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4. Simulations for the EXL
detector setup

In this chapter, we will discuss various simulation activities that has been performed
for EXL. It includes design and implementation of major detector elements as well
as some simulation analysis for the recoil detector setup.

The objective of the EXL project is to capitalize on light-ion induced reactions in
inverse kinematics by using storage ring techniques and a universal detector system.
Within the EXL Technical Proposal [10], the design of a complex detection setup was
investigated with the aim to provide a highly efficient, high-resolution universal de-
tection system, applicable to various reactions. Since a fully exclusive measurement
is envisaged, the detection system includes the recoil and γ-ray detectors, detectors
in forward direction for fast ejectiles, and heavy-ion detectors for the projectile-like
reaction products. The overall design for the recoil and γ-ray detectors for EXL
consists of two major arrays, namely the EXL Silicon Particle Array (ESPA), which
is intended to detect light charged particles emerging from the target, and the EXL
Gamma and Particle Array (EGPA), which covers the whole ESPA solid angle by
a scintillator hodoscope and detects the punch-through charged particles as well as
γ-rays. The whole ensemble will be referred to as ERGA (EXL Recoil and Gamma
Array). To retain an optimal resolution with particle identification possibilities it
is desirable to stop particles in the silicon layers. However, for the higher energies,
the γ-ray detector (EGPA) will have to be employed as a calorimeter for the total
energy measurement.

In order to see whether the main requirements for the EXL recoil detector setup,
which are high resolutions for momentum and energy of the recoiling target nuclei
and a low detection threshold, are satisfactorily realized one can perform detailed
simulation studies on the suggested detector scheme. The aim of the simulations is
to find the conditions which optimize the detection system in terms of its tracking
capabilities and detection with good energy and angular resolution and particle
identification. Simulation investigations of the EXL setup also help to check the
coincidence capabilities between the forward detection system, for charged ejectiles,
and the heavy-ion detector system. The simulations of the target recoil detector
were started by Zalite and Zalite [39], based on the technical proposal [10], by
constructing the forward part of the ESPA. The simulation package was prepared
on the basis of the general-purpose transport tool Geant4 [40]. This tool is able
to track particles through various layers of material, generate secondary particles
according to the interaction cross sections and the decay probabilities of the incident
particles, as well as to calculate their energy loss and time of flight. Recoil particles
are generated using external event generators. The simulations for the EGPA were
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38 Chapter 4: Simulations for the EXL detector setup

Figure 4.1: Geometrical arrangement of the EGPA detector layers (left) made of indi-

vidual hexagonal profile prismoids (right), according to the technical proposal of EXL.

started by taking over the previous work done for the ESPA. At the first stage,
the arrangement of the crystals in the calorimeter EGPA was performed in the
simulations based on the design of the EGPA in the technical proposal, using a
shape for the individual crystals different from what was foreseen in the proposal.
In the technical design of EXL, the crystal shapes are foreseen to be hexagonal
profile prismatoids (see Fig. 4.1), using seven different window dimensions for the
individual crystals. In the simulations, however, we introduced rectangular profile
prisms for the crystals, all with the same dimensions. This is especially beneficial,
since we need to fabricate only one crystal shape. Fig. 4.2 shows a view of the
simulated geometry for ESPA surrounded by EGPA.

The full geometry of the major detector elements of EXL was completed by
integrating the already designed magnetic spectrometer elements of the NESR [41]
and the forward scintillator arrays (preceded by iron converters) into the main code.
Fig. 4.3 shows a view of the EXL geometry based on the present Geant4 code
which contains the major parts of the future experimental setup, namely the recoil
detector setup, the forward scintillator assemblies and the magnetic elements of the
ring. The inclusion of the heavy-ion detector setup is straightforward and can be
implemented in the code when we come up with the final design of the detectors
and their container pockets. The configuration of the forward detector system is the
same as the one in the feasibility experiment (Fig. 5.2) and could easily be replaced
with finalized designs of these detector assemblies. The analysis of the simulated
events is performed using the object-oriented data-analysis framework ROOT [42].
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Figure 4.2: EXL Recoil and Gamma Array (ERGA). For the sake of clarity, only three

ring-sections of crystals belonging to the forward part of EGPA and three belonging to its

backward part are shown. The specifications of the four Si-detector regions shown here in

red (A), green (B), blue (C), and yellow (D) are presented in Table 4.1.

4.1 EXL silicon array ESPA

The EXL recoil detector system consists of silicon arrays, which detect charged
particles in a very large energy domain, ranging from about 100 keV or below to
several hundreds of MeV depending on the scattering angle and the class of reaction
in question. Several types of detectors will be exploited in this regard:

1. Detectors of 300 µm thickness with a spatial resolution better than 500 µm in
the x- and y-directions. Double-sided silicon strip detectors (DSSDs) will be
employed. The overall energy resolution required is 30 keV (FWHM).
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Figure 4.3: Schematic view of the major detector elements for the EXL setup imple-

mented into the simulations. The configuration of the forward scintillator arrays is the

same as the corresponding setup in the feasibility experiment (reported in chapter 5) and

needs to be substituted with the upcoming designs of these detector assemblies. For clarity,

only a few parts of the forward part of the calorimeter are shown here.
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2. Thin (≤ 100 µm) silicon detectors position sensitive in the x- and y-directions.
Here also, DSSDs with a resolution of better than 100 µm are considered to
be the principal choice. The overall energy resolution required is again 30 keV
(FWHM).

3. Si(Li) detectors of 9 mm thickness with a large area. The overall energy
resolution required is 50 keV (FWHM).

The Si-based recoil detector will be operated with a relatively small counting rate.
The fastest counting rate is 100 kHz over the 4π coverage. Therefore, radiation
damage effects are considered not to be of importance except at about 90◦ where
the yield rate of elastically-scattered and low-energy ions will be high.

4.1.1 Design of the ESPA

The ESPA geometry in the present simulations consists of four regions labeled as
A, B, C, and D, covering the θlab-range of 89◦ − 10◦. Fig. 4.4 shows the cross-
section view at φ = 0◦ for the four regions of the forward ESPA together with their
relative angular placements. Table 4.1 lists some specifications for all individual

Figure 4.4: A profile view of the EXL Silicon Particle Array (ESPA) at φ = 0◦ (spherical

polar coordinates). For every region, we would have different number of rings and layers

(for instance, region C consists of four rings and two layers). For the sake of orientation,

some representative θ-angles (in degrees) are shown here.

silicon-detector elements (rectangular cuboid volumes) that are implemented in the
present simulations.

All the geometrical parameters, listed here, can be easily modified without any
need to compile the code, provided that we make sure that the new configuration
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Table 4.1: Specifications of the Si-detector elements for the EXL Silicon Particle Array

(ESPA) shown in Fig. 4.2. For an explanation on the “Ring ID” and “Layer ID”, see

Fig. 4.4.

Region θlab (φlab) Ring Layer Active Thickness Distance Number of
coverage ID ID area to target silicon

[deg] [mm2] [mm] [mm] detectors
A 89 − 80 0 0 90×90 0.3 580 11 × 2

(88 × 2)
1 90×90 9 599 11 × 2

B 80 − 75 0 0 90×55 0.3 450 9 × 2
(93 × 2)

1 95×60 9 468 9 × 2
2 95×60 9 525 11 × 2
3 95×60 9 560 11 × 2

C 75 − 45 0 0 90×90 0.1 480 11 × 2
(91 × 2)

1 90×90 0.3 580 11 × 2
1 0 90×90 0.1 480-5.5 11 × 2

1 90×90 0.3 580-5.5 11 × 2
2 0 90×90 0.1 480 11 × 2

1 90×90 0.3 580 11 × 2
3 0 90×90 0.1 480-5.5 11 × 2

1 90×90 0.3 580-5.5 11 × 2
D 45 − 10 0 0 90×90 0.1 450 12

(360)
1 90×90 0.3 550 12
2 95×95 9 560 12

1 0 90×90 0.1 450-10 20
1 90×90 0.3 550-10 20
2 95×95 9 560-10 20

2 0 90×90 0.1 450 24
1 90×90 0.3 550 24
2 95×95 9 560 24

Total 468

is geometrically overlap-free. Table 4.1 describes Fig. 4.4 in details, which is a cut
of the geometry at φ = 0◦. For other profile cuts (φ 6= 0◦) we may have slightly
different distances to the target point for the silicon-detector elements in a specific
layer. This is due to the displacements that are introduced for the elements of each
layer in order to fill the phase space by staggering them over each other (see, for
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instance, the numbers under “Distance to target” column, for regions C and D).
For the silicon-detector elements of regions A, B, and C we have two sub-regions, as
shown in Fig. 4.2, on both sides of the beam, each covering an angular range of about
90◦ in the φ-direction, hence a multiplication by 2 appears in “Number of silicon
detectors” column. Unlike these three regions, region D covers the whole 2π of the
φ-coordinate. Note that in Fig. 4.2 the vector ψ represents positive rotations around
y-axis in a right-handed coordinate system, whereas η represents rotations around
lines that are embedded in the x−z plane and pass through the origin. In the special
case that the rotation is done around the z-axis (beam direction), η is the same as
φ. In fact, the whole silicon-detector elements in Fig. 4.2 can be positioned simply
in the spherical coordinate system in a well-defined manner (each silicon ring has
a definite θ-position and is extended in the φ-direction). However, having defined
the silicon-detector elements with respect to θ and φ, the definition of the crystal
elements (based on the conceptual design of Fig. 4.1) would not be straightforward
in the spherical coordinate system. This is simply because one cannot attribute a
specific θ or φ to a specific ring of crystals in a well-defined manner. Therefore, it is
much easier to define precisely the position of a crystal in the calorimeter in terms of
the η and ψ angles, which in a sense reflect the ring number and the crystal number
in that ring. Alternatively, we could have first defined the crystal elements with
respect to θ and φ; but we would then need to define the silicon-detector elements
in a new coordinate basis like ψ and η in order to position them in a systematically
easier way than in the spherical coordinate system.

