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•30 layers sandwiched calorimeter of Silicon PIN diode detector and W 
absorber 

- Silicon PIN diode 

- W absorber 
 
 
 
 

ECAL parts [SiW]
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Chapter 3. ILD Calorimeter System

aspects will be addressed, with variables such as numbers of producers, time of production, etc..
The requirements on granularity, compactness and particle separation lead to the choice of a

sampling calorimeter with tungsten (radiation length X
0

= 3.5 mm, Moliere Radius R
M

= 9 mm and
interaction length = 99 mm) as absorber material. This allows for a compact design with a depth
of roughly 24 X

0

within 20 cm and, compared to e.g. lead, a better separation of electromagnetic
showers generated by near-by particles. To achieve an adequate energy resolution, the ECAL is
longitudinally segmented into 30 layers, possibly with varying tungsten thicknesses. In order to
optimise the pattern recognition performance, the active layers (either silicon diodes or scintillator)
are segmented into cells with a lateral size of 5 mm.

3.2.1 Detector implementation

Figure III-3.1 shows the position of the electromagnetic calorimeter in the ILD detector, the trapezoidal
form of the modules and how it is envisaged to be interfaced mechanically with the hadron calorimeter.

Figure III-3.1
The electromagnetic
calorimeter (in blue)
within the ILD Detec-
tor.

After several years of successful operation of small so called physics prototypes the focus of the
work turns to the realisation of technological prototypes, see e.g. [299]. These prototypes address the
engineering challenges which come along with the realisation of highly granular calorimeters.

3.2.1.1 Alveolar structure and general integration issues

The mechanical structure consists of a carbon reinforced epoxy (CRP) composite structure, which
supports every second tungsten absorber plate. The carbon fibre structure ensures that the tungsten
plates are at a well defined distance, and provide the overall mechanical integrity of the system (the
so-called alveolar structure). Into the space between two tungsten plates another tungsten plate
is inserted, which supports on both sides the active elements, the readout structure and necessary
services. This results in a very compact structure with minimal dead space. The mechanical structure
is equally well suited for both proposed technologies. Figure III-3.2 shows a prototype which is 3/5
of the size of a final structure for the barrel. For the end-cap region alveolar layers of up to 2.5 m
length have been fabricated. While in the barrel the shape of all alveolar structures is the same, three
di�erent shapes of alveolar structures are needed in the end-caps. Recent studies revealed that in the
end-caps considerable forces are exerted onto the thin carbon fibre walls, which enclose the alveolar
structure. This issue has to be addressed in the coming R&D phase.

Figure III-3.3 shows a cross section through a calorimeter layer for the electromagnetic calorimeter
with silicon (SiECAL), and one layer for the electromagnetic calorimeter with scintillator (ScECAL).
The two readout layers of the SiECAL will be mounted on two sides of a tungsten slab, which is
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SiW 電磁カロリメーターの設計 
• ILD電磁カロリメーターの候補の一つ 

– シリコンPINダイオード検出器を用いたサンドイッチカロリ
メーター 

• PFAに最適化された設計 
– タングステンの吸収体: 小さな電磁シャワー 
– 5×5 mm2 のピクセル, 全体でO(108)チャンネル 
– シリコン検出器は薄くできる。 

3600 mm 
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Si PIN diode+ W Sandwich CALILD ECAL

‣ 5×5 mm2 pixel

‣ 325 μm width

‣ Small Molière Radius(RM = 9mm)

‣ Short Interaction Length(X0 = 3.5mm)

‣ Big ratio of them(λ/X0 = 27.4)
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3.2. The electromagnetic calorimeter system

Figure III-3.2
Left: Front view with
dimensions on the alve-
olar structure which
houses the sensitive
parts of the electro-
magnetic calorimeter
prototype. Right: Side
view on the completed
structure and its me-
chanical protection.

inserted into the alveoli of the mechanical stricture. The insertion process has been successfully
implemented for the physics prototype with short layers and has in addition been demonstrated with
layers of up to 1.3 m length for a mechanical demonstrator of the technological prototype. In case
of the ScECAL one side of the tungsten board will be equipped with scintillating strips for the x

direction and the other side with strips for the y direction.

Figure III-3.3
Cross sections through
electromagnetic
calorimeter layers for
the silicon option (left)
and for the scintillator
option (right).

