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Abstract

Particle accelerators are devices that are capable of forcing charged particles to
very high energy levels. Modern particle accelerators are required to produce
conditions of extremely high electromagnetic fields in the Radio Frequency (RF)
range and produce extremely high accelerating gradients. This has led to various
practical issues, one of the most significant being the phenomenon of RF

breakdown in the accelerating cavities.

When exposed to an intense electromagnetic field, a conducting surface can
emit electrons. In the case of an accelerating cavity, these electrons are further
accelerated by the RF field. Such emissions are capable of inflicting irreversible
damage on the cavity surface and need to be avoided. Among the factors
responsible for initiating such emission, the quality of the cavity surface in
combination with the operating conditions has been identified as the main one. The
mechanisms involved in the initiation of RF breakdown need to be better
understood and related to the cavity design criteria, such that they can lead to

correctly specified and reproducible designs.

The cavity surface quality may be characterised in terms of surface finish and
its chemical composition, both of which are strongly affected by the manufacturing
processes. Unlike previous studies, this research has focused on the analysis of the
effects of fabrication procedures on surface quality. The work involved
manufacture and surface characterisation of button shaped samples, which were
produced using relevant metal forming and polishing techniques, in preparation for

future experimentation in a test system at Fermilab, USA.
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Although RF breakdown may be initiated locally at the metallic surface, its
effects propagate globally across the entire cavity. Surface defects and impurities
act as emission sites by inducing local field enhancements. Simulation methods
were developed in order to simultaneously study electron emission due to local
field enhancement and electron propagation across the cavity, with the benefit of
being able to perform tracking in 3D and to verify enhancement factors obtained

by theoretical measurements using the surface properties observed on the buttons.

This research was conducted in close collaboration with Daresbury Laboratory

and Lancaster University in UK as well as the MTA group Fermilab USA.

111



List of Figures

Figure 2-1: Livingston chart [5, 10] demonstrating the progress in the construction
of particle accelerators, which shows years on the horizontal axis and collision
energy on the vertical axis. The chart is updated to include future developments
such as later stages of the LHC ........c.coooiiiiiiiiiiicee e 8
Figure 2-2: Cockcroft-Walton voltage multiplier (left), where a rectifier multiplier
produces the applied high voltage. The voltage is practically limited to somewhat
above 1 MV due to breakdown of insulation. Van de Graff accelerator (right) using
the concept of charge transport. In practice, it is possible to reach voltages of up to
25 MV 3]ttt ettt sttt naes 10
Figure 2-3: Basic operation of the Wideroe linac operating in the p mode [13]. An
element of accelerating column is driven by an alternating voltage, in such way
that consecutive electrodes are connected to opposite polarity of the RF generator.
The particle is accelerated by reaching the spacing between the electrodes at the
right phase of the field. While the polarity change occurs, the particle is in the field
free space of the drift tUDES .......c.oooiieiiiiiiici e 11
Figure 2-4: Cyclotron layout (left) where charged particles were generated at a
central source and accelerated spirally outward through a fixed magnetic and
alternating field. Synchrotron layout (right), descended from a cyclotron. The
guiding magnetic field is time dependent, being synchronised to a particle beam of
increasing kinetic energy [15, 16]...cccoiiiiiiiiiiiiieieeeee e 12
Figure 2-5: Conceptual design of the Neutrino Factory [25]. Mass production of
pions that decay into muons is the start of the process. The muons are then
accelerated and injected in a decay ring where they decay into neutrinos. This

produces a well-defined neutrino beam ............ccoecvieeiiieiiiiecceeee e 14

v



Figure 2-6: The principle of transverse ionisation cooling [26]. A particle passes
through an absorber and loses momentum uniformity. This is followed by the
longitudinal momentum being restored at the last phase pf the process................. 15
Figure 2-7: Schematic view of the MICE experiment with two accelerating
SECLIONS [21] 1ttt et et et e et e e e e te e e e e e e eabeeesareeenaneas 16
Figure 2-8: MICE cavity layout (left) [37] MICE cavity with RF couplers attached
(right) [38]. The cavity uses a series of clamps that are responsible for regulating
the operating frequency of the cavity by applying pressure o the stiffener rings. The
cavity is kept cool by allowing water to pass through the cooling tubes on the
oA 1 A+ 157 | O 17
Figure 2-9: 805 MHz with button sample attached (left) [40], 805 MHz cavity
inside the 4 T MTA solenoid [41]. The cavity is placed inside a 4T solenoid in
order to create operating environment as close as possible to the conditions set by
the MICE and Neutrino factory designs. This is to allow for further investigations
into effects of magnetic field on RF breakdown to be made ............ccceeevveennnnne. 19
Figure 3-1: Electrostatic potential of the metal-vacuum interface, without electric
field (left) with an externally applied electric field (right) [46]. The work function
¢ is the minimum energy needed to remove an electron from a solid to a point in
the vacuum immediately outside the solid surface. The application of an electric
filed alters the behaviour of the potential barrier, reducing the required energy level
needed for electrons to be released ..o 23
Figure 3-2: A theoretical representation of the field enhancement factor 3 caused
by a series of idealised surface features commonly found on the surface of RF

CAVILICS [55] 1iiiiiiiiiiie ettt et e e et e e e e e e e e e e e re e e eabe e e aneeeearee e e 24



Figure 3-3: Representation of a surface defect used in the MTA studies [62]
showing the base length and the height used to define the generated B3 factor by the
SUITACE AETECT.....eiuiiiieiiciee et 25
Figure 3-4: A plot showing the Kilpatrick Limit observed in RF cavities [65]. The
maximum achievable electric field is limited by a process known as RF
breakdown. The reliable limits for various RF frequencies were tested
experimentally by W. D. Kilpatrick and are used in the design of RF cavities.......26
Figure 3-5: Local and average surface electric fields as a function of frequency for
superconducting and normal RF accelerating cavities [66]. Improvements in
technologies in manufacturing RF cavities mean modern structures are capable of
operating at energy levels greater than Kilpatrick limit. The normal conducting
technology used in MICE cavities dictate the achievable accelerating gradient
based on the Kilpatrick limit defined for a 201 MHz structure ..........c.cccoeevueennenee. 27
Figure 3-6: Comparison of Multipacting trajectories in rectangular (left) and
elliptically shaped (right) RF cavities [70]. The shape of an elliptical cavity would
force an emitted electron to slowly move towards the cavity equator through
secondary emission. It is at this point where the E field is at minimum, lowering
the probability of RF breakdown events ............cccccvveeiieeeiieeiiiecieeceeeee e 28
Figure 3-7: Standard model of Multipacting (left) Two point Multipacting in a
single cell 1.3 GHz TESLA cavity (right) [68]. The released energy at the point of
impact would cause secondary electrons to be released. The process is repeated
until the stored energy of the cavity is depleted...........cccceevivevieniiiniiiniiiieieeee 29
Figure 3-8: Plot showing the Q vs. E (pear) curve for a superconducting cavity when
Multipacting is encountered (left) and the Stored energy of a cavity that is subject

to Multipacting (right) [46]. A Multipacting event would dramatically reduce the

vi



level of stored energy inside and RF cavity, limiting the achievable accelerating
o 216 1<) 1 SRR 29
Figure 3-9: Plot showing the profile of secondary emission yield 6 as a function of
primary impact energy E, based on Vaughan’s empirical formula [72]. Multipactor
grows only for impact energies in between E; and E, where 6>1 ..........cccccceeene. 30
Figure 3-10: Plot showing the secondary electron yield for a series of materials
[74]. It is possible to see some materials such as aluminium are capable of emitting
more electrons for the same impact energy in comparison to OFHC surfaces....... 31
Figure 3-11: Plot showing the SEY of a copper surface having undergone different
surface treatment techniques [74]. Copper A.G.D has been exposed to argon for 24
hours. The SEY of a surface can be lowered if the surface is treated to remove
sources of field emission. Hence, creating surfaces that are better suited for the
operation Of RF CAVITIES .....ccuieiiiiiieiieiieeiiece ettt 32
Figure 3-12: Band structure obtained from Dmol3 for pure Copper (left) and
Copper with added phosphorus impurity (right) [79]. H, represents the Hartree
energy which defines the amount of energy required to release an electron from the
specific band structure. The introduction of a phosphorus atom changes the band

structure and lowers the energy required to release electrons from copper surfaces

Figure 3-13: Plot showing the secondary electron yield of various material [79].
The SEY is dependable on the shape of the band structure where more defined
energy levels with defined band gaps would result in a higher emission rates per
S EeTe1 (0] 4 T 01 12Tt AT 34

Figure 3-14: Dark Current and Fowler Nordheim model (left) copper stress (right)

vil



Figure 3-15: Development of surface damage in the case of breakdown initiated by
ohmic heating [81]. The stored energy at the emission site would eventually lead to
the destruction of the emission site, leading to the creation of further secondary
CINISSION STEES .. euvteeutieiieeteertte et et te et et e et e she e et e e bt e et e e bt e sabe e bt e sabeebeesseeenbeesaeeenne 38
Figure 3-16: Applied torque on an asperity by an externally applied B field during
field emISSION [83]....iiiiiiiiie et 39
Figure 3-17: Local electric fields in KEK data during conditioning [66]. The field
enhancement caused by the asperity induces localised field concentration,
increasing the probability of RF breakdown............ccccovviiiiiiiiiiiiiiieee, 40
Figure 3-18: Plot showing material tensile strength vs. maximum gradient from
SLAC and CERN data [66] (left) and Material dependence of the maximum
achievable surface field [84] (right). It is possible to improve cavity performance
by using material that can maintain higher local fields............cccccoeviiiniiininiinncnn. 42
Figure 3-19: Magnetic field lines extending from two irises to the end window of
the MTA 805 Multi-cell cavity (top) Maximum surface field vs. axial magnetic
field in the 805 MHz pillbox cavity [58]. The application of external magnetic field
severely reduces the performance of the 805 MHz MTA cavity. This was caused
by increase in surface damage observed around the iris [85] ....cccvveviiieeiiienieennne, 44
Figure 3-20: Surface damage observed after cavity conditioning both on Copper
window (left) and Beryllium window (right) [43]. The copper deposited on the
Beryllium window was removed from the cavity iris on the opposing side of the
cavity. This extensive damage manifested itself in reduction in accelerating
gradient as SHOWN PreVIOUS]Y .....cooviiiiiiieiie e 45
Figure 3-21: Maximum achievable surface electric field on buttons made of

various materials as a function of external magnetic field [42]. In all cases, the

viil



achievable gradient is reduced with the introduction of an externally applied
00T 111 (o2 1<) U PP 46
Figure 3-22: Damage observed on TiN coated copper button at Fermilab after
conditioning [45]. The TiN coating was removed due to high concentration of local
field at the tip of the teSt BULLON ......ooviiiiiiiieiiciieeee e 47
Figure 4-1: Flow chart showing the steps taken to prepare button pieces for High
power testing. Each button was fabricated in house and a series of surface
treatment processes was carried out to achieve the desired surface quality.
Furthermore, surface measurements were taken at several intervals in order to
analyse the changing characteristics of the surface defects .........c.ccccccvvveiveennennnne. 50
Figure 4-2: Schematic view of spinning fabrication process used widely in various
industries (left) MICE 201 MHz cavity half shell being spun prior to cavity
fabrication (TIZht) [87]...cccuieeiieiieeie ettt e 51
Figure 4-3: Cross sectional view of an MTA button (left) and the new button piece
being designed and manufactured in this work (right). The MTA button can only
be manufactured by machining while a series of fabrication methods can be used to
manufacture the new button. This is due to the nature of the removable cap and the
ability to use a thin sheet of copper to create the piece. The two parts are secured in
place by 6 sets of securing connectors where a spring pushes a ball bearing into the
internal surface of the cap. This would generate enough friction between the two
parts to keep them ConNEcted .........ccuieeiiieiiiiiiiie e 52
Figure 4-4: Photograph showing the stages of Cap piece fabrication. A flat sheet of

copper is formed into the desired shape is three steps using various pressing tools.

Figure 4-5: Flowchart showing the various steps in the transport of the button

assembly from the point of fabrication to the point where the button arrives or high

1X



power testing. After being fabricated, the buttons are sent back for surface
characterisation. The section The buttons are then sent to Fermilab for high power
testing where they will be sent back to Lancaster university. The section
highlighted in orange was carried out in house by the candidate. High power
testing at Fermilab has not been performed due to refurbishment process underway
At The TACTIILY . ..eeeeiieiiee e et 55
Figure 4-6: Demonstration of a Transport jig with button Cap in place (left) and
with protected cover plate in position (right). The transport jug was designed and
manufactured in house, and is used to transport the button cap safely between
various institutions mentioned earlier in Figure 4-5. The main aim is to protect the
surface from any possible physical damage............ccceeeveeviierciienieniiieieeeee 55
Figure 4-7: Photograph showing a Nitrogen filled protective bad being sealed off.
Each Transport jig is placed inside a protective bad filled with nitrogen in order or
protect the surface of the button from chemical reactions with the atmosphere and
eliminate oxidisation. This process is carried out before the button assembly is to
be transported between the various facilities .........cccceevieriiienieniiiinieeiieeeeieeee 56
Figure 4-8: Representation of the different layers being present on the surface of a
typical copper plate. The outer layer is known as the damaged layer where most of
the physical and chemical misconfigurations are resent. The virgin copper sits at

the heart of the metal and is the desired surface for the operation of an RF cavity

Figure 4-9: Photograph showing the surface of a stainless steel part being
mechanically polished (left) after electro polishing was performed (right). The
deep grooves, cavities, torn metal and microscopic imperfections are removed after
performing EP. This would create a non-contaminating, non-participating and non-

gassing surface as observed under high magnification [91] ........ccccooeiiieiiienennne 58



Figure 4-10: Schematic view of an electro polishing bath. The work piece is
connected to the positive terminal and serves as anode. This is immersed in a bath
of electrolyte alongside the cathode which is connected to the negative terminal. A
current passes from the anode, where metal on the surface is oxidised and
dissolved in the electrolyte, to the cathode. A Typical electrolyte consists of high
viscosity phosphoric acid [3]. .oooeeiiieiieiiieieceee e 59
Figure 4-11: Jacquet’s current vs. voltage plot for copper within an phosphoric acid
electrolyte [89]. The voltage-current density plot represents the mechanism by
which pitting and polishing occurs. Below V, the primary mechanism is the direct
dissolution of the metal, where etching occurs. Between Vy, and V. the passivation
layer occurred before this becomes stable and dissolution of the metal occurs
primarily by diffusion through this layer. By increasing the voltage, the passivation
layer breaks down as the oxygen evolution occurs at the surface...........ccccccueeuenee. 60
Figure 4-12: Photograph showing the surface of a stainless steel after EP (left) and
the same surface being pitted (right) [90]. This highlights the importance of
choosing the correct voltage level as close as possible to the cusp point in order to
achieve the best polishing reSults .........cccueevieiiiiiiiiiiieiee e 61
Figure 4-13: Photograph showing a half shell of an MICE 201 MHz cavity after
being mechanically buffed [87]. This step is important to remove any visible
damaged layer prior t0 EP ......cc.oooiiiiiece e 62
Figure 4-14: Schematic view of the EP setup used for polishing MICE 201 MHz
cavities (left) A MICE 201 MHz cavity during polishing (middle) [87] a view of
the shaped cathode used for EP (right) [87]. The cavity sits on a specially designed
stand and rotates around its axis. Only half of the internal surface is in contact with
the phosphoric acid at any point, increasing the chance of an uneven polishing

TSI ettt e e e e —eaaeee e et ———————————aaeeua——————— 62

X1



Figure 4-15: Schematic view of the EP setup used to polish MTA buttons at JLAB
(left) A view of the JLAB button holder with a copper tube used as the cathode
(right). The button is fully immersed into the electrolyte during the process,
marking an improvement compare to the setup used for the cavity.........c.............. 63
Figure 4-16: Flow chart showing the various steps used during the EP process
carried out in this this study. The addition of Ultrasonic bath and chemical etching
prior to EP would ensure maximum removal of oily residue and damaged oxide
layers. The process designed in this work is simple and robust, enabling repeated
samples to be polished with little alterations in the S€tup........ccceeevevveercvveerieeennnen. 64
Figure 4-17: Photograph showing the ultrasonic wash bath being used to clean the
bolder piece (left) Chemical Etching of a button cap after being hand polished
(right). Both processes would ensure the removal of any oily contamination
alongside oxide damaged layers. The chemical etching removes the edges of large
scratches and generates an uneven surface through an uncontrolled process......... 64
Figure 4-18: Schematic view of the EP setup designed and manufactured in this
study to carry out EP of the new button pieces (left) a button cap being polished
using the new setup (right). The process has been improved by adding an agitation
pump in order to circulate fresh electrolyte around the cathode. Simplicity was in
mind when designing the setup, ensuring very little change from test to test......... 65
Figure 4-19: Photograph showing bubble formation due to oxygen release near the
ATIOMAE. ettt ettt ettt b e e st e e bt e et e e bt e shbe et e e nateenne 66
Figure 4-20: Schematics of an electrolytic cell for plating metal M from a solution
of metal SAlt MA [99] ....eeiieeeeeeeee e e e 67
Figure 4-21: Photograph showing different stages of the platting process which
consists of the pre-cleaning (left), De-ionised water wash (right) and

Electroplating bath (bottom). The button is required to be degreased in a cleaning

X1l



solution first then followed by a rinsing in de-ionised water. The button is then
immersed inside a liquid copper mixed and placed between four electrodes where
current is passed through the mixture. The copper is then slowly deposited onto the
SUTTACE SIOWIY ..eiiiiiiiieiiee ettt et e e s e e sebe e e aeeeaaeas 70
Figure 4-22: Sampling profile showing the R, and R, values for a imaginary
surface. This highlights the difference between the two parameters where R has a
bigger value in comparison t0 Ry ....eevcviiiiiiiiiiiiiiiieeeceeeeee e 72
Figure 4-23: Plot showing two different surface profiles of an imaginary object
with similar R, values by different (R4-R,) values. This highlights the fact that
although the roughness values are regarded to be similar, the quality of the surface
can be different. This variation in surface quality can be expressed by the use of the
surface uniformity parameter (Rg-Ra) ....cooooviiiiiiii, 73
Figure 4-24: Representation of the various data points and rings chosen for taking
surface measurements across the surface of the cap. There are a total of 16 data
points and 4 data rings, each being given a number for better visualisation........... 75
Figure 4-25: Photograph showing the interferometer setup (A) button cap under the
20X lens (B) and purpose built scanning holder for buttons (C). The button
scanning holder was designed and manufactured in this work. It is responsible for
ensuring the button is placed at the right angle under the interferometers to allow
best possible data to be extracted from the relevant data ring ...........cccccecvveennnnnne. 76
Figure 4-26: Schematic of XPS physics (top) [3], schematic representation of XPS
Process (BOttomM) [L06] ....ceuiieiiiiieiieiie ettt et 77
Figure 4-27: Photograph showing the XPS setup based at Liverpool University.

The XPS measurements were taken by a third party .........cccceeveeeiienieniiienieee 79

xiil



Figure 5-1: Major steps taken during the surface treatment process used in method
1. The process was repeated for button 1 to 6 keeping the conditions as steady as
POSSIDIC ...ttt ettt ettt et e et sabeebeesabeenbeeennas 81
Figure 5-2: Photograph showing the surface of button 1 after leaving the
manufacturing line (left) 3D Interferometer scan of the surface taken at data
location (2-1) (TIZH)..cc.eieiieiieiiee et e 81
Figure 5-3: Photograph showing the surface of button 1 after being hand polished
(left) 3D Interferometer scan of the surface taken at data location (2-1) (right).....82
Figure 5-4: Photograph showing the surface of button 1 after being chemical

etched (left) 3D Interferometer scan of the surface taken at data location (2-1)

Figure 5-5: Photograph showing the surface of button 1 after being electro polished
(left) 3D Interferometer scan of the surface taken at data location (2-1) (right)..... 83
Figure 5-6: Photograph showing a comparison between a fresh and used electrolyte
mixture. Once electric current is passed through the mixture, the colour and
appearance of the electrolyte is changed from colourless and clear (left) to blue
and opaque reSpectively (TIZIL) ....c.eeviiriieiieieeie e 84
Figure 5-7: The shape and position of the Cathode in relation to the anode or the
button sample is of great importance can alter the polishing outcome. Various
configurations were tested and are shown I the figure for test samples T;-Tg, Ty
(Ieft) T7 (Middle) Tg (FIZNL) .eeveeeieeeieiieie ettt 84
Figure 5-8: Plot showing the changing current vs. applied voltage for test samples
T; to Ty. A steady current plateau for samples T; to T¢ is generated due to the
conditions of the test being carried out. Test piece T; was polished using a flat
cathode while the distance between the anode and cathode was increased in test Ts.

Test Ty was carried out without agitating the electrolyte mixture .......................... 85

X1v



Figure 5-9: Photograph showing the final polished surface for test sample T (left)
Tg (middle) Ty (right). The poor surfaces created are a direct result of changing
conditions during the polisShing ProcCess.........ccceevvierieeiiierireiieiecieeee e 86
Figure 5-10: Plot showing the current vs. applied voltage for buttons 1 to 6. The
steady nature of the current plateau demonstrates the robust nature of the process
designed in this study. This is evident by the little variation seen in the applied
current for @ @IVEN VOITAZE .....cveieiiiieiie et e e 87
Figure 5-11: Plot showing the changes in surface quality based on surface
roughness measurements taken for Button 1. Average roughness R, (left) and
surface uniformity Rq-R, (right). An average of all the sixteen data points across
the surface of the button has been used. The overall surface quality is improved
after each stages of the surface treatment process utilised in this study. The error
bars show the upper and lower limits of the collected data ............cccccoceenieinnnne. &9
Figure 5-12: Plot showing the changes in surface quality based on roughness
measurements taken for Button 1, R, (left) and Ry-R, (right). The results are taken
by averaging the values for each data ring in order to make comparisons between
each stages of the treatment procedure. The overall surface quality is improved
after each stage while data ring 4 exhibits the lowest surface quality. The poor
polishing results are due to the shape of the button around data ring 4. The error
bars show the upper and lower limits of the collected data ..............cceevevveennnnne. 90
Figure 5-13: Plot showing the changes in surface quality based on roughness
measurements taken for Button 1, R, (left) and Rq-R, (right). The results are taken
by averaging the values for each data ring in order to make comparisons between
each stages of the treatment procedure. The overall surface quality is improved
after each stage while data ring 4 exhibits the lowest surface quality. Although

process ¢ blunders the edges of deep scratches on the surface, it generates a less

XV



uniform outcome. This is due to the uncontrolled nature of process C. The error
bars show the upper and lower limits of the data.............ccccoeeieeiiiiiniiinie 91
Figure 5-14: Plot showing the changes in surface quality based on roughness
measurements taken for Buttons 1 to 6, R, (left) and R¢-R, (right). The results are
taken by averaging the sixteen data points for all six buttons after each stage of the
treatment process. The overall surface quality is improved in all buttons after each
stage of the treatment process. Little variation in surface quality is observed across

all buttons, indicating the robust nature of the treatment process developed in this

Figure 5-15: Plot showing the changes in surface quality based on roughness
measurements taken for Buttons 1 to 6, R, (left) and Rq4-R, (right). The results are
taken by averaging the values for the relevant data rings of all buttons. The overall
surface quality is improved after each stages of the treatment procedure. In the
same way as button 1, data ring 4 exhibits the least quality due to lack of polishing
based on the shape of the button. The error bars represent the upper and lower
limits of recorded data..........cooeeiiriiniiiii e 93
Figure 5-16: Major steps taken during the surface treatment process used in method
2. The process was repeated for button 7 to 12 keeping the conditions as steady as
POSSIDIC ...ttt ettt ettt ettt et et e et et eebeesabeenbeeennas 93
Figure 5-17: 3D Interferometer scan taken from the surface of Button 7 at data
location (2-3). The plot shows the changing nature of the surface quality during

stages A to D, demonstrating similarities to the results obtained from the surface of

Figure 5-18: Photograph showing the surface of Button 7 after being copper plated

(left) 3D Interferometer scan of the surface taken at data location (2-3) (right).....94

Xvi



Figure 5-19: Plot showing the current vs. applied voltage for buttons 7 to 12. The
steady nature of the current plateau is demonstrated by the little change in the
applied current for a given voltage. This shows the robust nature of the process
designed in this study. In comparison to the polishing plateau obtained for buttons
1 to 6, the results shows very little variation............ccoeceevieriienienciiciece e 96
Figure 5-20: Photograph showing the surface of test sample 1 after being copper
plated (left) 3D Interferometer scan of the surface taken at data location (2-2)
(right). The poor quality of the surface finish is a direct result of incorrect
configuration of the setup being used ..........coccvveeeiiiiiiieeieeee e 96
Figure 5-21: Copper plating holder assembly with a button piece being held with
wire wrapping (left) button samples held in position with the plating assembly in
between 4 electrodes (TTZNt) .......oeeviiieiiieee e e 97
Figure 5-22: Photograph showing the surface of plating test sample 2 after being
copper plated (left) 3D Interferometer scan of the surface taken at data location (2-
2) (right). The quality of the surface is slightly improved as the applied voltage is
TICTEASEA ..ottt et sttt ettt sb e et be et et sat bt eaeeaes 97
Figure 5-23: Photograph showing the surface of plating test sample 3 after being
copper plated (left) 3D Interferometer scan of the surface taken at data location (2-
2) (right). The quality of the surface is improved greatly and a mirror like surface is
created. This was due to the improvements made to the copper plating setup used
TN EHIS STUAY weeeiiieeiie et e et e e e e e snre e e saeeeenaeeenens 98
Figure 5-24: Plot showing the changes in surface quality based on surface
roughness measurements taken for Button 7. Average roughness R, (left) and
surface uniformity Rg4-R, (right). An average of all the sixteen data points across
the surface of the button has been used. The surface quality has improved even

further by performing copper plating as the final stage of treatment process.

Xvii



Furthermore, the variation across the surface of the button is reduced as shown by
thE ETTOT DATS.....eiiiiieie ettt ettt e 99
Figure 5-25: Plot showing the changes in surface quality based on roughness
measurements taken for Button 7, R, (left) and Ry-R, (right). The results are taken
by averaging the values for each data ring in order to make comparisons between
each stages of the treatment procedure. The overall surface quality is improved
after each stage while data ring 4 exhibits the lowest surface quality. The poor
polishing results are due to the shape of the button around data ring 4. The error
bars show the upper and lower limits of the collected data ..............cceeevverennennn. 100
Figure 5-26: Plot showing the changes in surface quality based on roughness
measurements taken for Button 7, R, (left) and Rq-R, (right). The results are taken
by averaging the values for each data ring in order to make comparisons between
each stages of the treatment procedure. The overall surface quality is improved
after each stage while data ring 4 exhibits the lowest surface quality. Process E
produces a superior surface quality in comparison to EP across the surface of the
button. The error bars show the upper and lower limits of the data...................... 101
Figure 5-27: Plot showing the changes in surface quality based on roughness
measurements taken for Buttons 7 to 12, R, (left) and Ry4-R, (right). The results are
taken by averaging the sixteen data points for all six buttons after each stage of the
treatment process. All buttons exhibit an improving surface quality after each
stage of the treatment procedure. Little variation in surface quality is observed
across all buttons, indicating the robust nature of the treatment process developed
TN EHIS STUAY weieiiiieeiie ettt e e e sbe e e seb e e e sareeesnbeeennreeens 102
Figure 5-28: Plot showing the changes in surface quality based on roughness
measurements taken for Buttons 7 to 12, R, (left) and Rq-R, (right). The results are

taken by averaging the values for the relevant data rings of all buttons. The overall

xviii



surface quality is improved after each stages of the treatment procedure. In the
same way as button 7, data ring 4 exhibits the least quality due to lack of polishing
based on the shape of the button. The error bars represent the upper and lower
limits of recorded data............oooiiiiiiiiii e 102
Figure 5-29: Binding energies of released electrons based on 3 buttons, following
process A (left) and B (right) [109, 110]....ccciiiiiiiiiiiieieeeeee e 103
Figure 5-30: Binding energies of released electrons based on 3 buttons, process C
(Ieft) D (right) [109, T107] .ceiiriiiiiiieieeieete et 104
Figure 6-1: MTA 805 MHz cavity (left) simplified pillbox (right) while the pillbox
cavity has a much more simplified physical shape, the operating frequency is kept
the same due to similar radius R ........cccocoeiiiiiiiiiiiii e 109
Figure 6-2: Maximum E field along cavity axis for elliptical cavity (left) is greatest

at the centre of the cavity while for pillbox (right) is constant along the cavity axis

Figure 6-3: An MTA cavity with surface defects at three locations (left) a single
surface defect (right) highlighting the flexibility of a 3D model to place surface
defects away from the CaVILy aXiS .....cceevieriieriieriieiierie et 111
Figure 6-4: 2D models of the MTA cavity (left) and pillbox (right) corresponding
to the 3D axisymmetric cavities where no surface defect are present. Both models
have an operating frequency of 805 MHz due to having a similar radius ............ 112
Figure 6-5: Overall steps taken by the 3D particle tracker in order to calculate the
path taken inside an RF cavity. The particle is emitted from the desired location
with no initial velocity while no external magnetic fields are present.................. 115
Figure 6-6: Overall steps taken by the 2D particle tracker in order to calculate the
path taken inside an RF cavity. The 2D solution benefits from applied symmetry

conditions and speeds up the solution generated by the tracker. The particle is

X1X



emitted from the desired location with no initial velocity while no external
magnetic fields are PreSeNt.......c..cccvieeiiieeiiieccee e 116
Figure 6-7: 3D 805 MHz pillbox cavity with a surface defect positioned inside a
nested cylinder (left) and a 2D 805 MHz cavity with no surface defects (right). The
field profile in both models is generated in Comsol and used alongside each other
DY the tTACKET. ...eocviiiiiiiie et et 118
Figure 6-8: Overall steps taken by the non-symmetric particle tracker in order to
calculate the path taken inside an RF cavity. Both the 2D and 3D solution can be
called upon by the tracker based on the location of the travelling particle. The 3D
solution is used while the particle is inside the nested tube. It is at this point where
the field is no symmetrical and a 3D model has to be used to define the field
profile. Symmetry conditions can once more be satisfied out of the nested tube as
the localised field enhancements can no longer be felt. The tracker then utilises the
2D solution in order to reduce computational costs and reduce the time needed to
traCK the PATTICIE ...c.viieeiie et e e sareeen 119
Figure 7-1: MTA cavity meshed using extremely coarse tetrahedral elements
consisting of 2,685 elements (left) and extremely fine elements consisting of
600,513 (right). The mesh quality is increased as the edge length of the elements
ATC TEAUCEA ...ttt sttt st 123
Figure 7-2: Photograph making a comparison made between the MTA cavity (left)
with an 805 MHz pillbox (right) using extremely fine elements. A 19 % drop in the
number of elements from 600,513 to 490,964 is observed, while the mesh quality is
improved due to a SIMPIer EOMELIY......cccvieeeiieeciiieeiee e eereeeeiee e e sreeeeereeens 124
Figure 7-3: Line graph of electric field (V/m) along the MTA cavity axis in the Z
direction. The E field is at maximum along the cavity axis and exhibits an elliptical

profile. Large discontinuities in the field observed in models with coarser mesh

XX



elements can cause inaccuracies during particle tracking analyses. This is due to
the triangulation process carried out by the postprocessor in order to obtain the
necessary field values from the Comsol solution............ccceeeevvenieniienienciiceeee. 126
Figure 7-4: 2D MTA cavity meshed using pre-defined Extremely Coarse elements
consisting of 135 elements (left) Extremely Fine consisting of 12,458 elements
(middle). This is in comparison to a pillbox cavity being meshed using the
extremely fine elements (right). The model consists of 14,528 elements. Mesh

quality in all three models is acceptable, highlighting one of the benefits of a 2D

Figure 7-5: Line graph of electric field (V/m) along the cavity axis for a 2D MTA
cavity. The E field is at maximum along the axis and has an elliptical profile. Large
discontinuities in the field are observed in models with coarser mesh elements,
which can cause inaccuracies to occur during particle tracking. This is due to the

error introduced during the triangulation process carried out by the postprocessor.