4.2 EXL calorimeter EGPA

In order to construct the calorimeter EGPA as a spherical shell which would house
the spherically-arranged silicon-detector elements, one can, in principle, use many
different shapes for the individual crystals to build a geometrically 100% efficient
calorimeter (no gap between crystals). When trying to build a spherical calorimeter
from possible crystal profile shapes (polygons), it is easier to imagine a spherical
crust centered at the target position with the same thickness as the crystal height
(assuming that the crystal height is the distance between forward and backward faces
of the crystal that are away from the target point as much as the inner and outer radii
of the crust, respectively). In fact, all polygons of the forward and backward faces
of each crystal can be projected on the nearest spherical boundary of the imaginary
crust to make a ‘tiling pattern’ on the two spherical boundaries which might make the
geometry easier to imagine. In general, the crystals could be oblique in which case
the line (axis) passing through the mid-points of the crystal forward and backward
faces is not perpendicular to the profiles themselves. However, we limit ourselves to
‘right solids’ for which the axis is perpendicular to the two profiles. Therefore, we
can make an entirely gap-free spherical crust out of the individual crystals, once we
find the appropriate polygonal shapes for the two faces of the crystals.
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In geometry it is known that there are precisely five convex1 regular polyhedra2

(known as Platonic solids) which are unique in that the faces, edges, and angles are
all congruent3. These are named as tetrahedron, cube, octahedron, dodecahedron,
and icosahedron which have 4, 6, 8, 12, and 20 faces, respectively. Therefore, we
can imagine a highly symmetric gap-free crust (tiling pattern) made of a definite
number of identical polygons (maximum 20). On the other hand, an Archimedean
solid is a highly symmetric, convex polyhedron composed of two or more types of
regular polygons4 meeting in identical vertices. They are 13 in total and have the
following number of faces: 8, 14, 14, 14, 26, 26, 38, 32, 32, 32, 62, 62, and 92.
For instance, we can imagine a highly symmetric gap-free crust made of maximum
92 polygons (80 triangles and 12 pentagons). In spite of the fact that the above
geometrical shapes (or equivalently their tiling patterns on a spherical shell) are
highly symmetric and, therefore, suitable to be exploited as a base for making a gap-
free spherical calorimeter, they are limiting in that one has to use a definite number
of crystals of a definite polygonal profile shape. This is especially a drawback,
since for large spherical radii for the calorimeter one ends up with big sizes for the
individual crystals and that in turn means losing the angular resolution.

If the first priority in making the calorimeter is to have a 100% gap-free geometry,
then one has to forget about a highly symmetric tiling pattern. For example, one can
fully cover a spherical shell that is made of only pentagons and hexagons by using
totally 60 vertices on the spherical shell. However, among 1813 possibilities only one
of them, known as ‘truncated dodecahedron’, which is an Archimedean solid with
32 faces, is highly symmetric and has no pair of pentagons that share an edge [43].
One can make a convex polyhedron with pentagonal and hexagonal faces in which
the number of vertices in the tiling pattern grows as 2n with n = 12, 13, 14, . . . .
Only n = 30 produces a highly symmetric tiling pattern, but in principle one can
cover the shell using as many faces (equivalently crystals) as one wants using only
hexagons and pentagons, provided that the Euler theorem is satisfied:

V − E + F = 2, (4.1)

in which V , E, and F are the number of vertices, edges, and faces of the convex
polyhedra. On the other hand, if the first priority is a symmetric geometry rather
than a 100% gap-free spherical shell, we can cover the shell with tiling patterns

1 An object is convex if for every pair of points within the object, every point on the straight
line segment that joins them is also within the object.

2 A regular polyhedron is a polyhedron whose faces are congruent regular polygons which are
assembled in the same way around each vertex.

3 Two sets of points are called congruent if one can be transformed into the other by an isometry,
i.e., a combination of translations, rotations and reflections.

4 A regular polygon is a polygon which is equiangular (all angles are congruent) and equilateral
(all sides have the same length).
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with as many polygons as we wish while trying to keep it symmetric and at the
same time minimizing the amount of gaps between these tiling patterns. Especially,
when we are not obliged to cover the entire spherical surface with crystals we can
also make it out of one shape and size of polygons, to the extent that the efficiency
requirements are met. This is the case for the EXL calorimeter in which we will
have no calorimeter coverage at the two poles of the sphere, which are oriented
in the direction of the gas-jet injection. The present ongoing work on making the
individual crystals for the R3B (Reactions with Relativistic Radioactive Beams)
calorimeter [44], which is part of the future FAIR project, is focused on rectangular
profile (face) shapes. Therefore, based on the ongoing R&D [45] for the individual
crystals and because of synergy with R3B, for the simulations presented here, we
start to make the EXL calorimeter with the same geometry for the individual crystals
(rectangular profile) as in the R3B calorimeter. The crystal shapes are basically right
rectangular prismoids which are in turn a subset of prismatoids; a ‘prismatoid’ is a
polyhedron where all vertices lie in two parallel planes. If both planes have the same
number of vertices, and the lateral faces are either parallelograms or trapezoids, it
will be called a ‘prismoid’. Prismatoids have different types like pyramids, wedges,
prisms, antiprisms, and frusta, the latter of which is obtained by truncation of a
pyramid. The shape of the individual crystals for EXL, proposed in the technical
proposal, was a hexagonal profile prismoid; such a shape can be made as a union of
two similar volumes (one of which is highlighted in Fig. 4.1) each with a profile of
non-parallelogram tetrahedron. Essentially, for each ring of crystals one has to use
different sizes for the hexagonal profiles.

4.2.1 Design of the EGPA

Considering an individual calorimeter crystal as a right rectangular prismoid (a
truncated wedge or a frustum) shown in Fig. 4.5, the following geometrical relation
holds

(

dX2/2
)

(

dX1/2
) =

Hψ

Hψ − height
= 1 +

height

Hψ − height
, (4.2)

in which Hψ is the dot-product between the unit vector that connects the points O
(target position) and O′ (point at which the symmetry axis of the crystal intersects
with the line that passes through the mid-points of the two long (or short) sides of
the forward and backward rectangular faces of the prismoid that are both located at
one side of the symmetry axis) and the vector which starts from O′ and ends at the
mid-point of the long side of the backward rectangular face of the prismoid (dY2).
Thus,

tan
(

dψ0/2
)

≡ dX2

2Hψ

=
dX1

2
(

Hψ − height
) , (4.3)
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Figure 4.5: Top: right rectangular prismoid used for individual calorimeter crystals.

The symmetry axis of the prismoid, that is perpendicular to the forward and backward

rectangular faces of the prismoid at their mid-points, passes through the target position

(O). If Hη = Hψ (like what we see in this figure), the prismoid is a frustum, otherwise it

is a truncated wedge. Bottom: Top view of half of one typical rectangular prismoid that

is shown on top.

in which dψ0/2 is the angle between the line passing through the points O and O′

(symmetry axis of prismoid) and the line connecting O′ to the mid-point of the long
side of the forward (or backward) rectangular face of the prismoid (dY1 or dY2).
Hence,

dX2

dX1

= 1 +
2 · height · tan

(

dψ0/2
)

dX1

. (4.4)
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Similarly, we have
dY2

dY1

= 1 +
2 · height · tan

(

dη0/2
)

dY1

, (4.5)

with dη0/2 = tan−1
(

dY2

2Hη

)

being the angle between OO′ and the line connecting

O′ to the mid-point of the short side of the forward (or backward) rectangular face
of the prismoid (dX1 or dX2). Similar to Hψ, Hη is the dot-product between the
unit vector that connects the points O and O′ and the vector which starts from O′

and ends at the mid-point of the short side of the backward rectangular face of the
prismoid (dX2).

In principle, Hψ and Hη could be different and it is the relation between Hψ and
Hη that defines the relation between dX2 and dY2 (when dX1 and dY1 are fixed).
To remove geometrical complications, we require that for each prismoid there is one
point and only one point (O′) on the symmetry axis of the prismoid from which one
can draw lines that lie in the two planes on the two neighboring side faces of the
prismoid. Hence,

Hψ = Hη = H ⇒ dX2

dX1

=
dY2

dY1

. (4.6)

Such a prismoid is a frustum, since it is an apex-truncated pyramid rather than a
truncated wedge; ‘apex’ is a descriptive label for a visual singular highest or most
distant point or vertex in an isosceles triangle, pyramid, or cone, usually contrasting
with the opposite side called ‘base’. On the other hand, from Fig. 4.5 we have

dX2

dX1

=
H

H − height
⇒ H =

height

1 − dX1

dX2

. (4.7)

As can be seen from Fig. 4.5, the complete geometry of the calorimeter can be
built from individual crystals covering the surface of the sphere without having O′

coincide with the target point (O). In fact, this happens when we want to generalize
our approach, in which the target point can be placed anywhere on the symmetry
axis of the crystal starting from the front face (rectangular profile) of the crystal
and going to −∞ in the direction of the symmetry vector of the crystal shown in
Fig. 4.5. However, geometrically if we require all crystals to cover a spherical surface,
the minimum angular distance between neighboring crystals (gaps) happens when
O′ coincides with the target point position (provided that we require the two faces of
the crystal to look directly to the target point, like in Fig. 4.5). If O sits in between
O′ and the front face of the crystals, we would have to sacrifice the calorimeter
efficiency by introducing some gaps between neighboring crystals in order to force
them looking right towards O and at the same time having no overlaps with each
other. These gaps are at best wedge-shaped; their vertices are formed by two front
faces of two neighboring crystals touching at one line (neighboring sides). Thus, the
distance between two neighboring sides of two crystals is the smallest (= 0) on the
line where the two crystals touch each other at their front faces and the largest at
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the back face. Having this geometry in a coordinate system with O as the origin we
would expect the apex (O′) of all the imaginary truncated pyramids (crystals) to lie
on a sphere, centered at O, with a radius equal to the distance between O and O′.

On the other hand, if O sits on the other side of O′, again we would face some un-
solicited gaps between the neighboring crystals. At best we can make the geometry
(for instance a ring of crystals next to each other) with all the back windows of the
individual crystals completely touching each other at one side, which is practically
a line. Thus, the distance between the two neighboring sides of two crystals is the
smallest (= 0) on the line where the two crystals touch each other at their back
faces and the largest at the front face. That means if the target sits farther than
O′, relative to the front face of the crystals, we will have unavoidable wedge-shaped
gaps between the neighboring prismoids. Therefore, from now on, we proceed with
the assumption of having O and O′ coincide with each other, in order to make the
most efficient calorimeter with the assumed crystal shape. Consequently, assuming
that dη is the range defining the angular η-extension of one single frustum in any
coordinate system with O as the origin we will have

tan
(

dη/2
)

≡ tan
(

dη0/2
)

=
dY1

2
(

H − height
) =

dY2

2H
, (4.8)

provided that O coincides with the apex of the truncated pyramid. Hence,

dη = 2 tan−1

(

dY1

2Rin

)

= 2 tan−1

(

dY2

2Rout

)

, (4.9)

with Rin(Rout) being the distance between the target position and the forward (back-
ward) rectangular face of the frustum (crystal). This shows that dY2 depends only
on Rin when dY1 and height are fixed (Fig. 4.6).

