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Results on electromagnetically-induced radiation damage to silicon diode sensors, obtained from the T506
experiment at SLAC, are used in concert with detailed shower simulations to project the effects of radiation
damage on the proposed International Linear Collider Beamline Calorimeter (BeamCal) detector system. The
study makes use of the FLUKA Monte Carlo to simulate electromagnetic showers in both the T506 apparatus
and the prospective BeamCal detector system. Under the conservative assumption that damage leading to sensor
leakage currents is dominated by the neutron component of the electromagnetic shower, and assuming that
resulting leakage currents depend linearly on neutron fluence, the power consumption required to operate the
BeamCal detector at a temperature of −10◦ C would be expected to increase by approximately 100 W per
year of operation. Lowering the operating temperature to −30 ◦ C would be expected to reduce the growth in
power consumption to approximately 10 W per year. Under other assumptions about the source of damage, the
accumulated power draw would be expected to be significantly less. Results on fluences of both electromagnetic
and hadronic particles in regions peripheral to the bulk of the BeamCal detector system, where front-end
electronics would be mounted, are also presented.

1. Introduction

Envisioned as a sampling calorimeter with a tungsten absorber, the
chosen sensor material must withstand the intense ionizing particle
fields induced by the pair background showering in the tungsten.
Potentially more damaging, though, is the flux of neutrons that arise
primarily from the de-excitation of the 14 MeV giant dipole resonance
of the tungsten nuclei [2] that is stimulated by the absorption of photons
in the shower that are close to tungsten’s 8 MeV critical energy. The
associated radiation dose can lead both to the development of leakage
current, resulting in quiescent power draw, as well as a loss of signalcollection efficiency.
To assess the damaging effect of tungsten-induced electromagnetic
showers on various candidate solid-state sensor materials, the Santa
Cruz Institute for Particle Physics (SCIPP) conducted experiment T506
in the SLAC End Station A Test Beam (ESTB) facility. In this experiment,
for which results have been reported elsewhere [3], a multi-GeV electron
beam was directed onto a tungsten radiator, in the midst of which (at
shower max) a series of candidate sensors were inserted and exposed
to doses of up to 600 Mrad of electromagnetically induced ionizing
radiation. While the use of a tungsten radiator to surround the candidate
sensor produced a realistic shower, containing both electromagnetic
and hadronic components, both the energy and angular profile of the
T506 radiation field, as well as the overall exposure rate, are different
from that of the radiation field expected to illuminate the BeamCal. The
purpose of this study was to use the FLUKA simulation package [4–
6], combined with conventional assumptions about the radiation field

The International Linear Collider (ILC) [1] is designed to collide
beams of high energy electrons and positrons for the purpose of performing precision measurements of the properties of Standard Model
particles and interactions, as well as to search for signatures of new
physics that are otherwise difficult to detect. Among such signatures are
those for which the new physics is only accessible through states that are
nearly degenerate to long-lived neutral states that carry off most of the
collision energy. Such signatures are produced in competition with high
cross section two-photon events for which the incoming electron and
positron are only slightly deflected in the collision, leading to a minimal
energy deposition in the central detector that mimics the limited visible
energy of the degenerate new physics signatures.
Such background events can, in principle, be identified and rejected
if one or more of the deflected beam particles are identified in the
most forward system of the ILC detector: the prospective Beamline
Calorimeter (BeamCal), which provides coverage at angles as close as
five milliradians from the beam trajectory. However, for nominal ILC
collision parameters [1], this instrument would absorb approximately
10 TeV of electromagnetic particles per beam crossing, arising from
the tens of thousands of electron–positron pairs created with each
beam crossing. At the most irradiated point within the BeamCal, the
accumulated radiation dose is expected to exceed 100 Mrad of ionizing
radiation per year.
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Table 1
Location of the various tungsten radiator elements and
the sensor under irradiation for the phase of T506
running in which the WSI-P4 sensor was irradiated. The
R1 radiator had a thickness of 2 𝑋0 , the R2 radiator 4
𝑋0 , and the R3 radiator 8 𝑋0 .
Surface

Location (cm)

