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ABSTRACT

CERN LINAC4 BEAM DYNAMICS STUDIES AND
COMMISSIONING UP TO 12 MeV

Linac4 is a normal conducting, 160 MeV H™ ions accelerator that is being con-
structed within the scope of the LHC Injectors Upgrade project. Linac4 will be con-
nected to the Proton Synchrotron Booster during the next long LHC shutdown and it

will replace the current 50 MeV proton linac, Linac2.

Linac4 is being commissioned progressively with the installation of the accel-
erating structures into the Linac4 tunnel. Movable diagnostic benches, with various
instruments, are used at each step to allow the detailed characterization of operational
parameters that will play a key role in the overall future performance. The first three
stages of the commissioning, up to 12 MeV beam energy, were completed by the end
of 2014 with a temporary version of the ion source. Using the permanent diagnostic
instruments and a movable diagnostic bench, the Low Energy Beam Transport (LEBT)
at 45 keV, the Radio Frequency Quadrupole (RFQ) and Medium Energy Beam Trans-
port (MEBT) at 3 MeV, as well as the first tank of the Drift Tube Linac (DTL) at
12 MeV were fully characterized.



OZET

LINAC4 DEMET DINAMIGI CALISMALARI VE 12 MeV
ENERJILI KISMIN ISLEME SOKULMASI

Linac4, LHC enjektorlerini gelistirme projesi kapsaminda kurulan, H™ iyonlarim
160 MeV’ye kadar g¢ikaracak bir dogrusal hizlandiricidir. Linac4, LHC nin bir sonraki
uzun kapatma siiresi sirasinda Proton Synchrotron Booster’a baglanacak ve su anda

kullanilan 50 MeV’lik proton hizlandiricis1 Linac2'nin yerini alacaktir.

Linac4’in igleme sokulma stireci, hizlandirici yapilarinin tiinele yerlestirilmesi ile
paralel bir gekilde devam etmektedir. Her adimda, hizlandiricinin performansi igin
onemli olacak parametrelerin nitelendirilmesinde, iizerlerinde bir¢ok demet tani cihazi
bulunduran hareketli 6l¢iim tezgahlar1 kullanilmaktadir. 2012 yili sonuna kadar, iyon
kaynaginin gegici bir modeli kullanilarak, 12 MeV’lik kismin igleme sokulma siireci
tamamlanmigtir. Kalici demet tani cihazlari ve hareketli bir ol¢im tezgahi iizerinde
bulunan tami cihazlar1 kullanilarak, 45 keV’de Diiglik Enerjili Demet Aktarim Hatti,
3 MeV’de Radyo Frekansi Dort Kutuplusu ve Orta Enerjili Demet Aktarim Hatti
ve aynl zamanda 12 MeV’de Siiriiklenme Tiipli Dogrusal Hizlandirici yapisinin ilk

tankinin biitiin ozellikleri belirlenmistir.
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1. LINAC4 PROJECT AT CERN

CERN, the European Organization for Nuclear Research, is the largest particle
physics laboratory in the world. The particles are accelerated through a series of

accelerators and sent to various experimental areas for fundamental research.
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Figure 1.1. CERN'’s accelerator complex [1].

Figure 1.1 shows a schematic view of CERN'’s accelerator complex. The first stage
of acceleration both for protons and ions takes place in linear accelerators (Linac2 for
protons and Linac3 for ions). Afterwards, the particles are injected to circular machines

for further acceleration.

The current hadron linac, Linac2, was commissioned in 1978 [2] and since then
it has been the primary source of protons for CERN’s accelerator complex. With
the improvements on the machine, the beam current delivered to Proton Synchrotron

Booster (PSB) increased to 180 mA in late 90’s [3].



The reliability of the linac is crucial for CERN’s accelerator complex as a failure
in the operation of the linac would mean shutting down all the other machines. Even
if the reliability of Linac2 improved during 80’s and 90’s, over the years important
vacuum leaks appeared on the accelerating tanks [2, 4]. The possible vacuum leaks
that may lead to significant periods of beam downtime [5] have been causing concern

for future operation.

In the late 90’s, a new linac, Superconducting Proton Linac (SPL), was pro-
posed [6] and in 2000, the conceptual design report of a 2.2 GeV H™ linac was pub-
lished [7]. The proposed linac would produce a low-intensity and high-brightness beam
in the Proton Synchrotron (PS) for the Large Hadron Collider (LHC) and also accel-

erate high intensity beams for some other applications, like a neutrino factory [4].

As a future upgrade to LHC injector chain, Linac2 was proposed to be replaced
by the initial 160 MeV part of SPL [8]. The proposed linac, Linac4, would accelerate
H™ ions up to 160 MeV for injection into the PSB. With a higher output energy and

charge exchange injection, Linac4 would increase the luminosity in the LHC.

The construction of Linac4 was approved by the CERN Council in June 2007 and
the project started officially in January 2008 [9].

1.1. LINAC4: The Accelerator

Linac4 is an 86 m long normal conducting linac which will accelerate H™ ions
up to 160 MeV. The operational RF frequency of the linac is 352.2 MHz. Figure 1.2
shows the basic architecture of Linac4. It is composed of an H™ source, a Low Energy

45 keV 3 MeV 50 MeV 102 MeV 160 MeV

H™ Source

Figure 1.2. Basic architecture of Linac4.

Beam Transport (LEBT), a Radio Frequency Quadrupole (RFQ), a Medium Energy



Beam Transport (MEBT), a Drift Tube Linac (DTL), a Cell-Coupled Drift Tube Linac
(CCDTL) and a Pi-mode structure (PIMS).

Linac4 will accelerate 400 us long pulses at 40 mA average pulse current [10].
The pulse repetition rate is 1 Hz, therefore, the duty cycle is 0.04 per cent. The design

value for the transverse rms emittance after the PIMS is 0.32 mm.mrad.

The following sections summarize the properties of the Linac4 structures.

1.1.1. The 3 MeV Front End

The Linac4 3 MeV front end consists of an H™ ion source, a Low Energy Beam

Transport (LEBT), a Radio Frequency Quadrupole (RFQ) and a Medium Energy Beam
Transport (MEBT).

1.1.1.1. Ton Source. The design specifications of the H™ ion source for Linac4 are as

follows [11]:

Pulse duration: 500 us.

Pulse repetition rate: 2 Hz.

Beam intensity: 80 mA.
Energy: 45 keV.

Normalized rms emittance: 0.25 mm.mrad.

By the time of Linac4 technical design, the above specifications could not be met by any
of the existing sources [4]. Therefore, it was foreseen that the design and construction
of the ion source would require a long development time. The approach for Linac4 was
to copy an existing source with close specifications and improve it. The RF volume

source developed at DESY was chosen as a starting point [4].

Several H™ ion source prototypes were designed, produced and tested. The proto-

type (based on the concept developed at DESY) producing a current of around 20 mA



was operational in the Linac4 tunnel and used for the commissioning of the linac up to

12 MeV. Also, a cesiated surface ion source could deliver a current of 40-50 mA [11].

1.1.1.2. Low Energy Beam Transport. The LEBT houses two solenoid magnets which

are used for the beam matching from the ion source to the RFQ. There are several
diagnostic instruments installed in the LEBT for monitoring the beam parameters

during operation (see Section 6.1).

1.1.1.3. Radio Frequency Quadrupole. RFQ is the first accelerating structure of Linac4.

It bunches and accelerates the beam to 3 MeV in three meters. The design transmis-
sion efficiency of the Linac4 RFQ is 95 per cent for a beam with normalized transverse

rms emittance of 0.25 mm.mrad [12].

1.1.1.4. Medium Energy Beam Transport. MEBT line contains the beam chopping

system which is essential for preparing the bunch structure for the injection to the
PSB [4]. The chopping system consists of a double meander structure printed on an

alumina substrate for the deflecting plates [13]. Each chopper unit is integrated in a

Figure 1.3. Drawing of the MEBT and its support [4].



quadrupole magnet (see Figure 1.3). The bunches deflected by the chopper plates are
absorbed by the MEBT internal dump located one meter downstream of the second

chopper unit [4].

MEBT line has 11 quadrupole magnets and three RF cavities. The first seven
quadrupole magnets, which are located upstream of the dump, play an important role
on chopping. The last four quadrupoles and the RF cavities are used for matching the

beam to the drift tube linac in transverse and longitudinal planes, respectively.

1.1.2. Drift Tube Linac

The Linac4 drift tube linac (DTL), which consists of three tanks [14], will ac-
celerate the beam from 3 MeV to 50 MeV. Table 1.1 shows some parameters of the
DTL tanks. Due to the small size of the drift tubes, permanent magnet quadrupoles

(PMQs) were chosen for transverse focusing.

Table 1.1. DTL parameters [14].

Parameter Tank 1 | Tank 2 | Tank 3
Cavity length (m) 3.90 7.34 7.25
Cell per tank 39 42 30
Average accelerating field (MV/m) 3.1 3.3 3.3
Synchronous phase (deg) -35to-24 | -24 -24
Focusing scheme FFDD FFDD | FFDD
Quadrupole magnet length (mm) 45 80 80

1.1.3. Cell-Coupled Drift Tube Linac

Cell-coupled drift tube linac (CCDTL) will accelerate the beam from 50 MeV to
102 MeV. Figure 1.4 shows a schematic view of a CCDTL module which is composed
of three short DTL tanks. Each tank contains two empty drift tubes. The tanks are



connected by off axis coupling cells. The quadrupole magnets for transverse focusing
are placed between the tanks (PMQs) and between the modules (electromagnets).

Linac4 CCDTL consists of seven modules with a total length of 25 meters.

EE " e th&“

Figure 1.4. A CCDTL module with three DTL tanks [4].

When compared to the DTL, above 50 MeV, the main advantages of CCDTL
are lower price, less demanding quadrupole alignment tolerances, easy access to the

quadrupoles, simpler construction of the small tanks [4].
1.1.4. Pi-Mode Structure

Pi-mode structure (PIMS) is the last step of acceleration at Linac4. The PIMS
will bring the beam to 160 MeV with 12 accelerating cavities in 21.5 m. Each cavity
consists of seven cells [15]. The electromagnet quadrupoles will be used between the

cavities for transverse focusing. Figure 1.5 shows a schematic view of a PIMS cavity.
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Figure 1.5. Schematic view of a PIMS cavity with seven cells.



1.1.5. Status and Commissioning Plan

Linac4 is at its commissioning phase. The accelerator is being commissioned
progressively with the installation of the accelerating structures into the Linac4 tunnel.
The first three stages of commissioning, which focused mainly on the characterization
of the RFQ (3MeV), the validation of the chopping system and the characterization of
the first DTL tank (12MeV), have been successfully performed by the end of 2014 [16].

The next beam commissioning stage at 50 MeV will start in September 2015 after
the installation of the second and third DTL tanks. After commissioning the DTL with
a beam, the 100 and 160 MeV stages will follow for the commissioning of the CCDTL
and PIMS.

After reaching the final energy, there will be a year-long reliability run before
connecting Linac4 to the CERN’s accelerator complex [17]. Linac4 will be connected

to the PSB during the next long LHC shutdown and it will replace Linac2.



2. BASICS OF BEAM DYNAMICS

This chapter presents some basic concepts in beam dynamics which will be used
later in this thesis. The discussion in this chapter (also in the thesis) will be mostly

based on the description of a bunch as an ensemble of particles.
2.1. Energy Gain in an RF Cavity

This section presents the derivation of the expression for energy gain through a

pillbox cavity considering a particle traveling on axis.

For a cylindrically symmetric cavity, longitudinal component of the time depen-
dent electric field can be expressed as in Equation 2.1. The energy gain on axis (for
r = 0) can be calculated by integrating the expression for the infinitesimal energy gain

given in Equation 2.2.

E.(r,z,t) = E(r z)cos (wt+ @) (2.1)

dW = qFE.(0,z,t)dz (2.2)

The variables ¢ and z can be related to each other by v(z) = dz/dt where v(z) is
the speed of the particle. Therefore, time can be expressed as a function of z by

t(z) = [, dz/v(z) where we choose t =0 at z = 0.

Let us consider the pillbox cavity shown in Figure 2.1a where origin of the z
coordinate is at the center of the cavity. Figure 2.1b shows the field distribution at
r = 0 along the z axis. The total energy gain of the particle through the cavity can
be calculated by inserting Equation 2.1 into Equation 2.2 and integrating from -1./2 to
L/2 as shown in Equation 2.3 .



EQ0, 2)
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Figure 2.1. (a) An RF pillbox cavity. (b) Axial field of the RF cavity with an extend
of £L/2 in z direction.

L/2
AW =q E(0, 2)cos (wt + ¢) dz (2.3)
~L/2

Using the relevant trigonometric identity Equation 2.3 can be written as in Equation 2.4

L/2
AW =gq E(0, 2) [coswtcosp — sinwtsing| dz (2.4)

—L/2
As it can be seen in Figure 2.1b, E(0,z) is symmetric about the geometric center
of the cavity, therefore it is an even function (this is usually the case for most of the
accelerating structures). However, sinwt is an odd function. Therefore, in Equation 2.4,
the contribution of the second term in the square brackets is zero which simplifies the

energy gain equation as in Equation 2.5 .
L/2

AW = qcos¢ E(0, z)coswtdz (2.5)
~L/2

By defining Vj and T' as in Equations 2.7 [18] and 2.8, the relation for energy

gain can be written in a more practical form as in Equation 2.6.

AW = qVyTcos(9) (2.6)
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In Equation 2.6, ¢ is the phase of the RF relative to crest when the particle is at the

center of the cavity.

L/2

Vo = / E(0,2)d= (2.7)
~L/2

Vp is the axial RF voltage and T is the transit time factor. Vj is the voltage gain through

the cavity if the electric field was not changing in time. 7" introduces the effect of the

changing fields. VjT is called effective axial RF voltage (see also Section 7.3.2).

f %32 (0, z)coswtdz

L2 p
I /2 E(0, 2)dz

T

(2.8)

2.2. Lorentz Force

The force on a particle with charge ¢ and velocity v, due to electric and magnetic
fields, can be calculated from Lorentz force equation (Equation 2.9) where E and B

are electric and magnetic fields, respectively.
F=q(E+7xE) (2.9)

The relation between the force and the rate of change of momentum is given in Equa-
tion 2.10. The momentum is defined as p'= ~,muv, where 7, is the relativistic factor

and m is the rest mass.

(2.10)

By inserting Equation 2.10 into Equation 2.9, the basic equation which describes the

dynamics of particles in electric and magnetic fields can be written as in Equation 2.11.

—q<E+27>< E) (2.11)
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2.3. Coordinate System and Phase Space Plots

When a bunch of particles is described, the coordinates of each particle are given
relative to the reference particle. Figure 2.2 shows a co-moving right-handed coordinate
system whose origin moves with the reference particle with momentum py which defines
the direction of the z axis. Throughout this thesis, subindex “0” will indicate that the

property belongs to the reference particle.

YA

Do

Figure 2.2. The co-moving coordinate system.

Any particle in the bunch can be defined in a six dimensional phase space as in

Equation 2.12.

P
I

(2.12)

z

Ap
L Po

The coordinates x, y, z represent the position of the particle relative to the reference



12

particle. x’, ' and Ap/py are defined as in Equations 2.13, 2.14 and 2.15.

dx
= = 2.1
x - (2.13)
dy
= 2 2.14
y 7 (2.14)
Ap _ pom (2.15)
Po Do

For the last two parameters, it is also common to use A¢ and AW which are phase
and energy difference between a particle and the reference particle. Equations 2.16 and

2.17 [19] shows the relationship between two sets of coordinates.

B
360

z =

Ag (2.16)

In the equations, ., is relativistic parameter and A is the free space wavelength of the

RF.

Ap ( Vr ) AW
— = —_— 2.17
Do v+1) Wy (2.17)

2.3.1. Phase Space Plots and Emittance

During the beam dynamics studies, it is more practical to work with two dimen-
sional phase space projections of the beam which are z-z’ (horizontal), y-y’ (vertical),
and Ap-AW (longitudinal). For instance, Figure 2.3 shows the particle distribution in
horizontal phase space. The graph is called phase space plot of the beam. In a phase

space plot, each dot represents a particle.

In each phase space, one can define a parameter called emittance, €, which shows
the quality of the beam. For an ensemble of particles it is most common to define
rms emittance which is based on second moments of the distributions. The concept

of rms emittance in a phase space for an ensemble of particles was first introduced by
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Figure 2.3. Horizontal phase space and rms envelope ellipse.

Lapostolle [20] and Sacherer [21] in 1970.

In z-2' phase space, the rms emittance for a particle bunch is defined as in
Equation 2.18 where each parameter under the square root is calculated using Equa-

tions 2.19, 2.20 and 2.21.

€rms = V< 2 >< 1?2 > — < xa! >2 (2.18)

The terms in Equations 2.20 and 2.21 are related to the root mean square (rms) of one

dimensional distribution of x and 2/, where z,,,s = V< 22 > and 2/ . = V< 22 >.

rms

N
1
<> = ¥ Z(I’_ <x>)? (2.19)
=1
1 N
<2?> = ~ D (- <al >)? (2.20)

1

<
Il

<za' > = (2i— <a>)(z,— <2’ >) (2.21)

2|~

=1

The rms emittance can be considered as a statistical mean area that is a measure

of the spread of the particles around their barycenter [22].
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The emittance itself does not give all the information about the distribution in
a phase space. It is also useful to know the shape and orientation of the particle
distribution in a phase space. This information can also be obtained from the second

order moments of the distributions.

The equation of the rms envelope ellipse shown in Figure 2.3 can be defined as
in Equation 2.22 where the area of the ellipse is given by A = me. The major axis of
the ellipse defines a direction where the rms of the distribution is maximized. Likewise

along the minor axis of the ellipse the rms of the distribution is minimum.

ya? 4 20z’ + B’ = ¢ (2.22)

The parameters of the ellipse a, 5 and 7 are called as beam Twiss parameters and

they are not independent. § and ~ are related to z,,s and z/, . as in Equations 2.23

S

and 2.24. Parameter a can be calculated using Equation 2.25.

Lrms — \/E

rms

Do
B
3

&\
|
3\
)
—~ —~ — —~
Do
[\
=~
S~— ~— N— S~—

One can define a two by two matrix which describes the rms envelop ellipse of the beam

in a phase space as in Equation 2.27. The matrix o is called sigma or beam matrix.

o=¢ (2.27)

Figure 2.4 shows the relationship between the rms envelope ellipse and beam

Twiss parameters.
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Ve

Figure 2.4. The relationship between the ellipse and beam Twiss parameters.

2.3.1.1. Normalized Emittance. Liouville’s theorem states that, under the influence of

conservative forces, the particle density in phase space is invariant [23]. It follows that
€-ms Of the distribution in a phase space is constant. However the transverse phase
spaces introduced in Section 2.3.1 are not ordinary phase spaces with position and
momentum conjugate to it. The transverse emittance of the beam in a phase space
described by position and divergence (z-z') is called unnormalized emittance and it is

conserved only if the energy is constant.

The divergence angle z’ is related to the conjugate momentum p, as in Equa-

tion 2.28. As it seems in the equation y5x’ is directly proportional to p,.

Pz = YrmBrca’ (2.28)

One can introduce a normalized emittance which is proportional to the area in z-
p. canonical phase space as in Equation 2.29, where ¢, and €,, are normalized and

unnormalized emittance, respectively.

€n = Wrﬁreun (229)
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2.4. Matrix Formalism in Linear Beam Dynamics

In most cases (especially for low intensity beams) the motion of the particles in
three planes can be decoupled and treated separately. In this chapter, the equation of
motion for a quadrupole magnet will be solved for transverse planes and the transfer

matrix formalism will be introduced.

Starting with Equation 2.11 one can find consider only magnetic field and find
the equation of motion in transverse planes for quadrupole, dipole and drift space. The
derivation of equation of motion can be found in [23, 24]. An alternative derivation of
the equation of motion (for positively charged particles) through a quadrupole magnet

is presented in Appendix A.

