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Abstract

Two new beamlines, constituting extensions of the already existing H2 and H4 sec-
ondary beamlines of the North Area Complex of SPS at CERN, have been designed
and installed in the framework of the CERN Neutrino Platform Project. These new ex-
tensions, designatedH2-VLE andH4-VLE (Very Low Energy), will select and transport
low energy (0.4 - 12GeV/c) particles to the experiments NP-02 and NP-04 respectively.
The particles, either mixed hadrons or pure electrons, are generated by the interaction
of the H2 and H4 beams with a target at the end of each secondary beamline.

In the ęrst part of the presentDiploma thesis, newoptics conęgurations of the beam-
line magnetic elements have been developed. The new optics maximize the acceptance
of the two lines and simultaneously minimize the spot size at the experiment, leading
to the new baseline for these transport lines. In addition, the eěects of possible spatial
and rotational misalignments of the magnetic elements are studied and discussed.

In the second part, an eĜciency/multiplicity measurement of two novel types of
scintillating ęber detectors is described. The feasibility of these new detector modules,
one providing fast trigger signals, while the other particle-by-particle transverse po-
sition measurements, is demonstrated for the ęrst time with in-beam test in CERN’s
PS-T10 line. The performance of the two detectors is crucial for the beamline commis-
sioning during fall 2018.
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CHAPTER 1

Introduction

This chapter serves as a brief introduction to the North Area Facility of CERN, focusing
in the beamlines of interest, namely H2 and H4. The need for extensions in order to
facilitate the two novel detectors of the Neutrino Platform Project is explained.

1.1 The CERN injector complex
The accelerator complex of CERN, including its most important facilities, is shown in
Fig. 1.1.

Protons, stripped oě from hydrogen atoms and gradually accelerated through var-
ious rings, are injected to the 100m radius Proton Synchrotron (PS), increasing their en-
ergy to amaximumof 26 GeV/c. The PS injects protons to the Super Proton Synchrotron
(SPS) and extracts them to the East Area Experiments and the IRRAD/CHARM Facili-
ties. Through acceleration in the SPS, the proton beam reaches a maximum energy of
400 GeV/c and ismainly injected to LHC and secondarily extracted to other, ęxed target
experiments, including the North Area beamlines.

Figure 1.1: The accelerator complex of CERN, including its most important facilities. [1]
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Chapter 1. Introduction

1.2 The North Area Facility of CERN/SPS
CERN’s North Area Experimental Halls (EHN1, EHN2 and ECN3), shown schemati-
cally in Fig. 1.2, are facilities constructed during the 70’s, hosting multi-purpose trans-
fer lines designed to select and deliver a spectrum of secondary and tertiary particles
of varying composition and momentum (10-400 GeV/c). The transported particles are
produced by the interaction of the primary 400GeV/c proton beam of SPS with three
thin beryllium targets designated T2, T4 and T6. These primary targets are hosted in an
underground cavern, designated ”TCC2”,∼350mupstream of the EHN1 experimental
hall and ∼15m underground. The beam is slowly extracted towards the North Area
targets every ∼30 s.

Figure 1.2: North Area schematic layout. The GIF ++ (Gamma Irradiation Facility) is visible
inside the EHN1Hall. The Neutrino Platform Facility, constituting an extension of the EHN1

hall, will be discussed in 1.4.

1.3 The EHN1 Experimental Hall
The EHN1 hall of CERN’s North Area Facility, described in [2] and shown in Fig. 1.3,
hosts four secondary beamlines. H2 and H4 (emerging from T2), of interest here, pro-
vide mixed hadron beams or electron beams of varying purity, with a maximum ∆p/p

acceptance ∼2% and with an intensity normally in the range of 103 − 107 particles per
spill, the upper limit mainly set by radiation protection regulations in the hall. The
overall beamline length is∼600m, while only the last∼250m are inside the EHN1 hall.

Numerous ęxed target experiments placed one after the other in the experimental
zones, as shown in Fig. 1.3, can calibrate their detectors, aswell as test their performance
in the presence of magnetic ęelds or to radiation exposure. Currently, the zones host
test beams and quasi-permanent SPS experiments.

2



1.4 The Neutrino Platform Project and the need for extensions

Figure 1.3: EHN1 hall, from upstream (left) to downstream (right). The last ∼70m, desig-
nated ”EHN1 extension”, are part of the Neutrino Platform Facility that will be discussed in

1.4 [10]

1.4 The Neutrino Platform Project and the need for extensions
The Deep Underground Neutrino Experiment (DUNE) is a worldwide collaboration
aiming to address fundamental questions currently open in the physics community, by
the detailed investigation of the neutrino behaviors[3].

The neutrino behaviors are observed via a recently developed detector type, namely
aLiquidArgonTimeProjectionChamber (LArTPC), providing highly eĜcient calorime-
try and trackingmeasurements. Interactions of transversing particleswith the Ěuid vol-
ume will produce ionization electrons that drift under the inĚuence of a high-voltage
electric ęeld towards the wire planes, and scintillation light, guided and detected by
photo-detector modules. This technology was pioneered and successfully tested from
2006 to 2012 in the context of the ICARUS project [5], where the constructed detector,
ICARUS T600, consisted of two identical 3.6x3.9x19.6m3 modules.

The next step in the neutrino investigation, signięcantly augmenting the detector’s
active volume, is ”The Far Detector”, a project conceptualized byDUNE. The Far Detec-
tor, estimated to commence data taking in 2026, is a 40 kiloton ęducial mass LArTPC,
∼1.5kmunderground at SURF (SanfordUndergroundResearch Facility) in Lead, South
Dakota, that will be irradiated by the LBNF beamline, 1300 km away. The detector is
composed of four 10kt LArTPC modules, allowing for the possibility to implement a
diěerent technology in each of them in the future.

To address the size extrapolation compared to the previous testedmodule, DUNE is
developing twodetector options thatwill be calibrated and tested at theCERNNeutrino
Platform Facility (CENF). The ”Single Phase” design, a newly constructed evolution of
the successful ICARUS T600, uses a readout where the charge generation, drift and col-
lection occur in the liquid argon. In the ”Dual Phase” design, innovated by the WA105
experiment, the ionized electrons are extracted, amplięed and detected in a layer of
gaseous argon (GAr) above the liquid surface. Both detectors consist of a number of
full-scale components of the Far Detector, and are 11x11x11m3 in size. A photograph
of the NP-04 detector, already installed in the EHN1 hall, is shown in Fig. 1.4.

It is crucial that the test beam conditions be as similar to the ones expected in the
DUNE Far Detector as possible. These requirements, described in the scientięc propos-
als ([8], [9]), are summarized in Table 1.1.

The beam parameters proposed by the two experiments cannot be met by the al-
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Chapter 1. Introduction

Figure 1.4: NP-04 detector, installed in the Neutrino Platform Facility of EHN1. Photograph:
Max Brice/CERN

ready existing H2 and H4 beamlines. Specięcally, taking into account the quite low
desired momentum regime, the large beamline length of 600m makes the transport of
the already limited number of K and π generated at T2 impossible due to decays, as
can be seen in Fig. 1.5 and 1.6.

Parameter ”Double-Phase” ”Single-Phase”
(NP-02) (NP-04)

Particle type π+−, µ+−, e+−,K, p
Momentum < 12 GeV/c < 7 GeV/c
∆p/p RMS < 5%
Beam size RMS ∼10 cm at the entrance of the cryostats
Maximum rate 100 Hz

Table 1.1: Required beam parameters of NP-02 and NP-04. [10]

At the same time, at the relatively low currents required to bend particles below∼10

GeV/c, the power supply instabilities (σI ≃ 0.3A) become signięcant. For example, by
applying the current required to bend particles with 10 GeV/c nominal momentum,
and by assuming that each bending magnet is being applied with a current 0.3 A above
the reference value, the nominal momentum uncertainty is ∼15%.

To deliver kaons and pions in this low energy regime, signięcantly shorter transfer
lines needed to be designed. Therefore, to overcome this diĜculty, the two beamlines
have been extended in tertiary mode, and the particles delivered at the prototypes will
be produced by the interaction of the H2 and H4 beams with a secondary target at the
end of each beamline.

In order to install the beamline extensions and to host the two 11x11x11m3 cryostats,
the EHN1 hall has been extended downstream∼70m (as shown in Fig. 1.3). The layout
and optics of the two VLE (Very Low Energy) beamlines, that began being designed in
2014 and are expected to begin commissioning at the Fall of 2018, will be described in
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1.4 The Neutrino Platform Project and the need for extensions

depth in Chapter 4.

Figure 1.5: Survival rate of low momenta pions with respect to the travel distance, a 600m
distance corresponding to the H2 and H4 beamline length.

Figure 1.6: Survival rate of low momenta kaons with respect to the travel distance, a 600m
distance corresponding to the H2 and H4 beamline length.
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CHAPTER 2

Transverse Beam Dynamics

In the presence of electromagnetic ęelds, a particle of one unit charge will undergo the
Lorenĵ force given by:

F⃗L = e · (E⃗ + u⃗× B⃗) (2.1)

Themotion of charged particles in a transfer line is determined by the eěect of static
magnetic ęelds, that provide the beam guidance and focus. The use of magnetic instead
of electric ęelds is necessitated by the technical diĜculty to establish the static electric
ęeldmagnitudes needed to steer relativistic particles. Particularly, to generate the force
provided by a magnetic ęeld of 1 T, an electric ęeld of 300MV/m would be required,
which is extremely challenging to generate due to ęeld breakdown and electrical dis-
charges. Assuming that the beam particles interact only with magnetic ęelds generated
by the beamline elements and not by their neighboring particles, the magnetic ęeld B⃗
denotes the external magnetic ęeld, applied by dipole and quadrupole magnets in the
case of the present diploma thesis.

To describe the motion of charged particles, we use the Frenet-Serret local coordi-
nate system, shown in Fig 2.1 which follows the reference orbit.

Figure 2.1: Frenet-Serret local reference system, following the reference orbit. [13]

The ”reference orbit” (or ”reference trajectory”) is the path followed by a charged
particle emiĴed from the production point with the desired, nominal set of initial pa-
rameters. The reference trajectory is determined by bending magnets only, while drift
spaces and quadrupoles (and other higher order magnets) will not aěect it, but serve to

9



Chapter 2. Transverse Beam Dynamics

keep all other particles in the vicinity of it.
Usually z is used in describing the ideal orbit, and s the arbitrary one (see Fig. 2.1),

while the reference orbit’s curvature is denoted as ρ0. The axis ẑ always remains parallel
to the reference particle velocity, while x̂ is always perpendicular to it. To form a right-
handed orthogonal reference system, ŷ is binormal to these two.

2.1 Hill’s Equation
The diěerential equation of motion of a charged particle under the inĚuence of a mag-
netic ęeld can be derived by Eq. (2.1) along with Newton’s 2nd law of motion:

m
d2r⃗

dt2
= eu⃗× B⃗ (2.2)

which in general cannot be solved analytically for an arbitrary magnetic ęeld.
Under certain assumptions, however, the above formula can be simplięed signif-

icantly, and we can arrive to a much simpler equation, namely ”Hill’s Equation”, the
derivation of which can be found in Appendix A. The applicability of Hill’s Equation
rests on the following approximations: ęrst of all, it is assumed that the velocity of
each particle is constant along the beamline, which is the case for static magnetic ęelds.
Additionally, particles with small transverse velocity components, compared to the to-
tal velocity (ux, uy << uz ≈ u) are considered, an assumption realistic for relativistic
beams. To solve the equation of motion, we must neglect any coupling terms between
the two planes, and limit ourselves to terms linearly dependent on x (or y). Therefore
in the Taylor expansion of the magnetic ęeld,

By(x) ≈ B0y + x · ∂By(x)

∂x

∣∣∣∣
x=0

(2.3)

As will be discussed in sections 2.4 and 2.5, the constant term describes the ęeld
generated by an ideal dipole magnet, while the linearly dependent term that of an ideal
quadrupole magnet.

Under the aforementioned assumptions, the equation of motion can be solved, and
we can derive Hill’s Equation:

u′′(s) +K(s)u(s) = 0 (2.4)

where
-u stands either for x or y,
-the derivative is with respect to the orbit coordinate s (u′′ ≡ d2u/ds2), and
-K = k + 1/ρ20, where k is the normalized quadrupole coeĜcient, deęned in 2.5.
In the case of a perfect dipole, the quadratic term k is zero, while for an ideal quadrupole

ρ0 = ∞, therefore 1/ρ20 = 0.

10



2.2 Matrix formalism

2.2 Matrix formalism
At any position z along the beamline, an arbitrary particle can generally be represented
by a six-dimensional vector Ψ,

Ψ =



x

x′

y

y′

l

δp/p0


(2.5)

where
-x and y are the horizontal and vertical displacements of the particle with respect to

the reference trajectory,
-x′ ≡ dx/ds and y′ ≡ dy/ds (which correspond in ęrst order to the angle that its

velocity forms with the y − s and x− s planes),
-l is the path length diěerence, and
-δp/p0 is the fractional momentum oěset of the arbitrary particle with respect to the

design momentum.
In ęrst order, one can represent the eěect of drift spaces, dipoles and quadrupoles in

the position and angle of a particle as matrices acting upon the particle vector described
by Eq. (2.5) [14]. The assumption of independent motion in the two transverse planes
allows to represent the six-dimensional vector Ψ as two separate, three dimensional
vectors in x and y:

X =

 x

x′

δp/p0

 Y =

 y

y′

δp/p0

 (2.6)

At a certain position z along the reference trajectory, the total eěect of the beam
elements can be represented, in the case of static magnetic ęelds, by a 3x3 matrix for
each plane (which is the product of the individual matrices up to this position),

Rx =

R11 R12 R16

R21 R22 R26

R61 R62 R66

 Ry =

R33 R34 R36

R43 R44 R46

R63 R64 R66

 (2.7)

This matrix formulation reĚects the fact that, to ęrst order, the coordinates x and
x′ at any position, can be expressed as the linear combination of the initial coordinates
x0, x′0 and δp/p0 at the production point. Since the total momentum is assumed to be
constant throughout the transfer line, the terms R61 and R62 (and the corresponding
ones in the vertical plane) will always be zero, while R66 should always equal unity.

More specięcally, theR11 term in the horizontal plane (andR33 in the vertical plane),
or ”magnięcation term”, depicts the expected in ęrst order displacementwith respect to
the reference trajectory (in mm) of a particle having a horizontal (or vertical) displace-
ment of 1mm at the target. The R12 term in the horizontal plane (R34 in the vertical
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Chapter 2. Transverse Beam Dynamics

plane) indicates the displacement of a particle produced at the target with an initial
angle of 1mrad with respect to the horizontal (or vertical) plane. The R16 term in the
horizontal plane (R36 in the vertical plane), or ”dispersive term” depicts a particle with
a 1% momentum oěset, but zero initial spatial and angular displacements.

It can be shown that, as a consequence of Liouville’s Theorem, the determinant of
the 2x2 matrix for each plane must remain constant and equal to unity throughout the
beamline.

We next examine the eěect of drifts, bending magnets and quadrupole magnets
upon these particle vectors. It is reminded that the matrix formalism is accurate to ęrst
order, therefore, to include perturbative higher order terms appearing in the derivation
of Hill’s Equation in Appendix A, a diěerent formulation has to be used, that will be
described in 2.7. Nevertheless, the ęrst order approach remains a good approximation
in most of the cases, and is intuitively clear.

2.3 Drift space
A drift space is a ęeld-free region, where the particle transverses without any force
being exerted upon it. Integrating Hill’s Equation for a drift space of length L in the
horizontal plane yields:

x = x0 + x′0 · L
x′ = x′0

(2.8)

which can be expressed by the drift matrix, identical for both planes,

D =

1 L 0

0 1 0

0 0 1

 (2.9)

2.4 Dipole magnet
Αn ideal dipole magnet has an homogeneous and constant ęeld, here assumed along
the y-axis, B⃗ = Bŷ. From the equilibrium of the centrifugal force and the Lorenĵ force,
euB = mu2/ρ, one obtains:

Bρ = p/e (2.10)

where p = mu is the relativistic momentum, and the product Bρ is termed the ”mag-
netic rigidity”. A particle inside a magnet will follow a circular trajectory on the x − s

plane (perpendicular to the magnetic ęeld), with the total deĚection angle given by:

θ =
l

ρ
(2.11)

where l =
∫
dz is the arc (or eěective) length.
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2.4 Dipole magnet

Substituting Eq. (2.11) to (2.10) yields the formula

θ[rad] ≈ 0.3B[T] · l[m]

p[GeV/c]
(2.12)

SeĴing the quadratic term equal to zero in Eq. (2.4), one obtains an equation identi-
cal to that of an harmonic oscillator, illustrating focusing properties:

x′′ + κ20x = 0 (2.13)

The most ”natural” bending magnet is the sector magnet, where the reference par-
ticle enters and exits the magnet perpendicular to its pole faces, and by integrating Eq.
(2.13) over the arc length l, its 2x2matrix representation is derived, which demonstrates
purely geometrical focusing properties in the bending plane.

To arrive to the 3x3matrix representation, we need to include the dispersive pertur-
bative terms in the right-hand side of (A.6) of Appendix A, and specięcally the equation
of motion takes the form, in ęrst order:

x′′ + κ20xx = κ0xδ (2.14)

the solution of which is thoroughly discussed in several accelerator physics textbooks
(see, for example, [13]). By pole-face rotating the sector magnet, we obtain the matrix of
a rectangular magnet, which is easier to construct and laminate, and therefore widely
used at CERN. The matrix of a rectangular magnet in the bending plane is:

Mx =

1 ρ0sinθ ρ0(1− cosθ)

0 1 2tan(θ/2)

0 0 1

 (2.15)

where ρ0 and θ are the bending radius and angle of the nominal trajectory respec-
tively. The geometrical focusing eěect has now disappeared (R21 = 0), and a rectan-
gular magnet behaves like a drift in the bending plane, as long as focusing properties
are considered. A momentum-dependence is introduced by the non-zero R16 and R26

terms. In Fig 2.2 the path followed by the reference particle, as well as that of an arbi-
trary particle entering parallel to the reference particle are shown.

A bending magnet of a given magnetic ęeld B will deĚect particles based on their
momentum according to Eq. (2.12), and as indicated by the non-zero R26 term of Eq.
(2.15). Therefore, particles of lower momenta will be deĚected more than particles of
higher momenta. The displacement with respect to the reference trajectory of a particle
having a momentum oěset δ, but zero initial spatial and angular displacements can be
calculated in ęrst order via Eq. (2.7) as

∆x = R16 · δ (2.16)
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Chapter 2. Transverse Beam Dynamics

By placing a slit, or ”collimator”, after the bending magnet, symmetrically in between
the reference trajectory, only particles havingmomenta adjacent to the desiredwill pass.
To select particles ofmaximummomentumoěset δ, theR16 term (deęned by themagnet
strength and the distance of the dipole from the collimator) and the jaw opening ∆x

need to be balanced in order to satisfy Eq. (2.16).
This dependence of the particle position on themomentum introduced by the bend-

ingmagnet, or ”dispersion”, is inmost cases undesirable for the experiments since it can
cause an enlargement of the beam size, especially if the beam particles have signięcant
deviations from the design momentum. It is therefore customary to ”recombine” the
dispersion or, mathematically speaking, demand that theR16 andR26 terms are zero at
the position of the experiment.

Figure 2.2: Path followed inside a rectangular magnet [13]

The hard edge model described above is an idealization, since in real dipole mag-
nets the magnetic ęeld extends outside the magnetic core, and in particular there is a
gradual transition of the ęeld from its maximum value at the center to zero, referred
to as ”fringe ęeld”. In a rectangular magnet, this eěect introduces a small focusing in
the non-bending plane. The eěect of the fringe ęelds can be treated in ęrst order using
variousmodels tomathematically describe this transition (see, for example the TRANS-
PORT manual [16]). Particle tracking codes such as PTC (presented in 3.3), which will
be extensively used in the present thesis, treat the fringe ęelds in higher order.

2.5 Quadrupole magnet
To keep the particles in the vicinity of the reference orbit, quadrupole magnets are in-
stalled along the beamline. A quadrupole magnet generates a magnetic ęeld that in-
creases linearly with distance in both x and y:

Bx(y) =
∂Bx

∂y
y, By(x) =

∂By

∂x
x (2.17)

Due to the absence of an electric ęeld, fromMaxwell’s Equation it can be shown that
the ęeld gradients in the two planes are equal, ∂Bx

∂y =
∂By

∂x ≡ g. From Eq. (2.1) this mag-
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2.5 Quadrupole magnet

netic ęeld results in a force that varies linearly with the distance from the quadrupole
center in both planes:

Fx = −eugx, Fy = eugy (2.18)

One can see that, for g > 0 (and a positive particle charge), the force is restoring in x,
and therefore the quadrupole will have a focusing eěect in the horizontal plane, while
in the vertical plane the particles will be defocused. Even though a single quadrupole
will necessarily defocus the particles in one plane, a combination of quadrupoles can
become a system that is focusing in both planes simultaneously. The magnetic ęeld of
a quadrupole magnet is illustrated in Fig. 2.3.

It is common in transverse particle dynamics to use the ”normalized quadrupole
coeĜcient” k, instead of the ęeld gradient g:

k =
1

p/e
g, [k] = m−2 (2.19)

For the horizontal (focusing) plane and the vertical (defocusing) plane, from Eq.
(2.2), one obtains:

d2x

ds2
= −kx, d2y

ds2
= +ky, (2.20)

By integrating over the quadrupole length l, the solutions can be expressed via the
focusing (f ) and defocusing (d) quadrupole matrices:

Qf =

 cos(
√
kl) sin(

√
kl)/

√
k 0

−
√
k · sin(

√
kl) cos(

√
kl) 0

0 0 1

 (2.21)

Qd =

 cosh(
√
kl) sinh(

√
kl)/

√
k 0

+
√
k · sinh(

√
kl) cosh(

√
kl) 0

0 0 1

 (2.22)

In the case where
√
k · l << 1, the above matrices reduce to

Q =

 1 0 0

±1/f 1 0

0 0 1

 (2.23)

which is identical to a focusing (-) or a defocusing (+) optical lens of focal length
f = 1/kl.

