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Medical Cyclotron at the University of Birmingham

THE BIRMINGHAM IRRADIATION FACILITY
MC40 Cyclotron
� Originally from Veterans Affairs Medical Centre in 

Minneapolis
� Active at University of Birmingham since 2004
� Provides p, d and He ion beams with range of energies
� Proton energy range: 3 – 38 MeV (use 27.5 MeV for 

these irradiations)
� Range of beam currents – typically use 1µA for sensor 

irradiations
Fluences of 1015 1MeV neq cm-2 in about a minute –
Equivalent to the amount strip sensors are required to 
withstand at HL-LHC (3000 fb-1)
To date, 217 LHC upgrade components have been 
irradiated at the facility
See K. Parker’s talk for more details about the 
Irradiation procedure!
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Comparison between facilities
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 Radiation hardness critical for HL-LHC detectors and beyond  
 World-wide campaigns to characterise radiation hardness of sensors and components 
 Within AIDA-2020, transnational access to 10 European Facilities was supported 

 CERN maintains a database with 158 irradiation facilities worldwide  
 https://irradiation-facilities.web.cern.ch/
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Displacement damage in Silicon
for neutrons, protons, pions and electrons

A. Vasilescu & G. Lindstroem
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NIEL and the Hardness factor
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 For comparison: fluences expressed in equivalent 1 MeV neutron fluence 
 Conversion via hardness factor 
 Usually derived from leakage current in the bulk of a silicon sensor 

 Assumption: leakage current scales with the non-ionizing energy loss (NIEL) 
 In practice, variety of approaches to estimate hardness factors: 

 MC40: κ=2.2 for 23 MeV protons [K. Nikolopoulos, IPRD2016] 
 KIT: κ= 2.05 ± 0.61 for 24 MeV protons (1.85 previously) [A. Dierlamm, RD50 Workshop in Barcelona, 2010] 
 RD50 tables: κ≅2.56 for 25 MeV protons [https://rd50.web.cern.ch/rd50/NIEL/default.html] 

 IRRAD: κ=0.62 for 23 GeV protons [NIM B186 (2002) 100]

https://rd50.web.cern.ch/rd50/NIEL/default.html
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Hardness factor standardisation
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A�������: The scheduled High Luminosity upgrade of the CERN Large Hadron Collider presents
new challenges in terms of radiation hardness. As a consequence, campaigns to qualify the radiation
hardness of detector sensors and components are undertaken worldwide. The e�ects of irradiation
with beams of di�erent particle species and energy, aiming to assess displacement damage in
semiconductor devices, are communicated in terms of the equivalent 1 MeV neutron fluence, using
the hardness factor for the conversion. In this work, the hardness factors for protons at three di�erent
kinetic energies have been measured by analysing the I–V and C–V characteristics of reverse biased
diodes, pre- and post-irradiation. The sensors were irradiated at the MC40 Cyclotron of the
University of Birmingham, the cyclotron at the Karlsruhe Institute of Technology, and the IRRAD
proton facility at CERN, with the respective measured proton hardness factors being: 2.1 ± 0.5 for
24 MeV, 2.2 ± 0.4 for 23 MeV, and 0.62 ± 0.04 for 23 GeV. The hardness factors currently used in
these three facilities are in agreement with the presented measurements.

 Clear need for uniformly derived 
hardness factors 
 Collaboration between 

 University of Birmingham 
 CERN 
 Karlsruhe Institute of Technology 

 Measuring and comparing hardness 
factors with consistent methodology

JINST 14 (2019) P12004 
arXiv:1908.03049

https://arxiv.org/abs/1908.03049


]2 [p/cmφ

1110 1210 1310 1410 1510 1610

I [
A]

Δ

8−10

7−10

6−10

5−10

4−10

2016-04-06 1

2016-04-06  

Silicon PIN Photodiode with Daylight Blocking Filter
Version 1.5

BPW 34 F

Ordering Information

Features: 
• Especially suitable for the wavelength range of 780 nm to 1100 nm
• Short switching time (typ. 20 ns)
• DIL plastic package with high packing density