Figure 7-6: Induced localised field enhancement observed due to the introduction
of a single surface defect inside an MTA elliptical cavity. The defect has a height
of 700 microns and width of 600 microns. Such geometrical values are used in
other MTA simulation studies and are larger than the typical surface defects
observed during surface measurements taken from button samples. .................... 130
Figure 7-7: Single surface defect modelled as a semi-ellipsoid and a height of 700
um. it was meshed using three different element sizes. The first employs normal
elements with a total of 8 edge elements (left) the second used finer elements with
a total of 12 edge elements (middle) and the third uses extremely fine elements

with a total of 68 edge elements (Tight)..........ccoueeviieiiiiiiiinieeiee e, 131

xXx1



Figure 7-8: Demonstration of the multi-step meshing process used to accurately
mesh models with surface defects positioned inside of the cavity. The defect is
meshed using elements where the maximum element size is reduced manually in
order to accurately represent the shape of the defect (left). This is then placed
inside a nested cylinder where elements smaller than the pre-defined Comsol
elements are used to achieve the desired mesh density (middle). In the last stage
the cavity is meshed using coarser elements where a lower mesh density is required
(right). An MTA cavity was used in this example ...........cccooeeveiieiiieniiienienieeens 132
Figure 7-9: Position and Velocity components of an electron being tracked in a 3D
805 MHz pillbox cavity. The electron is accelerated from one end of the cavity
towards the opposing wall due to the presence of strong E field along the Z
direction. Due to the emission site being away from the cavity axis, magnetic field
in Y direction is present. This leads to further acceleration in the Y direction..... 136
Figure 7-10: Position and Velocity components of an electron being tracked in a
2D 805 MHz pillbox cavity. 2D field values in polar coordinates of (r, 6) were used
to perform the tracking while the path taken was plotted using 3D coordinates of
(X, y, z). Similar to the 3D model, the electron was accelerated from one end of the
cavity towards the opposing wall due to the presence of strong E field along the Z

direction. Further acceleration in Y direction was achieved due to the magnetic

Figure 7-11: Schematic view of a surface defects, highlighting the essential
parameters used to define the size and shape of the defect. This is of particular
interest as the enhancement factor can be altered based on the shape of the defect.
The angle between the cavity axis and the defects centreline is known as 6.
Although not included in the theoretical equation defining enhancement factor 8, it

is shown in this study that the bigger 0 is, the lower 8 gets. ........ccceeevveeeciieienenn. 138

xxii



Figure 7-12: Impact velocities of electron from the surface of the cavity when there
are no surface defects present. The chosen emission site corresponds to the height
of surface defects used later in this study. This is used for comparison of data to
evaluate the simulated field enhancement factor due to the presence of such
defects. The height of the emission site is chosen from the values defined for
parameter C and represents the location of a surface defect that could have been
present in the MOdel. ........oooovviiiiiiii e 140
Figure 7-13: Impact velocities obtained for electrons emitted from the tip of
various defects with a constant base length of 600 pm. The height of defects was
chosen from the values given in Table 7-7 and five data sets were created by
altering the angle 0. ..........oooiiiiiii s 141
Figure 7-14: Theoretical B values for defects with varying height and a fixed base
length of 600 pm and angle 6 of 0 ° (blue) recorded impact velocity for the same
defects generated by the tracker program (red). It is possible to see a similar trend
in both data based on the above findings. This suggests that the particle behaviour
in particular the traveling velocity of an emitted electron is in direct relation to the
initial energy boost received due to localised field enhancements by the surface
ETRCE. ettt et ettt e 142
Figure 7-15: Impact velocities obtained for electrons emitted from the tip of a
series of surface defects with a constant angle 0 of zero degrees. The base length
and the height range are from 0 to 600 um and 50 to 700 um respectively. ........ 143
Figure 7-16: Enhancement factor B calculated for a series of surface defects with
an angle of 0 ° with the cavity axis and base length of 0 to 600 pm and height of 50
to 700 um. The results are a further proof that localised field enhancements due to
surface defects can alter the behaviour of emitted particles in particular their

travelling velocity due to increased energy boost. .........ccccveeeeieieciieeniieesiieeeiene 144

xxiii



Figure 7-17: Recorded impact velocities of an emitted electron from surface
defects of fixed height of 700 um. The base length and angle 6 ranged from 50 to
600 pm and 0 to 60 degrees respectivVely. ....cccuieviiriierieiiieiieeieeeeee e 145
Figure 7-18: Plot showing the recorded impact velocity of emitted electrons for
surface defects ranging from 700 um in height to 1 um with corresponding base
length of 300 to 3 um. The corresponding defect in each category is reduced is size
by a factor of ten while keeping the aspect ratio constant. ...........ccccecvveereveeernnennn. 147
Figure 7-19: Plot showing the extrapolated impact velocity of an emitted electron
from the tip of a surface defect with a height and base length of 0.7 um and 0.3 pm
respectively. Extrapolation was carried out using three additional surface defects
each being larger in size by a factor of ten. The aspect ratio was kept constant at
2.3 for all defects. A power trend line was used with an accuracy of 99.36......... 149
Figure 7-20: Plot showing the extrapolated impact velocity of an emitted electron
from the tip of a surface defect with a height and base length of 0.5 um and 0.3 pm
respectively. Extrapolation was carried out using three additional surface defects
each being larger in size by a factor of ten. The aspect ratio was kept constant at
1.6 for all defects. A power trend line was used with an accuracy of 99.36......... 149
Figure 7-21: Plot showing the extrapolated impact velocity of an emitted electron
from the tip of a surface defect with a height and base length of 0.3 um and 0.3 pm
respectively. Extrapolation was carried out using three additional surface defects
each being larger in size by a factor of ten. The aspect ratio was kept constant at 1
for all defects. A power trend line was used with an accuracy of 99.36............... 150
Figure 7-22: Plot showing the extrapolated impact velocity of an emitted electron
from the tip of a surface defect with a height and base length of 0.1 um and 0.3 pm

respectively. Extrapolation was carried out using three additional surface defects

XX1V



each being larger in size by a factor of ten. The aspect ratio was kept constant at
0.3 for all defects. A power trend line was used with an accuracy of 99.36......... 150
Figure 7-23: Plot showing the impact velocity of all four data sets. The
extrapolated results for defects in nm scale show similar particle behaviour at the
point of impact based on recorded impact velocity. This highlights the nature of
field enhancement based on fixed aspect ratio. However, the strength of the initial
energy boos is lowered as the size of the defect is reduced. ..........ccccvevvvirrnnenn. 151
Figure 7-24: 3D data line connecting the tip of the defect and the cavity wall used
by Comsol to extract the values of various field components............cccccccvvrennennn. 152
Figure 7-25: Plot showing the Electric field normE variation as a function of
longitudinal axis Z along the 3D cut line for a defect with height of 700 um and
DASE OF 000 UM ...eiiiiieeciie ettt ettt s e e st e et e e e b e e essaeeesbaeesnseeesnseeennseeens 153
Figure 7-26: Plot showing the Electric field normE variation as a function of
longitudinal axis Z along the 3D cut line for a defect with height of 500 um and
DASE OF 000 UM ...eiiiiieeeiie ettt e e e st e et e e e beeestaeeebaeeeseeesnseeennseeens 153
Figure 7-27: Plot showing the Electric field normE variation as a function of
longitudinal axis Z along the 3D cut line for a defect with height of 300 um and
DASE OF 000 UM ...eieiiiieiie ettt e e et e e e e e b e e essaeesnbaeeenbaeessseeennseeens 154
Figure 7-28: Plot showing the Electric field normE variation as a function of
longitudinal axis Z along the 3D cut line for a defect with height of 100 pm and
DASE OF 000 UM ...eiiiiieeciie ettt ettt s e e st e et e e e b e e essaeeesbaeesnseeesnseeennseeens 154
Figure 7-29: Plot showing the voltage obtained through the line integral of the
electric field along the 3D cut line for defects with a height of 700, 500, 300 and
100 pm and a base 0f 600 LM .....c..oeiiiiiiiiiieeiieie et 155
Figure 8-1: Suggestion for and improved EP setup to create similar condition used

to polish the MICE 201 MHz cavity at Jlab..........ccccooovveeiiieeiiiieieecieecee e, 163

XXV



Figure 8-2: Surface defects found in electro plated samples D1, D2 at location [2-

2] (16£t) [3-17 (TGN covvvrereeeeereeeeeeeeeeesee e s e s eesseeeesseeeeeeseeseeeseeeesseeessseeenes 164

XXV1



List of Tables

Table 2-1: Accelerators in the world [6, 11]......cccoviieiiieiiiiieieceeeee e, 8
Table 2-2: MICE 201 MHZ cavity parameters [21, 36] ..c.cccccveeviieeriieeeieeeeeeeene 18
Table 2-3: MTA 805 MHz cavity parameters [43] ......cceveeevieenieeciieniieeieeiee e 20

Table 4-1: Table showing the values for the roughness parameters R, and Ry
alongside surface uniformity for the surface profile examples used in Figure 4-23.
Although both surfaces have almost similar R, values, profile 1 exhibits a much
improved surface UNIfOrmity.........cceeeciieriieeiiieeiee e e 74
Table 5-1: The values of parameters used to setup the electro polishing process
performed on button samples 1 to 6. The prep time is the time taken to reach the
cusp point of the current plateau. The electrolyte mixture was only used twice in
order to ensure maximum poliShing rates ..........cccvueeveieeriieeiiie e 87
Table 5-2: Table showing the measured average roughness (R,) and root mean
square (Rg) observed across the surface of button 1. The final value was obtained
by averaging the measurements taken from all the sixteen data points................... 88
Table 5-3: The values of parameters used to setup the electro polishing process
performed on button samples 7 to 12. The prep time is the time taken to reach the
cusp point of the current plateau. The electrolyte mixture was only used twice in
order to ensure maximum poliShing rates ..........cccvueeveveeriieeeiie e 95
Table 5-4: Table showing the measured average roughness (R,) and root mean
square (Ry) observed across the surface of button 7. The final value was obtained
by averaging the measurements taken from all the sixteen data points .................. 99

Table 6-1: Basic geometrical information of both cavities modelled in this work

XXVii



Table 7-1: Pre-defined parameters for tetrahedral 3D mesh elements used in
Comsol [115]. The max and min element size ensures that the element size is
limited while the growth rate limits the size difference between two adjacent
elements. The resolution of curvature is used to create better conformity around
curved edges by limiting the size of the elements used along a curved boundary 122
Table 7-2: Table presenting the variables obtained during the mesh refinement
process. A total of nine models were created each being meshed with one of the
pre-defined element sizes introduced previously. Although the number of elements
i1s growing fast, the eigenfrequency is kept constant. This highlights the fact that
the eigenfrequency generated by Comsol is not sensitive to mesh density and is not
a suitable variable for determining the best possible element size for the meshing
process. The time taken to generate each field profile also is increased as the
NUMDbET Of ClEMENS GrOWS .....eeeiiiiiiieiieiie ettt et 125
Table 7-3: Pre-defined parameters for triangular 2D Mesh elements used in
Comsol [115]. The max and min element size ensures that the element size is
limited while the growth rate limits the size difference between two adjacent
elements. The resolution of curvature is used to create better conformity around
curved edges by limiting the size of the elements used along a curved boundary 127
Table 7-4: Variables obtained during the mesh refinement process for a 2D MTA
cavity. A total of nine models were created each being meshed using a pre-defined
2D triangle elements. Similar to the 3D model, the eigenfrequency is not mesh
sensitive and is not the best variable to determine the suitable element size for the
meshing process. The time taken to generate a 2D field profile is far less than the
3D model, highlighting the simplicity provided by a simpler 2D geometry......... 128
Table 7-5: Mesh element used to mesh an MTA 805 MHz cavity with a single

surface defect of height 700 um and base of 600 um. A total of 400 edge elements

XXViil



were used to mesh the defect. This was placed inside a nested tube with a height of
2000 pm and radius of 1000 um and meshed using tetrahedral elements. The
maximum element size for the defect and the tube were reduced and set to 1x107™
and 1x107 respectively. The rest of the cavity was meshed using pre-defined fine
CLEINCNES. ...ttt ettt sttt st b ettt 132
Table 7-6: Values used to define the conditions of the emitting electron at the point
of release. Both models use an 805 MHz pillbox cavity with no surface defect,
while the electron is released off the cavity axis. A scaling factor is used by the
tracker to normalise the E and B field values generated in Comsol. This is to allow
for the accelerating field to match the UKNF design specifications..................... 135
Table 7-7: Range of values used to construct the surface defect combinations used
in this study. The defect height is represented by ¢ while b and 0 define the base
length and angle the surface defect makes with the cavity axis respectively ....... 140
Table 7-8: Range of values chosen to construct the surface defects used in the
scaling down process. The table shows that aspect ratios c/b for the defects are kept
constant in all three sets while their overall size is reduced. This would enable for

better comparisons between the results to be made. ..........cccecveviiiiiiniieiiiieneee. 147

XX1X



Nomenclature

Symbol Definition

A Local Emitter Area

A Angstroms

a Acceleration of a Particle
ALD Atomic Deposition

B Magnetic field

B comsol Static field component 2
Be Beryllium

b Asperity Base

br Bravery Factor

B Magnetic Field Component
C Heat Capacity

C Speed of light

CKOV Cherenkov Detector

CLA Centre Line Average

Cu Copper

D Cavity gap

DFT Density Functional Theory
E Electric field

Ey Binding Energy of Electron
E comsol Static field component 1
E¢ Energy of Fermi Level

XXX



EPL

FEM

Fermilab

Ha

HDPE

IFN

IDS

JLab

LBNL

Kilpatrick Limit

Kinetic Energy of Electron

Local Electric Field

Effective Energy for SEY Creation
Energy of the incoming particle
Surface Electric Field

Electric Magnetic Field

Electric Field Component

Electro Polishing

Electro Plating

Cavity Frequency

Finite Element Method

Fermi Nation Lab

Planck’s constant

Photon Energy

Hartree Energy

High Density Polyethylene
Maximum Measured Current per Meter
Fowler and Nordheim Current
Current Density

International Design Study

Thomas Jefferson Lab

Sample Length

Lawrence and Berkley National Lab

Wavelength

XXX1



2
Mrc

MICE

MP

MTA

OFHC

e

SE

SEY

Ti
UHV

Vo

Field at the tip of the defect
Energy of the target particle
Mass of particle

Muon lonisation Cooling Experiment
Molybdenum

Multipacting

MuCool Testing Area

Total Number of Particles
Oxygen Free High Conductivity Copper
Cavity Quality Factor

Electron Charge

Radius of Cavity

Arithmetic Average Roughness
Root Mean Square Roughness
Radius of Curvature

Surface Uniformity

Rutherford Appleton Laboratory
Runge-Kutta

Radio Frequency

Secondary Electron

Secondary Electron Yield

Tesla

Titanium

Ultra High Vacuum

Angular Frequency

XXXii



TiN

Velocity of Particle

Titanium Nitride

Surface Profile

Spectrometer Work Function
X-ray Photoelectron Spectroscopy
Number of Electrons
Enhancement Factor

Relativistic factor

Angle of primary electron

Effective Secondary Emission Escape Depth

Particle momentum
Density of Target Material
Material Work Function

Operating frequency of cavity in Comsol

XXX111



Table of Contents

DeClaration.....cccceeeeccssssnriecsssssnnencssssassscsssssssssssssssasssssssssssssssssssssssssssssnes i
ADSEEACE..cuueeiiieiiiiiniiinintiicsntecsinticssstecsssesessssssssssssssssssssssssassssssasssnns ii
LiSt Of FIGUIES..uueeiicirirenriccssssnniecssssnnnsecssssssssesssssssssssssssssssssssssssssssssssns iv
LiSt Of TaDIES cccuverriiiisrnnricsssssnnnicsssssnnnnscsssssssssssssssssssssssnsssssssssssnsses XXVii
NOMENCIATULE ..cceieriiinnnnnnnnnriicccssscsssssnssssnnncsssssssssssssssssssssssssssssssssssssne XXX
Table of CONtENtS ......eieevvricnisricsssnnicsssnnicssnsesssnssesssnssesssssssssssecs XXXiv
Chapter 1. INtroductionu.....cccccceecccscssaneeccssssnneecsssssnssecsssssnssssssssssssssss 1
1.1 Background..........cocueiioiiiiiiie ettt e 1
1.2 AImS and ODBJECLIVES.....cccuieiiieiieiiieiieeie ettt ettt et 2
1.3 Structure of the ThesiS.......coceviiiriirieierieeeeee e 4
Chapter 2. Particle ACCElerators ..........cccccccenriccsssnnneccsssnsssccsssssanses 6
2.1  The Need for Particle ACCEIerators ..........cccevueruereenerienieieeieneeeeee e 6
2.2 Classification of Particle Accelerators ...........cceceevieriieinieniiieiienieeeeeeen 9
2.2.1  Electrostatic ACCelerators.........cocvuerevuiieeiiiieeiiieeie et 9
2.2.2  Oscillating Field ........coeeviiiiiiieeiieeieeeeeee e 10

2.3 Neutrinos and the Neutrino Factory ..........cccoecveevienieiiiienieiiienieeieeeene 12
2.4  lonisation Cooling and the MICE Experiment..........cccccccceveerervuenennnenne 14
2.4.1  MICE RF Channel...........cccoeeouieeiiieeiiieeieecieeeee et 17

2.5 MUCOOL Testing Area (MTA) ...eoeeiieeeiieeeeeeeeeee e 18

XXX1V



Chapter 3. RF Cavity Breakdown.......ccceeievcnricncnrccscnneccscnnncscnnnes 21

3.1 INErOAUCHION ..ottt st 21
3.2 RF BreakdowWn.......coooiiiiiiiii e 21
3.2.1  Field EMISSION......ccoiiiiiiiiiiiie ettt e 22
322 MUltIPACHNEG .eeeveieiiieiieeie ettt et 27
3.3 RF Breakdown MechaniSm .........c.ccocevienienienieneniinienieeieseee e 35
3.3.1  Mechanical Fracture Model ..........ccccoeviiieiiieiiiiecieeeeeeee e, 35
3.3.2  Ohmic Heating ......cccuvieeiiieiie ettt 37
3.4  Applied Magnetic Field.........ccccoiriiiiiiiiiiieceeceeee e 38
3.5 Cavity CONAItIONING .......cevvieiiierieeiieiieeieenite et esee e sere e eseeesseesaeesneas 39
3.6  Mitigation of RF Breakdown..........ccooeiiiiiiiiiiiiiicciieecccee e 41
3.7 MTA FINAINGS ..vveieiiieeiieeeiieecee ettt aee e siteeeseaeeeeaeeesaee s 43
3.8 Concluding Remarks .........c.cccoceieiiiiiiiieiiiieeieece e 47
Chapter 4. Manufacturing Processes and Surface Finish............ 49
4.1 INErOAUCTION ..ttt 49
4.2 MICE Cavity and Button Fabrication.............ccceeceevieriienienieeiieeieeene 50
4.2.1  New Button Design ........ccceevuieiiiiiiieiiieiieiieeieeee e 52
4.2.2  Button TranSportation ............ecceeveeereeeiiienieerieeneeeieeneesveesseesnneenne 54
4.3 Surface Preparation........c.ccccueeeeiieeiieeeiieeeee et 56
4.3.1  Electro Polishing (EP) .....c.cooiiiiiiiieieeceeeeeeeeee e 58
4.3.2  Electroplating (EPL) .....ccoouiiiiiiiieieieceeeee e 67

XXXV



4.4 SUrface CRaraCterISATION ... . eeeeeeeeeeeeeeee e e et e e e e e e e eeeeeraans 71

4.4.1  Mechanical Surface Evaluation............ccccceeviieeiiieeiieeeieesiie e 71
4.42  Roughness Measurement Methodology ..........ccceccveeeiienienieiniiennnnne. 75
4.43  Chemical Composition Measurements............cceceeeeveerueenveerueennnenne 76
Chapter 5. Surface Quality AnalysiS....cccccecerreecscrnrrcccsssnnreccscnnnees 80
5.1 INrOAUCHION ..ottt 80
5.2 Surface Preparation - Method 1.........cccoeviiiiiiiiiiiieeeeeee e 80
5.2.1  Optimisation of the Electro Polishing Process.........ccccccecoeevieencnnne. 83
5.2.2  Surface ROUZNNESS ......cccuviiiiiieiieeiieeeeee e 88
523 Method 1 Validation..........ccceevvieiiniiniiiiinieicieeeeeeeee e 91
5.3 Surface Preparation - Method 2.........ccccooviiiiiiiiiiiiiiieeeeeeeee e 93
5.3.1  Copper Plating Process Optimisation............cccccueeveuveerireeenreeenveeenne 95
5.3.2  Surface ROUZNNESS ......cccvviiiiiieiieeiieceeeee e 98
5.3.3  Method 2 Validation...........cceeeeiieeiiieeiiie e 101
54  Chemical COMPOSILION ....ccuvievieriieeiieiieeieesiie et erite et iee e eeeeseeeaee e 103
5.5 Concluding Remarks .........ccccoieriieiiiiiiiiiieiccece e 105

Chapter 6. Finite Element Modelling and Particle Tracking

Simulation 107

6.1 INEEOAUCTION ...t e e e e e e e e e e e e e e aaaeaeaaees 107
6.2  Finite Element Method ......ccooummmeeeeeieeeeeeeeeeee e 108
6.2.1  Three Dimensional (3D) Cavity Model ...........cccoeveveeriieenciieeiene 109

XXXV1



6.2.2  Two Dimensional (2D) Model ..........ccccovvieiiiiiiiiieieecieeeeeeee 111

6.3 Particle Tracker......cooooiiiiiiiie e 112
6.3.1 3D Tracking Algorithm...........cccociiviiiiiiniiiiieieceee e, 114
6.3.2 2D Tracking Algorithm............coceeiiiiiiiiniiiiieieceee e 116
6.3.3  Particle Tracking Using Mixed 2D and 3D Geometry Models....... 117

6.4  Concluding Remarks ...........ccccovieiiiiiiiiiciiecee e 120

Chapter 7. Finite Element and Particle Trajectory Analysis....121

7.1 TEOAUCLION ..ottt et et 121
7.2 Finite Element Model Meshing Parameters ............cccccveeeveeecieeenveennnen. 121
7.2.1 3D Mesh Refinement ...........ccceeveeiiirieniiiiiniiniiieeeeeeee 123
7.2.2 2D Mesh Refinement ...........ccceeveeiienieniiiiiniinieiceeceee e 126
7.2.3  Non Symmetrical Model Incorporating Surface Defect ................. 130

7.3 Particle Tracking Simulation Results...........ccceevviieeniiiieniieeieecieeee, 133
7.3.1  Tracking Algorithm Validation...........ccceeviieviiienciiicieeeiee e, 133
7.3.2  Effects of Surface Defects on Particle Trajectory...........ccceeuvenneene. 138

7.4  Concluding Remarks ..........cccoooveriieiiiniiiieiiecee e 156
Chapter 8. Conclusions and Suggestions for Future Work....... 158
8.1 CONCIUSIONS «.eentiiiiiieieeieeitei ettt st s naeens 158
8.2  Recommendations for Future Work ..........cccccooiiiiiiiiiniiniiiieeee 162
REfErENCES...cuutiereeirtrirnriisnninsnnicsnnecsnicssseesssnesssnssssssssssscsssncsssnssssesssns 166
Appendix A — PublicationsS........ccoonveeiiccssssnnciccssssanseccssssasssssssssassaces 173

XXXVii



Appendix B — Source Codes......eeinveiisencsnncsnncsssecsssecsssnecsssnens 179

Appendix C — Engineering Drawing ..........cceeeeeeccseccsnccseecssnnenes 189

XXX Vil



Chapter 1.

Introduction

1.1 Background

Accelerators are devices that are capable of forcing matter to higher energy
levels. The term particle accelerator is used to define a device capable of
accelerating subatomic charged particles to high speeds and reaching higher
energies compared to their rest-mass energy. Particle accelerators give scientists a
unique tool for probing the ultra-small scale around us, from the origins of the
universe to the structure of the human genome. Nevertheless, accelerators are not
just the domain of a research scientist. Over the years, particle accelerators have
found their way into various practical applications and have become necessary
industrial as well as research tools. The first accelerators were simple machines
involving only an electrical potential applied across a gap, but they have evolved

over time to become the highly engineered, large machines seen today.

Although particle accelerators have evolved immensely, there are many areas
where further improvements are still needed. The new challenges faced by the next
generation of accelerators require substantial R&D, primarily because of the need
for major improvement in beam intensity, stability, delivery and reachable energy
levels. They must significantly out-perform present facilities without a major
increase in the size of the structures. One of such systems is the Neutrino factory

which is looked into in more detail in 2.3.



A crucial parameter affecting the design, construction and cost of a particle
accelerator is the accelerating gradient. Any reduction in the size of an accelerating
structure requires that the accelerating gradient is maximised, especially the
gradient of the Radio Frequency (RF) cavity. Modern day structures are required to
operate in extreme conditions due to the presence of high magnetic field and
accelerating gradients. The effect of such conditions can manifest themselves
through a phenomenon known as RF breakdown, where a dramatic change in the
transmission and reflection of the RF power is observed. Loss of stored energy and

reduction in efficiency is a direct result of RF breakdown.

Breakdown regimes have been a serious concern in the accelerator community
for many years. One may look at this problem as a direct result of an efficient
coupling between the stored energy in the cavity’s electromagnetic field (EM) and
a small section of the surface material. Although extensive research has been
conducted, no conclusive answers have been established for the precise mechanism
of RF breakdown. Several causes have been identified, but the complex nature of

the problem makes them difficult to predict as introduced in Chapter 3.

1.2 Aims and Objectives

Manufacture of high gradient RF cavities for the Neutrino factory has proved
difficult. Achievable accelerating fields have been low as shown in various studies
while manufacturing processes to fabricate a series of cavities have been poor. A
number of possible explanations for poor reproducibility and lower than predicted
performance of high gradient cavities have been proposed. The original aim of this
research was to investigate current manufacturing techniques for RF cavities and to

propose improvements to the manufacturing process. However, a closer look at the



processes has revealed shortcomings in the fundamental understanding regarding
some of the key manufacturing processes. This lack of understanding can
jeopardise the reliability of future accelerating structures. For instance RF cavity
breakdown is a phenomenon which severely limits the performance of the
accelerator. The quality of the RF surface has been identified as a major factor
contributing to RF breakdown, but the required surface characteristics from an

engineering point of view have been hard to define.

In order to develop better means of production, it is vital to improve our
understanding of how the fabrication procedure influences the chemical and
physical characteristics of the cavity surface. Hence, this research aims to provide
an improved understanding of the surface science and engineering methods needed
to develop techniques that ensure reproducibility with the highest achievable
gradient. This work introduces the systematic approach used to characterise

various stages of cavity production.

Charge carrier dynamic is also important for the operation of high gradient
cavities. The accelerating electric field (E) in each cavity is coupled to the
magnetic field (B), inducing currents in the cavity surface. Any factors that limit
the current flow on the surface will limit the achievable accelerating gradient.
Therefore, this research also aims to investigate the effects of cavity surface
characteristics on the charge carrier dynamics. The behaviour of free electrons

emitted from the cavity surface is of particular interest.

Cavities represent a significant part of the overall accelerating structure and
improvements in the efficiency in the manufacturing procedure are needed. As well

as being an interesting surface science in its own right, the research carried out can



also provide useful knowledge in parallel with other findings in the research area.

The overall objectives of this research are:

e Characterisation of the cavity surface quality at various stages of manufacture

e Performance evaluation of the manufactured cavity surface under design
conditions

e Development of suitable methods to analyse the changes made to RF field and
electron behaviour inside an RF cavity due to surface defects

e Identify and propose improvements to the current production procedure

1.3 Structure of the Thesis

This work investigates the production techniques for RF cavities and the effects
of surface features on the behaviour of electrons during RF cavity operation. The

outline of the thesis is summarised below.

Chapter 2 highlights the need for particle accelerators and provides a brief look
at their history and evolution. The Neutrino Factory complex is presented together

with the MICE experiment and the MTA testing area.

RF breakdown is introduced in Chapter 3, where it is identified as a major
challenge to the RF cavity operation. Several previously identified breakdown

regimes are discussed followed by a series of obtained MTA results.

Chapter 4 provides a detailed description of the experimental setup designed to
manufacture and characterise a series of test samples. This includes the overall

production steps taken and the surface characterisation techniques employed.



The experimental results and their analysis are presented in Chapter 5. This
highlights the effects of various production techniques on the overall quality of the

produced RF surface.

Chapter 6 presents the theoretical work used to investigate charge carrier
dynamics. Various FEM simulation models are introduced and a detailed

description of the particle tracking algorithm, developed in this work is presented.

The simulation studies and their results are presented in Chapter 7. The details
of model setup, meshing procedure and defect modelling are presented. The
tracking algorithms were evaluated through conducting various particle tracking

algorithms. The results from a scaling study are presented.

The conclusions of this research are presented in Chapter 8. Future

improvements and suggestions for further research are also proposed.



Chapter 2.
Particle Accelerators

2.1 The Need for Particle Accelerators

The structure of an atomic nucleus can be revealed by bombarding it with
suitable particles and analysing the elastic scattering energy of the released
particles. It is vital to use a particle beam with a resolution small enough to
effectively penetrate the nucleus. De Broglie’s expression states that particle can
exhibit properties of waves where their wavelength (1) is inversely proportional to

the particles momentum [1, 2].

S|

@-1
where h is the Planck’s constant (J.s) and p is the linear momentum of the particle.

For smaller particles to be identified, the momentum of the incident beam
particle, and the energy level required needs to be increased. For instance, 1 GeV
of energy is required for a proton beam with a particle diameter of about 10" m to
be visible. To obtain more detailed information, the energy level and luminosity of
the incident beams has to be considerably higher [1-4]. Typically the rest mass of a
particle is expressed in terms of energy through Einstein’s equivalence of mass and

energy equation given below, where m and c are the mass of particle speed of light.

E, = mc? 2-2)



It is possible to create particle-antiparticle pairs through inelastic collision of an
energetic particle and a target nucleus. For instance, a proton-antiproton pair would
require just 2 GeV to be created. In practice however, only part of the energy
carried by the incoming proton is available for an inelastic reaction during such

collisions. The available energy for creation of particle can be defined as [1, 3, 4]:

2-3)
Enery available in centre of mass = |2E,MrC?

where E,, is the energy of the incoming particle and M+C? is the rest energy of the
target particle. Because of this, 6.5 GeV is needed to create a proton-antiproton
pair, highlighting the need for higher energy levels to produce heavier particles.
This has been a motivation for the development of accelerating structures with

progressively increasing energy levels.

The true extent of such developments was shown by Livingston in the mid
1950°s [1, 2, 4-8]. Every given family of accelerators reaches a saturation point
after some time just to be overtaken by a new and more advanced machinery [4, 5,
7, 8]. The Livingston chart demonstrates nearly six decades of continued growth in
the energy reach of accelerators. This was driven by continues innovation in
acceleration techniques, developed to keep pushing the energy frontier [9].
However, the rate of progress has slowed as shown in an updated Livingston chart
shown below in Figure 2-1. It is possible to see that the rate of development no
longer proceeds at the rate seen over the previous sixty years, due to difficulties in
the developing new technologies. The current energy levels are either twenty years

behind or 100 TeV short of the projected Livingston line.
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Figure 2-1: Livingston chart [5, 10] demonstrating the progress in the construction of particle
accelerators, which shows years on the horizontal axis and collision energy on the vertical axis. The
chart is updated to include future developments such as later stages of the LHC

While particle physics research continues to be the dominant driving force
behind new accelerator developments, there is also an increasing number of
practical applications that have benefited from the use of particle accelerators.

Table 2-1 gives a rough estimate on the number of accelerators currently in

operation.
Table 2-1: Accelerators in the world [6, 11]

Category Number
Ion implanters and surface modifications 7000
Accelerators in industry 18,700
Accelerators in non-nuclear research 1000
Radiotherapy and medical isotopes 5200
Research in nuclear and particle physics 180




2.2 Classification of Particle Accelerators

Research in accelerator physics can be dated back to as early as 1905 [3], where
it was noticed that electrical sparks can travel longer distances in rarefied air tubes.
Accelerators are classified into two main types known as the electrostatic and
oscillating field accelerators. The basic operating characteristics of each type are

introduced below.

2.2.1 Electrostatic Accelerators

Electrostatic accelerators use static electric field to accelerate particles. The first
example of such systems goes back to 1838 when Michael Faraday generated light
by using a rarefied, air-filled glass tube. This was reproduced by Plucker and
Hittorf in 1858 and 1860 respectively through a device known as Geisler tube.
These are early examples of cathode ray tubes that are used in television sets and
X-ray machines [1, 2, 4-8]. The two most common electrostatic accelerators are the
Cockcroft-Walton voltage multiplier and the Van De Graff accelerator as shown in
Figure 2-2. Cockcroft and Walton performed the first artificial nuclear
disintegration using a high DC voltage generated from a low voltage AC of a

pulsating DC input.

A new accelerator design was introduced by Van de Graff in 1931. In this
design, the high voltage terminal and acceleration tube is placed in a common tank,
allowing spark formation by charging each sphere with an opposite electric charge.
Although electrostatic accelerators greatly out-number any other type, they are

more suited to lower energy studies due to electrical breakdown [7, 8, 12].



Figure 2-2: Cockcroft-Walton voltage multiplier (left), where a rectifier multiplier produces the applied

high voltage. The voltage is practically limited to somewhat above 1 MV due to breakdown of insulation.

Van de Graff accelerator (right) using the concept of charge transport. In practice, it is possible to reach
voltages of up to 25 MV [3]

2.2.2 Oscillating Field

To avoid the sparking problems observed in electrostatic accelerators,
oscillating field accelerators use RF electromagnetic fields to reach higher
energies. This idea was initially suggested by Ising in 1924 [8]. Depending on the

design, particles can be accelerated either in a straight line or in a circular path.