It should be mentioned that the matrices described by Eq. (2.21) and (2.22) do not
account for possible momentum oěsets. The quadrupole coeĜcient in these equations
is exact only for the design momentum, while in general k = k(p). This momentum
dependence of the focusing strength gives rise to chromatic aberrations that describe
imaging errors due to momentum deviations and, since they are second order eěects,
are ignored in the 1st order matrix formalism developed.
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Chapter 2. Transverse Beam Dynamics

Figure 2.3: Magnetic ęeld lines of an ideal quadrupole in the plane transverse to the beam
direction. [15]

2.6 Twiss Parameters
In accelerator physics, it is often more convenient to represent the beam as a whole,
rather than tracing each one of its particles. The particles comprising the beam deęne a
region in the x−x′ and y−y′ phase spaces, the area of which is referred to as horizontal
and vertical ”beam emiĴance” respectively. While the phase space will transform in
shape and orientation along the transfer line, according to Liouville’s Theorem, the area
of this phase space must remain constant. In the case of circular machines, where Hill’s
Equation will be solved with periodic conditions, according to Floquet’s Theorem the
solution can take the form:

x(s) =
√
ϵ
√
β(s)cos(ψ(s) + ϕ) (2.24)

It can be proven (see [20]) that in this case, the phase space is an ellipse of area A = πϵ

in both planes described by:

ϵ = γ(s)x2(s) + 2α(s)x(s)x′(s) + β(s)x′2(s) (2.25)

where
α(s) = −1

2

dβ(s)

ds
, γ(s) =

1 + α2(s)

β(s)
(2.26)

The parameters α, β and γ are functions of the independent variable s, and are called
the ”Twiss Parameters”, deęning the shape and orientation of the phase space ellipse at
every position of the beamline, as can be seen in Fig. 2.4. Instead of using a matrix for-
mulation describing the transformation of the individual particle coordinates through-
out the line as analyzed in Section 2.2, similar matrices can be derived that transform
the Twiss Parameters through various elements.

This ellipse contains one sigma of all the beam particles of the phase space. In a
specięc position s, the maximum deviation of a particle of the ellipse in the horizontal
plane, or the one sigma, as described by (2.24), is σx(s) =

√
ϵx
√
β(s).

While the Twiss formalism is quite popular in optimizing and describing the optics
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2.7 Particle motion using the Hamiltonian formalism

Figure 2.4: Phase space ellipse described by Eq. (2.25) [13].

of beamlines, in the optimization process followed in the present thesis, the formalism
described in Section 2.2 will be used. The reason for this choice is the lack of periodicity
in transfer lines, and therefore the assumption of a constant phase space ellipse breaks
down. By collimating the beam, ’cuts’ are created to the edges of the phase space ellipse,
which no longer retains its constant area. The system is not closed, and Liouville’s
Theorem for the emiĴance preservation is no longer valid.

2.7 Particle motion using the Hamiltonian formalism
Newton’s equation of motion is not reference system-invariant. We can express the
equations of motion in an equivalent but reference system-invariant way using the
Hamiltonian formalism, which is a derived via the Lagrangian and is a function of the
spatial coordinates and the momenta, (qi, pi):

H(qi, pi) =
∑

q̇ipi − L (2.27)

where the dot denotes diěerentiation with respect to the time t. Equivalently to the
Euler-Lagrange equations, the Hamiltonian equations are

∂H

∂qi
= −ṗi,

∂H

∂pi
= +q̇i (2.28)

which are a set of 2N , ęrst order diěerential equations. Further details about the La-
grangian and the Hamiltonian can be found in classical mechanics textbooks, such as
[17].

It is more useful in beam dynamics to substitute the independent variable twith the
independent variable s. Then the set of equations (2.28) can be wriĴen as

p′i = −∂H
∂qi

, q′i =
∂H
∂pi

(2.29)
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where H denotes the s-dependent Hamiltonian, and the prime denotes diěerentiation
with respect to s.

Instead of using aCartesian reference system, it ismore convenient to use the Frenet-
Serret reference system as deęned in the beginning of Chapter 2. For a relativistic par-
ticle in the presence of electromagnetic ęelds, the s-dependent Hamiltonian can be de-
rived [18] by (2.27):

H = pσ − (1 + κxx)

(√
(1 + δ)2 − (px − αx)2 − (py − αy)2 + αs

)
(2.30)

where
-pσ = 1

β0

E−E0
p0c

is a measure of the energy deviation of the arbitrary particle with
respect to the reference one with momentum p0,

-δ is its momentum deviation,
-κx is the inverse bending radius, and
- αi =

q
p0
Ai are the normalized elements of the magnetic vector potential.

Eq. (2.30) is referred to as the ”Exact Hamiltonian”. It is completely general, if one
neglects synchrotron radiation and collective eěects.

Very commonly, the transverse momenta are very small compared to the total mo-
mentum. In these cases, one may expand the square root in (2.30) as

(1 + δ)

√
1− (px − αx)2 + (py − αy)2

(1 + δ2)
≈ (1 + δ)

(
1− 1

2

(px − αx)
2 + (py − αy)

2

(1 + δ2)

)
which simplięes signięcantly the derivation of the equations of motion. By substituting
the above expression to (2.30) yields the ”Expanded Hamiltonian”.

2.7.1 Canonical transformation
A canonical transformation (or a ”map”) is a transformation from a set of canonical co-
ordinates (qi, pi) to a new set of coordinates (Qi, Pi). This transformation also involves a
transformation of the old HamiltonianH , to the new one,K, and the new set of canon-
ical coordinates and Hamiltonian must again satisfy Eq. (2.28).

By deęning the column matrix of canonical variables x⃗,

x⃗ =



q1
p1
q2
p2
...
qN
pN


(2.31)

it is possible to write the Hamiltonian equations of motion in a single matrix equa-

18



2.7 Particle motion using the Hamiltonian formalism

tion, using the ”rearranging matrix” S⃗,

S⃗ =


s⃗ 0⃗ · · · 0⃗

0⃗ s⃗ · · · 0⃗

· · · · · · · · · · · ·
0⃗ · · · · · · s⃗

 (2.32)

where s⃗ is an antisymmetric 2x2 matrix,

s⃗ =

[
0 1

−1 0

]
(2.33)

and, with tis notation, the Hamiltonian equations can be expressed in the compact form

x⃗′ = S⃗
∂H
∂x⃗

, (2.34)

where (
∂H
∂x⃗

)
i

=
∂H
∂xi

A transformation is a canonical one, if and only if it satisęes the ”symplectic condi-
tion”, which can be stated as

M⃗T S⃗M⃗ = S⃗ (2.35)

where M⃗ is the Jacobian matrix (the matrix of derivatives of the new coordinates with
respect to the old ones).

Usually, to apply a canonical transformation, one uses one of the four ”generating
functions” that can be found for example in [18]. These canonical transformations form
a group.

2.7.2 Symplectic integration
It is often impossible (or extremely time-consuming) to solve the equations of motion in
an accelerator analytically, and thereforewe aremost of the time forced to use numerical
integration. A numerical integration generally introduces errors in each step, but, by us-
ing symplectic integrations, we can eliminate a class of errors, namely the”asymplectic
errors”. Symplectic integrators (integration methods) are integrators where an integra-
tion step can be thought as a mapping from an initial coordinate set to a new one. This
type of integration is used in the PTC (”Polymorphic Tracking Code”) that we will ex-
tensively use in our analysis.

For further reading on symplectic integration, one can consult [18].
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CHAPTER 3

Optics and particle tracking codes

A transfer line is initially designed in ęrst order. Once the basic layout has been de-
termined, the various design requirements are translated in the matrix formalism as
constraints of the R-matrix elements at specięc positions, and, by varying the degrees
of freedom available, a matching is aĴempted. Since there are many degrees of free-
dom (and simultaneously many constraints) it is practically impossible to perform the
optimization analytically (meaning that, one computes the R-matrix at each position,
leaving the available degrees of freedom as parameters, and then solves, analytically,
the constraint equations). This is why optics codes are used, which aĴempt, in a nu-
merical way, to match the given constraints.

In cases where the transverse particle coordinates are quite large, or when signię-
cantmomentumoěsets are introduced, the ęrst order approach does not suĜce. Higher
order particle tracking codes are then necessary.

This chapter describes the basic characteristics and diěerences of the various optics
and tracking tools used, demonstrating the insuĜciency of the ęrst order approach in
the present optics study.

3.1 TRANSPORT and TURTLE
TRANSPORT is a 1st (and 2nd) order optics program that computes, through matrix
multiplications, the matrix elements along a transfer line. It has been available in vari-
ous releases since 1963 and is a well-benchmarked code, used to designmost of CERN’s
beamlines. After deęning the beamline sequence in a simple input ęle, the user can
specify which parameters may vary through the matching process and the constraints
that should be imposed on the matrix elements at certain positions. TRANSPORT then
aĴempts, via a series of iterations, to minimize the chi-square by correcting the varied
parameters, using a matrix inversion procedure.

With a few changes in the TRANSPORT input ęle, the tracking code TURTLE can
be used. TURTLE is not a pure integrator, in the sense that, rather than integrating the
equations of motion for a single particle, it calculates the (up to 3rd order) matrix ele-
ments throughout the line, and then applies the transformations to each particle. A ’de-
fault’ distribution is generated, the maximum spatial, angular and momentum spread
of which are deęned by the user. By seĴing the aperture of the magnetic elements, one
can observe, using histograms, the particle distribution along the beamline and track
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the losses.
The major drawback of TURTLE is that it is not possible to track a user-deęned

particle distribution. This is quite important when a realistic tracking is aĴempted. As
will be discussed in Chapter 5, the particle distributions generated at the secondary
targets of the VLE beamlines are very diěerent from the ones in TURTLE by having a
correlation between the various coordinates.

Moreover, it is not possible to observe throughout the line the coordinates of a sin-
gle particle, but only the mean value and spread of the entire distribution. The former,
while it may seem redundant, is vital when a deep understanding of the optics is at-
tempted.

3.2 MAD-X
MAD-X [19] is a verywell documented, andwith an increasing user communitymodern
tool for beam optics design, and is a successor of MAD-8, ęrstly released in 2002. It is
the tool used for the design of the LHC.

After deęning the beamline sequence inMAD-X similarly to TRANSPORT, the user
can perform several tasks via various modules. These modules may communicate with
each other, and transfer values from the one to the other.

The most basic module of MAD-X is the ”TWISS” module, which can calculate the
ęrst order matrices in the same manner as TRANSPORT. ”TWISS” may calculate and
print for a single particle, given its initial coordinates, the coordinates along the beam-
line. These calculations, however, do not result from ęrst order multiplications, but are
higher order.

MAD-X’s ”MATCH” module can be used to optimize the beamline characteristics.
The MATCH module internally invokes the ”TWISS” module, and the laĴer transmits
aĴributes to the former during thematching procedure. Since it’s a contemporary code,
it has incorporated a number of matching algorithms. For the optimization process of
the present thesis, where the degrees of freedom were very commonly less than the
number of constraints imposed, the Jacobian method was used. An additional feature
of the ”MATCH” module of MAD-X, compared to TRANSPORT, is that the user can
specify lower and upper limits for the varied parameters. This has been particularly
useful in the optimization process, since the power supplies imposed strict limitations
on the quadrupole currents.

The ”EALIGN” module of MAD-X is the misalignment module. It allows to mis-
place each magnet around its ideal position, with a total of six degrees of freedom (spa-
tially and angularly). These misalignments are then saved in a ęle, and invoked by the
various modules (for example, the ”TWISS” module, or the ”PTC” module discussed
in 3.3)

MAD-X has a symplectic tracking module, ”TRACK”. After having converted the
elements into thin (zero length) slices, the style and number of which is deęned by the
user (by the use of the ”MAKETHIN” command), symplectic integration is performed.
Apertures of the elements, deęned in the sequence, will trigger particle loss.
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Many factors indicated the use of MAD-X over TRANSPORT in the optimization
procedure of the present thesis, and specięcallyMAD-X’s powerful andnumerousmatch-
ing algorithms, as well as the ability to impose constraints on the range of the varied
parameters were among them. The ease with which the input and output of MAD-X
can be linked with codes such as Wolfram Mathematica ®, and the ability to have an
all-in-one tool, optimizing the optics and running a realistic tracking simultaneously,
prevailed.

3.3 PTC
PTC (”Polymorphic Tracking Code”) is a widely used, thick-lens symplectic tracking
code. It exists independently of MAD-X, but has been implemented in its environment
as a separate library. The beamline sequence as well as the applied misalignments,
deęned in MAD-X, can be transmiĴed to PTC.

One cannot deęne ’orders’ in PTC, in the sense that it does not use a Taylor expan-
sion of the equation of motion. PTC allows the user to deęne the degree of exactness of
integration, by using either the exact or the expanded Hamiltonian, discussed in Sec-
tion 2.7. The precision can be determined via the integration scheme and the number
of integration steps in each element [26].

PTC is currently considered themost accurate tool in simulating particle trajectories.
Due to the nature of integration, PTC is exact even for large spatial, angular and mo-
mentum oěsets, in contrast to tracking codes as ”TWISS” or ”TRACK”, and therefore
has been used in the subsequent analysis.

3.4 Comparison of the optics and tracking codes
The ęrst part of the current thesis consisted of a detailed study of the various optics and
tracking codes available, in order to understand their limitations, applicability, diěer-
ences in element and variable deęnitions and pitfalls.

As a ęrst step, the R-matrices provided by TRANSPORT and MAD-X were com-
pared with each other, as well as with analytical multiplications, using the described in
Chapter 2 matrices obtained via Wolfram Mathematica®. MAD-X uses double preci-
sion variables, therefore there is absolute agreement with the analytical computations.
TRANSPORT, being an older program, uses single precision variables and therefore
cumulative multiplications can lead to diěerences in the 4th decimal point at the end of
the beam line. However, these are considered insignięcant, since usually a matching to
the 3rd decimal point is considered suĜcient.

3.4.1 Demonstration of the limit of ęrst order calculations
In the limit of small spatial, angular and momentum oěsets from the reference trajec-
tory, the ęrst order calculations and the results provided by the various tracking mod-
ules available coincide. As these initial oěsets increase, higher order terms are intro-
duced, and the results obtained in the various tracking codes gradually deviate.

The applicability of the ęrst order approach is determined by the particle ”accep-
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tance”. The particle acceptance is deęned as the distribution of particles at the produc-
tion point that will be transmiĴed through the beamline without being absorbed by its
apertures (and therefore is a subset of the emiĴance). Since the particle acceptance is de-
termined by the magnet placement and apertures, as well as the dipole and quadrupole
currents, it is not clear when designing a beamline if the ęrst order approach will suf-
ęce. A posteriori, for H2-VLE the spatial acceptance is σx,y∼3 − 4mm, the angular
σx′,y′∼5−7mrad, while the momentum acceptance reaches σδ∼5%. The acceptance for
H4-VLE is similar as well.

In Fig. 3.1, particles with initial spatial and angular oěsets in the horizontal plane
have been tracked along the H2-VLE beamline that will be described in Chapter 4, start-
ing from the T22 secondary target (S=0m), until the end of the NP-02 detector (S≃
60m) and specięcally, the cases (a) x0 = 10mm, x′0 = 10mrad and (b) x′0 = 20mrad
have been investigated. The particles have been tracked either using the 1st order ap-
proach, or the ”PTC_TRACK” module, described in 3.3. On the left side, the particle
trajectory is shown for both the ęrst order approach and via PTC, while on the right
side the relative diěerence of the two methods is ploĴed along the line.

(a) x =10mm, x′ =10mrad

(b) x′ =20mrad

Figure 3.1: Comparison between 1st order and the PTC module for various initial particle
coordinates in the horizontal plane. On the left side, the particle trajectory is shown for both
the ęrst order approach and via PTC, while on the right side the relative diěerence of the two
methods is ploĴed along the beamline. Even for large spatial and angular initial oěsets, the

diěerence between 1st order and the exact solution is negligible.

The apertures drawn illustrate the elements of the beamline. The green boxes denote
the beamline’s quadrupoles, while the blue ones correspond to its dipoles. The red box,
designated ’C14’ denotes the collimator, while the entrance and middle of the cryostat
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has been marked with a dashed line. It is reminded that, a particle generated with zero
initial spatial, angular andmomentum oěsets deęnes the curvilinear coordinate system
and therefore, by deęnition, will retain its zero coordinates throughout the beamline.

The particles have been chosen to be either in the limits of the beamline acceptance
(case (a)) or oě it (case (b)), to ensure that the results will be applicable in the actual
particles emiĴed from the secondary target. The observed relative diěerence between
the ęrst order approach and PTC is maximized in case (b), where, at the exit of Q24, it
reaches ∼9% (since both coordinates are very small), but generally is kept below ∼1%.
The above demonstrates that the ęrst order approach is suĜcient and stable, for all
particles within or out of the beamline spatial and angular acceptance, but having the
reference momentum.

The situation changes once momentum oěsets are introduced. Fig. 3.2 shows the
results obtained for diěerent momentum oěsets, δ = 5% and δ = 10%. With the mo-
mentum acceptance of the beamline being σδ∼5%, tracking particles with a 10% or even
15%momentumoěset is quite realistic. For largemomentumoěsets, terms on the right-
hand side of (A.4) such as chromatic eěects in quadrupoles (term kxδ) or higher order
corrections in the trajectory of oě-momentum particles in a dipole magnet (term κ0xδ)
can become quite signięcant. The eěects are cumulative, and result in a particle trajec-
tory that does not resemble at all the expected in ęrst order. To conclude, the 1st order
approach is not adequate in the VLE beamline tracking.

(a) δ = 5%

(b) δ = 10%

Figure 3.2: Comparison between 1st order and the PTCmodule for various momentum oěsets.
On the left side, the particle trajectory is shown for both the ęrst order approach and via PTC,
while on the right side the relative diěerence of the two methods is ploĴed along the beamline.

The two approaches begin to diverge once signięcant momentum oěsets are introduced.
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CHAPTER 4

H2-VLE and H4-VLE extensions

As discussed in Section 1.4, the existing H2 and H4 beamlines cannot meet the require-
ments of the NP-02 and NP-04 experiments, necessitating the design of two beamline
extensions. This chapter describes the design considerations and the ęnal layout of the
VLE (Very Low Energy) beamlines, as well as their initial optics conęgurations.

4.1 VLE beamline requirements and implementation
The need to provide the new experiments with low energy pions and kaons supported
the use of a secondary target towards the end of the existing H2 and H4 beamlines,
thus regenerating unstable particles closer to the experiments. A conceptual layout for
either H2-VLE or H4-VLE from the primary T2 target up to the NP-02 or NP-04 cryostat
respectively is shown in Fig. 4.1. The extension length of about ∼40mwas the result of
a compromise between the requirement to ęt the necessary magnetic elements and the
desire to be kept as short as possible, thus increasing the percentage of pions and kaons
reaching the detectors (see Fig. 4.2).

Figure 4.1: Conceptual layout of the H2 (H4) beam line, along with the H2 (H4)-VLE exten-
sion, leading to the NP-02 (NP-04) detector. [10]

Due to the quite lowmaximum data acquisition rate of the detectors (∼100 Hz [11]),
the main design consideration for the two extensions was the minimization of the ex-
posure of the two cryostats to the muon halo generated by the interaction of the hadron
beam with the secondary targets, primarily towards the forward direction. The above
has been achieved by installing each cryostat inside a pit partially below the Ěoor, thus
reducing the background considerably. In order for the beam to reach the cryostat en-
trance, a conęguration of dipolemagnets has beendesigned, providing a total deĚection
angle of 231.6mrad in H2-VLE and 240.06mrad in H4-VLE. By placing the magnets by
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(a) (b)

Figure 4.2: Survival rate of π and K. Even for a short beamline of 40m, the surviving K
below 1GeV/c are quite limited.

34.3° in H2-VLE and 56.75° in H4-VLE with respect to the Ěoor, the beam is steered
away from the direction of the muon halo simultaneously downwards and to the right,
as shown in Fig. 4.3. As will become clear, the dipole conęguration at the same time
constitutes the momentum selection station of the beamlines.

(a) H2-VLE 3-D layout

(b) H4-VLE 3-D layout

Figure 4.3: Detailed 3D-view of (a) H2-VLE and (b) H4-VLE. The tilted placement of the
elements is evident. The three deĚection conęgurations of H4-VLE, leading to the diěerent

entrance points of NP-04 are discernible.
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4.2 Conceptual low energy beamline design
The desire to keep the beamline length as short as possible, and the requirement for
large total deĚection angles indicated the integration of a two bend achromat with ęeld
lens conęguration for both VLE beamlines.

A typical conęguration is shown in Fig. 4.4. Two dipole magnets, designated BM1
and BM2, each providing an equal deĚection angle θ, will result in a total deĚection an-
gle 2θ for the reference trajectory. Since the bending angle deęnes the beamline geom-
etry, depending on the requested nominal momentum, the magnetic ęeld of the dipole
magnets is adjusted accordingly. As illustrated by the solid line, the nominal momen-
tum beam should be brought at a focus at the collimator, the beam size at this posi-
tion being mainly deęned by the momentum spread. The focusing in the collimator is
achieved via a quadrupole doublet in the particular example, but, as will be explained
later, in the VLE beamlines a quadrupole triplet was preferred. Due to the increasing
R16 term introduced by the ęrst dipole of the beamline, particles having a largemomen-
tum oěset (indicated by the dashed line) will be absorbed by the collimator jaws, the
aperture of which determines the δp/p acceptance (according to Eq. 2.16). A focusing
quadrupole (or ”ęeld lens”, designated Q3 in the ęgure) placed symmetrically in be-
tween the two bending magnets allows for momentum recombination and dispersion
control (nullięcation of the R16 and R26 terms after the second dipole).