Applications
• IR remote control of hi-fi and TV sets, dimmers, remote controls of various equipment
• Photointerrupters

Type: Photocurrent Ordering Code
IP  [µA] 
λ = 950 nm, Ee = 1 mW/cm2, 
VR = 5 V

BPW 34 F 50 (≥ 40) Q62702P0929
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Silicon sensor: BPW34F
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 BPW34F diode was chosen for this study 
 silicon p-i-n photodiode with daylight blocking filter   
 produced by OSRAM  Opto-Semiconductors 
 commercially available 
 extensively studied 

 For comparison, measurements at CERN also performed with Float Zone pad diodes

RAVOTTI et al.: BPW34 COMMERCIAL p-i-n DIODES FOR HIGH-LEVEL 1-MEV NEUTRON EQUIVALENT FLUENCE MONITORING 2135

In parallel with the tests presented in Fig. 2, a series of
room temperature annealing measurements were performed.
Following a proton irradiation of 1.2 cm , the tested
devices showed a decrease in of more than 20% after
300 hours. This result thus revealed that long-term annealing
phenomena can be an issue for the precision achievable in the
particle fluence measurements with this kind of device.

C. Radiation Response Mechanism

The radiation response behavior of the forward-biased diodes
shown in Fig. 2 agrees with what was theoretically predicted
by Swartz and Thurston [10] for a low-resistivity, small
(width of the diode base over diffusion length) ratio, p-i-n diode
operating at intermediate injection level. According to [10], the
forward voltage is a sum of the voltage drop at the p-i and i-n
junctions together with the voltage drop over the intrinsic base.
Since, for the BPW34F diode, initially is essentially larger
then , the forward voltage across the diode starts to decrease
under irradiation due to the predominant decrease of the junc-
tion voltages caused by the decrease of the minority carrier life-
time. Increasing the irradiation level, the overall voltage sensi-
tivity to particles becomes then positive due to the reduction of
to lengths of the order of (i.e., increase of junction voltages).
At high irradiation levels, the increases of the base resistance
(i.e., increases of base voltage) also contribute to the total
increase [11].

III. DEVICE CHARACTERIZATION

For the following studies, the tested devices were procured
from different sensor batches produced by OSRAM [4] in dif-
ferent production sites and time periods. Before starting a sys-
tematic study of the BPW34F sensor, a batch of 145 diodes was
characterized in order to ensure the homogeneity of the Devices
Under Test (DUT). Therefore, for each sample, the under
1 mA constant current injection was measured at a temperature
of C. From this preliminary screening, a group of
specimens homogeneous within and with an average
of 0.531 V was selected.

A. Reverse Bias Measurements

After several steps of proton irradiation in the IRRAD1 fa-
cility, the determination of the diode leakage current has been
done by means of - and C- measurements. The radiation-in-
duced increases of the leakage current is given by the differ-
ence between the current measured after and before irradiation.
In Fig. 3 the leakage current increase of the BPW34F diodes has
been plotted vs. after being normalized to 20 C.

In the picture, each point corresponds to an individual diode
irradiated with protons in a single exposure to a given fluence.
Moreover, before measurement the individual samples were
brought to the same annealing state by heating them up for 4
minutes to 80 C. The chosen annealing cycle has been selected
in agreement with the standard procedure adopted to anneal sil-
icon particle detector structures [12]. From Fig. 3 it is possible
to see that the leakage current increase is proportional to
in the range from cm to cm . After this point,
the measured was much higher with respect to the foreseen
linear behavior. A similar result has also been found for a

Fig. 3. BPW34F characteristics in reverse bias normalized to 20 C. Leakage
current measurement and increasing irradiation levels with 23 GeV protons.