2.2.2.1 Linear Accelerator

Particles in a linear accelerator travel in a straight line towards a fixed target. As
shown in Figure 2-3, a series of tubes, called drift tubes, are used for acceleration
when connected to an alternating high electric field. Particles are attracted towards
the next tube since it has an opposite polarity. To maintain acceleration, the
polarity is switched so that the plate repels the particle once it has travelled
through. Linear accelerators are often used to provide an initial low-energy kick to

particles before they are injected into circular accelerators [1, 7, 8].
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Figure 2-3: Basic operation of the Wideroe linac operating in the p mode [13]. An element of
accelerating column is driven by an alternating voltage, in such way that consecutive electrodes are
connected to opposite polarity of the RF generator. The particle is accelerated by reaching the spacing
between the electrodes at the right phase of the field. While the polarity change occurs, the particle is in
the field free space of the drift tubes

2.2.2.2 Circular Accelerator

In circular accelerators, particles gain higher speeds by moving along a circular
path. This invention allows more efficient and powerful accelerators to be
developed in a much smaller area. Introduced by Lawrence in 1932, the Cyclotron
was the earliest operational circular accelerator. A static and uniform B field is
applied perpendicularly to a set of D shaped plates known as Dees, which are
connected to an RF electric voltage generator. The particle starts to accelerate as
soon as it is injected into the centre of the magnet. As shown in Figure 2-4, the
applied (B) field would force the particle to continuously spiral outwards only to
be collected at the outer edge when it has reached its maximum energy. The speed

of the particle is measured in terms of its energy [4, 5, 8, 14].
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Figure 2-4: Cyclotron layout (left) where charged particles were generated at a central source and
accelerated spirally outward through a fixed magnetic and alternating field. Synchrotron layout (right),
descended from a cyclotron. The guiding magnetic field is time dependent, being synchronised to a
particle beam of increasing kinetic energy [15, 16]

However, reachable energy levels in cyclotron are limited due to orbit
instability and relativistic mass effects. Mark Oliphant eliminated this problem in a
machine that is known as a synchrotron, where particles are accelerated in a ring of
constant radius. This is achieved through local variation of the guiding B field,
where it is adapted to the increasing relativistic mass of the particle. This is shown
above in Figure 2-4 [4, 7, 12]. Other circular technologies such as betatrons and

colliders, which are not covered here, are also available.

2.3 Neutrinos and the Neutrino Factory

For many years, the unsteady continuous energy spectrum of emitted electrons
appeared to contradict the conservation of energy law. This contradiction
continued until Wolfgang Pauli explained the apparent violation in nuclear beta
decay by introducing a new, extremely light and neutral particle called neutrino.
While being the most numerous matter particles in the Universe, they are also

extremely elusive and were only detected in 1965 by Clyde Cowan and Fredrich
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Reines. Recent experiments have shown the non-zero mass of the neutrino

disproving the common old belief that the neutrino has zero mass [17-19].

In order to probe physics beyond the current Standard Model, theoretical
uncertainties around the state of the Neutrino need to be resolved. This requires
next generation neutrino experiments, one being the Neutrino Factory complex.
Due to their nature, neutrinos must be produced through a decay process and
cannot be accelerated [20, 21]. The role of a Neutrino Factory would be to add
energy to the pre-decay, Muons, in order to increase the number of Neutrinos

generated through the decay process.

Figure 2-5 shows the overall design of the Neutrino Factory proposed by the
International Design Study [22-24]. In order to generate the required Neutrino
beam, a high power proton source is needed. Pions are created by bombarding a
target and are captured by a magnetic field at low energy where they are allowed to
decay to muons. The phase space of the muons is controlled and shrunk through
bunching and cooling, before being accelerated and injected into storage rings with
long straight sections, where muons decay to produce neutrinos that are directed

towards the detectors [22, 25, 26].
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Figure 2-5: Conceptual design of the Neutrino Factory [25]. Mass production of pions that decay into
muons is the start of the process. The muons are then accelerated and injected in a decay ring where
they decay into neutrinos. This produces a well-defined neutrino beam

There are many technological challenges in each of the systems that need to be
evaluated and overcome before a Neutrino Factory facility can be realised. A major
concern in such a facility is the quality and shape of the muon beam. As well as the
longitudinal phase space which is controlled by bunching, the muon beam also has
a transverse phase space issue. The transverse emittance needs to be reduced in
order to match the acceptance of the downstream accelerating stages [26, 27]. This

is achieved through a technique known as ionisation cooling.

2.4 Ionisation Cooling and the MICE Experiment

Cooling a charged particle beam means reducing its normalised emittance. This

phenomenon has been used for over thirty years in accelerator physics to make
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beams brighter and to achieve better physics results. Cooling has been a successful
ingredient in colliders, where it has led to an increase in beam luminosity [28]. In
the case of a muon beam in the Neutrino factory, it is essential to reduce the
transverse emittance of the beam by cooling. However, current techniques such as
stochastic, electron and laser cooling are not feasible due to the muon’s short
lifetime of 2.2 us observed in the Neutrino factory design [21, 26, 29-31].
Ionisation cooling is proposed as a possible solution, where muon beam is cooled
through energy loss by passing through absorbing material such as liquid
hydrogen. The basic setup consists of a block of absorbing material in which the
particles lose energy. This is followed by an accelerating gap such as an RF cavity

where the lost energy is restored. The overall process is shown in Figure 2-6.

B dE/dx scattering re-acceleration

Figure 2-6: The principle of transverse ionisation cooling [26]. A particle passes through an absorber
and loses momentum uniformity. This is followed by the longitudinal momentum being restored at the
last phase pf the process

Losses in the absorber reduce both the longitudinal and transverse momentum
of the particle. When a charged particle passes through matter, it is scattered
elastically off the nuclei of the absorber, usually by a small angle. The angular
scattering introduces heating of the longitudinal and transverse emittance. The net
effect of transverse cooling can be achieved if the longitudinal momentum is
restored [26, 28]. This is achieved by RF cavities where only the longitudinal

component of the momentum is restored.
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The principle of ionisation cooling is well understood theoretically, but it has
not been realised in practice. This calls for an extensive R&D program to justify
the use of the proposed techniques. The MICE experiment is essentially a proof-of-
principle experiment based at the Rutherford Appleton Laboratory (RAL). The

objectives of MICE as set in the MICE proposal are [21, 32, 33]:

e To engineer and build a section of the cooling channel capable of giving the
desired performance for a Neutrino Factory
e To investigate the limits and practicality of cooling by placing it in a muon

beam and measure its performance in various modes of operation

As shown in Figure 2-7, the MICE experiment consists of a cooling section
positioned between a pair of particle spectrometers. The 200 MeV muon beam is
generated from the ISIS 800 MeV proton beam. Time of flight counters and a
Cherenkov detector are used to ensure excellent muon purity by eliminating any
proton and pion contamination. The MICE cooling channel consists of tracker and

focusing coils, accelerating coupling coils and RF cavities [21, 32, 34].
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Figure 2-7: Schematic view of the MICE experiment with two accelerating sections [21]
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2.4.1 MICE RF Channel

Ionisation energy loss reduces the transverse and longitudinal momentum of a
muon beam. However to achieve transverse cooling, the energy lost in the
longitudinal direction must be restored. As shown above in Figure 2-7, the MICE
cooling channel employs two assemblies of RF cavities each consisting of four 201
MHz cavities. These cavities would be responsible for the restoration of the lost

energy of the muon beam and are situated in a focusing solenoid.

As shown in Figure 2-8, the cavity design consists of a round closed pillbox
with a 420 mm diameter beam iris. This is to accommodate the large transverse
emittance of the muon beam. In order to keep the shunt impedance of the cavity at
the desirable level, beryllium windows are used to terminate the RF field at the
beam iris. The re-entrant rounded profiles of the cavity ensure lower peak surface

fields and higher shunt impedance for a given RF power [21, 34-36].

Cavity Half

Nose Ring
Beryllium

Stiffener Ring

Window Clamp . .
Ring and Cavity Cooling
Fasteners Tube

Figure 2-8: MICE cavity layout (left) [37] MICE cavity with RF couplers attached (right) [38]. The
cavity uses a series of clamps that are responsible for regulating the operating frequency of the cavity by
applying pressure o the stiffener rings. The cavity is kept cool by allowing water to pass through the
cooling tubes on the cavity shell

Copper stiffener rings are used to increase the overall rigidity of the cavity
structure. RF couplers, vacuum pumps and diagnostics are attached to the cavity

through four ports on the edge of the structure. To keep the temperature stable,
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chilled water is circulated around the cavity though a series of copper tubes brazed

onto the outer surface. The main cavity parameters are given in Table 2-2.

Table 2-2: MICE 201 MHZ cavity parameters [21, 36]

Parameter Value Unit
Cavity diameter 121.7 cm

Cavity gap 42 cm

Beam iris diameter 42 cm

Be window thickness 0.38 mm
Cavity quality factor Q 53000

2.5 MUCOOL Testing Area (MTA)

As noted earlier, RF cavities will be used to restore the lost longitudinal energy
in the MICE muon beam. However, such cavities are required to operate in harsh
conditions with high accelerating gradient, surface fields and externally applied
magnetic fields. In the case of the Neutrino Factory, these conditions will be even
more extreme. An extensive R&D program is required to investigate and solve a

number of problems regarding high gradient RF fields in low frequency structures.

The MuCool Test Area (MTA) is a dedicated facility built at Fermilab in
Chicago, to support technology development for muon ionization cooling channels.
The main purpose of the MTA is to assess the characteristics of an RF cavity under
the same conditions experienced in a ionisation cooling channel [39, 40]. The main
instruments at the MTA are the 201 MHz MICE test cavity and a higher frequency
805 MHz button test cavity. The button experiment conducted in this study is
based on the 805 MHz test cavity due to available suitable magnet in the MTA

testing area. This is due to available equipment such as a suitable magnet to create
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the desired magnetic field needed for such experiment. Figure 2-9 shows the 805

MHz test cavity positioned inside a 4 Tesla (T) superconducting solenoid.

Button Sample Solenoid RF Channel
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Figure 2-9: 805 MHz with button sample attached (left) [40], 805 MHz cavity inside the 4 T MTA
solenoid [41]. The cavity is placed inside a 4T solenoid in order to create operating environment as close
as possible to the conditions set by the MICE and Neutrino factory designs. This is to allow for further
investigations into effects of magnetic field on RF breakdown to be made

The 805 MHz test cavity closely resembles a cylindrical pillbox cavity with Be
windows covering the irises. RF power is fed through a coupler, attached to a
kidney shaped coupling slot. The experiment has been designed to allow for
demountable windows to be installed. Therefore, various physics can be
investigated through tests using different button samples. RF probes, view ports
and thermo-couple ports are available for measuring peak RF power inside the

cavity [39-42]. The main parameters of the cavity are given below in Table 2-3.
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Table 2-3: MTA 805 MHz cavity parameters [43]

Parameter Value Unit
Cavity radius 15.62 cm
Gap length 8.1 cm
Be windows thickness 0.127 mm
Cavity shunt Impedance 32 MQ/m
Cavity quality factor Q 18800

A major goal of the MTA program is to test and investigate the performance of
different materials and surface treatments in the presence of high E and B fields.
The 805 MHz cavity as shown in Figure 2-9 incorporates a button shaped sample
where it is manufactured using various materials [44]. This would allow for a quick
and easy access to a wide variety of materials for testing. The button shape can
enhance the field locally, in order to ensuing that any possible breakdown occurs
on the button surface. The performance of the sample is analysed by increasing the
field in steps until the RF breakdown occurs [42, 45]. This facility forms the focus
of the experimental program carried out by this research, where button samples are

produced using various manufacturing techniques. This is outlined in Chapter 4.
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Chapter 3.

RF Cavity Breakdown

3.1 Introduction

The primary purpose of an accelerator is to accelerate charged particles using a
metallic chamber filled with electromagnetic (EM) fields. Power in an RF cavity is
provided by a RF power source operating at a specific frequency that is coupled to
the accelerating structure. The RF cavity designed to have a specific size and shape
so that EM waves become resonant and build up inside the structure. Charged
particles passing through the cavity are accelerated by the force being applied

through the EM field, pushing them forward in the direction of the electric field.

Cavities are classified according to their operational frequencies. For cavities
operating at a few hundred MHz, pillbox cavities with nose cone or disk loaded
geometry can be used. At lower frequencies, coaxial geometry is commonly
employed. When operated at extreme conditions, all variations of RF cavities
exhibit loss of performance due to a phenomenon known as RF breakdown. This

chapter sheds light of various breakdown regimes and factors influencing them.

3.2 RF Breakdown

Accelerator research is rapidly progressing on two main frontiers by pushing the

beam energy and intensity to higher levels. As shown previously in Figure 2-1,
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next generation accelerators have to be an order of magnitude higher in energy
levels in order to probe new physics. The design and construction of a particle
accelerator is influenced by the required operating accelerating gradient. The
extreme operating conditions lead to a phenomenon known as RF breakdown,

where a dramatic change in the transmission of the RF power is observed.

During a breakdown event, much of the stored energy in the cavity is directed
towards the wall, causing localised melting and contamination of the surrounding
surface. Various mechanisms seem to be responsible for initiating RF breakdown
with no agreement on the cause of such behaviour. This is due to the rapid and
unpredictable nature of the observed process [46-48]. An RF breakdown event is
typically characterised by a burst of x-rays and bright flash of visible light. This
limits the achievable accelerating gradient it can produce irreversible surface

damage to high power RF components and RF sources [49].

The Complexity of RF breakdown phenomena and the absence of a proven
theoretical explanation make it difficult to apply experimental results on
breakdown limits from one RF structure to another. An overview of the relevant
publication introducing the F phenomena can be studied in more details in various
publications which are out of the scope of this study [46, 50-52]. The most
commonly observed RF breakdown events are introduced in this chapter followed

by method of mitigating such events.

3.2.1 Field Emission

Field emission is the most frequently encountered problem in vacuum systems,
where the electric field causes electrons to be emitted from the cavity surface. This

can either act as a direct cause of breakdown or as precursor for other secondary
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effects. The basic principle of field emission can be explained as a quantum
mechanical tunnelling process [46, 53]. Figure 3-1 illustrates the original field

emission theory developed by Fowler and Nordheim in 1928 [54].

Electron T T Potential
wavefunction @ T <« barrier
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Figure 3-1: Electrostatic potential of the metal-vacuum interface, without electric field (left) with an
externally applied electric field (right) [46]. The work function ¢ is the minimum energy needed to
remove an electron from a solid to a point in the vacuum immediately outside the solid surface. The
application of an electric filed alters the behaviour of the potential barrier, reducing the required energy
level needed for electrons to be released

Electrons are initially confined within the cavity walls due to their insufficient
energy to escape. The energy required should be greater than the work function of
the material (¢), usually represented in electron volts (eV). With the application of
an E field, the infinitely thick barrier is transformed into a finite thickness
triangular shape. The gradient of the barrier is directly related to the amount of E
field at the surface [46]. The new configuration initiates field emission by allowing
electrons with a lower energy level to escape the material. Fowler and Nordheim

predicted the current density level of a planar surface to be [52, 55]:

3-1)

1.54 X 107 x 10+52¢"*° 2 6.53 X 10915
Iey = 3 exp| — E

where Ipy is the current density in A/mz, E is the surface electric field in V/m and ¢

is the material work function in eV.

In reality, the surface of an accelerating cavity is far from being planar and free

from impurities. This is due to the presence of dust inclusions, debris from
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previous breakdown events, voids, grain edges and other distortions present on the
surface. These irregularities can play a major role in breakdown events by acting as
field emission sites [56, 57]. RF breakdown normally occurs when the field emitted
current densities of 10'* -10"* A/m? are reached. The local field is enhanced to 7 —
10 GV/m, much higher than the surface fields observed in most accelerators. The

field enhancement factor 3 can be expressed as [46, 48, 52, 55, 58, 59]:

,[)) _ ELocal

= 3-2
ESurf ace G2

where Ejya 1s the E field at the defect and Eguce 1S the E field observed across the
surface of the cavity. The enhancement factor is linked to the radius of curvature
(r) and it is dependent on the shape of the emitter [50, 55, 60]. Figure 3-2 shows

the theoretical definition of a series of observed emitter shapes.
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Figure 3-2: A theoretical representation of the field enhancement factor B3 caused by a series of idealised
surface features commonly found on the surface of RF cavities [55]

When the surface electric field exceeds the threshold level, electrons trapped in

the metal by the work function begin to tunnel out into the vacuum. Subsequently,
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a stream of emitted electrons is accelerated towards the opposing cavity wall. Such
a discharge leads to the collapse of the field by absorbing the RF energy [56, 61].
The field enhancement characteristics of a surface defect are strongly influenced
by the shape of the geometry in question. A typical shape of a surface defect used
in various MTA research is shown below in Figure 3-3, where the defect is
modelled as a semi spheroid [58, 61, 62]. The enhancement factors observed can

be explained using equation (3-3) [62, 63].

Figure 3-3: Representation of a surface defect used in the MTA studies [62] showing the base length and
the height used to define the generated B factor by the surface defect

2
ESurf (C / bZ)
(3-3)

ETip = :BEsurf

= f

(n(2g)-1)
where c, b, Esyr, Etip and B represent asperity height, asperity base, surface field
around the defect, field at the tip of the defect and enhancement factor respectively.
In order to produce the 10 GV/m field strength observed at the tip of a defect
during field emission, a field enhancement factor of 184 is needed. This requires

the base of the defect to be around 0.7 um wide with a height of 16um [61].

3.2.1.1 Kilpatrick Limit

Sparking takes place in a field emission between two metal electrodes, where an
abrupt dissipation of the stored electrical energy occurs across the gap. This limits
the maximum achievable E field due to RF breakdown. These limits were tested

for vacuum systems at various frequencies in the 1950s by W. D. Kilpatrick. The
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conditions that would result in breakdown-free operation were defined [52, 55, 64],

while the results were formulated by T. J. Boyd [65]. This is given below as:

MHz) = 1.64E}e™%5/Ex
f (MHz) ke )

where f is the frequency and Ey is the Kilpatrick limit in megavolts per meter. The

obtained results can be plotted as shown below in Figure 3-4.
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Figure 3-4: A plot showing the Kilpatrick Limit observed in RF cavities [65]. The maximum achievable
electric field is limited by a process known as RF breakdown. The reliable limits for various RF
frequencies were tested experimentally by W. D. Kilpatrick and are used in the design of RF cavities

The criterion used to define the Kilpatrick limit was based on using metal
electrodes that had no special preparation and no external magnetic fields were
present. The accelerator structures were operating with vacuum levels of 10” torr
where there was little dependence of RF breakdown on vacuum level below this
level [64, 65]. Under such circumstances, vacuum sparking occurred at lower

voltages than would be explained by field emission.

Kilpatrick criterion is considered relatively conservative by today’s standard of
accelerating structures. This is shown below in Figure 3-5, where modern day

cavities exceed Kilpatrick limit by a factor of two [66].
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Figure 3-5: Local and average surface electric fields as a function of frequency for superconducting and
normal RF accelerating cavities [66]. Improvements in technologies in manufacturing RF cavities mean
modern structures are capable of operating at energy levels greater than Kilpatrick limit. The normal
conducting technology used in MICE cavities dictate the achievable accelerating gradient based on the
Kilpatrick limit defined for a 201 MHz structure

In modern practice, it has been found that this limit can be exceeded by various
factors. This is due to improvements in technologies used to manufacture RF
cavities and the clean vacuum levels achieved. Nevertheless, the same expression
is commonly used for choosing the design field level for accelerating cavities. The

actual peak surface field Es is expressed as [65, 67]:

ES = bek (3'5)

where by is known as the bravery factor with typical chosen values between 1 to 2.

3.2.2 Multipacting

Multipactor is a microwave breakdown discharge occurring in vacuum
conditions caused by the formation of an electron avalanche. The energy deposited

during a primary impact with the cavity surface can initiate an avalanche by
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releasing secondary electrons. This leads to the creation of a plasma, reducing the

power output and increasing heating in the cavity wall [50, 65].

The most common Multipacting (MP) event seen in the 1970s was the one point
MP, which was a major limiting factor in the operation of superconducting cavities
[68, 69]. This normally occurs in regions where the B field is uniform and the E
field has a non-zero normal component. In a single point MP the electrons are
emitted from, and return to the same surface near the emission site [46, 65]. The
return time of travel for the electron is an integral number of the RF period. As
shown below in Figure 3-6, single point MP can be mitigated by using an elliptical
cavity [46, 65, 68, 69]. Unlike the pillbox cavity, an elliptical cavity forces the
emitted electron to drift towards the cavity equator, where the electric field is not

strong enough for secondary emissions to occur [65].
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Figure 3-6: Comparison of Multipacting trajectories in rectangular (left) and elliptically shaped (right)
RF cavities [70]. The shape of an elliptical cavity would force an emitted electron to slowly move
towards the cavity equator through secondary emission. It is at this point where the E field is at

minimum, lowering the probability of RF breakdown events

Another emission problem commonly observed in RF cavities is the two point
MP. As shown below in Figure 3-7, an emitted electron is accelerated between two
opposing points. Secondary electrons are released upon impact, repeating the

process on the initial surface. The flight time between impacts is a half integer
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multiple of the RF period [46, 68, 69]. The round wall geometry of an elliptical
cavity tends to suppress the MP process by pushing the succeeding generations of
electrons towards the equator of the cavity, where the E field is at minimum. An

example of an 1.3 GHz cavity is given below in Figure 3-7 [46, 69].
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Figure 3-7: Standard model of Multipacting (left) Two point Multipacting in a single cell 1.3 GHz
TESLA cavity (right) [68]. The released energy at the point of impact would cause secondary electrons
to be released. The process is repeated until the stored energy of the cavity is depleted

During an MP event, the accelerating gradient remains constant even if the
power input is increased. Shown below in Figure 3-8, the Q value of the cavity is
abruptly reduced at the Multipactor barrier. Also the stored energy inside the cavity

is subject to change once MP is encountered [46].
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Figure 3-8: Plot showing the Q vs. E (,c.x) curve for a superconducting cavity when Multipacting is
encountered (left) and the Stored energy of a cavity that is subject to Multipacting (right) [46]. A
Multipacting event would dramatically reduce the level of stored energy inside and RF cavity, limiting
the achievable accelerating gradient

A sustained MP over a long period of time can increase the internal pressure of

the cavity through outgassing, allowing for a corona discharge to develop. Such
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discharge alongside a rise in temperature can lead to thermal breakdown and

destruction of superconducting cavities.

3.2.2.1 Secondary Electron Yield

Secondary emission is a physical phenomenon where a primary incident particle
of sufficient energy releases secondary particles when it hits or passes through
material. In the case of MP, this particle is an electron being emitted from surface
defects. The terminology used for electron emission is secondary electron (SE)
emission. The number of secondary electrons emitted per incident particle is also
referred to as secondary electron yield (SEY) (0) [71]. As shown below in Figure
3-9, the SEY is a function of impact energy and angle of the primary electron. This
is dependent on E,, and d,, as the two material dependent parameters, where they in
turn determine two energies at which the yield is equal to unity. These are referred
to as the first and second cross over points E; and E; respectively [72]. For most

metals, E; and E; are typically in the range of 80 eV to 1 keV [73].

Figure 3-9: Plot showing the profile of secondary emission yield 6 as a function of primary impact
energy E; based on Vaughan’s empirical formula [72]. Multipactor grows only for impact energies in
between E; and E, where 6>1
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Resonant build up can only be achieved when the impact energy of the particle
E, is between E; and E,, where 9 is greater than unity. Equation (3-6) can be used

to analytically describe the SEY as a function of the primary particle [71].

1-n
(B,) 2
§=05—2— Z(1—eR/% (3-6)
T (1—e™/%)
where E,, 4s, € and p; represent the energy of the primary particle, effective SE
emission escape depth, effective energy required to produce an SE and density of

the target material in grams per cubic centimetre. For an impact energy of 1 keV, n

and B are set to 1.67 and 76 nm respectively [71] .

Influenced by material properties, various metals exhibit different emission
characteristics [71, 73, 74]. This is shown in Figure 3-10 for a series of metal
alloys [74]. It is evident that aluminium alloys has the largest SEY in comparison

to copper used in the production of RF cavities.
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Figure 3-10: Plot showing the secondary electron yield for a series of materials [74]. It is possible to see
some materials such as aluminium are capable of emitting more electrons for the same impact energy in
comparison to OFHC surfaces

The different secondary electron yield observed in various materials opens the

possibility of reducing MP by simply choosing materials with smaller SEY rather
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than having to alter the geometry of the RF cavity. Alloys with lower SEY can be
used as coating material to improve the characteristics of the more commonly used
material in the production of RF cavities. Ti and TiN are used to coat the internal

surfaces of couplers and cavities due to the low SEY of the material [74-76].

The majority of the data available are only applicable to pure metals. However,
these cannot be used for technical materials such as aluminium alloys and stainless
steel [74, 76]. The differences between pure metals and technical surfaces are

shown in Figure 3-11 for a copper sample undergoing surface treatment.
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Figure 3-11: Plot showing the SEY of a copper surface having undergone different surface treatment

techniques [74]. Copper A.G.D has been exposed to argon for 24 hours. The SEY of a surface can be

lowered if the surface is treated to remove sources of field emission. Hence, creating surfaces that are
better suited for the operation of RF cavities

The highest yield is obtained for the copper samples with no treatments while
the SEY is improved through baking. The difference between pure materials and
technical materials is due to the presence of contaminations such as oxide, which
can be removed through treatment [74]. Further information regarding pure metals

and technical surfaces can be found in the literature [71, 73-77].
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An alternative method for determining the SEY characteristics of a material is
to evaluate the energy band structure of the solid in question. The band structure
describes the energy ranges of electrons within the solid known as energy band [3].
Energy bands consist of a large number of closely spaced energy levels in a
material. They can be thought of as the collection of the individual energy levels of
electrons surrounding each atom. The band gap is the minimum amount of energy

required for an electron to break free of its bound state.

Density Functional Theory (DFT) is a quantum mechanical modelling which
can be used to define the energy band structure of a material by investigating the
electronic structure of atoms. One of the more commonly used simulation
programs using DFT is Dmol, which is used to predict properties of material both
in solid and gas phase. Further information regarding DMOL can be found in the
literature [78]. DFT simulation carried out in 2004 by Dr Seviour [79], reveal the

band structure of pure copper sample in Figure 3-12.
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Figure 3-12: Band structure obtained from Dmol3 for pure Copper (left) and Copper with added
phosphorus impurity (right) [79]. H, represents the Hartree energy which defines the amount of energy
required to release an electron from the specific band structure. The introduction of a phosphorus atom

changes the band structure and lowers the energy required to release electrons from copper surfaces
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The DFT simulations reveal changes in the energy band structure of copper
when a phosphorus atom is introduced in the molecular mix. This is achieved by
analysing the Hartree energy (Ha) of the structure [3, 79]. This is a physical
constant equal to the twice the binding energy of the electron in the ground state of
the hydrogen atom. When a hydrogen atom is in this state, an amount of energy
equal to 0.5 Hartree is necessary to free an electron. The value of the Hartree

energy is approximately 4.36x10-18 Joule (J) or 27.2 electron-volts (eV) [3].

Shown below in Figure 3-13, the shape of energy bands can influence the SEY
of various materials. It is evident that Be with a dispersed band structure has a
much lower SEY in comparison to AL,Os3 with a dense band structure. This is due

to the relatively low number of states seen in the Be.
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Figure 3-13: Plot showing the secondary electron yield of various material [79]. The SEY is dependable
on the shape of the band structure where more defined energy levels with defined band gaps would
result in a higher emission rates per electron impact

The state of energy bands is of much importance when analysing the surface

quality of cavities and investigating RF breakdown probability. The above findings
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show that an introduction of foreign material in the structure of a metallic surface
can lead to changes in band structure and hence altering the SEY of the material.
This highlights the potential limitation a bad surface quality can bring to the

operation of and RF cavity by limiting the achievable accelerating gradient.

3.3 RF Breakdown Mechanism

Many field emission cases follow the Fowler Nordheim relation, where the
level of field enhancement is related to the geometry of microscopic asperities
being present on the cavity surface. These could include perturbances, cracks, grain
boundaries or other causes of local field enhancement. Most breakdown models
use two mechanisms to explain the process leading to initiation of RF breakdown.
These are the mechanical fracture and localised ohmic heating of the metal

surfaces [80]. In both cases emitters are activated abruptly with high E field [46].

3.3.1 Mechanical Fracture Model

The mechanical fracture model, or field evaporation as it is known, indicates
that the breakdown mechanism is related to the electrostatic outward mechanical
tension exerted on the metal surface [47, 58, 80]. Due to the instantaneous nature
of a breakdown event, it is impossible to directly measure the parameters of the
breakdown site, just before the event itself. Indirect measurements on the other
hand can be taken using field emitted electrons. Current MTA measurements from
the 805 MHz cavity have shown high levels of electric stress. This is due to the

local geometry of the surface features observed on the cavity wall [47, 66].

The properties of the emitter site can be obtained by analysing field emission

which follows the basic Fowler Nordheim current and field relation. Figure 3-14
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shows how emitter sharpness and area can be extracted from data by fitting the
dark current versus accelerating field behaviour of the cavity [57]. This is the flow
of current in the absence of light and the main sources of dark current are ohmic
leakage due to imperfect insulation and thermionic emission. The local field
required for field emission is in the region of 5 — 10 GV/m obtained from the
Fowler Nordheim parameterisation. It is at this point where the associated tensile
stresses applied on surfaces approaches 275 to 344 MPa [47, 57]. As shown in

Figure 3-14, this is comparable to the tensile strength of copper.
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Figure 3-14: Dark Current and Fowler Nordheim model (left) copper stress (right)

The applied high stresses would eventually lead to fragmentation of the surface,
mainly at the edge of a crater or at weaker locations on the cavity wall. Such
fragmentations tend to leave sharper corners that could then produce further
fragmentations of its own. The broken piece is then carried away by the outward

electrostatic tension, and is bombarded by field emitted electrons from the
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remaining asperity and becomes vaporised and ionised. This results in the creation

of local plasma, which can short out the cavity [58].

3.3.2 Ohmic Heating

The second major breakdown regime is Ohmic heating, where a sufficient
current density can initiate breakdown by melting the tip of an asperity or damaged
area [58]. This differs from the previous breakdown model, as Fowler Nordheim
plots show field enhancement factors of no more than 50, even if there are many
crater formations [81]. The increasing local current density Ipny would lead to heat
dissipation in the form of ohmic loss i’p, where p is the resistivity of the medium.
Due to rapid nature of this event, the heat does not have time to be conducted
away, raising the temperature of the local material by AT (°C). The time taken for

such an event can be expressed as [81]:

4.18 x 10°MCAT
At = >
“p G3-7)

where M is density in gram/cm’, C is heat capacity per gram and p is measured in

ohms-cm.

Breakdown is initiated by a small piece of the material being broken off the
asperity surface and melted due to ohmic heating. This is then lifted away from the
remains of the asperity and exposed to field emission where it is further heated and
vaporised. This is then ionised which in turn creates a plasma [57]. As shown
below in Figure 3-15, the process can continue with new emission sites being

created, where ohmic heating can take place once more [82].
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Figure 3-15: Development of surface damage in the case of breakdown initiated by ohmic heating [81].
The stored energy at the emission site would eventually lead to the destruction of the emission site,
leading to the creation of further secondary emission sites

Therefore, copper grains can be heated both ohmically by dark current beams
within the structure, or by dark current beams through ionisation heating during
fragmentation. Heating is more severe in the latter case, as no conduction losses

are present due to the loss of thermal contact between the grain and the wall [57].

3.4 Applied Magnetic Field

The breakdown models examined in this study did not take magnetic field into
consideration. However, majority of accelerating structures do operate in the
presence of externally applied magnetic fields. They are applied for various
purposes such as bending particle beams in synchrotrons or reducing beam
circumference in the case of MICE and Neutrino Factory experiments. The effects
of applied magnetic field are relatively unknown and are subject of much

investigation through various studies.

It is thought that magnetic field can facilitate breakdown by exerting additional
forces in the form of torques on field emitters. In this model, the emitters is

assumed to be conical and aligned roughly parallel to the applied magnetic field.
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As shown below in Figure 3-16, the radial component of the current density is
determined by the cone angle of the emitter and is perpendicular to the magnetic
field. The perpendicular pressure exerted by the magnetic field is [83]:

_ixB_sinHIB (3-8)
A4 A

where 1 is the current density at the surface of an emitter, I is the maximum
measured current per emitter, A is the local emitter area, 0 is the cone angle and B

is the applied magnetic field.

Field Emission
Current, i

Figure 3-16: Applied torque on an asperity by an externally applied B field during field emission [83]

In order to create current densities in the region of 10'® A/m? local emitter
surface area of 10" m? with a maximum measured current of 0.1 mA is required.
If the emitter is subject to a 2 tesla (T) magnetic field, the applied pressure would
be in the order of 10,000 MPa, which is more than enough to trigger fracture [83].
Such pressure is applied in a circular patter around the emitter tip, causing further

damage and reducing the electric field necessary to initiate breakdown.

3.5 Cavity Conditioning

The surface of a newly fabricated RF cavity consists of a wide range of

asperities with various enhancement factors. The surface is usually dominated by a
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few potentially hot breakdown sites. It is necessary to burn these off if maximum
accelerating gradient is to be reached. This can be achieved through a number of
semi-controlled RF breakdowns, caused by increasing the RF power very slowly

over a period of time. This process is referred to as RF conditioning.