Figure 4.4: Typical two bend achromat with ęeld lens conęguration. [15]

This conęguration has been implemented in both VLE beamlines, although in H2-
VLE two bends, instead of one, are used for themomentum analysis and two additional
for the momentum recombination. To satisfy the maximum momentum acceptance,
∼5% in RMS, in both beamlines, a collimator of a maximum jaw opening of 45mm half
gap has been used. By reducing the collimator gap, the momentum bite can be further
minimized.

Space limitations between the magnetic elements due to the positioning of the vac-
uum Ěanges forced the spectrometer magnets of both beamlines to be placed slightly
asymmetrically. This results inevitably in a non-zero dispersive derivative, marginally
contributing to the beam size at the experiments, as will be shown in the subsequent
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studies.
Apart from the momentum selection station described above, consisting of a fo-

cusing quadrupole and two bending magnets of equal strength (four, in the case of
H2-VLE), the particle acceptance maximization is achieved with the use of an initial
quadrupole triplet downstream the secondary target, designed to simultaneously fo-
cus the beam at the collimator. A ęnal quadrupole doublet serves to focus the beam at
the experiment.

The described layout is shown schematically in Fig. 4.5, including the instrumenta-
tion of the two lines, that will be explained in Section 8.1.

Figure 4.5: Schematic layout of H2-VLE and H4-VLE [10].
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4.3 Other characteristics
Specięcally for the NP-04 detector, various beam entrance points have been explored,
aiming to limit the hadronic showers to one its two drift volumes [7]. For this purpose,
a ęnal horizontal dipole will deĚect the beam accordingly to reach the three designed
points of the NP-04 cryostat, as shown in Fig. 4.5.

The quadrupolemagnets, either ”QPL” (2m long) or ”QPS” (1m long) type, are des-
ignated Q21-Q26 in H2-VLE, and Q17-Q22 in H4-VLE. In H2-VLE the dipole magnets
are designated B7a, B7b, and B8a, B8b, to denote their powering schema conęguration.
In H4-VLE the magnetic spectrometer dipoles are designated B18 and B19, while the ę-
nal steering dipole B20. All dipoles are ”MBPL” (2m long) type, apart from B20 which
is an ”MBPS” (1m long). The magnets specięcations (excitation curves, maximum cur-
rents, dimensions, etc.) can be found in [12]. The collimator of each beamline, notated
as ”C14” inH2-VLE and ”C12” inH4-VLE, is placedwith its jaws parallel to the bending
plane.

In order to keep the budget at reasonable levels, the use of already existing magnets
and power supplies was preferred, imposing constraints to themaximum current of the
quadrupoles. Appropriate shielding has been installed around the secondary targets,
thus protecting the surrounding control rooms. To absorb the particles that have not
interacted with the target, a beam dump has been placed before the collimator of each
beamline. Both extensions are in vacuum from the secondary target to the entrance of
the cryostats.

4.4 Initial optics design and optimization motivation
The ęnal placement of the magnets and the design of the initial optics was the result
of an optimization process realized via the optics code TRANSPORT, presented in [10].
The initial optics design, shown in Fig. 4.6 for the horizontal and the vertical plane,
aĴempted to achieve a ęrst compromise among the experimental requirements, as well
as space and budget constraints.

In Fig. 4.6, the green boxes illustrate the quadrupoles of the beamlines, while the
blue ones illustrate the dipoles. The red box corresponds to the collimator of each beam-
line. The entrance of each cryostat is marked in the ęgures with a dashed vertical line.

It should be noted that, since all the magnets, apart from B20, are placed with the
same tilt angle in each beamline and the production at the secondary targets is isotropic,
rather than using a reference system with respect to the EHN1 Ěoor (x − y reference
system), it is wiser to use a new reference system for each beamline, rotated along s
(the beam axis) by the tilt angles θt,1 = 34.3° for H2-VLE and θt,2 = 56.75° for H4-VLE
respectively (x′ − y′ reference system). In the analysis below, whenever ‘horizontal’ (or
’bending’) and ‘vertical’ (or ’non-bending’) plane is mentioned, the x′ and y′ planes are
to be understood respectively, unless stated otherwise. In this way, the dipole ęeld of
the spectrometer magnets is parallel to the y′ axis of each beamline. Therefore with this
convention, for H2-VLE there exists a dispersive term only in the bending plane, while
for H4-VLE, a dispersive term in the non-bending plane is introduced only after the
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(a) H2-VLE initial optics conęguration

(b) H4-VLE initial optics conęguration

Figure 4.6: Original optics design for (a) H2-VLE (b) H4-VLE, optimized via the optics code
TRANSPORT.

ęnal dipole magnet (B20), which is placed with respect to the Ěoor. The diverging R16

term after the momentum selection station is discernible in both beamlines, indicating
a non-zero R26 term due to the asymmetric positioning of the spectrometer magnets.

The beam focusing requirements analyzed in the previous section are translated into
various constraints in the matrix elements at specięed positions. To achieve a beam
waist (a minimum of the beam size) of a nominal momentum beam, for example in
the horizontal plane, the R11 and the R12 terms must be minimized. Since Liouville’s
Theorem prohibits the nullięcation of both terms at a single position (see Section 2.2), a
compromise between the two terms is always essential. This compromise is determined
by the initial target emiĴance and specięcally, for point-like targets, the angular spread
is signięcantly larger than the spatial, and therefore the spot size at each position is
mainly deęned by the R12 term, the nullięcation of which leads, in ęrst order, to a
beam waist. Alternatively, for an initial emiĴance being mainly dominated by a spatial
spread, the contribution of the R11 term is of major importance.

Since, due to time pressure, during the initial optics optimization the target emit-
tance had not yet been simulated, in the original optics version the rate maximization
and beam focusing was mainly realized via the control of the R12 term. Subsequent
tracking studies, analyzed in Section 5.1, implementing the actual emiĴance from the
secondary targets will indicate that, due to the secondary target geometry and the sec-
ondary beamproperties, in the case of theVLE beamlines, themagnięcation term aěects
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signięcantly the beam size as well.
It became clear, therefore, that new optics could be found, leading to an increase in

the particle rate or more focused beams at the experiments. Indeed, in the low energy
region (<4GeV/c ) the expected ’useful’ rate at the experiment (consisting of p,K and π)
is quite below the maximum acquisition rate of the cryostats (∼100 Hz). For example,
for a 2GeV/c beam the pion rate is expected to be below 20 Hz, while for the 1GeV/c
case, this rate drops to ∼5 Hz [23]. A particle rate increase is quite crucial for the ex-
periments, since it automatically leads to a proportional beam time decrease. A more
focused beam at the cryostats could also be critical, meaning less particles escaping the
active volume without being detected.
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CHAPTER 5

Optics optimization of H2-VLE and
H4-VLE

After the consideration and comparison of the features of the optics and tracking codes
available in Chapter 3, and after the outline of the layout and initial optics of H2-VLE
and H4-VLE in Chapter 4, the optics optimization procedure of the two beamlines can
be described.

To proceed to the optimization, it is necessary at ęrst to examine the two major
factors that determined the optics optimization approach, which were, (a), the realistic
emiĴance from the T22 and T24 targets and (b), the magnetic aperture limitations of the
beamline elements.

5.1 Target emiĴance for the design momentum
The optics optimization procedure is inseparable from the initial particle distribution at
the secondary target. The ”emiĴance”will deęne the contribution of the spatial, angular
and dispersive terms in the beam size at each position and introduce correlation terms
between the various coordinates. To successfully control the beam size throughout the
line, the optimization must concentrate on the contributions that mostly determine it at
each point along the beamline.

As was already mentioned, due to time pressure the initial optics optimization was
performed without knowledge of the specięc target emiĴance. In later studies, after
having modeled the detailed upstream H2 and H4 beams in G4BeamLine ([27]), the
distribution of tertiary particles produced by 107 secondaries of 80 GeV/c impinging
on the ‘default’ secondary target of a copper cylinder for both beamlines, 30 cm long
and 3 cm in radius, was simulated (courtesy of Dr. Marcel Rosenthal).

The generated tertiary particles, π, p, K, e and µ of both positive and negative po-
larities, have a momentum range up to 80 GeV/c. Since the two beamlines will be opti-
mized for their designmomenta, which are +12GeV/c for H2-VLE and +7GeV/c for H4-
VLE, specięcally the particle distributions in these momenta range will be examined.
In Chapter 6, the corresponding particle distributions for 1GeV/c nominal momentum
will be analyzed, and the overall consistency of the VLE beam characteristics will be
demonstrated.

To reduce the computing time, an initial selection of particles based on their mo-
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mentawas conducted. This selectionwas based on the expectedmomentum acceptance
of the beamlines, that can be computed in ęrst order via Eq. (2.16), by the R16 term at
the collimator, as well as the collimator maximum half gap, which is 45mm. By select-
ing π+, p+, K+ and e+ of 12GeV/c ±15% from the T22 target and 7GeV/c ±15% for the
T24 target over the entire spectrum of production, the study is completely unbiased.
Muons have not been taken into account in the optimization analysis since they are not
interesting particles for the experiment.

(a) (b)

(c) (d)

Figure 5.1: 12GeV/c ±15% π, p, K, e production at T22 for 107 secondaries simulated via
G4BeamLine, using the ‘default’ target. Shown is the spatial, angular, momentum and longi-

tudinal momentum distribution right after the secondary target.

Figs. 5.1 and 5.2 show, for the design momentum of each beamline, the horizontal
spatial and angular distributions of particles with respect to the EHN1 hall, as well as
the momentum and longitudinal momentum distributions of the T22 and T24 targets
respectively. For H2-VLE, a slight oěset of ∼1mm is evident in the horizontal plane,
due to a minor asymmetry in the impinging H2 beam on T22. The vertical plane (not
shown) does not exhibit an asymmetry, and is almost identical in terms of spread with
the horizontal plane. For H4-VLE, a similar asymmetry in the impinging H4 beam in-
troduces an oěset of 0.7mm in the horizontal and -1.4mm in the vertical emiĴance.

Both ęgures illustrate that, for each target, the angular distribution has a ∼4-5 times
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(a) (b)

(c) (d)

Figure 5.2: 7GeV/c ±15% π, p, K, e production at T24 for 107 secondaries simulated via
G4BeamLine, using the ‘default’ target. The overall shape is similar to the 12GeV/c ±15%

particle production at T22, although more spread out.

larger RMS than the corresponding spatial distribution. However, if aperture limita-
tions of the two VLE beamlines are taken into account, the acceptance (deęned in sub-
section 3.4.1) will be reshaped. Specięcally, as will be shown later, subsequent studies
will indicate that for H2-VLE, for either the horizontal or vertical plane, the spatial ac-
ceptance RMS is ∼3-4mm and the angular ∼5-7mrad, making the contribution of the
former quite signięcant for the beam size as well. Even more striking is the case of H4-
VLE, where the spatial acceptance reaches ∼8-10mm, while the angular is ∼6-8mrad.
For both beamlines, the spatial contribution can therefore by no means be neglected.

Figs. 5.1c and 5.2c illustrate a slight preference for lower momenta, a property am-
plięed tremendously in the 1GeV/c±15% case, that will be shown in Chapter 6. Specif-
ically, for 107 secondaries of 80 GeV/c impinging on T22, the particles generated with
a momentum in the range of [0.85,1.15] GeV/c are two orders of magnitude more than
those in the range of [10.2,13.8] GeV/c. The momentum and longitudinal momentum
distributions are almost identical for the design momentum of each beamline. How-
ever, they will be compared with the 1GeV/c case, where the two distributions will be
completely diěerent.
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Fig. 5.3 demonstrates the correlations between the various coordinates of the target
+12GeV/c ±15% production, and specięcally the (a) x-x′, (b) x′-y′, (c) x′-∆p/p and (d)
∆pz/p-∆p/p phase spaces are shown.

(a) (b)

(c) (d)

Figure 5.3: Correlations between (a) x-x′, (b) x′-y′, (c) x′-∆p/p and (d) ∆pz/p-∆p/p coor-
dinates of the 12GeV/c ±15% emiĴance at T22.

It is clear that the x′-y′ coordinates (aswell as the x-y coordinates, not shown) are un-
correlated, due to the cylindrical symmetry of the conęguration. However, a correlation
between the x-x′ coordinates (and, similarly, the y-y′ coordinates) is evident, illustrated
by the tilt of the elliptic-like phase space in Fig. 5.3a. The corresponding phase spaces
for the T24 7GeV/c particle distribution demonstrate similar correlations and are not
shown.
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5.2 Beamline geometry and aperture limitations
The rate increase at the experiment is based in an overall beam size control, resulting in
a reduction of the particle losses in the magnetic apertures. Due to the focusing nature
of the quadrupoles in one plane and the defocussing nature in the perpendicular plane,
there will be positions where the beam is diverging, leading to an increase in the spot
size, and positions where the beam is converging, decreasing the spot size. The po-
sitions where the beam should be particularly controlled are deęned by the magnetic
apertures.

Figure 5.4 illustrates the H2-VLE and H4-VLE geometries in the horizontal and ver-
tical plane. As already mentioned in Section 4.4, the reference system for each beam-
line has been rotated along the s axis by the tilt angles θt,1 = 34.3° for H2-VLE and
θt,2 = 56.75° for H4-VLE respectively, so that the new vertical axis of each line is now
parallel to the magnetic ęeld of the spectrometer magnets. The ’horizontal’ and ’verti-
cal’ planes used are deęned by the new reference systems.

The apertures demonstrate the elements conęning the particle transmission themost.
In the tracking simulations, all dipole magnets have been modeled as rectangular, hav-
ing a half aperture of 210mm in the horizontal plane and 70mm in the vertical plane.
The aperture of the quadrupoles has been modeled as circular, 100mm in radius.

Figure 5.4: H2-VLE and H4-VLE geometries in the horizontal and the vertical plane. The
collimator is at its full opening, 45mm half gap. The ”NP-02/NP-04 Entrance” denotes the

circular entrance of each detector, 100mm in radius.

It can be seen that the vertical apertures of the dipoles, having a half gap of only
70mm, is the most constraining factor. The optimization procedure will therefore focus
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in the control of the vertical beam size at the dipole positions, by carefully adjusting the
contribution of the R33 and R34 terms. Additionally, in the case of H4-VLE, the ęnal
dipole magnet, designated B20, is placed with respect to the Ěoor (or by −57° with
respect to the ploĴed x′−y′ reference system), as shown in the right side of Fig. 5.5. The
maximum horizontal and vertical particle coordinates as ’seen’ by the x′ − y′ reference
system are no longer independent, but have to lie within the area mainly deęned by
the two poles of B20 (indicated with green in the right side of Fig. 5.5). It is therefore
clear that, at the position of B20, the beam has to be contained simultaneously in the
horizontal and the vertical plane. Since the horizontal extent is now more restricted,
particular emphasis should be given in the control of the beam in the horizontal plane.
The now correlated maximum apertures of B20 cannot be drawn in an S-x and S-y
plot, and therefore the initial apertures are kept for consistency, but the reader must
remember that they do not correspond to the real geometry.

(a) x− y reference system

(b) x′ − y′ reference system

Figure 5.5: Aperture limitations as ’seen’ by the two reference systems for B18 or B19 (left)
and B20 (right)

In addition to controlling the beam envelope at the dipole positions, it is equally
signięcant to achieve a focus of the beam at the collimator. Ineěective focusing will
result in absorption of particles having initial spatial and angular oěsets, rather than
oě-momentum particles.
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5.3 H2-VLE and H4-VLE optimization
For the VLE beamlines optimization, the link between MAD-X and Wolfram Mathe-
matica ® has been exploited in order to automate the procedure. A powerful tool, that
will be demonstrated in 5.3.1 has been developed, which is guaranteed to explore the
entire phase space of available optics conęgurations that satisfy the given by the user
initial constraints on the matrix elements at specięed positions. While the automation
of the optimization process is an essential advancement, as will become clear in the sub-
sequent analysis, it does not suĜce for the design of a successful optics, but, rather, a
deep understanding of the beam optics is always essential.

Since the installation of the magnets of the two VLE beamlines is already ęnished,
the optics optimization is reduced for each beamline to only six degrees of freedom,
corresponding to the currents of the six quadrupole magnets. The limited number of
degrees of freedom, along with the various constraints (discussed in 4.4) that need to be
balanced in the optimization process rendered the development of an ’all in one’ optics
mode impossible. For this reason, two optics conęgurations will be proposed for each
beamline. The ’High Transmission Optics’ will provide beĴer particle transmission,
resulting in a rate increase at the two cryostats, and the ’High Resolution Optics’ will
provide a more focused beam at the experiments and a decrease in the spot size.

Moreover, the aforementioned constraints indicated that the optimization process
be scaled down to two separate steps. The ęrst step consists of the optimization of the
ęrst quadrupole triplet, aiming to achieve a generally contained beam, and bring the
beam in the horizontal plane at a focus in the collimator, allowing for a momentum
selection of the particles. In the second step, a momentum recombination and the ęnal
focusing at the experiment is aĴempted.

5.3.1 Step 1: H2-VLE and H4-VLE triplet optimization
The ęrst step in the optimization of H2-VLE and H4-VLE consisted of exploring the
entire phase space of solutions for their quadrupole triplets. The degrees of freedom
available for each beamline were the three quadrupole coeĜcients, k1, k2, k3, limited
within the power supply range. The constraint imposed in the optimization processwas
to bring the beam at a focus at the collimator, translated to nullifying the R12 and R34

terms. While the momentum selection occurs in the horizontal plane, a simultaneous
focus of the beam in the vertical planewas initially aĴempted. However, as will become
clear, the focus in the vertical plane had to be abandoned in order to successfully match
the entire beamline. Nonetheless, the triplet optimization can be considered as a ęrst
”exercise”, and can demonstrate the power of the MAD-X / Mathematica cross - talk.

In order to keep a large angular acceptance, an additional constraint was imposed,
that the |R12| and |R34| terms are kept below 10mm/mrad. With the quadrupole aper-
tures being 100mm in radius, this constraint ensures that particles generated at the tar-
get with less than 10mrad will be transfered successfully by the ęrst three quadrupoles.

For the matching process, the initial k-values, as well as the initial step size for the
varying parameters need to be deęned. Since diěerent initial step and k-values result to

41



Chapter 5. Optics optimization of H2-VLE and H4-VLE

diěerent matching results, these have been varied in the Mathematica script, via nested
loops. For each iteration, Mathematica generates the necessary input ęles that MAD-X
needs to begin the optimization process and invokes MAD-X. MAD-X then aĴempts
to match, the process being terminated either successfully, or after a certain number
of iterations has been completed. The ęnal R-matrix values are printed in an output
ęle via the TWISS module, that is then imported by Mathematica. After checking that,
ęrstly, the R12 and R34 terms are close to zero in the collimator, within a tolerance of
10−3, and that their absolute values do not exceed 10mm/mrad until the collimator,
these k-values are stored in the system, and the next iteration begins. To avoid storing
identical solutions, solutions identical within a tolerance factor of 10−5 for all three k-
values simultaneously were rejected via Mathematica. After the process was ęnished,
the solutions were sorted by decreasing k1 values.

The results of the aforementioned optimization process for H2-VLE are shown in
Figs. 5.6, and 5.7, while similar results were obtained for H4-VLE as well. PloĴed in
Fig. 5.6 is the phase space of obtainable solutions in terms of the k-values of the three
quadrupole magnets. A positive k-value denotes a quadrupole focusing in the horizon-
tal plane. Only two discrete areas in the phase space can be achieved, corresponding to
the FDF (Focus-Defocus-Focus) and DFD (Defocus-Focus-Defocus) conęgurations. All
other conęgurations (FFD, DDF, FDD etc.) cannot meet the imposed constraints. The
two areas are completely smooth and have no irregularities.

The optimization problem is completely symmetric for both planes, since the range
of the quadrupole coeĜcients is the same for positive and negative values and the con-
straints imposed are identical for both planes. This symmetry indicates that the solu-
tions ought to be entirely symmetric as well, as is clear from Fig. 5.6.

The number of solutions found (∼8500) possesses no physical meaning, but it sim-
ply is a consequence of the tolerance chosen for ’identical’ solutions, and the tolerance
in the nullięcation of the R12 and R34 terms. If one would decrease the tolerance of the
R12 and R34 terms to, for example, 10−2, then simply, more ’dots’ would be added in
between the solutions. It is noteworthy that, if one increases the tolerance to, for exam-
ple, 10−5, then the number of solutions is decreased, but the overall shape and range of
the phase space is consistent.

In Fig. 5.7 the R-matrix element values in the middle of collimator C14 are ploĴed.
To conclude, for both beamlines the k-values phase space where a nullięcation in

the middle of the collimator is achieved both for the R12 and R34 terms and the overall
angular acceptance is kept above 10mrad consists only of two discrete and absolutely
symmetric areas, corresponding to the FDF and DFD conęgurations.

Taking into account that the momentum selection occurs in the horizontal plane,
apart from nullifying theR12 term, it is important to constrain, as much as possible, the
magnięcation term as well. A large |R11| value would imply that, rather than selecting
particles according to the momentum oěset, particles with large initial oěsets will be
absorbed by the collimator. Therefore, the FDF conęguration, providing a |R11| term
close, or less than unity, seemed the most natural choice.
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Figure 5.6: Solution phase space for the H2-VLE triplet optimization sorted by the the k1
values.

Figure 5.7: R-matrix values in the middle of the collimator. The R12 and R34 terms are zero
within a tolerance of 10−3.

5.3.2 Step 2: H2-VLE and H4-VLE optimization
The next step in the optimization procedure is to aĴempt to match the entire beamline.
This is achieved by choosing a set of k-values for the quadrupole triplet, and varying
the k-values of the ęeld lens and the focusing doublet.