Equations 2.30 and 2.31 shows the equation of motion through a quadrupole
magnet in horizontal and vertical plane, where k is the quadrupole strength (see Ap-

pendix A).

" +k*r = 0 (2.30)

v —ky = 0 (2.31)

The solution of the equation of motion for horizontal plane is given in Equations 2.32

and 2.33.

x(z) = Acos(kz)+ Bsin(kz) (2.32)

2'(2) = —kAsin(kz)+ kBcos(kz) (2.33)

The constants A and B can be determined by introducing the initial conditions and
solving Equations 2.32 and 2.33 together. Let us denote the initial coordinates at
z = 0 by zy and zj. After introducing the initial conditions one obtains A = z( and
B = z{/k. After inserting the values of constants, let us consider a quadrupole magnet

with a length [/, and write Equations 2.32 and 2.33 as in Equations 2.34 and 2.35 where
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the final coordinates after the quadrupole are denoted by x s and x’f

/

Ty = xocos(qu)—l—%sin(qu) (2.34)
xy = —kxosin(kly) + zocos(kl,) (2.35)

Equations 2.34 and 2.35 can be written in a matrix form as in Equation 2.36.

x cos(kl +sin(kl x
Fl ( q) k ( q) 0 (2.36)
'y —ksin(kl,) cos(kl,) | |z

Equation 2.31 can also be solved in the same way and Equation 2.37 can be

obtained for the vertical plane.

cosh(kl Lsinh(kl
Yy _ ( q) T ( q) Yo (2'37)
Yy ksinh(kl,) cosh(kly) | |y

The two by two matrices in Equations 2.36 and 2.37 are called transfer matrices and
will be represented by R in this thesis. The one in Equation 2.36 is for a focusing
magnet and the one in Equation 2.37 is for a defocusing magnet. The field pattern of
the magnet shown in Figure A.1 resulted in focusing in horizontal and defocusing in
vertical plane. However if it is rotated 90° around the z axis it would be defocusing
in horizontal plane and focusing in vertical plane. Therefore, the transfer matrices are

common for both transverse planes.

Such transfer matrices can be derived for each accelerator element and used for
particle tracking. Let & be the column vector which defines the coordinates of the

particle in a phase space. Transfer matrix of an element relates the coordinates at the
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beginning (Zp) and at the exit (£) of the element as shown in Equation 2.38.

to = RZo (2.38)

If there are N consecutive elements in a beam line, the coordinates before and after the
beam line can be related by Equation 2.39 where R; and Ry are the transfer matrices

of the first and the last elements, respectively.

Zfl - RNRNflRN,Q e 'R2R1£0 (239)

One can also calculate the evolution of the beam matrix which describes the rms

properties of the distribution as in Equation 2.40 [23].

o1 = RogR” (2.40)

Computer codes for particle tracking like (Trace 3-D [19]) use matrix formalism
for computation of the evolution of beam properties through a beam line. Complete

set of 6-D transfer matrices can be found in [19].

2.5. Particle Tracking Codes

The matrix formalism introduce in the previous section applies to linear beam
optics. When the nonlinear forces (like space-charge) are introduced, the dynamics
calculations are not straightforward. In that case, computer simulation codes can be
used for modeling the dynamics of the particle beam through the accelerator. Especially
for the low energy part of the high-intensity linacs where the space charge forces are

dominant, an accurate tracking code is vital for the design.

There are several codes available for particle tracking through hadron linacs which

take into account the space charge forces. For instance Trace 3-D [19] calculates the
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evolution of rms envelope ellipse by assuming a uniform charge distribution in space

for linearizing the space-charge forces.

Nowadays, it is more common to use multi-particle tracking codes where one
does not need to make an assumption about the particle distribution. For instance,
Parmteqm [25] can be used for tracking multi-particle beams through an RFQ. Like-
wise, PATH and TraceWin [26] can be used for the rest of the linac.

PATH is a package of codes which includes Travel [27] for tracking a multi-particle
beam and Delta [28] for studying the errors. PATH was used for most of the beam

dynamics simulations presented in this thesis.
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3. TRANSVERSE AND LONGITUDINAL ACCEPTANCE
STUDIES

Acceptance is an important figure of merit for accelerators. It is defined as the
area in phase space within which charged particles can be transported without loss.
Acceptance is usually referred to the injection point of the linac and compared to the
emittance of the injected beam [29]. As Linac4 is at its commissioning period, it is
important to evaluate the acceptance of each individual section in order to identify
bottlenecks and the sections that need to be adjusted more carefully during the in-
stallation process. Using multi-particle tracking codes, simulations were performed in
order to determine the acceptance of each section of Linac4. The following sections
present the method adopted for the simulations and the results of the transverse and

longitudinal acceptance studies for Linac4.

3.1. Method for Acceptance Studies

The acceptance plot in a phase space can be defined as the representation of the
coordinates of all the particles that can be received by a section of an accelerator and
transported until the end without loss [30]. In order to obtain the acceptance plot with
a multi-particle tracking code, one can use an input beam which occupies a big area in
a phase space and simulate it through the accelerator part under study. Depending on
the size of the input beam, some particles will be lost along the beam line. The initial
coordinates of the surviving particles will give the acceptance plot. In order not to
underestimate the acceptance, the input beams for the simulations must be chosen big
enough to include all the particles that can survive until the end. Figure 3.1a compares
the input beam for simulations and the acceptance plot for PIMS in horizontal phase
space. The shape and orientation of the acceptance plot in a phase space depend on
the structure. Figure 3.1b shows the acceptance plot of PIMS in the horizontal plane.
As it can be seen from the figure, the shape of the acceptance plot is not necessarily an

ellipse. However, the beam mostly forms an ellipse in a phase space. Therefore, for the
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Figure 3.1. (a) Comparison of the input beam phase space and the acceptance plot.

(b) Acceptance plot and the biggest emittance ellipse that fits inside it.

quantitative comparison of the beam emittance with acceptance, it is more practical to
check the area of the biggest ellipse that fits inside the acceptance plot (dotted black
line in Figure 3.1b). Therefore, for convenience, acceptance will be determined by the
area of the biggest ellipse inside an acceptance plot. Acceptance should be specified

independently for the longitudinal and the two transverse phase spaces.

Transverse acceptance is an important figure of merit for the focusing lattice in
accelerators. Comparison of the transverse acceptance with the transverse emittance of
the injected beam gives an indication of the safety margin available to compensate for
transverse emittance growth, misalignment and beam steering [29]. Because linacs are
basically composed of a series of accelerating structures and relatively short matching
sections between them, the longitudinal acceptance is an important figure of merit
for linacs. Comparison of the longitudinal acceptance of an element and longitudinal
emittance of the injected beam gives an indication of the safety margin available to
compensate for longitudinal emittance growth, field errors and phase jitter along the

upstream elements.

Simulations for the Linac4 acceptance studies were performed with multi-particle

tracking codes PATH and Parmteqm (see Section 2.5). Parmteqm was used only for the
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RFQ simulations. The rest of the linac was studied using PATH which has a feature to
plot the initial coordinates of the particles which survive until a specified point along

the beam line.

The method for the transverse and longitudinal acceptance studies (except for
the RFQ) are explained in the following sections. The method for the RFQ acceptance

studies will be explained in 3.2.2.

3.1.1. Method for the Transverse Acceptance Studies

The transverse acceptance can be determined by checking the area of the biggest
ellipse that fits inside the acceptance plot in a transverse phase space. Depending on
the structure, acceptance in two transverse planes can be the same or different, so
acceptance must be specified independently for two transverse phase spaces. When
space charge effects are included in the calculation, the acceptance depends on the
input beam distribution and the beam current. In this case, one would obtain different
acceptance plots with different input particle distributions and beam currents. To
avoid this dependence, one can run the simulations with zero beam current and obtain
the zero current acceptance plots. The zero current acceptance is a property of the
structure only and does not depend on the input beam that is used for the simulations.

Throughout this thesis acceptance will refer to the zero current acceptance.
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Figure 3.2. Phase space plots of a Gaussian input beam for transverse acceptance
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studies.
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For the transverse acceptance studies, two different types of input beam have
been used. These input beams have been created using PATH. Figure 3.2 shows an
example of the first type which has a Gaussian distribution in two transverse phase
spaces and no longitudinal phase or energy spread (AEF = 0,A¢ = 0). Throughout
this thesis, this type of input beam will be addressed as Gaussian input beam. Using
a Gaussian input beam, one can obtain the acceptance plots for both transverse phase
spaces with only one simulation. Because Igeq, is zero for the simulations, the particle
distribution is irrelevant for the result. However, since the particles are populated at
the center of the beam in the transverse planes, acceptance plots will contain large

number of particles easing the plotting and data extraction.

Figure 3.3 shows an example of the second type of input beam which has a uniform
particle distribution in only one of the two transverse phase spaces. Throughout this
thesis, this type of input beam will be addressed as uniform input beam. The beam
shown in Figure 3.3 can be used only for the horizontal plane acceptance studies. In the
horizontal phase space, the beam has a certain emittance. However, in the vertical and
longitudinal phase spaces, all the coordinates of all the particles are zero, which makes
the emittance zero in these phase spaces. Having a zero emittance in the other planes
ensures that the particle losses would be only due to the motion of the particles in the

horizontal plane. For the vertical plane acceptance studies, the uniform input beam
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Figure 3.3. Phase space plots of a uniform input beam.

should have a certain emittance in the vertical phase space with a uniform particle

distribution and zero emittance in the horizontal and in the longitudinal phase spaces.
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The simulation results show that, even if the beam current is zero, the choice
of the input beam has an effect on the acceptance plot. The acceptance plots from
a Gaussian input beam and a uniform input beam may have slight differences. The
effect of the input particle distribution on the acceptance plot and the choice of the

input beam types for the acceptance studies are discussed in [30].

3.1.1.1. The Effect of Errors on Transverse Acceptance. Machining errors during the

production or alignment errors during the installation process may have some effects
on the characteristics of the accelerator. Because of these errors, the structure along
Linac4 may have small differences compared to the original design. Alignment and
field error tolerance for the Linac4 accelerating structures is defined in [31]. Not all the
structures along Linac4 have the same sensitivity to alignment errors. Therefore, the
effect of alignment errors on the transverse acceptance has been studied for each indi-
vidual structure of Linac4 in order to determine the sections that need to be adjusted

more carefully during the installation process.

The choice of the input beam for the simulations is important for the method
adopted to determine the effect of alignment errors on the transverse acceptance. The
horizontal and the vertical planes have been studied independently using different uni-
form input beams. Using a uniform input beam ensures that the particle losses are
only due to motion of the particles in the plane under study. Figure 3.4 compares the
horizontal phase space of two different input beams and the acceptance plots obtained
using each beam. The result presented in Figure 3.4a has been obtained using an in-
put beam with a large emittance in both transverse phase spaces while the result in
Figure 3.4b has been obtained using an input beam with a large emittance only in the
horizontal phase space (see Figure 3.3). Both of the input beams have zero emittance in
the longitudinal phase space. In both cases, the shape, orientation and the area of the
acceptance plots are the same. However, as it can be seen from Figure 3.4a , when the
input beam has large emittance in both transverse phase spaces, some particles (blue
spots inside the red area) are lost even if they are inside the horizontal acceptance

plot. These particles have not been accepted by the structure in the vertical plane.
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Figure 3.4. The comarison of the input beam and acceptance plot in the horizontal
phase space (a) when the input beam has big emittance in both transverse planes and

(b) when the input beam has big emittance only in the horizontal plane.

However, when the input beam has zero emittance in the vertical phase space, all the
particles inside the horizontal acceptance plot are transmitted through the structure
(see Figure 3.4b). The use of the input beam presented in the Figure 3.3, allows one
to calculate the area occupied by the acceptance plot in a phase space using only the
emittance of the input beam and the transmission efficiency with Equation 3.1 , where
A is the area occupied by the acceptance plot, e, is the total emittance of the input

beam and 7" is the transmission efficiency (normalized to one) from the simulation.

A = €TotalT (31)

In order to study the effect of misalignment, 2000 simulations with different misalign-
ment were run for each transverse plane of each structure of Linac4. For each simu-
lation, the change in acceptance was estimated by checking the change in the area of
the acceptance plot, calculated with Equation 3.1. The results from all the simula-
tions were analyzed and the cumulative probability for the change of acceptance was
obtained . The plot of cumulative probability vs. change in acceptance for a structure

gives an indication of how sensitive it is to errors (see Section 3.2).
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3.1.2. Method for the Longitudinal Acceptance Studies

The longitudinal acceptance can be determined by checking the area of the biggest
ellipse that fits inside the acceptance plot in the longitudinal phase space. As in the
case of transverse acceptance, throughout this document, longitudinal acceptance will

refer to the zero current longitudinal acceptance. The input beams for the longitudinal
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Figure 3.5. Phase spaces of an input beam for the longitudinal acceptance studies.

acceptance studies have a small transverse emittance in both planes. In longitudinal
phase space, they have +180° phase spread and a large energy spread with a uniform
particle distribution. Figure 3.5 shows an example of the input beams used for the

longitudinal acceptance studies.

When such an input beam is simulated through an accelerating structure, the
big initial longitudinal emittance and small transverse emittance will caus the output
particle distribution to have a long tail in longitudinal phase space (see Figure 3.6a). At
the end of an accelerating structure, the output beam should be properly bunched, so
the particles forming the tail must be filtered out. In order to determine the longitudinal

acceptance, simulations were performed in two steps:

e Simulate the input beam (Figure 3.5) and check the output particle distribution
in the longitudinal phase space.
e Use filters for the energy and the longitudinal phase [27] at the end of the beam

line file to ensure that only the particles with energy around the design output
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energy and with reasonable longitudinal phase survive until the end. Then, run

the simulation again and obtain the longitudinal acceptance plot.

Figure 3.6 shows longitudinal phase spaces of two output beams obtained simulating
the same input beam through the same structure with (Figure 3.6b) and without

(Figure 3.6a) the energy and phase filters.

3.2. Results

3.2.1. Low Energy Beam Transport

The transverse acceptance of the LEBT is 22.5 mm.mrad in both transverse
planes. Figure 3.7 compares the LEBT acceptance plots and the nominal LEBT input
beam! in the transverse phase spaces. Two solenoid magnets are the only focusing
elements on the LEBT. Because the solenoid magnetic fields have radial symmetry, the

acceptance plots in the horizontal plane and in the vertical plane are identical.

LEBT transports continuous beam from the source to the RFQ), so a longitudinal

!The nominal input beam for the LEBT is extracted from IBSimu [32] simulations. The input
beam for the other structures are obtained by tracking this beam forward to the injection point of the
structure.
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acceptance study is irrelevant for the LEBT.
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Figure 3.7. Phase spaces of the nominal input beam and LEBT acceptance plots:

(a)horizontal plane, (b)vertical plane.

3.2.2. Radio Frequency Quadrupole

The simulations of the RFQ were performed with Parmteqm. Because Parmteqm
does not have a feature to plot initial coordinates of the output particles, a different
method had to be adopted for the RFQ acceptance studies. In order to obtain the ac-
ceptance plot, the single particle run feature of Parmteqm was used. Using a program
written in C++ language, particles with different coordinates in the transverse or lon-
gitudinal phase spaces were generated at the injection point of the RFQ and simulated.
For each input particle, the program varies the initial coordinates (x, X', y, ¥/, phase
and energy) and writes an input file for Parmteqm. After preparing the Parmteqm
input file, the program runs Parmteqm. At the end of each run, if the particle is alive,
input parameters and output parameters of the particle are recorded into a text file.
If the particle is lost, it is indicated in the text file with the initial parameters of the

particle.

By lotting the initial coordinates of the particles that come out of the RFQ around
the design energy (3 MeV), a phase space was constructed at the injection point of the

RFQ and the acceptance plot was obtained.
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3.2.2.1. Transverse Acceptance of the RFQ. Acceptance of the RFQ in two transverse

phase spaces was studied independently. During the simulations while changing the
position and angle to scan the transverse phase space in one plane, for the other plane,
both position and angle were set to zero. The Linac4d RFQ is designed for the input
energy of 45 keV, so for simulations all the input particles had an energy of 45 keV

and the longitudinal phase of the input particles was set to zero. Figure 3.8 compares
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Figure 3.8. Phase spaces of the nominal input beam and RFQ acceptance plots:

(a)horizontal plane, (b)vertical plane.

the RFQ input beam with the RFQ acceptance plots in both transverse phase spaces.
Acceptance of the RFQ is 2.6 mm.mrad in both transverse planes for the nominal vane

voltage of 79 kV.

In order to check the effect of the vane voltage on transverse acceptance, a set of
simulations were performed only for the vertical plane. The vane voltage was varied
within about 10 per cent around the nominal value and transverse acceptance was
calculated. Figure 3.9a shows the change of vertical acceptance with the vane voltage.
As it can be seen from the figure the vertical acceptance increases almost linearly with
the increasing vane voltage. Figure 3.9b compares the vertical acceptance plots for

three different vane voltage values.
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Figure 3.9. (a) Vertical acceptance as a function of the vane voltage. (b) Comparison

of vertical acceptance plots for three different vane voltage values.

3.2.2.2. Energy Acceptance of the RFQ. The RFQ receives continuous beam from the

LEBT. While the longitudinal phase of the particles is irrelevant, the energy of the
injected particles have an effect on the transmission. A set of simulations was performed
to determine the energy range within which the RFQ can accept the particles. For the
simulations, input particles were created on axis and with no transverse angle. Energies
between 35 keV and 55 keV (10 keV relative to the RFQ design input energy) were
scanned for one RF bucket. Because the particles do not feel any transverse force, none
of the particles are lost. Most of the particles have output energies close to 3 MeV,
while some particles have output energies close to zero. Figure 3.10 shows the input
(Figure 3.10a) and output (Figure 3.10b) coordinates of the simulated particles in the
longitudinal phase space. Particles coming out of the RF(Q with an energy close to
design output energy of the RFQ are plotted with red and the others with blue. As
it can be seen from Figure 3.10, particles with initial energy higher than 39 keV and

lower than 51 keV are captured and accelerated efficiently.

3.2.3. Medium Energy Beam Transport

The acceptance of the MEBT line is 3.6 mm.mrad in the horizontal plane and
it is 2.1 mm.mrad in the vertical plane. Figure 3.11 shows the horizontal and the

vertical acceptance plots for the MEBT. Since the MEBT line is not a periodic focusing
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Figure 3.10. The coordinates of the (a) input and (b) output particles in the
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longitudinal phase space.

structure, the beam current has a big effect on the dynamics of the beam. For this
reason, the zero current acceptance plots and the nominal input beam phase space

plots of the MEBT are not compared.
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Figure 3.11. MEBT acceptance plots: (a) horizontal plane, (b) vertical plane.

In case of errors, the cumulative probability for the change of acceptance is given
in Figure 3.12 for the two transverse planes. In the cumulative probability plots,
vertical axis shows the probability that the maximum change in acceptance will be less
than or equal to the corresponding value on the horizontal axis. For example, for the
MEBT line, with 70 per cent probability, decrease in the horizontal acceptance would
be no more than 2.5 per cent. Negative values of the curve indicate the decrease of
the acceptance and positive values of the curve indicate the increase of the acceptance.
Expected values for the decrease in the transverse acceptance, due to misalignment,

are 2.1 per cent for the horizontal plane and 2.0 per cent for the vertical plane.
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Figure 3.12. The horizontal and vertical cumulative probability plot for the change in

MEBT transverse acceptance.

The longitudinal acceptance of the MEBT line is 9.0 deg.MeV. Figure 3.13 com-
pares the nominal input particle distribution and the acceptance plot in the longitudinal

phase space.
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Figure 3.13. Comparison of the nominal input particle distribution for the MEBT

and the acceptance plot in the longitudinal phase space.