R1 Entrance
R1 Exit
R2 Entrance
R2 Exit
Sensor
R3 Entrance

0.0
0.7
46.6
48.0
48.5
49.4

mounted in the SLAC National Accelerator Laboratory’s End Station A
Test Beam (ESTB) facility. The T506 target consisted of a 2 radiation
length (𝑋0 ) upstream tungsten radiator (R1) that initiated the shower,
followed after an air gap of 46 cm by a 4 𝑋0 tungsten radiator
(R2) that brought the electromagnetic shower to maximum intensity.
The candidate sensor was mounted immediately behind R2, followed
immediately in turn by an 8 𝑋0 tungsten radiator (R3). The locations
and thicknesses of the 10 × 10 cm2 T506 target elements, which were
produced with a tungsten purity of greater than 96%, are provided in
Table 1. Mounting the sensor in the immediate proximity of tungsten
radiators ensured that a significant hadronic component accompanied
the electromagnetic particles in the shower.
Target dose rates, as a function of electron beam energy and current,
were estimated by using the Electron-Gamma-Shower (EGS) Monte
Carlo program [10] to simulate the flux of particles in showers induced
by the radiator configuration that pass through the candidate sensor
location. To check the dose-calibration simulation, an in-situ measurement of the dose rate provided by a 0.75 nA beam of 4.02 GeV electrons
was made using a REM Oxford Limited REM TOT601B radiation-sensing
field-effect transistor positioned at the same location as that of the
candidate sensors. This measurement provided a ∼10% confirmation of
the dose rates derived from simulation.
Sensors were characterized both before and after irradiation using a
charge-collection (CC) apparatus at SCIPP on the UC Santa Cruz campus.
The SCIPP CC apparatus incorporates a 90 Sr source that has a secondary
𝛽-decay with an end-point energy of 2.28 MeV that illuminates the
sensor under study, passing through to a scintillator immediately behind
the sensor that is read out by a photomultiplier tube. For assessing
the CCE of pad sensors, a two-stage, single-channel amplifier was
constructed from discrete components, based on a design of Fabris,
Madden and Yaver [11], and shaped to a rise time of 290 ns. Upon
receiving a trigger from the scintillator, the signal from the amplifier
was read out by a Tektronix DPO 4054 digital storage oscilloscope,
and the digitized waveforms were written out and stored on the disk
of a dedicated data-acquisition computer. Since not all 𝛽 particles that
trigger the scintillator go through the pad, the resulting pulse-height
distribution shows contributions from both the Landau deposition of the
through-going 𝛽 particles, as well as that of the noise pedestal, allowing
for an in-situ subtraction of the mean pedestal. The width of the pedestal
distribution then provides a measurement of the readout noise, which
was found to be approximately 250 electrons at room temperature for
un-irradiated sensors. Bias voltage and leakage current measurements
were provided by a Keithley 237 High Voltage Source Measurement
Unit. The environmental state within the freezer was monitored with
a Sper Scientific 8000014 Humidity/Temperature Datalogger. More details about the exposure of candidate sensors, and their characterization
both before and after irradiation, can be found in [3].
Of particular interest to this work was the 2015 exposure of sensor
WSI-P4, a 1.6 × 1.6 × 0.32 mm3 p-type float-zone bulk pad-diode test
structure associated with a prototype sensor developed for the ATLAS
upgrade tracker [12]. In this exposure, 51 μC of 13.3 GeV electrons
were directed onto the T506 target over a period of approximately
one day, corresponding to an accumulated dose of ionizing radiation

Fig. 1. Geometry of the BeamCal within the FLUKA simulation. This plot was produced
using the visualization package within SimpleGeo [9].

energy profile dependence and the exposure dependence of the observed
T506 damage, to estimate the effects of the pair-background-induced
radiation field on the performance of a BeamCal constructed with
silicon diode sensors. The simulation results will be presented in general
enough form that radiation damage studies of other materials, whether
from T506 or other experiments, can also be used to estimate the
performance of those materials under prolonged use in the BeamCal.
2. The ILC and the beamline calorimeter
The International Linear Collider (ILC), if constructed, is expected to
collide trains of beams of high-energy electrons and positrons at a rate
of 5 Hz. The design energy, bunch separation within the train, number
of bunches within a train, and bunch charge are subject to change as the
design of the ILC matures and evolves to meet sharpening physics goals
as well as practical and political constraints. For this study, we assume
the baseline parameters presented in the Technical Design Report [1],
for which a train consists of 1312 colliding bunches, each separated by
554 ns from the preceding bunch collision, and with a luminosity of 2.7
μb−1 per bunch collision. The flux of electron and positron pairs arising
from the bunch collisions is simulated with the GUINEA-PIG [7] Monte
Carlo program, initialized to reflect the collision parameters of the TDR
baseline beam.
The current baseline design for the ILC Beamline Calorimeter (BeamCal) consists of a tungsten sampling calorimeter read out by planes of
solid-state pad detectors. The calorimeter is composed of 50 tungsten
plates of thickness 2.5 mm, with a radius (in the plane transverse to
the beam direction) of 15 cm [8]. In the version simulated here, each
plate is punctuated by two circular holes, one each to accommodate the
incoming and outgoing beampipes, which diverge from each other with
an angle of 14 mrad in the plane formed by the horizontal (𝑥) and beam
(𝑧) axes. The hole accommodating the incoming beampipe has a radius
of 1.55 cm, while the hole accommodating the outgoing beampipe has a
radius of 2.05 cm, somewhat larger than that of the incoming beampipe
to allow for the effects of disruption when the beams collide. At the face
of the BeamCal (surface facing the ILC interaction point), the centers of
the two holes are separated by 4.57 cm. The BeamCal is centered on the
outgoing beamline at a distance of 326.5 cm from the interaction point,
providing an angular coverage between 5 and 45 mrad. Fig. 1 depicts
the basic geometrical features of the BeamCal.
3. The T506 experiment
The T506 Experiment, whose results on the radiation damage to
solid-state sensors provide the empirical input to the FLUKA-based
estimates of BeamCal degradation during operation at the ILC, was
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Table 2
Values of relevant FLUKA configuration parameters used in this study.
FLUKA Card