Initially, a matching was aĴempted by choosing the triplet k-values to be solutions
of the above optimization analysis for both beamlines, and specięcally a few of the FDF
conęgurations were selected, beĴer matching the focusing criteria at the collimator. It
soon became clear that, by nullifying the R34 term at the collimator, it uncontrollably
diverges in the next quadrupole (the focusing ęeld lens), with an impact in the overall
angular acceptance. Therefore, the nullięcation of the R34 term at the collimator had
to be abandoned, and the triplet was re-optimized, this time aĴempting to obtain a
relatively large R34 value (∼3-5mm/mrad), resulting in a beĴer control of the term.
This characteristic has been implemented in all optics, both for H2-VLE and H4-VLE.

It must be noted that the developedMAD-X/Mathematica tool, while it can crucially
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speed up and ease the procedure, is by nomeans a ”deus exmachina”, in the sense that,
in order to produce results, it requires constraint impositions. Once constraints are im-
posed, the tool is guaranteed to identify all mathematically achievable conęgurations.

Since the beam size cannot be straightforwardly predicted by the R-terms, it is not
trivial to impose the appropriate constraints on the matrix elements. Therefore, from
this point the optimization has been an iterative process where initiatives had to be
taken, driving the optimization towards a specięc direction for each optics mode de-
veloped. The successful development of the ęnal conęgurations has been an inter-
play between the understanding of the beam optics, the use of the developed MAD-
X/Mathematica tool and tracking validation of the described in Chapter 5 particle dis-
tributions via PTC. For example, while in the beginning of the optimization a focusing in
the experiment was aĴempted by nullifying the R12 and R34 terms, subsequent track-
ing simulations indicated that the focusing was insuĜcient and therefore, a diěerent
approach had to be devised. By aĴempting to minimize the magnięcation terms, the
results improved signięcantly. Since the proposed optics are diěerent in their execu-
tion, the two following subsections are devoted in the presentation of the ęnal optics
modes.

5.3.3 Final optics conęgurations for H2-VLE
Fig. 5.8 demonstrates the ęnal optics conęgurations for the H2-VLE beamline.

The ’High Resolution Optics’ is designed to provide a smaller spot size at the NP-02
middle, where the focus is aimed, and simultaneously a more evident beam waist, by
beĴer controlling the matrix elements in terms of their values at the experiment and
in terms of their slope. Rather than recombining the momentum directly after B8B, the
R16 term is nullięed in themiddle of the cryostat. In this way, the decreasing dispersion
derivative contributes to the impression of a beam waist in the horizontal plane, and at
the same time, the contribution of the R16 term in the beam size is avoided. Addition-
ally, a vertical beam waist closer to the NP-02 middle is achieved by a steeper decrease,
compared to v0, of the R33 term, with a simultaneous nullięcation of the R34 term. The
’High Resolution Optics’ comes at the expense of potentially reducing the transmission;
the vertical beam size at B8A and B8B is expected to be quite larger than the v0, due to
the signięcantly enlarged R34 term, resulting in particle losses.

The ’HighTransmissionOptics’ is based on a control of the vertical beamenvelope at
the dipole positions, resulting in a signięcant rate increase at the experiment. By tuning
the quadrupole triplet and the ęeld lens, the R34 term is kept signięcantly smaller at
the position of the dipoles and at the same time, a decrease of the R33 term is achieved
in the dipoles B8A and B8B. Losses are also avoided by keeping the R34 term smaller
at Q23, compared to the other two optics modes. The R34 term is inevitably diverging
towards the experiment, however by the simultaneously converging R33 term with a
slope steeper than the v0 optics, the beam size, aswill be verięed by tracking simulations
will be only slightly enlarged.

The behavior of the dispersive term in the two ęnal optics conęgurations, apart
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5.3 H2-VLE and H4-VLE optimization

Figure 5.8: H2-VLE ęnal optics conęgurations. The initial optics, or v0, is shown for reasons
of completeness.

from contributing to the focusing of the beam at the experiment, can be useful in a
measurement of the resolution of the spectrometer, constituting of a scintillator placed
right before B8B and two scintillators placed after it (see Fig. 4.5).

Table 5.1 summarizes the integrated strength values for the three optics conęgura-
tions ofH2-VLE.Apositive value indicates a focusing in the horizontal plane quadrupole,
while a negative value a defocussing one.

5.3.4 Final optics conęgurations for H4-VLE
Similarly, Fig. 5.9 demonstrates the ęnal optics conęgurations for theH4-VLE beamline,
along with the initial optics conęguration v0.

The ’HighResolutionOptics’ ofH4-VLEwasdesigned around twobasic axes. Firstly,
by converging the R33 term in the experiment, which, as was mentioned in Section 5.1,
is considerably important compared to the R34 term, it was possible to compensate for
the quickly diverging R36 term introduced by B20, which could not be avoided, since
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Chapter 5. Optics optimization of H2-VLE and H4-VLE

Optics conęgurations for H2-VLE, 12GeV/c
Integrated Strength [Tm/m]

Quadrupole v0 Optics
High

Transmission
Optics

High Resolution
Optics

Maximum
Value

Q21 -14.3 -16.01 -13.76 16.80
Q22 19.43 19.81 19.37 22.38
Q23 -11.64 -12.17 -11.47 16.80
Q24 15.74 14.41 14.57 16.80
Q25 -10.21 -10.41 -10.35 10.43
Q26 10.21 10.01 10.35 10.43

Table 5.1: Quadrupole integrated strength values for the three optics conęgurations of H2-
VLE for the design momentum of 12GeV/c, along with their maximum values. The integrated
strength is deęned as gL, where g is the ęeld gradient in T/m, and L is the quadrupole length

in m. For lower momenta, the values are simply scaled down.

there are no other magnetic elements afterwards. Secondly, a beam waist and a signię-
cant spot size decrease at the NP-04 entrance is achieved by steeply converging the R11

term.
The ’High Transmission Optics’ has been developed tominimize the spot size at the

dipole positions. The particle transmission is increased ęrstly by keeping the vertical
magnięcation term signięcantly smaller at B18 and B19 compared to v0, and secondly
byminimizing theR34 term at B19. Finally, a signięcant percentage of losses is avoided
by adjusting the beam accordingly in B20. As explained in Section 5.2, the placement of
the ęnal dipole magnet with respect to the Ěoor, or by −57° with respect to the ploĴed
x′− y′ reference system, indicates the control of the beam in the horizontal plane at this
position. Therefore, the beamhas been contained in the horizontal plane, byminimizing
the R11 term as much as possible, which is the term contributing the most in the beam
size.
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5.3 H2-VLE and H4-VLE optimization

Figure 5.9: H4-VLE ęnal optics conęgurations. The initial optics, or v0, is shown for reasons
of completeness.

Optics conęgurations for H4-VLE, 7GeV/c
Integrated Strength [Tm/m]

Quadrupole v0 Optics
High

Transmission
Optics

High Resolution
Optics

Maximum
Value

Q17 -11.37 -11.36 -10.46 16.80
Q18 14.48 14.52 14.07 16.80
Q19 -10.20 -10.20 -8.84 10.43
Q20 13.81 11.77 13.89 16.80
Q21 -9.91 -10.43 -9.38 10.43
Q22 8.39 10.43 9.24 10.43

Table 5.2: Quadrupole integrated strength values for the three optics conęgurations of H4-
VLE for the design momentum of 7GeV/c, along with their maximum values. For lower mo-

menta, the values are simply scaled down.
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CHAPTER 6

Tracking validation of the ęnal
optics conęgurations

In this chapter, tracking via PTC in a MAD-X environment of the particle distributions
of Section 5.1 for the design momentum of each beamline will validate the ęnal optics
conęgurations. The consistency of the results for the 1GeV/c nominal momentum will
be demonstrated. In order to compare in parallel with the optics conęgurations of sub-
sections 5.3.3 and 5.3.4, all results are presented in the tilted reference system of each
beamline. Since BPROF4 is placed with respect to the Ěoor of EHN1, the reader can
ęnd the expected beam proęle at BPROF4 with respect to the straight reference system
in Appendix B.

6.1 H2-VLE, nominal design momentum: +12GeV/c
As described in Section 5.1, the distribution of π, K, p, and e generated from T22 by
an impinging 80 GeV/c beam of 107 secondaries has been used as input in PTC to val-
idate the ęnal optics conęgurations. It should be noted that normally the integrated
secondary beam intensity over a spill is expected to be 106 secondary particles, but an
order of magnitude more has been used in order to increase the statistics. For the de-
signmomentumof 12GeV/c, the corresponding distribution of 12GeV/c±15% is shown
in Fig. 5.1. It is reminded that the initial selection of particles based on their momen-
tum is completely unbiased taking into account the expected momentum acceptance as
deęned by the collimator maximum full gap and the R16 term at the collimator, and
reduces the computing time considerably.

In order to visualize the H2-VLE beam in the three diěerent optics conęgurations,
in Fig. 6.1 the same 4000 ”good” particles (particles that will reach the detector) have
been tracked through the H2-VLE beamline for the three ęnal optics conęgurations.
The beam characteristics can be justięed by comparing in parallel with the R-matrix
elements shown in Fig. 5.8. Apparent is the signięcant vertical beam size decrease at
the position of the dipoles obtained in ’High Transmission Optics’ by the control of the
R34 term , thatwill lead to a noteworthy rate increase. Additionally, in ’High Resolution
Optics’ the vertical beamwaist is nowmore evident, as expected by the steeperR33 slope
compared to v0 optics and the simultaneous R34 nullięcation.

Table 6.1 shows the transmission and acceptance for the three diěerent opticsmodes
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Chapter 6. Tracking validation of the ęnal optics conęgurations

Figure 6.1: Tracking via PTC of the same 4000 ”good” particles of H2-VLE for the three ęnal
optics modes, ploĴed in the tilted reference system.

obtained via PTC for 107 secondaries. It can be seen that ’High Transmission Optics’
provides an ∼11% rate increase with respect to v0 Optics, while’High Resolution Op-
tics’ comeswith a rate expense of∼6%. Assuming an integrated intensity of 106 particles
impinging on T22 homogeneously distributed per spill (4.8 s), the calculated expected
rate at theNP-02 detector is∼500Hz,which is above itsmaximumacquisition rate of the
detector (∼100Hz). The calculated rate by PTC neglects pion and kaon decays as well
as particle interactions, and therefore is not considered very accurate, however inde-
pendent G4BeamLine simulations [23] indicated that the expected rate for the 12GeV/c
H2-VLE beam is approximately 400Hz, still well above the maximum acquisition rate.
The provided rate increase, while indiěerent for the design momentum, will become
quite signięcant in the momentum of 1GeV/c where the expected rate is much lower
than the maximum acquisition rate of the electronics.
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6.1 H2-VLE, nominal design momentum: +12GeV/c

Transmission and acceptance for H2-VLE, 12GeV/c

v0 Optics
High

Transmission
Optics

High Resolution
Optics

Transmission (out of 107 secondaries)
23146 25691 21733

Acceptance
µx (mm) 0.62 0.75 0.7
σx (mm) 3.32 3.38 3.36
µ′x (mrad) -0.83 -0.33 -0.57
σ′x (mrad) 6.59 6.35 6.86
µy (mm) -0.56 -0.52 -0.57
σy (mm) 3.73 3.69 3.81
µ′y (mrad) -0.13 0.01 -0.16
σ′y (mrad) 4.49 5.27 4.22
µδp/p (%) -0.75 -0.23 -0.63
σδp/p (%) 4.67 4.29 4.4

Table 6.1: Transmission and acceptance for the three ęnal optics conęgurations of H2-VLE,
for the design momentum of 12GeV/c.

Table 6.2 illustrates the spot sizes at BPROF4 (the ęnal proęle detector of the beam-
line, also visible in Fig. 6.1) and at the NP-02 middle. It is shown that in ’High Resolu-
tion Optics’ the beam size RMS is reduced by ∼2-3mm in both planes, while in ’High
Transmission Optics’ the beam size RMS is larger by ∼3-4mm.

Spot sizes at BPROF4 and NP-02 middle for H2-VLE, 12GeV/c

v0 Optics
High

Transmission
Optics

High Resolution
Optics

BPROF4 proęle
µx (mm) 2.23 1.35 0.28
σx (mm) 35.29 36.73 33.4
µy (mm) 1.42 1.39 1.14
σy (mm) 19.26 18.86 17.59

NP-02 middle proęle
µx (mm) 1.29 1.52 1.16
σx (mm) 19.81 23.49 17.96
µy (mm) 1.27 0.84 1.03
σy (mm) 17.5 20.18 14.57

Table 6.2: Spot sizes at BPROF4 and theNP-02middle for the three ęnal optics conęgurations
of H2-VLE for the design momentum of 12GeV/c.

Table 6.3 shows the composition of the aforementioned generated distribution, as
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Chapter 6. Tracking validation of the ęnal optics conęgurations

well as the composition of the transmiĴed beam reaching the NP-02 detector.

Composition for H2-VLE, 12GeV/c
Total (#) p (%) e (%) π (%) K (%)

Composition of initial
distribution 735942 14.9 1.4 74.1 9.6

High Transmission Optics
(without decays) 25691 12.1 8.4 70.6 9.0

High Transmission Optics
(with decays) 23816 13.0 9.1 71.7 6.2

Table 6.3: Composition of 12GeV/c±15% π,K, p, and e generated from T22 by an impinging
80 GeV/c beam of 107 secondaries, as well as that of the transmiĴed beam reaching the NP-02

cryostat.

The generated particles within the specięed momentum region are mostly pions
and secondly protons, while kaons are only a fraction of 9.6%. The composition of the
transmiĴed particles is mildly altered, and specięcally the positron fraction has shifted
from 1.4% in the initial distribution to 8.4% in the transmiĴed beam. This can be un-
derstood if the initial positron distribution is compared to, for example, the dominating
pion distribution, as is shown in Fig. 6.2, where the two distributions have been normal-
ized to unity. Both the spatial and the angular pion distributions are muchmore spread
out, having an approximately double RMS compared to the positron distribution.

(a) (b)

Figure 6.2: Comparison of the positron and pion 12GeV/c±15% spatial and angular distribu-
tions generated at T22, normalized to unity. The pion and positron momentum distributions

(not shown) are almost identical.

Since particles having large spatial and angular oěsets will be cut by the magnetic
apertures, this spread deęnes the transmiĴed composition, and specięcally, while 21%
of the generated positrons reach the cryostat, the corresponding fraction for the pions
is only 3%. The pion, kaon and proton distributions are quite similar, and therefore
the ∼3% transmission observed for the pions is consistent for the protons and kaons as
well. The composition of the transmiĴed beam shows no signięcant diěerences for the
other two optics modes.
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6.1 H2-VLE, nominal design momentum: +12GeV/c

Finally, to account for the decays of pions and kaons, the simple exponential decay
formula also ploĴed in 4.2 has been used for a distance of 40m (until the entrance of the
detector). Shown again in Table 6.3 are the obtained results, indicating a 3% drop of the
ęnal kaon content.

Table 6.4 shows the percentage of transmiĴed particles through H2-VLE for ’High
Transmission Optics’ and v0 Optics, indicating the magnetic elements that mostly con-
tribute to the losses. Since the initial spatial and angular distributions are quite spread
out, a signięcant percentage of particles will be absorbed by the aperture of the ęrst
quadrupole, denoted Q21 and specięcally, only ∼34% of the generated particles are
transmiĴed through Q21. Through a beĴer control of the R34 term at Q22 and Q23 (see
Fig. 5.8), High Transmission Optics transmits ∼7% more particles to Q23. This particle
increase is retained until B8B by controlling the vertical beam size, resulting in a ∼17%
rate increase at B8B. Taking into account losses at Q25 and Q26 due to a largeR12, com-
bined with a residual R16 term, the observed rate increase at NP-02 is ∼11% in’ High
Transmission Optics’.

Percentage of transmiĴed particles through the magnetic

elements of H2-VLE, 12GeV/c

Q21 Q22 Q23 B7B C14 Q24 B8B Q25 Q26

v0 Optics 34.4 16.0 10.8 8.7 5.6 5.6 4.7 3.7 3.1

High Trans. 34.4 16.6 11.6 9.5 6.1 6.1 5.5 4.2 3.5

Table 6.4: Percentage of transmiĴed particles for H2-VLE 12 GeV/c nominal momentum

The beam size behavior can becomemore clear if the beam size RMSwith respect to
the longitudinal distance is ploĴed for the acceptance of each opticsmode, as is shown in
Fig. 6.3. In the horizontal plane, the beam waist in ’High Resolution Optics’ has shifted
upstream closer to the NP-02 middle where the focus is aimed, and simultaneously
there is a mild beam size decrease of ∼2mm at this position. In the vertical plane the
beam waist in more evident, having a ∼3mm decrease compared to v0 optics. The
diverging R34 term of ’High Transmission Optics’ contributes to the vertical beam size
at the experiment, but this becomes signięcant only after the middle of the cryostat.
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Chapter 6. Tracking validation of the ęnal optics conęgurations

Figure 6.3: Horizontal and vertical beam size RMS for the three optics conęgurations of H2-
VLE, for the design momentum of 12GeV/c

6.2 H2-VLE, 1GeV/c
The consistency of the results in the 1GeV/c nominal momentum will be brieĚy pre-
sented and, following the same method as in the 12GeV/c case, particles of 1GeV/c
±15%have been selected over the entire spectrum of production using the G4BeamLine
software, the distribution of which is ploĴed in Fig. 6.4.

Compared to Fig. 5.1, it is clear howmuchbroader the distributions are in the 1GeV/c
momentum region, and specięcally the spatial and angular RMS are ∼7-8 times larger.
While the longitudinal momentum distribution resembles that of the 12GeV/c region,
the momentum distribution is remarkably diěerent, having a preference towards posi-
tive momentum oěsets.

The correlation between the various coordinates is demonstrated in Fig. 6.5 and can
be compared to Fig. 5.3. In Fig. 5.3d the particles are generated with relatively small
angular oěsets, and therefore the ∆pz −∆p phase space lies within the ∆p = ∆pz line
or slightly above it (corresponding to particles having transverse momentum compo-
nents), while in Fig. 6.5d the entire ∆p > ∆pz is occupied, indicating large transverse
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6.2 H2-VLE, 1GeV/c

(a) (b)

(c) (d)

Figure 6.4: 1GeV /c ±15% π, p,K, e production at T22.

momentum components. Fig. 6.5c reĚects the fact that particles having large transverse
momenta will also have larger momenta, a property mildly present in Fig. 5.3c.

The results of the PTC tracking are shown in Table 6.5. ’High Transmission Op-
tics’ provides a ∼12% rate increase compared to v0 Optics. The spatial acceptance is
slightly larger by ∼1mm for all optics conęgurations. This can be explained by the fact
that in the 12GeV/c region, particles with spatial oěsets of for example 20mm, will nec-
essarily have x’ oěsets of more than 20mm (Fig. 5.3a). In the much more spread out
1GeV /c± 15% phase space of Fig. 6.5a, particles with 20mm but small x’ oěsets can be
generated, which can be transmiĴed through the beamline. The spot size at BPROF4
and the middle of NP-02 is almost identical with the 12GeV/c case, apart from a slight
beam size increase of ∼1mm due to the larger spatial acceptance.

It is interesting to examine the composition of the generated distribution at T22
shown in Table 6.6. As already mentioned, for 107 secondaries of 80 GeV/c imping-
ing on T22, the particles generated with a momentum in the range of [0.85,1.15] GeV/c
are two orders of magnitude more than those in the range of [10.2,13.8] GeV/c. How-
ever, the total number of particles reaching the detector is one order of magnitude less
in the 1GeV/c region compared to the 12GeV/c region, expected by the broader initial
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(a) (b)

(c) (d)

Figure 6.5: Correlations between (a) x-x′, (b) x′-y′, (c) x′-∆p/p and (d) x′-∆pz/p coordinates
of the 1GeV /c ±15% emiĴance at T22.

distributions, and specięcally the calculated particle rate at the NP-02 detector is only
∼50Hz, making the ∼12% rate increase provided by the ’High Transmission Optics’
quite vital.

Moreover, the production is nowdominated by both protons andpions, while kaons
are only a fraction of 3.5%. The composition of transmiĴedparticles (without taking into
account the decays) is signięcantly altered, and particularly it is dominated by positrons
by 66.5%, the generated positrons being a small fraction of only 1.2% of the initial distri-
bution. Again, this becomes clear once the positron and pion distributions are ploĴed
separately, as in Fig. 6.6, indicating the sharper positron distribution. Taking into ac-
count the decays by using the exponential law for a 40m distance until the entrance of
the NP-02 detector, no kaons are expected to reach the detector in the 1GeV/c case.
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6.2 H2-VLE, 1GeV/c

Transmission and acceptance for H2-VLE, 1GeV/c

v0 Optics
High

Transmission
Optics

High Resolution
Optics

Transmission (out of 107 secondaries)
2215 2489 2108

Acceptance
µx (mm) 0.67 0.78 0.77
σx (mm) 4.16 4.31 4.22
µ′x (mrad) -0.75 -0.43 -0.51
σ′x (mrad) 6.66 6.38 6.95
µy (mm) -0.46 -0.42 -0.58
σy (mm) 4.53 4.25 4.85
µ′y (mrad) -0.21 -0.18 -0.29
σ′y (mrad) 4.43 5.14 4.19
µδp/p (%) -0.9 -0.31 -0.83
σδp/p (%) 4.78 4.42 4.49

Table 6.5: Transmission and acceptance of H2-VLE, 1GeV/c.

Composition for H2-VLE, 1GeV/c
Total (#) p (%) e (%) π (%) K (%)

Composition 4368578 54.5 1.2 40.9 3.5
High Transmission Optics

(without decays) 2489 13.3 66.5 18.8 1.4

High Transmission Optics
(with decays) 2216 15.0 74.7 10.3 0.0

Table 6.6: Composition of 1GeV /c±15% π,K, p, and e generated from T22 by an impinging
80 GeV/c beam of 107 secondaries.

(a) (b)

Figure 6.6: Comparison of the positron and pion 1GeV /c± 15% spatial and angular distri-
butions generated at T22, normalized to unity.