3.2.4. Drift Tube Linac

The horizontal acceptance of the DTL is 14.8 mm.mrad and the vertical accept-
ance is 15.2 mm.mrad. Figure 3.14 compares the nominal input particle distribution

for the DTL and the acceptance plot in the transverse phase space.
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Figure 3.14. Phase spaces of the nominal input beam and DTL acceptance plots:

(a)horizontal plane, (b)vertical plane.

Figure 3.15 shows the plot of cumulative probability for change in the transverse
acceptance of the DTL due to errors. The expected value for the decrease in the
transverse acceptance of the DTL is 14.1 per cent for both transverse planes. The
acceptance of the DTL decreases significantly with the alignment errors. The drift
tubes of the DTL tanks must be mounted to the tanks with extra care to keep the

errors as small as possible.
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Figure 3.15. The horizontal and vertical cumulative probability plot for the change in

DTL transverse acceptance.

Longitudinal acceptance of the DTL is 9.5 deg.MeV. Figure 3.16 compares the
nominal input particle distribution and the acceptance plot in the longitudinal phase

space.
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Figure 3.16. Comparison of the nominal input particle distribution for the DTL and

the acceptance plot in the longitudinal phase space.

3.2.5. Cell-Coupled Drift Tube Linac

The horizontal acceptance of the CCDTL is 15.8 mm.mrad and the vertical accep-
tance is 16.0 mm.mrad. Figure 3.17 compares the nominal input particle distribution

for the CCDTL and the acceptance plot in the transverse phase space.
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Figure 3.17. Phase spaces of the nominal input beam and CCDTL acceptance plots:

(a)horizontal plane, (b)vertical plane.

Figure 3.18 shows the plot of cumulative probability for change in the transverse
acceptance of the CCDTL due to misalignment. Expected values for the decrease in the
transverse acceptance of the CCDTL due to errors are 2.2 per cent for the horizontal

plane and 2.3 per cent for the vertical plane.
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Figure 3.18. The horizontal and vertical cumulative probability plot for the change in

CCDTL transverse acceptance.

Longitudinal acceptance of the CCDTL is 27.0 deg.MeV. Figure 3.19 compares
the nominal input particle distribution and the acceptance plot in the longitudinal

phase space.
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Figure 3.19. Comparison of the nominal input particle distribution for the CCDTL

and the acceptance plot in the longitudinal phase space.

3.2.6. Pi-Mode Structure

The horizontal acceptance of the PIMS is 28.7 mm.mrad and the vertical accep-
tance is 28.4 mm.mrad. Figure 3.20 compares the nominal input particle distribution

for the PIMS and the acceptance plot in the transverse phase space.
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Figure 3.20. Phase spaces of the nominal input beam and PIMS acceptance plots:

(a)horizontal plane, (b)vertical plane.

Figure 3.21 shows the plot of cumulative probability for change in the transverse
acceptance of the PIMS due to misalignment. Expected values for the decrease in the
transverse acceptance of the PIMS due to errors are 1.0 per cent for the horizontal

plane and 0.9 per cent for the vertical plane.
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Figure 3.21. The horizontal and vertical cumulative probability plot for the change in

PIMS transverse acceptance.

Longitudinal acceptance of the PIMS is 65.0 deg.MeV. Figure 3.22 compares
the nominal input particle distribution of the PIMS and the acceptance plot in the

longitudinal phase space.
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Figure 3.22. Comparison of the nominal input particle distribution for the PIMS and

the acceptance plot in the longitudinal phase space.

3.2.7. The Acceptance Along Linac4

The zero current transverse and longitudinal acceptance of the individual struc-
tures of Linac4 have been studied. Figure 3.23a shows the transverse acceptance of the
individual structures along Linac4. Likewise, Figure 3.23b shows the longitudinal ac-
ceptance of the individual structures. As it can be seen from the figures, the bottleneck
for acceptance occurs at the low energy part of Linac4. Acceptance of the structures
at the high energy end is significantly larger than the ones at low energy. Having a
bigger acceptance at the higher energy part of the linac decreases the risk of loosing

particles at high energies and therefore the risk of activation.
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4. BACKTRACKING A MULTI-PARTICLE BEAM

Most of the time, the particle beam is tracked towards the high energy end of
a linac. However, in some cases, it is also beneficial to track the beam towards the
lower energy end. Starting with a description of a particle beam at a specific location
along the linac and tracking the beam upstream, towards the low energy end is called

backtracking.

Through a linear accelerator, motion of the charged particle beam is modeled
using tracking codes (in this case, multi-particle tracking codes). If the physical laws
used in a tracking code is invariant under time reversal, the same code, without any
modification, can be used for backtracking. Utilizing the time reversal invariance of
classical electromagnetic theory, a method was developed for backtracking a multi-
particle beam, tested for low beam energies and used during the LEBT and the MEBT?

commissioning [33, 34, 35].

Initially, the idea was considered for backtracking a multi-particle beam generated
using the emittance measurement data obtained from a direct emittance measurement
device (see Section 5.4.1). However, it will be discussed that, the method can also be
used for testing the accuracy of the tracking code or technique and optimizing some
parameters for simulations. Also, it will be discussed in Chapter 6 that backtracking

can also be used for estimating the space charge compensation factor.

The following sections discuss the application of the time reversal invariance of
classical electromagnetic theory on backtracking, the basics of the backtracking method

and the accuracy of the method through different beam line elements.

2The relativistic beta, 3., in the LEBT (45 keV) and in the MEBT (3 MeV) is around 0.01 and
0.08, respectively.
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4.1. Time Reversal and Backtracking

Imagine that the motion of a particle was recorded as a movie. One can observe
the evolution of its position and velocity in time by playing the movie forward. If, at
any instant, the movie is paused and played backwards, the velocity of the particle
would reverse and the particle would follow its trajectory backwards and end up at
its initial position with a velocity opposite to its initial velocity. The speed of the
particle at any position in space would be the same for the forward and the backward
played movie. If this backward motion of the particle is allowed by the physical law
which governs the motion of the particle, then, this certain physical law is said to be
invariant under time reversal. In other words, if this physical law is invariant under
time reversal, an observer, who does not have any prior information about the motion
of the particle, can not tell if the movie is played backwards or forwards. Pausing the

movie and playing it backwards can be imagined as time reversal operation.

4.1.1. Backtracking Procedure

In the case of a lossless system, where the interaction between the particles does
not involve retarded potentials, classical electromagnetic theory is invariant under time
reversal [36, 37]. Therefore, if a system is evolved in time, under the laws of classical
electromagnetic theory, from an initial state, S;, to a final state, Sg, one can start
from Sg¢ and use again the laws of classical electromagnetic theory to calculate S;. The
forward evolution of a system in time and the process of backtracking is summarized in
Figure 4.1, where T and TS represent the time reversal operator and the time-reversed

state respectively.

Imagine that it took At time for the system to evolve from S; to Sg. Then, the

procedure for backtracking is as follows:

e Apply the time reversal operator to the final state of the system to calculate
time-reversed final state, T'Sg.

e Let the system evolve for a time interval At from the state TS¢ to state TS;.
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Figure 4.1. Evolution of the system in time and backtracking.

e Apply the time reversal operator to the state TS in order to find the initial state,

S;, of the system? .
4.1.2. Transformation under Time Reversal Operation

Let us consider a charged particle bunch in an accelerator. At any time, the state
(instantaneous state) of this particle bunch can be fully described by the position,
velocity, charge and the mass of each particle. The mass, charge and the position (7)
of the particles are invariant under time reversal. The velocity (¢) of each particle flips
sign as in Equation 4.2, where N represents the transformation under time reversal

operation.

=
18
=
—~
S
—_
N—

<y
8
|
=1
—~
e
)
N—

If the beam is backtracked only through a drift space, the transformations in Equation
4.1 and Equation 4.2 would be sufficient. However, if the particles are interacting with
the external fields, which is not generated by the beam itself, the transformation of
these fields should be considered for backtracking. Therefore, let us consider the whole
accelerator as a system and see how the fields transform under time reversal. The
transformations in Equation 4.1 and Equation 4.2 apply to each charged particle in

the system.

3Notice that the time reversal operator is unitary: TT = I where I is the identity operator.
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One should first consider the transformation of charge density and current density
to see how the fields transform under time reversal. The charge density, p, depends on
the position of the particles, therefore it is invariant under time reversal (Equation 4.3).
However, the current density, j, depends on the velocity of the particles, therefore flips

sign under time reversal (Equation 4.4).

i

p (4.3)

-

—J (4.4)

p
J

R

Considering the transformation of p and J, it can be shown that the electric and the

magnetic fields transform as in Equation 4.5 and Equation 4.6.

E L E (4.5)
B L -B (4.6)

Equation 4.5 and Equation 4.6 indicate that, at any location in space, if a particle feels
certain electric and magnetic fields during forward evolution, that particle should feel
the same electric field but opposite magnetic field during backtracking. Therefore, in
addition to the properties of the particles, for backtracking, the properties of the beam
line elements may also need to be modified to satisfy the transformation of the electric

and the magnetic fields.

4.2. Modifying the Beam and the Beam Line for Backtracking

Backtracking of a multi-particle beam requires some changes to the particle co-

ordinates and to some of the beam line elements. The following sections discuss the

necessary modifications and the effects of the space charge forces on backtracking.
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4.2.1. Coordinate System and Inverting the Beam Direction

The first step for backtracking is to apply the time reversal operation which
requires modification of the coordinates of all the particles according to Equation 4.1
and Equation 4.2. This operation can be considered as inverting the beam direction.
During the modification, the coordinate system of the multi-particle tracking code,
which is used for the simulations, should be taken into account. Like most of the
tracking codes, PATH uses a coordinate system where the direction of the axes depends
on the beam direction. Figure 4.2 shows coordinate systems for forward tracking (the
beam travels to the right) and backtracking (the beam travels to the left). In the figure,

X,y and Z are the unit vectors in the direction of +x, +y and +z, respectively.

Forward tracking Backtracking

Figure 4.2. Coordinate systems for forward tracking and backtracking.

As it can be seen from Figure 4.2, Z always points in the beam direction. There-
fore, the x and z axes change direction when the beam direction is inverted. According
to Equation 4.1, Equation 4.2 and the coordinate systems shown in Figure 4.2, in or-
der to invert the beam direction, coordinates of all the particles should be modified as

follows:

e — —I
o 1/ — o
*y—y

oy = —y

Ap — —Agp

Ap — Ap
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The modifications listed above can be applied to the beam by introducing an
element to the beam line with length zero and transfer matrix, R;,,, as shown in

Equation 4.7.

As a last step of backtracking, the beam direction should be inverted again in

order to obtain a beam traveling to the high energy end.

~100 0 0 0
010 0 0 0
001 0 0 0
Riny = (4.7)
000 -1 0 0
000 0 —10
000 0 0 1

4.2.2. Modification of the Beam Line Elements

Backtracking requires a description of the beam line elements in reversed order.
For instance, the last element that the particles pass through during forward evolution
should be the first element for backtracking. Considering the reversed order of motion,
properties of the beam line elements may also need to be modified to adapt the fields for
backtracking according to the new coordinate system. Some of the beam line elements

and the required modifications are discussed below.

4.2.2.1. Drift Space. Through a drift space, particles do not feel any external fields.

Therefore, no modification is needed.

4.2.2.2. Solenoid Magnet With a Field Map. PATH uses field maps which have the

three dimensional description of the fields of solenoid magnets. For backtracking, the

field map of a solenoid should be modified to reverse the magnetic field according to



45

Equation 4.6 and adapt the fields to the new coordinate system. Figure 4.3a shows the
direction of the magnetic field lines of a solenoid magnet when particles pass through it.

Figure 4.3b shows the magnetic field lines of the same solenoid magnet for backtracking.
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(a) (b)
Figure 4.3. (a) Direction of the solenoid magnetic field. (b) Reversed magnetic field

direction for backtracking.

Backtracking through the solenoid field map means that, as in Figure 4.3b, the
particles would enter the solenoid magnet from the right end and exit from the left
end. Therefore, the field map for backtracking should assume that the z coordinate
starts at the right end of the magnet and extends towards left end. Assuming that the
description of the field map starts at z = 0 and finishes at z = L, for backtracking, the

field map of a solenoid with radial symmetry should be modified as follows:

e z > L —=2
o —r

e B, — B,
e B, — —B,

Notice that the modifications on the field map are not only required to satisfy the
transformation in Equation 4.6 but also to adapt the transformed magnetic field into

the coordinate system used in the tracking code.

4.2.2.3. Quadrupole Magnet. PATH requires a minimum of three parameters for the

quadrupole magnets: length, pole tip field with a sign* and pole tip radius. Figure

4The sign defines if the magnet is focusing or defocusing in the horizontal plane.
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4.4a shows the direction of the field lines of a focusing quadrupole magnet in x-z plane
(for a positively charged particle). For backtracking, the magnetic field lines should be

reversed as in Figure 4.4b.

As it can be seen from Figure 4.4, the quadrupole magnet has a focusing effect
in both directions. Likewise, a defocusing quadrupole magnet would be defocusing
in both directions. Therefore, for backtracking, no modification is required on the

description of a quadrupole magnet.
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Figure 4.4. Effect of a focusing quadrupole magnet on the particles: (a) evolution in

time, (b) backtracking.

4.2.3. Beam Self-Generated Fields

As the beam travels in the accelerator, the charge and current of the beam create
self-fields which effects the beam itself. The effect of self-generated fields should be con-
sidered during backtracking. Like external fields, the transformation of self-generated

fields should satisfy Equation 4.5 and Equation 4.6.

If the trajectory and the velocity of the particles are calculated accurately during
backtracking, the charge density and the current density follow the transformations
shown in Equation 4.3 and in Equation 4.4. Therefore, during backtracking, self-
generated fields calculated by the tracking code naturally follow the transformations
given in Equation 4.5 and Equation 4.6. As a result, at any z location along the beam
line, particles feel the same force during forward evolution and backtracking. However,
an error in the calculation of position and velocity will result in error in the calculation

of self-generated fields and force which will amplify the position and velocity error later
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on. This effect may be small for the low current beams however it may cause large
errors for high current beams. Therefore, the longitudinal step size and the mesh size

for space charge calculation should be chosen small enough to have accurate calculation.

4.3. Backtracking through Different Elements

The backtracking method was tested by tracking multi-particle beams first for-
wards and then backwards through an element or a set of elements. The procedure
summarized in Figure 4.1 was followed step by step. An initial particle distribution
(initial state) was tracked forward through an element and the beam distribution after
the element (final state) was obtained. After that, the beam was first inverted (time
reversed final state) and backtracked through the same element to obtain the distribu-
tion at the initial location (time reversed initial state). Then, as a final step, the beam

was inverted again to obtain the initial particle distribution.

The coordinates of each particle before and after the simulations were compared
to see the accuracy of the method. No aperture constraints were set to avoid the
particle losses so that to have an accurate comparison. For a visual comparison, the
phase spaces of the initial and the final beams were plotted together. For statistical
error analysis, the shift in the coordinates of each particle was calculated and the data
were binned to get the error distribution. Then, the mean and the standard deviation
(rms) of the error distribution were calculated. If the method works well and the
particles come back to their initial positions in the phase spaces, one expects to have

an error distribution with both the mean and rms equal to zero.

The method was tested at two different beam energies, 45 keV (LEBT energy) and
3 MeV (MEBT energy). At 45 keV the method was tested by tracking a beam through a
60 cm long solenoid field map and also through a 100 cm long drift space. At 3 MeV, the
beam was tracked through the whole MEBT line (about 3.9 m length) which contains
11 quadrupole magnets. The MEBT RF cavities were switched off for the simulations.
The effect of space charge forces were studied with the simulations concerning the drift

space at 45 keV and MEBT at 3 MeV. The PATH and TraceWin codes were used for



48

the simulations. TraceWin was used only for the solenoid simulations and PATH was

used for all the other cases.

4.3.1. Tracking at 45 keV Beam Energy

A multi-particle H™ beam with 5000 particles was generated with average energy
of 45 keV and energy spread of £0.6 keV. The beam coming from the ion source and
passing through the LEBT is unbunched and has a radial symmetry. Therefore, for the
generated input beam, the distribution of the particles in the horizontal and vertical
phase spaces are similar and the longitudinal phase spread is +180°. Figure 4.5 shows
the phase spaces of the generated beam. The same initial beam was tracked through

the solenoid and the drift space, independently.
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Figure 4.5. Phase spaces of the initial beam for 45 keV simulations: (a) horizontal

phase space, (b) vertical phase space and (c) longitudinal phase space.

4.3.1.1. Backtracking through a Solenoid Field Map. The Linac4 LEBT solenoid mag-

netic field map was used for the simulations. The field map has a radial symmetry. The
radial mesh size is 1 mm and the longitudinal mesh size is 2 mm. For the simulations,
the field strength was chosen in such a way that the beam size would change signifi-
cantly through the field map to amplify any possible errors. The beam current was set
to zero to ignore the interaction between the particles. Figure 4.6 shows the evolution

of rms beam size in transverse planes through the solenoid as well as the horizontal
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and longitudinal phase space of the beam after the solenoid. As it can be seen from
Figure 4.6a, the change of horizontal and vertical beam size is the same. This is due to
the radial symmetry of the particle distribution. Horizontal and vertical phase spaces
are similar all along the field map, therefore, only the horizontal phase space will be

shown in the figures.
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(a) (b) (c)
Figure 4.6. (a) Evolution of x,,,s and ¥,.,s during forward tracking through the

solenoid. (b) Horizontal phase space and (c) longitudinal phase space of the beam

after the solenoid field map.

The beam distribution after the solenoid was inverted as explained in section 4.2.1
and then tracked back to the solenoid entrance. Figures 4.7a and 4.7b show the hor-
izontal and longitudinal space of the inverted beam before backtracking. Comparing
Figure 4.6b and Figure 4.7a, one can see that the converging beam after the solenoid
becomes diverging after inverting the beam direction. Likewise, it can be seen from
Figures 4.6¢ and 4.7b, after beam inversion the tail of the bunch becomes the head,
and vice versa. Figure 4.7c shows the evolution of the rms beam size in transverse
planes during backtracking. As it can be seen, this plot is just the reverse of the one

shown in Figure 4.6a.

After obtaining the beam at the solenoid entrance, as a last step of backtracking,
the beam was inverted again and then compared to the initial beam. Figure 4.8 shows
the comparison of the initial and final particle distributions in the horizontal and
longitudinal phase spaces. As it can be seen from the figure, the particles come to

their original coordinates in the phase spaces after tracking through the solenoid and
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inverted beam before tracking back to the solenoid entrance. (c¢) The evolution of
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Figure 4.8. Phase spaces of the initial and final beams after backtracking through the

solenoid field map: (a) horizontal phase space, (b) longitudinal phase space.

Figure 4.9 gives a quantitative and more accurate comparison of the initial and

the backtracked beam. Figures 4.9a and 4.9b show the error distribution for x and Ag,

respectively. The mean and rms of each distribution are indicated on the corresponding

plot. Error distribution of vertical position, y is similar to the error distribution of x

with mean= 9.5 - 107 mm and rms= 6.6 - 107 mm. None of the particles have any

error in 2/, 4/ or AE. In the beam file of TraceWin, the number of decimal places is six.

Therefore, taking into account the rounding errors, the mentioned errors are consistent
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with zero.
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Figure 4.9. Error distributions after backtracking through the solenoid field map for:

(a) horizontal position and (b) longitudinal phase.

4.3.1.2. Backtracking through a Drift Space. For the simulations concerning the drift

space with 45 keV beam energy, the initial particle distribution is the same with the
distribution used for the solenoid simulations (see Figure 4.5). The step size of cal-
culation in longitudinal direction was set to 5 mm. For the space charge calculations,

number of mesh intervals were set to 100 both the longitudinal and radial directions.

1
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Figure 4.10. The evolution of the horizontal rms beam size along the drift space

during forward tracking for various beam currents.