In order to avoid volume overlaps we introduce a parameter ηtol, the angular
tolerance between the crystal rings, so that the angular distance between two neigh-
boring rings of crystals can be defined as

dη′ = dη + ηtol. (4.10)

Later on, we can choose ηtol infinitesimally small leaving no volume overlaps. There-
fore,

N = [
ηtot
dη′

], (4.11)

in which N is the total number of rings of crystals and ηtot is the total η-range within
which the crystal rings are to be placed next to each other, and [ηtot

dη′
] is the rounded

value of ηtot

dη′
. Now, by defining R′

1 as follows:

R′
1 =

√

R2
in +

(

dY1/2
)2

(4.12)
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we can find the distance between the y-axis and the lower (upper) edges of the front
face of an individual crystal in Fig. 4.6, i.e. PP ′ (QQ′):

Figure 4.6: Position (cross-section view) of the right rectangular-profile frustum in a

spherical shell (representing the forward or backward parts of the calorimeter) at a specific

cut ψ0. Here, ηj represents the angular position of the jth ring of crystals, with respect to

the equator, along the η-direction.

PP ′ = R′
1 cos

(

|ηj| − dη/2
)

QQ′ = R′
1 cos

(

|ηj| + dη/2
)

, (4.13)

in which |ηj| is the absolute value of ηj = jdη′ with −(N − 1)/2 ≤ j ≤ (N − 1)/2,
and N should be an odd number in order for the above relations to be valid (j
serves as a counter). We decided to construct the calorimeter using an odd number
of rings in order to have a symmetric assembly of crystal rings with respect to
the beam direction while having the middle (equator) ring making the plane which
contains the beam line. In fact, QQ′ is directly related to the maximum possible
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number of crystals which fit in each ring. Considering a circle centered at Q with
the radius of QQ′ and perpendicular to the y-axis, one can imagine all the upper
edges of the front faces of the crystals in a ring to be placed on the circumference of
this circle. Since dX1 is the same for all of the crystals in a ring, every crystal covers
an identical amount of the circle’s circumference. For a total ∆ψ angular coverage
of a ring over which we can fit an integer number of crystals, we would have all the
upper edges of the front faces of the crystals in a ring touching each other in a series,
leaving no free space on the circle covered by the crystals. Thus, QQ′ determines
directly the number of crystals that can make a ring. Note that the dimensions of
the crystal shown in Fig. 4.6 are exaggerated and are not in proportional scale to
the actually-realized design. What we see is the cross-sectional profile of one crystal
volume at a specific angle of ψ0 in the ψ-direction.

From Figs. 4.5 and 4.6, we can intuitively conclude that

dψ = 2 tan−1

(

dX1

2 ·Rin · sin(η)

)

= 2 tan−1

(

dX2

2 ·Rout · sin(η)

)

, (4.14)

in which dψ is the angular ψ-extension defining one single crystal in the coordinate
system and is not equal to dψ0, contrary to dη which is the same as dη0 when we
have O and O′ coinciding.

For a coordinate system with the origin (O) sitting on the symmetry axis of
the crystal but positioned between O′ and the front face of the crystal, the angular
η-extension of one single crystal could be defined as

dη = 2 · tan−1

(

dY1

2 ·Rin

)

6= 2 · tan−1

(

dY2

2 ·Rout

)

, (4.15)

whereas for a coordinate system in which the origin sits farther than O′ relative to
the front face of the crystal, the η-extension of an individual crystal could be defined
as

dη = 2 · tan−1

(

dY2

2 ·Rout

)

6= 2 · tan−1

(

dY1

2 ·Rin

)

. (4.16)

One can consider a rather “loose definition” for dη which holds for the three cases
(having O and O′ coinciding, O sitting on the right side of O′ and vice versa) as
below:

tan (dη/2) =
dYmid/2

Rin + height/2
, (4.17)

in which dYmid = dY1+dY2

2
. This is exact when we have O and O′ coinciding. The

situation gets worse if one wants to make such a loose definition for dψ with respect
to dXmid (shown in Fig. 4.5), since there is already an η-dependence in the definition
of dψ for the case of coinciding O and O′. Therefore, it is not a good idea to use a
“loose definition” for dψ in order to decrease the amount of unsolicited gaps between
the neighboring crystals in the case of non-coinciding O and O′. It is simply because
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most probably we will face volume overlaps which would be hard to locate and get
rid of, for instance, by introducing appropriate “tolerance angles”. Hence, in order
to build the geometry of the calorimeter in a systematic trustable way (in terms
of ending up with no volume overlap), one should avoid the “loose definition” but

instead use the exact definition of dψ as 2·tan−1
(

dX1

2·Rin·sin(η)

)

or 2·tan−1
(

dX2

2·Rout·sin(η)

)

,

respectively, when O is between O′ and the front face of the crystal or when it is on
the other side of O′.

On the other hand, the “loose definition” of Eq. 4.17 could be employed to define
dη, provided that we find the appropriate minimum tolerance angle η′tol in order
to have no volume overlaps. In fact, η′tol is minimum and equal to ηtol, defined
in Eq. 4.10, when O and O′ coincide. Depending on the distance between O and
O′ as well as the sizes of Rin and dY1 (or equally dY2), η

′
tol can possess different

values which is always bigger than ηtol, when O and O′ do not coincide. One could
easily obtain an optimum value for η′tol through a trial-and-error procedure, by
starting from the minimum probable value ηtol and checking the overlaps ring by
ring. This way, one could come up with different values of η′tol for each pair of
neighboring rings. Alternatively, one can use the maximum of η′tol (obtained for
every two neighboring rings) as the universal ηtol (valid for all the rings), provided
that the resulting detection coverage of the calorimeter is reasonable. For the case
of coinciding O and O′, based on which we constructed the calorimeter, we came up
with a universal value of ηtol = 0.01◦ which results in very small gaps between the
neighboring rings (≈ 0.1 mm). The fact that we cannot have an ηtol = 0◦ for the
case of the coinciding O and O′ has to do with having different number of crystals
in neighboring rings that are not essentially matched to each other at all edges.

For coinciding O and O′, from Eq. 4.14 we can deduce the following equation:

dψ = 2 · tan−1

(

dX1

2 ·Rin · cos(ηj)

)

, (4.18)

in which ηj is defined in Eq. 4.13 and shown in Fig. 4.6. Unlike dη, obviously dψ is
not a fixed number for all rings. Instead, it is a function of ring number and more
precisely should be indicated as (dψ)j. Clearly, for j = 0 (the equator ring) it is
possible to put all the crystals in a ring side by side next to each other, without
any space in between. However, this is not the case for the rings other than the
one making the equator. Therefore, in order to treat all the rings consistently we
impose another condition in order to have an automatic generation of ψtol, angular
tolerance between the crystals of a specific ring, like what we did for ηtol. Assuming
a total ψ range of ∆ψf = 240◦ for the forward part of the calorimeter (Fig. 4.7), we
require that the intersection of the two outermost sides (surfaces) of the first and
last crystals in a ring make an angle of ∆ψf . Hence, we have the following equation:

(

(dψ)j + ψtol

)

n− ψtol = ∆ψ, (4.19)
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Figure 4.7: Top view of the crystals that make the equator ring of the forward part of

the calorimeter. The intersection of the two outermost sides (surfaces) of the first and

last crystals of the ring make an angle of ∆ψf = 240◦. This is a complete confinement

of the equator ring between the two tangential planes intersecting at a line l which is

perpendicular to the equator and goes through the origin. For other rings one expects a

slight intrusion of crystals into the same planes confining the crystals.

with n being an integer number and ∆ψ standing for either of the forward (∆ψf )
or backward (∆ψb) parts of the calorimeter. Obviously, we need to find n in order
to calculate ψtol. A small routine can take care of this by starting from the integer
number n0 = 1 + [ ∆ψ

(dψ)j
] as the first guess for the maximum possible n, in which

n0 is equal or larger than [ ∆ψ+ψtol

((dψ)j+ψtol)
] for ψtol 6= 0, and checking if the calculated

ψtol from Eq. 4.19 is not smaller than the minimum “tolerance angle” (ψtol
(min))

required by the user. In the present configuration ψtol
(min) = 0.015◦ was tested and

gave no volume overlaps for ∆ψf = 240◦ for all the rings in the forward part. The

corresponding value for the backward part was obtained to be ψtol
(min) = 0.04◦ with

∆ψb = 116◦. If the calculated ψtol is smaller than ψtol
(min), then n0 will be lowered

by one unit in order for Eq. 4.19 to result in a new ψtol bigger than the previous one.
This procedure should continue until we obtain a ψtol ≥ ψtol

(min). Therefore, unlike
ηtol which is the same for all rings, ψtol changes per ring. Note that, in finding the
integer n, we use one property of the integer part function, namely that for the real
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numbers x and y we have [x+ y] ≥ [x] + [y]:

[
∆ψ

(dψ)j
] ≥ [

∆ψ + ψtol − ψtol
(

(dψ)j + ψtol

) ] ≥ [
∆ψ + ψtol

(

(dψ)j + ψtol

) ] − 1. (4.20)

4.2.2 Assemblies of volumes

It is worth to consider building the calorimeter out of smaller units (assemblies),
rather than making it by mounting individual crystals into one big assembly. Apart
from the fact that building and installing the calorimeter would be easier if we
make it out of identical smaller assemblies, there is another reason for considering
geometries of clusters, each with a number of volume elements, in the simulations.
The Geant package uses a geometry based on volumes, through which all generated
particles are tracked. There are some reports (e.g., [46]) showing that most of
the CPU time during tracking of a particle is spent by Geant in seeking in which
volume the particle is located. The time spent in this search is affected by the way
the different volumes are defined in the geometry. Experience with building similar
complex arrays suggests that for complicated geometries with a large number of
volumes it is better to use a “Russian-doll” structure (volumes inside larger volumes)
rather than defining each volume individually and placing it directly in the world
volume [46]. The procedure is to group the M basic volumes in m =

√
M container

volumes each containing m basic volumes. If
√
M is not an integer, m should be

chosen as close as possible to it. In either case, all m container volumes should
contain more or less the same number of basic volumes. Again, we divide each
container volume in p =

√
m container sub-volumes each of which containing p basic

volumes. We should keep on with the division of the sub-volumes with the same
criterion of the square root until the final subsub...sub-volume contains a relatively
small number of basic volumes.