Fig. 4. Capacitance measurement for an un-irradiated BPW34F diode.

second series of diodes irradiated with neutrons at the IRRAD2
Facility. For cm , the diodes can thus be used as
NIEL counter in the same way as the particle detector diodes
presented in [2].

B. Measurement of Base Thickness and Material Resistivity

The data of Fig. 3 for cm were linearly fitted
(continuous line in the picture) and the proportionality factor

was calculated to be 5.17 A cm . The above
data can be conveniently used for a first estimate of the base
thickness ( ) of the BPW34F device by comparing it with the
current related damage rate ( ) measured from a calibrated se-
ries of particle detector diodes [2] irradiated at the same time
of the DUT. Once the value of is known, it is possible to
estimate the material resistivity by using the depletion voltage
measured on a non-irradiated diode (see C- measurement of
Fig. 4). Details about this calculation can be found in [13]. With
this method a of about 300 m and an average material re-
sistivity of 2.7 k cm were estimated.

In order to give a comprehensive evaluation, we want to ap-
proach here the above calculations also in a different way using
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BPW34 Commercial p-i-n Diodes for High-Level
1-MeV Neutron Equivalent Fluence Monitoring

Federico Ravotti, Member, IEEE, Maurice Glaser, Michael Moll, and Frédéric Saigné

Abstract—The BPW34 p-i-n diode was characterized at CERN
in view of its utilization as radiation monitor at the LHC to cover
the broad 1-MeV neutron equivalent fluence ( ) range expected
for the LHC machine and experiments during operation. Electrical
measurements for both forward and reverse bias were used to char-
acterize the device and to understand its behavior under irradi-
ation. When the device is powered forward, a sensitivity to fast
hadrons for cm has been observed. With
increasing particle fluences the forward - characteristics of the
diode shifts towards higher voltages. At cm , the
forward characteristic starts to bend back assuming a thyristor-
like behavior. An explanation for this phenomenon is given in this
article. Finally, detailed radiation-response curves for the forward
bias-operation and annealing studies of the diode’s forward voltage
are presented for proton, neutron and gamma irradiation.

Index Terms—Accelerators, particle beams, p-i-n diodes, radia-
tion damage, radiation monitoring.

I. INTRODUCTION

T HE particle fluence expected over 10-years in the Exper-
iments of the LHC accelerator at CERN [1] will cover

a broad range of more than five orders of magnitude from
- to - particle cm depending on the position

in the Experiment. While for lower fluence ranges dosimeter
diodes exist [2], they could not be employed to monitor 1-MeV
neutron equivalent fluences ( ) higher than a few cm .
For this reason BPW34 p-i-n diodes have been studied in order
to evaluate their performances as high-level particle fluence
monitor. Moreover, the fact that these devices are commercially
available in large numbers at a relatively low cost, makes
the possibility of using them as a fast-hadron dosimeter an
attractive prospect..

According to the concept of the Non Ionizing Energy Loss
(NIEL) Hypothesis the radiation induced bulk damage in semi-
conductor devices can be scaled by the non-ionizing energy
transfer to the lattice of the semiconductor crystal. In this work
we use the definition of NIEL and scaling factors (hardness fac-
tors ) as defined in [3].

Manuscript received September 6, 2007; revised December 13, 2007. Current
version published September 19, 2008.
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The BPW34 p-i-n diodes are devices produced by several
semiconductor companies. Their applications are mainly in the
field of photo-interrupters and IR remote controls. A list of typ-
ical electrical and optical characteristics for this device can be
found in [4]. According to the electronic nomenclature, the part
number BPW34 means the following: B is the material used for
the active region of the device ( ), P indicates the
circuit function ( radiation sensitive diode) and W34 is
the serial number.

As it is shown in Fig. 1, the diode consists of a small
2.75 2.75 mm silicon die (the active part of the component)
encased in a plastic packaging which allows an easy handling.
This component is available in two different DIL packages:

• BPW34: transparent plastic packaging that allows the de-
vice to be sensitive to light from 400 nm to 1100 nm;

• BPW34F: plastic packaging with a daylight filter limiting
the light sensitivity of the device to about 950 nm to
1100 nm (see right-hand side of Fig. 1).