Prior to operation, it is essential to condition an RF cavity when being turned
on. At low operating fields, the hottest emitters are destroyed and not replaced.
Each burnt emitter deposits molten material on the surrounding area, producing a
spectrum of weaker secondary emitters. The enhancement factors of the active
emitters are decreased continuously as the process is continued. An equilibrium
state is reached when the emitters produced during breakdown events are on

average as active as the ones being destroyed.
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Figure 3-17: Local electric fields in KEK data during conditioning [66]. The field enhancement caused
by the asperity induces localised field concentration, increasing the probability of RF breakdown

During the conditioning process, both the enhancement factor 8 and the Eqyrare

subject to change. However, their product, the Ejoc remains constant. This can be
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explained by the data collected at KEK in Japan, as shown in Figure 3-17.
Although the accelerating field Eg,r is increased by a factor of 2, the enhancement

factor is decreased by the same factor. Hence, Ejqc, 1s constant during conditioning.

3.6 Mitigation of RF Breakdown

Most studies over the past 100 years have been directed at finding a way of
mitigating the breakdown process to allow RF structures to cope better with
cumulative damage during operation [70]. The underlying cause of RF breakdown
is the micro-roughness and structure of the metal surfaces. These are difficult to

control or measure, but can be improved to mitigate RF breakdown.

Constrains imposed on the performance of RF cavities due to material have not
been fully explored, where many electrical and mechanical parameters are
involved. In order to predict and optimise the performance of a given material, a
great deal of knowledge needs to be developed. Various materials exhibit their own
unique properties where they can bring various benefits to the operation of RF
cavities by increasing the operating gradient. This can be seen in many carefully

measured data available in the literature [60, 66, 84].

The maximum achievable surface field is dependent on the mechanical
properties of the material. Hence, choosing material with higher tensile strength or
with better condition spectra can be used to improve the achievable accelerating
gradient. Figure 3-18 highlights the performance improvements based on various
materials. It is possible to see softer material such as gold and silver breakdown

easily in comparison to harder materials like stainless steel.
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Figure 3-18: Plot showing material tensile strength vs. maximum gradient from SLAC and CERN data
[66] (left) and Material dependence of the maximum achievable surface field [84] (right). It is possible to
improve cavity performance by using material that can maintain higher local fields

In order to lower the risk of transporting molten material during breakdown, it
is possible to use materials that produce no sharp secondary emitters when they
cool down. This can highly improve the performance of the cavity by lowering the

overall factors seen across the cavity surface.

As discussed earlier, field emission is related to the quality of the surface.
Therefore, it is desirable to build cavities with good surfaces and fewer asperities
with sufficiently lower enhancement factors. This in principle should lower the
need for significant conditioning, reducing the risk of secondary emitters and
damage to the surface [58, 60, 66]. As seen with super-conducting RF cavities, this
can be achieved by atomic deposition (ALD) [58]. Furthermore, contaminations
such as oxide layers can alter the behaviour of the surface by lowering the

mechanical strength of the material [60].

Moreover, gas filled cavities have been used in some cases to lower the risk of
RF breakdown in normal-conducting cavities. Although the gas pressure is a

controllable variable, it has not been proven to be directly linked to the rate of RF
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breakdown [66]. The addition of gas can help to slow down the field emitted
currents. This would prevent plasma formation, which would otherwise move
freely along the E and B fields [60]. The result would be a reduction in ohmic
heating. Gas filled cavities are vulnerable to gas breakdown which is a separate

phenomenon leading to cavity breakdown.

3.7 MTA Findings

As noted previously, the experimental work in McCool test area at Fermilab is
well underway since 2001. There are three major experiments using one multi-cell
805 MHz cavity and two 201 and 805 MHz pillbox cavities. The open cell cavity is
to be used in the ionisation cooling lattice of a Neutrino Factory and is shown
below in Figure 3-19. Both the open cell and 805 MHz cavity have been tested

under externally applied magnetic fields with initial results shown below.
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Figure 3-19: Magnetic field lines extending from two irises to the end window of the MTA 805 Multi-cell
cavity (top) Maximum surface field vs. axial magnetic field in the 805 MHz pillbox cavity [58]. The
application of external magnetic field severely reduces the performance of the 805 MHz MTA cavity.
This was caused by increase in surface damage observed around the iris [85]

The maximum achievable surface gradient in the open cell cavity reaches high
values of 55 MV/m and is comparable to those in conventional gas filled cavities.
X-rays were greatly increased and loss of vacuum occurred due to extensive

damage on the end vacuum window [58].

In the second test, an 805 MHz pillbox cavity was mounted in the centre of a
solenoid with both irises being terminated once by a Beryllium (Be) window and
then a Copper (Cu) window. As shown in Figure 3-19, the maximum achievable
gradient of the pillbox cavity was lower than of the open cell design. However, this

was reduced by as much as 60% under the influence of an externally applied B
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field [61]. This is of major concern for the MICE and Neutrino Factory complex

due to the presence of similar operating requirements.

Furthermore, the performance of the cavity deteriorated over time, raising the
issue of maintaining the required gradients. After weeks of conditioning, only a
gradient of 16.5 MV/m was achieved with an applied B field of 4 T [43]. This was
due to extensive damage observed in the iris area, where copper particles were
deposited on the surface of both windows as shown below in Figure 3-20. Similar
tests of the 201 MHz cavity showed a gradient reduction from 21 MV/m to just 10
MV/m. However, the field did not go higher than 18 MV/m when the magnet was

switched off due to the extensive damage to the cavity surface [86].

Figure 3-20: Surface damage observed after cavity conditioning both on Copper window (left) and
Beryllium window (right) [43]. The copper deposited on the Beryllium window was removed from the
cavity iris on the opposing side of the cavity. This extensive damage manifested itself in reduction in
accelerating gradient as shown previously

Further experiments were carried out at the MTA, with the aim of analysing the
performance of various materials and coatings in the presence of B field. As shown
previously in section 2.5, the cavity material program used button samples to
perform various tests. The small shape of the sample provides ease of replacement

and handling. The buttons produced a tip enhancement greater than the rest of the
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cavity, ensuring that the breakdown takes place away from the cavity iris. Figure
3-21 shows the maximum achievable surface electric gradient for various materials
as a function of B field. Each test was carried out after considerable cavity
conditioning and measurements were taken in stable and repeatable conditions
[42]. The buttons tested were made out of Molybdenum (Mo), Tungsten (W) and
Titanium Nitrite (TiN) coated copper. It is important to note that two different sets
of TiN coated buttons were manufactured at Fermilab and Lawrence Berkley

Nation Lab (LBNL), each using a different coating method.
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Figure 3-21: Maximum achievable surface electric field on buttons made of various materials as a
function of external magnetic field [42]. In all cases, the achievable gradient is reduced with the
introduction of an externally applied magnetic field

The cavity performance was improved for all materials in comparison to the
original pillbox cavity. Mo outperformed other materials consistently as it was able
to withstand higher electric field than W. Although the LBNL TiN coated button
performed much better than all the other material, there was a big difference in

performance between the two coated buttons. As shown below in Figure 3-22, this
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was due to poor coating layer quality produced at Fermilab. Almost 80% of the

coating material was peeled off.

Figure 3-22: Damage observed on TiN coated copper button at Fermilab after conditioning [45]. The
TiN coating was removed due to high concentration of local field at the tip of the test button

3.8 Concluding Remarks

Limitations of RF breakdown strongly influence the development of
accelerators since it lowers the maximum achievable gradient. Field emission is
well established as a source of dark current and RF breakdown trigger in
accelerator structures. The level of field emission is influenced by the quality of the

surface and the features present on the RF surface.

Although RF breakdown has been the subject of many investigations both
experimentally and theoretically, there is a surprising amount of uncertainty
regarding the mechanism involved. What is still missing is a deeper understanding
of what exactly makes up the value of field enhancement factor and how it relates

to and is predicted from an observed surface condition.
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Experiments at the MTA have revealed the negative effects of externally
applied magnetic fields on the performance of RF structures by lowering the
maximum achievable gradients. The observed damage in MTA cavities operated in
magnetic field may be caused by the impact of field emitted electrons focused by
the magnetic field onto the copper surfaces. Small metal sections are
electrostatically drawn from the surface due to fatigue, becoming vaporised and
ionised by field emission from the remaining damage. The model examined in this

study presumed that breakdown occurs in steps as below.

e Dark current electrons are emitted from asperities and accelerated by the
RF fields and impact another location of the RF cavity. With sufficient
magnetic field, the emitted electrons are focused and bombard small sports
on the opposing surface.

e The cavity surface temperature rises from the impact.

e In the presence of magnetic fields, the surface material probably is
severely damage by fatigue induced by repeated deposition of local energy.

e The relative amount of surface heating and therefore the probability of

fatigue failure depends on the materials properties

The relatively low gradient breakdowns observed in both 805 and 201 MHz
cavities are a source of concern for future Neutrino factory complexes. These
predicted breakdown events occur at significantly lower gradients than the
operating levels specified for such facilities and much more work is needed to

rectify any possible sources of RF breakdown.
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Chapter 4.
Manufacturing Processes and

Surface Finish

4.1 Introduction

During production of an RF cavity, the metallic surface can be subjected to both
mechanical and chemical alterations. Hence the quality of the RF surface is
directly influenced by the manufacturing techniques employed during production.
As noted earlier in Chapter 3, the quality of the RF surface can influence the
probability of an RF breakdown event being initiated. If we are to obtain a better
understanding of cavity performance and thereby develop better means of
production, the fabrication procedure needs to be investigated further. The MTA
research program outlined in Chapter 2, has been performing a series of high
power tests on button shaped samples using an 805 MHz copper cavity. The aim is
to investigate the RF breakdown limit of various materials by exposing each to
high E and B fields [39-41]. This research on the other hand focused on the

manufacturing techniques rather than material properties.

The complexity of RF breakdown phenomena and the absence of a proven
theory make it difficult to apply experimental results on breakdown limit from one

RF structure to another [49]. To allow comparisons to be made with current MTA
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findings, similar button tests have been carried out. Buttons were manufactured in
batches using a single material and different manufacturing procedure. By
investigating the breakdown limit of each button in the MTA 805 MHz cavity, it is
possible to analyse the effect of the manufacturing process on the breakdown limit
of each button. Both the manufacture and surface treatment stages of the
production can alter the surface characteristics and need to be analysed. A
systematic approach to carry out such investigations was developed in this work

and the major steps carried out are shown below in Figure 4-1.

Surface

Button Fabrication —» S
Characterisation

— Surface Preparation

|

Surface 3 High Power | Surface
Characterisation| Testing | Characterisation

Figure 4-1: Flow chart showing the steps taken to prepare button pieces for High power testing. Each
button was fabricated in house and a series of surface treatment processes was carried out to achieve the
desired surface quality. Furthermore, surface measurements were taken at several intervals in order to
analyse the changing characteristics of the surface defects

The mechanical and chemical structure of the surface for each button is
characterised after each stage of production. The findings alongside current MTA
results provide the back bone for improvements in cavity design and manufacture
of the proposed Neutrino Factory RF cavities. This chapter introduces the design
and manufacturing steps taken to fabricate the new test buttons alongside the

surface treatment procedure employed by this research.

4.2 MICE Cavity and Button Fabrication

The various shapes and sizes of RF cavities dictate the fabrication technique

that need to be used in their production. As shown below in Figure 4-2, the MICE
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cavity 201 MHz was spun using two flat metal sheets until the desired shape was
achieved. By welding both half shells together, the cavity structure was
manufactured. Prior to welding, a step was machined out of the edges of each shell
to allow a stable platform to attach both shells together. In order to manufacture a
complete cavity, a combination of techniques such as spinning, metal pulling and
machining had to be utilised. Details of the manufacturing procedure used to
fabricate the MICE cavity can be found in the literature [87]. The 805 MHz cavity

on the other hand was machined from a copper block due to its smaller size.

. Sheet Metal

Spun Part Form Blank
- /

\l Back

Support Plate

Spinning Tool «—

Figure 4-2: Schematic view of spinning fabrication process used widely in various industries (left) MICE
201 MHz cavity half shell being spun prior to cavity fabrication (right) [87]

In order to analyse and improve current production techniques used in MICE
and the MTA, it is vital to fabricate each button test piece using similar processes.
However, current MTA buttons are machined from a large metal slab in one piece.
This limitation has been imposed by the current deign of the MTA button, where
most fabrication techniques are not applicable. This research has addressed this

limitation by developing a new button design.
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4.2.1 New Button Design

In order to fit into the current MTA program and the 805 MHz cavity, the
overall shape and size of the button had to be kept the same. During operation
inside of the MTA cavity, only the top curved surface of the button is subject to RF
fields. This factor was taken into account when redesigning the button test piece as
shown below in Figure 4-3. The new button design consists of two separate parts
referred to as the removable Cap and Holder. The cap is subject to RF fields inside
the cavity and is held in the correct position by the holder. A major benefit of such
a design is the ability to use a wider range of fabrication techniques due to simpler
design. Both the design and manufacture of the new button was carried out in

house using the available infrastructure.

MTA Button New Button

Cap

/

Holder

Air Vent

Ball Bearing and
Surface Exposed Spring Housing
to RF Field

Figure 4-3: Cross sectional view of an MTA button (left) and the new button piece being designed and
manufactured in this work (right). The MTA button can only be manufactured by machining while a
series of fabrication methods can be used to manufacture the new button. This is due to the nature of the
removable cap and the ability to use a thin sheet of copper to create the piece. The two parts are secured
in place by 6 sets of securing connectors where a spring pushes a ball bearing into the internal surface of
the cap. This would generate enough friction between the two parts to keep them connected
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The new button will be operated similarly to previous tests and is capable of
generating similar enhancement factors seen before. During testing, the cap and
holder need to stay as one unit. This was achieved by drilling six equally spaced
holes in the holder, where each houses a ball bearing and spring mechanism. When
in position, the springs generate the necessary friction between the two parts by
pushing the ball bearings towards the internal walls of the cap. Furthermore, a
series of air vents are incorporated in the holder to ensure no air pockets are

trapped when operating in vacuum during testing.

The design of the Cap would allow for the selection of other fabrication
techniques and machining unlike the MTA button. To replicate the processes used
for the production of the MICE 201 MHz cavity, the chosen fabrication method for

this study is sheet metal drawing. The cap is made out of a 1 mm thick metal sheet.

Figure 4-4: Photograph showing the stages of Cap piece fabrication. A flat sheet of copper is formed into
the desired shape is three steps using various pressing tools.

A series of tools were manufactured to perform the forming process in stages.
As shown above in Figure 4-4, the cap was pressed in four different stages. Each

was responsible for a specific feature of the cap, resulting in a steady and stable
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manufacturing over extended number of samples. The staged forming process
resulted in a gradual deformation of the material and it has been designed to avoid

possible rupture when stretching the copper sheet.

4.2.1.1 Button Material Selection

The material of choice for normal conducting cavities is Oxygen-free high
conductivity (OFHC) copper. This is generally referred to a group of wrought high
conductivity coppers that has been refined to reduce oxygen levels. The cap was
manufactured using OFHC to match the characteristics of MICE and MTA
cavities. The copper purity level of the OFHC (C103-CWO008) used in this research

was 99.99% [88].

The holder on the other hand, is not subject to RF fields but needs to be
operated in the presence of high magnetic fields. To fulfil such requirement, the
holder was made out of 2011 (FMA) aluminium alloy. The key characteristics of
this alloy are high mechanical strength and easy machining. Furthermore, attention
was paid to choose austenite stainless steel for each ball bearing and spring

mechanism to remove possible interactions with the applied magnetic field.

4.2.2 Button Transportation

Figure 4-1 shows the overall processing of the button, from fabrication to
testing at high power. However, the process was carried out in various locations
due to the availability of the required equipment in different institutions. As shown
in Figure 4-5 below, the button assembly had to be transported a number of times

between several institutions to be manufactured and tested.
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Figure 4-5: Flowchart showing the various steps in the transport of the button assembly from the point
of fabrication to the point where the button arrives or high power testing. After being fabricated, the
buttons are sent back for surface characterisation. The section The buttons are then sent to Fermilab for
high power testing where they will be sent back to Lancaster university. The section highlighted in
orange was carried out in house by the candidate. High power testing at Fermilab has not been
performed due to refurbishment process underway at the facility

It was therefore vital to protect the surface integrity of the assembly while in
transport. To meet this requirement, the transport jig shown below in Figure 4-6
was produced. The jig was made out of 1050 (s1c) aluminium alloy, which is a low

strength and easily worked material.

Button Cap Fixing Holes

Cover plate

Transport lig

Figure 4-6: Demonstration of a Transport jig with button Cap in place (left) and with protected cover
plate in position (right). The transport jug was designed and manufactured in house, and is used to
transport the button cap safely between various institutions mentioned earlier in Figure 4-5. The main
aim is to protect the surface from any possible physical damage

Once in place, a second plate is attached to the jig by a series of screws. This
holds the cap in place and removes any possible threat of scratching.

Furthermore, it was equally important to minimise oxidation of the RF surface by
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removing direct contact with the atmosphere. This was achieved by placing the

transport assembly inside a Nitrogen filled protective bag as shown in Figure 4-7.

Figure 4-7: Photograph showing Nitrogen filled protective bad being sealed off. Each Transport jig is
placed inside a protective bad filled with nitrogen in order or protect the surface of the button from
chemical reactions with the atmosphere and eliminate oxidisation. This process is carried out before the
button assembly is to be transported between the various facilities

4.3 Surface Preparation

Surface preparation is generally considered to be the most vital aspect in the
production of high gradient RF cavities. The importance of purity in terms of both
grain structure and chemical composition of the RF surface has been discussed in
previous studies [43]. The grain characteristics of a typical copper plate are shown
below in Figure 4-8. The existence of the various layers is highly dependent on the

environment in which the metallic surface was stored and manufactured.
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Figure 4-8: Representation of the different layers being present on the surface of a typical copper plate.
The outer layer is known as the damaged layer where most of the physical and chemical
misconfigurations are resent. The virgin copper sits at the heart of the metal and is the desired surface
for the operation of an RF cavity [89]

The outermost layer consists of small sub-grains with an approximate depth of
1500 Angstroms (A). With increasing depth, such grains are replaced by larger
cells known as slabs with sharp boundaries. This trend is generally continued until
all boundaries are fully diffused and the virgin copper layer is reached. The
plastically deformed layer sitting on top of the virgin copper is a direct result of the
production processes, exposed to foreign contamination and oxidisation. This layer
is smoothly attached to the virgin layer and has variable thickness [90]. The aim of
any surface preparation exercise has to be to reduce the damaged and contaminated

layer to expose as much of the virgin layer as possible.

In this section, the processes used to treat the surface of the cap piece are
introduced and comparisons are made to the procedure currently used to

manufacture MICE cavities and MTA button pieces.
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4.3.1 Electro Polishing (EP)

Electro polishing (EP) is an electrochemical process that removes material from
the metallic surfaces. The primary objective of this process is to minimise micro-
roughness or brightening and passivating metallic surfaces [91]. Materials that
work well for electro-polishing include soft stainless steels, aluminium alloys and
copper alloys. Hence, this is the most common surface preparation technique used
to manufacture both normal and superconducting RF cavities. A typical result

achieved through EP is shown below in Figure 4-9.

Figure 4-9: Photograph showing the surface of a stainless steel part being mechanically polished (left)
after electro polishing was performed (right). The deep grooves, cavities, torn metal and microscopic
imperfections are removed after performing EP. This would create a non-contaminating, non-
participating and non-gassing surface as observed under high magnification [91]

The history of EP dates back to as early as 1912, but it was not until 1935 that
copper was successfully electro polished by Jacquet [89, 90, 92]. Jacquet credited
EP to the formation of a viscous layer around the polishing sample. He noted the
fluctuating thickness of this layer across the material, leading to different Ohmic
resistance from the cathode to the anode. The removal of sharp edges occurs due to

such alteration, as the thickness of the viscous layer fluctuates based on the surface
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profile. Higher field enhancements are observed on the edges in comparison to the
depressed parts, resulting in the creation of a more uniform surface profile [92-94].
Further information regarding EP is available in the literature [89, 90, 92-94]. A

typical EP setup is shown below in Figure 4-10.

Electrolyte

Anode
Surface Before
Polishing

Y

; !

Particle Moving From the Work
piece to the Cathode

Surface after
\ A/ Polishing

Cathode

Figure 4-10: Schematic view of an electro polishing bath. The work piece is connected to the positive
terminal and serves as anode. This is immersed in a bath of electrolyte alongside the cathode which is
connected to the negative terminal. A current passes from the anode, where metal on the surface is
oxidised and dissolved in the electrolyte, to the cathode. A Typical electrolyte consists of high viscosity
phosphoric acid [3].

EP is still regarded as a black art despite wide spread industrial and research
applications. Many in the accelerator community still use Jacquet’s model to
explain the EP process, which follows a typical I-V plot to explain the polishing
characteristics as shown in Figure 4-11. The three major regions of a polishing

process are identified as pitting, polishing and gas evolution [89, 92, 94].
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Figure 4-11: Jacquet’s current vs. voltage plot for copper within an phosphoric acid electrolyte [89]. The
voltage-current density plot represents the mechanism by which pitting and polishing occurs. Below V,
the primary mechanism is the direct dissolution of the metal, where etching occurs. Between V), and V.
the passivation layer occurred before this becomes stable and dissolution of the metal occurs primarily

by diffusion through this layer. By increasing the voltage, the passivation layer breaks down as the
oxygen evolution occurs at the surface.

The characteristics of the I-V curve is dependent on the initial surface quality
and the surface area ratio of cathode and anode [94]. The polishing process is
initiated by the creation of an oxide layer between regions V, and V. Due to the
establishment of a diffusion layer, the current density up to point V. is independent
of the applied voltage. This flat region is referred to as the polishing plateau.
Further increases in the applied voltage would result in formation of oxygen
bubbles near the anode, which is the surface to be polished [89, 90, 92, 94].
Optimum polishing results are achieved in the region known as the cusp point. This
location marks an area where maximum voltage can be applied while keeping the

current levels fairly constant. Oxidation can follow beyond this point [92, 95, 96].

Applying the incorrect voltage can result in the creation of damaged surfaces
through EP. Typically, pitting is observed at voltages below 1/, and oxygen bubble
damage is experienced at voltages higher than the cusp point. This is simply due to
the differing dissolution rates observed at both regions [90, 92, 96, 97]. An

example of a pitted surface is shown below in Figure 4-12.
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Figure 4-12: Photograph showing the surface of a stainless steel after EP (left) and the same surface
being pitted (right) [90]. This highlights the importance of choosing the correct voltage level as close as
possible to the cusp point in order to achieve the best polishing results

Surface features on a shorter wavelength are removed by the EP process, while
features with a longer wavelength are left behind [94]. Hence, it is important to
ensure the sample has the best possible surface prior to EP. This can be achieved
by generating a scratch depth shallow enough to provide shorter wavelength

surface profiles for EP to be effective.

4.3.1.1 MICE Cavity and MTA Button EP Procedure

Both the MICE cavity and the MTA buttons were polished using the facilities at
Thomas Jefferson Lab (JLAB). The electrolyte used consisted of 85% Phosphoric
acid and 15% Butanol. The former is responsible for levelling the surface profile
while the latter is used to provide greater conductivity through the electrolyte [98].
The size and shape of the MICE 201 MHz cavity presented many challenges
during polishing and special techniques were developed at JLAB in order to EP the
cavity. As shown below in Figure 4-13, the cavity surface was buffed mechanically
to remove deeper scratches left behind from the spinning tool. The cavity shell acts

as both the anode and the container for storing the electrolyte mixture.
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Figure 4-13: Photograph showing a half shell of an MICE 201 MHz cavity after being mechanically

buffed [87]. This step is important to remove any visible damaged layer prior to EP

As shown in Figure 4-14, the cavity was held in position by a series of supports

and could rotate around its axis. The bottom of the cavity shell stored the acid,

where a U shaped cathode was inserted to optimise the polishing performance.

Once polished, the cavity was rinsed using high pressure water.

Power
Supply

- [+

Electrolyte
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Figure 4-14: Schematic view of the EP setup used for polishing MICE 201 MHz cavities (left) A MICE
201 MHz cavity during polishing (middle) [87] a view of the shaped cathode used for EP (right) [87]. The
cavity sits on a specially designed stand and rotates around its axis. Only half of the internal surface is in

contact with the phosphoric acid at any point, increasing the chance of an uneven polishing result

A major flaw of this technique was the lack of protection against oxidation. As

the cavity shell rotated, the polished surface was exposed to the atmosphere during
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EP. Furthermore, no real control on the applied voltage and subsequent current

flow was observed. This led to inconsistent polishing results being achieved.

The same facilities at JLAB were used to polish the MTA buttons. As shown
below in Figure 4-15 a special High Density Polyethylene (HDPE) holder was
produced. The holder held four samples with a cylindrical cathode in the middle
and was immersed inside an acid container. The level of applied voltage was based

on the polishing surface area and was dependent on the number of samples [98].

Power | —
Supply

+ Electrolyte
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Anode (Button) Cylindrical Cathode

Figure 4-15: Schematic view of the EP setup used to polish MTA buttons at JLAB (left) A view of the
JLAB button holder with a copper tube used as the cathode (right). The button is fully immersed into
the electrolyte during the process, marking an improvement compare to the setup used for the cavity

The process lacked the ability to evaluate and apply the correct I-V curve to the
sample during EP. Once more, this led to inconsistent polishing results.

Furthermore, each button underwent EP straight from the manufacturing.

4.3.1.2 Improved EP Procedure

In order to achieve more consistent polishing results, the overall process was
reassessed and improved in this research. As shown below in Figure 4-16, in the
new procedure the cap underwent several preparation stages prior to EP. Each

individual task was responsible for preparing the cap surface in a specific way to
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ensure best polishing results were achieved. The effectiveness of each stage has

been verified and tested using several test samples.

Mechanical | | Ultrasonic
Hand Polish | |  Bath

Y

Chemical Etch
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ionised Water Rinse

Figure 4-16: Flow chart showing the various steps used during the EP process carried out in this this
study. The addition of Ultrasonic bath and chemical etching prior to EP would ensure maximum
removal of oily residue and damaged oxide layers. The process designed in this work is simple and
robust, enabling repeated samples to be polished with little alterations in the setup

Once received from the manufacturer, each cap was hand polished. This was
performed using 400 to 1200 grade silicon carbide sand paper. Each paper grade
ensured the removal of a specific type of surface damage. The hand polished cap
and the holder were then washed in an ultrasonic bath to remove possible oily
deposits on the surface. The cap was then chemical etched by immersing the piece
into phosphoric acid. The button was then finally electro polished once the pre-
treatments were completed. At the end, each sample was washed using a high

pressure rinse. The first two stages can be seen below in Figure 4-17.

Figure 4-17: Photograph showing the ultrasonic wash bath being used to clean the bolder piece (left)

Chemical Etching of a button cap after being hand polished (right). Both processes would ensure the

removal of any oily contamination alongside oxide damaged layers. The chemical etching removes the
edges of large scratches and generates an uneven surface through an uncontrolled process
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The 1I-V characteristics of an EP system depends on factors such as orientation
of the anode and cathode, cathode material, anode to cathode surface area ratio,
electrolytic bath age and temperature [92, 96, 97]. In order to build on previous
achievements at JLab and to address the above issues, the EP setup used to polish

the new buttons was modified.

As shown below in Figure 4-18, an electrolytic cell was formed by immersing
two copper electrodes in an electrolyte and applying a voltage applied between
them. The positive and negative electrodes consisted of the samples to be polished
and the cathode respectively. In order to achieve a dedicated I-V curve for each
sample, only one cap piece was polished at any given time. By slowly increasing
the applied voltage, the cusp point was reached and maintained. To ensure the
polishing quality was maintained, the electrolyte mixture was only used for two

buttons before being replaced with a fresh mix.

I +
Power
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Figure 4-18: Schematic view of the EP setup designed and manufactured in this study to carry out EP of
the new button pieces (left) a button cap being polished using the new setup (right). The process has
been improved by adding an agitation pump in order to circulate fresh electrolyte around the cathode.
Simplicity was in mind when designing the setup, ensuring very little change from test to test.
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The dimensions of the cap posed many problems in all aspects of the surface
preparation. In order to maintain an even electric field within the electrolyte bath,
the cathode was shaped to conform as closely to the profile of the cap as possible.

This is a major improvement in comparison to the setup used at JLab.

There are several problems associated with the JLab mixture. One is the
formation of oxygen bubbles around the anode once the input voltage reaches V.
This reduces the effectiveness of the polishing process significantly through
insulating the anode [90, 96-98]. This issue was addressed by agitating the mixture
in order to disperse such bubbles during formation. Shown below in Figure 4-19, a

set of pipes were used to generate the desired agitation levels.

Agitation
Pipe

/ /

|/ ¥ #
Butten Sample

Figure 4-19: Photograph showing bubble formation due to oxygen release near the anode.

A peristaltic pump was used to generate the suction needed for the acid to be
extracted and replaced by fresh mix around the cathode. This technique contributed

in maintaining the polishing cusp point and replicating Jacquet’s I-V characteristics
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profile more accurately. The bubbles caused by oxygen formation disappear when

the system is stabilised near the cusp point.

4.3.2 Electroplating (EPL)

The second surface preparation method used in this study is electroplating. This
is the application of electrolytic cells in which a thin layer of metal is deposited
onto an electrically conductive surface. Illustrated in Figure 4-20, the process is
referred to as electro-deposition. Electrical current is used to reduce cations of a
metal from a solution and coat a conductive object with a thin layer of the metal.
Electroplating has come a long way since the simple but pioneering gold plating
attempt of Luigi Brugnatelli back in 1800. Due to its cost efficiency and high end

product quality, many industries employ this method of production.

Power supply
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Figure 4-20: Schematics of an electrolytic cell for plating metal M from a solution of metal salt MA [99]

The main components of an electroplating setup consist of:

e External circuit consisting of the direct current (DC) source

e Negative electrode or cathode, which is the component to be plated
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e Plating solution known as the bath

e Positive electrode or anode, which is made of the metal to be deposited

Both cathode and the anode are connected to an external power supply. The
bath electrolyte consists of a solution containing one or more dissolved metal salts
as well as other ions that ensure good conductivity. The anode is oxidised through
direct current supplied by the power supply, allowing positively charged cations to
be dissolved in the solution. The dissolved metal ions are then reduced at the
cathode, plating it with thin layers of metal. The rate at which the anode is
dissolved normally equals the rate at which cathode is plated. This ensures that
ions in the electrolyte bath are continuously being replenished by the anode. The

general form of the reactions occurring at cathode and anode are [3, 99, 100]:

At cathode M(Za-lc-[) +Zew —— M @-1)
Z+ - (4-2)
At Anode My — M{gq) +Ze

where Z represents the number of electrons. The electrolytic process can be

explained by the two Faraday’s laws [100]:

e The amount of chemical change produced by an electrical current is
proportional to the total integrated current.
e The amount of different substances liberated by a given quantity of current

is inversely proportional to their chemical equivalent weights.

The weight (w) in the first law is in grams or ounces and the quantity of

electricity is in coulombs. This relationship can be defined as [100]:

w = I(amps) X t(s) 4-3)
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This demonstrates the importance of the time that the current is passed through.
These laws can predict the amount of chemical changes produced through

measuring the integrated current.

In order to ensure a good adhesion of the coated layer on to the surface, the pre-
treatment of the surface is extremely important [101]. A successful electroplating
process heavily depends on eliminating any contamination and damaged films
from the substrate. Organic and non-metallic films can lead to poor adhesion and in
some cases may prevent adhesion. Surface contaminations can be either extrinsic,
such as organic debris and mineral dust or intrinsic like native oxide layers [96,
101]. Substrates can be cleaned through physical or chemical cleaning. The first
method introduces mechanical energy to release both extrinsic and intrinsic
contaminations while the latter employs active materials being dissolved or

emulsified in the cleaning solution.

This study employs the electroplating technique as a second alternative method
to treat button samples. Each button is electroplated in a copper bath, in order to be
compared to the EP process. Although electroplating has become a highly
sophisticated technique based on various sciences, it is still regarded as an art in
many cases. This highlights the role of user’s past experience in producing the
desired surface. Figure 4-21 demonstrates the setup used to prepare and

electroplate each button sample.
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Figure 4-21: Photograph showing different stages of the platting process which consists of the pre-
cleaning (left), De-ionised water wash (right) and Electroplating bath (bottom). The button is required
to be degreased in a cleaning solution first then followed by a rinsing in de-ionised water. The button is
then immersed inside a liquid copper mixed and placed between four electrodes where current is passed

through the mixture. The copper is then slowly deposited onto the surface slowly

Each sample first undergoes an EP process to ensure the removal of the intrinsic
contamination, explained above. Organic debris is removed by placing the sample
inside a mixture of warm de-ionised water and electrolytic cleaning salt. As shown
in Figure 4-21, a current of 0.1 amps is passed through the mixture [96], followed

by de-ionised water wash.

The longer the sample remains in the bath, the thicker the resulting electroplated
layer will be. The geometric shape and contour of the object being plated affects
the thickness of the deposited layer. In general, objects with sharp corners and
features will tend to have thicker deposits on the outside corners and thinner layers
in the recessed areas. This is due to more DC current flow around sharp edges than
the less accessible recessed areas. Initial experiments on flat samples demonstrated

the deposit rate of 1u per minute. This is dependent on the surface area to be plated
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and the required current and can obtained by equation (4-4), where A is the surface
area in cm™ I is current in amps and 0.03 is a coefficient of normalisation [96].