Option

Value

PHYSICS
PHYSICS
DEFAULTS
LAM-BIAS
PHOTONUC

SDUM
WHAT(1)
SDUM
WHAT(2)
[All Options]

EVAPORAT
2
PRECISIO
+0.09
Enabled

Fig. 2. Observed temperature dependence of the area current density of the WSI-P4
silicon diode sensor biased at 600 V, after irradiation. The fit is to the function of the
form of Eq. (1).

of approximately 270 Mrad. The sensor was irradiated at close to 0 ◦ C
and kept well below freezing subsequent to irradiation. A reverse bias
of 10 V was applied to the sensor during irradiation to draw off any
accumulated static charge. The sensor’s leakage current and charge
collection efficiency were then evaluated after a series of one-hour
annealing steps at room temperature, 40 ◦ C, 50 ◦ C, and finally 60 ◦ C.
While the post-irradiation leakage current was not changed significantly
by the annealing episodes after the first (room temperature) annealing
step, subsequent annealing steps were observed to lower the bias voltage
required to reach a plateau in the charge collection efficiency. At a
bias of 600 V, close to the bias voltage required for maximum charge
collection after the 60 ◦ C annealing step, the charge collection efficiency
was observed to be 80% of its un-irradiated value. The area density
𝜎(𝑇 ) of the leakage current for the irradiated WSI-P4 sensor, at a bias
of 600 V, is displayed as a function of temperature in Fig. 2. Under the
assumption that the leakage current is due to displacement damage in
the silicon bulk, the temperature dependence is expected to follow the
quasi-empirical relation [13]
𝐼(𝑇 ) ∝ 𝑇 2 𝑒−𝐸ef f ∕2𝑘𝑇 ,

Fig. 3. Estimated electromagnetic (electron and positron) fluence, in cm−2 , at the
maximum of the electromagnetic shower in the BeamCal, per 107 s of ILC operation. The
estimated maximum occurs in the eighth sensor layer. The outer red circle represents
the periphery of the BeamCal, while the larger (smaller) red circles represent the exit
(entrance) holes for the ILC beams, also visible in Fig. 1. Distances are in cm.

The model of the T506 target that was implemented in the FLUKA
simulation is described in Table 1. FLUKA was then used to simulate
3 × 105 electromagnetic showers induced by incident electrons of energy
13.3 GeV. To simulate the rastering of the target during the T506
exposure, the incident flux was distributed evenly within a square of
side one cm, oriented transverse to the incident beam direction.
The BeamCal device was modeled as a set of 50 alternating layers
of pure tungsten plates of thickness 2.5 mm and pure silicon sensors of
thickness 300 μm, with each tungsten plate separated by 700 μm. Showers
from electrons and positrons expected to arise from a single ILC beam
crossing, assuming the nominal beam parameters [1], were simulated.
The incident electron/positron flux consisted of approximately 5 × 104
incident charged particles, with a mean energy of 2.5 GeV and a highenergy tail extending to beyond 100 GeV. The simulated flux of particles
incident on the BeamCal was highly peaked in the plane transverse to the
beam direction, with the maximum of the distribution falling close to the
inner edge of the exhaust beam cutout. The simulated electromagnetic
flux in the 8th sensor layer, close to the peak of the resulting distribution
of electromagnetic shower particles, is shown in Fig. 3.
The FLUKA simulation provides an accounting of the fluence 𝛷
of particles traversing a given ‘‘scoring plane’’ of finite area 𝐴 and
infinitesimal width 𝑑𝑧, with the fluence 𝛷 defined as

