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 A B S T R A C T

Test structures from the ATLAS18 ITk strip detector wafers were irradiated with 24 GeV/c protons. These test 
structures were positioned at various angles with respect to the proton beam. Blocks of G10 material were 
placed in front of these test structures to study the effect of scattering of primary protons on the received 
particle fluence. The results confirm that both the incidence angle of the beam and scattering significantly 
influence the actual fluence to which the samples are exposed. Miniature strip detectors, first irradiated with 
protons, were also irradiated with reactor neutrons, to a combined fluence of 𝛷𝑛𝑒𝑞 = 1.6 × 1015 cm−2. The 
combination of proton and neutron fluences matched the combination expected in the most exposed part of 
the strip detector in the ALTAS Inner Tracker (ITk). Good charge collection was measured confirming that 
the strip detectors are sufficiently radiation hard for successful operation to highest fluences expected at the 
HL-LHC.
1. Introduction

The silicon strip detectors in the Inner Tracker (ITk) [1] of the 
upgraded ATLAS experiment at HL-LHC will have to operate in a high 
radiation environment. The strip sensor region of the tracker has to 
withstand irradiation with a 1 MeV neutron equivalent fluence1 of 
𝛷𝑛𝑒𝑞 = 1.6 × 1015 cm−2. To verify such radiation hardness, extensive ir-
radiation studies were performed during development of these sensors. 
These included irradiations with reactor neutrons as well as protons 
with 25 MeV and 70 MeV kinetic energy and 24 GeV/c momentum2 [2–

I Copyright 2025 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
∗ Corresponding author.
E-mail address: igor.mandic@ijs.si (I. Mandić).

1 The 1 MeV neutron equivalent fluence (neq) is used to express the fluence of different particles in terms of the damage caused by 1 MeV neutrons, based 
on the amount of Non-Ionizing Energy Loss (NIEL) they produce.

2 23 GeV kinetic energy.
3 The value was chosen after optimization of yield of the sensors in the distributions of collected charge, breakdown voltage, and signal-to-noise ratio >10.

4]. During four years of production of more than 25000 sensors for 
the ITk, regular irradiations of test structures with neutrons and low 
energy protons are a part of the production quality assurance (QA) 
procedures [5]. The Collected Charge (CC) after irradiation is one of 
the QA parameters, with a minimum requirement of 6350 electrons3 
at a bias voltage of 500 V (the maximum bias voltage for ITk strips 
detector). Because of less frequent availability, irradiations with high 
energy protons are not part of the QA procedures, but irradiation 
campaigns with 24 GeV/c protons at CERN PS were carried out to check 
the effect of high energy hadrons on samples from production wafers.
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Fig. 1. A photo of the mechanical support used in irradiations is shown on the left. The test structure called mini&MD8 on the right contains a mini strip detector (1 × 1 cm2) 
and a diode (0.8 × 0.8 cm2). The test structures were placed in holders in the support structure machined in the 6 mm thick G10 material. The red arrow in the left figure 
represents the direction of 24 GeV/c proton beam. The incidence angle of the beam on the test structure was ∼1.45◦.
Radiation damage to the sensor bulk is the consequence of the 
displacement of lattice atoms. It is known that the effect of irradiation 
on properties of silicon detectors may depend on irradiation particle 
type even at the same NIEL. For example, the change of full depletion 
voltage after irradiation with 24 GeV/c protons is different than after 
irradiation with reactor neutrons in detectors produced on silicon with 
high oxygen content [6,7]. In the upgraded ATLAS experiment displace-
ment damage will be caused by charged hadrons and neutrons [1,8]. 
In the most exposed part of the ITk strip detector, charged hadrons 
and neutrons will contribute roughly equally to the NIEL, while in 
other regions neutrons will dominate. Among the available charged 
hadron radiation sources, bulk damage caused by 24 GeV/c protons 
most closely resembles the damage expected from charged hadrons in 
the upgraded ATLAS experiment, which are mostly protons and pions 
with energies of a few hundred MeV. It is therefore important to check 
the performance of detectors after irradiation with 24 GeV/c protons.