This is impartially estimated and can be material dependent.

[=0.03x%xA4 (“-4)

4.4 Surface Characterisation

After each stage of production, the surface of the cap is to be characterised. This
consists of analysing the surface quality and chemical composition of the RF
surface. By highlighting the changes made during production, it is possible to

understand the effects of each production technique further.

4.4.1 Mechanical Surface Evaluation

Surface roughness is a measure of surface texture and is quantified by the
vertical deviations of the real surface from its ideal form. Evaluation of surface
roughness is highly important for many applications and therefore the
measurement of surface roughness has been a key element in many experimental
and theoretical investigations. Although surface roughness can be quantified using
various parameters [102], only two parameters were used to take the required
measurements in this study. The two most common techniques for taking
measurements are the stylus method [103] and optical profiling [104]. For the

purposes of this study, optical profiling was chosen as a more suitable method.

Roughness parameters can be measured in either 2D or 3D, where
measurements are taken along a single line or an area respectively. 3D

measurements are better representation of the surface as more information is
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collected over the sampling area. The two roughness parameters generally used are

the arithmetic average roughness (Ra) and root mean square roughness (Rq).

4.4.1.1 Arithmetic Average Roughness (R,)

The arithmetic average height, also known as centre line average (CLA), is the
most commonly used surface roughness parameter. It is defined as the area
between the roughness profile and the mean line. This is calculated based on the
average absolute deviation of the roughness irregularities from the mean line, over
the sampling length [102]. This is shown in Figure 4-22. Ease of measurements
and general description of height variation are the advantages of the R,. However,
it does not provide any information about the wavelength and it is not sensitive to

small variations. The arithmetic average roughness can be expressed as [102]:

1 (L 1w
Ro=7 f [y o)l = ;le o
i=

where L is sampling length, n the total number of samples and y is the surface

profile being investigated.
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Figure 4-22: Sampling profile showing the R, and R, values for a imaginary surface. This highlights the
difference between the two parameters where R, has a bigger value in comparison to R,
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4.4.1.2 Root Mean Square Roughness (R,)

Root mean square roughness, also known as RMS roughness, represents
standard deviation of the surface heights distribution which is shown in Figure
4-22. The advantage of this parameter compared to arithmetic average roughness is
the sensitivity of this parameter to small deviation from the mean line. The root

mean square roughness can be expressed mathematically as [102]:

(4-6)

4.4.1.3 Surface Uniformity (R,-R,)

In this study a new parameter (Rq-R,), referred to as surface uniformity was
introduced. This was be used to compare the height distribution of the peaks and
valleys over the sampling area. The significance of this parameter is explained
through an example shown below in Figure 4-23, where two profiles with different

peak and valley heights are being compared.

1000 - Profile 1 1000 - Profile 2
Ra —Ra
— i Mean Line
500 Mean Line 500 n
250 ‘ A 250 ] IA A YETA
~ v = v
g - | O P WA
2 S V ( V \
> >
-250 -250
-500 -500
-750 -750
-1000 -1000
Length (mm) Length (mm)

Figure 4-23: Plot showing two different surface profiles of an imaginary object with similar R, values by
different (R,-R;) values. This highlights the fact that although the roughness values are regarded to be
similar, the quality of the surface can be different. This variation in surface quality can be expressed by
the use of the surface uniformity parameter (R4-R;)
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The increase in peak height in profile 2 was cancelled out by a similar increase
in valley depth. This resulted in little variation seen in the value of R, between both
profiles. However, the value of the RMS roughness exhibits greater sensitivity due
to its mathematical representation. The difference between the behaviour of each
parameter shown in the above example highlights the fact that R, alone is not

enough to provide an accurate representation of the surface profile.

However, it is possible to use surface uniformity parameter (Rq-R.) as the
means to emphasise the differences between the overall peaks and troughs of two
profiles shown above. The surface is more uniform as this parameter is lowered. A
low surface uniformity represents a narrower height distribution of peaks and
troughs in the profile, whereas a higher surface uniformity represents a larger
height distribution of peaks and troughs. This parameter can be used to make
comparisons between two surfaces with similar R, values and analyse the overall
quality of each surface. Table 4-1 shows the quantitative comparison of the Ry, Rq

and surface uniformity of the profiles presented in Figure 4-23 the above example.

Table 4-1: Table showing the values for the roughness parameters R, and R, alongside surface
uniformity for the surface profile examples used in Figure 4-23. Although both surfaces have almost
similar R, values, profile 1 exhibits a much improved surface uniformity

Name R, (um) Ry (nm) Ry-R; (um)
Profile 1 173.88 232.45 58.57
Profile 2 180.70 253.12 72.42

It is possible to see that although the two surface profiles have changed, the
value of the R, was kept relatively constant and Ry was increased. However, the
alterations made in the height of the peaks and troughs were easily detected by the

surface uniformity parameter of (Rg-R,).
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4.4.2 Roughness Measurement Methodology

As shown below in Figure 4-25, WYKO NT1100 [105] optical profiling
measurement system was used to take the necessary measurements. This is a white
light interferometer capable of taking 3D measurements by vertically scanning the
sample. The vertical scanning surface area was only 736 by 480 microns (p). In
order to provide a more general and accurate representation of the surface profile,
measurements were taken at various locations on the sample. As shown in Figure
4-24, a total of 4 data rings and sixteen data points were defined by this study. The

overall surface roughness parameters were derived by averaging the data points.

16 Data Points [4-1] [3-1] [2-1] [1-1] 4 pata Rings

[4-4]

[4-3]

Figure 4-24: Representation of the various data points and rings chosen for taking surface
measurements across the surface of the cap. There are a total of 16 data points and 4 data rings, each
being given a number for better visualisation

To preserve the accuracy of measurements, it was vital to ensure the incident
light was orthogonal to the Cap surface. Any interruptions in the return of the
incident light would result in the loss of data and accuracy of the surface plots
being generated. To achieve this, a special scanning holder had to be designed and

manufactured. Shown in Figure 4-25, the scanning holder consists of 4 bases with
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various base heights. Depending on which data ring was being analysed, the

scanning holder with the most suitable angle was used.

Figure 4-25: Photograph showing the interferometer setup (A) button cap under the 20X lens (B) and
purpose built scanning holder for buttons (C). The button scanning holder was designed and
manufactured in this work. It is responsible for ensuring the button is placed at the right angle under
the interferometers to allow best possible data to be extracted from the relevant data ring

4.4.3 Chemical Composition Measurements

X-ray Photoelectron Spectroscopy (XPS) is the most widely used technique to
define chemical composition of metallic surfaces. This is due to its relative
simplicity in data interpretation, and is the chosen method to analyse the chemical
mix of the Cap surface. Being based on Einstein’s idea of the photoelectric effect,
it was developed by Siegbahn in mid-sixties and used mostly for chemical analysis
of gas molecules. Their application was expanded with the development of Ultra-

High Vacuum (UHV) technology [3].
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Figure 4-26: Schematic of XPS physics (top) [3], schematic representation of XPS process (bottom) [106]

An X-ray source is used to ionise the surface electrons of a solid sample,
liberating them from the specimen. The binding energy of each electron is
measured by an energy analyser, revealing the initial state and chemical
composition of the irradiated solid. Figure 4-26 demonstrates the process by which

an electron is emitted from the 1s shell of an atom.

An electron is excited by photon with an energy level of hy. If the excitation

energy is sufficient, the electron is ejected from the atom with a kinetic energy
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of Ej. The atom is left in an excited ionised state due to an energy hole being left in
the electron shell. The binding energy E, of the electron can be measured with

respect to the vacuum level by the expression [107, 108]:
Eb = hv - Ek -w -7

where W is the spectrometer work function defined as the difference between the
energy of the Fermi Level Er and level E,. This is the minimum amount of energy

needed for an electron to escape and is expressed mathematical as [107, 108]:
W =Ef—E, (4-8)

Each element produces a unique set of electrons with a specific energy level. By
measuring the number of these electrons as a function of kinetic energy, an XPS
spectrum is obtained. The chemical state of the sample is defined from the position
and intensity of the peaks in the energy spectrum. XPS can detect all elements with
an atomic number greater than three. Hence, Hydrogen and Helium are the only
un-detectable elements. This technique can analyse the average surface chemistry
of a sample up to a depth of approximately 5 nm. The XPS technique is used in

various sectors such as:

e Measuring surface contaminants

e Ultra-thin film and oxide layer thickness measurements
e Measuring effect of surface preparation treatments

e Composition of powders and fibres

e Composition depth profiling for multilayer and interface analysis

Figure 4-27 shows the XPS machine based at Liverpool University, used to take

measurements for this study. Once more, the dimensions of the cap piece posed a
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series of problems as the equipment are tailored to take measurements of flat
shaped samples. Special tooling had to be designed in order to allow for each cap

to be inserted into the chamber of the XPS equipment.

Figure 4-27: Photograph showing the XPS setup based at Liverpool University. The XPS measurements
were taken by a third party
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Chapter 5.
Surface Quality Analysis

5.1 Introduction

The quality of the RF surface is of much importance for the overall performance
of any accelerating structure. The changing characteristics of the RF surface
throughout the production process were analysed by testing the manufactured
button samples. As described earlier, sheet metal pressing has been used to
fabricate all samples. However, the RF surface was prepared using two different
surface treatment methods. Roughness parameters and the chemical mix of the RF
surface were measured using a white light interferometer and an XPS technique.
By taking measurements after each major stage of productions, it was possible to

identify the changing surface characteristics of each sample.

5.2 Surface Preparation - Method 1

The first surface treatment method to be tested in this study was the EP. This
enabled the user to predict the achievable surface quality of MICE cavities and the
MTA buttons prepared by this technique. The major steps taken in Method 1 are
shown below in Figure 5-1. Each button was initially hand polished and chemical
etched prior to EP. This was to remove the most contaminated and damaged layer
in order to improve the final outcome of the surface quality. A total of six buttons

were prepared using surface preparation Method 1.
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As Recieved Hand Polish Chemical Etch

Figure 5-1: Major steps taken during the surface treatment process used in method 1. The process was
repeated for button 1 to 6 keeping the conditions as steady as possible

Metal pressing is known to result in a relatively poor surface finish. This is
simply due to the nature of the process, where the metallic surface is in extreme
contact with the pressing die and results in high levels of surface stress.
Furthermore, the surface is contaminated by foreign particles such as
manufacturing grease and oxide layer due to atmospheric conditions. Figure 5-2

shows typical results of surface quality analysis following pressing.

Figure 5-2: Photograph showing the surface of button 1 after leaving the manufacturing line (left) 3D
Interferometer scan of the surface taken at data location (2-1) (right)

Hand polishing was subsequently performed in several steps using progressively
finer grades of sand paper. Each step was responsible for removing a specific type
of damage in order to achieve the desired surface finish. As shown in Figure 5-3,
deeper cuts were replaced with random arrays of smaller scratches. Generally, such
scratches tend to follow the movement of the abrasive paper during hand polishing.

A major achievement of process B was the removal of the damaged layer seen
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previously due to fabrication procedure. Metallic dust and paper contaminations

were removed by washing the button in an ultra-sonic bath.

Figure 5-3: Photograph showing the surface of button 1 after being hand polished (left) 3D
Interferometer scan of the surface taken at data location (2-1) (right)

The next step in the surface preparation was chemical etching. The button was
submerged into phosphoric acid, where the acid attacks the sharp edges of the
scratches left behind after hand polishing. Figure 5-4 shows button one after being
chemical etched for two hours. The surface no longer contained recognisable
scratches, and the surface profile appears random. The surface profile generated in

process C enabled better results to be obtained during the subsequent EP stage.

Figure 5-4: Photograph showing the surface of button 1 after being chemical etched (left) 3D
Interferometer scan of the surface taken at data location (2-1) (right)

At the final stage of surface preparation Method 1 the sample was electro

polished in order to expose the virgin copper by removing adequate layers of
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material. As shown below in Figure 5-5, all surface damages visible to the naked

eye are removed. The quality of the surface generated is evident as there are no

visible scratches on the button surface, resulting in a surface resembling a mirror.

Figure 5-5: Photograph showing the surface of button 1 after being electro polished (left) 3D
Interferometer scan of the surface taken at data location (2-1) (right)

5.2.1 Optimisation of the Electro Polishing Process

Similar to the MTA studies, the electrolyte mix was clear and colourless and
consists of 85% phosphoric acid and 15% butanol. The shape of the cap and the
nature of the polishing setup require a great deal of attention to detail in order to
maintain the quality of the polished surface. As noted in Chapter 4, it is vital to
achieve and maintain a reasonable polishing plateau. The I-V ratio plays a
significant role in defining the quality of the surface and it is related to the

polishing area, spacing between cathode and the anode and the electrolyte mixture.

Once the electric current is passed through the mixture, the condition of the
electrolyte is subject to continuous change. Shown in Figure 5-6, the colourless
electrolyte is transformed into a blue mixture. Furthermore, the mixture was turned
opaque due to excessive creation of oxygen bubbles. The conductivity of the

mixture eventually fades away due to changing characteristics of the electrolyte.
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Figure 5-6: Photograph showing a comparison between a fresh and used electrolyte mixture. Once
electric current is passed through the mixture, the colour and appearance of the electrolyte is changed
from colourless and clear (left) to blue and opaque respectively (right)

As noted earlier, the cathode was curved in order to better match the shape of
the button and allow a more even distribution of the current across the surface of
the cap. Fresh acid was circulated around the anode by continuously agitating the
mixture. In order to determine the optimal polishing parameters, a series of tests
were conducted on test samples T; to Ty. Three configurations were tested as

shown in Figure 5-7.

Cap Piece
5cm 5cm 10 cm
. e —
Curved Cathode Flat Cathode Curved Cathode

Figure 5-7: The shape and position of the Cathode in relation to the anode or the button sample is of
great importance can alter the polishing outcome. Various configurations were tested and are shown I
the figure for test samples T-T¢, Ty (left) T, (middle) Tg (right)
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The setup conditions used for samples T; to T¢ were kept constant and were
similar to the parameters chosen for polishing the button cap. The voltage was
slowly increased in small steps of 0.025 (V) each time, allowing for the polishing
plateau to be detected. As shown below in Figure 5-8, the polishing plateau
achieved for samples T, to Ts were fairly similar, highlighting the importance of

using a standard setup to achieve similar polishing results.
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Figure 5-8: Plot showing the changing current vs. applied voltage for test samples T; to To. A steady
current plateau for samples T, to Ty is generated due to the conditions of the test being carried out. Test
piece T; was polished using a flat cathode while the distance between the anode and cathode was
increased in test Tg. Test Ty was carried out without agitating the electrolyte mixture

Test T; was carried out with a flat copper sheet as the cathode while other
conditions were kept the same. The differences in the shape caused an uneven gap
between the surfaces of the anode and the cathode, resulting in the uneven
application of current across the surface of the cap. As a result, the I-V plateau was

not stable and it was hard to detect.

Test sample Ts was polished using the curved cathode, but it was positioned

further away from the anode. It was evident that the larger the gap between the two
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electrodes, the lower the applied current at a particular voltage. Although weaker in

comparison to the first six samples, the polishing plateau could still be observed.

Test sample Ty was polished using the same curved cathode used for samples T,
to T¢ with similar distance between the cathode and the anode. However, the
agitation pump was removed from the polishing setup. The effects were clear as
higher current levels were reached in a much shorter time. However, over time the
current dropped down as the polishing process continues. A major reason for such
behaviour is the saturation of the mixture near both electrodes and the increase in
the viscous layer between the two. This led to an insulation barrier being created,

causing an artificial spike in the I-V plateau. The quality of the surfaces generated

was notably lower as shown in Figure 5-9.

Figure 5-9: Photograph showing the final polished surface for test sample T, (left) Tg (middle) T, (right).
The poor surfaces created are a direct result of changing conditions during the polishing process

It is evident that changing the polishing setup can alter the outcome of the
polishing process dramatically. A series of parameters were defined to keep the
operating conditions constant. The pump speed was set to 50 (rpm), ensuring
adequate agitation of the electrolyte. The time required to reach the cusp point
varied based on the mixture behaviour. The button was polished for two hours once

the cusp point was reached. The necessary parameters to polish each button used in
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Method 1 are given below in Table 5-1. To preserve the electrolyte characteristics,

each mixture was only used twice before being disposed.

Table 5-1: The values of parameters used to setup the electro polishing process performed on button
samples 1 to 6. The prep time is the time taken to reach the cusp point of the current plateau. The
electrolyte mixture was only used twice in order to ensure maximum polishing rates

Button (B) Acid Prep Time (min) Voltage (v)  Current (amp)

1 New 30 1.525 0.73
2 Used 20 1.65 0.75
3 New 25 1.6 0.83
4 Used 30 1.55 0.7
5 New 20 1.525 0.77
6 Used 35 1.55 0.71

Current (1)

0 0.25 0.5 0.75 1 1.25 1.5 1.75

Voltage (V)

Figure 5-10: Plot showing the current vs. applied voltage for buttons 1 to 6. The steady nature of the
current plateau demonstrates the robust nature of the process designed in this study. This is evident by
the little variation seen in the applied current for a given voltage

Figure 5-10 shows consistency of the polishing plateaus reached for buttons 1 to

6, highlighting the robust nature of the setup used to polish the cap pieces.
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5.2.2 Surface Roughness

Surface roughness measurements presented in Chapter 4 was performed on all
button samples. For ease of comparison, an average of the roughness parameters
obtained from across the surface of button 1 is presented in Table 5-2.

Furthermore, the range of measurements is also presented in various figures.

Table 5-2: Table showing the measured average roughness (R,) and root mean square (R,) observed
across the surface of button 1. The final value was obtained by averaging the measurements taken from
all the sixteen data points

Process A B C D

R,(nm) 491 279 298 154

R,(nm) 631 364 415 194

Based on images shown in Figure 5-2, it was suggested that the surface quality
was at its lowest, once the button left the production line. This was validated based
on surface measurements taken throughout surface preparation method one.
Average roughness was gradually reduced throughout the process apart from a
slight rise seen during process C. This was simply due to the nature of the chemical
etching and should not be regarded as deterioration in the quality of the surface.
Chemical etching was performed to blunt the sharp edges of any small scratches
present, preparing the surface for EP. As a result of the uncontrolled nature of the
process, the acid also ate into the surface. This led to an increase in average

roughness, while generating a more suitable surface profile for the EP.

In addition to average roughness R,, this study also employed surface
uniformity (Rg-R,) as the two suitable parameters to investigate the changing

surface quality. Figure 5-11 shows the roughness parameters for button 1, obtained
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by averaging the measurements from all the collected data points. It was possible
to observe the improvement in the quality of the surface through the reduction of
surface roughness and better uniformity. Each error bar represents the variations
seen across the collected data points for the specific process in question. For
instance, the scale of variation between obtained parameters of process A show the

uncontrollable nature of the production techniques used to fabricate the button.
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Figure 5-11: Plot showing the changes in surface quality based on surface roughness measurements
taken for Button 1. Average roughness R, (left) and surface uniformity R,-R, (right). An average of all
the sixteen data points across the surface of the button has been used. The overall surface quality is
improved after each stages of the surface treatment process utilised in this study. The error bars show
the upper and lower limits of the collected data

By enabling the user to have better control over the outcome of processes B and
C, lower variations in surface roughness parameters were observed across the
button surface. The average roughness was dramatically reduced once EP was
performed, while the overall uniformity was improved. The small variations seen
between the parameters measured across the button surface during process D
highlights the robust nature of the EP setup. To provide a more detailed look at the

changing surface quality, roughness parameters of data rings should be
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investigated alongside individual data points. Figure 5-12 shows the measured

parameters of such rings for button 1 throughout all the processes.
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Figure 5-12: Plot showing the changes in surface quality based on roughness measurements taken for
Button 1, R, (left) and R-R, (right). The results are taken by averaging the values for each data ring in
order to make comparisons between each stages of the treatment procedure. The overall surface quality

is improved after each stage while data ring 4 exhibits the lowest surface quality. The poor polishing
results are due to the shape of the button around data ring 4. The error bars show the upper and lower

limits of the collected data

During fabrication, the outer edges of the button tend to receive a harsher
treatment due to the shape of the sample. This is clearly evident in Figure 5-12,
where R4 showed higher surface roughness and a lower surface uniformity. It was
also possible to see a great variation across the data points in comparison to inner
rings such as R2. This trend was also observed in process B, where the shape of the
button did not allow a consistent hand polishing to be performed. The outcome of
process C was directly related to the surface profile generated previously,
exhibiting similar behaviour. All data rings demonstrated an improving trend
throughout the treatment procedure, with process D generating the best surface
profile. However, R3 indicated a slight increase in the average roughness during

EP. The shape of the cathode can be at blame, where both electrodes were
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positioned the furthest at this location. For all the process, the variation across the

measured parameters increased towards the outer edges of the button.

Further investigations could be made through analysing each rings and
investigating how the surface roughness changes after each process. The results are

shown below in Figure 5-13.
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Figure 5-13: Plot showing the changes in surface quality based on roughness measurements taken for
Button 1, R, (left) and R-R, (right). The results are taken by averaging the values for each data ring in
order to make comparisons between each stages of the treatment procedure. The overall surface quality

is improved after each stage while data ring 4 exhibits the lowest surface quality. Although process ¢

blunders the edges of deep scratches on the surface, it generates a less uniform outcome. This is due to
the uncontrolled nature of process C. The error bars show the upper and lower limits of the data

Average roughness was reduced systematically for all data rings throughout the
treatment procedure, while surface uniformity was improved dramatically. Process
D exhibited far less variations, showing the level of control over the process in
comparison to earlier stages. The overall surface profile tends to be fairy similar

across the button surface once EP is performed.

5.2.3 Method 1 Validation

To ensure the reliability of any findings, it was critical to investigate the

reproducibility of the techniques employed when developing a procedure. In this
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study, the procedure was repeated for six buttons and the findings are shown below

in Figure 5-14. Average roughness and surface uniformity values were calculated

using the average of all data points. All buttons followed the improved trend in

surface profile observed previously for button 1.

Jon
a0
500
400
300
2010
100

0

Ra (nm)

&

m B2

Y
*

L c ]

Bl

B3

B |
¢« BS |

Bé

B C

Processes

U_

Ryq - Ra (nm)

250

200

150

100

50

B2
B3
B4

- B

! i o B

Processes

Figure 5-14: Plot showing the changes in surface quality based on roughness measurements taken for
Buttons 1 to 6, R, (left) and Ry-R, (right). The results are taken by averaging the sixteen data points for
all six buttons after each stage of the treatment process. The overall surface quality is improved in all
buttons after each stage of the treatment process. Little variation in surface quality is observed across all

buttons, indicating the robust nature of the treatment process developed in this study

In comparison to the process with a degree of control, process A showed a

larger degree of variations across the six buttons. This validates the assumption

made earlier, demonstrating the nature of the processes being tested. Individual

rings have also been investigated after each process, using the average of the data

rings for all buttons. As shown in Figure 5-15, surface quality was improved after

each process with shrinking variations seen across all buttons.
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Figure 5-15: Plot showing the changes in surface quality based on roughness measurements taken for
Buttons 1 to 6, R, (left) and R,-R, (right). The results are taken by averaging the values for the relevant
data rings of all buttons. The overall surface quality is improved after each stages of the treatment
procedure. In the same way as button 1, data ring 4 exhibits the least quality due to lack of polishing
based on the shape of the button. The error bars represent the upper and lower limits of recorded data

5.3 Surface Preparation - Method 2

In the previous section, the electro polishing was the chosen process for surface
treatment. Method two on the other hand, employed EP as a pre-treatment
procedure and focused on electroplating as chosen surface treatment technique.
The aim was to make comparisons between the two generated surface profiles,
highlighting any potential improvement. Similar to previous method, six buttons
were prepared using the procedure. Figure 5-16 shows the major steps taken to

prepare each button sample with process E being the main focus.

Chemical Etch Electro Polish Electroplating

Figure 5-16: Major steps taken during the surface treatment process used in method 2. The process was
repeated for button 7 to 12 keeping the conditions as steady as possible

As Recieved Hand Polish
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Similar to the previous method, the button went through processes A to D
before being electroplated. As shown below in Figure 5-17, the surface was

prepared in order to allow the application of the best possible coating layer.

Figure 5-17: 3D Interferometer scan taken from the surface of Button 7 at data location (2-3). The plot
shows the changing nature of the surface quality during stages A to D, demonstrating similarities to the
results obtained from the surface of Button 1

Once EP was performed, each copper button was coated with OFHC copper.
This was to achieve a different surface profile in comparison to the electro polished
copper, while keeping the same characteristics of copper. The outcome of the

electroplated button is shown below in Figure 5-18.

Figure 5-18: Photograph showing the surface of Button 7 after being copper plated (left) 3D
Interferometer scan of the surface taken at data location (2-3) (right)
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It is possible to see the mirror like characteristics seen previously for an electro
polished button. This can be an indication of the quality of the deposited layer and

the cohesion made with the underlying electro polished surface.

5.3.1 Copper Plating Process Optimisation

The same level of care was required to electro polish each button in the process
two, prior to performing copper plating. The EP parameters used for all six buttons
are given below in Table 5-3. The polishing plateau for the new set of buttons
resembles the current behaviour observed when polishing buttons 1 to 6. However,
a slight increase in the applied voltage can be seen. Slight changes in the polishing
setup can be the source of such alteration such as the quality of the electrolyte
mixtures. Figure 5-19 also shows the polishing plateaus achieved for buttons 7 to
12. All buttons tend to follow similar pattern, demonstrating the stability of the

system in Method 2.

Table 5-3: The values of parameters used to setup the electro polishing process performed on button
samples 7 to 12. The prep time is the time taken to reach the cusp point of the current plateau. The
electrolyte mixture was only used twice in order to ensure maximum polishing rates

Button Acid Prep Time (min) Optimal Voltage (v) Optimal Current (amp)

7 Used 35 1.65 0.66
8 New 20 1.5 0.62
9 Used 30 1.5 0.61
10 New 30 1.8 0.64
11 Used 25 1.65 0.65
12 New 30 1.65 0.67

95



Current (1)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

Voltage (V)

Figure 5-19: Plot showing the current vs. applied voltage for buttons 7 to 12. The steady nature of the
current plateau is demonstrated by the little change in the applied current for a given voltage. This
shows the robust nature of the process designed in this study. In comparison to the polishing plateau
obtained for buttons 1 to 6, the results shows very little variation

According to equation (4-4), the rate of deposition is based on the input current,
which is directly related to the surface area being plated. Based on the 16.59 cm?
surface area of the button, an input current of 0.6 amps is required to deposit 1 p of
coating per minute. This current was applied to plating test sample 1, where the
button was plated for thirty minutes. The outcome can be seen below in Figure

5-20, where the poor quality of the coated layer is clearly visible.

Figure 5-20: Photograph showing the surface of test sample 1 after being copper plated (left) 3D
Interferometer scan of the surface taken at data location (2-2) (right). The poor quality of the surface
finish is a direct result of incorrect configuration of the setup being used
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A naked eye investigation can reveal the stark difference in surface quality
between plating test sample 1 and button 7. This can be blamed on deficiencies in
the amount of applied electric current during the process. A possible explanation is
the current being applied to a greater surface area than initially anticipated. Shown
below in Figure 5-21, the button was secured in place using a makeshift holder
made out of copper. Once inserted into the tank, this increased the surface area
exposed to the applied electric current. Due to the crude nature of the designed
holder, a series of tests were carried out to discover the adequate parameters
needed to achieve acceptable coating levels of button 7. Figure 5-22 on the other

hand shows plating test sample 2, where the applied current was increased to 2

amps and the process was executed for two hours.

Figure 5-21: Copper plating holder assembly with a button piece being held with wire wrapping (left)
button samples held in position with the plating assembly in between 4 electrodes (right)

Figure 5-22: Photograph showing the surface of plating test sample 2 after being copper plated (left) 3D
Interferometer scan of the surface taken at data location (2-2) (right). The quality of the surface is
slightly improved as the applied voltage is increased
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Although the surface quality was improved, the overall average roughness was
lowered slightly from the high of 1195 nm to 605 nm. While not visible to the
naked eye, the surface quality was much lower than when the sample left the
production line in process A. To improve the quality, the applied current was
increased to 5 amps and plating test button 3 was plated for two hours. As shown
in Figure 5-23, the coated layer exhibited much improved visual conditions and the
average roughness was lowered to just 73 nm. Higher applied current coupled with
longer coating process dramatically improved the quality of the coated layer.
Hence, the parameters used for plating test sample 3 were chosen as the standard

coating parameters for buttons 7 to 12.

Figure 5-23: Photograph showing the surface of plating test sample 3 after being copper plated (left) 3D
Interferometer scan of the surface taken at data location (2-2) (right). The quality of the surface is
improved greatly and a mirror like surface is created. This was due to the improvements made to the
copper plating setup used in this study

5.3.2 Surface Roughness

As before, surface measurements were performed in order to quantify the
results. The Roughness parameters obtained for button 7 are given below in Table
5-4. As expected, the surface profile of button 7 followed a similar trend seen
previously in method 1 for processes A to D. Hence, the main focus in this stage

was the alterations made due to process E.
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Table 5-4: Table showing the measured average roughness (R,) and root mean square (R,) observed
across the surface of button 7. The final value was obtained by averaging the measurements taken from
all the sixteen data points

Process A B C D E

R,(nm) 434 240 228 95 62

R, (nm) 564 284 315 126 79

Similar to the previous method, a series of plots were used to visualise the
changes in surface profile. The error bars represent the variations seen across the
collected data points and show the lower and upper limits. At first, the roughness

parameters of button 7 were investigated as shown in Figure 5-24.
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Figure 5-24: Plot showing the changes in surface quality based on surface roughness measurements
taken for Button 7. Average roughness R, (left) and surface uniformity R,-R, (right). An average of all
the sixteen data points across the surface of the button has been used. The surface quality has improved

even further by performing copper plating as the final stage of treatment process. Furthermore, the

variation across the surface of the button is reduced as shown by the error bars

It can be seen that copper plating resulted in the average roughness reaching the
lowest values achieved so far. By observing the improvement in surface
uniformity, it was possible to assume process E is capable of producing a higher
quality RF surface. The reduction in variations seen across the data points is a clear

indication of the quality of the setup used to coat button 7. However, the sub
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surface produced throughout processes A to D plays an integral role in achieving
such standards. This sub surface, alongside improved process parameters, allowed

for a stable and high quality coating layer to be applied.

Figure 5-25, shows the improvements seen across individual data rings as the

button 7 underwent various stages of the second surface treatment procedure.
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Figure 5-25: Plot showing the changes in surface quality based on roughness measurements taken for
Button 7, R, (left) and R4-R, (right). The results are taken by averaging the values for each data ring in
order to make comparisons between each stages of the treatment procedure. The overall surface quality

is improved after each stage while data ring 4 exhibits the lowest surface quality. The poor polishing
results are due to the shape of the button around data ring 4. The error bars show the upper and lower

limits of the collected data

While the overall surface quality was improved throughout Method 2, the inner
data ring R1 tends to show better surface parameters in comparison to R4. This
however was not the case for processes D and E, where surface quality was fairly
unchanged across the button surface. This was a direct result of the high quality
polishing result of the EP process followed by a uniform application of the coated
layer on the button surface. A major improvement in surface uniformity was
observed once coating was performed. The small variation in the roughness

measurements across the surface of the button is an indication of the robust nature
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of the surface treatment procedure developed in this study. Figure 5-26 provides a

different view on how button 7 is behaving while being treated.
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Figure 5-26: Plot showing the changes in surface quality based on roughness measurements taken for
Button 7, R, (left) and R-R, (right). The results are taken by averaging the values for each data ring in
order to make comparisons between each stages of the treatment procedure. The overall surface quality
is improved after each stage while data ring 4 exhibits the lowest surface quality. Process E produces a

superior surface quality in comparison to EP across the surface of the button. The error bars show the

upper and lower limits of the data

It is possible to see that process E was able to build on the improvements
achieved previously by the EP process. The final outcome was a button surface
where all four data rings exhibit similar roughness parameters and surface

uniformity with negligible variation across the collected data points.
5.3.3 Method 2 Validation

The procedure of Method 2 was repeated for six buttons in order to demonstrate
the consistency of the findings. Figure 5-27 shows the roughness parameters of
buttons 7 to 12, obtained throughout processes A to E. The findings are a strong
indication of the reliability offered by the designed procedure to reproduce the
above results. In all cases, the quality of the surface was improved even further

once copper plating was performed. The final surface of each button enjoyed
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improved roughness and better surface uniformity. Very low levels of variation

were observed between the final surface qualities of the six samples, highlighting

the stable nature of the coating procedure.
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Figure 5-27: Plot showing the changes in surface quality based on roughness measurements taken for
Buttons 7 to 12, R, (left) and Ry-R, (right). The results are taken by averaging the sixteen data points for
all six buttons after each stage of the treatment process. All buttons exhibit an improving surface
quality after each stage of the treatment procedure. Little variation in surface quality is observed across
all buttons, indicating the robust nature of the treatment process developed in this study
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Figure 5-28: Plot showing the changes in surface quality based on roughness measurements taken for
Buttons 7 to 12, R, (left) and R,-R, (right). The results are taken by averaging the values for the relevant
data rings of all buttons. The overall surface quality is improved after each stages of the treatment
procedure. In the same way as button 7, data ring 4 exhibits the least quality due to lack of polishing
based on the shape of the button. The error bars represent the upper and lower limits of recorded data
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The surface quality observed in each individual data ring is shown below in
Figure 5-28. An average of all the respective data points from buttons 7 to 12 has
been used and the error bars represent the variations. In all cases, the higher quality
of the inner ring of R1 in comparison to the outer ring of R4 is observed. However,

surface quality tends to be more uniform across the button after process E.
5.4 Chemical Composition

In addition to the surface topology, the chemical composition of the RF surface
was analysed by taking XPS measurements using a standard source. Three buttons
were prepared, where Method 1 was used for surface treatment. Figure 5-29 shows
the changing chemical mix of the RF surface during processes A and B, using the

average of three buttons to construct the figures.
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Figure 5-29: Binding energies of released electrons based on 3 buttons, following process A (left) and B
(right) [109, 110]

The heavily oxidised button in process A, revealed the existence of the Cupipn
and Cups/ doublets at the binding energies of 940 - 970 eV. The two distinct sets
of Cuy, peaks, suggests that copper was bound to two separate sites. While one set

originated from the Cug over layer, the other set was positioned below the layer.
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The doublet however, was removed once the button was hand polished. A 58%
reduction in the oxide layer and the carbon contents of the cap surface was noticed
after hand polishing [96]. This highlights the importance of process B in removing

the damaged layer left behind after fabrication.