(1)

where 𝑇 is the sensor operating temperature in degrees kelvin, and
𝐸ef f = 1.21 eV is an effective trap energy gap parameter. The fit to
the data shown in the figure follows this form, and with a constant of
proportionality of 4.7 × 102 A/cm2 𝐾 2 provides a good description of the
data over the measured range of temperature. This dependence will be
made use of in the estimates of the power draw of the irradiated BeamCal
presented below.
4. FLUKA simulation and the exposure metric
Both the T506 target and BeamCal design were implemented in
FLUKA. To enable neutron production through the evaporation of
excited nuclear resonances, the ‘‘SDUM’’ argument for the FLUKA
‘‘PHYSICS’’ control card was set to the value ‘‘EVAPORAT’’; the new
FLUKA model of evaporation without heavy fragmentation was implemented through the use of the value ‘‘2’’ for the ‘‘WHAT(1)’’ argument of
the ‘‘PHYSICS’’ card. To provide the maximum precision in the modeling
of neutrons arising within the electromagnetic shower, the ‘‘SDUM’’
argument was set to the value ‘‘PRECISIO’’ for the ‘‘DEFAULTS’’ card.
Photonuclear interactions themselves were enabled by activating all
available options of the ‘‘PHOTONUC’’ card. With FLUKA configured
in this manner, low-energy neutron transport was modeled down to
thermal energies. These settings are summarized in Table 2.

𝛷 = lim

𝑑𝑧→0

𝑙
,
𝐴𝑑𝑧

(2)

where 𝑙 is the sum of all path lengths traversing the scoring plane’s
infinitesimal volume 𝐴𝑑𝑧. A single particle with angle of incidence 𝜃
passing through a scoring plane of area 𝐴 thus represents a fluence of
𝛷 = 1∕(𝐴 cos 𝜃), with a physical unit of cm−2 . FLUKA can be configured
to provide the differential fluence distribution in a two-dimensional grid
of energy (𝐸) and angle of incidence (𝜃) of shower particles relative to
the normal of the scoring plane.
According to the non-ionizing-energy-loss (NIEL) scaling hypothesis [14], radiation damage in solid-state sensors is proportional to
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Fig. 5. FLUKA estimate of the neutron fluence per 13.3 GeV primary electron, as a
function of incident neutron energy, through the sensor scoring plane for the T506
experiment. The total estimated per-primary neutron fluence is given by the sum of the
bin contents.

Fig. 4. Energy dependence of neutron-induced NIEL in silicon, in MeV per g/cm2 of
silicon traversed per through-going neutron.
Source: This plot displays the data tabulated in [14].

the deposition of energy in the sensor through processes other than
ionization, i.e., processes in which the nuclei, rather than the electronic
states, absorb energy from the incident radiation. In this study, we
are interested in the effects of NIEL arising from the flux of neutrons
that originate within the electromagnetic shower itself. Because the
production of these neutrons is largely due to the excitation of the giant
dipole resonance, whose predominantly evaporative decay produces
an isotropic distribution of neutrons relative to the decaying nucleus,
the neutron-induced NIEL dose is much more pervasive within the
BeamCal device than is the more ballistic electromagnetically-induced
NIEL dose. An assumption that the radiation damage observed in T506
is dominated by neutron-induced NIEL is thus conservative with respect
to the projected performance of the BeamCal after exposure to radiation.
The neutron-induced NIEL dose 𝑁𝑛 (𝐸) per unit path length depends
on the energy of the through-going neutron. The function 𝑁𝑛 (𝐸) is well
known for neutrons passing through silicon, and is tabulated in [14] in
terms of MeV of neutron-induced NIEL per g/cm2 of silicon traversed
per through-going neutron (see Fig. 4). The quantity 𝜌𝑁𝑛 (𝐸), where
𝜌 = 2.33 g/cm3 is the mass density of silicon, thus provides the neutroninduced NIEL in terms of MeV per cm of traversed silicon. For a given
bin of extent 𝛥𝐸𝛥𝛺 centered around an energy 𝐸 and incident angle 𝜃
of neutrons traversing the scoring volume, the contribution 𝛥𝐸NIEL to
the neutron-induced NIEL in the scoring plane volume is thus given by
𝛥𝐸NIEL = 𝜌𝑁𝑛 (𝐸)

𝑑2𝑙
(𝐸, 𝜃)𝛥𝐸𝛥𝛺
𝑑𝐸𝑑𝛺

Fig. 6. FLUKA estimate of the angular dependence of the 1 MeV-equivalent neutron
fluence through the sensor scoring plane for the full exposure of the T506 experiment.

For this study, simulated neutrons incident upon the scoring plane
were binned in 60 uniform bins of 𝛥𝛺, each of width 𝜋∕15, and 336
logarithmically-varying bins of energy between 1 × 10−5 eV and 100
GeV.
5. Estimated T506 neutron dose

(3)

in units of MeV of neutron-induced NIEL; again, 𝑙 is the total path
length of neutrons through the scoring plane volume. More applicable,
however, is the neutron-induced NIEL per unit of scoring plane volume
due to neutrons in the given energy and angle bin, given by
𝛥𝜆 = lim