Previous irradiation tests, including tests with 24 GeV/c protons, 
showed good performance after irradiation for several versions of ITk 
strip detector prototypes [2–4]. However, after some of the recent 
irradiations of samples from the ATLAS18 production strip sensors with 
24 GeV/c protons to 𝛷𝑛𝑒𝑞 ∼ 1.6 × 1015 cm−2, the CC at a bias voltage of 
500 V was below the QA acceptance level of 6350 electrons.4 These 
results initiated extensive irradiation, measurement, and simulation 
work to understand the causes of the low CC using the test structures 
from the wafers of the ATLAS18 production sensors [5,9,10].

2. Irradiations

Irradiations with 24 GeV/c protons were performed at the IRRAD 
test facility at CERN [11,12]. The proton beam at IRRAD, for the irra-
diations described in this work, is narrow and has a roughly Gaussian 
intensity profile with a Full Width at Half Maximum in the 𝑥 direction 
FWHM𝑥 = 7.8 mm and FWHM𝑦 = 9.7 mm as determined using the Beam 
Profile Monitor [11,12]. In irradiations described in this work, samples 
were not ‘‘scanned in the beam’’ but they were instead positioned in the 
beam and kept at a fixed position until the final fluence was reached.

2.1. The earlier experiments in 2021 and 2022

The test structure called mini&MD8 contains a mini strip detector 
and a pad diode on a single piece of silicon with size of roughly 
1 × 2 cm2 - see Fig.  1. To irradiate a structure of this size, without 
scanning, it was placed in the narrow beam at a shallow angle of 
∼ 1.45◦ with respect to the beam direction. The mechanical support 
was made of G10 material in which place holders were machined as 
shown in Fig.  1. Several samples were placed one behind the other in 
the beam direction and irradiated together. This resulted in thick layers 
of G10 and silicon materials on which primary protons scattered and 
generated showers of secondary particles. Geant4 simulations indicated 

4 See Fig.  13, symbols A18(PS2021) and A18(PS2022) and comments in 
Sections 4.2 and 5.
2 
Fig. 2. Drawing of the sample holder.

that, in such a setup, secondary particles originating from the G10 
or/and silicon of irradiated devices, due the shallow incidence angle, 
increase the effective fluence. Irradiations of ATLAS18 samples with 
this type of setup were carried out in the years 2021 and 2022. In 
both experiments significantly lower charge collection efficiency than 
expected was measured at high fluences, possibly because the actual 
fluence was larger than anticipated.

2.2. The experimental setup of this work in 2023

Mini strip detectors (mini), pad diodes (MD8) and Test-Chips (TC) 
containing various test circuits [9] were irradiated for the study of 
effects of scattering and irradiation angle. All samples were cut to 
1 × 1 cm2 size from larger ITk strip test structures. Mini strip detectors 
and MD8 diodes were cut from the structure shown in Fig.  1 while 
Test-Chips were cut from a different type of test structure (see [10]).