Assembly-structured calorimeter

One can think of the calorimeter geometry that was designed for EXL, using the
procedure described in subsection 4.2.1, as one assembly of crystals extended as
much as ∆ψ in the ψ-direction. Alternatively, we can make the calorimeter out of
N identical assemblies of crystals each one covering ∆ψ/N in the ψ-direction. In
the η-direction we can introduce as much assemblies as we want, since we expect
no loss of the detection coverage as we do not have to introduce extra gaps between
the crystals of an assembly in the η-direction. For EXL, we chose an odd number
of N assemblies for the forward (Nf = 9) and backward (Nb = 3) parts of the
calorimeter, in order to allow for the beam entrance and exit holes not to fall into
more than one assembly. It should be mentioned that for Nf = 9 in the present con-

figuration ψtol
(min) = 0.01◦ was tested and gave no volume overlaps for an assembly

coverage angle of ∆ψ′
f =

∆ψf

Nf
in the ψ-direction. However, for Nb = 3 we need to
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have ψtol
(min) = 0.015◦, in order to have no volume overlaps for an assembly cover-

age angle of ∆ψ′
b = ∆ψb

Nb
for the backward part. The angular separation δψ of the

neighboring assemblies, which from now on will be referred to as the void between
the assemblies, can be chosen infinitesimally small. For rings other than the one
forming the equator ring (see the description of Fig. 4.7) we expect slight intrusions
into the planes confining the crystals of every ψ-extended assembly. Hence, δψ can
not be 0◦, due to the overlap of the crystals (for rings other than the equator) that
are located at the neighboring edges of the two neighboring assemblies. This is, of
course, because of our procedure of putting the crystals next to each other, in which
we required each ring to be confined between two planes intersecting at one line l.
Since we required l to be perpendicular to the equator (hence, arranging the crystal
rings along the ψ-direction in Fig. 4.2), we expect no volume overlap between the
neighboring assemblies (only) at the equator even with δψ = 0◦. For the whole
forward assemblies this angular void was chosen to be δψ = 0.02◦, which is large
enough not to make any overlaps between the neighboring assemblies5. The max-
imum spatial distance between the neighboring assemblies happens at the equator
and is about 2Rin sin(0.01◦) ≈ 0.2 mm for Rin = 67 cm. On the other hand, we
needed to choose this δψ to be at least 0.05◦ in order to have no overlaps between
the three assemblies of the backward part. This is equivalent to a maximum spatial
distance of 2Rin sin(0.025◦) ≈ 0.3 mm, with Rin = 37 cm, between the neighboring
assemblies. Following the above discussion, it is easily concluded that the exact
coverage angle would be ∆ψf

(exact) = ∆ψf + (Nf − 1)δψf for the forward part and

∆ψb
(exact) = ∆ψb + (Nb − 1)δψb for the backward part. The outermost edges of all

the rings of the whole forward part are positioned at angles ψf
(start) and ψf

(end)

defined as

ψf
(start) = ψmid − ∆ψf/2 − (Nf − 1)

2
δψf

ψf
(end) = ψmid + ∆ψf/2 +

(Nf − 1)

2
δψf , (4.21)

and in a similar way for the backward part as

ψb
(start) = ψmid − ∆ψb/2 − (Nb − 1)

2
δψb

ψb
(end) = ψmid + ∆ψb/2 +

(Nb − 1)

2
δψb, (4.22)

5 It should be mentioned that in the realized geometry, the ψ-extended assemblies are basically
pockets of crystals touching each other with no angular void between them. In the text,
wherever we talk about assemblies, they are bounded in the ψ-direction by virtual planes into
which the crystals might slightly intrude. In other words, the interval made by the realized
boundaries of any crystal pocket in the ψ-direction will thoroughly cover the interval made by
the virtual boundaries of the assembly of crystals.
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in which ψmid represents the angular orientation of the beam (z-axis) in the ψ-
direction.

Similarly, each assembly in the ψ-direction was divided into an odd number of
assemblies (N ′ = 11) in the η-direction for both forward and backward parts of the
calorimeter. Unlike ψtol which changes per ring of the crystals, when we bound the
crystals inside a ψ-extended interval, ηtol can be chosen as an infinitesimally small
fixed angle (0.01◦) for all the rings of the crystals, when we bound the crystals inside
an η-extended interval.
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Figure 4.8: Gaps between the crystals in a ring when we divide the forward part of the

calorimeter into 7 (triangles), 9 (squares), and 11 (solid circles) assemblies for a range of

∆ψf = 240◦ in the ψ-direction. For comparison, the result for the non-assembly-structured

geometry is also presented (empty circles). Here, ψtol
(min) = 0.015◦ is assumed for all

configurations. The connecting lines are drawn to guide the eyes.

For the assembly-structured geometry of the calorimeter described above, we
have a total of 12486 crystals for the forward part which are actually confined be-
tween two intersecting planes with 240◦+(9−1)×0.02◦ in between, for ∆ψf = 240◦.
For the non-assembly-structured geometry, we choose ∆ψf = 236.5◦ in order to have
nearly the same number of crystals (12484) as compared to the assembly-structured
geometry. This way we can compare CPU time consumption of a typical run for the
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two geometrical configurations. If we confine the non-assembly-structured calorime-
ter in the same 240◦ range, there would be 12672 crystals needed. It should be
mentioned here that for both assemblies we have 51 rings with ηtol = 0.01◦ in order
to cover about 88◦ in the η-direction. This is the range needed to cover all the silicon
layers.

Having in mind the discussion on the geometry optimization, we can at first
step divide the non-assembly-structured geometry in

√
12484 ≃ 111 assemblies. We

choose to perform this assemblage in both η and ψ-directions. Considering the
angular range of the exit hole for the beam to be around 7 to 8 degrees we came
up with 11 assemblies in the η-direction. Consequently, in order to have the closest
number to 111 we need to have 10 assemblies in the ψ-direction (10 × 11 = 110).
However, we should either choose 9 or 11 since we need to have an odd number
of assemblies in the ψ-direction. On the other hand, it is obvious that the bigger
the number of assemblies in the ψ-direction, the smaller would be the number of
crystals in a given assembly, making it more probable to wind up with larger gaps.
Therefore, choosing 9 assemblies rather than 11 in the ψ-direction is more favorable.
Fig. 4.8 compares the gap between the crystals when we divide the forward part into
7, 9, and 11 assemblies in the ψ-direction. Here, the gap is defined as the distance

Table 4.2: Detailed information of the specifications for each of the nine assembly groups

in the ψ-direction of the forward part of EGPA. Here ‘LR’ stands for a local ring-ID in a

specific η-assembly. In total we will have 60 crystals missing in the central assembly, due

to the beam entrance to the calorimeter.

Assembly crystal Number of
η-ID content local rings Number of crystals in

LR=0 LR=1 LR=2 LR=3 LR=4
0 116 5 22 23 23 24 24
1 129 5 25 25 26 26 27
2 140 5 27 28 28 28 29
3 117 4 29 29 29 30 ×
4 120 4 30 30 30 30 ×
5 150 5 30 30 30 30 30
6 120 4 30 30 30 30 ×
7 117 4 30 29 29 29 ×
8 140 5 29 28 28 28 27
9 129 5 27 26 26 25 25
10 116 5 24 24 23 23 22

Total 1394 51 × × × × ×

between the mid-points of the lower edges of the neighboring side faces of the two
neighboring crystals in a specific ring. The maximum distance between the two side
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faces of the two neighboring crystals happens at the lower edge of the two faces. This
is directly related to the fact that it is QQ′, and not PP ′ in Fig. 4.6, that determines
how many crystals can be put next to each other without overlapping. Notice that
these two side faces are not parallel to each other, hence, the distance between their
lower edges is less at the front faces than at their mid-points. Therefore, we need
to find the optimum gap between the crystals in order to have no volume overlap
for the neighboring crystals in a ring. Thus, for the sake of comparing the gaps
between the crystals in Fig. 4.8, we ended up with ψtol

(min) = 0.015◦ in order for
all the three configurations of Nf = 7, 9, and 11 to have no volume overlaps for the
range of ∆ψf = 240◦.

Table 4.3: Same as Table 4.2 for each of the three assembly groups in the ψ-direction

of the backward part of EGPA. In total we will have 18 crystals missing in the central

assembly, due to the beam entrance to the calorimeter.

Assembly crystal Number of
η-ID content local rings Number of crystals in

LR=0 LR=1 LR=2
0 57 3 18 19 20
1 63 3 20 21 22
2 45 2 22 23 ×
3 46 2 23 23 ×
4 48 2 24 24 ×
5 72 3 24 24 24
6 48 2 24 24 ×
7 46 2 23 23 ×
8 45 2 23 22 ×
9 63 3 22 21 20
10 57 3 20 19 18

Total 590 27 × × ×

Table 4.2 shows how many rings, each including how many crystals, are to be
placed in each ηiψj-assembly (with 0 ≤ i ≤ 10) when we have 9 assembly groups in
the ψ-direction (0 ≤ j ≤ 8) for the forward part. This is performed in such a way
to have more or less the same number of crystals in each ηiψj-assembly. Rings of
each ηiψj-assembly are labeled in the η-direction in an ascending order, hence, we
have local ring-IDs ranging from zero to maximum 4 for all the ηiψj-assemblies of
the forward part. Table 4.3 shows the same information for the backward part when
we have 3 assemblies in ψ-direction.

Figs. 4.9 and 4.10 represent two flowcharts showing how the forward part of
the calorimeter is constructed in non-assembly-structured and assembly-structured
ways, respectively. The symbols in Fig. 4.9 are defined as follows; Rin: inner
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Figure 4.9: Flowchart showing how forward (backward) part of the EXL calorimeter

is constructed as a whole (no assembly). For explanation of the symbols see the text.

The rectangular, trapezoidal, and diamond blocks represent a calculation or an operation,

reading the input data, and assessing a condition, respectively.
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Figure 4.10: Same as Fig. 4.9 for an assembly-structured geometry of the forward part.

Here, the forward part is assumed to be made of totally 11 × 9 assemblies.
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radius of the ball (forward or backward part of the calorimeter), dY1: length (long
side) of the crystal window, dη: η-extension of the crystal in a coordinate system
centered at the target point, ∆η: η-range within which all the crystal rings are to
be placed, ηtol: angular tolerance introduced between the crystal rings, N : total
number of rings of crystals, j: index running over the crystal rings, ηj: angular
position of jth ring, dX1: width (short side) of the crystal window, dψj: ψ-extension
of an individual crystal in jth ring in a coordinate system centered at target point,
∆ψ: ψ-range within which all the crystals of a typical ring are packed next to each
other, n: number of crystals that are to be packed in a specific ring, ψtol: calculated
angular tolerance to be considered between the crystals of a specific ring, i: index
running over the crystals in a ring. The condition ψtol < 0.015◦ is to be required
in order to have no volume overlaps between the crystals of the forward part. This
condition should be substituted with ψtol < 0.04◦ for the backward part.