𝑑𝑧→0

𝛥𝐸NIEL
𝑑2𝛷
= 𝜌𝑁𝑛 (𝐸)
(𝐸, 𝜃)𝛥𝐸𝛥𝛺
𝐴𝑑𝑧
𝑑𝐸𝑑𝛺

The FLUKA simulation of the T506 geometry, as described above,
was used to estimate the neutron-induced NIEL dose accumulated by
the WSI-P4 sensor during its exposure in the T506 experiment. A total
of 3 × 105 13.3 GeV electron showers were simulated with FLUKA. Fig. 5
shows the energy distribution of the simulated neutron flux, per incident
13.3 GeV electron, that traversed the sensor. Fig. 6 shows the differential
neutron-induced NIEL dose distribution 𝑑𝛷∕𝑑𝛺 as a function of neutron
angle of incidence for the FLUKA simulation of the full WSI-P4 exposure.
Due to the ballistic nature of the electromagnetic shower, the neutron
fluence arises primarily from the region of the 1 cm2 beam profile in the
radiator immediately before and after the WSI-P4 sensor. As a result, the
dose distribution is dominated by neutrons entering either the front or
the back of the sensor with lower angles of incidence. Summing over all
incident angles, and scaling to the delivered charge of 51 μC of 13.3 GeV
electrons, yields an estimate of the total neutron-induced NIEL dose of

(4)

in units of MeV of neutron-induced NIEL per cm3 of scoring-plane
volume, which makes explicit use of the double-differential fluence
distribution 𝑑 2 𝛷∕𝑑𝐸𝑑𝛺 provided by FLUKA. Note that in this discussion
of NIEL, the energy 𝐸 is that of the given shower particle (neutron) that
is incident on the scoring plane buried within the apparatus, and not the
energy of the particle (electron or positron) that initiates the shower.
The total exposure 𝜆, again in terms of MeV of neutron-induced NIEL
per cm3 of scoring-plane volume, is then given by summing over all bins
in angle and energy:
𝑁𝑏𝑖𝑛𝑠

𝜆=

∑
𝑖=1

𝜌𝑁𝑛 (𝐸𝑖 )

𝑑2𝛷
𝑑𝐸𝑑𝛺

(𝐸𝑖 , 𝜃𝑖 )𝛥𝐸𝑖 𝛥𝛺𝑖 .

𝜆𝑇 506 = 2.7 × 1011 MeV∕cm3

(6)

in the WSI-P4 sensor, referred to below in comparisons with the
projected BeamCal dose as the ‘‘T506 dose unit’’.

(5)
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6. Expected WSI-P4 current draw (neutron dominance)
As a point of comparison, studies of silicon diode detector leakage
current arising from hadronic irradiation have been performed by the
CERN RD48 Collaboration [15]. RD48 explored a broad range of silicon
diode detector technologies exposed to varying levels of irradiation, and
found a consistent linear dependence of the leakage current draw upon
radiation dose. In terms of the 1-MeV equivalent neutron fluence 𝛷𝑒𝑞 ,
defined as
𝛷𝑒𝑞 =

𝑁𝑛 (𝐸)
𝑑𝛷
(𝐸)
𝑑𝐸,
∫ 𝑑𝐸
𝑁𝑛 (1MeV)

(7)

RD48 found that operating at a temperature of 20 ◦ C after an 80 min
annealing step at 60 ◦ C, the current draw in amps for a fully-depleted
sensor could be approximated as
(8)

𝐼 = 𝛼𝛷𝑒𝑞 𝑉 ,
where 𝑉 is the volume of the sensor bulk in
proportionality constant 𝛼 given by
+20
𝛼𝑅𝐷48
= 4.0 × 10−17 A∕cm.

cm3 ,

Fig. 7. FLUKA estimate neutron flux, as a function of incident neutron energy, through the
sensor scoring plane for Layer 12 of the BeamCal, per ILC beam crossing. The distribution
shown is that for a scoring plane centered on the maximum of the electromagnetic
component (see Fig. 3). The total estimated per-crossing neutron fluence is given by the
sum of the bin contents.

and with the current

(9)

Making use of the expected displacement-damage leakage-current temperature dependence (Eq. (1) from Section 3), the current proportionality constant for an operating temperature of −10 ◦ C would be
−10
𝛼𝑅𝐷48
= 2.1 × 10−18 A∕cm.