Samples were fixed to light weight holders made of a thin layer of 
PEEK (PolyEther Ether Ketone) plastic shown in the drawing in Fig. 
2. Twelve holders, each holding two samples in each of the four slots, 
were mounted at different angles to the direction of the proton beam as 
shown in Fig.  3. Two sets of four holders were mounted at angles 90◦, 
12◦, 6◦ and 1.5◦. The first set contained pairs of mini strip sensors in 
each slot and the second set a Test Chips (TC) and a MD8 pad diodes in 
each slot. Blocks of G10 material were placed in front of the last four 
holders mounted at 90◦ and 1.5◦. The samples were arranged in four 
columns separated by 2.4 cm. Each of the columns was centred in the 
proton beam and kept at fixed position (there was no scanning) during 
irradiation. After the irradiation of one column was finished, the next 
column was moved into the beam. Simulations, which will be described 
in the next section, showed that the fluences delivered to the samples 
in neighbouring columns are below 1% of fluence for samples on the 
eight holders before G10 scattering blocks and less than 4% for the last 
four holders behind the blocks. The target 𝛷  for columns 1 to 4 (see 
𝑛𝑒𝑞
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Fig. 3. Drawing of side view (top) and photos of the irradiation setup. Pairs of Mini strip (Minis) detectors were mounted on the first four lightweight holders, while pairs of 
one Test Chip and one MD8 diode (TC+MD8) were mounted on the next four holders. The holders were positioned at different angles with respect to the beam direction — these 
angles are indicated on the photo. Test structures were also placed behind blocks of G10 material to study the effect of secondary particles generated by scattering of primary 
protons. Samples on the holders were arranged in four columns, each exposed to a different proton fluence. Seven layers of aluminium foil, labelled Al1 to Al7 in the photo, were 
mounted in the setup, all at 90◦, for monitoring the proton fluence.
Fig.  3) were 1×1014, 5×1014, 1×1015 and 1.6×1015 cm−2, respectively. 
The fluences reached for columns 3 and 4 were significantly lower than 
these target values because the irradiation was stopped by the IRRAD 
crew for technical reasons before the target fluence was reached. The 
sample holder was placed in a cold box maintaining a temperature of 
−20 ◦C during irradiation.

3. Dosimetry and simulation

The proton fluence was monitored by measuring the activity of 
22Na and 24Na in aluminium (Al) foils [13]. As shown in Fig.  3, seven 
layers of Al foils were installed in the setup at 90◦ to the beam. After 
irradiation 1 × 1 cm2 pieces matching the positions of columns of 
samples were cut from the Al foils and their radioactivity measured. 
With this method the proton fluence was determined with an accuracy 
of 7%. The proton fluence taken from the activated foil dosimetry is 
converted to 1 MeV neutron equivalent fluence in silicon, 𝛷𝑛𝑒𝑞 , by 
multiplying it with a hardness factor of 0.62 [14].

The relationship between the radioactivity of Al foils and the fluence 
of 24 GeV/c protons is well known [13,15]. However, the relationship 
between the fluence of secondary particles, produced by the inter-
actions of primary protons with the material in the setup, and the 
activation of Al foil is not known for all secondary particle types 
and energies. As a rough estimate, 𝛷𝑛𝑒𝑞 were calculated from the 
foil activity using conversion constants for 24 GeV/c protons. In the 
following text, this quantity is referred to as the measured fluence. The 
accuracy of this estimation was assessed by comparison with a Geant4 
simulation and by measurements of the leakage current under reverse 
bias in diodes irradiated in the setup, as explained below.

Fig.  4 shows the measured 𝛷𝑛𝑒𝑞 for seven layers of Al foils for four 
irradiation columns in the setup (see Fig.  3). The striking feature of 
Fig.  4 is the significant increase of the measured fluence on layer 2, 
3 
and even more so on layer 3, behind the first G10 scattering block 
in the setup compared to layer 1. This increase is attributed to the 
contribution of secondary particles generated in interactions of the 
beam with the material in the setup.

3.1. Simulation

The Geant4 simulation [16] of the experiment was made using the 
specifications of all particles and their interactions required to run 
a shielding, high energy or underground detector simulation, called 
‘‘Shielding physics list’’ [17]. A detailed CAD drawing of the irradiation 
setup shown in Fig.  5a was used to describe the material distribution 
in the simulation. The NIEL in silicon samples was calculated by sum-
ming the path lengths of particles in Si and using the damage factors 
from [18–21].

Fig.  5(b) shows the NIEL relative to the NIEL in layer 1 calculated 
with Geant4 for the silicon samples in different layers of the setup. 
At the locations of Al foils in Fig.  5b the NIEL was calculated for a 
same size silicon sample as in the other layers (1 × 1 cm2, 300 μm
thick) positioned at 90◦ to the beam. It can be seen that the fluence 
for samples irradiated at shallow angles in layers 2, 3, 4, 6, 7 and 8 is 
significantly larger than the fluence of samples irradiated at 90◦. This 
is a geometrical effect because the FWHM of the beam intensity profile 
is comparable with the dimension of the samples. At shallow angle a 
larger part of the sample is exposed to the high intensity core of the 
beam than in the case of exposure at 90◦.