The beam current was varied up to 100 mA to test the backtracking method by
including the space charge forces. Figure 4.10 shows the evolution of the horizontal

rms beam size along the drift space (forward tracking) for various beam currents. As
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it can be seen from the figure, increasing the beam current results in bigger beam size

at the end of the drift space due to higher space charge forces.

When the beam current was set to zero to ignore the space charge forces, the
error distributions for x and A¢ were obtained as in Figure 4.11a and 4.11b. The
error distribution of y has a mean of 2.1 - 107 mm and rms of 6.6 - 107! mm. Both
the mean and rms of the error distributions for z’, 3y and AE are zero. Through a
drift space, when there are no space charge effects, particles follow a straight path,
therefore transverse angles are kept constant. Likewise, the energy of the particles
stays constant. However, the transverse position and longitudinal phase of particles
are computed at each step of calculation. The number of decimal places used in the
beam file of PATH is 15. When this number is compared to the order of magnitude of
the errors® shown in Figure 4.11, it can be concluded that the errors are small enough

to be generated only from rounding of the numbers during the computation.
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Figure 4.11. Error distributions after backtracking through the drift space with
Ibeam = 0 mA: (a) for z and (b) for A¢.

Backtracking was tested with the same initial beam by varying the beam current.
Figure 4.12 shows the rms of the error distributions for various beam currents up to
100 mA. For the transverse coordinates, the mean of the distributions is two orders of
magnitude smaller than the rms value. For the phase, the mean is around one order

of magnitude smaller (see Figure 4.14c). For an unbunched beam, the particles do not

5 . . . . oy
°Notice that two orders of magnitude difference in position and phase errors comes from the
conversion of units from radians to degrees.
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feel any longitudinal force. Therefore, both the mean and rms of the error distribution

for AE are equal to zero.
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Figure 4.12. The rms values of the error distributions for backtracking through

45 keV drift space with various beam current.

The errors presented in Figure 4.12 show that the accuracy of the method de-
creases as the beam current increases. Nevertheless, even for a beam with 100 mA
of current, the errors are not high and the backtracking method can still be applied.
In addition, due to the procedure of the test, the results listed in Figure 4.12 are the
cumulative effect of both forward tracking and backtracking. Therefore, the errors are
overestimated. It is also important to keep in mind that the result given in Figure 4.12

strongly depends on the accuracy of the space charge calculations (see Section 4.4).

The comparison of particle distributions of initial and backtracked beams with
100 mA current is given in Figure 4.13. The shift in coordinates of the particles is not

significant enough to observe the difference.

Figure 4.14 shows the error distributions for x, 2’ and A¢ from backtracking with

100 mA beam current.
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Figure 4.13. (a) The horizontal and (b) longitudinal phase spaces of the initial and
final beams after backtracking (Ipeam = 100 mA) through the drift space.
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Figure 4.14. Error distributions after backtracking through the drift space with
Iheam = 100 mA: (a) for z, (b) for 2’ and (c) for A¢.

4.3.2. Tracking at 3 MeV Beam Energy

The beam obtained from the RFQ beam dynamics simulations was used as an
input to the backtracking simulations. Phase spaces of the beam, which has around
36000 particles, are shown in Figure 4.15. As it can be seen from Figure 4.15¢, the beam
is bunched with phase and energy spread of around 4+20° and +60 keV, respectively.
The bunch frequency is 352.2 MHz. The calculation step size in longitudinal direction
is 5 mm. For the space charge calculations, number of mesh intervals were set to 40

both in longitudinal and radial directions.
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Figure 4.15. (a) The horizontal, (b) vertical and (c) longitudinal phase spaces of the

40

initial beam for 3 MeV simulations.

As in the case of 45 keV simulations, the beam current was varied up to 100 mA
and the error distributions for each case were calculated. The evolution of the trans-
verse and longitudinal beam size along the beam line is different for each beam current.
In the case of a bunched beam, because of the space charge forces, the energy spread
of the bunch also gets bigger. The evolution of the energy spread along the beam line
is strongly related to the beam current. Figure 4.16 shows the evolution of A¢,,,s and

AFE,,,s along the MEBT for different beam currents during forward tracking.
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Figure 4.16. The evolution of (a) phase rms and (b) energy rms along the MEBT for

different beam currents.

The strength of the quadrupole magnets were kept the same for each beam cur-

rent. Figure 4.17 shows, how z,,,s and y,,s change along the MEBT during forward



tracking for Ipeam = 0 mA.

the beam current.

Figure 4.17.
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The evolution of transverse rms beam sizes along the MEBT during

forward tracking for Iyeam = 0 mA.

Figure 4.18 shows the rms of the error distributions calculated by comparing the

initial and the backtracked beam for different beam currents. The mean values of the

distributions are two or three orders of magnitude smaller than the corresponding rms

values. As it can be seen from Figure 4.18b there is a shift also in the energy of the

particles. Through the quadrupole magnets, the energy error amplifies the transverse

position and the angle errors. Together with the energy error, the transverse errors

contribute to the phase error.
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Figure 4.18. The rms values of the error distributions for backtracking through

MEBT at 3 MeV: (a) transverse coordinates (b) longitudinal coordinates.
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When Figure 4.18 is compared to Figure 4.12, it can be seen that, at 3 MeV, in
spite of the length and the complexity of the beam line, the errors in the transverse
coordinates of the particles are not higher than the errors at 45 keV for the drift space
case. The error in the longitudinal coordinates of the particles is small enough to have

an accurate result from backtracking.

4.4. Other Applications

The backtracking method explained in this chapter can also be used for testing a
tracking code, identifying the bugs in the code or checking the accuracy of the simula-
tion method. For instance, when the beam current is set to zero, the only source of error
should be rounding of the numbers during the computation. Therefore, backtracking
can be used for testing the effect of the rounding errors. A similar method was used
for checking the influence of rounding errors on the results of tracking calculations [38].
Likewise, if there is an unexpected error in the coordinates of the particles, this may

indicate a bug in the code.
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Figure 4.19. Error distributions after backtracking through the drift with

Iheam = 100 mA at 45 keV beam energy using Coulomb’s law for the space charge
calculations: (a) for x, (b) for 2’ and (c) for A¢.

Backtracking can be used for testing the accuracy of the space charge calculations.
As an example, the simulation through the drift space (Section 4.3.1.2) with 100 mA
current at 45 keV beam energy was repeated by using the Coulomb’s law routine [27]

for the space charge calculations. Figure 4.19 shows the error distributions for x, 2" and
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A¢ obtained from backtracking using Coulomb’s law. If the rms values in Figure 4.19
are compared to the rms values in Figure 4.14, it can be seen that the simulations using
Coulomb’s law for space charge calculations give much smaller errors. The rms of the
error distributions for xz, 2’ and A¢ are 12, 12 and 10 orders of magnitude smaller,

respectively, when the Coulomb’s law is used for the space charge calculations.

The accuracy of the space charge calculations depend on the number of radial
and longitudinal mesh intervals (V¢ and N/°, respectively). Using backtracking, one
can check if the values defined for the number of mesh intervals give accurate results
or find optimum values to be used for the simulations in order to have an accurate
calculation with reasonable computation time. The forward tracking and backtracking
process for the beam line described in Section 4.3.2 was repeated by varying the number
of radial and longitudinal space charge mesh intervals for Ije.,, = 40 mA. First, a set
of simulations were run by fixing N to 50 and varying the N/ from 10 to 100.
Figure 4.20 shows the rms of the error distributions for backtracked beams obtained
from the simulations with different N, As it can be seen from the figures, there is a
rapid decrease in the rms of the error distributions with increasing N;**. However, when
N7¢ exceeds 40, the rms of the error distributions is more or less constant. Therefore,
setting N;/¢ to a number larger than 40 will increase the computation time but not the

accuracy.

For the second set of simulations, /N was kept constant at 40 and V¢ was varied
from 10 to 100. Figure 4.21 shows the rms of the error distributions. As it can be seen
from Figure 4.21a, for small values of N?¢, the accuracy of the simulation increases (in
transverse planes) with increasing N7¢. However, for N¢ values greater than 30, the
errors are almost constant. The errors for the longitudinal coordinates are more or less
constant for each value of N¢ (see Figure 4.21b). Therefore, setting N ¢ to a value
larger than 30 will not improve the simulation accuracy but increase the computation

time for this particular structure.
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4.5. Conclusion and Discussion

In this chapter, the backtracking method which uses the time reversal invariance

of classical electromagnetic theory was discussed. The accuracy of the method through

different beam lines and for several beam currents was tested using multi-particle track-

ing codes. Up to 100 mA beam current, it was shown that backtracking can be used
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both at 45 keV and 3 MeV beam energies with good accuracy. The method was not
tested with higher beam currents simply because it is not applicable to Linac4. How-
ever, as it can be seen from Figure 4.19, even for 100 mA beam current at 45 keV
energy, where the space charge forces are strong, the rms values of the error distribu-
tions are very small when Coulomb’s law was used for the space charge computation.
Therefore, it is expected that, for beam currents higher than 100 mA, the method
should still work when an accurate space charge solver is used for the computation of

the self forces.

Originally, the method was considered for backtracking the multi-particle beams
generated based on the emittance measurement data. However, in this chapter, it was
shown that, the method can also be used for testing the accuracy of the calculations
and optimizing the parameters for simulations. It will be discussed in Chapter 6 that

backtracking can also be used for estimating the space charge compensation factor.
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5. LINAC4 BEAM DIAGNOSTICS AND MEASUREMENT
METHODS

Beam diagnostics is essential for any accelerator both during the operation and
the commissioning period. The diagnostic instruments for the operation can be used
for a quick measurement of basic beam parameters to check the machine operation and
stability. However, the diagnostic instruments for the commissioning of a linac should
give reliable information about the complex beam behavior and help understanding
the properties of the accelerator components in detail. Having reliable diagnostics
instruments is crucial for a successful commissioning period for the development of a

linac with higher performance.

There are various permanent diagnostic instruments along the Linac4 to be used
during the operation. Along with the specific instruments for the commissioning, the

permanent instruments were also used during the commissioning period.

Following sections explain the basic principle behind the operation of the diag-

nostic instruments and the measurement methods used at the Linac4 commissioning.

5.1. Measurement of the Beam Current

The electrical current of the beam is one of the most important parameters of
a particle accelerator. During the beam commissioning of the Linac4, a first check
always concerned the beam current. Measuring and comparing the beam current at
the injection point of a structure and at the extraction point of the structure gives an
indication of the transmission efficiency. At Linac4, there are two instruments used

for the measurement of beam current, namely, the Faraday Cup and the beam current

transformer (BCT).
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5.1.1. Faraday Cup

Faraday Cups measure the beam current by measuring the total charge of the
beam. All the particles are collected by an electrically isolated metallic electrode
inside the Faraday Cup. Thus, measurement of beam current with a Faraday Cup is a
destructive process. The charges, which are collected on the electrode, are integrated
with a sensitive amplifier. Since all beam charges are collected for such a measurement,
it is the most sensitive measurement possible for the beam current [39]. Sensitivity of
the Faraday Cup makes it the ideal instrument at low beam intensities. Faraday Cups
can also be used for high intensity beams, provided that there is cooling to carry away
the heat generated by the beam collected in the Faraday Cup. Faraday Cups are
mostly used at the low energy end of the linac. At high energies, Faraday Cups are
not suitable because the particles have penetration depth of several centimetres and
for the high intensity beams the total energy carried by the beam can be high enough
to destroy the intercepting material [40].

Figure 5.1. Picture of a Faraday Cup [41].

When a particle beam hits on the electrode of the Faraday Cup, secondary elec-
trons are emitted from the surface. If the electrons escape the Faraday Cup, the
measurement of the current will not be reliable. While measuring a positively charged
beam the current will be overestimated and while measuring a negatively charged beam
the current will be underestimated. In order to prevent these electrons from escaping

the cup, a negatively polarized electrode (guard ring) is placed at the entrance of the
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cup. Figure 5.2a shows the potential around the guard ring. Its function is to push the
electrons back onto the electrode (see Figure 5.2b). These secondary electrons typically
have energies of few tens of electronvolts, such that relatively low polarization voltages

are usually sufficient to repel them [39].

Figure 5.2. Potential around the guard ring and suppression of the secondary

electrons [42].

5.1.2. Beam Current Transformer

A moving charged particle beam creates magnetic and electric fields around it.
One can measure the beam current indirectly by measuring these fields. A beam
current transformer (BCT) is a device which measures the beam current using the

induced magnetic field.

torus —

::? NS u()

beam

Figure 5.3. Simple representation of a BCT [40].

Figure 5.3 shows a simple model of a BCT. The beam acts as the primary winding

of the transformer. When a beam pulse passes through the torus, it creates a time
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varying magnetic field. The field lines are guided by the magnetic material with very
high permeability. There is an insulated wire which is wound around the torus as
a secondary winding of the transformer. As the magnetic flux changes through the
torus, a signal is induced on the wire and a time varying potential difference is generated
across the resistor. This potential difference is measured to calculate the beam current.
After the secondary winding of the transformer, a suitable capacitance and resistance
network should be added, often coupled with an active amplification circuit [39]. The
strength of the field created by the beam is extremely small. In order to have a reliable

measurement, it is important to shield the system from the external magnetic fields.

Image
Current
JQGA000000 AL N
-|V Beam
— — — — -
) Ny v

Magnetic Torus

Figure 5.4. The ceramic gap and the path of the image current around the torus [39].

When a charged particle beam travels inside a conducting vacuum chamber, it
induces an image current which has the same amplitude but travels in the opposite
direction. Image current on the metallic wall cancels the magnetic field of the beam
outside of the vacuum chamber. In order to measure the beam current with a BCT, the
BCT either should be placed inside the vacuum chamber or the conducting chamber
should be broken to avoid the image current pass through the torus. As the former
requires an installation in the vacuum, it is more appropriate to break the vacuum
chamber and install a ceramic insulator between the two metallic ends. This allows
the image current to be guided around the magnetic torus using a metallic cover as

shown in Figure 5.4.

Figure 5.5 shows a drawing and a picture of the Linac4 beam current transformer.
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Figure 5.5. A drawing and a picture of the Linac4 BCT.

Figure 5.6 shows the graphical user interface (GUI) for the beam current measurements
at Linac4. The horizontal axis shows the time in nanoseconds and the vertical axis
shows the beam current in milliamperes. As it can be seen from the figure, evolution
of the beam current along the beam pulse can be observed. Users can choose a window

(white window on Figure 5.6) to display the average beam current within the window.
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Figure 5.6. Graphical user interface for the Linac4 beam current transformers.
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5.2. Measurement of Beam Position

The absolute beam position as well as beam intensity can be measured with a
beam position monitor (BPM). As it can be seen in Figure 5.7, four pick-up plates
are installed symmetrically around the axis of the vacuum chamber. When a bunch
of charged particles passes through the BPM, charges are induced on the plates and

create a signal.

Horizontal Beam
Position

Vertical
Position

Figure 5.7. A sketch of cross section of a BPM.

The beam position in a transverse plane is then calculated by computing the
difference of the magnitude of the signals from two opposite electrodes and normalizing
with their sum. The beam intensity is proportional to the sum of magnitude of the
signals from all electrodes [43]. A pair of BPMs can also be used for the measurement

of the average kinetic energy (See Section 5.7.1).

5.3. Measurement of Transverse Beam Profile

The transverse profile of the beam varies along the accelerator. This variation
is controlled using focusing elements (solenoids or quadrupole magnets at Linac4).
The transverse beam profile gives information about the machine setting and beam

properties. The typical applications of such a measurement are:

e Comparison of the measured and expected beam profile gives an indication of

how well the beam is controlled along the accelerator.
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e Profile measurements can be used for checking the setting of the magnetic ele-
ments and calibrating them.

e A bending magnet and a profile measurement instrument can be used for the
measurement of the energy spread (see Section 5.8).

e A slit and a profile measurement instrument can be used for the direct measure-
ment of the transverse emittance (see Section 5.4.1).

e Measured beam profiles can be used for indirect measurement of the transverse
beam emittance with quadrupole variation or three monitor method (see Sec-

tion 5.4.2 and Section 5.4.3).

At Linac4, the transverse beam profiles are measured using two types of instruments,

namely, wire scanner (WS) and secondary electron emission (SEM) grid.

5.3.1. Secondary Electron Emission Grid

When a primary beam of particles with sufficient kinetic energy hits a surface,
electrons are emitted from the surface. This phenomenon is called secondary elec-
tron emission. A SEM grid is composed of parallel wires mounted on a frame (see
Figure 5.8). When the particles enter and leave the wires, secondary electrons are
emitted. The emission of the electrons creates current on the wires. The current on
an individual wire is proportional to the number of particles hitting it. In order to
measure the beam profile, the current on each wire should be measured individually
which requires one electronic channel for each wire. The beam profile can be obtained
by plotting the wire position and the current on the wires. Passage of only one beam

pulse is enough for such a measurement.

Figure 5.8 shows a SEM grid with both horizontal and vertical wires. The vertical
wires are used for the measurement of the horizontal beam profile. Likewise, the hori-
zontal wires are used for the measurement of the vertical beam profile. The resolution

of the measurement depends strongly on the wire spacing.

The Linac4 LEBT has permanent SEM grids (one for each transverse plane) to
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Figure 5.8. SEM grid [40].

monitor the beam profiles during the operation. Each grid is composed of 24 gold-
plated tungsten wires with 40 pm diameter. The pitch of the wires is 1 mm in the
middle of the grids and increases to 3 mm and then 5 mm towards the edge. During
the 45 keV, 3 MeV and 12 MeV commissioning stages, SEM grids were also used for
the emittance, energy and energy spread measurements. This will be discussed in the

following sections.

5.3.2. Wire Scanner

Instead of using multiple wires for the profile measurements, a single wire can be
moved through the beam, and the signal from the wire can be recorded for different
positions of the wire. Such a profile measurement device is called a wire scanner. The
beam profile can be visualized by plotting the wire position and the signal from the
wire. Unlike SEM grids, wire scanners require passage of multiple beam pulses to
measure the profile. However, wire scanners do not require expensive electronics and

the resolution of the measurement does not depend on the wire spacing as in the case

of the SEM grid.

Usually, wire scanners have two wires assembled on a fork, making a 45° angle
with the fork and 90° angle with each other (see Figure 5.9). The wires can be cross

shaped as in Figure 5.9a or L-shaped as in Figure 5.9b.
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wire for horizontal profile
wire for vertical profile

Figure 5.10. Movement of the wire scanner [40].

The arm of the wire scanner moves into or out of the beam pipe making a 45° angle
with the vertical plane. As it can be seen in Figure 5.10, the vertical wire measures

the horizontal beam profile and the horizontal wire measures the vertical beam profile.

There are two wire scanners in the Linac4 MEBT line (see Figure 7.8). The wire
scanners used at the 3MeV test stand [44] had 33 pm thick carbon wires [45] mounted
on the same fork with a cross shape as shown in Figure 5.9a. Before the installation
of the MEBT at the Linac4 tunnel, the cross shaped wire scanners were replaced with
L-shaped ones (as in Figure 5.9b) which have 33 pm thick graphite wires [46]. For the
measurements, the wires are moved across the vacuum chamber and the signal from

each wire is sampled at a frequency of 250 kHz [45] which makes it possible to measure
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the evolution of beam profile along the pulse with a resolution of 4 us.

5.4. Measurement of Transverse Emittance

The transverse emittance of the beam can be measured directly or indirectly. The
direct measurement of the emittance is based on sampling the transverse phase spaces
of the beam with an emittance measurement device, for instance, slit-grid emittance
meter. Such a device can measure the distribution of the particles in the transverse
phase spaces and is very useful for generating a multi-particle beam for beam dynamics

simulations.