The procedure was conducted for processes C and D and the results are shown
in Figure 5-30. During chemical etching, both the oxide layer and carbon contents
of the button surface were removed by as much as 96% [96]. The results
demonstrate the ability of this surface treatment to remove contaminations
introduced during fabrication. This however, was no longer the case after
performing EP. The oxygen and carbon contents of the surface were increased by

25% and 100%, respectively, once EP was performed [96].
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Figure 5-30: Binding energies of released electrons based on 3 buttons, process C (left) D (right) [109,
110]

Although the exposer time of the button to the atmosphere is short, this can be
be the main cause of the increase seen in oxygen count. This however cannot
explain the increases seen in the carbon content. A possible explanation can be the
electrolyte mix of phosphoric acid and butanol used for EP. However, the same

electrolyte mix was used to chemical etch the button during process C. Hence, one
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may come to the conclusion that the electrolyte alone was not the cause of

contamination the cause lies in the EP process.

Furthermore, one can see the introduction of phosphorous in the chemical mix
of the surface after EP, most likely from the phosphoric acid used in the
electrolyte. This reaffirms concern that contamination is introduced during the EP
process itself. As presented previously in Chapter 3, this can play a major role in
changing the secondary emission yield of the material by altering its band
structure. It has become apparent that the chemical mix observed for several
samples, tends to follow a similar trend seen above. Hence, it was not considered
necessary to perform XPS measurements for every individual button sample

analysed by this study.

5.5 Concluding Remarks

A series of buttons were manufactured using sheet metal pressing and processed
using two surface treatment methods. The surface of each button was characterised
and the surface roughness and chemical composition of the RF surface was

evaluated using white light interferometry and XPS techniques.

In Method 1, the effects of EP on copper were assessed. Measurements showed
how the surface was both chemically and physically altered at each step of surface
preparation. Interferometry results showed that the condition of the surface was
significantly improved using EP. The importance of removing the damaged surface
layers and chemical contaminations was also demonstrated. Almost 99% of all
surface contaminants were removed by mechanical and chemical polishing. And
after EP, the surface consisted of virgin material free from the stresses introduced

during fabrication.
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The evaluation of surface roughness revealed that the addition of electro plating
in Method 2 has produced a smoother and more uniform surface compared to
Method 1. The pre-treatment carried out prior to EPL allows for a steadier and
stable application of the copper layer. Each treatment process was optimised in
order to achieve an optimum finished quality of the surface. However, the EP
process could be optimised further by employing higher quality equipment such as
purpose built electrolyte bath, cathode and anode pieces. Furthermore,
improvements to the electrolyte recipe can be made by using other acids or

additives such as peg or citric acid,

106



Chapter 6.
Finite Element Modelling and

Particle Tracking Simulation

6.1 Introduction

Many aspects of design and operation of RF cavities have been investigated
through simulation, one being particle tracking inside the structure. This can
consist of either tracking beam particles entering the cavity or particles emitted
from the RF surface. The investigations carried out in this work focused on the
latter, analysing the emission of electrons due to surface defects. In order to allow
for comparisons to be made with current MTA findings, the chosen operating

frequency for the modelled cavities was 805 MHz.

A new particle tracker was developed in this work, which wuses the
electromagnetic field solution generated by the FE models of the cavity. The
majority of previous studies concentrated on two dimensional (2D) modelling [58,
61], using codes such as Parmela and Cavel [111, 112]. This limits the ability to
analyse models with surface defects where symmetry conditions cannot be
satisfied. A three-dimensional (3D) particle tracker was developed to overcome
such limitations and to allow for a more detailed analysis to be carried out. This
chapter introduces the finite element models used to generate the EM field

distribution and the algorithms developed to perform particle tracking.
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6.2 Finite Element Method

Finite Element Method (FEM) is commonly used for continuum systems in
which the distribution of one or more unknown variables such as displacement or
field is required. The continuum region is initially discretised into subdivisions
known as elements, which are interconnected at joints called nodes. The type and
number of the elements must be set so that the distribution of field variables

throughout the body is approximated with a sufficient accuracy [113, 114].

Comsol [115] has been chosen as the finite element solver for generating the
necessary EM fields. The physical models of Comsol provide a flexible platform to
carry out multi-physics simulations. Comsol provides a number of physics
interfaces, each solving a set of relevant partial differential equations (PDE).
Comsol is capable of simulating an EM field both in 2D and 3D by solving the
Maxwell’s equations that are subjected to boundary conditions. Maxwell’s
equations state the relationships between the fundamental EM quantities that must
be satisfied by both the E and B fields. They can be expressed either in differential
or integral form. For the purposes of the finite element method, the four Maxwell’s

equations are presented in the differential form as follows [116-119]:

Ampere's Law VxH = f+ 55—6 (6-1)
Faraday's Law VXE =— 65—13 (6-2)
Gauss Law (electricity) V-D=p (6-3)
Gauss Law (magnetism) V-B=0 (6-4)
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E, D, H, B, p, J and t represent the electric field intensity, electric displacement,
magnetic field intensity, magnetic flux density, electric free charge density, free

current density and time, respectively.

Most particle accelerators use a standing wave to generate the field in a RF
cavity. The mathematical method for solving such models is the Eigenfrequency
solver [97, 120]. This measures the characteristic frequency of the structure from
the fundamental mode. Higher order modes can be excited based on harmonic
components of the input RF power. The geometry, material properties and the

desired outputs are set by the user [115, 116].

6.2.1 Three Dimensional (3D) Cavity Model

The chosen geometry for this study is the MTA 805 MHz cavity. This is to
allow practical comparisons to be made between previous findings of collaborating
studies and new findings obtained in this work [53]. Unlike the MICE 201 MHz
cavity, the MTA cavity offers the advantages of less complicated geometry and
smaller physical size. It is possible to make further modelling simplifications of the
geometry by modelling a pillbox cavity shown below in Figure 6-1. The equivalent
pillbox cavity has the same operating frequency as the elliptical MTA cavity. The

simpler geometry of the pillbox cavity requires a lower number of mesh elements.

Figure 6-1: MTA 805 MHz cavity (left) simplified pillbox (right) while the pillbox cavity has a much
more simplified physical shape, the operating frequency is kept the same due to similar radius R
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The maximum achievable accelerating gradient in both elliptical and pillbox
cavities is observed on the cavity axis. One can expect to observe the field profiles
shown below in Figure 6-2, where the strength of the field can be influenced by the

input energy, the shape of the cavity and the operating frequency.

Ez (V/m)
Ez (v/m)

0 Zz 0 Z
Cavity Length in Z direction (m)

Figure 6-2: Maximum E field along cavity axis for elliptical cavity (left) is greatest at the centre of the
cavity while for pillbox (right) is constant along the cavity axis

The operating frequency of a pillbox RF cavity is dictated by its radius R

(Figure 6-1) can be expressed as [8, 121]:

_ 2405 2.405

= — (6-5)

“ VR T w@nn
where p = 4ux107 H/m is the permeability and & = 8.854x10™"* F/m is the
permittivity of vacuum. The equivalent cavity radius (R) and gap (d) were chosen
so that the resonant frequency (f) and volume of the structure are very similar to
that of the MTA cavity. The basic dimensions of both cavities are given below in
Table 6-1. The internal volume of the cavity was set to vacuum. Each model was

meshed using tetrahedral elements where more information is given in Chapter 7.

Table 6-1: Basic geometrical information of both cavities modelled in this work

Radius (R) Height (d) Units  Frequency

MTA Cavity 15.6 8.3 cm 805 MHz
Pillbox 14.26 7.8 cm 803 MHz
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The boundary condition used to model copper cavities is the perfect electric
conductor, where lossless metallic surfaces are modelled by setting the tangential
component of the electric field to zero. This will eliminate possible sources of heat

generation on the cavity wall.

The advantage of modelling in 3D is the ability to introduce any surface
irregularities at desired locations in the model. A few examples are shown below in
Figure 6-3, highlighting the need for a 3D model when investigating non

symmetric models.

Figure 6-3: An MTA cavity with surface defects at three locations (left) a single surface defect (right)
highlighting the flexibility of a 3D model to place surface defects away from the cavity axis

6.2.2 Two Dimensional (2D) Model

In the absence of local surface defects the cavity may be considered to be
perfectly axisymmetric, in which case it may be adequately modelled in 2D. This
requires a significantly less computation and memory storage. Shown in Figure
6-4, both the MTA and the equivalent pillbox cavities were modelled. Perfect
electric conductor was the chosen boundary condition. Meshing was performed

using triangular elements, and it is presented in more detail in Chapter 7.
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L

Figure 6-4: 2D models of the MTA cavity (left) and pillbox (right) corresponding to the 3D axisymmetric
cavities where no surface defect are present. Both models have an operating frequency of 805 MHz due
to having a similar radius

6.3 Particle Tracker

The particle tracker developed in this work was implemented in Matlab and
uses the Comsol live link interface to couple the FEM simulation with the Matlab
programing tool. The particle tracker had access to the E and B fields calculated by
Comsol. Various algorithms were developed in order to allow both 2D and 3D
simulations to be carried out. In all cases, the forces exerted by the E and B

components of the EM field were used to define the motion of a travelling particle.

While in motion, a charged particle is subject to the Lorentz force [117, 122,
123]. At particle velocities comparable to the speed of light, the relativistic effects

should be taken into account. For a particle with a velocity ¥ and rest mass m, the

- > -
momentum can be expressed as P = ymv and therefore force F is expressed as:

. dP d(ymd) S5 L o
F=—t=T=CI(E+UXB) (6-6)

where, ym, q, E and B are relativistic mass, charge, electric and magnetic fields,

respectively. The relativistic factor y is defined by

Yy = (1 _ UZ/CZ)—l/Z (6-7)
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where (c) is the speed of light in vacuum. Equation (6-6) can be re-written as:

dv+ 3 (45 xB
ym-— mvdt q(E +v X B) (6-8)

Fromy = (1 — v?/c?)~%? we can calculate % in the following.

dy y®, dv
dt ¢zl dt ©
but 7. 2—: is readily calculated from equation (6-8) as follows:
dv N dy (b
ymu. It muv? i qv.E) (6-10)

=

. S d . . . .
If we now substitute v. d—: from equation (6-10) into the equation (6-9), we obtain:

dy y mvz dy
— 11
ym dt 1D
or (1+ ) mc2( E) (6-12)

But the expression in the parentheses on the right hand side is equal to yz:

2.,2 —_—
1
yv =1+ ¢ = =2 (6-13)

TR ()
=) U=

1+

=—(.E) (6-14)

L. o dE
Taking into account the relativistic mass, the rate of change of energy prl

2 - -
d(myc?) should be equal to the dot product of the external force F = qE and

velocity ¥. As the magnetic field cannot do work on the particle, it does not appear

in equation (6-14). Therefore, equation (6-8) can be finally written as:
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0 (2. )= qE+5xB
- — (3. E) = -1
ym—+q| 7|V q(E +vXB) (6-15)

Equation (6-15) is the equation of motion and can be used to calculate the
velocity and position of the travelling particle at any given time. The tracker code
solves the equation of motion in order to calculate acceleration dv/dt. This is then
integrated in order to find velocity of the particle, while a second integration yields

the positions. The scalar components of equation (6-15) are given below.

dv q q

dtx _ y_m (Ex +v,B, — vZBy) — (_ymcz Vy. (vxEx +v,Ey + vZEZ)> (6-16)
dvy _ 4 E B B 1 E E E (6-17)
i —y—m( y + V;By — vB,) — ymczvy'(v" « + vy Ey + 1,E,)

v, _ 4 E B B 1 E E E (6-18)
o —y—m( 2+ By — v, By) — ymczvz.(vx « + vy Ey + v,E,)

The solution of the FE model generated by Comsol is the components of the
EM field. They are used by the postprocessor command mphinterp to interpolate
the necessary values needed by the tracker to solve the equation of motion. This
then allows the movement of the traveling particle to be mapped [124]. The
equation of motion was integrated using Matlab function ODE45, which is a 4"

order Runge-Kutta (RK) method with variable step length [125, 126].

6.3.1 3D Tracking Algorithm

Figure 6-5 provides an over view of the developed algorithm for tracking a
particle travelling within a 3D electromagnetic field. The charge and mass of the
particle are pre-defined, while the program requires the user to manually input the

location and velocity at which the particle is emitted in (x, y, z) coordinates.
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Figure 6-5: Overall steps taken by the 3D particle tracker in order to calculate the path taken inside an
RF cavity. The particle is emitted from the desired location with no initial velocity while no external
magnetic fields are present

The post processing command mphinterp, interpolates the necessary field
values from the solution generated in Comsol. The solution generated is static and
does not take into account oscillations at 805 MHz. Equations (6-19) and (6-20)
were used to generate the correct time dependent field values used by the tracker.

The E and B field have a 90° phase difference.

E = E comsor X sin(wt) (6-19)

B = B comsor X cos(wt) (6-20)

where E comsol and B comsor are static field components obtained from Comsol and w

is the operating frequency of the cavity.

The velocity and position of the travelling particle are updated at the end of
each cycle and stored in a file. The path of travel is then printed once the particle

exits the RF cavity.
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6.3.2 2D Tracking Algorithm

When no surface irregularities were present, both the MTA and the pillbox
cavities introduced earlier could be considered fully symmetrical owing to the
symmetry of the geometry. Hence, it was possible to represent such geometries by
a 2D model and to significantly reduce the necessary computational costs of
modelling. Figure 6-6 shows the flowchart of the developed 2D tracker algorithm.
-~ ~
| tart | ’_'7,‘_._——-—"—'__—‘—_—'
kS_:Iar__J’ - N | Change into Extract Field Solution

Input Initial Conditions [—7* coordinates r, Z E.E,-B,B,
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- E:uEy: EI Bxle BZ
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\ 5 Update Field values
No

Based an Time of fight

Update

v v
‘ Print 3D Trajectory Integrate Equation of Integrate Equation of
P o Motion to obtain |« Maotion to abtain
(_End ) position velocity

Figure 6-6: Overall steps taken by the 2D particle tracker in order to calculate the path taken inside an
RF cavity. The 2D solution benefits from applied symmetry conditions and speeds up the solution
generated by the tracker. The particle is emitted from the desired location with no initial velocity while
no external magnetic fields are present

A major benefit of the tracker developed by this work is the ability to use a 2D
FE solution in order to track a particle inside an RF cavity and produce a 3D
representation of the path travelled. To achieve this, the user was required to enter
the starting position and velocity of the particle using (x, y, z) components. The
tracker then converted the Cartesian coordinates x and y into polar coordinate r and

generate the angle ¢ by:
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r= Jx? +y2 (6-21)

@ = atan2(y, x) 62

The polar coordinates r was then converted back into the Cartesian coordinates

x and y using the angle ¢ and trigonometric functions sine and cosine as:

X =TCoSQ (6-23)

y =rsing (6-24)

Once the necessary field values were extracted from the 2D solution by the
postprocessor, (Ey E,) and (Bx By field components were then obtained. By
including the time of travel, it was possible to generate the necessary time
dependent field values used by the tracker. The equation of motion was integrated
twice in order to evaluate and update the velocity and location of the particle. The
process was repeated until the particle left the cavity, at which point the path taken
was presented in 3D. This allowed for better representation to be made of the path

taken by the particle from the emission point until the impact.

6.3.3 Particle Tracking Using Mixed 2D and 3D Geometry Models

The cavities analysed in this work are fully symmetrical and the EM field can
be adequately simulated using 2D FE models. However, the nominal axis
symmetry is broken by the introduction of surface defects which induce local field
enhancement as discussed in Chapter 3, requiring the use of 3D models. Also, the
very small size of the defects means that the 3D effects are highly localised and the

axis symmetry conditions are still valid for the major part of the cavity model.
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Considering the computing and memory storage costs of handling high
resolution 3D models, there are considerable savings that can be made by
adequately combining small scale 3D models of the geometry in the vicinity of the
defect, with a large scale axis symmetric 2D model of the whole cavity. both FE
models may be used in a single simulation for accurate field evaluation at various
locations and employed in a 3D particle tracker. Figure 6-7 illustrates the two

models used for simulation at different geometric scales.

3D Pillbox Cavity 2D Pillbox Cavity

Surface
Defect

Nested «
Cylinder ' : :

Figure 6-7: 3D 805 MHz pillbox cavity with a surface defect positioned inside a nested cylinder (left) and
a 2D 805 MHz cavity with no surface defects (right). The field profile in both models is generated in
Comsol and used alongside each other by the tracker.

The first model consists of a 3D region where a single surface defect was placed
inside a nested cylinder away from the cavity axis and involves a FE mesh of a
resolution that matches the feature size of the surface defect. the rest of the cavity
involves a FE mesh that matches the feature size of the cavity itself, therefore a
much larger scale than that of the nested cylinder. If the two regions are to be
merged into a single mesh, then the meshes at different scales must match at the
nodes. Thus the transition from small to large meshing scale can easily involve
elements with unacceptably high aspect ratio. For this reason, if the two scales are
vastly different, it may be necessary to explicitly define additional nested cylinder
regions of increasing size around the asperity. These regions can then be used as

the means by which the user exercises the control over the automatic mesh
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generator in order to avoid meshing failures and to create satisfactory meshes. The
size and number of nested cylinders were defined by the size of the defect and the

meshing process requirements. This is explained in greater detail in Chapter 7.

The tracking algorithm has been developed in such a way to utilise the
flexibility of the Comsol Live link to the best possible way. Based on the location
of the travelling particle, the tracker would choose between the two FE models in
order to extract the necessary field components. Based on this capability, a short
part of the tracking process is carried out using the 3D model with a surface defect
in comparison to the majority of the process where a simple 2D model is used. As
a result, one is able to benefit from the accuracy of a 3D field solution while
utilising the simple and low cost nature of a 2D solution. The steps taken to track

an electron emitted from a surface defect are shown below in Figure 6-8.
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Figure 6-8: Overall steps taken by the non-symmetric particle tracker in order to calculate the path
taken inside an RF cavity. Both the 2D and 3D solution can be called upon by the tracker based on the
location of the travelling particle. The 3D solution is used while the particle is inside the nested tube. It

is at this point where the field is no symmetrical and a 3D model has to be used to define the field profile.
Symmetry conditions can once more be satisfied out of the nested tube as the localised field
enhancements can no longer be felt. The tracker then utilises the 2D solution in order to reduce
computational costs and reduce the time needed to track the particle
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The user has to input the initial values for the position and velocity of the
particle, ensuring the emission site is near the tip of the surface defect. As the
particle is inside the nested tube, the tracker extracts the field vales from the 3D
solution and updates the acceleration, velocity and position of the particle. The
process is continued until the particle is no longer inside the nested tube. From this
point onwards, the tracker starts to use the 2D FE solution in order to obtain the
required E and B field values.at each step a calculated 2D field value is taken as
the corresponding axis symmetric 3D value. This is continued until the travelling

particle reaches the cavity wall.

6.4 Concluding Remarks

The desired frequency for the FE models was chosen to be similar to the MTA
cavity in order to allow for better comparisons to be made with other MTA
findings. To simplify the elliptical shape of the MTA cavity, a pillbox design with
very similar operating frequency was used. A new Matlab based particle tracker
was developed in this work with Live Link capability in order to extract the
Comsol FE solutions of the field. The simultaneous use of 2D and 3D models
corresponding to different scales was implemented as the means of realising
manageable simulation models, in term of memory and computational costs. The

overall particle tracking is performed in 3D.
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Chapter 7.
Finite Element and Particle

Trajectory Analysis

7.1 Introduction

In the previous chapter the finite element models and the particle tracking
algorithms were introduced. The EM field distribution was evaluated in Comsol
and used by the tracker to extract the necessary field values. This was then used to
simulate the path taken by an emitted particle travelling inside an RF cavity. This
chapter presents a series of analyses aimed at understanding the change in particle
behaviour in relation to localised field enhancements caused by a single surface
defect. The cavity modelled in this work was the MTA 805 MHz cavity introduced
previously in Chapter 2. A major benefit of the adopted approach was the ability to
analyse axisymmetric filed distribution in 2D and non-axisymmetric in 3D and use

both sets of solutions to generate a 3D particle tracking solution.

7.2 Finite Element Model Meshing Parameters

An essential part of any simulation is the meshing process, which is crucial for
obtaining the best results in the fastest possible way. To assist in choosing the

correct specifications for mesh elements, Comsol Multi-physics provides nine
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built-in size parameter sets. The various size parameters for free tetrahedral

meshing elements used in Comsol are provided below in Table 7-1.

Table 7-1: Pre-defined parameters for tetrahedral 3D mesh elements used in Comsol [115]. The max
and min element size ensures that the element size is limited while the growth rate limits the size
difference between two adjacent elements. The resolution of curvature is used to create better
conformity around curved edges by limiting the size of the elements used along a curved boundary

Mesh Max Element  Min Element Element Resolution of
Size (m) Size (m) Growth Rate Curvature

Extremely Coarse 0.156 2.19x107 2 1
Extra Coarser 0.0937 1.69x107 1.8 0.9
Coarser 0.0594 1.25x107 1.7 0.8
Coarse 0.0469 8.75x107 1.6 0.7
Normal 0.0312 5.62x10° 1.5 0.6
Fine 0.025 3.12x10° 1.45 0.5
Finer 0.0172 1.25x107 1.4 0.4
Extra Fine 0.0109 4.69x10™ 1.35 0.3
Extremely Fine 0.00625 6.25%107 1.3 0.2

The built-in parameter sets are determined by Comsol for ease-of-use and to
produce high-quality mesh elements. They can be changed when limited computer
resources or the complexity of the geometry and the physics application calls for it.
The predefined element sizes are simply sets of values that are available for
modification. The maximum element size limits how big each mesh element can be
while the minimum element size limits how small they can be. Element growth rate
limits the size difference of two adjacent mesh elements where a lower value
would ensure a finer mesh is achieved. Finally, the resolution of curvature limits
how big a mesh element can be along a curved boundary. A finer mesh can be

created by assigning a lower value.
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7.2.1 3D Mesh Refinement

The geometrical parameters of the MTA and the pillbox cavity were introduced
earlier in Table 6-1. The MTA cavity is an elliptical shaped cavity with several
curved boundaries. An unstructured 3D mesh geometry using tetrahedral elements
was used to mesh the cavity. Figure 7-1 shows the MTA cavity being meshed
using the coarsest and the finest mesh elements predefined by Comsol. Although
the finer mesh was much more capable of following the curved boundaries of the
geometry, the number of elements was increased 230 times. The minimum element
quality was also improved from 8.9x10™ to 0.11. Comsol recommends a value

greater than 0.1 as a general guideline to be followed [115].

Figure 7-1: MTA cavity meshed using extremely coarse tetrahedral elements consisting of 2,685
elements (left) and extremely fine elements consisting of 600,513 (right). The mesh quality is increased as
the edge length of the elements are reduced

The decision to represent the MTA cavity with a simpler pillbox cavity was
taken to lower the required computational costs and was explained in Chapter 6. A
simple comparison between an MTA cavity meshed using extremely fine elements
and a pillbox reveals a 19 % drop in the number of elements. This is shown below
in Figure 7-2, where the number of elements was reduced due to the removal of

curved boundaries. The minimum element quality was improved to 0.1757.
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Figure 7-2: Photograph making a comparison made between the MTA cavity (left) with an 805 MHz
pillbox (right) using extremely fine elements. A 19 % drop in the number of elements from 600,513 to
490,964 is observed, while the mesh quality is improved due to a simpler geometry

It is not always obvious how many elements to use in a particular problem and
the choice depends on many solution parameters. In practice, one refines the mesh
until the solution converges. The correct solution should not depend on the mesh
and it is important to show this step in order to confirm the validity of the results.
This process is known as mesh convergence analyses and it was performed in this
work. Although increased mesh density can reduce error, it can increase computing
time. Therefore, the smallest sufficient number of elements is desired to obtain an

accurate solution.

Comsol eigenfrequency solver was used to obtain the field distribution. The
solver calculates the resonant frequency of the structure and generates the field
distribution values required by the tracker. A mesh convergence exercise was
carried out in order to define a suitable element size for the 3D FE models used in
this work. A total of nine models, each meshed using one of the pre-defined

element sizes, were used. This is shown below in Table 7-2.
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Table 7-2: Table presenting the variables obtained during the mesh refinement process. A total of nine
models were created each being meshed with one of the pre-defined element sizes introduced previously.
Although the number of elements is growing fast, the eigenfrequency is kept constant. This highlights
the fact that the eigenfrequency generated by Comsol is not sensitive to mesh density and is not a
suitable variable for determining the best possible element size for the meshing process. The time taken
to generate each field profile also is increased as the number of elements grows

Mesh Element Size No. of Elements Eigenfrequency (Hy)  Time (min)

M, Extremely Coarse 5,194 8.040254x10" 5
M, Extra Coarser 7,032 8.046165%x10° 10
M; Coarser 11,917 8.046536x10° 15
M, Coarse 24,113 8.046946x10° 20
M; Normal 40,133 8.047167x10° 30
M Fine 60,160 8.047205x10° 45
M, Finer 95,446 8.047249x10° 70
M; Extra Fine 194,943 8.047285x10° 130
M, Extremely Fine 587,079 8.047301x10° 300

It is evident that increasing mesh density has very small effect on the resulting
resonant frequency, so it was concluded that resonant frequency was not a suitable
parameter or mesh convergence analysis. Instead, it was decided to use for this
purpose the E field distribution along the cavity axis in the Z direction. This is

shown below in Figure 7-3 for models M, to M.

Large discontinuities in the E field profiles of models with coarser mesh
elements were observed. The continuity and smoothness in the generated solution
was improved with the growing number of elements as the mesh elements were
reduced in size. The aim was to be able to generate a field distribution as close as

to the profile shown previously in Figure 6-2.
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Figure 7-3: Line graph of electric field (V/m) along the MTA cavity axis in the Z direction. The E field is
at maximum along the cavity axis and exhibits an elliptical profile. Large discontinuities in the field
observed in models with coarser mesh elements can cause inaccuracies during particle tracking
analyses. This is due to the triangulation process carried out by the postprocessor in order to obtain the
necessary field values from the Comsol solution.

Although it was shown that a coarse mesh is suitable for eigenfrequency
calculations, higher number of elements was required to produce the necessary
field distribution for particle tracking evaluations. Model My exhibits a solution
with better continuity and hence extremely fine elements were chosen as the

suitable elements to mesh 3D models with no surface defects.

7.2.2 2D Mesh Refinement

The extremely fine 3D mesh required for accurate field modelling was found to
pose excessive demands in terms of memory storage and computing speed. As
discussed in section 6.2.2 the computational costs can be significantly lowered by
using a 2D model, provided symmetry conditions can be satisfied. This is

applicable in the case of a plain cavity where no surface irregularities are present.
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Comsol used triangular elements to mesh 2D models and the parameters of the pre-

defined elements are detailed below in Table 7-3.

Table 7-3: Pre-defined parameters for triangular 2D Mesh elements used in Comsol [115]. The max and
min element size ensures that the element size is limited while the growth rate limits the size difference
between two adjacent elements. The resolution of curvature is used to create better conformity around

curved edges by limiting the size of the elements used along a curved boundary

Mesh Max Element  Min Element Element Resolution of
Size (m) Size (m) Growth Rate Curvature

Extremely Coarse 0.047 0.00712 2 1
Extra Coarser 0.0285 0.00228 1.8 0.8
Coarser 0.0185 8.5%10™ 1.5 0.6
Coarse 0.0143 2.85x10™ 1.4 0.4
Normal 0.00955 4.27x10° 1.3 0.3
Fine 0.00755 4.27x107 1.3 0.3
Finer 0.00527 1.78x107 1.25 0.25
Extra Fine 0.00285 1.07x107 1.2 0.25
Extremely Fine 0.00142 2.8x10° 1.1 0.2

The average edge length of 3D tetrahedral elements was three times larger than
their 2D triangular counterparts. As shown below in Figure 7-4, the MTA cavity
was meshed using the coarsest and finest mesh elements available in order to show
the difference between the two element sizes. The number of elements was
increased by a factor of 92 while the minimum element quality was increased from

0.57 to 0.74, thus showing a large improvement in mesh quality.
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Figure 7-4: 2D MTA cavity meshed using pre-defined Extremely Coarse elements consisting of 135
elements (left) Extremely Fine consisting of 12,458 elements (middle). This is in comparison to a pillbox
cavity being meshed using the extremely fine elements (right). The model consists of 14,528 elements.
Mesh quality in all three models is acceptable, highlighting one of the benefits of a 2D model

A 2D 805 MHz pillbox cavity was also meshed using extremely fine elements.
Resulting in the model size of 14,528 compared to 490,964 elements for the
equivalent 3D model. No further improvements to the shape of the geometry can

be made in order to reduce the number of elements.

Table 7-4: Variables obtained during the mesh refinement process for a 2D MTA cavity. A total of nine
models were created each being meshed using a pre-defined 2D triangle elements. Similar to the 3D
model, the eigenfrequency is not mesh sensitive and is not the best variable to determine the suitable

element size for the meshing process. The time taken to generate a 2D field profile is far less than the 3D

model, highlighting the simplicity provided by a simpler 2D geometry.

Mesh Element Size No. of Elements  Eigenfrequency (Hz)  Time (min)

A; Extremely Coarse 135 8.041793%10" 1
A, Extra Coarser 155 8.040331x10° 1
Az Coarser 263 8.040282x10" 1
A, Coarse 373 8.040391x10° 2
A;s Normal 620 8.040428x10" 2
Ag Fine 744 8.040429x10" 4
A, Finer 1229 8.040441x10" 7
Ay Extra Fine 2149 8.040466x10° 11
Ay Extremely Fine 12,458 8.040455x10" 21

The eigenfrequency solver was used to evaluate the E and B fields of the 2D

models and mesh convergence was analysed as before. The variables obtained
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from models A;-Ay are shown above in Table 7-4. Once more, the eigenfrequency
of the cavity exhibited negligible sensitivity to the increasing mesh density. The E

field along the axis was analysed and the results were plotted in Figure 7-5.
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Figure 7-5: Line graph of electric field (V/m) along the cavity axis for a 2D MTA cavity. The E field is at
maximum along the axis and has an elliptical profile. Large discontinuities in the field are observed in
models with coarser mesh elements, which can cause inaccuracies to occur during particle tracking. This
is due to the error introduced during the triangulation process carried out by the postprocessor.

Again, large discontinuities in the E field profiles of models with coarser mesh
elements were observed. However, mesh refinement beyond that shown in model
Ag can be seen to bring little benefit. Hence, extra fine was chosen as the suitable
element size to mesh 2D models with no surface defects. It can be seen that mesh
convergence in a 2D model was achieved using at a far lower computational cost.
A huge reduction in the necessary number of elements was achieved while the
quality of the mesh was increased by using elements with shorted edge lengths.
This allowed more detailed field profile to be generated without posing excessive

demands on the computing resources.
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7.2.3 Non Symmetrical Model Incorporating Surface Defect

As discussed previously, a RF cavity can be represented by a 2D model when
symmetry conditions can be satisfied. However, such conditions could not be met
with the introduction of features such as surface defects. For demonstration
purposes, Figure 7-6 shows a single surface defect modelled on the surface of an
MTA cavity. The shape of the defect was similar to the defect used in MTA studies
[61, 62] and it was much larger than the usual surface defects observed on the

surface of the button. Local field enhancements caused by this defect were evident.

Figure 7-6: Induced localised field enhancement observed due to the introduction of a single surface
defect inside an MTA elliptical cavity. The defect has a height of 700 microns and width of 600 microns.
Such geometrical values are used in other MTA simulation studies and are larger than the typical
surface defects observed during surface measurements taken from button samples.