57



Chapter 6. Tracking validation of the ęnal optics conęgurations

6.3 H4-VLE, nominal design momentum: + 7GeV/c
The distribution of particles generated at T24 having the design momentum of H4-VLE
(7GeV/c ±15%), shown in Fig. 5.2, has been used to validate the chosen optics conęgu-
rations for H4-VLE.

In Fig. 6.7 tracking of the same 4000 ”good” particles is visualized. Comparing in
parallel with the R-matrix elements shown in Fig. 5.9, there is a slight vertical beam size
decrease at B19 in ’High Transmission Optics’ as well as a signięcant horizontal beam
size decrease at B20, both accounting for the observed rate increase. It can be seen that a
horizontal beamwaist is achieved at the detector entrance both in ’High Resolution’ and
in ’High Transmission Optics’ compared to v0, while the vertical plane seems similar
towards the experiment in all optics conęgurations.

Figure 6.7: Tracking via PTC of the same 4000 ”good” particles of H4-VLE for the three ęnal
optics modes, ploĴed in the x′-y′ reference system.

Table 6.7 illustrates the transmission and acceptance for the three ęnal optics conęg-
urations obtained via PTC. ’High Transmission Optics’ provides a ∼13% rate increase
compared to v0, while ’High Resolution Optics’ comes without any rate expense. Sim-
ilar to H2-VLE, the provided rate increase is not important for the NP-04 experiment,
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6.3 H4-VLE, nominal design momentum: + 7GeV/c

since it is well above the maximum data acquisition rate of the detector. The indepen-
dent G4BeamLine study indicates a ∼300Hz expected rate.

Transmission and acceptance for H4-VLE, 7GeV/c

v0 Optics
High

Transmission
Optics

High Resolution
Optics

Transmission (out of 107 secondaries)
18626 20986 18718

Acceptance
µx (mm) -0.32 0.14 -0.6
σx (mm) 7.83 8.01 7.5
µ′x (mrad) 0.06 0.66 -0.29
σ′x (mrad) 7.35 7.78 8.18
µy (mm) -0.9 -0.7 -1.14
σy (mm) 8.89 9.42 9.58
µ′y (mrad) 0.01 0.1 -0.44
σ′y (mrad) 5.55 5.48 5.76
µδp/p (%) 1.92 1.37 -0.41
σδp/p (%) 6.2 5.64 6.63

Table 6.7: Transmission and acceptance for the three ęnal optics conęgurations of H4-VLE,
for the design momentum of 7GeV/c.

Table 6.8 shows the spot sizes at BPROF4 and at theNP-04 entrance, where the focus
is aimed. Both ’High Transmission’ and ’High Resolution’ optics provide a signięcant
spot size decrease in the horizontal plane compared to v0 optics, and specięcally there
is a ∼16mm spot size reduction in ’High Resolution Optics’, and a ∼13mm reduction
in ’High Transmission Optics’. The vertical plane shows no considerable reduction.

In Table 6.9 the composition of the 7GeV/c ±15% initial distribution is shown, as
well as the composition of the beam reaching theNP-04 detector. Similar to the 12GeV/c
±15%production at T22, the generated particles aremostly pions and secondly protons,
the kaons being only a fraction of ∼9.3%. The positron fraction has shifted from 2.2%
in the generated composition to 19.6% in the transmiĴed beam, again deęned by the
signięcantly sharper initial positron distribution.

Table 6.10 indicates the particle transmission through H4-VLE for ’High Transmis-
sion Optics’ and v0 Optics. Since the 7GeV/c distribution is broader than the 12GeV/c,
a fraction of only ∼23% of the generated particles are transmiĴed through the ęrst
quadrupole, denoted Q17 (compared to the corresponding 34% at Q21 of H2-VLE),
while only ∼9% is transmiĴed through the second quadrupole, Q18 (in comparison
with the corresponding 16% at Q22 of H2-VLE). The currents of the quadrupole triplet
are almost identical for the two optics modes, leading to a similar particle transmission
until Q19. A ∼5% rate increase in ’High Transmission Optics’ is achieved at B19 by a
decrease of theR33 term at this position. This particle rate increase is retained until Q22,
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Spot sizes at BPROF4 and NP-04 entrance for H4-VLE, 7GeV/c

v0 Optics
High

Transmission
Optics

High Resolution
Optics

BPROF4 proęle
µx (mm) 2.31 1.61 -2.61
σx (mm) 34.28 15.92 17.83
µy (mm) -4.96 -4.33 2.82
σy (mm) 28.49 30.03 28.17

NP-04 entrance proęle
µx (mm) 2.1 1.42 -3.05
σx (mm) 33.16 20.02 17.5
µy (mm) -6.5 -5.59 3.2
σy (mm) 30.03 31.82 29.57

Table 6.8: Spot sizes at BPROF4 and the NP-04 entrance for the three ęnal optics conęgura-
tions of H4-VLE, for the design momentum of 7GeV/c.

Composition for H4-VLE, 7GeV/c
Total (#) p (%) e (%) π (%) K (%)

Composition 1168920 16.2 2.2 72.2 9.3
High Transmission Optics

(without decays) 20986 10.3 19.6 62.6 7.5

High Transmission Optics
(with decays) 19048 11.3 21.6 62.9 4.2

Table 6.9: Composition of 7GeV /c±15% π,K, p, and e generated from T24 by an impinging
80 GeV/c beam of 107 secondaries, as well as that of the transmiĴed beam reaching the NP-04

cryostat.

and, by beĴer controlling the beam envelope in the horizontal plane to adjust to the B20
aperture, placed with respect to the EHN1 Ěoor, ∼12% more particles are transmiĴed
at B20. Due to the spread out v0 optics beam, additional losses at the NP-04 entrance
aperture, leading to the observed rate increase of ’High Transmission Optics’, ∼13%
compared to v0 Optics.

Percentage of transmiĴed particles through the magnetic elements of H4-VLE, 7GeV/c

Q17 Q18 Q19 B18 C12 Q20 B19 Q21 Q22 B20 NP-04

v0 Optics 22.6 9.2 6.7 6.1 4.3 4.2 2.8 2.3 1.8 1.6 1.6

High Trans. 22.6 9.2 6.7 6.1 4.3 4.2 3.0 2.4 2.0 1.8 1.8

Table 6.10: Particle transmission in % for H4-VLE 7GeV/c nominal momentum.

Fig. 6.8 shows the beam size RMS with respect to the longitudinal distance. While
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6.4 H4-VLE, 1GeV/c

there was no horizontal beam waist in v0 Optics, there is an evident waist at the NP-04
entrance in ’High Resolution Optics’. In ’High Transmission Optics’, the waist is up-
stream from the NP-04 entrance, but the beam is quickly diverging due to the behavior
of the R11, R12 and R16 terms in Fig. 5.9. In the vertical plane the three optics modes
behave quite similarly, with the diěerence that in ’High Resolution Optics’ the beam is
diverging more gradually, due to a beĴer control of the R33 term.

Figure 6.8: Horizontal and vertical beam size RMS for the three optics conęgurations of H4-
VLE, for the design momentum of 7GeV/c

6.4 H4-VLE, 1GeV/c
Particles of 1GeV/c ±15% have been selected over the entire spectrum of production at
T24 and tracked along H4-VLE, to conęrm the validity of the aforementioned results in
the low momentum region. The generated distribution is almost identical to the corre-
sponding 1GeV/c ±15% distribution at T22, shown in Figs. 6.4 and 6.5.

The results of the PTC tracking are shown in Table 6.11, where it can be seen that
’HighTransmissionOptics’ provides a∼14%rate increase compared to v0Optics. Again,
assuming a integrated intensity of 107 secondaries impinging on T24, the calculated rate
is only ∼50Hz, therefore a rate increase is quite crucial for the experiment.
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Transmission and acceptance for H4-VLE, 1GeV/c

v0 Optics
High

Transmission
Optics

High Resolution
Optics

Transmission
2947 2944 3376

Acceptance
µx (mm) -0.03 0.47 -0.67
σx (mm) 8.32 8.55 8.28
µ′x (mrad) 0.01 0.53 -0.3
σ′x (mrad) 7.6 8.04 8.33
µy (mm) -0.58 -0.4 -1.09
σy (mm) 9.26 9.72 10.04
µ′y (mrad) -0.12 0 -0.4
σ′y (mrad) 5.62 5.5 5.86
µδp/p (%) 1.57 1.06 -0.81
σδp/p (%) 6.34 5.76 6.85

Table 6.11: Transmission and acceptance for the three ęnal optics conęgurations of H4-VLE,
for the nominal momentum of 1GeV/c.

The composition of the particles produced at T24 in the 1GeV/c ±15% as well as
that of the transmiĴed beam is almost identical to the H2-VLE 1GeV/c ±15% case, and
therefore is not shown.

The spot sizes at BPROF4 and at the entrance of NP-04 show a slight increase of
1mm compared to the 7GeV/c case due the slightly larger spatial and angular accep-
tance, and are not shown.

6.5 Comparison of PTC with G4BeamLine simulation
Figs. 6.9 and 6.10 illustrate the good particles proęles at the four proęle monitors of H2-
VLE for 12GeV/c nominal momentum, as obtained in the aforementioned PTC analysis
for 107 secondaries impinging on T22 (left). In parallel, they are compared to the inde-
pendent Monte Carlo simulation with G4BeamLine that has been discussed in Section
5.1, where the H2-VLE geometry has been precisely modeled, for the same number of
secondaries (right). Although BPROF4 is placed with respect to the ground, all pro-
ęles are with respect to the tilted reference system, to be directly comparable with the
G4BeamLine simulation.

The extent of the histograms ([-100,100]) corresponds to that of the proposed proęle
monitors, as will be discussed in Chapter 8, allowing for a direct comparison with the
proęles that will be obtained in the real H2-VLE beam.
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(a) BPROF1, Horizontal

(b) BPROF1, Vertical

(c) BPROF2, Horizontal

(d) BPROF2, Vertical

Figure 6.9: H2-VLE 12GeV/c good particles proęles in PTC (left) and G4BeamLine (right).
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(a) BPROF3, Horizontal

(b) BPROF3, Vertical

(c) BPROF4, Horizontal

(d) BPROF4, Vertical

Figure 6.10: H2-VLE 12GeV/c good particles proęles in PTC (left) and G4BeamLine (right).
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For 12GeV/c nominal momentum, the rate increase in ’High Transmission Optics’
with respect to V0 optics obtained in G4BeamLine is 11%, identical to PTC. However,
as will be justięed below, the particle transmission is ∼26000 particles in PTC, while
in G4BeamLine it is only ∼21000. Since the number of entries is diěerent for PTC and
G4BeamLine, the histograms represent the probability density functions. In both PTC
and G4BeamLine results, a Gaussian distribution with unit area has been ęĴed.

The beam characteristics of Figs. 6.9 and 6.10 are summarized in Table 6.12, where
the results obtained in v0 optics in the two approaches are shown as well. The mean
and RMS shown are those of the actual distributions, and not of the ęĴed Gaussians.

H2-VLE 12GeV/c, Good particles proęles
v0 Optics High Transmission Optics

µx(mm) σx(mm) µy(mm) σy(mm) µx(mm) σx(mm) µy(mm) σy(mm)

BPROF1
G4BL -0.23 12.24 1.13 21.46 -0.65 13.95 1.43 18.09
PTC 0.50 11.81 1.34 23.63 0.46 13.58 1.78 18.98

BPROF2
G4BL 1.33 18.98 1.80 31.14 0.07 19.51 2.21 27.92
PTC 1.78 18.63 2.16 33.99 0.92 19.15 2.66 29.41

BPROF3
G4BL 1.27 22.08 1.97 33.70 -0.03 22.37 2.41 30.58
PTC 1.84 21.67 2.37 36.75 0.92 21.94 2.89 32.24

BPROF4
G4BL 1.30 35.49 1.15 19.40 -0.10 36.80 1.18 18.46
PTC 2.23 35.29 1.42 19.26 1.35 36.73 1.39 18.86

Table 6.12: Comparison between the good particles distributions at the four proęle monitors
of H2-VLE for a nominal momentum of 12GeV/c, as obtained in the PTC simulations, and
independent G4BeamLine simulations. All proęles are with respect to the tilted reference sys-

tem.

The samemethodhas been followed forH4-VLE, and the results obtained for 7GeV/c
nominal momentum are illustrated in Figs. 6.11 and 6.12. The proęles at BPROF1,
BPROF2 and BPROF3 are with respect to the tilted reference system, while these of
BPROF4 with respect to the ground.

The rate increase in ’High Transmission Optics’ with respect to v0 optics is ∼12%
in G4BeamLine, in good agreement with the ∼13% rate increase obtained via PTC.
Similarly to H2-VLE, the transmission in PTC for the same number of secondaries is
higher than in G4BeamLine, and in particular, PTC yields∼21000 good particles, while
G4BeamLine ∼16000.

Table 6.13 summarizes the results of Figs. 6.11 and 6.12, showing the results for v0
Optics as well.
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(a) BPROF1, Horizontal

(b) BPROF1, Vertical

(c) BPROF2, Horizontal

(d) BPROF2, Vertical

Figure 6.11: H4-VLE 7GeV/c good particles proęles in PTC (left) and G4BeamLine (right).
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(a) BPROF3, Horizontal

(b) BPROF3, Vertical

(c) BPROF4, Horizontal

(d) BPROF4, Vertical

Figure 6.12: H4-VLE 7GeV/c good particles proęles in PTC (left) and G4BeamLine (right).
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H4-VLE 7GeV/c, Good particles proęles
v0 Optics High Transmission Optics

µx(mm) σx(mm) µy(mm) σy(mm) µx(mm) σx(mm) µy(mm) σy(mm)

BPROF1
G4BL 3.73 21.94 0.85 15.01 1.93 24.17 1.19 15.01
PTC 6.68 20.48 1.25 16.03 5.47 23.15 1.01 16.08

BPROF2
G4BL 2.97 14.30 1.84 36.94 1.71 15.63 2.26 36.76
PTC 2.56 15.09 2.65 39.86 2.19 16.83 1.85 39.51

BPROF3
G4BL 3.01 15.97 1.96 39.74 1.71 17.06 2.39 39.54
PTC 2.49 16.90 2.82 42.88 2.09 18.42 1.95 42.50

BPROF4
G4BL 7.10 33.18 0.28 31.09 6.26 26.46 -0.19 21.74
PTC 5.97 29.97 -1.27 30.93 4.95 25.34 -1.46 20.98

Table 6.13: Comparison between the good particles distributions at the four proęle monitors
of H4-VLE for a nominal momentum of 7GeV/c, as obtained in the PTC simulations, and in-
dependent G4BeamLine simulations.BPROF1, BPROF2 and BPROF3 are placed tilted, while

BPROF4 with respect to the EHN1 Ěoor.

The results obtained are very consistent with each other, despite core diěerences in
the two programs.

In particular, the tracking of a particle inside a magnetic element is realized diěer-
ently in G4Beamline (and any other Monte Carlo code) and in PTC. Specięcally, while
in PTC analytical integration of the Exact Hamiltonian is used for the trajectory of each
particle, G4BeamLine numerically integrates the equation of motion, rendering the for-
mer superior in terms of precision.

The G4BeamLine simulation however is superior to PTC in modeling the detailed
beamline geometry. In PTC the dipole magnets are simplistically simulated having a
rectangular aperture corresponding to the aperture of magnetic core. The quadrupole
magnets are modeled as circular, with their aperture corresponding to the beam pipe
aperture inside the magnets (100mm in radius). In G4BeamLine, the exact design of
these magnets is modeled, including the coil material and surrounding metal, allowing
also for interaction of the impinging particles with the material, possibly generating
particle showers.

Additionally, in PTC the magnetic ęeld of the dipole magnets is assumed homoge-
neous along the x axis, while the ”default”, simplistic model for the fringe ęeld extent
has been implemented. The G4BeamLine simulation uses a map of the magnetic ęeld,
as measured in [24].

The beam pipe in PTC is unavoidably modeled as circular, with its center following
the central trajectory. While this is realistic for the drift spaces and the quadrupole
magnets, the beampipe inside a bendingmagnet is in reality custom-made as illustrated
in Fig. 6.13, compared to the curved beam pipe of the PTCmodel. This is considered the
primary reason leading to major diěerences in the expected rate with the more accurate
G4BeamLine simulations.

G4BeamLine models the instrumentation of the beamline, allowing for interaction
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of the beamwith the detector material, leading to energy losses andmultiple scaĴering.
Finally, in contrast to PTC, G4BeamLine accounts for particle decays.

Figure 6.13: Modeled beam pipes inside a bending magnet in PTC and in G4BeamLine, the
later corresponding to its realistic design. The bending angle is exaggerated.

6.6 Asymmetric proęles in the VLE beamlines
As shown in Tables 6.12 and 6.13, all proęles along H2-VLE and H4-VLE are asymmet-
ric. For the horizontal plane, the asymmetry is more evident if all particles are tracked
(rather than only the good particles).

Figure 6.14: Proęles at BPROF1 in H2-VLE, ’High Transmission Optics’, when all particles
are tracked. The horizontal plane is asymmetric towards positive and negative x, while the

vertical is symmetric, apart from a ∼2mm oěset.

For example, in Fig. 6.14 the proęles of all particles at BPROF1 inH2-VLE are shown.
Α∼8mm oěset is visible in the horizontal plane, while the corresponding oěset is only
∼0.46mm if only the good particles are tracked (Table 6.12). In the vertical plane, a
2mm oěset is visible, which is almost identical to the oěset of the good particles distri-
bution. Compared to the horizontal planewhich is asymmetric, the vertical plane shows
no particular asymmetry. The above observations are also qualitatively conęrmed by
G4BeamLine simulations but, since G4BeamLine includes the muon background, par-
ticle showers etc., further comparison is impossible.
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Similar results are obtained at BPROF2, and in particular a ∼16mm oěset is visi-
ble in the highly asymmetric horizontal proęle (in contrast to the ∼2mm oěset of the
corresponding good particles distribution), while the vertical plane is consistent with
the good particles distribution, illustrating a ∼2mm oěset. BPROF3, placed right after
BPROF2, exhibits similar characteristics.

Figure 6.15: Proęles at BPROF2 in H2-VLE, ’High Transmission Optics’, when all particles
are tracked. The horizontal plane is asymmetric towards positive and negative x, while the

vertical is symmetric, apart from a ∼2mm oěset.

Whichever asymmetries observed in the beamproęles stem from two sources; ęrstly,
asymmetries in the initial particle distribution and secondly, higher order eěects.

As already discussed in Section 3.4, the ęrst order calculations are suĜcient even
for large spatial and angular oěsets. The ęrst order approach should therefore explain
the observed vertical beam oěset at the proęlemonitors, since in the non-bending plane
the higher order corrections are practically negligible (Fig. 3.1). In ęrst order, the coor-
dinates of a particle in the non-bending plane at each position are a linear combination
of the spatial and angular coordinates at the production point and therefore, for a sym-
metric emiĴance distribution, no asymmetries in the proęles throughout the beamline
are expected. However, as already mentioned in Section 5.1, the initial 12GeV/c pro-
duction illustrates a 1.1mm horizontal oěset with respect to the EHN1 Ěoor which is
translated, in the tilted reference system, into a horizontal oěset of 0.8mm and a vertical
oěset of -0.6mm. This initial oěset determines the vertical acceptance (Table 6.1), which
is ∼-0.6mm for all optics modes. Combining with a rather large negative R33 term at
the position of the three proęle monitors (∼ − 6mm/mm) the observed positive oěset
at the vertical BPROFs is understood. It therefore becomes clear that the impinging H2
beam deęnes all observed asymmetries in the vertical plane.

In the asymmetric proęles at the detectors in the horizontal plane contributes the
initial emiĴance, having a µx = 0.8mm. Similarly, combining with the positive R11

term at the position of the proęle monitors, the observed positive oěsets could be ex-
plained. More important than this contribution is, however, the higher order dispersive
terms in the bending plane. It has been shown that the ęrst order approach breaks down
only when signięcant momentum oěsets (at the order of∼5%) are introduced. Fig. 6.16
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illustrates the real trajectory of a particle generated at T22 having momentum oěsets
δ = ±5% (up) and δ = ±10% (down), but zero initial spatial and angular coordinates,
as simulated via PTC.

Figure 6.16: Tracking of particles generated at T22 with zero spatial and angular coordinates,
having the momentum oěsets (a) ±5% and (b) ±10%.

It can be seen that for the same magnitude, the positive and negative momentum
oěsets are not symmetric with respect to the reference trajectory, as would be expected
in ęrst order. Particles entering a bending magnet having zero x and x′ with respect
to the reference trajectory but with opposite momentum oěsets follow paths with dif-
ferent arc lengths inside the dipole, and therefore acquire non-symmetric coordinates
at the exit of the magnet. For example, for an H2-VLE magnet of deĚection angle of
∼58mrad for the reference trajectory, a particle with δ = 5% will exit the dipole with
coordinates x5% = 2.99mm, while the exit coordinates of a particle with δ = −5%
are x−5% = −3.31mm. The exit angles are negligibly asymmetric. Therefore, the two
particles, passing through B7A and B7B result at non-symmetric positions at Q24, and
specięcally x5% = 27.7mm, x−5% = −30.6mm. From then on, and due to higher or-
der chromatic aberrations at the quadrupoles, the two particles will follow diěerent
trajectories, leading to the tracks ploĴed in Fig. 6.16. For example at Q26, the particle
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coordinates are x5% = 24.4mm and x−5% = −6.9mm respectively. This asymmetry is
even more striking for particles with δ = ±10%, and particularly at Q26 the horizon-
tal coordinates are x10% = 43.2mm and x−10% = 10.5mm. This ”preference” towards
positive spatial coordinates after B8B is evident in all optics modes of H2-VLE and is
consistent with the observed proęles at BPROF1, BPROF2 and BPROF3.