Indirect methods (quadrupole variation and three profile) are based on calculating
the emittance from several beam profile measurements. These methods are applicable
when the space charge forces can be ignored. If the space charge forces are significant,
the forward method can be used to estimate the emittance. The forward method
is based on changing the initial beam parameters and tracking a multiparticle beam
forward to the location of the profile measurement until a good agreement is found
between the simulation and measurements. This will be the only method to determine

transverse emittance at 50, 100 and 160MeV commissioning stages of Linac4.

5.4.1. Slit-Grid Emittance Meter

The slit-grid emittance meter is composed of a slit to sample the beam in position
and a SEM grid to measure the density of particles for different angles in a phase space.
Measurement of the emittance with a slit-grid system is based on moving the slit across
the vacuum chamber and recording the signal from the wires of the SEM grid for each
position of the slit. The position of the slit opening gives the position of the particles
in a phase space. The angle is calculated using the position of the slit opening and the
position of the wires. The signals induced on the wire give the density of the particles.
In this system, the SEM grid can also be movable to decrease the cost of electronics
and increase the resolution of the measurement. A slit-grid pair can measure only

one transverse phase space of the beam. Therefore, the slit-grid emittance meter has
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two slit-grid pairs. The vertical slit and the vertical grid are used for horizontal plane
measurements. Likewise, the horizontal slit and the horizontal grid are used for vertical

plane measurements.

X' X'
o -
n y 4
Beam b ¥ X = v X
Axis R SEM
. SEME Slit Grid
Slit Grid: . .
(a) (b)

Figure 5.11. The motion of the selected particles from the slit to the grid, (a) in real

space, (b) in a phase space.

In the measurement process, the slit is used for selecting the particles within a
narrow slice in position (Figure 5.11). Figure 5.11a shows the motion of the selected
particles in the real space. Figure 5.11b shows the phase space of the selected particles
just after the slit and at the grid. When the beamlet travels from the slit to the grid,
the angular distribution of the particles is transformed into a position distribution and
sampled using a SEM grid. The whole phase space of the beam can be sampled by

moving the slit across the vacuum chamber.

During a measurement, position of the slit opening, position of the grid and the
signal induced on each wire are recorded. As the distance between the wires is well
known, the position of each wire can be calculated from the grid position. For the
step of the slit motion, let’s denote the position of the slit opening with z;, the position

of the j'* wire with z; (Figure 5.12a) and the signal on the wire with S;.

=t (5.1)

When there are no magnetic elements between the slit and the grid, the angle of
the particles which hit the j* wire can be calculated using Equation 5.1, where L is
the distance between the slit and the grid. In a transverse phase space, S;; gives the

density of the particles around the point (zf, z};). Figure 5.12a shows the measurement
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process for the i** position of the slit and Figure 5.12b shows a slice of the phase space
that is reconstructed from the measurement data. It is important to note that, the
reconstructed phase space from the slit-grid emittance meter gives the description of

the beam at the slit location.

(a) (b)

Figure 5.12. Reconstructing the phase space from the measurement data.

The angular acceptance of such a system is limited by the size of the vacuum

chamber and the distance between the slit and the grid. The maximum divergence of a

/

rax = T/L where r is the radius

beam which can be measured using such a system is x
of the vacuum chamber and L is the distance between the slit and the grid. In order to
increase the acceptance of the emittance meter, quadrupole magnets can be installed

between the slit and the grid.

The slit-grid emittance meter used at Linac4 for the 3MeV and 12MeV beam
commissioning has two quadrupole magnets installed between the slit and the grid
(see Figure 7.1). In this case the angle of the particles hitting a specific wire can be

calculated using the transfer matrix between the slit and the grid.

The position and the angle of the particles at two different locations on a beam
line can be related to each other by the transfer matrix between these two locations.
In a transverse phase space, the relationship between a particle’s position and angle at
the grid and at the slit locations is given by Equation 5.2. In the equation, x is the

position of a particle, ' is its angle and subindices s and ¢ indicate the slit and the
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grid locations, respectively.

T R R T
_ 11 12 (5.2)

l’/ Rgl R22 I/
g s

Two equations are obtained from the matrix multiplication. The first equation, Equa-
tion 5.3, relates the angle of the particles at the slit location (z%), to position of the

particle at the slit (z5) and at the grid (z,) location.

— Ry,
xl = % (5.3)

Likewise, for the i*" position of the slit, the angle of the particles which hit the j** wire

can be calculated using Equation 5.4.
r,=—2— (5.4)

Notice that Equation 5.1 can be obtained from Equation 5.4 by inserting the corre-

sponding elements of the transfer matrix of a drift, R;; =1 and R5 = L.

5.4.1.1. Linac4 Slit-Grid Emittance Meter. During the Linac4 commissioning slit-grid

emittance meters were used for the direct sampling of the transverse phase spaces at
45 keV, 3 MeV and 12 MeV beam energies. Because of the different beam diver-
gence and heat deposition on the slit, the design of the emittance meter used for the

measurements at 45 keV is different than the one used at 3MeV and 12MeV.

The emittance meter used at 45keV has a 1mm thick steel slit blade which is
inclined at 45° relative to vertical plane. The blade has two 100 pm wide gaps machined,
one parallel to the horizontal axis, the other parallel to the vertical axis. Therefore,
similar to the L-shaped wire scanner in Figure 5.9b, depending on the depth of the
blade in the vacuum chamber, it acts either as a vertical or a horizontal slit. The
two SEM grids are positioned 20cm downstream the slit. Each SEM grid consists of
40 tungsten wires, with 40 pm diameter, separated by 0.75 mm [47]. Each wire is
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connected to a separate acquisition channel and sampled at 160kHz frequency which
makes it possible to measure the emittance evolution along the pulse with a resolution
of 6.25us. A Faraday Cup is placed 8 cm downstream the SEM grids for the beam

current measurements and to act as a beam dump.

='LEM mesurements file---/user/Indop/emittance_data/ES_2013 5 28 9 54 31 .csv LV
G
@ LEM | READBACK | Run Analysis usetAtopitance. da/ES _2013_5_28_9_54_31 ooy
P Load INI Date PHASE_SPACE_SURFACE 3D_MOUNTAIN_PLOT
H path Giihechegl? Fositions
e -2.3E41
Status Monitor
ACOUISTION SETTINGS
PLANE
HORIZONTAL o
GAIN &
4 E
ADE_SAMP_RATE
4
ADC_5AMP_ NUMBER
10 -1 2E-1
%0
-2 mm
W1
12mm
D
1
% Ly SEM_AQN Average data per tine WIRE_AGN e LG AR ETERS
25
1 T
25 E
N_MEAS 20 [ARTNn 35 VIFE PR/
: s
; L
TimeOutADG [T E T_START
2 E = E
1200 380 - 16 [T 257 = )20 sec
TimeDutMotors: = 1] E e CmEEREaT! T_sT0P
1200 3¢ 17 g H = g = Qannm
SEMGRID_BIAS £ |1 = S lE: 2
o F 1 E ERESSH B
SLIT_BIAS g E ]
0o = 08 ‘ 05: =
06 E === =
USER Selector ) E [ ooty estat
LN4.SCHUMD N e 3 uvsny e
Ll SCTAG,60 .05
L4 SCTAG 32 E
Ll 5PCON 2, | 3 = f ]
WLtk el 20 a 5 45 47 E+ 100E-6 200E6 00E6 496EE
o = show al wres Secondls
Fun Calcuation after the Last data il name
LI N_MEnS _ag COMMENT_SHOT COMMENT_LONG
3 E5_2013_5 28 8 44.37_cav
SLITAGN_BISS  PLANE GRID_AGN_BIAS
STEATMEASUREMENT | | sramis panEL BUSY LA o-Aa S
0528113 10:09:45 Status concition (K, Continui - J IO
ABORT MEASUREMENT] OS/28/13 10:08:48 Waiting for siit ang grid state upuammm BEL4 "Status” | SLIT_AQH_POSITION {iric_AGN_POSITION_Center
0528113 100545 Status condition 0K, Continuing. READY | 608801 mm
e e resoy_| TN
PAUSE 0528113 10:05:48 Walting for olit an gric state update rom BEL4 “Status” :I

Figure 5.13. Graphical user interface of the slit-grid emittance meter application [44].

The emittance meter used at 3 MeV and 12 MeV has two identical slits for each
transverse plane. The slit is made of two graphite blades mounted with a 15° angle with
respect to the horizontal axis in order to distribute the energy deposition on a larger
surface. The SEM grids are located 3m downstream the slit. Each grid consists of 48
graphite wires with a diameter of 33 pm. Distance between the wires is 0.75 mm [46].
Signal from each wire is sampled at 200 kHz frequency which makes it possible to

measure the emittance evolution along the pulse with a resolution of 4 us [44].

Figure 5.13 shows the graphical user interface of the Linac4 emittance meter ap-
plication. The same interface and application have been used for all stages of commis-
sioning up to 12 MeV with few minor modifications. The emittance meter application

is based on LabView. The user defines the transverse plane to be measured, initial
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and final positions of the slit and the relative movement between the slit and the grid.
When the measurement is started, the application moves the slit and the grid auto-
matically and acquires the signals from the wires. It stores the data and plots several

graphs for their visualization.

In Figure 5.13, the upper left graph shows the measured phase space in a two
dimensional colored map, the colors indicate the signal strength acquired during the
measurement. The upper right graph shows the same phase space in a three dimen-
sional mountain plot. It can be rotated using the mouse. The lower left graph shows
the wire number in horizontal axis and the signal acquired from each wire in the ver-
tical axis for the current position of the slit. The lower right graph shows the signal
acquired from each wire along the pulse. Each color represents a different wire of the
SEM grid. During an emittance scan, all the graphs are updated as the slit moves to

the next position.

5.4.1.2. Generating a Multi-particle Beam Using Measurement Data. Emittance mea-

surement devices which directly sample the transverse phase spaces are essential for the
commissioning of the low energy part of the linac. Using the data obtained from the
horizontal and vertical emittance scans taken at the same location, one can generate a
multi-particle beam and use it as an input for the beam dynamics simulations. Using
a particle distribution obtained from the measurements allows the optimization of the

linac parameters more accurately with the tracking codes.

Figure 5.14 shows the graphical user interface (GUI) of the program that is used
for generating a multi-particle beam from the slit-grid emittance measurement data
during the Linac4 commissioning. The user chooses the horizontal and vertical mea-
surement files, consecutively, as input. The program displays the data visually on three
graphs for each transverse plane. The left side of the GUI displays the graphs of the
horizontal plane and the right side displays the graphs of the vertical plane.

Before handling the measurement data, the user should enter the parameters to be



] Emittance Display
Horizontal

76

Energy [MeV]

‘-_k\\ —
—— — /
N | \“\._\ [
“-\_ﬁ\__‘_‘ | g e S S —
T T T T T T T T T T T T T
50 100 180 200 250 300 350 400 450 100 150 200 250 300 350 400 450
Start: 3480 Stop: 400.0 Start 3480 Stop: 396.0
Emittance fithreshold) Emittance fithreshold)
" 0.4
0a8q Y
3 0.37 \\
067 e
b 0.2 T
0.4 - 1l _
0.2 — | a1 Ty
T T T T T T T T T T T T T T T T T
o 2 4 B g 10 12 14 18 18 [t} 2 4 B g 10 12 14 18 18
Threshold: 2.0% Emittance: 0.38 mm.mrad Threshold: 0.2% Emittance: 0.368 mm.mrad
Emittance Emittance
0,014 0.01
0005 _,_=..-!—"='-'_F 0,005
0 0
-0.005 -0.005
0014 001
T T T T T T T T T
-8 6 4 = o 2 4 B tl L 4 -2 (1] 2 4 G
Import
Mass [MeVic] 939294 Refphase 0.0
12.000 RF Freq [MHz] 3522 Generate File

Charge [e] -1.0

Nb of particles

Figure 5.14. Graphical user interface of Emittance Display program.

used for the beam generation. The parameter window is located below the graphs (See

Figure 5.14). The mass and the average kinetic energy of the particles are necessary

for the calculation of the emittance.

The top graph shows the total signal on all the wires for all positions of the slit

along the beam pulse. Horizontal axis shows the time in ps and vertical axis shows

the total signal in arbitrary units.

Referring to Section 5.4.1, the total signal can

be calculated by Sr(t) = >, ;S5;;(t). The beam intensity is proportional to Sr(t),

therefore, for a stable beam the horizontal and the vertical emittance scans should

have similar graphs as in Figure 5.14. Looking at the graph of total signal along the

pulse, the user can identify the stable part of the beam pulse. Using the cursors just

above the graph window, the user can select the initial time and the final time between

which the signals will be considered

for the particle generation. This feature allows

the user to study the evolution of the measured phase spaces along the beam pulse.
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After selecting the initial and the final time, the program calculates the time average
of the signals, S;;, within the selected time interval and updates the next two plots

automatically.

The second graph (in the middle) allows the user to select an appropriate thresh-
old value to handle the noise in the measurements. The program calculates and plots
the normalized rms emittance, €,,,s, of the beam in the corresponding phase space
for different threshold values. The threshold is defined relative to the maximum of
S;; after averaging in time. The program subtracts the threshold from S;; or sets the
signal to zero if it is smaller than the threshold. The curve of €,,,s vs. threshold can
be different for the horizontal and the vertical measurements. If there is significant
noise in the measurement, the curve has a sharp drop at the low end side of the plot
as seen for the horizontal plane in Figure 5.14. However, if the noise level is low, €.,
decreases slightly with increasing threshold as seen for the vertical plane in the figure.
The user can define the threshold value independently for each plane by moving the
cursor above the graph window. After selecting the threshold value, the third graph is

updated automatically.

The last graph shows the two dimensional colored map of the measured and pro-
cessed signals. It represents the distribution of the particle density in the corresponding

phase space. The graph is obtained by plotting (zf, z};, S;;). This graph is for the

!
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visualization of the result, therefore, it is not interactive.

After setting the time interval and the threshold for each transverse plane, the user
can generate particles in the four dimensional phase space. The number of particles to
be generated is defined in the parameter window. At this step, the program generates
the coordinates of the particles in horizontal and vertical phase spaces independently® .
In order to generate a multi-particle beam in six dimensional phase space, the particle
distribution in the longitudinal phase space should be defined. Using the import button,
the user can import a file which contains the longitudinal particle distribution. In that

case, the number of particles to be generated is limited to the number of particles

6Slit-grid emittance meters do not give any correlation between the two transverse phase spaces.
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defined in the imported file.

If the file with the longitudinal particle distribution is imported, after generating
the beam, the program writes an output beam file which is ready to be imported by

PATH and used as an input for beam dynamics simulations.

5.4.2. Quadrupole Variation Method

The quadrupole variation method is based on calculating the Twiss parameters
of the beam, in a transverse phase space, using three or more profile measurements.
The method is based on changing the gradient of a focusing quadrupole magnet located
upstream of a profile monitor and measuring the beam size for different quadrupole
gradients. The beam Twiss parameters can be calculated at a location upstream of
the quadrupole magnet where the beam properties do not depend on the quadrupole
magnet setting, for example at the beginning of the quadrupole magnet, point A, in

Figure 5.15. This method assumes that the space charge effects are negligible.

transverse
beam envelope

|

profile measurement

quadrupole magnet

Figure 5.15. Measurement of emittance with quadrupole variation method [40].

Because of the noise in the measurements and the tails of the distribution, the
full beam size is not straightforward to determine. Instead, the rms beam size is less
sensitive to measurement errors, therefore, more reliable for the emittance calculations.

Using rms beam size for the calculations, one can find the rms emittance of the beam.

The evolution of the beam matrix between two locations, along the beam line,

can be calculated with Equation 5.5, where o (i) and o(f) are the beam matrices at
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the initial and final locations, respectively, and R is the transfer matrix between the

two locations.

o(f) =Ro(i)R" (5.5)

The first element of the beam matrix oy; is simply the square of the rms beam size,

2

rms?

x which is measured. Carrying out the matrix multiplication in Equation 5.5 gives

the relation in Equation 5.6.

x?ms = Ull(f) = R%l(fﬂ(i) + 2R11R12012(i) + R%20'22(1') (56)

The beam matrix is symmetric. Therefore, the elements of the beam matrix on the
right-hand side of Equation 5.6, completely describes the beam matrix at an initial
location. In order to construct o (i), all three terms, o11(7), 012(7), 092(7), must be cal-
culated which requires solving three independent equations in the form of Equation 5.6.
Changing the quadrupole gradient which changes the transfer matrix and measuring

the beam size downstream, one can obtain three independent equations.
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Figure 5.16. Example of measured rms beam size as a function of quadrupole magnet

strength.

The accuracy of the result depends on the choice of the quadrupole magnet setting
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which defines the measured beam size. This method works better when one obtains a
beam waist during the measurements as shown in Figure 5.16. One of the measurement
points around the beam waist and two other points from each side of the parabola can

be used for the calculation of o (7).

During the profile measurements, because the quadrupole gradient is varied in
a wide range, there may be particle losses which may damage the vacuum chamber,
especially at higher beam energies. At high energy, three profile method can be used

for emittance measurements.

5.4.3. Three Profile Method

The three profile method is very similar to the quadrupole variation method. It
is also based on solving a system of at least three independent equations to calculate
the Twiss parameters of the beam. Instead of varying the quadrupole gradient and
measuring the beam profile with one profile monitor, the quadrupole gradient is fixed
and the profile is measured at three monitors downstream of the quadrupole as shown

in Figure 5.17.
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Figure 5.17. Measurement of emittance with three profile method [40].

In principle, any location upstream of the first profile monitor can be chosen to
calculate the Twiss parameters and reconstruct a transverse phase space of the beam.
Three equations are obtained using the transfer matrices from the reconstruction point
to each profile monitor and the measured beam size. For an accurate calculation of

Twiss parameters, it is favorable to obtain the beam waist at the second profile monitor
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as shown in Figure 5.17.

5.4.4. Forward Method

Both quadrupole variation and three profile method are based on calculations
which ignore the space charge effects. These methods do not give accurate results for
low energy, high current hadron beams, where the space charge forces can be dramatic.
When space charge forces are not negligible, the forward method can be used for the

emittance reconstruction.

The forward method is also based on profile measurements. The measurements
can be performed by varying a quadrupole, similar to the case of quadrupole variation
method, or by fixing a quadrupole and measuring at three locations, similar to the case
of three profile method. However, unlike the other methods, the forward method is
based on tracking a particle beam from an initial location to the measurement location.
The principle is to start with an initial beam and vary its parameters at a location
where the transverse phase spaces are being reconstructed and track the multi-particle
beam forward to the profile monitor and compare the beam size from the simulations

and the measurements.

At least six measurements (three measurements for each transverse plane) should
be simulated with an identical input beam and the results should be analyzed si-
multaneously. For the analysis of the data, a penalty function can be defined as in
Equation 5.7 where N is the number of measurements to be used at the reconstruc-
tion process, ™ and 7° are the rms beam size (Z,;s OT Yprms) from measurement and

simulation respectively.

) =al 57

In order to find an input beam which describes the measurement data, a series of runs

are launched (for each measurement) by varying the Twiss parameters of the input



82

beam in both transverse planes [48]. At the end of each run, the value of the penalty
function is calculated. The parameters of the input beam is varied with a matching

algorithm until the penalty function is lower than a user defined value.

The forward method takes space charge forces into account. Therefore, the result
for the transverse phase spaces depends on the longitudinal parameters of the beam.
This effect is stronger for high current beams at low energies. For accurate determina-
tion of the transverse properties, it is important to specify the longitudinal parameters

of the initial beam as realistically as possible.

Choosing an initial beam whose properties are close to the one which is measured
would fasten the process. As a first approximation, the Twiss parameters of the initial
beam can be calculated from the quadrupole variation or three profile method. After
calculating the Twiss parameters, a multi-particle beam can be generated to be used
as an input beam for the simulations. At this stage, the distribution of the particles in

the transverse phase spaces should be predicted.