The effect of irradiation at shallow angle was also studied in a 
separate irradiation experiment at the CERN IRRAD facility in which 
aluminium foils were irradiated at 90◦ and at 0◦. A sketch of the 
experiment is shown in Fig.  6. The dimension of foil F1 was 0.5 × 0.5
cm2 while foils F2 and F3 were 1 × 1 cm2. The fluence measured with 
the small foil F1 was 70% larger than the fluence measured with the 
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Fig. 4. The figure shows the 𝛷𝑛𝑒𝑞 calculated from the radioactivity of Al foils, using 
parameters for 24 GeV/c protons, for 28 aluminium pieces from four columns of the 
irradiation setup in Fig.  3.

Fig. 5. (a) Drawing of the setup used in the Geant4 simulation with an event showing 
secondary tracks generated in an interaction of a primary proton. (b) Relative NIEL 
calculated by the Geant4 simulation for silicon samples at different layers. The positions 
correspond to different angles, as indicated in the 𝑥-axis labels. The fluence was 
calculated separately for two silicon samples at each position. At the locations of Al 
foils, the relative NIEL was calculated for 1 × 1 cm2, 300 μm thick silicon positioned 
at 90◦ to the beam. These values are marked with grey triangles.

larger foil F2, confirming the higher intensity at the centre of the beam. 
The fluence measured with the horizontal foil F3 was 30% larger than 
that measured with F2 at 90◦. This is consistent with the 30% increase 
of fluence calculated by the Geant4 simulation for samples positioned 
at shallow angles in layers 2, 3, 4 and 6, 7, 8 in Fig.  5(b).

The effect of the beam incidence angle in Fig.  5b is much less 
significant for samples in layers 9, 10, 11 and 12 with G10 scatter-
ing blocks placed between the beam and the samples. This may be 
expected because inelastic interactions of primary protons create many 
secondary particles at larger angles, effectively broadening the beam 
size and thus reducing the geometrical effect of a shallow angle.
4 
It can be seen in Fig.  5b that fluences decrease with increasing layer 
number in these layers. The variation of fluence with position in the 
region containing G10 scattering blocks is governed by the generation 
and absorption of secondary particles, as well as by the attenuation of 
the primary beam, which resulted in the observed dependence. Fig.  7 
shows the kinetic energy spectrum of particles incident on the sample 
in layer 11. The spectrum peaks at energies much lower than the beam 
energy, indicating that many charged particles are absorbed in the G10 
before reaching the sample. Additionally, secondary particles may miss 
the sample if they are produced at larger angles relative to the beam 
direction. Simulations indicate that the differences between fluences at 
the sensor and aluminium foil positions, as observed in layers 9, 10, 
11, and 12 in Fig.  5b, are a consequence of the geometric effect of the 
distance from the G10 material, due to the broad angular distribution of 
secondary particle directions. The ∼5 mm air gap between the sample 
and Al foil 3 in layer 9 results in a fluence reduction of a few percent. 
The effect is more pronounced in layers 10 and 12 due to larger gaps.

Fig.  8 shows measured and calculated fluences relative to the layer 
1 for all layers in the setup. Measured data points are averages for four 
foils at each layer. The error bars show the standard deviation of these 
four values. Geant4 fluences were calculated for 1 × 1 cm2, 300 μm thick 
pieces of silicon at the locations of Al foils. It can be seen that at layer 
3 the measured fluence is by up to 60% larger than at layer 1, which 
is a large effect. There is good agreement between measurement and 
simulation for layer 2 while for higher layer numbers the simulation 
underestimates the measured values.

It should be noted that only a rough agreement is expected, despite 
the precise material distribution, due to a combination of factors. First, 
there is uncertainty in the correlation between Al foil activation and 
𝛷𝑛𝑒𝑞 in silicon within an environment containing secondary particles. 
Estimating this relationship would require folding the secondary parti-
cle flux spectrum predicted by Geant4 with the relevant activation cross 
sections for 24Na and 22Na production in aluminium. However, this 
is not straightforward due to the limited availability of experimental 
cross-section data for particles other than protons [22]. Additional 
uncertainties include possible deviations of the true beam shape from 
the Gaussian profile used in the simulation. Differences may also arise 
from misalignments between the irradiation setup and the proton beam, 
which are not accounted for in the simulation.