Because of their lower sensitivity to light, all samples used
for this study were packaged diodes of the type BPW34F. This
p-i-n diode is also supplied in SMD plastic packaging as shown
in the left-hand side insert of Fig. 1.

II. PRELIMINARY STUDIES AND UNDERSTANDING

OF THE DEVICE RADIATION RESPONSE

A. Conclusions From Previous Studies

The first study of the BPW34F diode (produced by
SIEMENS) as neutron sensor was addressed at CERN in
1992. The results of irradiation tests in the neutron field of
the PSAIF facility [5] at CERN were summarized in a CERN
Report from Malfante [6] and were the following:

1. The devices are reported to have a base thickness ( ) of
210 m and a resistivity of 2.5 k cm.

2. The dosimetric signal (forward voltage) was measured,
after irradiation, in condition of intermediate injection (1
mA) with constant forward current.

3. The response of the diodes to neutrons was sometimes far
from linear: the measured sensitivity to neutrons (

keV) was about 35–50 mV cm . The lower par-
ticle fluence measured in the Malfante study was around

cm . No clear information about the diodes behavior
at lower neutron fluence was given.

4. Irradiations with -rays were performed on these diodes
and their response was found to be very low compared to
the neutron response. For 100 kGy of ionizing dose, a
of about 100 mV was measured.

0018-9499/$25.00 © 2008 IEEE

Study at University of Birmingham
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KIT
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Overview of results
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M. Moll, PhD Thesis

 Common methodology applied to derive consistent set of hardness factors 
 Significant uncertainties still exist: dosimetry and measurement precision 

 University of Bonn has now commissioned a proton irradiation facility [P. Wolf, 35th RD50 workshop] 
 BPW34F diodes irradiated at Bonn were sent to Birmingham for measurements/comparisons 

 Work to resume once laboratory become accessible again



BPW34F on PCB 
[device exhibits hysteris]
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Set-up for precision electrical measurements
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BPW34F on a PCB

Hamamatsu 8x8mm2 diode  
(ATLAS17 strip sensor campaign)

 New PCB with spring loaded connection 
 On-line humidity/temperature monitoring 
 pA range current measurement precision 

 Keithley electrometers 6517B & 6487 
 Capacitance/Resistance measurements: 

 Wayne Kerr 6500B series LCR meter



9

Pad diode measurements
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 Test structure: pad diode with guard rings (gr) 
 fabricated on p-type wafers (FZ320) by Hamamatsu for ATLAS ITk   
 Nominal thickness 320 µm 

 Measurements: I-V and C-V for guard ring grounded/floating/connected 

Diode cross section Measurement set-up
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I-V measurements
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For pad and guard-ring connected to different ammeters, a channel is observed between 
pad and guard-ring for all the investigated diodes due to missing p-stop isolation
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C-V for different biasing schemes 
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 Doping density ND determination for pad-gr grounded biasing scheme 
1/C2 method: ND = 2/(ε0εSiq0b) with 1/C2 = b(V+V0) ; V0≅Vbi (built-in voltage) 

ND=4.6·1012 cm-3, V0= 7.71 V, χ2/ndof=56.7/68 
 Estimate with full depletion method in next slide

A decrease in 
capacitance for 

pad-only scheme 
at ~60 V

Contribution of edge 
capacitance higher 
for pad+gr scheme
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Determination of Vdep
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The determined Vdepl 
value influenced by the 

area dependence 

 Determination of full depletion voltage Vdep 
 pad-only and pad-gr grounded biasing schemes 
 fits for V= 80-218 V and V= 320-478 V  

 Intercept of 1/C2 fits below and above the full depletion 
 Pad-only Vdep = 265.1V  
 Pad+gr  Vdep = 268.4V 
 ND = (2ε0εSi/q0d2)Vdep