One can make an estimation of the weight of calorimeter crystals; for the assembly-
structured forward part of ∆ψf = 240◦ with 12486 crystals it will be,

M = ρ · V = 12486 · ρ · height · (A1 + 4 · A2 + A3)/6 (4.23)

in which ρ is density of the material from which the crystals are made and V/12486 is
the volume of a prismatoid-shape crystal with height = 20 cm, A1 and A3 the areas
of the two faces of the crystal, and A2 the cross-sectional area of the intersection
of the prismatoid with a plane midway between the two parallel faces. With the
foregoing dimensions of a crystal made of CsI (ρ = 4.53 g/cm3) we will end up with
M ≈ 2.872 Tons.

4.3 Some simulation results for the recoil

detector setup

In the discussion concerning the assemblage of the calorimeter, we mentioned in 4.2.2
that one reason for making an assembly-structured geometry has to do with the
optimization of the geometry in the simulation code in order to reduce the CPU
time. Reports on the comparison of time consumption using optimized geometry
versus non-optimized geometry shows considerable difference for simulations with
Geant3 [46]. We did a similar investigation on the CPU time consumption in Geant4,
using our EXL recoil detector geometry. We expect to be sensitive enough to mea-
sure the difference in CPU time consumption when having the assembly-structured
or non-assembly-structured calorimeter. This is because we have a fairly big number
of crystal volumes in the geometry (in total 14238 crystals for the non-assembly-
structured forward and backward part). Therefore, if there is any difference between
the two configurations, in terms of the CPU time consumption, we should be able to
detect it even at the first order of assemblage process which was discussed in 4.2.2.
Fig. 4.11 compares the CPU time consumption by Geant4 with and without the



4.3. Some simulation results for the recoil detector setup 61

assemblage of the calorimeter explained in 4.2.2. The fact that there is no dif-
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Figure 4.11: Comparison of the CPU time per event versus the thrown (kinetic) energy

of the proton for the EXL assembly-structured (squares) and non-assembly-structured

(triangles) calorimeter. Here, time consumed by Geant4 for setting up the geometry is

excluded. Empty and full symbols show, respectively, the time consumed for the full

analysis and for only tracking of particles.

ference in the CPU time consumption for an optimized (assembly-structured) and
non-optimized (non-assembly-structured) geometry of the calorimeter shows that,
unlike Geant3, Geant4 is internally optimized for non-assembly-structured geome-
tries. In other words, based on the present investigation, we cannot win in CPU time
through assemblage of the calorimeter, while performing simulations (tracking) in
Geant4. The internal geometry optimization is performed by Geant4 before starting
the simulations. For our geometry of recoil detector setup it takes about 70 seconds
(independent of doing assemblage or not) before starting the event generation and
tracking.

Although the results show that we do not win in CPU time by dividing the
geometry into assemblies in Geant4 simulations, the idea can still be used while
adjusting the simulation code for the Virtual Monte Carlo (VMC) simulations6.
In this case one would win in CPU time, for instance, when using the Geant3
transport. In addition, the idea of doing assemblage could be useful in another

6 In VMC simulations, one can employ different available transport packages (Geant3, Geant4,
and Fluka) in a single common code by calling them through a flag.
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sense, namely for manufacturing the calorimeter. Obviously, it is much easier and
more sensible to install and put together smaller pockets of crystals to construct the
calorimeter rather than making it the way we did for the non-assembly-structured
calorimeter. The way that we did the assemblage allows us to have crystal pockets
(assemblies of crystals) with flat sides perpendicular to the ψ-direction (Fig. 4.2).
This is convenient when we want to put the crystal pockets next to each other,
leaving the minimum amount of space between the neighboring pockets in a row
of pockets. It should be mentioned that in our assemblage method we came up
with 11 rows of pockets (see subsection 4.2.2) in order to make the most optimized
geometry for the sake of minimizing the CPU time. Nevertheless, one can come up
with smaller pocket sizes using the same approach to assemblage into bigger number
of rows (columns) of pockets extended along ψ (η) direction, since CPU time is not
an issue (at least in Geant4 simulations). However, based on the results of Fig. 4.8,
one should be careful not to introduce big number of pocket columns. One can see
from this figure that the bigger the number of pockets along the ψ-direction (pocket
columns), the bigger would be the amount of gaps between the individual crystals in
a ring of crystals. In any case, one has to do careful simulations to check the effect of
introducing bigger number of pockets in the ψ-direction on the overall efficiency of
the recoil detector. On the other hand, the number of assemblies or crystal pockets
along the η-direction (pocket rows) should not affect the efficiency, since the gaps
between the crystals along this direction are fixed and independent of the extension
of the pocket along η̂. Thus, one can, in principle, consider as many pockets along
η-direction as convenient for installation without being worried about the efficiency
of the setup.

4.3.1 Calorimeter acceptance

Speaking of assembly-structured and non-assembly-structured geometries, in the
way that we explained in subsection 4.2.2 for the EXL calorimeter, one can ask
about the practical differences that the two approaches can make in the expected
performance. The discussion of subsection 4.2.2 on the gaps between the crystals,
using different numbers of assemblies for the forward part, allowed us to conclude
intuitively that the lower the number of assemblies in the ψ-direction the less would
be the average gap between the crystals. This was reflected in Fig. 4.8 comparing
three different assembly numbers to be used in order to cover a fixed angular range.
The same comparison can be made between an assembly-structured and a non-
assembly-structured forward part, assuming 9 assemblies for the assembly-structured
geometry obtained from the optimization procedure that was already explained in
subsection 4.2.2. Fig. 4.12 (top panel) makes this comparison, using ψtol

(min) =
0.015◦ in order for both configurations of Nf = 1 and Nf = 9 to have no volume
overlaps in a range of ∆ψf = 240◦ for the forward part same as in Fig. 4.8. For

the backward part (bottom panel), this comparison is made, with ψtol
(min) = 0.04◦,

between the configurations of Nb = 1 and Nb = 3 in a coverage of ∆ψb = 116◦ for the
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backward part. The results can be qualitatively interpreted as an obviously better
geometrical acceptance for the non-assembly-structured calorimeter especially for
the forward part. The highly fluctuating behavior of the data corresponding to the
assembly-structured geometries is a sign of the significant extension of individual
crystals in the ψ-direction as compared to the angular extension of the assembly
along this direction.
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Figure 4.12: Gaps between the crystals in a ring for assembly-structured (stars; 9 assem-

blies in the ψ-direction) and non-assembly-structured (squares) geometry for the calorime-

ter. The comparison is made for the forward part with an angular coverage of 240◦ (top

panel as in Fig. 4.8) and the backward part of 116◦ (bottom panel) in the ψ-direction.
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In fact, in a geometry without silicon-detector elements it is more favorable (more
efficient calorimeter) to make each of the forward and backward parts out of one
assembly, merely based on the “gap” assessment. However, due to the multiple scat-
tering of protons in the silicon-detector elements before the calorimeter, one needs
to make a better quantitative assessment of the overall energy efficiency. Fig. 4.13
compares the efficiency of the calorimeter itself (crystals in vacuum and no silicon-
detector element and UHV shell in geometry7) for both configurations when protons
are impinged on the calorimeter. The efficiency here is considered to be the ratio of
the number of protons, which satisfy the calorimeter threshold condition (at least
one crystal detects deposited energy more than the threshold of the crystal), to the
total number of events randomly thrown into a solid angle, which must subtend a
smaller area than the area of the calorimeter over which crystals are more or less
homogeneously distributed.

Apart from the quantitative conclusions that one can draw from the geometrical
positions of individual volume elements, simulation packages usually provide an
auxiliary way for facilitating such quantitative assessments. This facility is actually
the possibility of switching off/on the physical processes of interest, provided that
one has already defined these processes appropriately in the code. In Geant4, it is the
user’s responsibility to define the physical processes of interest in his/her simulations
code. We have used this capability of switching off/on the multiple scattering (msc)
process, in order to quantify the transparency (a rough measure of the percentage of
the gaps) of the calorimeter for both configurations: assembly-structured and non-
assembly-structured (forward part) calorimeter in the presence of silicon-detector
elements and UHV shell. Here, we consider the transparency of the calorimeter
as the percentage of protons that cannot, in absence of msc, satisfy the threshold
condition of calorimeter. Thus, a fully transparent geometry is a geometry in which
no energy deposition is detected. Hence, based on this definition, inelastic hadronic
interactions can only increase the transparency. Consider the recoil detector setup
without the silicon-detector elements and UHV shell in the geometry. In the absence
of msc we can scan over the radially-oriented empty spaces between the crystals and
calculate the percentage of these empty spaces over the effective solid angle, i.e.
solid angle within which protons are generated. This was done by generating single-
energy protons at the target point in random directions, covering only region D of
silicon-detector arrays, over which we know that the calorimeter crystals are more
or less homogeneously distributed with respect to each other. Since all crystals are
frustums whose apexes virtually coincide at the target point, one expects that all
generated protons at the target point that miss the entrance windows of the crystals
pass through the gaps without hitting any of the crystals. Similarly, in the absence
of msc, those protons which enter a crystal will stay in that crystal all the way until
they stop or undergo a hadronic interaction.