This work does not aim to study the correlation between NIEL in 
silicon (measured or modelled in Geant4) and aluminium activation 
in detail, but rather to demonstrate that secondary particles, origi-
nating from the support structure of the irradiation setup, contribute 
significantly to the NIEL in silicon samples.

3.2. Estimating fluences

As shown in Fig.  3 not all samples had Al foils placed near their 
positions such that the fluence to which samples were exposed was 
estimated based on measurements and simulation. The fluence mea-
sured with Al1 is the best estimate of the fluence for samples in layer 
1 and this value was used also for layer 5 (90◦), because the Geant4 
simulation did not show significant differences between these two 
layers. As mentioned at the beginning of this section, the precision of 
fluence measurement with the Al foil is 7%.

The simulation results in Fig.  5b show that devices irradiated at 
shallow angles in layers 2, 3, 4 and 6, 7, 8 were exposed to about 30% 
higher fluence than those in layer 1. The increase of fluence by 30% due 
to the shallow angle was seen also in the separate experiment shown in 
Fig.  6. Therefore, the fluences for sensors in these layers were estimated 
by multiplying the fluence of layer 1 with factors calculated using the 
Geant4 simulation. The uncertainty of this factor is estimated to be of 
the order of 10%. It arises from the imperfect beam description in the 
simulation.

The sensors in layers behind the G10 scattering blocks have alu-
minium layers in their vicinity. Al3 is located near sensor layer 9, Al4 
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Fig. 6. Sketch of the irradiation experiment. Mini strip sensors are marked with S and aluminium foils with F. The size of the foil F1 is 0.5 × 0.5 cm2 while F2 and F3 are 1 × 1 
cm2. The drawing is not to scale.
Fig. 7. Kinetic energy spectrum of particles hitting the sample in layer 11 (see Figs. 
3 and 5).

Table 1
Table of estimated fluences for samples from four columns with different fluences and 
twelve layers at different angles in the setup. The Al foil used to estimate the fluence 
in the corresponding layer is specified (see Figs.  3 and 5).
 Sensor Angle Al# 𝛷𝑛𝑒𝑞 𝛷𝑛𝑒𝑞 𝛷𝑛𝑒𝑞 𝛷𝑛𝑒𝑞  
 layers [◦ ] Col. 1 Col. 2 Col. 3 Col. 4  
 [1014 cm−2] [1014 cm−2] [1014 cm−2] [1014 cm−2] 
 1,5 90 Al1 0.9 ± 0.1 3.6 ± 0.3 5.5 ± 0.4 7.2 ± 0.5  
 2,6 12 Al1 1.1 ± 0.1 4.5 ± 0.5 6.8 ± 0.8 9.0 ± 1.1  
 3,4 6 Al1 1.1 ± 0.1 4.7 ± 0.6 7.1 ± 0.9 9.4 ± 1.1  
 7,8 1.5 Al1 1.1 ± 0.1 4.7 ± 0.6 7.1 ± 0.9 9.4 ± 1.1  
 9 90 Al3 1.5 ± 0.2 5.0 ± 0.7 8.8 ± 1.3 12.1 ± 1.8  
 10 1.5 Al4 1.5 ± 0.3 5.4 ± 0.8 9.2 ± 1.5 11.9 ± 1.8  
 11 90 Al5 1.6 ± 0.4 5.4 ± 0.8 9.2 ± 1.6 11.9 ± 1.8  
 12 1.5 Al6 1.6 ± 0.4 5.3 ± 0.8 8.8 ± 1.5 11.7 ± 2.1  