7. BeamCal neutron-induced NIEL distribution
The FLUKA package was used, as described above, to simulate the
neutron field over the breadth and depth of the prospective ILC Beamline
Calorimeter. The resulting energy distribution of neutrons for Layer 12
of the BeamCal, for a scoring plane centered on the maximum of the
electromagnetic component of the expected shower profile (see Fig. 3),
is shown in Fig. 7. Layer 12 is close to the peak depth of the neutron
fluence distribution for the ILC-induced showers. The neutron energy
distribution is very similar to that observed for the T506 scoring plane
(Fig. 5).
Figs. 8 and 9 (left) show the differential neutron-induced NIEL dose
distribution 𝑑𝛷∕𝑑𝛺 as a function of neutron angle of incidence, per 107
s of ILC operation, for three locations in Layer 12 of the BeamCal. The
three locations are widely separated, including a point in the center
of the layer, as well as one 24.1 mm beyond the outer edge of the
exhaust (larger) circular cutout and one 34.2 mm beyond the outer edge
of the incoming (smaller) circular cutout. Fig. 9 (right) shows 𝑑𝛷∕𝑑𝛺
averaged over the entire layer. Reflective of the more distributed flux of
electromagnetic particles on the face of the BeamCal, and the isotropic
nature of the dominant source of neutrons in the shower (evaporative
de-excitation of the giant dipole resonance in tungsten), the BeamCal
neutron fluence distribution is much more evenly spread out over solid
angle than that of the T506 fluence distribution (Fig. 6). As a result, the
neutron fluence decreases much less rapidly with transverse distance
from the axis of the shower peak than does the electromagnetic fluence.
Should BeamCal radiation damage be dominated by this neutron flux,
this may lead to a prohibitive dissipative heat load in the BeamCal after
operation in the ILC beam. Results on the projected BeamCal power
draw are presented in the next section.
A series of scoring planes was configured across a section of the
BeamCal at the depths of Layers 12 and 30, including those represented
in Figs. 8 and 9. For each scoring plane, the neutron-induced NIEL
per ILC beam crossing was estimated. This result was then scaled up
by the product of factors of 6560 (the number of ILC beam crossings
per second) and 107 (the estimated number of second of operation per
year) to provide an estimated neutron-induced NIEL per year of ILC
operation. Figs. 10 and 11 show the neutron-induced NIEL results for
these various scoring planes in Layers 12 and 30, respectively. The
results are expressed in terms of the T506 dose unit 𝜆𝑇 506 described
above. The neutron-induced NIEL profile is seen to fall off much less
rapidly with distance from the center of the BeamCal than the corresponding electromagnetically-induced deposition (see Fig. 3). Thus,

(10)

The FLUKA simulation of the T506 target, combined with the energydependent neutron-induced NIEL values from [14], yielded an estimate
of 𝛷𝑒𝑞 = 0.19 n𝑒𝑞 /cm2 per 13.3 GeV primary, leading to an estimate of
T506
𝛷𝑒𝑞
= 6.0 × 1013 n𝑒𝑞 ∕cm2

(11)

for the 51 μC WSI-P4 exposure. Based on the assumption of neutrondominated radiation damage, and the results of the RD48 leakagecurrent studies, this leads to an expectation of 4.0 μA/cm2 for the
320 μm-thick WSI-P4 sensor, operating at a temperature of −10 ◦ C. From
Fig. 2, the current observed in the WSI-P4 sensor at −10 ◦ C was 83
μA/cm2 ; at full depletion, this value would be slightly higher.
Thus, based on the results of RD48 studies, the observed current
draw for the WSI-P4 sensor is significantly greater than that expected
from the assumption of neutron-dominated radiation damage. It is thus
quite possible that the radiation damage observed in the WSI-P4 sensor
is caused predominantly by components of the electromagnetic shower
other than the neutron flux.
It should also be noted that the WSI-P4 ionizing-radiation dose of
270 Mrad corresponds to a charged-particle fluence 𝛬𝑇 506 of
𝛬𝑇 506 = 1.1 × 1016 𝑒± ∕cm−2 .

(12)

Assuming an electron-induced NIEL factor of 1.3×10−4 MeV-cm2 /g [16],
this corresponds to a charged-particle-induced NIEL dose of approximately 3.3 × 1012 MeV/cm3 , an order of magnitude larger than that expected from neutrons (see Eq. (6)). Thus, it is possible that the chargedparticle (electron/positron) component of the tungsten-induced showers
provides the dominant source of radiation damage to the WSI-P4 sensor.
Since, relative to the photon and neutron component, this chargedparticle component is the most ballistic, and thus falls off most quickly
with distance from the center of the BeamCal, the assumption that the
T506 leakage current results are dominated by damage from charged
particles will lead to the smallest estimated power-draw accumulation
during operation. Power-draw estimates for the assumption of chargedparticle dominance are presented below in addition to those for the
assumption of neutron dominance.
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Fig. 8. FLUKA estimates of the angular dependence of the 1 MeV-equivalent neutron fluence through scoring planes in Layer 12 of the BeamCal, for 107 s of ILC operation. Left: fluence
distribution for a scoring plane 24.1 mm beyond the outer edge of the exhaust (larger) circular cutout. Right: fluence distribution for a scoring plane 34.2 mm beyond the outer edge of
the incoming (smaller) circular cutout.