6.7 Momentum bite vs collimator gap
A useful result for the NP-02 and NP-04 experiments is the dependence of the momen-
tum acceptance (or ”momentum bite”) on the collimator full opening. A scan of the colli-
mator gap of H2-VLE and H4-VLE for the design momentum has been performed. The
results for H2-VLE will be presented, while the results for H4-VLE are quite similar.

Fig. 6.17 illustrates the results obtained for v0 Optics and ’High Transmission Op-
tics’ for a collimator full opening from 10mm to 90mm, the later corresponding to its
maximum value.

(a) (b)

Figure 6.17: Momentum bite vs collimator full opening for (a) v0 optics and (b) High Trans-
mission Optics of H2-VLE, for a nominal momentum of 12GeV/c.

By ęĴing the points similar to [11], the empirical formula has been obtained for v0
Optics,

∆p

p
(%) =

√
C2
x + 53.32

22.0
% (6.1)

where Cx is the collimator full opening in mm. The corresponding ęt, obtained in
[11] via tracking in G4BeamLine yielded the empirical formula

∆p

p
(%) =

√
C2
x + 51.12

22.6
% (6.2)

in good agreement with the result obtained via PTC.
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For ’High Transmission Optics’ the same ęt results in the formula:

∆p

p
(%) =

√
C2
x + 57.12

24.4
% (6.3)

It is clear fromFig. 6.17 that ’HighTransmissionOptics’ results in a generally smaller
momentum spread compared to v0, for the same collimator seĴings, due to the beĴer
focusing of the beam at the collimator. In particular, in the initial optics conęguration,
R11 = −2.54mm/mm, R12 = −0.13mm/mrad, while in ’High Transmission Optics’,
R11 = −2.43mm/mm, R12 = 0.07mm/mrad. For example for the maximum collimator
opening, ’High Transmission Optics’ provides a 4.3%∆p/p RMS, while v0 Optics 4.7%.
For a full opening of 60mm, the former provides 3.5%, while the laĴer 3.7%. As the
gap is reduced, the results gradually coincide. This is a result of the non-zero R11 and
R12 values at the collimator, and therefore as the gap is reduced, the contribution of the
aforementioned terms dominates that of the dispersive term, and unavoidably particles
with large spatial and angular oěsets will be absorbed.

Fig. 6.18 illustrates the transmission of particles as a function of the collimator gap
for v0 and ’High Transmission Optics’. The results have been normalized to the par-
ticle transmission in ’High Transmission Optics’ obtained in the maximum collimator
opening. ’High Transmission Optics’ retains a generally larger particle rate, but for
collimator seĴings below 40mm, the two curves begin to converge, due to inevitable
absorption of particles generated at T22 having large spatial and angular oěsets.

Figure 6.18: Particle transmission vs collimator full opening for v0 Optics and High Trans-
mission Optics, normalized to the High Transmission Optics particle transmission for the

maximum collimator opening.
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CHAPTER 7

Misalignment studies

Since all the magnetic elements of the newly installed extensions will be placed om a
tilted plane with respect to the ground, as also discussed in Chapter 4 , and taking into
account their considerableweight (∼28 tons for an ”MBPL”magnet,∼9 tons for a ”QPL”
magnet), their exact alignment can be a quite challenging process.

Fig. 7.1 shows the placement of theMBPLmagnets on their support for H2-VLE and
H4-VLE. The exterior of the quadrupolemagnets is also rectangular, and therefore their
placement on their support is similar.

Figure 7.1: Placement of the MBPL magnets on their support in H2-VLE (left) and H4-
VLE(right).

The errors of the magnet placement stem from various sources, and particularly:
- mistakes in the construction of the support
- error in the placement of the magnet on its support
- error in the alignment of the support itself.
The surveying process however is theoretically expected to align themagnetswithin

an error of 0.1mm for spatial misalignments and 0.05° for angular misalignments.
The purpose of the present study is to explore all possible misalignment types and

report the ones that aěect the beam characteristics the most in terms of particle losses
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and beam oěsets at the experiment. Moreover, a dependence of these characteristics on
the misalignment tolerance will be studied.

In order to be as close to reality as possible, the following types of misalignments
have been included in the analysis, schematically shown in Fig. 7.2: a magnet can be
misplaced along the longitudinal distance s, as shown in (1). The magnet can be either
misplaced transversely on its support, or the entire support can be misplaced trans-
versely (cases (2) and (3) respectively). Finally, the tilt angle of a magnet can be mis-
aligned, as in case (4).

Figure 7.2: (1) Longitudinal misalignments, (2) transverse misalignments along the tilted
reference system, (3) transverse misalignments along the straight reference system and (4)

angular misalignments.

Given that the exact placement of each magnet is unknown (within the theoretical
alignment precision), numerous iterations, each one misplacing the magnet by a dif-
ferent value had to be examined. Therefore, for every misalignment type studied, 500
runs were considered, each one misplacing the magnet randomly around its ideal po-
sition using a Gaussian distribution. Various standard deviations of the distribution
have been examined, corresponding to realistic cases, pessimistic or optimistic ones.
For each run, a subset of the initial acceptance (5000 particles, to reduce the computing
time) were tracked along H2-VLE or H4-VLE. All results have been compared to the
ideal magnet placement.

7.1 Dependence of beam characteristics on misalignment type
A ęrst study is to determine the misalignment type that mostly aěects the beam charac-
teristics for both beamlines. For this purpose, the following cases have been examined:
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quadrupole transversemisalignments, quadrupole angularmisalignments, quadrupole
longitudinal misalignments, dipole transverse misalignments and dipole longitudinal
misalignments. In each case allmagnets have beenmisaligned simultaneously, each one
with a random value around the ideal position with a standard deviation σ = 0.5mm
for the case of spatial misalignments, and σ = 0.5° for the case of angular, correspond-
ing to rather pessimistic cases, with a safety factor of 5 and 10, respectively, compared
to the theoretical alignment tolerance.

In Fig 7.3 the mean losses obtained in the 500 random runs for each of the afore-
mentioned cases are shown, both for H2-VLE and H4-VLE. The error bars correspond
to one standard deviation of the losses. It can be seen that the transverse misalignments
of the quadrupoles is the most signięcant misalignment type, leading to an average of
∼10% losses in both beamlines with respect to the ideal magnet placement. The mis-
alignment type also inĚuencing the particle transmission considerably is the angular
misalignment of the quadrupoles, having an average of ∼7% mean losses. All other
misalignments have minor eěect on the particle transmission.

Figure 7.3: Mean losses of various misalignment types for H2-VLE and H4-VLE. The stan-
dard deviation of the Gaussian distribution is 0.5mm for spatial and 0.5° for angular mis-
alignments. The transverse and angular misalignments of the quadrupoles aěect the particle

transmission the most.
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Apart from the expected losses, a meaningful quantity of measurement is the beam
transverse position at the experiment compared to the expected position of the beam in
the ideal magnet placement. A useful quantity is the RMS of the beam oěset, themagni-
tude of which indicates how sensitive the position of the beam is in each misalignment
type studied. The beam oěset has been calculated at BPROF4 (the last proęlemonitor of
both beamlines) with respect to the Ěoor of EHN1, in order to provide useful informa-
tion to reverse engineer any potential observed beam oěset. It is shown in Fig. 7.4 that
the transverse misalignments of the quadrupoles aěect the beam position at BPROF4
the most, with an RMS of ∼9.6mm in the horizontal plane for H2-VLE (5.1mm for H4-
VLE), and ∼8.3mm in the vertical (4.3mm for H4-VLE). No other misalignment aěects
the beam position notably.

Figure 7.4: Beam oěsets of various misalignment types for H2-VLE and H4-VLE. The stan-
dard deviation of the Gaussian distribution is 0.5mm for spatial and 0.5° for angular mis-
alignments. Only the transverse misalignments of the quadrupoles aěect the beam position.

When a quadrupole is misaligned transversely, its focal point shifts in the same
manner. This causes particle losses in the aperture of the next magnetic elements and,
inevitably, the beam transverse position is also shifted. Spot size changes of the order
of ∼1mm are expected.

A longitudinal quadrupole misalignment simply moves the focal point along the s
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axis, causing a potential enlargement or reduction of the beam size at the experiment
and mildly aěecting the losses. This eěect is however negligible; the variation of the
beam size at BPROF4 is only 0.01mm in both beamlines, and the mean losses are 0.04%
in H2-VLE (0.08% in H4-VLE).

A quadrupole angularly misaligned will focus and defocus the beam in a reference
system rotated along s by the same misalignment angle. This focusing leads to signię-
cant aperture losses and a variation of the spot size at BPROF4 (∼2mm in both planes),
without aěecting the transverse position of the beam at the experiment.

Misalignments of a dipole along the axis parallel to its poles (x′ in the notation used
in the thesis) result to no observable eěect due to the assumed uniformity of the mag-
netic ęeld along x (see Section 4.4). Such amisalignment could only lead to losses due to
the horizontal dipole apertures, but since these are extremely large (210mm half gap),
the horizontal misalignment leads to practically zero eěect on the beam.

Misalignments along the y′ axis of the dipole alter the ęeld ”seen” by the beam due
to the y-dependent fringe ęeld eěects, however these, as can be seen in Fig. 7.4, are
negligible. Additionally, due to its small vertical aperture (70mm half gap), a misalign-
ment along y′ leads to minor losses in the dipole apertures (0.3% mean particle losses
in H2-VLE, 0.5% in H4-VLE).

Due to the restricted deęnitions of the reference systems, it was impossible to study
the angular misalignments of the dipole magnets using PTC in a MAD-X environment.
Nonetheless, the angular misalignments of the dipoles are expected to aěect the beam
characteristics at amagnitude similar to the transversemisalignments of the quadrupoles.

It should be mentioned that the transverse misalignments of the quadrupoles il-
lustrated in Figs. 7.3 and 7.4 are with respect to the tilted reference system (case (2)
of Fig. 7.2). However, the misalignments with respect to the straight reference system
(case (3) of Fig. 7.2) are simply a linear combination of those with respect to the tilted
reference system and therefore the results are expected to be very similar, as is shown
in Table 7.1. All transverse quadrupole misalignments have therefore been studied in
the tilted reference system, since the obtained results can be beĴer interpreted when the
magnets are misplaced along their ”natural” axes.

Transverse quadrupole misalignments of H2-VLE -
tilted and straight reference system

Average losses (%) RMS x-oěset (mm) RMS y-oěset (mm)
Titled system 9.8 ± 6.1 9.40 8.01
Straight system 9.9 ± 6.0 9.61 8.32

Table 7.1: Comparison between transverse misalignments of the quadrupoles with respect to
the tilted or the straight reference system for H2-VLE. The standard deviation of the Gaussian

distribution is σ = 0.5mm in both cases.
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7.2 Quadrupole transversemisalignments: Dependence of beam
characteristics on misalignment tolerance

Given that the beam characteristics are mostly aěected by the transverse misalignments
of the quadrupoles, a second study was conducted to determine the dependence of the
results on various standard deviations of the Gaussian distribution. This is illustrated
in Figs. 7.5 and 7.6 and specięcally the cases σ = 0.5mm (pessimistic case), σ = 0.1mm
(realistic case) and σ = 10µm. (optimistic case) have been examined.

It can be seen that the dependence of both the mean losses and the RMS of beam
oěsets on the standard deviation of the Gaussian distribution is almost linear for both
beamlines. Additionally, for a standard deviation of 0.1mm (corresponding to the the-
oretical maximum alignment error) or less, the deviations are not signięcant.

Figure 7.5: Mean losses of the transverse misalignments of the quadrupoles in H2-VLE and
H4-VLE, for various standard deviations of the Gaussian distribution.
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Figure 7.6: Beam oěsets at BPROF4 of the transverse misalignments of the quadrupoles in
H2-VLE and H4-VLE, for various standard deviations of the Gaussian distribution.

7.3 Quadrupole sensitivity analysis
A useful result for the surveying process is to identify specięcally which quadrupoles
mostly aěect the beam characteristics. For this purpose, a study was conducted where
each quadrupole has been misaligned separately, and similarly, 500 runs with a stan-
dard deviation of σ =0.5mmhave been examined for each quadrupole. Since the results
are qualitatively diěerent forH2-VLE andH4-VLE, the two beamlineswill be presented
separately.

7.3.1 H2-VLE
The results forH2-VLE are shown in Fig. 7.7, indicating that the beam ismostly sensitive
to the quadrupole triplet, and specięcally the second quadrupole of the beamline (Q22).
The ęeld lens and the focusing doublet do not contribute to the losses or the beam oěset
considerably.

This behavior can be beĴer understood if the factors contributing to the sensitiv-
ity of the beam characteristics on a specięc quadrupole are identięed. Specięcally, a
misaligned quadrupole of large

√
kL value is expected to aěect the beam more than a

quadrupole of a small
√
kL value, for the same misalignment magnitude (see Eq. 2.21

and 2.22). A quadrupole placed towards the experiment will aěect the beam less than a
quadrupole placed at the beginning of the beamline, since the eěect is cumulative. Fi-
nally, a misaligned quadrupole is expected to aěect the beam the most at the positions
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Figure 7.7: Mean losses and beam oěsets of separate transverse quadrupole misalignments for
H2-VLE having a standard deviation 0.5mm

where the beam envelope is large.
In order to correlate the aforementioned parameters with the observed results, Fig.

7.8 shows the results of Fig. 7.7, this time with respect to the tilted reference system.
Fig. 7.9 illustrates the tracking of 1000 particles in the ideal magnet placement, showing
simultaneously the

√
kL values of the quadrupoles.

It is shown that the misplacement of Q22 aěects the horizontal (tilted) beam posi-
tion at BPROF4 the most, with an RMS of 10.03mm. This is consistent with the large
horizontal beam size at Q22, combined with its

√
kL value, which is the largest of all

quadrupoles. The vertical beam position at BPROF4 is aěected less (3.30mm in RMS),
due to the much smaller vertical beam size at Q22. Additionally, Q23 aěects the beam
position signięcantly due to the large

√
kL value. Again, due to the larger vertical beam

envelope at this position, the vertical beam position is more sensitive than the horizon-
tal. While the beam size at Q21 is rather small, since it is the ęrst quadrupole of the
beamline and due to its large

√
kL value, it also contributes to the beam oěset signif-

icantly. Misalignments of Q24 cause mild beam oěsets and particle losses due to the
small beam envelope at this position. Finally, despite the large vertical beam envelope
at Q25 and the horizontal beam envelope at Q26, these quadrupoles do not result to

82



7.3 Quadrupole sensitivity analysis

Figure 7.8: Beam oěsets of separate transverse quadrupole misalignments. The standard de-
viation of the Gaussian distribution is 0.5mm.

signięcant changes of the beam characteristics, due to their small
√
kL value, and due

to their vicinity from the experiment. To conclude, during the alignment process, par-
ticular aĴention should be paid to the transverse placement of Q22 and Q23.

Figure 7.9: Tracking of 1000 particles along the H2-VLE beamline, assuming an ideal magnet
placement.

A visualization of the eěect of the transverse misalignments of the quadrupoles is

83



Chapter 7. Misalignment studies

shown in Fig. 7.10, for the same 1000 particles of Fig. 7.9. In (a) Q22 has beenmisaligned
by 1mm in the horizontal (tilted) plane, while in (b) Q23 has been misaligned in the
vertical (tilted) plane by the same magnitude. It is seen that by misaligning Q22 along
the x-axis, the horizontal plane is mostly aěected, leading to losses at the collimator
and at Q26, and to a quite large beam oěset towards negative values at the experiment.
The corresponding vertical plane is only mildly aěected. By misaligning Q23 along
the y-axis, the horizontal plane remains unaěected, while the vertical plane exhibits
signięcant losses at B8B and the beam is steered at the experiment. Both cases can be
justięed in the context of the previous discussion.

(a) Q22,∆x = 1mm (b) Q23,∆x = 1mm

Figure 7.10

Finally, Fig. 7.11 illustrates the eěect of the angularmisalignment of all quadrupoles
simultaneously. The particular set of misalignments is a specięc case obtained in the
ęrst study shown in 7.3, leading to the maximum losses observed out of all 500 runs.
Specięcally, the misalignment angles are θ21 = 0.14°, θ22 = −1.63°, θ23 = 0.90°, θ24 =

1.35°, θ25 = 0.25°, θ26 = 0.58°, some of which are at the 3σ of the Gaussian, correspond-
ing to a pessimistic case. In both planes, no oěsets are observed at BPROF4, but signif-
icant losses occur. As already mentioned, by angularly misaligning the quadrupoles,
the beam focuses in a plane rotated by the misalignment angle, and therefore it is not
successfully focused at the collimator, leading to losses in the horizontal plane. More-
over, losses occur at B8B in the vertical plane due to ineěective focusing, and at Q26 in
the horizontal plane. This focusing also leads to a variation of the spot size at BPROF4,
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without aěecting the position of the beam.

Figure 7.11: Angular misalignment of all quadrupoles of H2-VLE.

A ęnal useful result for the H2-VLE beamline is the expected beam proęles at the
proęle monitors BPROF3 and BPROF4, in cases where a specięc quadrupole has been
misaligned. The placement of the monitors along the H2-VLE beamline can be found
in Fig. 4.5. Specięcally, BPROF3 is placed right after B8B by the same tilt angle as the
magnetic elements (∼34°), and therefore the calculated proęles at this detector are also
shown with respect to the tilted reference system. The results for BPROF4 (placed up-
stream the entrance of the cryostat) are shown in the straight reference system, due to
its placement with respect to the Ěoor of EHN1. In order to be as realistic as possible,
rather than tracking a subset of the acceptance (as was done in the previous misalign-
ment studies), in this study the entire emiĴance from T22 has been tracked.

In Fig. 7.12a Q22 has been misaligned by 1mm in the horizontal (tilted) plane. It
can be seen that the horizontal proęle at BPROF3 is aěected signięcantly, compared to
the vertical proęle that remains almost identical, consistent with the large horizontal
beam envelope at Q22. At BPROF4 both proęles show considerable changes due to
the mixing of the horizontal and vertical coordinates introduced by its placement with
respect to the Ěoor. Specięcally the beam position has shifted∼11mm in the horizontal
and ∼7mm in the vertical plane.

In Fig. 7.12b Q22 has been misaligned by 1mm in the vertical (tilted) plane. It is
shown that even the vertical proęle at BPROF3 is not that sensitive to the vertical mis-
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alignment of Q22, due to the rather small beam envelope at Q22. The expected shift in
the beam position at BPROF4 is only∼3mm in the horizontal and∼4mm in the vertical
plane.

Fig. 7.13a shows the results obtained for a horizontal misalignment of Q23 by 1mm.
The horizontal proęle at BPROF3 is again aěectedmore than the corresponding vertical
proęle which remains almost identical, but, due to the rather small horizontal beam
envelope, the expected diěerences are not signięcant. The shift in the beam position at
BPROF4 is only ∼4mm in the horizontal and ∼3mm in the vertical plane.

Finally, in Fig. 7.13b Q23 has been misaligned by 1mm in the vertical (tilted) plane.
A shift of∼4mm in the horizontal plane and∼9mm in the vertical is expected at BPROF4,
justięed by the rather large vertical beam proęle at Q23 and its large

√
kL value.

For all cases, the beam size variation at BPROF4 is negligible (∼ 0.5mm).
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(a)Misalignment of Q22 by∆x = 1mm

(b)Misalignment of Q22 by ∆y = 1mm

Figure 7.12: Expected proęles at BPROF3 and BPROF4 of H2-VLE, for the ideal and mis-
aligned magnet placement.
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(a)Misalignment of Q23 by∆x = 1mm

(b)Misalignment of Q23 by∆y = 1mm

Figure 7.13: Expected proęles at BPROF3 and BPROF4 of H2-VLE, for the ideal and mis-
aligned magnet placement.
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7.3.2 H4-VLE
Following the samemethod as inH2-VLE, the transversemisalignments of each quadrupole
have been examined separately for the H4-VLE beam, to determine the ones that the
beam characteristics are most sensitive to. Similarly, illustrated in Fig. 7.14 are the re-
sults obtained using a standard deviation of σ=0.5mm.

Figure 7.14: Mean losses and beam oěsets of separate transverse quadrupole misalignments
for H4-VLE having a standard deviation 0.5mm

The mean losses are qualitatively similar to the H2-VLE beam; the misalignment
of the quadrupoles of the triplet leads to signięcantly loses, and particularly Q18. The
other quadrupoles do not aěect the transmission signięcantly. The beamposition, how-
ever, is sensitive to quadrupoles Q21 and Q22 primarily, in contrast with the H2-VLE
beam, where the initial triplet dominated. As will be later proved, this diěerence is a
consequence of the ęnal bending magnet, B20, placed with respect to the Ěoor. This
leads to results that cannot be interpreted by the

√
kL values and the beam size at each

quadrupole, as was aĴempted in the case of H2-VLE.
In order to understand this qualitative diěerence, Fig. 7.15 illustrates the results of

Fig. 7.14, this time right after Q22. In Fig. 7.16, 1000 particles have been tracked along
the H4-VLE beamline, simultaneously indicating the

√
kL values of each quadrupole,

and similar to H2-VLE, the observed results can be interpreted.
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Figure 7.15: Beam oěset after Q22 with respect to the tilted plane due to separate transverse
quadrupole misalignments for H4-VLE having a standard deviation 0.5mm.

Figure 7.16: Tracking of 1000 particles along the H4-VLE beamline, having placed the mag-
nets in their ideal positions.

To conclude,misalignments of the quadrupole triplet lead to signięcant losses, while
misalignments of the ęnal focusing doublet lead to beam oěsets at BPROF4.

Finally, the expected beam proęles at the four monitors of H4-VLE, in cases where
a specięc quadrupole has been misaligned have been studied. The placement of these
monitors can be found in Fig. 4.5, and specięcally, BPROF1 is placed before B19, while
BPROF2 andBPROF3 after it. BPROF4 is placed right before the entrance of the cryostat.
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Similar to H2-VLE, the ęrst three monitors are placed parallel to the magnetic elements
(∼ 57°), while BPROF4 is placed with respect to the Ěoor of EHN1.