near layer 10, Al5 near layer 11 and Al6 near the last layer 12 (see Figs. 
3a and 5b). The fluences determined using these foils, by converting 
the measured radioactivity to fluence in the same way as for 24 GeV/c 
protons, are taken as the estimates of the fluences for the closest 
sensor layer. The Al foils were irradiated at an incidence angle of 90◦
while the sensors in layers 10 and 12 were irradiated at 1.5◦. But the 
simulation in Fig.  5b shows that the effect of the angle is significantly 
smaller than for layers without G10 material, therefore no correction 
factor due to the angle was applied. The fluence uncertainty for these 
layers was roughly estimated as the difference between the fluence 
5 
Fig. 8. Fluence relative to the fluence measured with the Al foil in layer 1 and fluences 
relative to the fluences in layer 1 calculated with the Geant4 simulation. Geant4 
fluences were calculated for 1 × 1 cm2 silicon, 300 μm thick, at the same location 
as Al foil. The measured values are averages for the measurements of four foils from 
four columns per layer and the error bars show the standard deviation of the four 
measurements.

measured with the Al foil and the fluence calculated using Geant4. 
The Geant4-calculated fluence was obtained by multiplying the fluence 
measured with the Al foil in layer 1 by the relative fluence factor for 
each layer, as shown in Fig.  5b. A minimum uncertainty of 15% was 
set, corresponding to the average difference between measured and 
calculated values for these layers. The estimated fluences for individual 
samples in the twelve layers and four columns are summarized in Table 
1.

The MD8 structures are silicon pad diodes with a 0.8 × 0.8 cm2

surface area and a 300 μm active thickness. The current was measured 
with twelve MD8 diodes irradiated in columns 2 and 4 (see Fig.  3). The 
current was measured after annealing the diodes at 60 ◦C for 80 min. 
Measurements were made with MD8 diodes on a cold chuck, which 
stabilized the diode temperature at (5.0±0.1) ◦C. The measured currents 
were scaled to −20 ◦C using the effective silicon band gap energy of 
𝐸𝑔 = 1.21 eV [23]. This scaling was applied to enable easier comparison 
with the currents of mini strip detectors, which are measured at −20 ◦C 
in the charge collection measurement system. Fig.  9 shows the current 
at −20 ◦C and at 800 V reverse bias voltage as a function of the 
estimated fluences listed in Table  1.

The measured current is compared with the current expected for 
a fully depleted diode, calculated as 𝐼 = 𝛼 ⋅ 𝛷 ⋅ 𝑉 , where 𝛼 =
𝑛𝑒𝑞
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Fig. 9. The current measured with MD8 diodes at a reverse bias voltage of 800 V and 
scaled to temperature of −20 ◦C vs. the estimated fluence from Table  1. The dashed 
line shows the calculated current vs. fluence relation for a fully depleted MD8 diode.

4 × 10−17 Acm−1 is the reverse current scaling factor at 20 ◦C [24], 
𝛷𝑛𝑒𝑞 is the equivalent fluence and 𝑉  is the depleted volume. The 
current values calculated with mentioned parameters were scaled to 
T = −20 ◦C using 𝐸𝑔 = 1.21 eV in Fig.  9. A reverse bias voltage of 800 
V was chosen because diodes were fully depleted at this voltage also at 
highest fluences. A reasonable agreement between the calculated and 
measured current is observed, indicating the accuracy of the fluence 
values estimated in Table  1.

4. Charge collection measurements

The charge collection of mini strip detectors was measured with 
electrons from a 90Sr source using an ALiBaVa multi channel readout 
system employing the Beetle chip [25]. The mini strip detector was 
positioned between the 90Sr source and a scintillator coupled to a 
photomultiplier. The electrons from the source hit the device-under-test 
at 90◦. A trigger signal was provided by the signal from the scintillator 
generated by electrons from 90Sr that crossed the strip detector. The 
trigger arrival time with respect to the Beetle clock was recorded with 
a precision of 1 ns and only events from a 10 ns wide time window, 
containing the peak of the amplifier output, were selected for mea-
surements of the collected charge. The passage of electrons can induce 
signals in several neighbouring strips so the collected charge in an event 
was determined using a clustering algorithm. The distribution of cluster 
charges from several thousands of events was fitted with a Landau 
function convoluted with a Gaussian and the most probable value of 
the Landau function was defined as the collected charge at a given 
bias voltage. The uncertainty of the collected charge estimated in this 
way is about 1000 electrons [2]. The charge collection measurements 
shown in this work were made after annealing for 80 min at 60 ◦C. The 
measurements were taken with detectors cooled to −20 ◦C. See [26,27] 
for more detail about the measurement setup.