Localised field enhancement due to the presence of surface defects can lead to
changes in particle behaviour at the emission site. The meshing process used for
plain cavities was capable of satisfying the eigenfrequency measurement and
uniformity requirements. However, a more detailed mesh was needed to accurately
model the field enhancement in the vicinity of smaller features. Each surface defect

was modelled as a semi-ellipsoid and the edges were meshed individually. As
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shown below in Figure 7-7, it was imperative to choose an element size that was

small enough to accurately represent the necessary edges.

A B C

y'“v-,,J/"

Figure 7-7: Single surface defect modelled as a semi-ellipsoid and a height of 700 pm. it was meshed
using three different element sizes. The first employs normal elements with a total of 8 edge elements
(left) the second used finer elements with a total of 12 edge elements (middle) and the third uses
extremely fine elements with a total of 68 edge elements (right).

It was evident that the element size required to mesh a um scale feature was
several orders of magnitude smaller than that needed to mesh the rest of the cavity.
Furthermore, different meshes that represent adjacent regions of different
resolution had to be connected to each other without discontinuities. This was
difficult to achieve using fully automatic meshing procedure and it was necessary
that the user exercises a sufficient control over the meshing process. The solution
to this problem was to enclose the smaller features inside a series of nested
cylinders with the defect positioned in the centre. Each cylinder defined a domain
that allowed the user to select and control the generation of progressively smaller
element sizes. This process is shown below in Figure 7-8. The number of cylinders
required to create an accurate mesh was governed by the size of the defect being

modelled and the required change in mesh density between adjacent domains.
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Single Defect Nested Cylinder RF Cavity

Figure 7-8: Demonstration of the multi-step meshing process used to accurately mesh models with
surface defects positioned inside of the cavity. The defect is meshed using elements where the maximum
element size is reduced manually in order to accurately represent the shape of the defect (left). This is
then placed inside a nested cylinder where elements smaller than the pre-defined Comsol elements are
used to achieve the desired mesh density (middle). In the last stage the cavity is meshed using coarser
elements where a lower mesh density is required (right). An MTA cavity was used in this example

Due to the size of the surface defects modelled in this work, mesh elements
smaller than Comsol pre-defined elements had to be created in order to accurately
mesh the geometry. An example of such elements is shown below in Table 7-5.
Each domain was meshed separately using a single nested cylinder due to the size

of the surface defect being modelled.

Table 7-5: Mesh element used to mesh an MTA 805 MHz cavity with a single surface defect of height
700 pm and base of 600 pm. A total of 400 edge elements were used to mesh the defect. This was placed
inside a nested tube with a height of 2000 pm and radius of 1000 pm and meshed using tetrahedral
elements. The maximum element size for the defect and the tube were reduced and set to 1x10 and
1x107 respectively. The rest of the cavity was meshed using pre-defined fine elements.

Maximum Element Resolution No. of

Element Size (m) Grows Rate of Curvature Elements

Defect 1x107 1.3 0.2 400
Nested Cylinder 1x10™ 1.3 0.2 57,615
Cavity 3.12x107 1.4 0.4 36,091
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In the first step of the process the defect was meshed using edge elements which
are smaller than the edge length of the defect. Hence, size of the smallest pre-
defined mesh element was customised and reduced to 1x10°, generating 400
elements. In order to ensure mesh continuity, the size of the elements used to mesh
the nested cylinder was increased slightly to 1x107. This generated a further
57,615 tetrahedral elements. The rest of the cavity was then meshed using pre-

defined fine elements, adding an extra 37,091 elements.

Comparing the above example and model Mg given in Table 7-2 showed a
slight increase in the overall number of elements. The majority of the elements
were concentrated inside the nested cylinder, as required by the feature size of the

modelled defect.

7.3 Particle Tracking Simulation Results

The necessary field values were generated in Comsol and were used by the
tracking algorithms to track particle both in 2D and 3D. The Lorentz force
calculations were used by the tracking algorithms, taking into account the

relativistic conditions of a travelling particle inside an RF cavity.

7.3.1 Tracking Algorithm Validation

The developed tracking algorithms were presented in the previous chapter. The
tracker uses as the input the RF field values generated by Comsol, and user defined
particle properties and emission site location. The tracker is capable of using
various field profiles generated by Comsol, giving it an added advantage over

existing particle tracking programs by enabling both 2D and 3D simulations.
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A useful measure used in the design of RF cavities is the ratio between the

shunt impedance R and quality factor Q, which is defined as [116]:

R V¢

Q wU 7
where R, Q, Vy, w and U are shunt impedance, quality factor, voltage, angular
frequency and input energy. This ratio shows the effectiveness of energy gain by a
particle per stored energy for each cycle, which is only dependent on the cavity
geometry [97, 115, 116, 127, 128]. In Comsol the input energy (U) is chosen
automatically and varies based on the mesh density and element size. The method
implemented by Comsol to evaluate the accelerating voltage is based on keeping
the ratio R/Q constant at all times, hence altering the chosen input energy.
Therefore, only the relative strength of the field throughout the cavity is of interest
for the field evaluation, while the absolute value is subsequently scaled to meet the

design specifications. The scaling factory is obtained by comparing the normalised

field value on the cavity axis and the specified value required by the cavity design.

Both 2D and 3D tracking algorithms were validated using a simple test, in which
a single electron was emitted from a fixed location. To satisfy symmetry conditions
for the use of a 2D model, no surface defects were present. An 805 MHz pillbox
cavity was meshed using the procedure introduced in Chapter 6 and the initial

conditions of the travelling particle are shown below in Table 7-6.
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Table 7-6: Values used to define the conditions of the emitting electron at the point of release. Both
models use an 805 MHz pillbox cavity with no surface defect, while the electron is released off the cavity
axis. A scaling factor is used by the tracker to normalise the E and B field values generated in Comsol.
This is to allow for the accelerating field to match the UKNF design specifications.

Model Mesh Scaling Factor  Starting Position Coordinates  Initial Energy

(m) (eV)
2D As 5,300 (0, 0.05, 0) 0
3D Mo, 42,000 (0, 0.5, 0) 0

A set of 2D and 3D plain pillbox cavities were meshed using elements
introduced for models Ag and My. Once the field profile was generated in Comsol,
the field values had to be normalised to a maximum accelerating gradient of 15
MV/m. This was to allow the correct accelerating gradient as specified in the
design of the UKNF cavities to be used by the tracker [129]. Hence, all field values
were multiplied by the required scaling factor, which was set at 5,300 and 42,000
for the 2D and 3D models respectively. A single electron was emitted from the
cavity axis with zero initial velocity. Figure 7-9 shows the path taken by the

electron using the 3D model.
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Figure 7-9: Position and Velocity components of an electron being tracked in a 3D 805 MHz pillbox
cavity. The electron is accelerated from one end of the cavity towards the opposing wall due to the
presence of strong E field along the Z direction. Due to the emission site being away from the cavity axis,
magnetic field in Y direction is present. This leads to further acceleration in the Y direction.

The sudden impact of the transverse E field on the electron was evident, causing
the electron to accelerate rapidly along the Z direction. Only the positive part of the
field was present as the travel time was less than the time period of the RF field.
The electron also experienced magnetic field forces due to the emission point being

away from the cavity axis. This resulted in further acceleration in Y direction.

The second model used a plain 2D pillbox cavity to generate the necessary field
profile. This was then used by the 2D tracking algorithm with a chosen scaling
factor of 5300. The location of the emission site was similar to the 3D model while
the electron had no initial velocity. The path of travel taken by the electron is

shown below in Figure 7-10.
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Figure 7-10: Position and Velocity components of an electron being tracked in a 2D 805 MHz pillbox
cavity. 2D field values in polar coordinates of (r, 0) were used to perform the tracking while the path
taken was plotted using 3D coordinates of (x, y, z). Similar to the 3D model, the electron was accelerated
from one end of the cavity towards the opposing wall due to the presence of strong E field along the Z
direction. Further acceleration in Y direction was achieved due to the magnetic field.

As explained previously in section 6.3.2, the tracker obtained axis symmetric
field values in (1, z) coordinates using a 2D field profile generated in Comsol. This
was then translated back into (X, y, z) coordinates after each step of calculation in

order to provide a 3D visualisation of the path taken by the travelling electron.

In this section it was shown that both the 2D and 3D tracking algorithms were
capable of calculating the position and velocity of the travelling electron using the
relevant field profiles generated in Comsol. Both models yielded similar results
which demonstrate the accuracy of the mathematical model used in each tracking
algorithm. The technique introduced in section 6.3.3 would allow for a

combination of two models to be used in order to reduce the computation costs
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required to model cavities with surface defects being present. This would enable

more complex models to be analysed without the need to sacrifice accuracy.

7.3.2 Effects of Surface Defects on Particle Trajectory

In this section the effects of surface defects on the behaviour of emitted
electrons inside a cavity was analysed. Using the 805 MHz pillbox cavity, a series
of models were created each consisting of a single surface defect. Figure 7-11
shows the schematic view of the defects modelled in this study with the variable
used to model the geometry. The defect height, base length, angle with the cavity

axis and effective height are represented by c, b, 6 and h, respectively.

Cavity Axis (2)

Cavity Wall

Figure 7-11: Schematic view of a surface defects, highlighting the essential parameters used to define the
size and shape of the defect. This is of particular interest as the enhancement factor can be altered based
on the shape of the defect. The angle between the cavity axis and the defects centreline is known as 0.
Although not included in the theoretical equation defining enhancement factor B, it is shown in this
study that the bigger 0 is, the lower B3 gets.

Each defect was placed inside a nested tube in order to assist the meshing
process and ensure uniform mesh propagation through the volume of the cavity. As
shown previously in Chapter 6, the number of nested tubes used in the model was

dictated by the size of the defect being modelled.
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The velocity of the electron at the point of impact with the cavity wall may be
influenced by the direction and strength of the force being applied to each electron
at the emission site. This is directly related to the local field enhancement created
due to the presence of the surface defect. The enhancement factor 83 is defined by

Eiip=BEsu and can be expressed [62] in terms of the geometry of the defect as:

c
g = ()
b (7-2)
In(2 7) -1
where r = b 2/ c¢- Therefor:
c2
g = +2 (7-3)
In( 2 E) -1

The enhancement factor B are used to define the degree at which a RF field is

enhanced locally due to the presence of surface defects.

7.3.2.1 Field Enhancement and Aspect Ratio

This section presents the analysis of the effects of field enhancement on the
behaviour of electrons and compares the results with equation (7-3). The impact
velocity of an electron is related to the field enhancement factor generated by the
surface defect at emission, the B factor. Various models were created each
containing a single surface defect of different shapes. An electron was released
from the tip of the defect and the path of travel inside the cavity was plotted using
the tracker program. The range of parameters used to construct the models is given

in Table 7-7.
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Table 7-7: Range of values used to construct the surface defect combinations used in this study. The
defect height is represented by ¢ while b and 0 define the base length and angle the surface defect makes

with the cavity axis respectively

¢ (nm) b (um) 0(°)
50 50 0
100 100 15
300 200 30
500 400 45
700 600 60

Initially, the impact velocity of an electron was analysed when no defects were

present. The location of the emission site at which the electron was released from

was set to be the height at which the tip of a surface defect could have been based

on the values given above in Table 7-7. The recorded impact velocities of each

electron are shown below in Figure 7-12.
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Figure 7-12: Impact velocities of electron from the surface of the cavity when there are no surface
defects present. The chosen emission site corresponds to the height of surface defects used later in this
study. This is used for comparison of data to evaluate the simulated field enhancement factor due to the
presence of such defects. The height of the emission site is chosen from the values defined for parameter
C and represents the location of a surface defect that could have been present in the model.
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As expected, no major variation in the impact velocity was observed due to

lack of localised field enhancements.

7.3.2.1.1 Fixed Base Length

Five model configurations were used to conduct the first stage of the analysis.

The base length of the defect in all models was set to 600 pm, while the height of

the defect ranged from 50 to 700 um. This allowed for surface defects with

different aspect ratios (c/b) to be created. Furthermore, the angle 6 was ranged

from 0 °to 60° enabling specification of defects that are not perpendicular to the

surface. The corresponding results showing impact velocity as a function of aspect

ratio and angle 0 are shown below in Figure 7-13.
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Figure 7-13: Impact velocities obtained for electrons emitted from the tip of various defects with a
constant base length of 600 pm. The height of defects was chosen from the values given in Table 7-7 and

five data sets were created by altering the angle 0.

A rise in impact velocity was observed as the aspect ratio (c¢/b) was increased.

This corresponds to a higher B value, demonstrating the influence of field

enhancement on particle velocity. It is also evident that the effect of field
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enhancement decreases as the value of 0 is increased. This is due to the fact that the
actual height of the defect is reduced, resulting in a lower localised field

enhancement caused by the surface defect.

The theoretical value of the B function for each surface defect can be calculated
using equation (7-3). In order to demonstrate the direct relation between the B
value and the impact velocity of an emitted electron, one of the data sets shown in
Figure 7-13 was used. All defects had a base length of 600 um and angle 6 of zero
in common. By choosing the defect height values provided earlier, the desired
aspect ratios were created. This is shown below in Figure 7-14 where the
calculated enhancement factor is plotted alongside the recorded impact velocity of

an electron emitted from the tip of the defect.
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Figure 7-14: Theoretical 3 values for defects with varying height and a fixed base length of 600 pm and
angle 0 of 0 ° (blue) recorded impact velocity for the same defects generated by the tracker program
(red). It is possible to see a similar trend in both data based on the above findings. This suggests that the
particle behaviour in particular the traveling velocity of an emitted electron is in direct relation to the
initial energy boost received due to localised field enhancements by the surface defect.
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A good agreement between the two sets of parameters is observed, indicating

that the B value directly influences the impact velocity by creating a localised field

enhancement. This acts as an initial energy boost for the emitting electron.

7.3.2.1.2 Fixed Angle

A second set of models were created with changing both the height and base

length of the surface defect while setting the angle 6 to 0 . The base length and

height of the defects varied between 50 to 700 um and 50 to 600 um respectively.

Figure 7-15 shows the recorded impact velocity of emitted electrons when released

from the tip of each surface defect. These data sets would provide a different angle

into the investigation of the link between aspect ratio and B value.
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Figure 7-15: Impact velocities obtained for electrons emitted from the tip of a series of surface defects
with a constant angle 0 of zero degrees. The base length and the height range are from 0 to 600 pm and

50 to 700 pm respectively.

It was evident that an increase in the base length of the surface defect resulted in

a reduction in the impact velocity of the travelling electron. This was due to the

reduction in the aspect ratio c¢/b, making the localised field enhancement weaker.
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However, the impact velocity of the electron became relatively constant after a

certain aspect ratio was reached. This can be explained by the use of Figure 7-16.
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Figure 7-16: Enhancement factor B3 calculated for a series of surface defects with an angle of 0 ° with
the cavity axis and base length of 0 to 600 pm and height of 50 to 700 pm. The results are a further proof
that localised field enhancements due to surface defects can alter the behaviour of emitted particles in
particular their travelling velocity due to increased energy boost.

Figure 7-16 shows the BB values corresponding to the case presented in Figure
7-15. It is possible to see that field enhancement factor B became negligible below
certain aspect ratios. In the case of this study, such behaviour was observed for
aspect ratios of below two. Similar to Figure 7-14, it was observed that the impact
velocity followed a similar trend to the 3 value obtained for each surface defect.
This is a further indication of the relation between particle behaviour and localised
field enhancements. Furthermore, this highlights the importance of surface

uniformity discussed earlier in Chapter 5.

7.3.2.1.3 Fixed Height
The previous two data sets were gathered from a series of models with surface

defects of fixed height of 700 pum. The base length ranged from 50 to 600 pm and
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the angle 0 from 0 to 60°. Figure 7-17 shows the recorded impact velocities for an

additional five data series used in this study.
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Figure 7-17: Recorded impact velocities of an emitted electron from surface defects of fixed height of 700
pm. The base length and angle 0 ranged from 50 to 600 pm and 0 to 60 degrees respectively.

In all cases the impact velocity of the electron was reduced as the height of the
defect was decreased. This is a further indication that a reduction in aspect ratio
can influence the speed at which an electron is emitted from the surface by altering
local field enhancements. A reduction in the impact velocity was also observed as
the angle 0 was increased. This was due to the fact that a defect with an angle tends

to have a lower height which results in a lower aspect ratio.

7.3.2.2 Geometric Scale Study

As presented in Chapter 5, the quality of the surface finish achieved by some of
the production techniques used in the fabrication of RF cavities was analysed
through a series of measurements taken from button shaped samples. It was shown
that the height of the surface defects being present across the samples ranged from

several hundred nm down to a few nm.
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FE modelling of the phenomena occurring simultaneously at vastly different

scales is difficult for a number of practical reasons, including:

e Mesh generation methods
e Realistically manageable model size

e Numerical precision adopted by the specific FE package

As shown in Section 7.2.3, significant improvements were made in order to
produce a correct FE mesh while accounting for features at geometric scale that
differ by more than six orders of magnitude. However, Comsol, commonly with
other FE packages, has a limit on how small the mesh elements of different

features can be in a single model.

Such limits were reached when attempting to model surface defects
corresponding to highly polished surfaces. Highly polished button samples have
surface defects in the order of several nm. This implies feature sizes difference of
more than nine orders of magnitude, which was found to be unmanageable in
Comsol. Preceding studies in this chapter focused on the analysis of the effect of
aspect ratio on field enhancement and impact velocity of emitting electrons. Here
the aim is to examine whether these results could be extrapolated to the very small
nm scale defects. As shown below in Table 7-8, three data sets were used to carry
out the scaling down process. Each set contains a series of surface defects with

similar aspect ratios but different sizes.
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Table 7-8: Range of values chosen to construct the surface defects used in the scaling down process. The
table shows that aspect ratios ¢/b for the defects are kept constant in all three sets while their overall size
is reduced. This would enable for better comparisons between the results to be made.

Parameters b =300 pm b =30 pm b =3pm

¢ (um) 700 500 300 100| 70 50 30 10| 7 5 3 1

¢/b Ratio 23 16 1 03723 16 1 03|23 16 1 03

Although the size of each defect was reduced by a factor of ten in each
category, their aspect ratios were kept constant. This has been colour coded for
better visualisation. Figure 7-18 demonstrates the recorded impact velocities of

emitted electrons from the tip of each defect given in Table 7-8.
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Figure 7-18: Plot showing the recorded impact velocity of emitted electrons for surface defects ranging
from 700 pm in height to 1 pm with corresponding base length of 300 to 3 pm. The corresponding defect
in each category is reduced is size by a factor of ten while keeping the aspect ratio constant.

In each category, the c/b ratio was lowered as the height of the defect was
reduced. This resulted in smaller 3 values being produced, reducing the impact
velocity of the electron. However, the corresponding defects with similar ¢/b ratio
in each category showed a reduction of the impact velocity as the size of the

feature was reduced. This was due to the fact that although the B value is the same,

147



the smaller defect influenced a reduced area in which the field was enhanced. The
comparable aspect ratios used in each category ensured similarities in the
behaviour of the emitted electrons. This is shown in Figure 7-18 where the impact

velocity of the electron was reduced in a similar manner with the size of the defect.

The above findings can be used to extrapolate the impact velocity of defects
down to nm scale features observed on the surface of button pieces. Four sets of
graphs were created in order to investigate the impact velocity of an electron being
emitted from the tip of defects in nm scale. The height and base length of the
defects were reduced in size by a factor of ten and ranged from 0.7 to 0.1 um while
the base length was set to 0.3 um. Figure 7-19 to Figure 7-22 show the relevant
extrapolated values for the impact velocity based on the behaviour of emitted

electrons observed around larger surface defects.

Extrapolations were made by drawing a best line of fit through the results for
defects with similar aspect ratios. A power trend line was chosen as the most
suitable line in comparison to other options such as a linear fit. This was due to the
exponential nature of the impact velocity being investigated. A power line yields

an accuracy of 99.36 % in comparison to 89.6 % reached by a linear line.
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Figure 7-19: Plot showing the extrapolated impact velocity of an emitted electron from the tip of a
surface defect with a height and base length of 0.7 pm and 0.3 pm respectively. Extrapolation was
carried out using three additional surface defects each being larger in size by a factor of ten. The aspect
ratio was kept constant at 2.3 for all defects. A power trend line was used with an accuracy of 99.36.
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Figure 7-20: Plot showing the extrapolated impact velocity of an emitted electron from the tip of a
surface defect with a height and base length of 0.5 pm and 0.3 pm respectively. Extrapolation was
carried out using three additional surface defects each being larger in size by a factor of ten. The aspect
ratio was kept constant at 1.6 for all defects. A power trend line was used with an accuracy of 99.36.

149



2.5E+08

- 2.0E+08
~ b
E - "'-E— - | !
= B :
& 1.5E+08 ; ! y = 2E+08 x 0.0508
8 ’ ’ R? = 0.9936
w i
= 1.0E+08 '
15
3 ! ' |
o . . .
E 5.0E+07 =48~ - Base Length 0.3 (um) Extrapolation
==f)==Base Length 300-30-3 (um)
Trendline (Power)
0.0E+00 i | i
0.1 1 10 100 1000

Defect Height (um)

Figure 7-21: Plot showing the extrapolated impact velocity of an emitted electron from the tip of a
surface defect with a height and base length of 0.3 pm and 0.3 pm respectively. Extrapolation was
carried out using three additional surface defects each being larger in size by a factor of ten. The aspect
ratio was kept constant at 1 for all defects. A power trend line was used with an accuracy of 99.36.
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Figure 7-22: Plot showing the extrapolated impact velocity of an emitted electron from the tip of a
surface defect with a height and base length of 0.1 pm and 0.3 pm respectively. Extrapolation was
carried out using three additional surface defects each being larger in size by a factor of ten. The aspect
ratio was kept constant at 0.3 for all defects. A power trend line was used with an accuracy of 99.36.

Although the aspect ratios of all surface defects were similar in each data set,
the impact velocity of the electron was lowered as the size of the defect was
reduced. This behaviour continued base on extrapolated results for surface defects

in nm scale. The main reason behind such reduction in velocity is that although the
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enhancement factors 3 were the same, the size of the region in which the field was

enhanced was smaller. This is due to a reduction in the overall size of the defect.

For better visualisation, the extrapolated impact velocity of emitted electrons
from the tip of nm scale defects are plotted alongside current results in Figure 7-23.
The nm scale defects modelled in this study were of similar range seen previously
on the surface of the highly polished button samples. The above findings show that
if aspect ratio is kept the same, a smaller surface defect results in a lower initial
energy boost at the point of emission. This directly influences the impact velocity

of the travelling electron, with little change in the overall behaviour of the electron.
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Figure 7-23: Plot showing the impact velocity of all four data sets. The extrapolated results for defects in
nm scale show similar particle behaviour at the point of impact based on recorded impact velocity. This
highlights the nature of field enhancement based on fixed aspect ratio. However, the strength of the
initial energy boos is lowered as the size of the defect is reduced.

The main interest of this study was to investigate the effects of aspect ratio on
field enhancement. It was possible to see similarities in the behaviour of the
emitted electrons as the aspect ratio of the surface defects were kept constant
between all data sets. The change in the overall size of the defect had only resulted

in the reduction of the absolute velocity at the point of impact. Hence, the above
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findings can then be used to validate the results obtained for larger surface defects

shown previously in section 7.3.2.1.

7.3.2.3 Line Integral

The field enhancement factor B determined by the aspect ratio of the surface
defect, while the size of the enhanced field region is determined by the size of the
defect. Such field amplifications can provide an initial energy boost at the emission
sites. In order to asses this phenomenon, the change in E field for different defect
sizes was analysed. As shown in Figure 7-24, measurements were taken along a

line spanning between the tip of the defect and the opposite wall of the cavity.
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Figure 7-24: 3D data line connecting the tip of the defect and the cavity wall used by Comsol to extract
the values of various field components

The electric field along this line was extracted for a series of defects as shown
below in Figure 7-25 to Figure 7-28. The height of the defects ranged from 700 to

100 100 um with a fixed base length of 600 um. The angle 6 was set to zero.
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Figure 7-25: Plot showing the Electric field normE variation as a function of longitudinal axis Z along

the 3D cut line for a defect with height of 700 pm and base of 600 pm
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Figure 7-26: Plot showing the Electric field normE variation as a function of longitudinal axis Z along

the 3D cut line for a defect with height of 500 pm and base of 600 pm
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Figure 7-27: Plot showing the Electric field normE variation as a function of longitudinal axis Z along
the 3D cut line for a defect with height of 300 pm and base of 600 pm
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Figure 7-28: Plot showing the Electric field normE variation as a function of longitudinal axis Z along
the 3D cut line for a defect with height of 100 pm and base of 600 pm

All four plots exhibited a common initial spike in the E field along the data line.
This was due to the localised field enhancement and was responsible for the initial
energy boost given to an emitting electron. It is possible to see that the strength of
the field was directly related to the aspect ratio of the defect being present in the
model. Naturally, no field alterations can be observed at distances farther away

from the defect and a constant E field emerges.
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The area under each plot represents the voltage generated along the data line
and is a function of the size of the surface defect being modelled. The voltage is
obtained through the line integration measurement and influences the behaviour of
the emitted electron by providing an initial energy boost. The level of field
enhancement is directly related to the size of the defect and it is greatest for a
defect with a height of 700 pm and an aspect ratio of 2.3. This is shown in Figure

7-29 for defects of height of 100 to 700 um and a base length of 600 pm.
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Figure 7-29: Plot showing the voltage obtained through the line integral of the electric field along the 3D
cut line for defects with a height of 700, 500, 300 and 100 pm and a base of 600 pm

From the above plot it is evident that the applied voltage was directly
proportionate to the size of the surface defect and the value of the c/b ratio. The
measurements followed a trend in which the applied voltage was reduced as the
height of the defect was lowered. This is in complete agreement with the results
obtained previously in Section 7.3.2.2, where the effects of the surface defect are

felt less prominently around smaller size surface defects.
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7.4 Concluding Remarks

The effects of surface defects on charged carrier dynamics were investigated in
this chapter. FEM modelling was used to generate the necessary field profiles
inside an RF cavity and investigate changes made due to introduction of surface
defects. Moreover, a particle tracker was developed in order to examine field

enhancements and changes to particle behaviour in the vicinity of surface defects.

The optimum meshing process for each model was chosen by carrying out a
mesh refinement study. A progressive step approach was utilised to mesh small
features such as um scale defects. 2D and 3D particle tracking algorithms were
developed, allowing for a range of simulations to be carried out. The sensitivity of

each algorithm to changing conditions was tested.

Correspondence between the calculated enhancement factor and simulated
impact velocity of an electron was observed when emitted from the tip of the
defect. It was shown that the aspect ratio c¢/b directly influenced the enhancement
factory B. Furthermore, the overall size of the defect defined the volume in which
localised field enhancement was observed. A greater aspect ratio generated a
higher field enhancement, resulting in a bigger impact velocity. However, the
impact velocity of a smaller defect in comparison to a larger defect with a similar

aspect ratio was lower.

The angle 0, between the defect and the cavity was found to be an important
parameter, since it effectively reduced the aspect ratio of the defect and reduces the

field enhancement factor.
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Limitations of the available FE packages in dealing with effects at vastly
different scales were identified and they severely limited the smallest size of
modelled defects. In this case it would be necessary to simultaneously
accommodate feature sizes ranging from few nanometres to a meter in length, but
the numerical precision and the maximum manageable model complexity did not
make that possible. Various detailed improvements in the model preparation and
meshing led to simulations of defects as small as a few microns. Nevertheless, the
simulations were able to show highly consistent trends in behaviour with
decreasing defect size. This has led to a conclusion that results obtained at the scale
ranging from a few microns to a few hundred microns may be safely extrapolated
to the manometer scale of the defects measured in the experiments on button

samples.
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Chapter 8.
Conclusions and Suggestions for

Future Work

8.1 Conclusions

Particle accelerators are used to force charged particles to higher energy levels.
However, achievable accelerating gradients and efficiency can be limited due to
the phenomenon of RF breakdown. In a short instance, much of the stored energy
in the cavity is directed toward the walls. This causes irreversible damage to the

quality of the cavity surface, causing loss of energy and heat dissipation.

Shortcomings in the fundamental understanding of key manufacturing processes
have hindered production of RF cavities. In this research, various production
techniques were investigated and their effects on the quality of the surface were
quantified. The research was carried out in close collaboration with current MTA
research programs and button test program. Two sets of surface treatment methods
were analysed using various button test pieces. Furthermore, charge carrier

dynamics were studied by developing simulation capabilities for particle tracking.

The first surface preparation method used in this research, employs electro
polishing as the main technique. Prior to EP, the surface of the button undergoes

two pre-treatment stages in order to remove surface damage and contaminations
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introduced during fabrication. The surface is initially hand polished using sand
paper followed by chemical etching using phosphoric acid. Although EP has been
proven to be reliable method of surface treatment in the production of RF cavities,
many factors can influence the reproducibility of the polishing results. It was
shown in this research that the distance between the two electrodes, stability of the
applied power, shape of the cathode, quality of the electrolyte and agitation of the
mixture play an important role in the polishing process. Small alterations in each of
these parameters can lead to changing the polishing qualities of the EP process.
Hence, it is vital to design a robust polishing technique if reproducible surface

finish characteristics are to be realised in the production of RF cavities.

The second surface preparation technique concentrates on electroplating as the
main surface treatment technique. The importance of the subsurface in obtaining a
desirable surface finish after EPL was highlighted. Hence, each button test piece
initially underwent all stages of method one prior to EPL. This allowed for a
smooth and defect free subsurface to be produced in order to increase the stability

and uniformity of the copper layer being added.

In both approaches, the surface roughness of the button was quantified by using
white light interferometer after each stage of the process. All test pieces showed
extensive surface damage after fabrication. However, both processes were capable
of achieving satisfactory quality where surface roughness is lowered and surface
uniformity is improved. The investigations reveal the ability to produce a superior
surface finish through EPL in comparison to EP. This opens new possibilities in
the production of RF cavities by using surface treatment techniques other than the

conventional EP.
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Furthermore, the chemical composition of the button surface was analysed by
taking XPS measurements. Due to equipment limitations, such measurements were
only taken for buttons treated using method one. As expected, the surface of the
untreated button was heavily contaminated and showed extensive oxide and carbon
levels. Throughout the treatment procedure, both oxygen and carbon levels
continued to be lowered. This indicated the gradual removal of the damaged layer
and the exposing of the virgin copper. However, oxygen levels were increased
once the button underwent the EP process. This was considered to be a result of the
short exposure the button had with the atmosphere during removal from the EP

bath. Warm de-ionised water wash may have also accelerated oxidisation.

Investigations also revealed the presence of additional phosphorus following the
EP process. The source of such contamination is considered to be the phosphoric
acid used in the electrolyte mixture. As shown in the previous DFT simulations,
this can alter SEY of the copper by changing the energy band structure of the

material. This is of particular concern as secondary emissions can be increased.

A series of FEM simulations were carried out in order to investigate charge
carrier dynamics by analysing the change in electron behaviour due to presence of
surface defects. A new particle tracking code was developed in Matlab, which
allowed for tracking of a single electron inside a pillbox RF cavity. One of the
major benefits of the proposed simulation method was the ability to perform
tracking using a combination of 3D and 2D field solutions, in order to reduce the
computational requirements to manageable levels. The observed surface properties

of the buttons were used to allow for a realistic study to be carried out.
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The limitations of existing FEM packages, including meshing methods and
numerical precision, when dealing with feature sizes at vastly different scales in a
single model, posed significant challenges. In this work the aim was to
accommodate defect features of the order of few nanometres in a model size of the
order of metres. Following detailed improvements in mesh generation that
improved user control of the process, defects as small as a few microns were
adequately modelled. The subsequent study of the electron emission behaviour for
defects ranging from a few microns to several hundred microns revealed clear and
consistent trends, which have led to a conclusion that the simulation results may be

safely extrapolated to the nanometre scale.

In all models, a single ellipsoid shaped surface defect was used represent
defects generating the local field enhancement. The shape and geometry of the
defect was altered by changing the dimensions of the base width and height. Good
agreement between enhancement factors obtained through theoretical calculations

and the simulation models were observed.

The shape of the defect was also varied as a changing angle 6 between the main
axis of the feature and the surface normal. This has the effect of effectively
reducing the aspect ratio of the feature by reducing its height, with a corresponding
change in the field enhancement. This dependence was not adequately predicted by
the theoretical calculations which showed disagreement with the simulation results.
Therefore, a new parameter taking into account the effective height of a defect is

needed to accurately predict local field enhancements.

The above findings show the importance of surface quality in altering field

characteristics and charge carrier dynamics of an RF cavity. Each stage of cavity
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production influences the mechanical structure and chemical mixture of the cavity
surface. This influences the surface quality achieved and the operation of the RF
cavity. By developing better means of production, it is possible to improve the

stability and operation of RF cavities.

Additionally, surface defects alter the behaviour of field emitted electrons
through local field enhancements. This increases impact energies and allows for
more secondary emissions to occur. This increases the risk of structural failure due

to heat generation and induced surface stress.

8.2 Recommendations for Future Work

The importance of the electrolyte and the mixture used are shown above. It is
advisable to use alternative EP recipes and to make improvements on the current

recipe used. Some of the suggestions can be as followed.

e Supressing excess oxygen formation by adding Polyethylene Glycol
(PEG) in concentrations of 1000 ppm to lengthen the polishing plateau.
e Increasing surface uniformity by addition of citric acid to the current

mixture in concentrations of 1000 ppm.