Fig. 7.17a shows the expected proęles along the H4-VLE beamline in the case that
Q18 has been misaligned by 1mm along the horizontal (tilted) reference system. At
BPROF3, the deviation of the ideal and misaligned horizontal proęles is ∼5mm, justi-
ęed by the large beam size at the position of Q18 combined with its

√
kL value, while at

BPROF4 this deviation is less than 1mm in both planes. Therefore, if Q18 is misaligned
horizontally, a beam oěset is expected at BPROF3, but not at BPROF4, due to the ęnal
steering dipole, B20.

In Fig. 7.17b Q19 has been misaligned by 1mm in the vertical (tilted) plane. At
BPROF3, the expected deviation of the vertical proęle is ∼6mm, due to the large ver-
tical beam envelope at Q19. Similarly, at BPROF4, the deviation does not exceed 1mm
in each plane.

Finally, in Fig. 7.18a Q21 is misaligned by ∆y = 1mm and in Fig. 7.18b Q22 is mis-
aligned by ∆x = 1mm. Despite their small

√
kL values, and their proximity to the ex-

periment, considerable beam oěsets are expected at BPROF4. Specięcally in case 7.18a
the expected deviation is ∼8mm in the horizontal and ∼5mm in the vertical plane,
while in case 7.18b it is ∼3mm in the horizontal and ∼4mm in the vertical plane.

91



Chapter 7. Misalignment studies

(a)Misalignment of Q18 by∆x = 1mm

(b)Misalignment of Q19 by∆y = 1mm

Figure 7.17: Expected proęles at BPROF3 and BPROF4 of H4-VLE, for the ideal and mis-
aligned magnet placement.
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(a)Misalignment of Q21 by∆y = 1mm

(b)Misalignment of Q22 by ∆x = 1mm

Figure 7.18: Expected proęles at BPROF4, for the ideal and misaligned magnet placement.
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Part II

EĜciency measurement and ToF
demonstration of novel SciFi
detectors in the East Hall
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CHAPTER 8

Development of SciFi detectors:
motivation and principle of
operation

This chapter discusses the instrumentation needs of the VLE beamlines of the Neutrino
Platform Project, necessitating the development and integration of new detector tech-
nologies, that will also potentially substitute the instrumentation of other beamlines in
the future. The principle of operation of these novel detectors is explained.

8.1 Instrumentation requirements of the new VLE beamlines
The VLE beamlines will be instrumented with detectors crucial for the beam tuning
and also providing particle by particle information, useful for the event reconstruction
of NP-02 and NP-04. Particularly, due to the rather low event rate, the beamline detec-
tors will provide each particle’s entrance position and angle, its type and momentum,
the laĴer with a resolution ęner than the expected ∼5% momentum spread with the
collimator at its full opening.

Specięcally, the proposed instrumentation for the VLE beamlines is:

• Beam proęle monitors, providing:

- Beam proęles at various positions along the two beamlines, necessary for the
beam tuning

- Position and angle of incidence of each particle at each cryostat

- Precise momentum measurement

• Three scintillator counters, providing:

- General trigger signals for the beamline instrumentation

- Time-of-Flight measurement

- Intensity information

• Two Threshold Cherenkov counters, that, together with the ToF measurement
will allow for particle tagging at the entire momentum range. [11]
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The proposed beam instrumentation of H4-VLE is illustrated in Fig. 8.1, while sim-
ilar instrumentation will be used for the H2-VLE beamline. The trigger detectors are
colored with red. “TOF1” is placed between the quadrupoles Q18 and Q19 (not shown
in the ęgure, but visible in 4.5), allowing for a ToF measurement over a distance of∼29

m until “TOF2”.
The proęle monitors of the beamline are colored with green, each one providing

the beam proęle in one plane (either “X” or “Y” in the ęgure). The two ęnal sets of
proęle detectors (namely “BPROFext” and “BPROF4”) allow the determination of the
position and angle of incidence of each particle at theNP-04 detector in both planes. The
momentum spectrometer, comprising of three horizontal proęle monitors designated
“BPROF1”, “BPROF2” and “BPROF3”, one of them placed before B19 and two placed
after it allows for momentum measurement, as discussed in [11].

Figure 8.1: Schematic layout of the H4-VLE beamline instrumentation.

The crucial need to minimize the material budget, due to the low energy of the
beamline particles, renders the use of common beam proęle monitors and counters
(Scintillation Paddles, Delay Wire Chambers [29] etc.) unsuitable due to the inability
to be placed under vacuum.

Therefore the use of two newly designed detector prototypes, developed by the BE
- BI Group of CERN in collaboration with the LPHE laboratory of EPFL, that can oper-
ate under vacuum, has been suggested for the two beamlines [30]. Both detectors are
Scintillating Fiber (“SciFi”) detectors, fabricated with the same active material, that can
cover a large active area of 200x200mm2, suĜcient for the expected beam size. One pro-
totype can provide quick pulses necessary for trigger signals, while the other will track
individual particles, their diěerence lying in the photodetection mechanism. The two
aforementioned detector prototypes will be used in the two beamlines as the necessary
trigger detectors and beam proęle monitors, respectively.
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8.2 SciFi detector prototype principle of operation
ASciFi detector consists of a series of parallel ębers composed of a scintillatingmaterial,
each one covered by a thin layer of a material of low refractive index. A transversing
particle will excite the scintillator, therefore producing light that, through total inter-
nal reĚection inside the ęber will be guided to a photomultiplier mounted at one end,
allowing for the light detection.

8.2.1 Scintillation Mechanism
Organic and inorganic materials can be used as the ęber core, however Polystyrene
has been preferred in this detector type. Polystyrene is an organic material, and there-
fore, like all organic materials, the Ěuorescence process is achieved by transitions in the
energy level structure of its molecule. The energy levels of Polystyrene are shown in
Fig. 8.2, the S0, S1, S2 etc. states corresponding to singlet states (S=0), while the T1, T2 to
triplet states (S=1). Illustrated with dashed lines are the vibrational molecule levels.

Figure 8.2: Polystyrene energy levels and possible electronic transitions.

Excitation of the molecule to the higher singlet states is quickly de-excited to S1
via radiationless internal conversion, the process lasting ∼10−11 s. Moreover, any ad-
ditional vibrational energy state above the S1 state is quickly de-excited to S1. De-
excitation to the S0 ground state (or one of its vibrational levels) has a typical lifetime
of 10−8 s, considerably longer than the aforementioned transitions. Finally, an occu-
pied triplet state will be de-excited in lifetimes of 10−4 s, and therefore delayed light is
produced, in a mechanism referred to as “phosphorescence”.

Due to its opacity to its own emiĴed light, the polystyrene matrix is doped with a
Ěuorescent dye that absorbs the emiĴed light and re-emits it in largerwavelengths. This
wavelength shift at the same time increases the eĜciency of the photocathode (when a
photomultiplier tube is used for the light detection), because of its sensitivity to larger
wavelengths.

8.2.2 Fiber Optics
The scintillation material is fabricated as small cylindrical or square ębers, covered by
a cladding of plexiglass [31]. Photons generated by a transversing particle will reach
the boundary, and will be either reĚected at the surface or refracted to the cladding
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(Fig. 8.3), depending on the angle of incidence and the refractive indices of the two me-
dia.

Figure 8.3: ReĚection or refraction of the generated photon inside the ęber active material.

The critical angle of incidence, above which total internal reĚection occurs (and no
refraction) can be calculated via Snell’s law, requiring that the refraction angle is θf =

π/2, and therefore:

θc = arcsin

(
n2
n1

)
(8.1)

where n1 is the core refractive index, while n2 that of the cladding. With refractive
indices of the Polystyrene being n1 = 1.6 and that of plexiglass n2 = 1.49, the critical
angle of the above conęguration is ∼21°. [31]

8.3 SciFi detector photodetection
Two SciFi detector types have been constructed, each one consisting of 192 ębers of
1mm thickness in parallel, closely stacked together in a total active area of 200x200mm2.
If the generated photons of the separate ębers are all detected using a single photode-
tector, then the designed SciFi detector operates as a counter detector. If each ęber is
mounted to a separate photodetector, then the particle position can also be measured.

The former detector type, designated “XSCINT”, is shown in Fig. 8.4a, while the
later, named “XBPF”, is shown in 8.4b. For both detector types, the other ęber end is
glued on a high-reĚectivity mirror, decreasing the percentage of escaping photons.

The estimated light yield for a MIP particle impinging on a single ęber of 1mm
thickness and 50 cm length has been calculated in [31] as approximately 15 - 20 photons.
This light yield imposes that the photodetector mounted to the ębers be sensitive to low
light levels.

8.3.1 XSCINT
The photodetector of the XSCINT prototype is a typical photomultiplier tube (illus-
trated in Fig. 8.5) with a bi-alkali photocathode ([33]), the operation principle of which
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(a) XSCINT (b) XBPF

Figure 8.4: XSCINT (a) and XBPF (b) prototypes

can be found in common textbooks such as [32].

Figure 8.5: A typical photomultiplier tube [32].

In short, an impinging on the photocathode photon (generated in the scintillator,
therefore of wavelength in the visible or near the visible region) will interact with the
metal via the photoelectric eěect, this interaction mechanism being the dominant for
the specięc photon energy. The generated photoelectron, after inelastic collisions with
the electrons of the metal will reach the surface, and can escape it, if its kinetic energy
is suĜcient to overcome the metal - vacuum potential. This probability, determined by
the initial photon energy, the photocathodematerial and its width, deęnes the quantum
eĜciency of the photomultiplier tube, which is 43% for the specięc bi-alkali photocath-
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ode. The escaping photoelectron is accelerated towards the ęrst dynode, held at a pos-
itive potential of several hundred volts, causing ionization. In their turn, the escaping
from the ęrst anode electrons will further be accelerated in the second dynode due to
the applied potential, and via a series of dynodes the initial photoelectron will result in
a detectable current.

The spread in transit time of the particular PMTmodel ([33]) is very sharp (∼0.3ns)
potentially allowing for high resolution ToF measurements, as will be analyzed in Sec-
tion 9.5 .

As shown in Fig. 8.4a, to reduce the excessive mechanical stress of the ębers, rather
than using a single PMT for the entire detector, two PMTs are preferred, each one
mounted to half of the ębers.

8.3.2 XBPF
Tomeasure the transverse particle position, in theXBPFprototype each ęber ismounted
to an individual photodetector. Each photodetector is a Silicon Photomultiplier (SiPM),
which is a matrix of Geiger-Mode Avalanche Photodiode (G-APD) cells.

A G-APD, illustrated in Fig. 8.6, is a photodiode (a complex p-n junction) where a
reverse voltage above the breakdown is applied.

Figure 8.6: A typical G-APD [34].

In a p-n junction, electrons from the n-type semiconductor are able to diěuse to
the p-type due to the concentration derivative, and therefore re-combine with its excess
holes, while at the same time holes of the p-type will migrate to the n-type region. This
chargemigration depletes the boundary region on each side frommajority carriers, and
results in a contact potential in the boundary region (referred to as the “depletion re-
gion”), that prevents any further diěusion. However, if additional energy (either by an
impinging photon or by thermal motion) is provided to one of the valence electrons of
the depletion region, the equilibrium is disturbed and the conduction electronwill drift,
due to the contact potential, to the n-side, while at the same time the hole to the p-side.
Electron-holes pairs created outside the depletion region, due to the lack of electric ęeld,
are most likely quickly recombined.

When a p-n junction is reverse biased (the positive voltage is applied to the n-side),
the minority carriers from both sides will diěuse towards the depletion region, widen-
ing it and at the same time increasing the potential barrier, therefore there is a resistance
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to the Ěow of charge carriers. Due to the increased electric ęeld, a valence electron ex-
cited by the aforementionedmeans to the conduction zonewill be accelerated and, if the
electric ęeld is high enough for it to gain a kinetic energy above the material band gap,
its collision with another electron-hole pair can ionize the laĴer. This process results to
an avalanche of electrons that can be detected.

While the resistance will increase with an increasing bias voltage, beyond a critical
level the diode will “break down”, causing an abrupt reverse current increase. When a
photodiode is applied such voltage, it is referred to as operating in Geiger mode.

Beyond this critical applied voltage, the electrons and holes are multiplying faster
than can be extracted. To quench this avalanche, a resistor is used. Since the output
signal is not proportional to the input, the G-APD is practically a digital device, which
switches from “oě” to “on” when a single photon is detected.

The SiPM is an array of the aforementioned G-APD cells, each one having dimen-
sions of tens of microns, so that it is practically very unlikely that a single cell will be hit
by two photons at the same scintillation pulse. Each G-APD is connected in series with
a resistor, to quench the generated avalanches.

Figure 8.7: Schematic illustration of a SiPM [35].

8.4 Additional characteristics
In the particular ębermodel used for both SciFi detector prototypes, each ęber is square
with 200mm height and 1mm width, while the cladding covers 0.02mm in each ęber
side. The cladding does not scintillate, and therefore is considered as a ”dead” area,
reducing the detector eĜciency. Therefore, the theoretically maximum eĜciency of
both the trigger and the beam proęle monitors is calculated as 96%, which is referred
to as its “Geometrical EĜciency”.

Another important characteristic of the ęber detectors is a phenomenon cited as
“Optical Cross - talk”. An escaping photon from a specięc ęber can be trapped inside a
neighboring ęber, therefore compromising the spatial resolution of the proęlemonitors.
To suppress this, it is common to cover the ębers with an ultra-thin aluminum coating,
reĚecting the primary photons.

Apart from these characteristics, the scintillator is sensitive to π,K, p e and µ of both
polarities in the momentum range of interest and has lower material budget compared
to other detection options initially investigated (for example GEMs, MicroMegas etc.).
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Additionally, the prototypes are radiation resistant and have a simple maintenance,
since no gas or cooling systems are required for their performance.
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CHAPTER 9

EĜciency and multiplicity
measurement of SciFi detectors

Since the exact behavior of the two detector prototypes described in Chapter 8 was un-
known, a dedicated test was organized in order to study the characteristics of bothmod-
ules in the T10 test beam of the East Hall during the ęnal week of November 2017. In
particular, the eĜciency and multiplicity of the beam proęle monitor have been mea-
sured in various beam conditions, and the feasibility of the trigger detectors as Time
of Flight modules was demonstrated. This chapter presents the setup and the read-out
electronics of the experiment, as well as the data analysis and preliminary results.

9.1 The T10 test beam at the East Hall of CERN/PS
The T10 test beam, hosted at the East Hall of CERN, delivers secondary hadron beams
of both polarities and of a 6GeV/c maximum design momentum. A partial illustration
of the East Hall, including the T10 beamline, is shown in Fig 9.1. The overall beam-
line length from the primary target (designated “NORTHMultitarget” in the ęgure) is
∼40m, while the experimental zone covers only the last ∼15m (designated “T10c”).

Figure 9.1: Partial illustration of the East Hall. The T10 and T11 beams are entirely visible,
while the T8 and T9 beams extend further downstream. [36]
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9.2 Experimental Setup
The setup of the SciFi experiment was installed in the T10 experimental zone of PS,
as shown in Fig. 9.2. For reasons of Ěexibility in the placement of the detectors, and
also allowing for the possibility to interchange (if needed) the trigger and the proęle
planes, a special holder - tank was constructed. Each one of the two tanks can hold up
to two ęber planes (either proęle or trigger modules). Two tanks were installed, each
one containing one XSCINT and one XBPF detector, separated over a∼13.5mdistance.
The upstream XBPF is a horizontal proęle monitor, while the downstream a vertical
one. The setup is also schematically illustrated in Fig. 9.3.

Figure 9.2: The T10 experimental zone, including the installed monitors. [28]

Figure 9.3: Schematic presentation of the experimental setup.

The upstream proęle and trigger counter detectors will be referred to as “XBPF1”
and “XSCINT1”, while the downstream “XBPF2” and “XSCINT2” respectively. The
setup is such that a particle traversing from both XSCINT1 and XSCINT2, will have
certainly transversed from XBPF1 and XBPF2 as well.

In both proęle monitors, half of the ębers have been covered with a thin aluminum
coating, to test its impact to the ęber cross - talk, as explained in Section 8.4.
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Apart from aforementioned detectors, the linewas also equippedwith a plastic scin-
tillator mounted to a PMT (designated “SCINT” in Fig. 9.3), and a DelayWire Chamber
(designated “DWC”) [29]. Both beam detectors cover an active area of 100x100mm2.

A photograph of the upstream tank, containing the ęrst set of detectors, is shown in
the left of Fig. 9.4a. The beamdirection is from right to left, while the beamdetectors can
also be seen on the right side of the picture. The downstream tank is shown in Fig. 9.4b,
where the front-end board connected to the XBPF is visible.

(a) Upstream tank (containing XBPF1 and XSCINT1),
Delay Wire Chamber and Scintillator (from left to right).

The beam direction is from right to left.

(b) Downstream tank (containing
XBPF2 and XSCINT2). The front end
board mounted to the XBPF is shown.

Figure 9.4

9.3 Read-out electronics and data format
The analog signals generated by the two trigger modules are connected to a Constant
Fraction Discriminator (CFD). In the CFD a NIM pulse of 200 ns is generated when the
input signal reaches a certain fraction of the peak value. The logic pulses of the two trig-
germodules arrive to a coincidencemodule, which has a 200 ns timewindow to account
for the time diěerence due to the 13.5m distance between XSCINT1 and XSCINT2. The
coincidence pulse (if generated) is then converted to TTL and sent to the back-end board.

The XBPF’s 192 SiPMs described in subsection 8.3.2 are connected to 6 CITIROC
ASIC [37], each one having 32 input channels and 32 digital output channels, and there-
fore each SiPM is mounted to a separate channel. Via a leading edge discriminator, a
TTL pulse is generated when the incoming SiPM pulse of a single ęber exceeds a preset
threshold.

Every 100 ns, the front-end board of the XBPF sends to the back-end board the status
of the 192 ębers (whether they scintillated in that time frame or not).

The VFC back-end board receives all the events from the proęle monitors and also
the external trigger from the trigger detectors, and assigns to each event and trigger a
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time-stamp via White Rabbit (WR). The event with the closest timestamp is selected,
provided that it lies within a 100 ns time window compared to the trigger timestamp.

The buěer of the VFC board is limited to 3276 trigger events. It is synchronizedwith
SPS beam extraction signals, so that it is emptied right before the beam extraction, and
therefore only events during the extraction are recorded. The data are extracted from
the VFC board at each spill, and stored separately for each XBPF.

Each line in the stored data corresponds to a trigger signal, whether there was a
corresponding event (signal in at least one of the 192 ębers) or not. For each trigger sig-
nal, the trigger timestamp as well as the event timestamp (the timestamp of the closest
event) are recorded, both having the WR precision (8 ns).

Additionally, for every trigger event, the CITIROC chipsmounted to the SiPMs pro-
vide information about the specięc ębers that scintillated within the 100 ns time win-
dow, the ęrst chip providing information about ębers 1 - 32, the second about ębers 33
- 64 and so on. In particular, each one of the six chips provides a number that, when
converted to binary, is a series of 32 digits of 0 and 1, the former denoting the absence
of a signal in the particular ęber while the laĴer its presence. Since the coincidence sig-
nal triggers the acquisition of both XBPFs, all the trigger signals recorded in XBPF1 are
recorded in XBPF2 as well. The data format is also shown in Fig. 9.5.

Figure 9.5: Data format provided by the VFC board for the eĜciency/multiplicity measure-
ment of the XBPF prototype. By converting the last six numbers to binary, information about

which of the 192 ębers scintillated is extracted.

The two XSCINTmodules will be additionally used for the Time of Flight measure-
ment, due to the small spread in transit time of their mounted photomultiplier tube
model (0.3 ns). A TDC (Time to Digital Converter) device with a sub-nanosecond time
resolution compatible with the WR will timestamp the events. The analog signals gen-
erated by the two XSCINT, after the CFD module, are converted to TTL signals and
travel to the TDC module, where they are Ěagged with a timestamp and saved in the
buěer. The timestamps are saved separately for XSCINT1 and XSCINT2.

The described setup for the two measurements is presented in Fig. 9.6.
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Figure 9.6: Schematic presentation of the read out electronics for the eĜciency/multiplicity
measurement of the XBPF module (left) and the ToF measurement (right). The optical ęber
connecting the XBPF front end board with the VFC board transfers the information about each
SiPM separately. For simplicity, only the connection of XBPF1 is shown, while the connection

of XBPF2 is identical.

9.4 EĜciency and multiplicity measurement of XBPF module
Data were accumulated in various beam characteristics of the T10 beam to investigate
the response of the proęlemonitor to a range of intensities, momenta and particle types.
Specięcally integrated intensities of ∼103 − 105 particles/spill were tested in the case of
the secondary hadron beam, with nominal momenta of either ±6 GeV/c or ±1 GeV/c.
Lower intensity (102− 103 particles/spill) muon beams were also available, with a max-
imum momentum of 6 GeV/c however a quite wide momentum spread, due to their
production mechanism.

In order to increase the statistics, for each run, data from numerous spills were ex-
tracted, each spill having a maximum of 3276 trigger events.

9.4.1 Parameters of interest
The quantities of interest in each run (each diěerent beam seĴings) for both proęlemon-
itors are the following:

• XBPF eĜciency, deęned as the percentage of events where at least one ęber scin-
tillated with respect to the total trigger events.
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• Optical cross - talk, deęned as the number of eventswhere two neighboring ębers
scintillated, divided by the number of events where at least two ębers scintillated
(neighboring or distant).

• Fractional multiplicity, deęned as the number of events where at least two ębers
scintillated, divided by the number of events where at least one ęber scintillated.
The fractional multiplicity does not separate multiple particles from optical cross
- talk.

For an integrated intensity of∼104−105 particles per spill, due to the limited buěer
size, only the beginning of each spill is recorded. In Fig. 9.7 the timestamp data of a -6
GeV/c hadron beam of ∼105 particles/spill are shown. The recorded spill duration is
only ∼0.07 s, corresponding to the beginning of the spill.