Tungsten W structure

scintillator -X :2.0mm

Tungsten W slab: 2.1mm

scintillator -Y :2.0mm

MPPC 

MPPC 

PCB:1.2mm 

PCB:1.2mm 
Heat shield :0.22mm

Heat shield:0.22mm 

A notable di�erence between the two options is the thickness of the active sensors. While silicon
wafers can be produced easily with a thickness of a few 100 microns, the scintillator thickness needs
to be at least 1 mm. This is due to the size of the photo-sensor MPPC and number of photons
detected by this sensor.

3.2.1.2 Silicon wafers:

An example of a silicon wafer matrix as employed in the current R&D phase is shown in Fig. III-3.5.
Silicon allows for a thin and easily segmented readout detection system suited for high granularity.
The proposed technology is shown to deliver an excellent signal to noise ratio, which will allow to
detect also small energy deposits, thus facilitating the two particle separation. The R&D goal for the
S/N ratio is 10:1 at 1 MIP level.

The wafers are composed of silicon with a typical resistivity of 5 k� · cm. To achieve full depletion,
the bias voltage to be applied to the wafers is between 100 V and 200 V. While the manufacturing
of these wafers is a well known technique, a key challenge is to produce these wafers at a low cost
in order to reduce the cost since a surface of about 3000 m2 will be needed for ILD. Contacts and
discussions with industry are being developed.

The measurements with the physics prototype revealed cross talk between the guard ring which
surrounds the silicon wafers and neighbouring silicon pads resulting in so-called square events, the
frequency of which increased with the energy of primary electrons [300]. Currently an R&D e�ort is
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• ILD電磁カロリメーターの候補の一つ 
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メーター 
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3600 mm 
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Si PIN diode+ W Sandwich CAL

super capacitor conductive glue

ON/OFF switching of readout 
circuit by power pulsing

•adhere readout board and silicon

•Epoxy conductive glue

120μm

ECAL parts [super capacitor and glue]
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• TID(Total Ionising Dose Effect) 
Electromagnetic interaction by large radiation dose 
including photons. Creating fixed charge and border 
energy level  aggravate features. 

• DDD(Displacement Damage Dose Effect) 
Hadrons creates defects in silicon crystal.(NIEL) 
Frenkel defects create new energy and aggravate it.

Kyushu group researched 
and evaluated TID through 
γ-ray irradiation of 
100Gy(ILC: 1M year)

Radiation Damage
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NIEL Damage Function

Space Radiation and its Effects on EEE Components

EPFL Space Center 9th June 2009
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Radiation Damage
• TID(Total Ionising Dose Effect) 

Electromagnetic interaction by large radiation dose 
including photons. Creating fixed charge and border 
energy level  aggravate features. 

• DDD(Displacement Damage Dose Effect) 
Hadrons creates defects in silicon crystal.(NIEL) 
Frenkel defects create new energy and aggravate it.
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Research Purpose

•Evaluation of neutron resistivity about ECAL parts of silicon, 
conductive glue, and super capacitor. 

•Evaluation of lifetime and measurement accuracy, compared 
with the requirement of ILD ECAL.

�7
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Radiation Damage and ILC requirement
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1. Dark current is smaller than readout board SKIROC2 (0.2 μA). 
2. Effective volumes dose not change on operating voltage. 
3. Collected charge is enough to detect 0.1 MIPs - 2500 MIPs. 
4. continuity of conductivity and adherence 
5. right action of electric circuit

• increase of dark current 

• change of full depletion voltage 

• collected charge decrease

Required properties of ILD ECAL

• deterioration of 
conductivity and adherence • change of capacitance
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× can’t ignore radiation damage 

? require more detail

• Photon: synchrotron radiation 
   • Neutron: γ-N scattering(beam pipe) 
   • Charged particle: Beam-
Gas Interaction 
• μ: Beam Halo Muons 
？ Neutron: Beam dumps 
？ others: Extraction Line Losses

BDS(beam delivery system)

△ Photon: beamstrahlung photons 
× Photon: RBS(Radiative Bhabha Scattering)  
   • e- e+: CPC (Coherent Pair Creation) 
   × e- e+: IPC (Incherent Pair Creation)  
   × hadrons: γ-γ scattering (Minijets) 
   × others: backscattering particles

IP(Interaction Point)

• can ignore radiation damage 

△ require appropriate evaluation

•Radiation Sources are classified as bean pipe and Interaction point.