Upon the inclusion of msc the particle escape through the gaps between the

7 For an explanation of the UHV shell, see subsection 4.3.2.
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Figure 4.13: Efficiency of the EXL calorimeter (Si-detector elements and UHV shell re-

moved, and crystals placed in vacuum) versus the thrown energy of protons, calculated for

randomly thrown protons in Θ = [15◦, 35◦] and Φ = [0, 2π], for non-assembly-structured

(squares) and assembly-structured (stars) calorimeter. Solid symbols show the calcula-

tions taking into account all physical processes and hollow symbols (squares and stars)

disregarding only multiple scattering (msc). The efficiency here is defined as the ratio of

the number of events, which satisfy the condition of depositing more than 1 (top panel), 10

(middle panel), or 40 MeV (bottom panel) in at least one of the crystals of the calorimeter,

to the total number of events. For the non-assembly-structured calorimeter and for the

crystal threshold energy of 40 MeV, the data in absence of only inelastic hadronic inter-

actions (triangles) and in absence of both msc and inelastic hadronic interactions (circles)

are also shown.

crystals can be considerable, when protons hit more crucial areas of the entrance
window of a crystal. One can expect, intuitively, the areas close to the edges of the
entrance window of a crystal to be more crucial, since the deviation of the particles



66 Chapter 4: Simulations for the EXL detector setup

due to msc at small scattering angles is considerable as compared to the larger
scattering angles. Consequently, one might expect that for the calorimeter energy
thresholds that are considerably high, msc decreases the efficiency since the amount
of crystal material passed by the proton is not enough to satisfy the threshold.
In order to test this scenario and see how the calorimeter threshold energy can
affect the amount of contribution of msc in shaping the efficiency, we switch off the
hadronic interaction when taking, for instance, the extreme case of 40 MeV for the
calorimeter threshold energy (Fig. 4.13). The comparison of data points (except
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Figure 4.14: Same as Fig. 4.13, but for the case where the crystals are placed in air.

for the thrown energy of 50 MeV) when we have no inelastic hadronic interaction
and when we have neither msc nor hadronic interactions shows that in fact, even
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with high threshold values, msc cannot induce protons to escape through the gaps.
Therefore, particle drain (undetectable protons) from the calorimeter due purely
to msc in the calorimeter is negligible, even when we have a sizable threshold of
40 MeV; it is only due to those protons that do not hit any crystal and go through
the gaps all the way until they leave the calorimeter. The drop of the data points at
thrown proton energy of 50 MeV is due to the high value of threshold as compared
to the thrown energy. Looking at the trend of data points from 100 MeV to 300 MeV
(for instance, solid squares in the lower panel of Fig. 4.13) one observes a decrease
at intermediate energies in this thrown energy range. The reason is that despite the
fact that the probability of inelastic hadronic scattering increases with increase in
the thrown energy (hence lowering the efficiency), at some thrown energy the events,
undergone inelastic hadronic interaction, are left with enough energy to satisfy the
threshold (hence increasing the efficiency). Based on the explained configuration
of crystals (non-assembly-structured forward calorimeter), the exact percentage of
gaps over the area of generation is what the circles in Fig. 4.13 show as decrease
from 100% efficiency (i.e., about 2%).

Fig. 4.14 is the same as Fig. 4.13 when the crystals are placed in air. It shows
how much the air between the crystals can obscure the effect of gap on lowering
the efficiency. For instance, at 20 MeV thrown energy for protons we expect a
fully efficient non-assembly-structured calorimeter as compared to a 2% loss in the
efficiency when crystals are in vacuum. Looking at the bottom panel of Fig. 4.14
one can see that, except for the thrown energy of 50 MeV, the triangles show higher
efficiencies than the circles. This is contrary to the situation in Fig. 4.13, in which
they are more or less on top of each other. This shows that due to introducing air
between the crystals the msc in the air helps increase the efficiency.

Fig. 4.15 gives an estimation of the calorimeter transparency for each of the two
calorimeter configurations used in the recoil detector setup when we have silicon-
detector elements and UHV shell in the geometry and no air between the crystals.
For thrown proton energies of 20 MeV and 50 MeV, the efficiency falls considerably,
since there is a high probability for protons to be captured in the silicon-detector
layers and, hence, not satisfy the threshold condition. The efficiency of the recoil
detector setup for both geometries averages to about 0.995 (for 1 MeV calorimeter
threshold energy) for thrown proton energies of more than 100 MeV (solid symbols).

We can also estimate the percentage of gaps in the calorimeter while keeping the
silicon-detector elements in the geometry. Knowing that punching through the sili-
con detectors happens well below 100 MeV, Fig. 4.15 reveals more or less the same
results as in Fig. 4.13. By switching off the hadronic interactions (empty trian-
gles), we can effectively prevent protons from having inelastic hadronic interactions
in the silicon-detector elements, which is necessary to make sure that protons of
thrown energies more than 100 MeV will punch through the silicon-detector array.
In addition, by switching off the msc we allow the protons, which already punched
through the silicon-detector elements at right positions, to go through the gaps and,
therefore, not satisfy the threshold condition. Therefore, as we can see in Fig. 4.15,
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Figure 4.15: Efficiency of the EXL recoil detector setup (including the Si-detector lay-

ers and UHV shell, all placed in vacuum) calculated for randomly thrown protons in

Θ = [15◦, 35◦] and Φ = [0, 2π] for non-assembly-structured (bottom panels) and assem-

bly-structured (top panel) calorimeter geometries. The efficiency here is defined as the

ratio of the number of events which satisfy the condition of depositing more than 1 or

40 MeV in at least one of the crystals of the calorimeter to the total number of events.

Different symbols show the calculations in presence of all physical processes (full squares),

in absence of only msc (hollow squares), in absence of only inelastic hadronic interactions

(triangles), and in absence of both msc and inelastic hadronic interactions (circles).

absence of msc acts in the direction of decreasing the calorimeter efficiency. Looking
at the circle symbols, the average percentage of gaps for the assembly-structured and
non-assembly-structured calorimeters amounts to about 3.6% and 2%, respectively.
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These results are comparable to those shown in Fig. 4.13, as they should.
Fig. 4.16 shows the same results as Fig. 4.15 when we put the crystals in air. It
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Figure 4.16: Same as Fig. 4.15, but for the case where the crystals are placed in air.

shows approximately the same results (solid squares) as in Fig. 4.15, since introduc-
ing the silicon elements as well as the UHV shell in the geometry already obscures
the significance of gaps between the crystals even when we have no air between them.
Table 4.4 represents the average values of the efficiency corresponding to Figs. 4.15
and 4.16 over the energy range of 100 − 300 MeV, when various interactions are
included.

Fig. 4.17 shows the fraction of energy that is collected by the Si-detector elements
and calorimeter as a function of the thrown proton energy. While no detection
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Table 4.4: The average values of the efficiency corresponding to Fig. 4.16 (where the

crystals are placed in air) over the proton energy range of 100 − 300 MeV, when various

interactions are included. The corresponding numbers for Fig. 4.15 (where the crystals

are placed in the vacuum) are the same within one percent. Here, a trigger threshold of

1 MeV is considered for the crystals.

msc hadronic msc and hadronic all interactions
OFF OFF OFF ON

Assembly-structured 0.966 0.996 0.968 0.993
Non-assembly-structured 0.982 0.999 0.985 0.996

threshold is considered for the individual crystals and Si-detector elements, a trigger
threshold of 1 (40) MeV is assumed for the calorimeter crystals. The decrease in
the efficiency of the energy collection at 50 MeV proton energy, as compared to
the data point at 100 MeV, can be understood knowing the fact that protons start
to punch through the Si-detector elements (≈ 9.4 mm thick, in total) at an energy
around 42 MeV. The decrease of the fraction after 100 MeV has to do with increasing
percentage of particles undergoing hadronic interaction. The fall of the data points
(visible in the trend of triangles or even slightly in circles) at energies close to
300 MeV is the signature of punching through the calorimeter. In real experiments,
one is generally interested in the total energy reconstruction of the particle emerging
from the interaction zone. Since particles undergo hadronic interactions, thereby
losing part of their energy, we performed a number of simulations to obtain the
number of particles for which the total energy reconstruction leads to the initial
particle energy. This results in a “full-energy” efficiency for protons for the Si-
detector elements and the two configurations of calorimeter as shown in Fig. 4.18.

Doing simulations we can study the relevance of the amount of deflection in-
duced on particles with thrown energy. This way, we can study the effect of this
fact on accentuating or downplaying the role of the gaps between the crystals for
the protons punching through the silicon elements. Looking at the trend of the
triangle symbols in Fig. 4.15 (top panel), there is a slight decrease in efficiency from
100 MeV to 300 MeV data points of the assembly-structured calorimeter. This
has to do with the different amounts of deflection induced on the proton through
experiencing msc in the silicon-detector layers. Fig. 4.19 compares the proton de-
flection angle due to msc, after the three silicon-detector layers of region D, for
two thrown energies. As expected for the higher thrown energy, the multiply-
scattered protons are focused more toward the smaller angles. This in turn allows
the protons to find their way more easily through the gaps between the crystals
than the thrown protons of lower kinetic energies. In order to make a rough es-
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Figure 4.17: The “average” fraction of energy that is collected by the ESPA and EGPA

as a function of the thrown proton energy. No detection threshold is considered for the

individual crystals and silicon elements, and a trigger threshold of 1 (40) MeV is assumed

for the calorimeter crystals. The description of symbols is the same as in Fig. 4.15. All

recoil-detector elements are present in the geometry (including the UHV shell) and the

crystals are placed in air.

timation based on the geometry to explain the trend of the triangle symbols, we
take the equator ring and get the size of the gap from Fig. 4.12 for the assembly-
structured (0.44 mm) and non-assembly-structured (0.24 mm) in the forward direc-
tion. The corresponding covering angles of these gap widths, for the calorimeter
inner radius of 65 cm, would be (∆ξ)assembly−structured = 2 sin−1

(

0.044
2×65

)

= 0.0388◦
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Figure 4.18: The full-energy efficiency of the sum of energy deposits in the Si-detector

elements and calorimeter as a function of the thrown proton energy. No detection threshold

is considered for the detector elements, and a trigger threshold of 1 MeV is assumed for the

calorimeter crystals. All recoil-detector elements are present in the geometry (including

the UHV shell) and the crystals are placed in air. Stars and squares represent the results

for the assembly-structured and non-assembly-structured calorimeters, respectively.

and (∆ξ)non−assembly−structured = 2 sin−1
(

0.024
2×65

)

= 0.0212◦. Therefore, from Fig. 4.19,
the number of protons undergone multiple scattering within (∆ξ)assembly−structured
and (∆ξ)non−assembly−structured is obtained to be 54 and 16 for 100 MeV generated
protons and 420 and 112 for 300 MeV generated protons (simulations done with
105 events), respectively. This means that, going from 100 to 300 MeV, we should
expect efficiency losses of about 0.36% and 0.1% for the assembly-structured and
non-assembly-structured geometries, respectively, when generating 300 MeV rather
than 100 MeV protons. In order to obtain these inefficiencies, we have used a crude
approximation in the geometry of the gaps. The corresponding efficiency losses,
from 100 to 300 MeV, that we get from simulations with the correct geometry, as
presented in Fig. 4.15 (triangle symbols), are 0.31% for assembly-structured and
0.07% for non-assembly-structured calorimeter, which are in very good agreement
with the rough estimates made.

