^2]-
beta^2)*0.1*dels*rho*1.60217646/(rho*0.2304*dels*0.1*c*4.184);
T=T+delt]
T
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Appendix 4:Mathematica Code for Nuclear Scattering

(*sigmas here: http://pdg.lbl.gov/2010/hadronic-xsections/pp_total.dat *)
(*Graphite*)
(*rho=2.21;
dels=0.02;
Am=12.0107;
z=6;*)
(*Diamond*)
(*rho=3.52;
dels=0.02;
Am=12.0107;
z=6;*)
(*Copper*)
(*rho=8.96;
dels=0.002;
Am=63.546;
z=29;*)
(*Aluminium*)
(*rho=2.699;
dels=0.01;
Am=26.9815386;
z=13;*)
(*Tungsten*)
(*rho=19.3;
dels=0.0005;
Am=183.84;
z=74;*)
(*Beryllium*)
(*rho=1.848;
dels=0.04;
Am=9.012182;
z=4;*)
(*Lithium*)
rho = 0.534;
dels = 0.18;
Am = 6.9412;
z = 3;
(*Boron*)
(*rho=2.46;
dels=0.025;
Am=10.811;
z=5;*)

NA = 6.022141793*10^23;
A = 0.204;
(*160 MeV*)
sigpp = 250.4*10^-27;
signp = 703.26*10^-27;
L = 7*dels;
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(*1.4 GeV*)
(*sigpp=44.4*10^-27;
signp=38.263*10^-27;
L=214*dels;*)
nn = Am - z;
sigma = (sigpp*z + signp*nn)/Am;
Evs = sigma*2*10^13*rho*NA*A*L*0.75^(2/3)*(Pi/Am)^(1/3)
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Appendix 5: Beam Size Measurements

Measurements were done on the PSB mainly for the purpose of checking how extra coils on

some magnets affected the emittance. The cycles used were an LHC type beam and a brighter

CNGS type beam. This also resulted in a measurement of the vertical size of the beam. Rather

than taking averages, the second smallest of the CNGS beam sizes was used as the worst case

scenario involves a narrow CNGS-like beam, but the smallest measurement could be an outlier.

Fit (S): Spline fit, joins the data points

Fit (G): Gaussian approximation

horiz em: Horizontal emittence (similar for vertical)

ep2sig: An estimate of the two sigma emittence

Ring/cycle Fit horiz em
(mm
mrad)

horiz size
(mm)

ep2sig
(mm
mrad)

vert em
(mm
mrad)

vert size
(mm)

ep2sig
(mm
mrad)

Mean
vertical
size (mm)

3, LHC S 10.65 3.92 6.2 4.59 2.57 4.8 2.27
S 8.16 1.71 4.04 1.21
S 3.58 2.27 6.37 3.03
G 11.11 4 5.55 4.24 2.47 5.01 2.26
G 7.81 1.68 4.98 1.34
G 2.97 2.07 6.18 2.98

4, LHC S 9.19 3.64 6.13 6.47 3.05 5.42 2.40
S 9.37 1.84 4.46 1.27
S 3.34 2.19 5.7 2.87
G 8.82 3.56 5.19 5.46 2.8 5.1 2.27
G 8.32 1.73 4.83 1.32
G 2.55 1.92 5.06 2.7

3, CNGS S 38.6 7.46 19.06 13.1 4.34 14.26 3.78
S 26.58 3.09 14.45 2.28
S 10.31 3.85 15.42 4.71
G 46.72 8.2 21.58 14.29 4.54 16.17 4.04
G 32.1 3.4 16.25 2.42
G 11.02 3.98 18.5 5.16

4, CNGS S 33.29 6.92 20.29 15.24 4.68 14.09 3.77
S 29.93 3.28 13.53 2.21
S 10.78 3.94 13.64 4.43
G 40.8 7.66 24.66 17.38 5.00 16.92 4.13
G 38.11 3.7 16.29 2.42
G 12.61 4.26 17.13 4.97

Table 9: The results from the beam size measurements.
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