Fig. 9. FLUKA estimate of the angular dependence of the 1 MeV-equivalent neutron fluence through scoring planes in Layer 12 of the BeamCal, for 107 s of ILC operation. The distribution
shown in the left plot is that for a scoring plane at the center of the BeamCal, i.e., at the peak of the electromagnetic flux shown in Fig. 3. The right plot shows the average of the distribution
over the full layer.

Fig. 10. FLUKA estimate of neutron-induced NIEL for the various scoring planes configured for Layer 12 of the BeamCal. The results are shown per year of ILC running (as
defined in the text), and expressed in terms of the T506 dose unit 𝜆𝑇 506 .

Fig. 11. FLUKA estimate of neutron-induced NIEL for the various scoring planes configured for Layer 30 of the BeamCal. The results are shown per year of ILC running (as
defined in the text), and expressed in the T506 dose unit 𝜆𝑇 506 .

as mentioned above, an assumption that the leakage-current inducing
radiation damage observed in the T506 experiment is dominated by
neutron-induced NIEL is conservative with respect to the total estimated
leakage current (and resulting power draw) for the irradiated BeamCal.

8. Expected power draw after irradiation: neutron dominance
By introducing a single scoring plane incorporating the entire surface
of a given BeamCal layer’s sensor plane, FLUKA can be configured to
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Fig. 13. Expected power draw as a function of temperature for the entire BeamCal after
107 s of operation at the ILC, for operation with a bias voltage of 𝑉𝐵 = 600 V, under the
assumption of neutron dominance.

Fig. 12. Expected power draw per layer for operation with a bias voltage of 𝑉𝐵 =
600 V after 107 s of operation in the ILC, for various operating temperatures, under the
assumption of neutron dominance.

accumulate the mean differential neutron fluence 𝑑 2 𝛷𝐿 ∕𝑑𝐸𝑑𝛺 through
the entire detector layer for a given duration of ILC operation with
nominal beam parameters. This can then be converted to a mean
neutron-induced NIEL energy-deposition density 𝜆𝐿 as outlined in Section 4. Assuming neutron-dominated radiation damage, and a linear
dependence of leakage current upon neutron-induced NIEL dose, the
total leakage current through the given layer, for a bias of 𝑉𝐵 = 600 V
and an operating temperature 𝑇 , can then be estimated as
𝐼𝐿 (𝑇 ) =

𝜆𝐿
𝐴𝜎(𝑇 ),
𝜆𝑇 506

(13)

where 𝐴 is the sensor surface area, 𝜎(𝑇 ) is the area current density
measured for the irradiated WSI-P4 sensor (see Fig. 2), and 𝜆𝑇 506 =
2.7 × 1011 MeV/cm3 is the neutron-induced NIEL dose accumulated by
the WSI-P4 sensor. Here, it is assumed that the thickness of the BeamCal
sensor is approximately the same as that of the WSI-P4 sensor (320 μm).
The total power draw 𝑃𝐿 (𝑇 ) in the layer is then given by multiplying
the current draw 𝐼𝐿 (𝑇 ) by the bias voltage:
𝑃𝐿 (𝑇 ) = 𝑉𝐵 𝐼𝐿 (𝑇 ) = 𝑉𝐵

𝜆𝐿
𝐴𝜎(𝑇 ).
𝜆𝑇 506

Fig. 14. Expected power draw per layer for operation with a bias voltage of 𝑉𝐵 =
600 V after 107 s of operation in the ILC, for various operating temperatures, under the
assumption of charged-particle dominance.

(14)

9. Expected power draw after irradiation: charged-particle dominance

Fig. 12 show the resulting estimate for 𝑃𝐿 (𝑇 ) as a function of layer
for a series of operating temperatures between −15 ◦ C and 22 ◦ C, for
107 s of operation at the ILC. Replacing the T506 observed leakage
current dependence 𝜎(𝑇 ) with the RD48 expectation for neutron-damage
leakage currents (see Section 6) would lower the power draw estimate
by roughly a factor of 20 over the displayed range of temperature.
The maximum power dissipation density will arise approximately
at the peak of the electromagnetic (electron and positron) deposition
distribution in Layer 12 of the BeamCal. At this point, after 107 s of
exposure in the ILC and operating at a bias voltage of 600 V and a
temperature of −10 ◦ C, under the assumption of neutron-dominated
radiation damage the power draw is expected to be approximately 25
mW per cm2 of sensor area.
Having estimated the layer-by-layer current draw as a function of
operating temperature, the total power draw is then given by summing
the power draw over all layers. Fig. 13 shows the total expected power
draw as a function of temperature; under the assumption of neutrondominated radiation damage, the expected power draw after roughly 1
year of ILC operation varies between 30 and 2000 W for temperatures
between −20◦ and 20 ◦ C, and would be of order 10 W for an operating
temperature of −30 ◦ C.