If the emittance of the beam is measured at an upstream location using a di-
rect method, like the slit-grid emittance meter, the Twiss parameters and the parti-
cle distribution at the reconstruction point can be approximated using multi-particle
tracking codes. During the 3 MeV commissioning stage of Linac4, the forward method
was used for the reconstruction of transverse phase spaces at the RFQ exit (See Sec-
tion 7.2.2). For the reconstruction, the longitudinal particle distribution of the beam

tracked through the RFQ was used.

5.5. Measurement of Longitudinal Bunch Profile

The longitudinal bunch structure can be measured using a bunch shape moni-
tor(BSM). The operational principle of BSM is shown in Figure 5.18a. The principle is
based on the coherent transformation of the longitudinal bunch structure into a spatial

distribution of low energy secondary electrons through transverse RF modulation [49].
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(a)
Figure 5.18. (a) The operational principle of BSM, (b) detector part of the BSM [49].

As seen in Figure 5.18a, a wire is inserted into the vacuum chamber as a target.
When the particles in the main beam hit the wire, secondary electrons are generated. A
slice of the secondary electron beam is selected using a slit between the target and the
RF deflector. At a specific time, the density of the generated electrons is proportional to
the number of particles hitting the wire. Therefore, the longitudinal distribution of the
secondary electrons passing through the slit is similar to the longitudinal distribution
of the particles in the measured beam. The RF deflector, which operates at the bunch
frequency, deflects the particles and transforms the longitudinal distribution, I(¢),
into a spatial distribution, I(z), as shown in Figure 5.18a. The spatial distribution is
measured using a slit and a detector after it. The RF phase of the deflector is varied
in steps to select different part of the distribution with the second slit. Typically, the
resolution of the BSM is about 1° at frequencies of hundreds of MHz [49].

When measuring the bunch structure of an H~ beam, electrons from H™ ions are
stripped and distort the measurement. In order to separate the stripped electrons from
the secondary electrons, the target wire is negatively polarized and a bending magnet
is installed in the detector part. The field of the bending magnet is adjusted to select

the secondary electrons as shown in Figure 5.18b.
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5.6. Measurement of Longitudinal Emittance

The quadrupole variation method can be adapted to the longitudinal phase space
to calculate the emittance of the beam. The phase of the RF cavity can be set to -90°
to have only bunching without any acceleration. Then, the RF amplitude of the cavity
can be varied to measure the longitudinal rms phase spread as a function of the cavity
setting. In Linac4, a BSM was used for the measurement of the longitudinal phase

spread.

The Twiss parameters can be calculated using a system of linear equations con-
structed from the transfer matrices in the longitudinal plane and the measured rms
beam size, as explained in Section 5.4.2. If the space charge forces are not negligible,
then the forward method (Section 5.4.4) can be applied to the longitudinal phase space.
During the 3 MeV commissioning period, the longitudinal emittance was reconstructed

at the RFQ exit using forward method (see Section 7.3.3).

5.7. Measurement of Average Energy

The average energy of the beam after an accelerating structure depends on the
setting of the field amplitude and the RF phase. Therefore, during the commissioning
period, energy measurements are very useful for characterization of the linac structure.
Up to 12 MeV commissioning stage, two different methods have been used for the mea-
surement of energy, namely, the Time-of-Flight (ToF) and the magnetic spectrometer

method.

5.7.1. Measurement of Average Energy with Time-of-Flight

The set-up for the ToF measurements consists of two BPMs separated by a drift
of several meters. The principle is to measure the time it takes for a bunch to travel
from the first BPM to the second one, then, calculate the speed and the average kinetic

energy of the beam.
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The principle of the ToF measurement is shown in Figure 5.19. If one measures
a single bunch, the time difference between the signals from two BPMs, AT, can be
measured without confusion. However, when measuring a bunched beam, there are
many bunches inducing signals which are not distinguishable. Therefore, the time
difference of the signals from the two BPMs, At, is smaller than the RF period, Tgrpg.
If the number of bunches between the two BPMs is known, then the time of flight can

be calculated.

Figure 5.19. Principle of ToF measurement using two BPMs.

In Figure 5.19, the number of full bunches between the two BPMs is n. At is
the time difference between the signal from the two BPMs. However, the signals are
induced by different bunches. The signal from BPM2 is induced by the i** bunch
and the signal from BPM1 is induced by the (i + n)"* bunch. The time required for
the " bunch to travel from BPM1 to BPM2 can by calculated using Equation 5.8
by considering the number of bunches between the BPMs and the RF period. After
the measurement of time-of-flight, knowing the distance between the two BPMs, the

calculation of speed and energy is straightforward.

During the Linac4 12MeV commissioning stage, ToF measurements were used for the

precise calibration of the RF phase and field amplitude of the first DTL tank.
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5.7.2. Measurement of Average Energy with Magnetic Spectrometer

When a charged particle enters a uniform magnetic field that is perpendicular
to its velocity, it follows a circular trajectory with a certain radius. For a particle
with charge ¢ and momentum p, the infinitesimal angle of deflection is given by Equa-
tion 5.9 where B is the magnetic field and dz is the infinitesimal displacement along

the trajectory of the particle.

da = LBd: (5.9)
P

Figure 5.20 shows a particle passing through a dipole magnet. The total angle
of deflection, ayeng, can be found by integrating Equation 5.9, taking into account the

inhomogeneous field, B, (%), of the magnet along the path.

Beam

Profile
Monitor ¢

Figure 5.20. Measurement of average energy with a spectrometer.

Integrating Equation 5.9 along the path of the particle and solving for momentum

gives the relation in Equation 5.10.

p=—1 /By(z)dz (5.10)
Qpend
path

Equation 5.10 indicates that the momentum of a particle can be determined by mea-
suring the angle of deflection in a known magnetic field. Afterwards, the kinetic energy

can be calculated using relativistic relations. As shown in Figure 5.20, a spectrometer
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system with a dipole magnet and a profile monitor can be used for the measurements.
The measurement principle can be applied to a beam of charged particles. The mo-
mentum and the average energy can be calculated by analyzing the horizontal beam

profile obtained from the monitor.
5.8. Measurement of Energy Spread

Energy spread of a charged particle beam can be measured using a spectrometer
shown in Figure 5.20. The angle of deflection of a particle depends on the momen-
tum of the particle. Therefore, when particles pass through the bending magnet the
momentum spread of a particle beam effects the particle distribution in the horizontal
plane. The momentum spread and the energy spread can be calculated by analyzing

the horizontal beam profile obtained from the profile monitor.

For a Gaussian particle distribution, after the bending magnet, the horizontal

rms beam size is given by Equation 5.11 [23].

2
Trms = \/ﬂberms + (DmeS) (511)
Po

The first term under the square root comes from the monochromatic part of the beam.

The second term is the contribution of the momentum spread where D is the disper-
sion, Prms is the rms momentum spread and pg is the momentum of the synchronous
particle. The contribution of the first term can be decreased significantly so that it
can be ignored and the measured particle distribution is directly proportional to the
momentum spread. A slit can be introduced before the bending magnet to decrease the
emittance of the beam and the beta function can be minimized by obtaining a beam
waist around the location of the profile monitor. In this case Equation 5.11 takes the

form of Equation 5.12.

Lrms = DmeS (512)
Do
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Using the value of the dispersion function at the position of the profile monitor and
the measured horizontal spread of the profile, the momentum spread (p,,s) can be
calculated using Equation 5.11. The momentum spread and the energy spread (W)

can be related using Equation 2.177 by replacing Ap by prms and AW by Wi

"Notice that Equation 2.17 is an approximation and the accuracy depends on Ap/pg.
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6. 45 keV COMMISSIONING STAGE

The parameters of the beam coming from the ion source are adjusted in the
LEBT before the beam is injected into the RFQ. Hence, it is crucial to understand
the beam parameters for an optimized matching of the beam from the ion source to
the RFQ. Measurements performed during the LEBT commissioning aimed to validate
the simulation tools and techniques, characterize the beam parameters and generate a

multi-particle beam to be used for the beam matching to the RFQ.

The Linac4 measurement campaign started at the Linac4d 3 MeV test stand.
During 2010 and onwards, extensive measurements were taken after the source, and
after the first and the second solenoids (RFQ injection plane) with the aim of preparing
for the RFQ commissioning and validating the simulation tools [50, 51, 52, 53]. This

thesis focuses on the commissioning period starting at the end of 2012.

During the commissioning of the LEBT, the ion source was operated both in
proton and H™ production modes. In December 2012 the measurements at the Linac4
LEBT started with a proton beam and the source was switched to H™ mode in February
2013 [44]. This chapter discusses the LEBT diagnostics and measurement set-up, the

measurements performed during the LEBT commissioning and their analysis.

6.1. LEBT Diagnostics and Measurement Set-up

There are several permanent beam diagnostic instruments installed in the LEBT.
Figure 6.1 shows the layout of the LEBT with the diagnostic instruments. Between the
two solenoid magnets, there is a BCT and a diagnostic tank which houses a SEM grid
and a Faraday Cup. During daily operations, the SEM grid can be inserted into the
beam pipe and used for checking the stability of the beam coming from the ion source.
Together with a BCT downstream of the RFQ, the LEBT BCT and the Faraday Cup
are used for the RFQ transmission measurements. The Faraday Cup can also be used

as a beam dump to stop the beam going into the RFQ and to monitor the beam current
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at the same time.

Beam
Direction
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r i 7 ra . A T

SEM Grid Faraday Cup BCT

Figure 6.1. Diagnostic instruments on the LEBT line.

During the commissioning of the LEBT, a slit-grid emittance meter was used
for the characterization of the beam and the solenoids. Figure 6.2 shows a picture of
the measurement set-up during the LEBT commissioning. As it can be seen from the

picture, the slit-grid emittance meter was installed after the diagnostic tank.

Figure 6.2. Picture of the solenoid, the diagnostic tank and the emittance meter.
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6.2. Emittance Measurements and Backtracking

Several emittance measurements were taken after the first solenoid of the LEBT
with the measurement set up shown in Figures 6.2 and 6.5. The phase space of the
beam in the transverse planes at the slit location was changed by varying the electrical
current passing through the solenoid magnet windings (I, solenoid current). For each
solenoid current, both the horizontal and the vertical phase space plots of the beam
were extracted. Then, a multi-particle beam was generated (see Section 5.4.1.2) using
the data both from the horizontal and vertical emittance scans. Each generated beam
had 45 keV average energy and a very small energy spread (0.1 per mill). The process

was repeated both for the proton beam and the H™ beam.

6.2.1. Measurements with the Proton Beam

The LEBT solenoid magnets are identical and can produce an integrated axial
field of 9.6 - 1072 Tm for I,,; = 145 A. Figure 6.3 shows the phase space plots of the
generated proton beams for three different solenoid currents. As it can be seen from
the figure, for each solenoid current, shape and the orientation of the phase space plot
of the beam at the slit location is different. The beam is convergent for I, = 85 A
(Figures 6.3a and 6.3d), it is focused for I,y = 95 A (Figures 6.3b and 6.3e) and it is
divergent (focused before the slit) for Iy, = 105 A (Figures 6.3c and 6.3f).

Figure 6.4 compares the phase space plots of the beams shown in Figure 6.3.
While the phase space plots of the proton beam rotate and change shape with increasing
solenoid current, the arms at two sides don’t change orientation. These arms represent
the H° particles which also leave signal on the emittance meter SEM grid® . For particle

tracking, these arms were removed from the beam.

Figure 6.5 shows a sketch of the set-up used for the LEBT emittance measure-
ments. The phase space plots shown in Figure 6.3 describe the beam at the slit location

(see Section 5.4.1). Therefore, they can not be used directly for the optimization of the

8HC and the other particle species, H2+ and H:J{, will be discussed later in this section.
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Figure 6.3. The phase space plots of the proton beams generated from the emittance
measurement data. The first row shows the horizontal and the second row shows the
vertical phase space plots. From left to right, I,,;, =85 A, I,,; = 95 A and

I,,;, = 105 A, respectively.

solenoid magnets to match the beam from the ion source to the RFQ. The matching
process requires the definition of the particle beam at the entrance of the first solenoid
magnet (see Section 6.3 for the matching process). Therefore, the generated beams
had to be backtracked to the beginning of the first solenoid where the magnetic field
starts? (see Figure 6.5). The backtracking includes tracking the particles first through
an 80 cm long drift and then 60 cm long magnetic field map.

The measured beam current at the Faraday cup was around 15 mA. However
due to space charge compensation, the effective current of the beam is decreased. This

decrease had to be taken into account for the computation of the space charge forces.

9The physical length of the solenoid itself is 30 cm, however the magnetic field region is 60 cm.
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Figure 6.4. Comparison of the phase space plots of the proton beam measured with

different solenoid currents (red: I, = 85 A, blue: I,,; = 95 A, magenta:

I, = 105 A).
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Figure 6.5. Sketch of the measurement set-up at 45 keV.

Space charge compensation (also addressed as space charge neutralization) occurs due
to the ionization of the residual gas [54] caused by the collision of the particles in
the main beam with the residual gas molecules. Space charge compensation occurs
both for the proton and H~ beams [55, 56]. However, the mechanism is different
for each case. In the case of a proton beam, after the ionization of the residual gas
molecules, the positive ions are pushed towards the vacuum chamber and the electrons
are trapped in the positive potential of the proton beam. However, in the case of an
H™ beam, the electrons are pushed away and the positive ions are trapped. In both
cases, the potential generated by the beam itself is reduced by the potential of the

trapped particles. The amount of space charge compensation can not be calculated
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with PATH, however, the dynamics of the main beam can still be modeled by setting
the beam current to a lower value (effective beam current, I.¢) which depends on the
compensation factor. The space charge compensation can be controlled (up to some
extent) by injecting different types of gas and by changing the gas pressure in the
LEBT [57]. The Linac4 LEBT has a gas injection system to control the density of the

residual gas.

In order to determine the effective beam current and to obtain the particle dis-
tribution for further simulations, the generated beams shown in Figure 6.3 were back-
tracked using PATH code to the beginning of the first solenoid (where magnetic field
starts in Figure 6.5). In principle, if I. ;s is set to the correct value, after backtracking,
the phase space plots of all three beams should be identical. Therefore, in order to
estimate the correct value of I.s¢, all three beams were backtracked by varying I.s¢
between zero and 15 mA, and for each I.;; value, the phase space plots of the back-
tracked beams were compared to each other. For the comparison of phase space plots
of two different beams, the mismatch factor given in Equation 6.1 [58] was used. In
the equation, M;; is the mismatch factor calculated from the it" and j"™ beams and
A;j is calculated from the Twiss parameters of the beams as shown in Equation 6.2.
The mismatch factor, M, is dimensionless and it gives an indication of how different
the rms ellipses of the two beams are in the phase space. If the ellipses are identical

then M is equal to zero.

1 T

Ay = (ag—oy)’ = (Bi—Bj) (v — ) (6.2)

In order to estimate for which I.¢f, all three backtracked beams are closer to

each other, a total mismatch factor is defined as My = /M3, + M3, + MZ,. The total
mismatch factor was calculated for each transverse plane and for each set of three

beams obtained from backtracking with different I ;.

Figure 6.6 shows My calculated after backtracking with various effective beam
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Figure 6.6. Total mismatch factor for proton beams backtracked with different

effective beam currents.

currents. The result presented in the figure indicates that both in horizontal and
vertical planes, the phase space plots of all three beams are closest to each other when

backtracked with effective beam current of zero. The horizontal phase spaces of the
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Figure 6.7. The comparison of the phase space plots of the three proton beams
backtracked (a) with I.ry = 0 mA and (b) with I.;f = 15 mA (red: I, = 85 A, blue:
I = 95 A, magenta: I, = 105 A).

backtracked beams were plotted together both for I.;; = 0 mA and I.;; = 15 mA.
Figure 6.7a and 6.7b show the phase space plots of the three beams backtracked with
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I.;y = 0 mA and I.;; = 15 mA, respectively. As it can be seen in Figure 6.7b, when
the measured beams were backtracked with I.;; = 15 mA the phase space plots of the
three beams were different from each other. However, for the case of backtracking with

I.;y = 0mA, the phase space plots of all three beams seem to overlap well (Figure 6.7a).

The space charge compensation factor can be calculated using Equation 6.3 [59]
where 7 is space charge compensation factor, 17, is the effective beam current which
minimizes My, and Ijeq, is the beam current measured with the Faraday Cup. Con-
sidering I.sf = 0 mA gives the minimum value of My, space charge compensation for
the proton beam in Linac4 LEBT was 100 per cent.

I*

eff
_ 6.3
[beam ( )

n=1

Figure 6.8 shows the phase space plots of the proton beams after backtracking to
the solenoid entrance with I.;; = 0 mA. Phase spaces of all three beams are almost
identical when backtracked with a correct effective beam current. Notice that there

may be small differences arising from the errors in the emittance scans.

6.2.1.1. Investigating the Other Particle Species After the First Solenoid. Figures 6.3

and 6.4 clearly show the trace of the H° particles but not that of Hf and H; . However,
during the former measurement periods, emittance measurements clearly showed also
the traces of H and Hj [50, 51, 53]. Even if these particle species are not of primary
interest, tracking these particles to the emittance meter location and comparing the
simulation and measurement results help to understand the system better, verify the

accuracy of the tracking code and the simulation methods.

The beam whose phase space plots are shown in Figures 6.8b and 6.8e was taken
as a starting point. The phase spaces were populated with H°, Hy and Hj particles
assuming that each type of particle beam has similar Twiss parameters. After the

addition of the other species, the new beam with different types of particles had 70 per
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entrance with I.;; = 0 mA. The first row shows the horizontal and the second row

shows the vertical phase space plots. From left to right, I,,; =85 A, I,,; =95 A,

I,,;, = 105 A, respectively.

cent protons, 15 per cent Hj, 10 per cent H;f and five per cent H°.

The beam, which consists of different particle types, was tracked through the

solenoid to the emittance meter (slit location) with I, = 85 A and I, = 95 A in

order to compare with the emittance measurements. Figure 6.9 shows the comparison

of the phase plots from simulations and measurements. As it can be seen from the plots,

the traces of H? particles from the measurements agree very well with the simulations.

However, other particle types are not visible in the measurement. This may be due to

the low resolution of the measurement and small separation of the phase space plots

of different species.
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Figure 6.9. The comparison of the phase space plots from simulations and
measurements for Iy, = 85 A and I, = 95 A (the particle species are indicated on

the plot).

The simulations showed that for I,,; = 140 A the phase space plots of different
particle types would nicely separate at the slit location. Therefore, the solenoid current
was set to 140 A and the horizontal and vertical phase spaces were measured. Figure

6.10 shows the comparison of the simulation and measurement results. As it can be

x'(mrad)
y'(mrad)

x(mm) y(mm)

(a) (b)

Figure 6.10. The comparison of (a) horizontal and (b) vertical phase space plots from
simulation and measurements for I, = 140 A (the particle species are indicated on

the plot).
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seen in the phase space plots, the simulation and measurement results agree well except
for Hi. In the measurement the signal from Hj is still very weak. The measurement
data is cut in x and y direction but still it can be seen that the orientation of the phase
space plot of different types of particles agrees well with the measured phase space

plot.

6.2.2. Measurements with the H- Beam

In February 2013, the measurements in the LEBT started with a temporary H™
source which can deliver a beam current of 14 mA [60]. The measurement set-up for
the H™ beam and the proton beam was the same (see Figure 6.2). Horizontal and
vertical emittance measurements were taken with different solenoid currents. Figure

6.11 shows the horizontal phase space plots obtained from the emittance measurement

for I,y = 90 A, I,o; = 95 A and I,,; = 100 A0 .

20 . .

I =90A 1__=95A 1 =100A
sol sol sol

x'(mrad)
o

x’(mrad)
o

X'(mrad)
o

-20 v - -20
-40 -20 0 20 40 -40 0 -40 -20 0 20 40
x(mm) x(mm) x(mm)

(a) (b) (c)
Figure 6.11. The horizontal phase space plots of H™ beams generated from the

emittance measurement data with (a) Iy =90 A, (b) Is = 95 A, (¢) Iy = 100 A.