The MICE 201 MHz cavity was polished by the MTA collaboration by rotating
the rotating the cavity around its axis while being half dipped inside an electrolyte
bath. As a result, the cavity shell was exposed to the atmosphere while being
rotated during polishing. It is highly desirable to create similar condition while
performing EP on buttons in order to observe the changes made to the RF surface
during production. A new polishing setup shown in Figure 8-1 can allow for two

180° out of phase buttons to be polished. The dual bobbing action would ensure
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one button being exposed to the atmosphere while the other is immersed into the

electrolyte bath. Steady voltage should be applied through two shaped cathodes.

Figure 8-1: Suggestion for and improved EP setup to create similar condition used to polish the MICE
201 MHz cavity at Jlab

In this research the main goal was to investigate the fabrication and surface
treatment methods that had been previously employed and are most relevant to the
201 MHz MICE copper cavity. In the future it is desirable to investigate button test

pieces manufactured using other potentially relevant techniques such as:

e (CNC machining (fabrication)
e Hydroforming (fabrication)
e Chemical mechanical polishing (surface treatment)

e Abrasive flow machining (surface treatment)

The tracking code developed by this research provides a great deal of flexibility,
by allowing the addition of other physical properties as required. The operating
environment of a RF cavity can be represented more realistically if parameters of
an externally applied magnetic field are accounted for in the Lorentz force

calculations.
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While the work to date has focused on the effects of a single surface defect,
realistic surface finish is characterised by a continuum of variation resulting in the
particular surface roughness characteristic. Future work should involve modelling a
surface region as a series of closely bunched surface defects of certain geometries
and the resulting field enhancement characteristics. Incorporating such surface
models in the overall simulation of the cavity would demand model size far in
excess of those implemented in this work. The proposed approach of judiciously
combining full 3D models with axisymmetric 2D models in a single simulation
would be useful in keeping the overall mesh size manageably small, even if

significantly more powerful computing resources are available.

The majority of breakdown studies concentrate on asperities protruding
outwards from the cavity surface. However, polished surfaces may still exhibit
surface damages of different nature even if the roughness parameters are low. As
shown below in Figure 8-2, the surface of several button test pieces contained a
series of holes after carrying out EP. It is vital to develop a theoretical
representations and simulation procedure to quantify the enhancement factors

posed by such deformities.

Figure 8-2: Surface defects found in electro plated samples D1, D2 at location [2-2] (left) [3-1] (right)
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Due to lack of access and availability at the MTA, no button test pieces were
tested inside the 805 MHz cavity. However, this is a vital stage of the experimental
program if reliable suggestions are to be made for improving the production
process. By characterising the surface after high power testing, it is possible to see

which production technique is able to provide a more stable and resilient surface.
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Abstract

The ever-growing demand for higher RF gradients has
considerably increased the risk of breakdown in
accelerating  structures. Field emission is the most
common form of RF breakdown that generates free
clectrons capable of inflicting irreversible damages on the
RF surface. This paper presents a systematic experimental
and simulation programme to understand possible sources
and their influence on RF cavily operation.

INTRODUCTION

Breakdown which occurs both in RF and DC systems,
has been the centre of attention for many year without any
general agreement on what triggers this phenomenon [1].
Field emission is the most common problem encountered
in superconducting and nommal cavities. Grain edges,
surface distortions and debris from past breakdown events
have been identified as possible emission sites [2, 3]. The
presence of defects enhances the local electric field that
accelerates emitted electrons, These secondary electrons
can cause discontinuities in RF, generale noise, gas burst
and damage metallic and insulator surfaces [4]. The heat
and stresses exerted by these electrons bombarding the
RF surface can lead to surface deformations, creating
additional emitting sites [3]. Although breakdown initiates
locally, its effects are global.

Currently, the majority of the models focus on surface
defects as the only source of emission. In order to develop
a better understanding of breakdown, it is vital to study
what factors contribute to the formation of such sites,
henee lowering the performance of the structure.

PROPOSED RESEARCH PROGRAM

This study is in close partnership with the MUCOOL
collaboration at Fermilab. Their ultimate goal is to
develop muon-cooling systems for Muon Colliders and
Meutrino Factory [5]. A series of high power RF tests are
performed on button shaped samples using an 805 MHz
closed cell pillbox cavity. Further details regarding the
MUCOOL Testing Area (MTA) are given in [5-7].

Experimental Study

As demonstrated in figure 3 of [5], tests at the MTA
show a striking drop in the supported RF gradient in the
805 MHz cavity when the solenoidal field is applied. This
is of high concern for the Neutrino Factory. The quality
and condition of the RF surface plays an important role in
determining the performance of the accelerating stnucture.
The MTA has been focusing extensively on testing
different materials and surface coatings to evaluate their
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performance when operated within the solenoid field.
However, surfaces can be damaged during production and
assembly [3]. In order to understand cavity performance
and thereby develop better means of production, one
needs to look into how fabrication procedure defined the
RF surface. This work is a systematic study proposed by
the UKRF consortium (Imperial College London,
Lancaster University, Cockaroft Ingtitute) aiming to test
copper samples fabricated using various technigues.
Experimental Setup

The design of the new button consists of a support
mandrel and removable cap, allowing the use of a number
of forming techniques. The cap sitting on top of the
mandrel is the subject for high power testing. Currently,
the cap is pressed from a flat oxyeen free high thenmal
conductivity copper (OFHC) sheet.

It is vital to characterise the surface after each step right
from material selection up to the end of production. The
surface topology and chemical composition of the surface
are studied by White light Interferometry and X-ray photo
spectrometry  (XPS).  Scratches  introduced during
fabrication are removed in steps starting by hand
polishing the surface with different grades of sand paper
to eliminate larger scratches. A chemical etch followed by
an  ultrasonic bath would remove grease and larger
particles. The surface becomes shiny through eledro
polishing (EP), using a andard 85% phosphoric acid and
15% butanol mix. Finally, the surface is cleared from any
residuals through a high-pressure de-ionised water rinse.

Figure 1: MTA buttons design (left) UKRF button design.

The removal of the damage layer would uncover the
virgin copper, ensuring the exposure of the desirable
surface to high electric field during testing. A final stage
of surface characterisation is conducted once the sample
has been tested. By studying the results from each stage
of characterisation, it is possible to build a clear picture
on how the surface has been changing throughout
production. By comparing figures from various
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production metheds, it would be possible to see which
technique causes less damage, hence increasing the
performance of the cavity.

Preliminary Results

In order to assess how the surface topology is being
altered, a series of measurements have been conducted on
buttons and flat copper samples taken from the same
batch used to form the buttons. These are shown below mn
table 1 where A, B, C and D refer to modal average of
received, mechanical polished, chemical etched and
electro polished sample respectively.

Table 1: Surface roughness using Interferometer, modal
average taken over 5 samples cach case

Flat Sample Button
Ra(nm) Rq(nm) Ra(mm) Rq(nm)
A 106 143 356 459
B 140 194 180 240
C 252 362 220 292
D 93 121 o8 120

Ra and Rq are the average surface roughness and the
RMS roughness. The further Ra is from Rq, the more
pronounced the defects. The pressed cap has a much
rougher surface when received compared to flat samples,
even when no machining has been performed. This
demonstrates the fact that working the metallic surface to
create the desired shape alters the surface topology.
Figure 2 shows interferometer images of the altering
metallic surface in the first and last stages of the surface
preparation procedure.

Figure 2: Interferometer images of OFHC copper [8].

The surface is levelled by the phosphoric acid present
in the EP mix, while butanol is responsible for providing
a greater control over the solution’s conductivity. It is
known that electro polishing with an 85% phosphoric acid
gives rise to oxygen formation. This leads to creation of
sever efched pits on the surface [9]. Oxygen formation
can be mimmised by careful control over the EP
current/voltage, maintaining the anode near the critical
cusp point as illustrated in figure 3 [10]. It is essential to
maintain this profile as steady as possible to minimise
alterations in the final polish.
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Figure 3: Characteristic plot for electro polishing.

The XPS investigations of figure 4 show [ascinating
changes in the chemical composition of Cu surface layers.
We see a 96% reduction in carbon and oxygen
contaminations after mechanical polishing followed by an
additional drop of 350% through chemical etching.
However, this process was reversed after EP with a 25
and 100 fold increases in carbon and oxygen respectively,
due to the chemistry used. More interestingly is the
addition of P impurities from EP, bonding in the surface
layer to the Cu via 38 and 2P3/2.

AN EY

i

Lo ] o #0

@6 a0 C
Binding Energy, eV Binding Energy, eV

Figure 4: Binding energies of electrons released through
XPS of OFHC copper sample [8].

Surfaces, depending on band structure, density of states
(DoS) and environmental conditions, are capable of
emitting electrons. Secondary Electron yield (SEY)
describes the number of electrons emitted from a surface
due to the impact of an incident electron. To gain an
insight into this behaviour we used the numerical package
DMol to calculate variational self consistent solutions to
the density functional theory (DFT) equations [11],
expressed in a numerical atomic orbital basis, so that we
could represent the bonding seen experimental of the P.
The solutions to these equations gave the wave functions
and electron densities that we used to study the effects of
P bonding on the band structure and Dos. The results are
shown 1in figure 5, where we represented the system as an
infinite slab of Cu with P introduced into the surface
layer. These simulations indicate that the P impurities
increase the Dos and band structure, causing overlapping.
This indicates a higher ability to stream electrons from the
material surface, leading to unpredictable behaviour.
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[ 5 T e
Figure 5: DFT simulations of copper with and without P
impurity. Dos (left). band structure (right), dotted lines
show the Fermi energy. units are in Hartees [8].

Stmulation Study

In additional to the above work, it is important to
simulate how free electrons can initiate breakdown
depending on the way surface defects alter the electric (E)
and magnetic (B) field profile of a cavity.

We use Comsol Multiphysics to create a 3D profile of E
and B fields of a cavity. A major advantage of working in
3D is the possibility to place various asperities with
different shapes and orientations anywhere in the model.
Figure 6 demonstrates a cross sectional view of the E
filed profile in an 805 MHz cavity. As expected. local
field enhancements are observed around the defect.

The electrons behaviour is being studied using a
homegrown particle tracking code that uses Matlab to
extract the E and B fields from Comsol at any point in
space. Being able to communicate directly with Comsol
eliminates the need for pre-defined grid points. This
allows precise extraction of parameters in order to track
electrons from the emission site up to the point of impact.

928.087

6 454e.4

Figure 6: E field enhancement due to presence of defect
on a flat surface in an 805 MHz cavity.
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FUTURE PLAN

Although we are just beginning. we have some initial
results showing how the manufacturing procedure atfects
the RF surface. This highlights the importance of the
proposed study, which should provide vital information
regarding manufacturing and assembly. This can lead to
the development of more suitable and efficient techniques
at later stages. We intend to expand this effort by looking
at additional manufacturing techniques. Eventually., we
aim to determine whether these electrons leave the
systems or simply are trapped into the RI' surface.
causing secondary emissions, By examining various
parameters at the point of impact, it would be possible to
determine the level of heat and stresses generated.
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Abstract

The ever-growing detnand for higher RF gradients has
considerahly increased the risk of breakdown in
accelerating  structures. Field emission is the tmost
common form of RF breakdown that generates free
electrons capable ofinflicting irreversible damages on the
EF surface. This paper presents a simulation study to
understand the effects of defects on local fields and
behaviour of field emitted electrons in an BF cavity.

INTRODUCTION

Breakdown which occurs hoth in RF and DC systems
has been the centre of attention for many years without
any general agreement on what triggers this phenomenon
[1]. Field emission 15 the most common problem
encountered in siper and normal conducting cawities
Grain edges surface distortions and debris from past
breasdown events have been identified as possible
emission sites [2-3]. The presence of defects enhancesthe
locd dectric field that accelerates emntted electrons. The
heat and stresses exerted by these electrons bombarding
the RF surface can lead to surface deformations, creating
additional emitting sites and release electrons [3]. These
secondary electrons can casse discontinuities in RE
generate noise, gas burst and damage metalic and
insulator surfaces [4].

PROPOSED RESEARCH PROGRAM

Although breakdowa has been studied for many years,
the problem is complex and has many causes. A complete
study of such factors is needed to understand the surface
science and engineering issues that affect the performance
of RF structures Aspart of the UKRF collaboration R&D
program, the goal is to provide a systematic approach
based on experimental work and simulation studies.

Experimental Stuidy

This work is carried out in close partnership with the
US MuCool collaboration The ultimate gnal of MuCnol
is to develop muon-cooling systems for the Muon
Collider and the Neuiino Factory. Further details
regarding MuCool Test Area (MTA) are given in [5-7].

Az demonstrated in figure 3 of [6)], tests at the MTA
show a strilang drop in the RF gradient that can be
achieved in a 805 MHz cavity when a solenoidal field is
applied. This iz of great concern for the Neutrino Factory
and Muon Collider communities. The guality and
condition of the RF surface plays an important role in
determining the performance of the accelerating structure,
[n order to understand cavity performance and thereby

*a zarrehini06@ic.ac.uk 'Mechanical Engineeting
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develop better means of production, one needs to look
into how fabrication procedures affect the RF surface. &
series of high power RF tests have been performed by the
MuCool collaboration on button-shaped samples using an
305 MHz closed cell pillbox cawity This work was
presented at PACOO [3].

Strilation Study

Although RF breakdown may be initiated locally, its
effects are felt globally ih many forms such as high local
Ohmic heating and field/fracture evaporation. Surface
defects and impurities play a major role in dtering the E
and B fields, inducing local enhancements. Such points
can then act as field emission sites, leading to eventual RF
breakdown. In order to develop a better understanding of
RF breakdown, it is vital to investigate how free electrons
can initiate bredkcdown depending on the way surface
defects ater the local E and B field of an RF cawity.

This study aims to tnodel the field profile in an RF
cavity and use the relevant data to track emitted electrons
from the surface. Hence, the model will replicate the
behaviour of the electrons and alow the physics of RF
breakdown to be investigated.

Idodel Setup

To mantan compatbility with other collaborators, the
model chosen 15 MuCool 805 MHz pillbox normal-
conducting copper cavity shown below in figure 1.

Figure 1: MTA 805 MHz copper pillbox cavity

Comsol Multiphysics is used to generate a 3D E and B
field profile using two different models. The first 15 a
plain cavity. In the second model, a micron size defect iz
introduced. As predicted, the defect alters the field by
inducing aloca enhancement shown in figure 2.

07 Accelerator Technology
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BABet
Figure 2: E field enhancement due to a surface defect

Once the field is generated, a home grown particle
tracking code based on Matlab, models the behaviour of a
free electron released from an emission site, This code is
designed to extract field parameters at given points
directly from Comsol, enabling the new position and
velocity of the travelling electron to be caleulated in
Cartesian coordinates, using the Lorentz force.

Preliminary Results

In order to validate the code, we have used point A (0,
0. 0) as a benchmark. The physics suggest that the only E
field is in the z direction (Ez) should exist. However, our
initial results show that a level of error exists in the 3D
field profile that is generated. This is more evident in x
and y components. Thiz can be reduced by increasing the
number of elements, while reducing their average size. An

le of mesh refi t is shown below in figure 3,
where the iris of the cavity has a higher mesh density.

Figure 3: An example of an adaptive mesh refinement.

Although the noise level is reduced through mesh
refinement, it is not possible to eliminate them fully due
to softlware limitations. The solution lies within the
geometry being modelled. As the cavity iz axis-
symmetric, it 1s possible to use a 2D model to meet the
standard required for the elements quality. An early
examination reveals the dramatic drop in the noise seen in
the generated field profile. This demonstrates the ability
of Comsol to generate better quality 2D meshes compared
to conventional 3D models, while using less computing
power. Table 1 demonstrates this in detail.

07 Accelerator Technology
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Table 1: Reduction in maximum E, value (error) through
mesh improvement at point A (0. 0, 0) as a benchmark

No. of Elements No. of Mesh Points  Error {V/M)
20,830 51,430 2
3D 321,169 74,658 05
984,870 234,446 04
D 147,892 80,596 0

Onge the correct field map 15 obtained, it is necessary to
evaluate the tracker. The first step would be to compare
the fields generated by the tracker to the one obtained
with Comsol. As expected, Ez is at its maximum at the
centre of the cavity. If Ez is plotted along the central line
from one end of the cavity to the other, the maximum
field would also be at the cavity’s mid-point as
demonstrated in figure 4. It is possible to see how the
field obtained from Matlab correlates with the one
generated  through Comsol.  Furthermore, a Ibig
improvement ig observed when comparing the 2D axis-
symmefric with initial 3D models as noted in table 1.

[1] 0 15 ] )
Forw 14 .

Figure 4; E; vs. Z produced by Comsol (top), E; vs. Time
produced by Matlab particle tracker (bottom).

Although we only obtain 2D field parameter in
cylindrical coordinates (r, £), it is possible to convert this
into a 3D plot through several simple mathematical
functions. This would provide parameters in a 3D
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Cartesian coordinate system. Detailed mathematical
functions used can be found in [9]. The second stage of
validation consists of releasing an electron from point A,
while computing its new velocity and position through a
series of integrations using the field parameters.

At point A, only E, is present with zero B field. As
shown in figure 5, it is expected that electron travels in a
straight line, demonstrates the ability of the tracker code
to produce results in agreement with the theoretical
assumptions. In order to test the paicle tracker at
positions where all six component of the E and B field are
present, an electron is released from point B (0.02, 002,
0]). The plot shown below clearly displays the ability of
the tracker to predict the electron’s path of motion while
under influence of other field components.

o
Yiml om

Figure 5. Electron motion at Point A [SeV-v;] (top), Point
B with [5eV, vi-vy-v;] (bottom)

Approach Advantages

The main advantage of the tracker being developed in
this study is the great flexibility it provides to the user in
comparison to other counterparts out in the community.
The results are fed directly from Comsol into Matlab,
eliminating the need to follow a pre-defined grid. This in
turn would allow different models to be nsed separately as
an input source for the tracker. As a resull, 2D
symmetrical models can be wused, reducing the
computational demands and execution time dramatically.
By doing so, the user would have the ability to place
defects with various shapes at random location on the RF
surface. As result, simple and robust 2D field maps are
used, while electrons are tracked in 3D,
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FUTURE PLAN

Although we are at early stages, we have some initial
results demonstrating the ability of the home-grown
particle tracker. Curently the introduction of a defect is
only possible in a 3D model as it breaks the symmeltry of
the 2D model. To resolve this issue, two separate models
need to be developed. First being the original model used
above, this will provide the global field profile of the
cavity. The second model would treat the defect as an
isolated object, allowing it to be modelled in a 2D axis-
symmetric fashion, The electrons will initially be tracked
in the first model and the output can serve as initial
conditions for the second global model. This would
ensure maintaining axis-symmetry at all time and
producing 3D plots. Further FEA analysis would be
performed by extracting velocity at the point of impact.
This in twrn can be used to assess the possibility of
secondary electron emissions. Moreover, the addition of a
time varying E and B field can vield more realistic results.
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Appendix B — Source Codes

Initiation Command

clc
format long

evx=0;
evy=0;
evz=0;

vx=sqrt ((2*evx*1.60217e-19)/9.10938188e-31) ;
vy=sqrt ((2*evy*1.60217e-19)/9.10938188e-31) ;
vz=sqrt ((2*evz*1.60217e-19)/9.10938188e-31) ;
vx=0;

vy=0;

vz=0;

yv0O = [0 0.05 0 vx vy vz];

[t,y]l=A1l1(y0);
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3D — Tracking Algorithm

function [t,y]=B1l1l(y0)

tend=10;
tfield=0;

yfin=[];
tfin=[];
EByO=[1];

templ=1;
temp2=0;

for

\n',

1=1:10000
number=i
xx(1:3,1)=y0(1,1:3);

[E B] = field(xx);

tfield=tfield+10/ (1el3);
w=2*pi*850e6;

E=E*templ;
B=B*temp2;

[t,y]=0ded’ (@predpray, [-le-12+tfield, tfield],y0,[],E,B);

templ=cos (w*t (end)) ;
temp2=cos (w*t (end) +pi/2) ;

tfin=[tfin;t];
yfin=[yfin;y];
z=[tfin,yfin];
yO0(l:6)=y(end,1:6);
ebyzero=[E,B,y0];
EBy0=[EBy0;ebyzero];

fid=fopen('file.txt', 'wt');
fprintf (£fid, 't , X , y ,

, VX , vy , vz \n\n ');
fprintf (fid, '$3.10f $3.10f %$3.10f %$3.10f $3.10f $3.10f $3.10f
z"');
fclose (fid) ;
save('file.mat','z', "tfin', "yfin'");
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fid=fopen('fieldfile-11-05-14.txt"', 'wt'");

fprintf (£id, 'Ex By ,Ez , Bx
, By , Bz , X , y , Z
, VX , vy , vz \n\n ');

fprintf (fid, '$3.10f %3.10f %3.10f %3.10f %$3.10f $3.10f %3.10f
$3.10f %$3.10f %3.10f %3.10f %$3.10f \n',EBy0');

fclose (fid) ;

save ('fieldfile-11-05-14.mat', "EBy0") ;

end
end
function yp=predpray(t,y,E,B)

g=-1.6e-19; % Electron Charge
m=9.1le-31; % Electron Mass

v2=y (4)"2+y (5) "2+y (6)"2;
=(3e8) "2

beta2=v2/c2;

gamma=1/sqrt (1-beta2) ;

am=q/m;

yp=zeros (6,1);

yp (1) =y (4);

yp(2)=y(5);

yp(3)=y(6);

yp (4) =gqm*sqgrt (1-(y (4) "2+y (5) "2+y (6) *2) /c2)* (E(L1)+B(3) *y (5) -
B(2)*y(6)) - (gm*sqgrt (1-(y(4) "2+y(5) "2+y(6)"2)/c2)/c2)*
y(4)*E(1)+y(5)*E(2)+y (6) *E(3)) *y (4) ;

yp (5) =gm*sqrt (1- (y (4) "2+y (5) "2+y (6) "2) /c2) * (E(2) -
B(3)*y(4)+B (1) *y(6)) - (am*sgrt (1-(y(4) *2+y (5 )A2+y(6)“2)/c2)/02)*
y(4)*E(1)+y (5)*E(2)+y (6) *E(3)) * (5),

yp (6) =gm*sqgrt (1- (y(4)A2+y(5)A2+y(6) 2)/c2)*(E(3)+B(2) *y (4) -
B(1)*y(5)) - (gm*sqgrt (1-(y(4) "2+y(5) "2+y(6)"2)/c2)/c2)*
y(4)*E(1)+y(5)*E(2)+y (6) *E(3)) *y(6);

end
function [E Bl=field (xx)

Arash3D=mphload('805-D1-a5-b5-c6.mph'") ;
Arash3D.hist.disable

[Ex,Ey,Ez]=mphinterp (Arash3D, {'Ex', 'Ey', 'Ez'}, 'coord', xx) ;
[Bx,By,Bz]=mphinterp (Arash3D, { 'emw.Bx*exp (1*pi*90/180) "', "emw.By*ex
p(i*pi*90/180)"', 'emw.Bz*exp (1*p1i*90/180) '}, 'coord"', xx) ;

a=21e3;

ex=Ex*a;
ey=Ey*a;
ez=Ez*a;
bx=Bx*a;
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by=By*a;

bz=Bz*a;

B = [real (bx)
E = [real (ex)
end

real (by)
real (ey)

real (bz)1;

real (ez) ];
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2D Tracking Algorithm

function [t,y]=Al1l(y0)

tend=10;
tfield=0;

yfin=[1];
tfin=[];
EByO=[];

templ=1;
temp2=0;

for 1=1:10000
number=i
xx(1:3,1)=y0(1,1:3);

[E B] = field(xx);
tfield=tfield+10/(1el3);
w=2*pi*850e6;

E=E*templ;
B=B*temp2;

[t,y]=0ded5 (@predpray, [-le-12+tfield, tfield],y0,[]1,E,B);

templ=cos (w*t (end)) ;
temp2=cos (w*t (end) +pi/2) ;

tfin=[tfin;t];
yfin=[yfin;yl;
z=[tfin,yfin];
y0(l:6)=y(end,1:6);
ebyzero=[E,B,y0];
EBy0=[EBy0;ebyzero];

fid=fopen('2D-plain.txt','wt');
fprintf (fid, 't , X , v
’ VX p vy ’ vz \n\n ');
fprintf(fid, '$3.10f %3.10f %3.10f $3.10f %3.10f %3.10f %3.10f
\n',z");
fclose (fid);
save ('2D-plain.mat', 'z', 'tfin’', 'yfin');

14

fid=fopen('field2D-plain.txt', 'wt');

fprintf (fid, 'Ex , By ,Ez , Bx
, By P Bz , X , y , Z
, VX , vy , vz \n\n ');

fprintf (fid, '$3.10f %3.10f %3.10f $3.10f %3.10f %3.10f $3.10f
$3.10f %3.10f %3.10f %$3.10f %3.10f \n',EBy0');
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fclose (fid);

save ('field2D-plain.mat', 'EBy0');
end
end

function yp=predpray(t,y,E,B)

g=-1.6e-19; % Electron Charge
m=9.le-31; % Electron Mass

v2=y (4)"2+y(5) "2+y (6) "2;
c2=(3e8)"2;

beta2=v2/c2;
gamma=1/sqrt (1-beta2) ;

qm=q/m;
yp=zeros (6,1);
YP( )=y (4);

p(2)=y(5);

p(3)=y(6);
yp (4) =gm*sqrt (1- (y (4) *2+y (5) "2+y (6) "2) /c2 E(1)+B(3)*y(5) -
B(2)*y(6)) - (gm*sqgrt (1-(y(4) "2+y(5) *2+y (6 /c2 /c2) *(
y(4) *E(1)+y (5) *E(2) +y (6) *E (3))*y(4);
yp (5) =am*sqrt (1-(y (4) "2+y (5) "2+y (6) *2) /c2) * (E(2) -
B(3) *y (4)+B (1) *y (6)) - (gm*sqgrt (1-(y (4 )A2+y(5)A2+y<6)A2)/c2)/c2)*
y(4)*E(1)+y (5) *E(2) +y (6) *E (3) ) *y (5) ;
yp (6) =gm*sgrt (1-(y (4) "2+y (5 )A2+y<6) /c2 E(3)+B(2) *y (4) -
B(1)*y(5)) - (gm*sqrt (1-(y (4 >“2+y(5)A2 /c2 /c2) *(
y(4)*E(1)+y (5) *E(2) +y (6) *E(3)) *y (6) ;

end

function [E Bl=field (xx)

Arash2D=mphload('2D-plainl.mph');
disp ('Reading 2D model!")
r=sqrt (xx (1) "2+xx(2)"2);

ps=[r;xx(3)1;

phi=atan2 (xx(2) ,xx(1)); % angle between r and x. using
arctan2 (y/x)

if (r == 0)
c=5300;

Ez=mphinterp (Arash2D, {'Ez"'}, 'coord',ps);
ez=Ez*c;

Ex=0;

Ey=0;

Bx=0;

By=0;

Bz=0;
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else
[Er,Ez]=mphinterp (Arash2D,{'Ex', 'Ez"'}, 'coord',ps);

Bphi=mphinterp (Arash2D, { 'emw.Bphi*exp (1*pi*90/180) "}, 'coord',ps);
Br=mphinterp (Arash2D, { 'emw.Br*exp (1*pi*90/180) "}, 'coord',ps) ;

c=5300;

ex=Er*cos (phi) *c;
ey=Er*sin (phi) *c;
ez=Ez*c;

bx1=-Bphi*sin (phi) *c;
byl=Bphi*cos (phi) *c;
bx2=Br*cos (phi) *c;
by2=Br*sin (phi) *c;

bz=0;

bx=bx1l+bx2;

by=byl+by2;
end
B = [real (bx) real(by) real(bz)];
E = [real(ex) real(ey) real(ez)];
end
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2D - 3D Tracking Algorithm

function [t,y]l=C8(y0)

tend=10;
tfield=0;

yfin=[];
tfin=[1;
EByO=[1;

templ=1;
temp2=0;

for

\n',

rBY

1i=1:10000
number=i
xx(1:3,1)=y0(1,1:3);

[E B] = field(xx);

tfield=tfield+10/(1lel3);
w=2*pi*850e6;

E=E*templ;
B=B*temp2;

[t,y]=0ded5 (@predpray, [-1le-12+tfield, tfield],y0,[],E,B);

templ=cos (w*t (end)) ;
temp2=cos (w*t (end) +pi/2) ;

tfin=[{tfin;t];
yfin=[yfin;y];
z=[tfin,yfin];
yO0(l:6)=y(end,1:6);
ebyzero=[E,B,y0];
EByO0=[EBy0;ebyzero];

fid=fopen('file.txt', 'wt');

fprintf (fid, 't ;X ’ Yy ’

, VX , vy , vz \n\n ');
fprintf (fid, '$3.10f %3.10f %3.10f %$3.10f %3.10f $3.10f %3.10f
z"');
fclose (fid) ;

save('file.mat','z',"tfin', 'yfin'");

fid=fopen('fieldfile-11-05-14.txt', 'wt');

fprintf (fid, 'Ex ,Ey ,Ez , Bx
, Bz , X , y , Z
VX ’ vy ’ vz \n\n ');
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fprintf (fid, '$3.10f %3.10f %3.10f %$3.10f %3.10f $3.10f %3.10f
$3.10f %$3.10f %3.10f %3.10f %$3.10f \n',EBy0');

fclose (fid) ;

save ('fieldfile-11-05-14.mat', "EBy0") ;

end
end
function yp=predpray(t,y,E,B)

g=-1.6e-19; % Electron Charge
m=9.1le-31; % Electron Mass

v2=y (4)"2+y (5) "2+y (6)"2;
=(3e8) "2

beta2=v2/c2;

gamma=1/sqgrt (1-beta2) ;

qm=q/m;

yp=zeros (6,1);

yp(1l)=y(4);

yp(2)=y (5);

yp(3)=y (6);

yp (4) =gm*sqgrt (1-(y (4) "2+y(5) *2+y (6) " /c2 E(1)+B(3) *y(5) -
B(2)*y(6)) - (gm*sgrt (1-(y (4 >A2+y(5)A2+y< /c2)/c2)*
y(4)*E(1)+y (5) *E(2)+y (6) *E(3) ) *y (4) ;

yp (5) =gm*sqrt (1-(y (4) "2+y (5 )A2+y<6 )/c2)*(E(2) -

B(3)*y(4)+B (1) *y (6)) - (gm*sqgrt (1-(y (4 )A2+y(5)A2+y(6)A2)/02)/c2)*
y(4)*E(1)+y (5) *E(2)+y (6) *E(3) ) *y (5) ;

yp (6) =gm*sqgrt (1- (y(4)A2+y(5)A2+y(6 /c2 E(3)+B(2) *y(4) -
B(1)*y(5)) - (gm*sqgrt (1-(y (4 >A2+y(5)A2+y /c2)/c2)*
y(4)*E(1)+y (5) *E(2)+y (6) *E(3) ) *y (6) ;

end
function [E Bl=field (xx)

if ( (xx(1)> 0.048 && xx(1)<0.052) && (xx(2)> 0.048 && xx(2)<
0.052) && xx(3)< 0.004)

Arash3D=mphload('805-D1-a5-b5-c6.mph'") ;
Arash3D.hist.disable

[Ex,Ey,Ez]=mphinterp (Arash3D, {'Ex', 'Ey', 'Ez'}, 'coord', xx) ;
[Bx,By,Bz]l=mphinterp (Arash3D, {'emw.Bx*exp (1*pi*90/180) "', 'emw.By*ex
p(i*pi*90/180)"', 'emw.Bz*exp (1*p1i*90/180) '}, 'coord"', xx) ;

a=21e3;

ex=Ex*a;
ey=Ey*a;
ez=Ez*a;
bx=Bx*a;
by=By*a;
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bz=Bz*a;
else

Arash2D=mphload('2D-plainl.mph');
disp('Reading 2D model!")

r=sqgrt (xx (1) "2+xx(2) "2) ;
ps=[r;xx(3)];

phi=atan2 (xx(2),xx(1l)); % angle between r and x. using
arctan2 (y/x)

c=5300;

Ez=mphinterp (Arash2D, {'Ez"'}, 'coord',ps);
ez=Ez*c;

Ex=0;

Ey=0;

Bx=0;

By=0;

Bz=0;

else
[Er,Ez]=mphinterp (Arash2D, {'Ex', 'Ez"'}, 'coord',ps);

Bphi=mphinterp (Arash2D, { 'emw.Bphi*exp (1*pi*90/180) "}, 'coord',ps);
Br=mphinterp (Arash2D, { 'emw.Br*exp (1*pi*90/180) "}, 'coord',ps) ;

c=5300;

ex=Er*cos (phi) *c;
ey=Er*sin (phi) *c;
ez=Ez*c;

bx1=-Bphi*sin (phi) *c;
byl=Bphi*cos (phi) *c;
bx2=Br*cos (phi) *c;
by2=Br*sin (phi) *c;

bz=0;

bx=bx1l+bx2;

by=byl+by2;
end
B = [real (bx) real(by) real(bz)];
E = [real(ex) real(ey) real(ez)];
end
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Appendix C — Engineering Drawing

The following pictures shows the engineering drawings drafted prior to design

and manufacture various parts needed for the Button assembly and transport Jig

used in this study.
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