+  _ 
e  e   Pairs

Beamstrahlung

Figure 3.1: Illustration of the pinch effect in bunch collisions. The particles
of one bunch are attracted by the electric space charge of the other and emit
photons due to their deflection. Those photons can in turn scatter to produce
electron-positron pairs.

bunch will cause them to radiate photons [48, 49], just like in any other
deflection of charged particles. These photons – in principle a special kind of
synchrotron radiation – are known as beamstrahlung, and they are produced
in vast amounts: a total power of 250 kW, i. e. 108 TeV per bunch crossing,
is carried away by beamstrahlung photons. The average energy loss δ of a
particle in the colliding bunches is given by

δ ∝
γ

Eσ∗

z

!

N

σ∗

x + σ∗

y

"2

, (3)

where γ denotes the relativistic factor of the beam particles, E is the beam
energy, N is the number of particles per bunch, and σ∗

x, σ
∗

y , σ
∗

z are the bunch
sizes at the interaction point in the respective dimensions. These energy
losses – typically of the order of 1 GeV per particle – result in a reduced
centre-of-mass energy that is available for the actual hard electron-positron
interactions, thereby broadening the beam energy and the luminosity spectra
in a similar way as initial-state radiation [50].

Equation (3) shows that the beamstrahlung can be reduced by increasing
the bunch size. However, the longitudinal bunch size σ∗

z has an upper bound
caused by the so-called hourglass effect [51], and the transverse bunch sizes
have a direct influence on the luminosity, which must be kept large. Since
the luminosity depends on the product of σ∗

x and σ∗

y and the beamstrahlung
losses depend on their sum, the solution is to make one dimension very small
and the other one much larger – as it is done for all ILC beam parameter
sets that are under discussion. Circular accelerators like LEP have an elliptic
beam profile due to the emission of synchrotron radiation in the horizontal
plane, causing a beam jitter in the x-direction, but the ILC accelerator could

31

Spatial charge are attracted to 
each others by pinch effect 
and accelerated.

Bethe-Heiter process

Figure 7. Relative luminosity spectrum, considering beamstrahlung (BS), initial state
radiation (ISR) and both (all) [5].

Figure 8. Diagrams of radiative Bhabha scattering.

Besides, hard photons can be created in the ordinary initial state radiation.
Both the initial state radiation and the beamstrahlung reduce the luminosity of
colliders in the region close to nominal energy, cf. fig. 7. A prominent source of hard
photons is the collision of two beam particles resulting in bremsstrahlung, called the
radiative Bhabha scattering, see fig. 8. The photons created in the radiative Bhabha
scattering are also focused in the forward direction, and escape through the beam
pipe, but the remnant electrons/positrons contribute to the detector background.

3.2. Soft electrons/positrons

The basic process that gives rise to the detector background is the creation of
electron-positron pairs additional to beam particles. An electron-positron pair can
be created by a beamstrahlung photon in the strong electromagnetic field of beams.
This is referred to as the coherent pair production. Under conditions of the Compact
Linear Collider (CLIC), the newly born pairs constitute several percents of beam
particles.

At the ILC, another way of pair creation dominates, which is referred to as the
incoherent pair production, when new electron-positron pairs are created as a result
of interaction of just two particles. Those can be either two real beamstrahlung pho-
tons or a single real beamstrahlung photon plus an electron/positron, or a couple of
electrons/positrons, cf. fig. 9. At the ILC with

p
s =0.5 TeV, there should be about

76,000 pairs per BX, with the average energy 2.5 GeV per an electron/positron [6].
The energy spectrum of the pairs is shown in fig. 10. The interaction of photons
can also give a couple of quarks followed by hadronization into minijets.

6

radiative Bhabha 
scattering
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Expected Radiation
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Expected Radiation
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ILC 500GeV VXD 1010-1011

CLIC 3TeV ECAL

ILC 1TeV ECAL 107-1010

Neutron irradiation test was conducted by about 1010-11 neq/cm2

2007, S. Darbha

2014, A. Sailer

101210111010109108 1013 1014

109-1011

BDS+IPC

IPC+minijets

IPC+minijets

neq/cm2 /10 year

2014, A. Sailer
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Neutron irradiation Test
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• Kobe tandem accelerator 
d(3 MeV) + Be → B + n (Q = 4.36 MeV) 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Tandem Acc.

ion source

Magnets

Be Monitor

Thanks to Mr. Ochi(Kobe) 
 and Mr. Ueno(KEK)

Neutron Irradiation Test
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• The probability of detecting fast 
neutron is 10-4.


•We know CR39 sensor’s energy 
sensibility as 0.145 MeV ~ 14.8 MeV.

�13

B10

Calibrated by mono-energetic 
neutron in CYRIC(Tohoku)

CR39Converter

We counts # of pits 
on this surface. 