Three multi-particle H™ beams were generated from the emittance measurement
data and backtracked to the solenoid entrance. The procedure of varying the effective
beam current for backtracking, as explained in Section 6.2.1, was also applied to the
H~ beams. The total mismatch factor (see Section 6.2.1) was calculated after back-

tracking with each effective beam current. Figure 6.12 shows the total mismatch factor

10Since the beam is symmetric in the LEBT, for simplicity, only the horizontal phase space plots
will be given in this section.
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calculated for different effective beam currents between zero and 14 mA. As it can be
seen in the figure, the calculation predicts the value of the ;s as 3 mA. Considering
the beam current of 14 mA measured at the Faraday Cup, 3 mA effective beam current
corresponds to 78 per cent space charge compensation. The space charge compensa-
tion factor in Linac4d LEBT with H™ ions was predicted to be 80 per cent by utilizing

another method which uses the ion source extraction simulations [56].

14

—e— Horizontal Plane
12+ —e— Vertical Plane

Mismatch Factor

0 I I I I I I I I I

L L L L
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Ieff (mA)

Figure 6.12. Total mismatch factor for H~ beams backtracked with different effective

beam currents.

Figure 6.13 shows the comparison of the phase space plots of the three beams
backtracked with I.;y = 0 mA, I.;y = 3 mA and I.;y = 14 mA. As it can be seen in
the figure, the phase space plots of the beams are closer to each other for I.; = 3 mA.
In Figures 6.13a and 6.13c, there is a clear difference in the orientation of the phase
space plots. However, in the case of Figure 6.13b, for I.;; = 3 mA, the orientation of
the phase space plots are the same. The small emittance of the beam measured with
I,,; = 100 A is due to the error in the measurement which resulted in cutting away

some part of the beam in 2’ direction (see Figure 6.11c).
6.3. Matching the Beam to the RFQ

Starting from the emittance measurement data, it was possible to obtain a rep-
resentation of the particle distribution at the source exit using backtracking. The
distribution measured with I,,; = 95 A and backtracked to the source exit was taken

as a reference H™ beam to find the setting of the solenoids for the RFQ matching.
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Figure 6.13. The comparison of the phase space plots of the three H™ beams
backtracked with (a) I.;f = 0 mA, (b) I.sf = 3 mA and (c) I.fr = 14 mA,
respectively (red: Iz, = 90 A, blue: I, = 95 A, magenta: I, = 100 A).

Using PATH code, the currents of the first and second solenoid for RFQ matching
were found as 87 A and 118 A, respectively. Before removing the emittance meter for
the installation of the second solenoid, the first solenoid current was set to 87 A and
the emittance was measured at the matching condition. The measured normalized rms
emittance for the transverse plane was 0.6 mm.mrad after averaging over the horizontal
and vertical planes [60]. Compared to the target transverse normalized rms emittance
of 0.31 mm.mrad after the RFQ, it can be seen that the measured value with the
temporary H™ source was much higher than what was considered to be accelerated in
the RFQ. Therefore, along with the beam commissioning, the work on the source for

the current and emittance improvement continued.
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7. 3 MeV COMMISSIONING STAGE

The 3 MeV commissioning stage started in March 2013 with the measurements
after the RFQ. The RFQ and MEBT were commissioned first in the Linac4 3 MeV test
stand. Then, in the second half of 2013 they were transported into the Linac4 tunnel
to their final location. The commissioning period in the tunnel started in November

2013 [17] with recommissioning of the RFQ and MEBT!! .

During the 3 MeV commissioning stage, besides characterization of the beam
parameters, several other issues were addressed. The major ones were confirming
the RFQ performance, validating the chopping system operation and finding the RF
phase and amplitude setting of the cavities on the MEBT. This chapter discusses the

measurement set-up, techniques and the results related to 3 MeV beam commissioning,.

7.1. Movable Diagnostic Bench

The beam commissioning at 3 MeV (and also at 12 MeV) was performed using
a movable diagnostic bench. The bench was consecutively used for the beam measure-
ments after the RFQ, the MEBT line and the first tank of the DTL. Figure 7.1 shows
the layout of the bench. The bench has a straight section and a spectrometer. The
straight part is equipped with a slit-grid emittance meter, a BSM, two BPMs and a
BCT. The spectrometer has a BCT and a SEM grid as a profile monitor.

The beam current through the BCTs was the first parameter to check when the
machine started. The BCT on the straight section of the bench is installed as close as
possible to the beginning of the measurement bench to help measuring the transmission
through the structure upstream of the bench. The second BCT was installed on the
spectrometer line to help adjusting the bending magnet current to deliver the beam

safely to the SEM grid and to the beam dump.

1 The location of the measurements related to the RFQ or MEBT will not be stated unless it is
necessary.
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Dipole
Magnet

EM Slit Spectrometer

Quadrupoles SEM Grid

Figure 7.1. Movable diagnostic bench for 3MeV and 12MeV beam measurements.

The two electromagnet quadrupoles were used during the emittance measure-
ments to increase the angular acceptance of the system. They were also used during
the energy spread measurements to minimize the S function at the spectrometer SEM

grid location (see Section 5.8).

7.2. Commissioning of the Radio Frequency Quadrupole

The beam was first accelerated through the RF(Q in March 2013 [44]. The LEBT
solenoids were at 87 A and 118 A, respectively. The values were predicted using the
measured beam at the LEBT as an input to the tracking code PATH for RFQ matching
(see Section 6.3). Figure 7.2 shows the first sign of the beam after the RFQ measured
with the BCT, right after the RFQ. The beam current was recorded as 16 mA in the
LEBT and 10 mA after the RFQ, which corresponds to 62 per cent transmission. After
adjusting the steering magnets and fine tuning the solenoid currents in the LEBT, the
transmission could be increased up to 75 per cent (12 mA after the RFQ). The final
solenoid settings were within three per cent of the ones predicted with PATH, which
proved the accuracy of the LEBT modelling and particle tracking. It is important to
note that the target transmission through the Linac4 RFQ is 95 per cent [12]. The

measured 75 per cent transmission efficiency was expected from the simulations due to



104

|
|
-10 \w—\Mm-"/mj

mAmp

-15-

T T T T T T
564 15 | 565 265 256 365 3,56

time [ns]

Figure 7.2. The first measurement of the 3 MeV H~ beam with the BCT after the
RFQ.

the large emittance of the injected beam.

The next step was to check the energy of the beam coming out of the RFQ.
Therefore, the beam was sent to the spectrometer arm of the diagnostic bench. The
BCT in the spectrometer measured a similar value for the beam current which proved

that the beam measured after the RFQ was at 3 MeV.

7.2.1. Transmission through the RFQ as a Function of RF Power

The performance of the RFQ and the calibration of the RF amplitude were con-
firmed by varying the power in the RF(Q and measuring the transmission. The trans-
mission through the RFQ was measured as a function of the RF power in the RFQ for
different values of the gas pressure in the LEBT. The measured values were compared
to the expected transmission from the simulations. The transmission through the RFQ
was studied with Parmteqm [25], considering the measured particle distribution in the
LEBT. Figure 7.3 compares the measured characteristic curve of transmission vs. RF
power in the RFQ for different LEBT gas pressures and the expected transmission
from the simulations. The measured transmission agrees well with the expected values
especially around the operational power level of 390 kW. During the measurements,

the solenoid magnets were optimized for the case corresponding to P = 1 -10~% mbar.
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Figure 7.3. Transmission through the RFQ as a function of the RFQ power for three
different values of the LEBT pressure.

7.2.2. Transverse Emittance Reconstruction After the RFQ

When the measurements started after the RFQ, at the 3 MeV test stand, the
slit-grid emittance meter was not fully operational'? . Therefore, other solutions were
found to determine the emittance of the beam after the RFQ. During the measurements
after the RFQ, two electromagnet quadrupoles were installed between the RF(Q and the
movable diagnostic bench in Figure 7.1. The transverse beam profile was measured us-
ing the slit of the emittance meter and the BCT downstream [45] for various quadrupole
magnet settings. Measured beam profiles were used for reconstructing the transverse

phase space plots at the RFQ exit with the forward method (see Section 5.4.4).

Reconstruction )
/ location Slit
Beam

Direction
RFQ @ @ —

Figure 7.4. The measurement set-up for the emittance reconstruction.

Figure 7.4 shows a drawing of the set-up with the two quadrupole magnets (Q;

123 MeV test stand was aimed to be the test bed for most of the commissioning strategy and
calibration of diagnostics [61].
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and Q2), slit of the emittance meter and the BCT right after the slit. During the
measurements, the slit was not used for selecting a slice of the beam but rather as
a scraper to change the beam intensity. In order to measure the beam profile, the
slit blade was inserted into the vacuum chamber step by step and the beam intensity
was measured with the BCT as a function of the blade position. By subtracting the
measured intensity from the maximum intensity measured, the losses were calculated
as a function of the slit position. The slope of the curve of losses for each slit position
gives the beam intensity at that specific position. Therefore, the beam profile was

obtained by taking the derivative of the curve along the slit position.

[= E = E
0.75 E

@ E 2 O Vet
= 0.6 = 0.6F
o E / aQ E J
4 o5t 4 0S5E
2 o4t i S 04 i
£ E / E 03
<] 0.3F ] E
2 £ e 2 o2k
2 0.2F ® =
173 = » 1 E
2 0.1F 2 oF o

Cois L E,

0 45 50 55 60 65 70 75 50 55 60 65 70 75 80
Slit Position [mm] Slit Position [mm]

—_ . 72 Tndr 0.0002121/ 16 —_ = 0.0001185/ 16
El 0.1F Constant 0.09094 + 0.001968 5 0.14fF Constant 0.134+0.001718
, E Mean 59.49+0.1118 S, E Mean 64.63+0.04849
> 008 Sigma 4552+ 0.1231 o 012F / \ Sigma 3.272 + 0.05051
° E o E
2 F / 2 01
a 0.06 a aF / \
£ B g 008 / \
< o004t = 008

r 0.04 ;7

0.02 = 0.02]
0- o
45 50 55 60 65 70 75 50 55 60 65 70 75 80
Slit Position [mm)] Slit Position [mm]
(a) (b)

Figure 7.5. The curve of losses (top) and the calculated beam profiles (bottom) for

the (a) horizontal and (b) vertical planes.

Figures 7.5a and 7.5b show the measured curves of losses and the calculated
beam profiles for the horizontal and vertical planes, respectively. The beam intensity
measured after the RFQ was normalized to the intensity measured at the LEBT to take
into account any possible oscillations in the beam current. Therefore, the maximum

value of the curve of losses is around 0.7 which is actually the normalized transmission

efficiency of the RFQ.

Using different quadrupole magnet settings, five beam profiles were measured for
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each transverse plane. Using the measured profiles, the beam phase space plots were
reconstructed at the RFQ exit (see Figure 7.4). After the reconstruction, the beam
measured at the LEBT and tracked through the RFQ with Parmteqm was compared
to the reconstructed beam after the RFQ. Figure 7.6 shows the comparison of the
phase space plots of the beam tracked with Parmteqm and the beam reconstructed
at the RFQ exit. The reconstructed beam has a smaller emittance in both transverse
phase spaces. The tracked beam has a normalized rms emittance of 0.36 mm.mrad
and 0.37 mm.mrad in horizontal and vertical planes, respectively. The normalized rms
emittance values for the reconstructed beam are 0.32 mm.mrad and 0.34 mm.mrad in

horizontal and vertical planes, respectively.
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Figure 7.6. The comparison of the (a) horizontal and (b) vertical phase space plots of

the beam measured in LEBT then tracked through the RFQ with Parmteqm and the
beam reconstructed at the RFQ exit.

The beams from Parmteqm simulation and reconstruction were tracked from the
RFQ exit to the slit location where the beam profiles were measured. Each measure-
ment with the slit and BCT was simulated. The measured data were compared to
the simulation result in order to see which beam describes the measurements better.
Figure 7.7 shows the comparison of curves of losses from measurement and simulations

for the two cases shown in Figure 7.5. As it can be seen in Figures 7.7a and 7.7b, the



reconstructed beam describes better what was measured after the RFQ.
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Figure 7.7. The comparison of curves of losses from measurement and simulations for

the (a) horizontal and (b) vertical profile measurements.

The same method was used for the transverse emittance reconstruction where the

beam profile was measured with a MEBT wire scanner [62].

7.3. MEBT Commissioning

After the commissioning of the RFQ, the MEBT line was installed and the diag-

nostic bench shown in Figure 7.1 was moved to the end of the MEBT line. Figure 7.8

shows a drawing of the MEBT line with the RF cavities, quadrupole magnets and wire

scanners colored. Besides the instruments on the diagnostic bench, two wire scanners

(red in the figure) of the MEBT line were also used during the commissioning,.

i1 Chopper plates :E%En_" ‘
\ ) [. II \\ 4 Beam
il )\ Direction
) —
O 4 »
[ b4
©) S
WS-1

RF cavity 1

RF cavity 2

Figure 7.8. Drawing of the MEBT line with quadrupole magnets (yellow), RF

cavities and wire scanners (red) [35].
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7.3.1. Testing the Operation of the Chopping System

The first performance test of the chopper system was to chop some part of the
pulse and observe the beam current along the pulse with the BCT (between the last
two quadrupoles in Figure 7.8) downstream of the MEBT dump. Figure 7.9 shows the
beam current along the pulse measured after the MEBT dump. As it can be seen in

the figure, the bunches at the middle part of the pulse were chopped.
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Figure 7.9. Beam current along the pulse from the BCT downstream of the MEBT

dump when the chopper is on.

In order to see the separation between the main and the chopped beam, the profile
of the beam was measured with the second wire scanner which is located upstream the
MEBT dump (see Figure 7.8). A measured vertical profile along the pulse is given in
Figure 7.10. The solid black lines show the beam profile along the pulse with a time
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Figure 7.10. Beam vertical profile (along the pulse) on the wire scanner before the

MEBT dump when the chopper was on. Horizontal axis is the wire position in

millimeters.
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resolution of 6 us. The profile on the right belongs to the main beam and the one on
the left belongs to the chopped beam. As it can be seen, the chopped bunches were

separated nicely even before the dump at the wire scanner location.

The quadrupole magnet (L4L.RQF.371) between the chopping system and the
MEBT dump plays an important role on the chopping efficiency. L4L.RQF.371 is defo-
cusing in the vertical plane, therefore, helps deflecting the chopped bunches. However,
if the gradient of the magnet is too high, then the size of the main beam would be too

big to pass through the MEBT dump.
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Figure 7.11. The beam current downstream of the MEBT dump as a function of

LAL.RQF.371 setting.

The beam current downstream the MEBT dump was measured as a function of
LAL.RQF.371 setting. Figure 7.11 shows the variation of the beam current with the
quadrupole magnet setting both for the chopper on and off cases. As it can be seen
in the figure, by setting the quadrupole magnet current to a value around 120 A, the
deflected bunches can be stopped at the dump and the transmission of the main beam

can be maximized simultaneously.

7.3.2. Setting the RF Phase and Calibrating the Amplitude of the MEBT

Cavities

Determining the operational settings of the MEBT RF cavities was crucial for

an optimized matching of the beam from the RFQ to the DTL. Also, calibrating the
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amplitude of the cavities was important to control and tune the MEBT during the
operation. The calibration of the RF amplitude and determination of the RF phase
settings of each cavity were done by measuring the kinetic energy gain of the beam
through the cavity as a function of RF phase for various RF amplitudes. The cavities

were turned on one by one and studied independently.

Figure 7.12 shows the normalized energy gain of the beam through a cavity as a
function of the RF phase (see Section 2.1). In principle, one can vary the RF phase of
the cavity and measure the energy gain to sample the curve of energy gain (blue curve
in Figure 7.12). After obtaining the energy gain vs. RF phase curve, the effective axial
RF voltage, VT, can be calculated and the four main RF phase points (red dots in
Figure 7.12) can be determined.
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Figure 7.12. Normalized energy gain as a function of the cavity RF phase and four

main RF points (the crest, through and two zero crossings).

The energy gain through each cavity was measured with the spectrometer arm of
the measurement bench. For each MEBT cavity, the RF phase was varied over a range
of 360° and the beam was centered on the spectrometer SEM grid by adjusting the
current of the bending magnet. By centering the horizontal profile on the SEM grid
the beam was forced to follow the same path (with the same bending angle) through

the bending magnet regardless of its energy.

During the measurements, for each RF phase, the bending magnet current, which
centers the beam profile on the SEM grid, was recorded. After the scan of the RF

phase, a cosine function with a constant offset was fitted to the data. Figure 7.13
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shows the measurement data related to the first MEBT cavity and the fitted curves

for two different levels of the forward RF power sent to the cavity.
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Figure 7.13. Bending magnet current (representing the energy gain) as a function of

the RF phase of the first MEBT cavity for the two forward power levels.

Equation 7.1 shows the form of the fit function where ¢rr is the RF phase of the
cavity. After fitting, the three unknowns (I, Al.. and A¢) could be determined. In
the equation, I, gives the bending current which centers the beam on the SEM grid
when there is no energy gain. Al,,,, shows how much the current was changed to
center the beam when the energy gain was maximum. A¢ shows the shift of the curve

in the positive ¢prp direction.

f(orr) = Iy + Alyascos(prp — A) (7.1)

Since the bending angle and the path of the beam through the bending magnet
is the same for each case, considering the magnetic field is directly proportional to the
magnet current, it can be shown from Equation 5.10 that Ap/pg is equal to Al ,q./Io-
Inserting this relation and Equation 2.6 into Equation 2.17, one can find the relation

for effective axial RF voltage as in Equation 7.2.

W r 1 A[maa:
0 (7 i ) (7.2)

Vol = —2
’ q r IO
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The measured and calculated Vi7" for the first MEBT cavity with 2.5 kW and
5.0 kW forward power (see Figure 7.13) were 58.5 kV and 83.0 kV respectively!® .

The measurement and analysis process explained above was repeated for all three
MEBT RF cavities for several forward power levels to calibrate the RF amplitude of
each cavity. The calibrations for the cavity amplitudes were taken into account for the

Linac4 control system.

The beam dynamics design requires the MEBT RF cavities to operate at the
bunching phase, which is —90°. From the fitting, the two zero crossings of the energy
gain vs. RF phase curve can be calculated by (90° — A¢) and (90° + A¢). However,
the information obtained from the phase scan of the cavities is not enough to deter-
mine which zero crossing corresponds to the bunching phase. In order to do that, the

longitudinal phase spread of the beam was measured with the BSM [63].

7.3.3. Longitudinal Emittance Reconstruction at the RFQ Exit

After setting the phase and calibrating the RF amplitude of the MEBT cavities
the forward method was applied to the longitudinal plane to reconstruct the emittance
at the RFQ output [62]. For the measurements, the voltage of the second MEBT cavity
was varied while keeping the RF phase at —90° (at the bunching phase). The voltage
and phase of the first cavity were kept constant at the operational values and the third
cavity was turned off and detuned. The longitudinal phase spread of the beam was
measured as a function of cavity voltage with the BSM in the diagnostic bench (see

Figure 7.1).

Figure 7.14 shows the longitudinal phase space plots, at the RFQ exit, expected
from the RFQ simulations and the one reconstructed from the measurement data. The
longitudinal rms emittance values are 0.19 deg.MeV and 0.16 deg.MeV from Parmteqm

and reconstruction, respectively.

3 The estimated values for VT from the RF measurements were 60 kV and 84 kV for 2.5 kW and
5.0 kW forward power, respectively.
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Figure 7.14. Longitudinal phase space plot at the RFQ output (a) expected from

Parmteqm simulations and (b) from reconstruction [62].