Finally, a number of simulations were done using photons as impinging particles.
Fig. 4.20 shows the results of the efficiency for the thrown photons (solid symbols),
calculated for assembly-structured and non-assembly-structured geometries, includ-
ing the Si-detector elements and UHV shell and introducing air between the crystals.
The photon energy range of up to 300 MeV is chosen for this study to see the re-
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Figure 4.19: The proton deflection angle caused by only msc (solid histograms) and by

msc as well as elastic hadronic interactions (dashed histograms), after punching through

the three parallel silicon-detector layers of thicknesses 100 µm, 300 µm, and 9 mm, as ob-

tained from simulations. The thin and thick histograms are for proton generation energies

of 100 MeV and 300 MeV hitting the layers perpendicularly.

sponse of the system for photons that can be produced at these high beam energies.
The hollow symbols show the fraction of the total energy collected by the calorime-
ter and Si-detector elements for those events which satisfy the threshold condition
of at least one crystal element (trigger threshold). In the simulations, a detection
threshold of 100 keV is considered for each crystal element. Based on the results of
Fig. 4.20 (for instance, the upper panel), an average calorimeter efficiency of 98%
(non-assembly-structured) and 97% (assembly-structured) for the energy range of
100 − 300 MeV is expected. These values are comparable to the corresponding val-
ues for protons in Table 4.4, when msc is OFF. One should note, however, that the
full-energy reconstruction as was done for protons in Fig. 4.18, is not as easy for
photons due to creation of electromagnetic showers and leakage of energy out of the
detection volume. Subsequently, the fraction of the detected photons which do not
carry the initial energy is sizable (around 15% for 10 MeV) and increases with the
thrown photon energy (around 67% for 150 MeV).

Fig. 4.21 shows the multiplicity of the calorimeter crystals for various thrown



74 Chapter 4: Simulations for the EXL detector setup

0 50 100 150 200 250 300
0.88

0.9

0.92

0.94

0.96

0.98

1
E

ffi
ci

en
cy

1 MeV

0 50 100 150 200 250 300

0.7

0.8

0.9

1

E
ffi

ci
en

cy

10 MeV

0 50 100 150 200 250 300
0.6

0.7

0.8

0.9

1

Thrown Photon Energy [MeV]

E
ffi

ci
en

cy

40 MeV

Figure 4.20: Efficiency of the EXL recoil detector setup (including the Si-detector layers

and UHV shell). It is calculated for the EGPA placed in air and for randomly thrown

photons in Θ = [15◦, 35◦] and Φ = [0, 2π] for non-assembly-structured (solid squares) and

assembly-structured (solid stars) calorimeter geometries. The efficiency here is defined as

the ratio of the number of events which satisfy the condition of depositing more than 1,

10, or 40 MeV (trigger threshold) in at least one of the crystals of the calorimeter to the

total number of events. The hollow symbols show the fraction of the total energy collected

by the calorimeter and Si-detector elements, for those events which satisfy the threshold

condition of at least one crystal element. A detection threshold of 100 keV is considered

for each crystal. Note the different scales for the lower two figures compared to the upper

one and earlier similar figures.
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photon energies, calculated for the assembly-structured calorimeter, including the
Si-detector elements and UHV shell and introducing air between the crystals. It
represents the multiplicity pattern when we introduce various trigger thresholds
(1 MeV, 10 MeV, and 40 MeV) with a fixed detection threshold of 100 keV for indi-
vidual crystals. The average number of crystals per event contributing in building
up the histograms of Fig. 4.21 (100 keV detection threshold) are summarized in Ta-
ble 4.5. The multiplicity patterns for the non-assembly-structured calorimeter look

Table 4.5: The average number of crystals per event (N) contributing in building up the

histograms of Fig. 4.21 (100 keV detection threshold) for various trigger thresholds (1, 10,

and 40 MeV) at different photon energies.

trigger threshold [MeV] photon energy [MeV] N
10 6
20 (9)

1 (10) [40] 60 [16]
100 26 (26) [26]
200 38 (38) [38]
300 48 (48) [48]

approximately like the patterns in Fig. 4.21. Fig. 4.22 shows the sensitivity of the
multiplicity pattern (for the assembly-structured calorimeter) to various detection
thresholds for the thrown photon energies of 15 and 100 MeV and with a trigger
threshold of 1 MeV. The simulation results of the sensitivity of the multiplicity for
the trigger thresholds of 10 and 40 MeV show similar patterns. The average num-
ber of crystals per event contributing in building up the histograms of Fig. 4.22
for 100 MeV thrown photons (upper panel) are obtained to be 28, 26, 19, and 9,
respectively, for detection thresholds of 0, 100, 300, and 1000 keV. The correspond-
ing numbers for 15 MeV thrown energy (bottom panel) are 8.2, 7.5, 5.7, and 2.5,
respectively.

Acceptance survey for an alternative geometry of the
calorimeter

We already saw in 4.2.1 how to construct the calorimeter out of the individual
identical crystals by positioning (addressing) each crystal at a particular (η, ψ) point.
However, there is another way of configuring the calorimeter geometry by addressing
the (θ, φ) position of each crystal in which θ and φ are the physical polar and
azimuthal angles. This way, each ring of crystals is represented by a specific θ angle
which is physically more intuitive than being represented by an η angle. This is
because in the (θ, φ) configuration every crystal has a well defined angular position
in the spherical coordinate system which changes in a homogeneous way with respect
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Figure 4.21: The multiplicity of the calorimeter crystals for various thrown photon ener-

gies, calculated for the assembly-structured calorimeter, including the Si-detector elements

and UHV shell and introducing air between the crystals. The patterns were obtained for

randomly thrown photons in Θ = [15◦, 35◦] and Φ = [0, 2π] and various trigger thresholds

(1 MeV, 10 MeV, and 40 MeV) with a fixed detection threshold of 100 keV for each crystal.

For each trigger threshold, the multiplicity was obtained for thrown energies of 100 MeV,

200 MeV, and 300 MeV (solid histograms) and 10 MeV, 20 MeV, and 60 MeV (dashed

histograms in the top, middle, and bottom panels, respectively).
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Figure 4.22: Top: sensitivity of the multiplicity pattern (for the assembly-structured

calorimeter) to various detection thresholds (100 keV, 300 keV, and 1 MeV) for the thrown

photon energy of 100 MeV and with a trigger threshold of 1 MeV. Bottom: same as the

top panel, but for thrown photon energy of 15 MeV. The dashed histograms were obtained

with no detection threshold.

to the neighboring crystals in both θ̂ and φ̂ directions. Fig. 4.23 shows this new
configuration of crystals (as compared to Fig. 4.2) with respect to the silicon-detector
elements. Fig. 4.24 shows the minimum size of gaps for each ring of the forward
and backward parts of the calorimeter together with the calculated efficiency for the
non-assembly-structured calorimeter geometry of Fig. 4.23. Based on this figure,
the efficiency of the recoil detector setup amounts to about 99% (solid squares) for
proton thrown energies of 100 − 300 MeV, while the percentage of gaps between
crystals in the generation solid angle is about 4% (circle symbols). These can be
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Figure 4.23: Alternative configuration for the calorimeter crystals in ERGA as compared

to Fig. 4.2. For the forward and backward parts of this geometry we ended up with 63

and 14 rings with totally 13701 and 1905 crystals, respectively. Total CPU time needed

for geometry optimization is about 80 s in Geant4 as compared with 70 s for the geometry

shown in Fig. 4.2.

compared with the corresponding numbers for non-assembly-structured geometry
of Fig. 4.2, namely 0.98 and 2%, respectively, for the efficiency and percentage of
average amount of gaps between the crystals.

As was mentioned in 4.2.1, we could make the non-assembly-structured calorime-
ter of Fig. 4.2 by introducing a minimum tolerance angle between neighboring crys-
tals in the ψ-direction (ψtol

(min)). The geometry of Fig. 4.2 is bounded within an
η-range of about 90◦ around the equator. This way we ended up with ψtol

(min) =
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Figure 4.24: Top: gaps between the crystals in a ring for the non-assembly-structured

calorimeter geometry shown in Fig. 4.23. The squares and triangles are corresponding

to the forward and backward parts of the calorimeter, respectively. Bottom: same as

Fig. 4.16 (middle panel) for the geometry of Fig. 4.23.

0.015◦, which allowed us to make all the crystal rings with no volume overlap be-
tween the neighboring crystals in a ring. If we try to make the geometry of Fig. 4.23
while using a φtol

(min) = 0.015◦ for all the crystal rings, we will wind up having
volume overlaps between neighboring crystals in φ-direction. Unlike the situation
in Fig. 4.2 in which the crystal rings were at least 45◦ (in η-direction) far from the
poles (direction of the gas-jet injection), the closest ring of the forward part of the
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calorimeter in the geometry of Fig. 4.23 is only about 10◦ (in θ-direction) away from
the pole (the position of the beam exit hole). This requires bigger values of φtol

(min)

for the rings that are closer to the poles. Fig. 4.25 shows the required φtol
(min) for

each ring of the forward and backward parts of the calorimeter. We started from
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Figure 4.25: The required φtol
(min) for each ring of crystals in the non-assembly-struc-

tured calorimeter geometry of Fig. 4.23. The squares and triangles correspond to the

forward and backward parts of the calorimeter, respectively.

φtol
(min) = 0.015◦ as the minimum required tolerance angle (the same as what we

required for the forward part of the calorimeter in Fig. 4.2). This is equivalent to
a reasonable crystal edge distance of about 0.17 mm at the entrance window. For
the crystal rings which are positioned at least 45◦ away from the beam exit hole
we expect no volume overlaps, as we did not have any while bounding the rings of
Fig. 4.2 in an η-range of [−45◦, 45◦] with respect to the equator. This is what we
also see in Fig. 4.25 when we move from 120◦ down to 45◦ in θ-direction; none of
the crystal rings in this θ-range show any volume overlaps. From θ ≈ 45◦ down
to θ ≈ 10◦ we have to increase φtol

(min) in order to suppress volume overlaps in
the φ-direction. This results in bigger gaps between the crystals, as can be seen in
Fig. 4.24.

4.3.2 UHV shell

Vacuum requirements imposed by the NESR operation need to be fulfilled. In partic-
ular, the overall vacuum in the NESR beam-line should be better than 10−11 mbar.
On the other hand, the complexity of the EXL silicon particle-detector array and the
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need for high-density gas targets will, during the EXL operation, result in a gas load
on the vacuum chamber surrounding the internal target, which will be substantially
higher than the load in the present ESR conditions. For this, better differential
pumping is required for the NESR than ESR.