Neutron measurement by CR39 sensor



2015/12/10 Tokusui MTG

Neutron measurement by CR39 sensor
• 20 CR39 sensors 

• Fixed by Aluminium frame


• Position = Irradiation position of glue samples

�14

100mm

50mm

beam

100mm

90mm

beam
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CR39 sensor pit count
• The company Landaua evaluated neutron counts.


- chemical edging by NaOH 10 [mol/L] 70℃, 6h

‣ pit size is extended to10 μm.


- The pits on CR39 sensor is counted by direct eyes. (9mm2  area)

�15
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Angular distribution of Neutron dose

•Blue points are mean data on each position.
�16



2015/12/10 Tokusui MTG

Neutron irradiation for Glue samples
• 2 types of conductive glues(E4110, E4110LV) are targeted. 

3 way of adherence are tested.

‣ Recipe A: 60℃-6h (company recommended),120μm

‣ Recipe B: 40℃-24h (France groups), 120μm

‣ Recipe C: 23℃-3h (company recommended), 120μm


• These samples are irradiated by around 1012 n(1-MeV)/cm2.

�17

sample Nn n/cm2

E4110 4.5E+09
E4110 3.5E+10
E4110 1.2E+12

E4110LV 4.5E+09
E4110LV 2.2E+11
E4110LV 1.2E+12

E4110 E4110-LV 

23℃ △ △ 

40℃ ◯ ◯ 

60℃ ◯ ◎ 

Expected properties
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Resistance of Glue Samples
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• 23℃   • 40℃   • 60℃ 
•controll　◯ 109 n/cm2 △ 1010 n/cm2 □ 1012 n/cm2

Every recipes of 2 types has radiation resistivity up to around 1012 n(1-MeV)/cm2.
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Super capacitor の中性子損傷 

16 

• 今回の照射量では損傷は
問題にならない。 

�20

Thanks to  
Kozakai-san

Super capacitor has radiation 
resistivity against 1.4 •1012 n/cm2

Super capacitor
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Current-Voltage characteristics

• Temperature: maintainer

-  5 ℃ ~ 45 ℃


• Voltage: source meter

- 0 V ~ 800 V


- - 0.2 V ~ 0.2 V

�21

Silicon  
baby chip

Insulator

controlled  
voltage and temperature

Checked increase of dark current before and after irradiation.
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before irradiation

after irradiation

�22
diode properties @ low voltage

breakdown voltage dark current @ operation voltage

Operation voltage(120V)

Current-Voltage characteristics



2015/12/10 Tokusui MTG

Current-Voltage characteristics on 120 V
• measured temperature dependency of dark current on 120 V long period after irradiation.

�23

about 2μA increase @ 20℃
2µA/(1.5cm⇥ 1.5cm⇥ 300µm) = 29.6µA/cm3

equivalent neutron flux is

A. Chilingarov et al, Nucl. Instrm. Methods 
 Phys. Res. A 360 (1995) 432 - 437

Dark Current [A]

Temperature[�C]

Here

I
dark

= AT 2
exp

✓
� Eg

2kBT

◆
+B

around 7.5×1011 n(1-MeV)/cm2

• consistent in LHC & Hamburg experiment.

• From upper limit SKIROC2 dark current, it’s safe during 30 - 60 years.

Conclusion

Dark current 
limits SKIROC2
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Conclusions

• Based on expected radiation dose on ILD ECAL, 
it’s conducted to irradiate ECAL parts by Tandem neutron.


• Neutron dose is measured by CR39 sensor and 
the angular dependence.


• Both super capacitor and 2 conductive glues with several cooking recipes  
had also been tested up to up to around 1012  n(1-MeV)/cm2. 

• No significant degrade was found for them and we can safely use them for 
the ILC project.


• As silicon, IV properties are changed before and after irradiation. 
It’s consistent with other silicon datum.


• From dark current of upper limit SKIROC2, it’s safe during 30 - 60 years.

�24
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Neutron irradiation experiment

• keyword: tandem accelerator, charge stripping reaction �26

D- D+

0V 1.5MV 0V

charge 

stripping 

reaction
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Beam Run: 7/27(Mon) ~ 8/9(Sun)

�27

Target

Current[μA]
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Neutron irradiation experiment (7/27)

• Be target: φ20 × 1.5 mm


• deuteron beam: 
                    size: < 4mm


• beam alignment were done.

�28
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Neutron monitor by CR39 sensor
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1min 2min 3min 1min 2min 3min
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Angular distribution of Neutron dose

•Red points are datum of irradiated silicon. 
•3 lines are drawn from datum of LHC & Hamburg teams. �30