After the emittance reconstruction, the measured longitudinal rms phase spread
was compared with the simulations. Figure 7.15 shows the comparison of the measured
and simulated rms phase spread. The simulations were run both with the beam from

Parmteqm and the reconstruction.
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Figure 7.15. Comparison of the longitudinal rms phase spread at the BSM location

from the measurement and simulations.

7.3.4. Commissioning the Emittance Meter with Quadrupole Magnets

Before the measurement bench was installed into the tunnel, in order to increase
the angular acceptance of the emittance meter, two electromagnet quadrupoles were

installed between the slit and the grid of the emittance meter (see Figure 7.1). Also,
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the Linac4 emittance meter application (see Section 5.4.1.1) had to be updated consid-
ering the effect of the quadrupole magnets as explained in Section 5.4.1. The correct
operation of the emittance meter with two quadrupole magnets'* was tested before

proceeding with the analysis of the beam transverse phase spaces.

The slit-grid emittance meter measures the transverse phase spaces at the slit
location. As it can be seen in Figure 7.1, EM quadrupoles are located downstream of
the slit, therefore, the setting of the EM quadrupoles should not have any effect on
the measured phase space plots (unless the transmission from the slit to grid changes).
With the same setting of the MEBT line, transverse phase spaces of the beam were
measured with three different EM quadrupole settings and then compared to each
other. Table 7.1 shows the current values used for the quadrupole magnets for each
set of measurements and the Twiss parameters of the beam in each transverse phase

space .

Table 7.1. Twiss parameters from the emittance measurements with three different

EM quadrupole magnet settings (f is in mm/mrad and € is in mm.mrad).

EM Qi1(A) | EM Q2(A) Ol Be € Qy By €y
70 50 0.1368 | 1.3203 | 0.2535 || -0.2864 | 0.6829 | 0.2167
100 75 0.1363 | 1.3024 | 0.2608 || -0.3195 | 0.6717 | 0.2347
170 130 0.1351 | 1.4702 | 0.2748 || -0.3442 | 0.5564 | 0.2432

The values from the measurements have a fair agreement among them. The
change in the values, as the quadrupoles get stronger, can be due to the reduction of
the particle losses between the slit and the grid. Figure 7.16 shows the measured phase

space plots for each setting of the EM quadrupoles.

4 The two quadrupole magnets between the slit and the grid will be addressed as emittance meter
quadrupoles (EM quadrupoles).
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Figure 7.16. Measured phase space plots (first row: horizontal, second row: vertical)
of the beam with different EM quadrupole settings. The electrical current through

the magnets are indicated in the legend box of the plots.

7.3.5. Transverse Emittance Measurements after the MEBT

After the commissioning of the slit-grid emittance meter, several transverse emit-
tance measurements were taken. At the time of the measurements, the beam current

was around 10mA [35].

In order to check the calibration of the MEBT quadrupole magnets, five sets of
measurements were taken by varying the last four MEBT quadrupole magnets (see
Figure 7.8). Only three of the measurements will be presented in this thesis for the
sake of brevity. Figure 7.17 shows the phase space plots of the multi-particle beams

generated, at the slit location, based on the measurement data.
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Figure 7.17. Measured phase space plots (first row: horizontal, second row: vertical)
with different MEBT optics settings. My, M, and M3 indicate the measurement

number.

The longitudinal distribution of the generated beams were based on the simula-
tions. The beam tracked through the RFQ was simulated further to the slit location.
The longitudinal distribution of the simulated beam at the slit location was taken as
a reference. The generated beams were backtracked from the slit location to the RFQ
output plane by using the corresponding MEBT optics setting. The beam line from
the RFQ output to the slit is around four meters long and contains 11 quadrupole
magnets. Figure 7.18 shows the phase space plots of the backtracked beams at the
RFQ output plane. As expected, the shape and orientation of the phase space plots

are almost identical.

Having the same phase space plot for each beam after backtracking proves the

MEBT quadrupole magnet calibrations, accuracy of the tracking code PATH and the
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Figure 7.18. Phase space plots of the backtracked beams (first row: horizontal,

second row: vertical) at the RFQ output plane.

power of the backtracking method. After backtracking, the particle distribution at the
RFQ exit was obtained based on the measurements. This particle distribution can be
used as an input to further beam dynamics simulations, for instance, tuning the MEBT

for matching the beam to the first tank of the DTL.

The backtracked beam at the RFQ exit was compared with the beam obtained
from the RFQ simulations. Figure 7.19 shows the comparison of the phase space plots
of the beams from Parmteqm and backtracking (M; was used for the comparison).
The backtracked beam has a smaller emittance, this can be partially explained by
the particle losses along the MEBT line. The backtracked beam represents only the

particles which could reach to the emittance meter.
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Figure 7.19. Comparison of the transverse phase space plots of the beam from RFQ

simulations and backtracking.

7.3.5.1. Crosschecking the Wire Scanner and Emittance Meter Results. The two wire

scanners in the MEBT line will be the sole measurement devices available to investigate
the transverse properties of the beam during the operation. Therefore, it was impor-
tant to crosscheck the results of the wire scanner measurement with the results from

another diagnostic instrument. The transverse beam sizes were measured with the two
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Figure 7.20. Beam size at the second wire scanner location as a function of

L4L.RQF.371 current.
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wire scanners while varying the current of a quadrupole magnet upstream of the wire
scanner. The measurements were simulated using the backtracked beam as an input.
Then, the simulation results were compared with the measurement data. Figure 7.20
shows the comparison of the transverse beam sizes on the second wire scanner as a
function of L4L.RQF.371 (seventh MEBT quadruple magnet) current. The simulated
and measured beam sizes were compared both at the first and second wire scanners by
varying the currents of different quadruple magnets. Results showed a fair agreement

between the measured and simulated beam sizes (see [35]).

7.3.5.2. Measuring the Beam Matched to the DTL. After fully characterizing the MEBT

line and the beam properties, the settings of the quadrupoles and RF cavities, which
match the beam to the DTL, were calculated. The currents of the MEBT quadrupoles
and settings of the RF cavities were adjusted to the values found from the simulations
and the beam transverse phase spaces were measured at the matching condition. Fig-
ure 7.21 shows the comparison of the transverse phase spaces from the measurement

and simulation at the DTL injection plane.
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Figure 7.21. Transverse phase space plots of the beam matched to the DTL tankl

(color scale: measurement, grayscale: simulation).
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8. 12 MeV COMMISSIONING STAGE

The first DTL tank, which will accelerate the beam to 12 MeV, was installed in
the Linac4 tunnel in July 2014 and the diagnostic bench in Figure 7.1 was moved to
the injection point of the second DTL tank [16]. Figure 8.1 shows a drawing of Linac4

during the 12 MeV commissioning stage.

The intertank between the first and second tanks of the DTL houses a Beam
Position Monitor (BPM), a horizontal and vertical steering magnet and an electromag-
netic quadrupole. Besides the instruments on the bench, these elements were also used

during the commissioning.

5 |
” ﬁ m
A4 Movable Diagnostic Bench 8

Figure 8.1. Linac4 during 12 MeV commissioning.

The main goals of the 12 MeV commissioning stage were to determine the opera-
tional values of the RF phase and the amplitude of the first DTL tank (DTL tankl), as
well as to confirm the correct beam dynamics through the permanent magnet focusing

system.

8.1. Setting the RF Phase with Acceptance Scans

The acceptance scan method is based on measuring the transmission through the

tank as a function of RF phase. The acceptance scans were modeled with PATH by
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simulating the beam measured during the 3 MeV commissioning. The operational RF
phase was determined by comparing the measured phase profile of transmission with

the simulation results.

The DTL tankl commissioning started with the MEBT RF cavities turned off
and detuned. The cavities were turned on one by one and set to their operational phase
(-90° for bunching) and amplitudes. At each step of acceptance scans, the status of

the MEBT cavities were as follows:

Step 1: All cavities were off and detuned.

Step 2: First cavity was on, second and third cavities were off and detuned.

Step 3: First and second cavities were on, third cavity was off and detuned.

Step 4: All cavities were on.

For each step listed above, the MEBT quadrupoles were adjusted to satisfy the
transverse matching of the beam to the DTL tank.

The longitudinal bunch size at the tankl injection plane depends on the settings
of the cavities. For each step listed above, the longitudinal phase space of the beam
at the DTL entrance was compared with the longitudinal acceptance plot of tankl.
Figure 8.2 shows the comparison for each case. As it can be seen in Figure 8.2a, when
the MEBT cavities are off, the bucket is filled completely. The longitudinal size of the
bunch gets shorter as the cavities are turned on. When all the MEBT cavities are on
(Figure 8.2d), the phase space plot of the beam nicely fits into the acceptance plot of
the tank.

For each MEBT cavity setting, the tankl RF phase was scanned over a range
of 360° and transmission was measured. This is similar to scanning the longitudinal
acceptance plot of the tank across the phase space plot of the beam (in Figure 8.2) and
counting the number of particles inside the intersection area of the two. Referring to
Figure 8.2, the particles, which are outside of the longitudinal acceptance plot, will not

be accelerated to the design output energy. Depending on their transverse coordinates,
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Figure 8.2. The comparison of longitudinal phase space plot of the injected beams

and tankl acceptance plot for (a) step 1, (b) step 2, (c) step 3 and (d) step 4.

they may be lost along the tank or they may come out but with a wrong energy
and produce a tail in the longitudinal phase space. In order to clean the tail in the
longitudinal phase space, an energy degrader can be used before measuring the beam
current after the tank [64, 65]. This makes the measurement set-up more complicated.
Instead, in Linac4, the beam current after the DTL tank was measured with a BCT
without introducing a degrader. With an accurate modeling of the particle dynamics
through the tank, this simple method was proved to be accurate enough to set the

operational RF phase of tankl.

The comparison between the measured and expected profile of transmission from
acceptance scans is given in Figure 8.3 for different settings of the MEBT cavities.
As it can be seen from the plots, the measurement results agree well with what was
expected from the simulations. It is worth noting that the simulation results shown
in Figure 8.3 depend strongly on the input beam for the simulations and the accuracy
of the dynamics calculations. Therefore, besides the accurate mechanical construction

of the tank, the well described beam properties during the 3 MeV commissioning and



124

tracking code PATH can be given credit for the agreement between the simulations

and measurements at 12 MeV commissioning stage.
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Figure 8.3. Simulated and measured transmission as a function of tankl RF phase for

(a) step 1, (b) step 2, (c) step 3 and (d) step 4

During the measurements, the RF amplitude of the tank was set to a value
predicted to be the operational one with the RF measurements. Acceptance scans
with different RF amplitudes showed that it was not possible to set the RF amplitude
of the tank with an acceptable accuracy only with this method. Energy measurements
with Time-of-Flight (ToF) method was used for setting the RF amplitude of the tank

and confirming the RF phase setting determined by acceptance scans.

After setting the RF phase with acceptance scans, during the rest of the 12 MeV
commissioning, all the MEBT cavities were kept operational at their nominal phase

and amplitude.
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8.2. Setting the RF Amplitude with ToF Measurements

The measurement of the tank1 output beam energy was the key for setting the RF
amplitude and confirming the RF phase found by acceptance scans. The tankl output
energy was measured by ToF for different RF amplitudes by scanning the RF phase.
The measured curve of energy as a function of RF phase was observed to be unique
for each RF amplitude. By comparing the measured curves with the simulations, the
setting of the RF phase was confirmed and the operational level of the RF amplitude
was identified with an accuracy of better than +1 per cent which is well within the

static field error tolerance for the Linac4d DTL, £2 per cent [31].

When the measurement and simulation results were compared, it was observed
that, while the trend of the energy vs. tankl RF phase curves agreed very well, the
results from the measurements were consistently higher by 60keV. Figure 8.4 compares
the measured curves with simulated curves for the nominal tank voltage (V1) and the
levels two per cent lower (0.98Vr) and five per cent above (1.05Vr) the nominal. As
it can be seen in the figure, the transmission curve for each RF amplitude is distinct

which makes it possible to identify the voltage levels.
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Figure 8.4. The comparison of measured (dots) and simulated (lines) kinetic energy
as a function of tankl RF phase for 0.98V (magenta), Vr (blue), 1.05Vr (red). The

measured data are shifted by -60 keV for a better comparison of the trend.

Figure 8.5 shows the comparison of the measured and simulated curves for 0.99V
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Vr and 1.01Vy. When Figures 8.4 and 8.5 are compared, it can be seen that, the curves
are becoming similar for the amplitude levels which are close to each other. However,

they are still distinct and easy to identify.
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Figure 8.5. The comparison of measured (dots) and simulated (lines) kinetic energy
as a function of tankl RF phase for 0.99Vy (magenta), Vr (blue), 1.01Vy (red). The

measured data are shifted by -60 keV for a better comparison of the trend.

Figure 8.6 shows the comparison of the measured and simulated curves for 0.995V ¢
Vr and 1.005Vy. As it can be see in the figure, the curves are very close to each other

and difficult to identify.
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Figure 8.6. The comparison of measured (dots) and simulated (lines) kinetic energy
as a function of tankl RF phase for 0.995Vy (magenta), Vr (blue), 1.005Vy (red).
The measured data are shifted by -60 keV for a better comparison of the trend.



127

8.3. Emittance Measurements

Extensive transverse emittance measurements were taken after tankl with the
slit-grid emittance meter, by varying the last MEBT quadrupole and the intertank
quadrupole after the tankl. The measurement results agreed well with the simulations
and, when the beam was matched to tank1, no emittance growth was observed through
the tank. The agreement between the measurements and the simulations confirmed the
correct beam dynamics design through the tankl permanent magnet focusing channel

and the calibration of the intertank quadrupole.

Figure 8.7 shows the measured and simulated phase space plots when the beam

was matched to the tank.

iy
o
-
o

r T
Simulation Simulation
measurement | 7 measurement |

x'{mrad)
y'{mrad)

o o & AN o N oA o o
= - N = S -

'

Y
'

-

(a) (b)
Figure 8.7. The comparison of the (a) horizontal and (b) vertical phase space plots of

the measured (red) and simulated (blue) beams after tankl.

8.4. Matching the Beam to Second DTL Tank

As a last step of the 12 MeV commissioning stage, the machine parameters were
set to the operational values in order to match the beam to the second DTL tank. The
parameters of the matched beam were confirmed with the slit-grid emittance meter,

the BSM and the spectrometer. Figure 8.8 shows a comparison between the measured
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and simulated transverse phase space plots with an excellent agreement in orientation

(the measurements were cut because of the limited angular acceptance of the emittance

meter).
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Figure 8.8. Transverse phase space plots of the beam matched to the second DTL

tank (color scale: measurement, grayscale: simulation [16].

The rms energy spread and the longitudinal particle distribution of the matched
beam were confirmed with the spectrometer and the BSM, respectively. Figure 8.9
shows the comparison between the measured and the simulated longitudinal particle

distribution in a bunch.
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Figure 8.9. Transverse phase space plots of the beam matched to the second DTL

tank (color scale: measurement, grayscale: simulation) [16].
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9. CONCLUSION

The commissioning of Linac4 started at the 3 MeV test stand in 2013. After
the commissioning of the 3 MeV front end, the accelerator parts were transported to
their final location in the Linac4 tunnel. In November 2013, the commissioning of the
linac started in the tunnel with the recommissioning of the RFQ and MEBT. By the
end of 2014, the part of the linac up to 12 MeV was successfully commissioned with a

temporary version of the ion source.

At each stage of the Linac4 commissioning, the beam properties were measured
and their dependence on operation parameters were well understood. Based on the
measurement data, multi-particle beams were generated and used as inputs for the
simulations of the next commissioning stage. This process provided a good link between
any two consecutive commissioning stages and facilitated the characterization of the

structure being commissioned.

During the 45 keV commissioning stage, the transverse emittance of the beam
was measured downstream of the first LEBT solenoid with a slit-grid emittance meter
for different solenoid settings. Based on the measurement data, multi-particle beams
were generated and backtracked to the source by varying the effective beam current.
By comparing the backtracked beams, the calibration of the solenoids was confirmed,
the space charge compensation factor in the LEBT was estimated and a particle distri-
bution at the source exit was obtained. This particle distribution was used as an input

for the simulations to determine the LEBT solenoid settings which match the beam to

the RFQ.

Permanent diagnostic instruments and a movable diagnostic bench equipped with
a spectrometer, a slit-grid emittance meter, a Bunch Shape Monitor and Beam Position
Monitors was used for the beam commissioning at 3 MeV and 12 MeV. The bench was

consecutively used after the RFQ, MEBT and the first tank of the DTL.
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The goals during the 3 MeV commissioning stage were to confirm the RFQ per-
formance, to validate the chopping system operation and to find the RF phase and
amplitude setting of the MEBT cavities. The performance of the RFQ and the cal-
ibration of the RF amplitude were confirmed by varying the power in the RFQ and
measuring the transmission. The correct operation of the chopping system was con-
firmed by measuring the transmission of the main and the chopped beam through the
MEBT dump, for various settings of a quadrupole upstream of the dump. The spatial
separation of the main and the chopped beams was also confirmed through the wire
scanner measurements. The RF phase and the amplitude settings of each MEBT cav-
ity were determined by varying the cavity parameters and measuring the energy gain

with the spectrometer.

After the calibration of the MEBT RF cavities, the longitudinal emittance was re-
constructed at the RFQ exit with the forward method. Transverse emittance measure-
ments were taken downstream of the MEBT under different optics conditions. Multi-
particle beams were generated using the measurement data, and then backtracked to
the RFQ exit. The good agreement between the backtracked beams confirmed the cor-
rect calibration of the MEBT quadrupoles. Starting from the definition of the beam at
the RFQ exit, the MEBT quadrupole magnet and RF cavity settings were optimized
to match the beam to the DTL for the 12 MeV beam commissioning.

During the 12 MeV commissioning stage, the RF phase of the DTL tank1 was set
using the acceptance scans. The kinetic energy after the tank was measured as a func-
tion of the RF phase with the Time-of-Flight method. By comparing the measurement
and simulation results, the setting of the RF phase was confirmed and the operational
level of the RF amplitude was identified. The beam dynamics design through DTL
tankl with the permanent magnet focusing channel was confirmed by emittance mea-

surements.
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APPENDIX A: EQUATION OF MOTION THROUGH A
QUADRUPOLE MAGNET

Considering that there is no electric field and no acceleration, for a quadrupole

magnet Equation 2.11 can be written as

dv
dt

Yem— = qit x B (A1)

Figure A.1. A quadrupole magnet with the magnetic field pattern. Direction of z is
into the page.

Figure A.1 shows a quadrupole magnet with the magnetic field pattern. The

components of the field for a perfect quadrupole can be expressed as follows:

B, = Gy (A.2)
B, = Gz (A.3)
B, =0 (A.4)
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G is called quadrupole gradient and defined as G = %ﬁ = Baﬂ‘ Taking into account
Y i

the field direction and strength, the equation of motion in the transverse planes can be

written as in Equations A.5 and A.6.

dx

T = —qu,Gx (A.5)
d2

%md_tg = qu.Gy (A.6)

One is simply interested in how the coordinates of the particles change along the
accelerator. Therefore, it is more practical to use dz as an independent variable instead
of dt. The first and second time derivative of x can be expressed as in the following

equations.

dz dz ,
.o draz s A.
T g = LE (A.7)
i = di4ai=a"3242'% (A.8)

Assuming that the velocity variation through the quadrupole magnet is very slow we
can write Z ~ 0. This simplifies Equation A.8 as in Equation A.9. Notice that the

same equations hold also for y.

i = a3 (A.9)

Inserting Equation A.9 into Equation A.5, equation of motion in horizontal plane

can be expressed as in Equation A.10. Likewise, in vertical plane it can be written as

in Equation A.11.

ny 99 L (A.10)
Yrmu,
G

y" - a y =0 (A.11)
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By introducing a new variable k as in Equation A.12 the Equations A.10 and A.11 can

be rewritten as in Equations A.13 and A.14

qG
Y,

k* = (A.12)

"+ K2 = 0 (A.13)

v —ky = 0 (A.14)
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