Figure 9.7: Timestamps of a recorded spill for a -6 GeV/c hadron beam of∼105 particles/spill.
Only the ęrst part of the spill is recorded.

By using a lower intensity -6 GeV/c muon beam the entire burst can be recorded, as
illustrated in Fig. 9.8.

Figure 9.8: Timestamps of the recorded data for a -6 GeV/c hadron beam of low intensity. The
entire spill of ∼0.5 s is recorded.

9.4.2 Data analysis
Fig. 9.9 illustrates the reconstructed proęle asmeasured at BPROF1 for a -6 GeV/cmixed
hadron beam of 105 particles/spill. Data from 9 spills have been accumulated. Due to
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an electronics malfunction, ęber n. 135 would always scintillate, and therefore channel
135 has been excluded from the analysis for XBPF1.

Figure 9.9: Fiber proęle of XBPF1 for a -6 GeV/c beam. Channel 135 has been excluded from
the analysis, as described in the text.

The measured eĜciency, after rejecting channel 135, is ϵ = 95.8 ± 0.3%, where the
error corresponds to the standard deviation of the individual eĜciency for each of the
9 spills. The measured eĜciency is within the maximum theoretical geometrical eĜ-
ciency.

In Fig. 9.10 the multiplicity analysis is shown for the same beam seĴings, separately
for the aluminum coated ębers (A) and the clear (C) ębers.

Figure 9.10: Multiplicity analysis of XBPF1 for a beam momentum of -6 GeV/c.

A multiplicity of 0 corresponds to the XBPF1 ineĜciency. Multiplicity=1 corre-
sponds to the number of events where only one ęber scintillated, multiplicity=2 in
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eventswhere twoębers scintillated etc. The fractionalmultiplicity, as deęned in subsec-
tion 9.4.1, is 28± 2%. This percentage of multiple scintillations can either be aĴributed
to simultaneous particles, or optical cross - talk phenomena.

Finally, in cases where at least two ębers scintillated, the distance between these
ębers has been calculated and is shown in Fig. 9.11 in a logarithmic scale. The proba-
bility that two neighboring ębers will scintillate (or the percentage of optical cross talk)
corresponds to a∼12% of the total events where at least two ębers scintillated. In cases
where the distance is greater than two, the simultaneous scintillation is assigned to dif-
ferent particles. However, as will be explained in subsection 9.4.5, the probability of
simultaneous particles is theoretically calculated to be much lower than the measured,
and therefore the ęber span should further be investigated.

Figure 9.11: Fiber span analysis of XBPF1 for a high intensity beam of -6 GeV/c.

Figs. 9.12, 9.13 and 9.14 summarize the results obtained in various beam seĴings
for XBPF1. The ęrst run, denoted “-6 GeV/c”, corresponds to the already shown run of
Figs. 9.9, 9.10 and 9.11.

In the second run (“-6GeV/c unfocused”), the beam size is enlarged by changing the
quadrupole currents, the transverse proęle of which is shown in Fig. 9.15. The calcu-
lated eĜciency in this case is within the statistical error of the previous measurement,
and specięcally ϵ = 95 ± 0.6%. All other parameters (fractional multiplicity, optical
cross - talk) are identical, and therefore it can be inferred that the XBPF performance
does not depend on the focusing of the beam.

By changing the beam polarity, and refocusing the beam similary to the initial con-
ęguration of Fig. 9.9, there is a signięcant drop in the eĜciency. However, by inves-
tigating each spill separately, it was found that the eĜciency was not systematically
reduced, but rather, there were spills with the maximum eĜciency of ∼96% and spills
with a signięcantly lower eĜciency of ∼81%, resulting in a large error, as shown in
Fig. 9.12- ”6 GeV/c ”. This behavior has not been fully understood, but most likely is a
buěer issue.

The above assumption is further strengthened by investigating the performance of
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Figure 9.12: EĜciency of XBPF1 for various seĴings of the T10 beam.

Figure 9.13: Fractional multiplicity of XBPF1 for various seĴings of the T10 beam.

Figure 9.14: Optical cross - talk of XBPF1 for various seĴings of the T10 beam.

the module to a ±1GeV/c beam. As would be expected, the response of the scintillator
should not depend on the polarity of the impinging beam, and in particular has been
measured ϵ = 95.4 ± 0.5% for both polarities. Additionally, all other parameters are
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Figure 9.15: Measured beam proęle at XBPF1 for an enlarged beam of -6 GeV/c. Fiber 135
has been excluded in the analysis.

within the statistical error.
Finally, a relatively pure low intensity muon beam of -6 GeV/c maximum momen-

tum reached the setup, the proęle of which is shown in Fig. 9.16 . In contrast to all

Figure 9.16: Measured beam proęle at XBPF1 for an muon beam of -6 GeV/c maximum
momentum. Fiber 135 has been excluded in the analysis.

previous cases, due to the low event rate, the entire spill has been recorded. Fig. 9.12
shows that the eĜciency of XBPF1 is systematically reduced to∼89.3±0.6% (”-6 GeV/c
muons”), and does not increase by ęne-tuning the SiPM high voltage (”-6 GeV/cmuons
SiPM=58V”). As would be expected, the fractional multiplicity is considerably reduced,
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since the probability of simultaneous particles becomes even smaller. For the same rea-
son, the percentage of optical cross - talk events increases. This is also shown in Fig. 9.17,
in contrast with the Fiber span obtained in high intensity runs, as in Fig. 9.11.

Figure 9.17: Measured ęber span at XBPF1 for a low intensity muon beam of -6 GeV/c max-
imum momentum. The percentage of neighboring signals is signięcantly higher than in the

high intensity runs.

9.4.3 Comparison with DWC proęle
In Fig. 9.18 the proęles provided by the DWC (up) and XBPF1 (down) are shown for the
same beam seĴings. The two detectors are only ∼1m apart and therefore a qualitative
comparison can be performed. Since the DWC covers an area of 100x100mm2, only the
central part of the XBPF1 proęle is shown, corresponding to ębers 48-144.

Figure 9.18: Comparison between the proęles provided by the DWC (up) and XBPF1 (down).
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9.4.4 Timestamp issues
Since the trigger signal is common for bothXBPFs, each recorded trigger signal in XBPF1
is also recorded in XBPF2. In other words, for a particular spill, the ęrst line of data of
XBPF1 (or the ęrst trigger signal) corresponds to the ęrst line of data of XBPF2. There-
fore a direct comparison of the trigger signals recorded in each XBPF is possible, the
time diěerences of which are ploĴed at the top of Fig. 9.19, showing a ∼80ns constant
delay. It should be reminded that the WR time resolution is 8 ns and therefore some
time diěerences can be 72 ns or 88 ns as well. This constant delay is due to the electron-
ics and can be rejected in the analysis. At the boĴom of the same ęgure, the timestamp
diěerences between XBPF1 and the trigger signal, as well as XBPF2 and the trigger sig-
nal have been ploĴed. As was expected, there is a 100 ns spread between each event
and the corresponding trigger.

Figure 9.19: Expected time diěerences between the trigger timestamps recorded in the two
XBPFs, and between the event timestamp and the trigger timestamp for each XBPF.

However, in some ęles either the time diěerence between two trigger timestamps,
or the time diěerence between a trigger timestamp and the corresponding event can be
as high as 106 ns, which indicates a malfunction of the buěer. These events have been
excluded in the previous analysis.

This problematic behavior has been linked with the density of the recorded events,
and specięcally, if this density is high enough, the buěer seems to crash. This is illus-
trated in Fig. 9.20, where a high intensity -6 GeV/c hadron beam has been recorded for
12 subsequent bursts. The histogram binning is 0.1ms. Whenever the density of events
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exceeds a value of around 50 events/0.1ms, either the trigger timestamps recorded in
XBPF1 and XBPF2 have large time diěerences of∼106 ns, or similar time diěerences are
observed between the XBPF event timestamp and the recorded trigger timestamp.

Figure 9.20: Recorded spills for a high intensity -6 GeV/c hadron beam. Spills n. 3, 5, 11 and
12 are corrupt, after reaching a density of more than ∼50 events/0.1ms.

Fig. 9.21a shows the ęrst spill of Fig. 9.20. The density of events is relatively low,
and therefore the timestamps are consistent with the expected of Fig. 9.19. However,
in Fig. 9.21b the third spill of Fig. 9.20 is shown, where the aforementioned maximum
density of events is exceeded. After this density reaches a certain value, there is an
immediate drop in the rate of the recorded events (as shown in the ”tail” of the ęgure)
which is completely non-physical. Additionally, the data recorded after this point show
signięcant timestamp diěerences between trigger and event, of the order of 106 ns.

(a) Timestamps of the ęrst spill of Fig. 9.20. (b) Timestamps of the third spill of Fig. 9.20.

Figure 9.21

9.4.5 Conclusions and outlook
It has been shown that the XBPF module can perform excellently in terms of eĜciency
in hadron beams of high intensity of ±6 GeV/c and ±1GeV/c, irrespective of the beam
focusing. The drop in the eĜciency for the−6 GeV/c measurement can be with relative
safety assigned to a buěer issue.
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Quite alarming is the systematic eĜciency drop of the XBPF for muon beams. This
drop cannot be explained physics - wise, since all muons (as well as hadrons) in this
energy range are Minimum Ionizing Particles. This response of the XBPF is not a result
of the rather unfocused muon proęle either, since the eĜciency has been proved to be
independent of the beam focusing. It could however be a result of the low intensity
of the muon beam. A low-intensity hadron beam was tuned in one of the runs, and
the eĜciency was measured to be 88.4 ± 0.5% but, due to the low statistics acquired,
it was not possible to safely infer that the eĜciency decrease is linked to the low beam
intensity. Further tests should be performed to clarify this issue.

Themultiplicity/ęber cross talkmeasurement should further be investigated aswell.
Specięcally, the percentage of events where at least two ębers scintillated seems very
high, taking into account the very low probability of simultaneous particles. In par-
ticular, during the muon run ∼2000 events were recorded per spill duration of ∼0.5 s.
Assuming a homogeneous spill (a relatively valid assumption for low intensity runs,
see Fig. 9.8), the probability that a particle will pass from the detector in a 100ns time
window is 0.4%. Assuming a Poisson distribution, the probability that two particles
will reach the detector during the 100 ns time window is less than 0.02%, which cannot
account for the observed multiplicity percentage of 6% .

The maximum buěer size of 3276 events/spill is not of course related to the XBPF
performance and can be improved in the future. Nonetheless, taking into account the
very low intensity of the VLE beamlines, this limitation will not be an issue.

The timestamp diěerences between the recorded trigger timestamp and the event
timestamp, or those between the recorded trigger timestamps of both detectors have
been linked to a high density of events, pointing towards a electronics and buěer prob-
lem. Similarly, this will not be an issue in the VLE beamlines due to the low data acqui-
sition rate.

Finally, the impact of the ęber coating could not be conclusive due to the slightly
asymmetric beam conditions. Such impact could be successfully tested by constructing
two separate detectors, one with all ębers coated and the other with no treatment. A
conclusive test could be performed, if the two planes are placed inside the same tank,
and therefore the beam ”seen” by the coated XBPF would be almost identical to the
beam ”seen” by the non-coated XBPF.

Figure 9.22: Proposed setup for successfully measuring the eěect of the aluminum coating on
the ęber cross - talk.
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9.5 Time of Flight measurement
A ToF measurement was aĴempted over a distance of ∼13.5m, using the modules
XSCINT1 and XSCINT2. Since no coincidence is used to select the data, noise events
are recorded as well which are non-negligible. In the independent analysis, all events
in between the spills have been rejected. Therefore, for each event reaching XSCINT2
in the burst time interval, the event of XSCINT1 having the closest timestamp within
150 ns was chosen.

Table 9.1 shows the theoretically calculated time of Ěight for the diěerent particle
species over a 13.5m distance from XSCINT1 to XSCINT2.

Calculated time of Ěight (ns)
Momentum (GeV/c ) p π K e

0.5 95.8 46.8 63.3 45.0
1 61.7 45.5 50.2 45.0
2 49.7 45.1 46.4 45.0
3 47.2 45.1 45.6 45.0

Table 9.1: Time of Ěight for various particle species and momenta over a 13.5m distance

Fig. 9.23 shows themeasured time of Ěight for a beammomentum of 0.5 GeV/c. The
ęrst peak corresponds to pions and possibly positrons, while the second one to protons.
No kaons are expected to reach XSCINT2, taking into account its ∼47m distance from
the Multitarget, therefore no peak at around 63 ns is visible. The protons (second peak)
are only a fraction of ∼6% of the composition.

Figure 9.23: Measured time of Ěight for a beam momentum of 0.5 GeV/c. The π − e+ (left)
and p (right) peaks are visible.

By ęĴing a Gaussian distribution in both peaks, the time resolution can be deter-
mined by calculating the RMS. Specięcally, for the pion-positron peak the time resolu-
tion is 0.97 ns, while for the proton peak it is 1.7 ns.

In Fig. 9.24 the results obtained for 1GeV/c beammomentum are shown. Two peaks
are visible, again corresponding to the pion-positron peak and the proton peak respec-
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tively. As in the 0.5 GeV/c case, no kaons are expected to reach XSCINT2. The time
resolutions in the 1GeV/c beam momentum are 0.96 ns and 1.1 ns respectively.

Figure 9.24: Measured time of Ěight for a beam momentum of 1GeV/c. The π− e+ (left) and
p (right) peaks are visible.

The results for 2GeV/c beammomentum are illustrated in Fig. 9.25. The two curves
begin to overlap, but separation is still possible, although only at two sigmas. A fraction
of ∼4% of the generated kaons are expected to reach XSCINT2, but, due to their very
close time of Ěight compared to pions, any detectedK contribute to the ęrst peak. The
mild peak visible at 63ns has been assigned to deuterons.

Figure 9.25: Measured time of Ěight for a beam momentum of 2GeV/c. The π − e+ (and
possibly K) as well as the p peaks are visible. The particles with an ∼63ns are most likely

deuterons.

For 3GeV/c beam momentum, the results are shown in Fig. 9.26. It is impossible to
separate the diěerent particle species, due to their very close time of Ěight (Table 9.1).

Table 9.2 summarizes the time resolution obtained in the various beam momenta.
The diěerence in the time resolution between the two peaks, as well as its depen-

dence on the beam momentum can be explained by the inherent time of Ěight spread,
due to the momentum dispersion of the T10 beam. The exact dp/p distribution of the
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Figure 9.26: Measured time of Ěight for a beam momentum of 3 GeV/c.

Measured time resolution (ns)
Momentum (GeV/c ) Peak 1 Peak 2

0.5 0.971 ±0.004 1.67 ±0.04

1 0.958 ±0.005 1.126 ±0.007

2 0.909 ±0.006 0.94 ±0.01

Table 9.2: Measured time resolution for both peaks, for 0.5, 1 and 2GeV/c beam momenta.

T10 beam is unknown, but a normal distribution with a 2% spread is a good approxi-
mation.

The time of Ěight for a distribution of 105 p having 0.5 GeV/c has been calculated,
assuming a 2% dp/p RMS, and has been compared with the corresponding π time of
Ěight. The resulting time of Ěight distributions, to be compared with Fig. 9.23, are illus-
trated in Fig. 9.27.

Figure 9.27: Expected π and p time of Ěight distributions for a 0.5 GeV/c beam with 2% dp/p
RMS.

It can be seen that, due to the inevitable momentum dispersion an inherent time
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of Ěight spread exists, not associated with the SciFi - TDC time resolution. This time
spread is negligible for pions, but for protons, due to their considerable mass, it is of the
same order of magnitude with the measured time resolution. Even if 1% dp/p RMS is
assumed, which is an extremely optimistic case, the proton time spread is σp = 0.75ns,
while for 2GeV/c ±2%, the proton spread is reduced to only 0.2 ns.

For 1GeV/c and 2% dp/p RMS, the same calculation yields σp = 0.581ns and σπ =

0.017ns, as shown in Fig. 9.28, therefore the proton spread is still signięcant. Assuming
a 1% dp/p momentum spread, the laĴer is reduced to 0.29ns.

Figure 9.28: Expected π and p time of Ěight distributions for a 1GeV/c beam with 2% dp/p
RMS.

To conclude, since the exact momentum spread of the T10 beam is unknown, the
time resolution should be determined in conęgurations where the inherent time spread
is negligible, that is preferably for the pion peak and momenta above 1GeV/c. It is
therefore safe to deduce that the time resolution of the SciFi - TDC is below 1000ps, and
for the 2GeV/c π peak, where the inherent spread is minimum, it has been measured as
σt = 909± 6ps.

This excellent time resolution can provide a precise ToF measurement in the VLE
beamlines, over a distance of ∼32m in H2-VLE, and ∼29m in H4-VLE.

Figs. 9.29 and 9.30 show the theoretically expected π/p and K/p separations in H2-
VLE for various time resolutions of the setup, neglecting any intrinsic spread due to
dispersion. Assuming a time resolution of 900 ps, for momenta up to 3.5 GeV/c, pi-
ons can be separated from protons, while kaons from protons can be separated up to 3
GeV/c, both with a 4-sigma separation.

For very low energies of 1GeV/c, the intrinsic spread in the proton time of Ěight due
to a 5% dp/p RMS (expected in the VLE beamlines when the collimator is fully open)
is large (3.5 ns) however due to the large time of Ěight diěerence compared to kaons
and protons (∼26ns), it does not interfere with the separation of diěerent species. For 3
GeV/c however, it is theoretically possible to separate K from p with exactly 4 sigmas,
as shown in 9.30. The proton time of Ěight spread for 5% dp/p is 500ps, compromising
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the separation certainty.

Figure 9.29: Theoretical time of Ěight separation between π and p for H2-VLE, measured in
number of sigmas.

Figure 9.30: Theoretical time of Ěight separation between K and p for H2-VLE, measured in
number of sigmas.

123





Appendices

125





APPENDIX A

Derivation of Hill’s Equation

As explained in Chapter 1, to describe the motion of charged particles, we use the
Frenet-Serret coordinate system, shown in Fig A.1 which follows the reference orbit.

Figure A.1: Frenet-Serret local reference system, following the central trajectory[13].

This discussion will consider the horizontal plane, x, but a generalization for the
vertical plane will then easily be derived. For an inęnitesimal segment of a bending
magnet, the deĚection angle of the ideal path is dϕ0 = dz/ρ0 ≡ κ0dz. For an arbitrary
particle the deĚection angle is then given by dϕ = ds/ρ ≡ κds. In linear approximation,
the path length element for an arbitrary particle is found geometrically

ds = (1 + κ0x)dz (A.1)

In order to obtain the equation of motion with respect to the ideal path, we subtract
from the arbitrary curvature κ, the reference curvature κ0, x′′ = −(dϕ/dz − dϕ0/dz)

x′′ = −(1 + κ0x)κ+ κ0 (A.2)

For the horizontal plane, the curvature κx can be expressed, up to second order, by its
components:

κx =
1

1 + δ
(κ0x+ kx+

1

2
mx2) (A.3)

where δ is the momentum oěset, p = p0(1 + δ), and all terms κ0, k,m are momentum
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independent, and a function of the independent coordinate z. Combining (A.2) and
(A.3) yields:

x′′ + (k + κ20x)x = κ0x(δ − δ2) + (k + κ20x)xδ −
1

2
mx2 − κ0xkx

2 (A.4)

where we have included terms up to second order, where the terms:

• kx describes the focusing eěect of a quadrupole magnet

• κ20x the focusing of a sector bending magnet, that is purely geometrical in nature

• κ0x(δ − δ2) the deĚection oěset for particles with momentum diěerent from the
design

• (k + κ20x)xδ results in chromatic aberrations

• κ0xkx
2 is included only if there is both focusing and bending present in the same

magnetic element

• 1
2mx

2 is the sextupole term

Similarly, in the vertical plane, where we can assume immediately for simplicity
that we have no bending in the vertical plane, therefore κ0y = 0.

y′′ − ky = −kyδ −+mxy (A.5)

In real transport systems, extra care is given to establishmagnetic ęelds with almost
ideal properties, so terms such asm do not exist in dipoles and quadrupoles, but only in
sextupoles. Furthermore, usually the momentum oěsets are quite small- typically less
than 5%. In this formulation, all the terms in the right-hand side of (A.4) can be treated
as small perturbations.

Moving on to solve the homogenous part of (A.4), we arrive to Hill’s Equation (A.5):

u′′(s) +K(s)u(s) = 0 (A.6)

where u stands for either x or y, andK = k + κ2x for the horizontal or K = −k for the
vertical plane.

Suppressing higher multipole terms in dipoles and quadrupoles is therefore very
important.
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APPENDIX B

Spot sizes with respect to the Ěoor of
EHN1

Spot sizes at BPROF4 and NP-02 middle for H2-VLE, 12GeV/c
with respect to EHN1 Ěoor

v0 Optics High Transmission
Optics

High Resolution
Optics

BPROF4 proęle
µx (mm) 1.05 0.33 -0.41
σx (mm) 31.51 32.29 29.70
µy (mm) 2.43 1.91 1.10
σy (mm) 24.97 25.73 23.30

NP-02 middle proęle
µx (mm) 0.35 0.78 0.38
σx (mm) 19.42 22.55 17.23
µy (mm) 1.77 1.55 1.50
σy (mm) 17.93 21.23 15.43

Spot sizes at BPROF4 and NP-04 entrance for H4-VLE, 7GeV/c
with respect to EHN1 Ěoor

v0 Optics High Transmission
Optics

High Resolution
Optics

BPROF4 proęle
µx (mm) 5.41 4.50 -3.79
σx (mm) 31.90 26.15 28.86
µy (mm) -0.79 -1.03 -0.63
σy (mm) 31.14 21.71 16.69

NP-04 entrance proęle
µx (mm) 6.59 5.45 -4.35
σx (mm) 31.96 28.11 29.79
µy (mm) -1.81 -1.87 -0.80
σy (mm) 31.30 24.97 17.12
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