Fig.  10 shows the collected charge at 500 V reverse bias voltage 
measured with mini strip detectors irradiated at different angles with 
or without blocks of G10 material in the beam as a function of fluence. 
It can be seen in Fig.  10 that the collected charge is well above the 
QA acceptance level at all fluences in this experiment. The depen-
dence of the collected charge on fluence is comparable with previous 
experiments [26] but with significant spread. It should be noted that 
the beam in IRRAD is very narrow so even small misalignments can 
have a significant impact on the fluence. Additionally, due to the 
narrow beam, the mini strip detectors are not irradiated uniformly. The 
position of the 90Sr source, scintillator and collimators relative to the 
mini strip detector in the experimental setup may favour the part of the 
6 
Fig. 10. The figure shows the collected charge (in the unit of kilo electrons [kel]) 
at 500 V reverse bias voltage vs. the fluence listed in Table  1. Different symbols 
and colours represent sensors at different angles in front of or behind blocks of G10 
material. The horizontal dashed line shows a charge of 6350 electrons, which is the 
QA acceptance level for the ATLAS ITk strip detectors.

detector which was exposed to either higher or lower fluence. These 
uncertainties were not included when estimating the fluences.

The dependence of the collected charge on the irradiation angle is 
shown in Fig.  11. It can be seen that the collected charge for sensors 
with no G10 material between the samples and the beam in Fig.  11a is 
higher at 90◦ than at shallower angles for any fluence. This is expected 
due to geometrical effects in a beam with Gaussian shape of beam 
profile with a FWHM comparable to the dimension of the sample, as 
explained before. It can be seen that for angles 12◦ and lower the 
collected charge is slightly increasing as the angle decreases. This effect 
is currently not understood and parameters like proton beam profile, 
details of the position of samples in the beam should be known better 
to explain the feature.

Measurements for sensors with G10 material between the beam and 
the samples are shown in Fig.  11b. It can be seen that the collected 
charge is lower than in Fig.  11a for sensors irradiated in the same 
column because of the higher effective fluence. For the sensors in 
Fig.  11b no dependence on incidence angle is observed. This may be 
explained by secondary particles, which, according to measurements 
with Al foils in Fig.  8, might increase the effective fluence by up to 60%. 
These particles are generated at larger angles effectively broadening 
the beam making the irradiation more uniform and so reducing the 
influence of the angle. The Geant4 simulation in Fig.  5b also showed a 
much smaller effect of angle for sensors in layers 9, 10 than for layers 
1, 2, 3 and 4.

Measurements shown in this section confirm that the material of 
the support structure and irradiation at shallow angle can cause a 
significant increase of the effective fluence, which results in signif-
icantly lower collected charge. It is therefore very likely that these 
effects contributed to low values of collected charge measured after 
irradiations at the IRRAD facility in 2021 and 2022.