The estimation of the power-draw accumulation for the assumption
of charged-particle dominance parallels that of the case of neutron
dominance. A single scoring plane per layer is used to accumulate the
mean charged-particle fluence 𝛬𝐿 per BeamCal layer, per 107 s of ILC
operation. The expected power draw in the layer, under the assumption
of charged-particle dominance, is then given by
𝑃𝐿𝑐ℎ (𝑇 ) = 𝑉𝐵

𝛬𝐿
𝐴𝜎(𝑇 ),
𝛬𝑇 506

(15)

where 𝛬𝑇 506 is the estimated total charged-particle fluence through the
WSI-P4 sensor introduced in Section 6.
Fig. 14 shows the resulting estimate for 𝑃𝐿𝑐ℎ (𝑇 ) as a function of layer
for a series of operating temperatures between −15 ◦ C and 22 ◦ C, for
107 s of operation at the ILC. The maximum power dissipation density
under the assumption of charged-particle dominance, for a bias voltage
of 600 V and an operating temperature of −10 ◦ C, is estimated to be
approximately 10 mW per cm2 of sensor area. Fig. 15 shows the total
expected power draw as a function of temperature for the assumption of
charged-particle dominance. Under this assumption, the expected power
draw after roughly 1 year of ILC operation varies between 2 and 100 W
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predominantly caused by radiation damage from the neutron component of the electromagnetic shower.
However, under the conservative assumption that the damage is
neutron-induced, and assuming operation at a bias voltage of 600 V
and a temperature of −10 ◦ C, the overall power draw of the Beamline
Calorimeter is expected to increase by approximately 100 W per year
of operation. Lowering the operating temperature to −30 ◦ C would
be expected to reduce the growth in power consumption to approximately 10 W per year. Under the least-conservative assumption that
the charged particle component dominates the radiation damage, the
corresponding estimate is of order 5 W of power-draw accumulation
per year of operation for an operating temperature of −10 ◦ C. Further
studies clarifying the source of radiation damage in tungsten-induced
electromagnetic showers should allow this range to be substantially
narrowed. Nonetheless, even under the conservative assumption of
neutron-dominated radiation damage, a BeamCal design incorporating
silicon diode sensors seems feasible.
Finally, both charged and neutral particle fluences in the region
just outside the Beamline Calorimeter, where the front-end electronics
would be mounted, were estimated to be at levels that would be unlikely
to pose a threat to the performance of the readout.

Fig. 15. Expected power draw as a function of temperature for the entire BeamCal after
107 s of operation at the ILC, for operation with a bias voltage of 𝑉𝐵 = 600 V, under the
assumption of charged-particle dominance.

Table 3
Neutron fluences at various positions 1 cm outside the BeamCal, for 107 s of ILC operation,
in cm−2 . The angle is measured relative to the axis defined by the center of the BeamCal
and the centerline of the smaller circular cutout. The small angular dependence arises
from the asymmetries in the BeamCal geometry and electromagnetic energy deposition
distribution visible in Fig. 3.
Angular position

0

𝜋∕2

𝜋

3𝜋∕2

Layer 12 fluence (cm−2 )
Layer 30 fluence (cm−2 )

5 × 1011
5 × 1011

6 × 1011
5 × 1011

7 × 1011
6 × 1011

8 × 1011
5 × 1011
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10. Peripheral flux calculations
The BeamCal front-end electronics is likely to be mounted just
outside the BeamCal structure. Thus, FLUKA has also been used to
estimate neutron and charged-particle fluences in regions immediately
peripheral to the BeamCal.
Table 3 shows the expected neutron fluence per nominal year of
operation, for scoring planes oriented transverse to the beam direction,
at various points 1 cm outside the BeamCal. The corresponding electromagnetic fluence was found to be less than 1011 through-going charged
particles (electrons and positrons) per cm2 per nominal year at any of
these positions, corresponding to an ionizing dose of less than 2.5 krad
per year from this source.
11. Summary and conclusions
Making use of the FLUKA simulation package, projections have been
made of the performance of the Beamline Calorimeter after exposure to
beam-induced radiation from the prospective International Linear Collider. These projections were normalized to the observed performance of
a prototype p-type, float-zone bulk prototype silicon diode pad detector
exposed to tungsten-induced electromagnetic showers in experiment
T506 at the SLAC End Station Test Beam facility.
The T506 studies suggest that after several years of exposure of
a Beamline Calorimeter instrumented with silicon diode sensors, for
sufficient bias voltage the charge collection will remain high (50% or
greater) even in the most heavily-irradiated portions of the Beamline
Calorimeter. Using the FLUKA simulation to estimate the T506 neutron
dose, and neutron-induced leakage current results from the RD48
collaboration, the overall current draw is found to be higher than that
expected for the assumption that observed T506 leakage currents are
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