In the design of the setup, it is desired to separate two of its regions with different
vacuum conditions by a thin window, which could optionally be made from a thin
Kapton or stainless steel foil. The inner “ultrahigh vacuum” part should house the
silicon particle array ESPA or parts of it which should be bakable in order to realize
high vacuum conditions. The outer “low vacuum” part of the detector chamber
accomodates the scintillation detectors of the array EGPA, which is dedicated to
detect the γ-rays, as well as the residual energy of fast recoil particles, which punch
through the silicon detectors. A vacuum of the order of 10−4 − 10−5 mbar will be
sufficient for that part of the scattering chamber. The alternative is to put EGPA
completely in air preceded with a relatively thick shell which would hold 1 bar of
pressure. Based on the fact that we have different radii for forward and backward
parts of the EGPA (67 and 37 cm, respectively), the geometry of the UHV shell
was made in the simulations out of two semi spherical shells of radii 65 and 35 cm
connected to each other by two semi cylinders (basically two identical half-tubes of
non-zero inner radii) with the same heights as the shell thickness, making a closed
volume for the UHV shell (Fig. 4.26). Another way of making this shell is to subtract

Figure 4.26: A view of the UHV shell, simulated in accordance with the proposed geom-

etry for the EXL recoil detector setup (Figs. 4.1 and 4.2).
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a cone from a sphere. The apex of the cone would be at the target point in such
a way that the opening angle of the cone would cover the whole geometry of the
backward part of the calorimeter.

Results and discussion on the influence of the UHV shell on
the energy resolution

We made an estimation of the resolution of the EXL recoil detector setup for the
protons generated at different angles and energies. To do this, a representative
angle θ was chosen for each of the 4 regions of silicon detectors shown in Fig. 4.2,
namely A (silicon detectors depicted in red), B (silicon detectors depicted in green),
C (silicon detectors depicted in blue), D (silicon detectors depicted in yellow). We
chose θ = 25◦ for D, θ = 55◦ for C, θ = 78◦ for B and θ = 85◦ for A. These angles were
chosen in order to force the generated particles to pass through a definite number
of silicon layers. This number is 2, 4, 2, and 3, respectively, for the representative
angles chosen above for regions A, B, C and D. This way, we can effectively avoid
ambiguities due to overlapping silicon layers.

In order to have a comprehensive survey on the effect of the UHV shell on the res-
olutions, simulations were done for shells made of aluminum, Kapton (C22H10O5N2)
and Duplex Stainless Steel 2205 (ASTM: S32205, EN: 1.4462) with thicknesses of
0.1, 0.5, and 1 mm.

As an example, region A (region close to 90◦ in the lab frame) is further discussed.
The difference between different regions is the number of layers of silicon detectors
that we have in the geometry. In this region, we have two layers of silicon detectors of
300 µm and 9 mm thickness followed by the shell through which the generated proton
has to pass in order to reach the calorimeter. Denoting the deposited energy in the
1st and the 2nd silicon-detector layers as E1 and E2 and the kinetic energy of the
proton after the shell as Kout, we treat the two cases of having or not having the shell
by simply keeping a shell in the geometry made of either aluminum (or alternatively
Kapton, Duplex Stainless Steel) or vacuum. Thus, depending on whether or not
we have the shell in the geometry, Kout still has the same meaning (either kinetic
energy after the shell or kinetic energy after the last layer of silicon detectors with
no shell following). In order to proceed with the calculation of the overall energy
resolution, first we fill the following histogram (Histo) in the case of having no shell:

Histo → Fill
(

(E1 − µ1) + (E2 − µ2) + (Kout − µout)
)

, (4.24)

in which µ1, µ2, and µout are the means of the corresponding Gaussian fits to E1,
E2 and Kout. In first instance, we consider no threshold and no intrinsic resolution
for the detector elements; obviously, Histo would behave like a δ-function since
the intrinsic resolutions, thresholds, and the shell (passive medium) are not yet
included. From the experimental results for the resolution of the CsI(Tl) crystal for
protons we have a functional form like ∆Kout

Kout
= b/

√
Kout + c/Kout with b = 38.103
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Figure 4.27: Energy resolution of a CsI(Tl) crystal for protons. Solid triangles show the

experimental results of Ref. [47], while the points shown as star and square are the results

from Refs. [48] and [49], respectively. Open circle is taken from [50] which is taken with

crystals of 50 cm3.

and c = 30519.8 as the best fit to the data points shown in Fig. 4.27 (except
for the open circle), where Kout is expressed in keV. In this figure, the first two
points are extracted from [47] and the third and fourth points are from [48] and
[49], respectively. The open circle is taken from [50]. There are also other data
available in the literature [51] which predict higher energy resolutions for protons in
CsI(Tl). Here, we do not make use of them, in order to proceed with the worst-case
scenario in estimating the resolution in the simulations. As an example, for a proton
with an energy of 50 MeV we would get µ1 = 0.675 MeV, µ2 = 26.647 MeV, and
µout = 22.664 MeV. Since the particle does not punch through EGPA, we expect
a resolution of 1.6% for 22.664 MeV energy deposit in CsI(Tl), based on Fig. 4.27.
Now considering an intrinsic resolution of 50 keV for the silicon-detector elements,
Histo would not be a δ-function any more. Assuming it to be Gaussian, the FWHM
of Histo is shown to be 0.367 MeV in the simulations. Hence, the resolution of the
recoil detector setup in the absence of the shell for an incoming proton energy of
50 MeV is obtained to be 100×0.367

50
=0.73%.

The above procedure can then be repeated with the aluminum (Kapton, Duplex
Stainless Steel) shell in the geometry. This time for the new Histo, µ1 and µ2 still
stay the same but µout changes, since we now have taken into account the effect of
a passive shell (µout = 21.467 MeV if we have a shell of a thickness of 0.1 mm). For
the µout = 21.467 MeV, we will have a resolution of 1.68% for a CsI(Tl) crystal.
Including this resolution and the 50 keV for silicon detectors we get a FWHM of
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0.411 MeV for the new Histo. Hence, the resolution of the recoil detector setup in
the presence of a 0.1 mm thick aluminum shell is calculated to be 100×0.411

48.789
=0.84%

in which 48.789 MeV is the sum of µ1 + µ2 + µout (approximately 1.2 MeV is lost in
the shell). This loss is well known and can be corrected for in order to obtain the
initial energy.

We can also check our simulation results analytically. For the above example of
50 MeV protons punching through the region A, we obtained µout = 22.664 MeV in
the absence of the UHV shell. Thus,

(

FWHM
)no shell

out
=
√

(

1.6
100

× 22.664
)2

+ 2 × (0.05)2 = 0.369 MeV,

with 1.6% being the resolution of CsI(Tl) at 22.664 MeV and 0.05 MeV the resolution
imposed on each silicon-detector element. Now in presence of the UHV shell:

(

FWHM
)

deposited energy in shell
= 0.182 MeV.

Consequently:

(

FWHM
)with shell

out
=
√

(0.369)2 + (0.182)2 = 0.411 MeV,

which is the same as what we already obtained through making fits to the Histo of
the simulations in the case where the UHV shell was included.

In all the spectra of the overall resolution of the EXL recoil detector setup that
are presented here (Figs. 4.28 and 4.29), the minimum thrown proton energy for
each thrown proton angle was chosen roughly around the energy needed to punch
through the shell. Note that as we get close to the punch-through energy region, the
probability of losing a proton in the UHV shell increases, therefore, the probability
of cutting (and hence narrowing) the spectrum of the proton kinetic energy after the
UHV shell in the low energy region increases. For these regions, we made sure that
the energy is chosen so that the resulting spectra have the right Gaussian shape. As
can be seen in Figs. 4.28 and 4.29, the threshold energies are quite different for the
four silicon-detector regions. This is simply due to various thicknesses of Si layers
for different regions. We have tried to approach toward the punch-through region
for the 0.1 mm thick UHV shell (empty triangles). This can be seen, for instance
in the top panel of region A, in which the triangles appear at 43.5, 44, 45, 50 MeV,
etcetera. However, the full triangles and squares start to show up from 50 MeV
thrown proton energy onward.

A comparison of the simulation results for the overall resolution shows that
Duplex Stainless Steel may not be a good candidate for making the UHV shell. For
a thickness of 1 mm, the resolution considerably deteriorates at low thrown proton
energies when we use Duplex Stainless Steel as compared with Kapton or aluminum.
Especially, Duplex Stainless Steel with a thickness of 1 mm, preceded by the silicon
detectors in region C, stops 20 MeV protons while for Kapton and aluminum even
17 MeV protons can still punch through and one can expect a reasonable resolution
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Figure 4.28: Energy resolution for protons in the EXL recoil setup in the absence of

UHV shell (plus signs), with a shell of thickness 0.1 mm (empty triangles), 0.5 mm (full

triangles) and 1 mm (full squares) made of Duplex Stainless Steel, Kapton and aluminum.

The upper and lower panels show the results for regions A (85◦) and B (78◦), respectively.

For an extensive discussion on how the energy resolutions are calculated, see the text.
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Figure 4.29: Same as Fig. 4.28 except for regions C (55◦) (upper panel) and D (25◦)

(lower panel).

for 20 MeV protons using either of the latter two materials for the UHV shell. On
the other hand, at low thrown proton energies, for this thickness, the resolution is
better by a factor of 2 for regions C and D when we use Kapton instead of aluminum.

It should be mentioned that, in the analysis, the resolution of the crystals was
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incorporated in Kout as the crystals are thick enough to stop the particles. This must
be conservative enough for surveying the effect of the shell on the resolution. In fact,
one has to consider the effect that hadronic interactions in crystals might have on
the detector response, which is an energy-dependent effect and at high energies can
significantly change the shape of the histograms used in the fit. However, it should
not have a significant effect on the FWHM of the fitted Gaussians or equivalently
on the resolution, even for the proton energy of 200 MeV (thrown toward region A
of silicon detectors) at which the amount of inelastic hadronic interactions in the
calorimeter crystals is obtained, through simulations, to be about 21%. With this
in mind, a more precise version of Eq. 4.24 is:

Histo → Fill
(

(E1 − µ1) + (E2 − µ2) + (Ec − µc)
)

, (4.25)

in which Ec and µc are, respectively, the energy deposited in the calorimeter and
the mean of the Gaussian fit to the spectrum of Ec. In order to have an idea of
the effect of hadronic inelastic interactions on the resolutions, based on the methods
already explained, we can take as an example region A and a Duplex Stainless Steel
shell. Fig. 4.30 shows the resolutions calculated using the latter method (Eq. 4.25),
which are almost the same as those shown in Fig. 4.28.
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Figure 4.30: Same as Fig. 4.28 (upper panel) except that hadronic interactions in the

crystals are also taken into account. See the discussion of Eq. 4.25 for more details.

In general, merely based on the simulation results for the overall resolution of the
EXL recoil detector setup, Kapton is the ideal material among the three. Neverthe-
less, it should be mentioned that irrespective of the chosen materials for the ultimate
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UHV shell, one should consider that the energy region between 10 to 20 MeV after
punching through the shell is the most crucial. Based on the results obtained here
and the fact that it is very difficult to make a chamber from Kapton without a strong
support frame, we conclude that the inner shell should be built from aluminum.