4.1. Mixed irradiation

In the upgraded ATLAS experiment silicon strip detectors will be ex-
posed to a mixture of neutrons and high energy charged hadrons [1,8]. 
More than 50% of the displacement damage in silicon strip detectors 
will be caused by neutrons and the rest by charged hadrons. In the 
most exposed part, the ITk strip detectors will accumulate 𝛷𝑛𝑒𝑞 ∼ 5 ×
1014 cm−2 from charged hadrons while displacement damage equivalent 
to fluence 𝛷𝑛𝑒𝑞 ∼ 6 × 1014 cm−2 will come from neutrons. These are 
the expected radiation levels after 4000 fb−1 of integrated luminosity. 
The strip detectors were designed with a safety factor of 1.5 for a total 
fluence of 𝛷𝑛𝑒𝑞 = 1.6 × 1015 cm−2 of which 𝛷𝑛𝑒𝑞 ∼ 7 × 1014 cm−2 comes 
from charged hadrons and 𝛷 ∼ 9 × 1014 cm−2 from neutrons [1,8].
𝑛𝑒𝑞
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Fig. 11. (a) Collected charge vs. angle for sensor layers 1, 2, 3 and 4, without G10 material between the beam and sensors. Different colours are used for different target fluences 
(i.e. columns in the setup). (b) Collected charge measured with sensors at 90◦ and 1.5◦ in layers 9 and 10, with G10 material in the beam.
Fig. 12. Collected charge vs. bias voltage for mini strip detector irradiated with 
24 GeV/c protons to 𝛷𝑛𝑒𝑞 ∼ 7.2 × 1014 cm−2 and with reactor neutrons to 𝛷𝑛𝑒𝑞 ∼
8.8×1014 cm−2, total fluence 𝛷𝑛𝑒𝑞 ∼ 1.6×1015 cm−2. The collected charge was measured 
with a precision of 1000 electrons. The dashed line at 6350 electrons shows the minimal 
collected charge required at the bias of 500 V for ITk strip detectors.

To check the performance of the detector after irradiation with a 
mixture of particles, a sample that was exposed to 𝛷𝑛𝑒𝑞 ∼ 7.2×1014 cm−2

(see Table  1) at 24 GeV/c proton irradiation, was later also irradiated 
at the TRIGA reactor in Ljubljana [28,29] with neutrons to 𝛷𝑛𝑒𝑞 ∼
8.8 × 1014 cm−2. This resulted in a mixture close to that expected in 
the most exposed part of ITk strips. After irradiation with protons the 
sample was kept in the freezer. Irradiation with neutrons took less 
than 10 min and samples did not heat above ∼40 ◦C [27] during this 
time so the annealing of damage caused by proton irradiation was not 
significant compared to the annealing for 80 min at 60 ◦C done before 
measurements. The charge collection measured as a function of bias 
voltage is shown in Fig.  12. It can be seen that the collected charge at 
500 V is well above 6350 electrons, which is the minimum required for 
strip detectors in the ATLAS ITk.

4.2. Comparison with previous measurements

Fig.  13 shows a comparison of charge collection measurements as a 
function of fluence from a large number of irradiations with different 
particles and different versions of strip detectors. This includes mea-
surements after irradiations with 24 GeV/c protons, in which collected 
charge below the acceptance level of 6350 electrons was measured 
near the design fluence of 𝛷𝑛𝑒𝑞 = 1.6 × 1015 cm−2 (symbols A18 
(PS2021) and A18 (PS2022) in Fig.  13). These measurements motivated 
the irradiation experiment described in this work aiming to identify 
7 
the cause of the low collected charge and to ensure that the charge 
collection of ATLAS18 strip detectors will be sufficient at the highest 
fluences expected in the ITk.

5. Conclusion

In this work, collected charge was measured with ATLAS18 mini 
strip detectors irradiated with 24 GeV/c protons in a setup built to 
study the effects of material and irradiation angles. Measurements of Al 
foil activation and Geant4 simulations confirm that irradiation angles 
and material between the beam and the samples, which are specific 
to the sample holders, have to be considered to accurately estimate 
the fluence to which the samples were exposed in the narrow beam 
at the IRRAD facility. These effects were not considered in the 2021 
and 2022 irradiations, which resulted in charge collection below the 
QA acceptance level. The amount of G10 material between the beam 
and the samples and shallow irradiation angles in the 2021 and 2022 
setup (Fig.  1) could have caused similar effective fluence increase as 
observed in the 2023 experiment. Therefore, the actual fluence in those 
earlier measurements may have been underestimated by up to 60%. 
The results of mixed irradiation to the design fluence of 𝛷𝑛𝑒𝑞 = 1.6 ×
1015 cm−2 further confirm that ATLAS18 strip detectors will maintain 
sufficient charge collection efficiency in the radiation environment of 
ATLAS ITk up to highest fluences expected at the HL-LHC.
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