Thickness 
[µm]

ND [cm-3] 
(1/C2)

ND [cm-3] 
(Vdep)

320 4.6 1012 3.45 1012

310 4.6 1012 3.67 1012

 Depletion depth                          
 V>Vdep → active thickness for diode 

 For effective active thickness need to account for edge 
capacitance contributions  
 Smartscope thickness measured consistent with 320µm

Estimated using total 
capacitance measured
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Estimating the planar and edge capacitance
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pad+gr pad + gr 
grounded

Side length [µm] 7980 7267

 Used p-type diodes do not have p-stop isolation 
 Estimate edge effects and influence on doping determination 

 Method: square pad diode under different biasing schemes   
 smaller diode side: αS  
 larger diode side: αL (extended lateral depletion)

Assuming:

Measured Capacitance 
Estimated Planar Capacitance 
Estimated Edge Capacitance
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Estimating the planar and edge capacitance
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 The model describes well all three biasing schemes 
 For “pad only” after 60V the data are described better by the pad + gr grounded area



Irradia-on	facility	

§  Proton	energy	at	extrac-on:	up	to	40MeV	

§  Proton	current:	up	to	2μA	(cooling	permi`ng)	

§  Beam	spot:	approx.	10mm	×	10mm	

§  Flux:	up	to	1013	protons/s/cm2	

5	

Typically:	
E_beam=	27MeV		

I_beam	=	0.1-0.5μA	

Shielding	
Control	room	

ATLAS/AIDA	

Metallurgy	(UoB)	

Medical	and	Nuclear	
Physics	(UoB)	

The	Birmingham	Irradia-on	Facility	

15

MC40 cyclotron University of Birmingham
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 Provides: p, d, 3He, and 4He ~continuous beams 
 Second beam-line into specially shielded area (2013) 

 high dose-rate damage studies 
 Proton current: up to 2µA  
 Beam spot: ~10×10 mm2 
 Flux: up to 1013 protons/s/cm2 

 Typical beam parameters: 
 Energy: 27 MeV 
 Current: 0.1-0.5µA

Isotopes

Systematics Uncertainties - Signal and Background

Signal Yield Uncertainty: Several sources of systematic uncertainty on the H and

Z signal yields are considered, all modeled with nuisance parameters in likelihood:

Ion Energy at Extraction

Proton
11 – 38 MeV (N=1)

3 – 9 MeV (N=2)

Deuteron 5.5 – 19 MeV (N=2)

3He
35 – 53 MeV (N=1)

9 – 27 MeV (N=2)
4He 11 – 37 MeV (N=2)

Search for rare Higgs and Z boson decays to � � 33 / 33
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Electrical measurements post-irradiation
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 Standard annealing procedure (80min at 60℃) 
 Temperature -20℃ and humidity <5% RH control during measurements (nitrogen flow)
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I-V post irradiation and annealing
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Pad only Pad+gr

Scaled at 20℃

 Diodes irradiated at the cyclotron in proton fluences 0.8, 1, 5.7, 8, 16 and 51 ×1014 p/cm2
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Current related damage factor
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 Calculate slope α, from ΔI/V = α·Φ, where V = area·dactive 

 Measurements up to 900V performed 
 Extracted α at 600V 

 pad only: α = 4.36·10-17 A/cm 
 pad+gr: α = 3.57·10-17 A/cm 

 To estimate hardness factor κ, κ = α/αneq, αneq required 
 Effective volume chosen after irradiation influences results 

 Under investigation  

Not included 
in fit Not included 

in fit
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Dosimetry

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage
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 Dominant uncertainty on hardness factors: dosimetry 
 Isotope activity measured with HPGe spectrometer 

 For 57Ni isotope activity 1377.6 keV line used  
 57Ni to 57Co: 81.7% intensity  

 Uncertainty from nuclear cross-sections 
 for nickel foils uncertainty ~20% 
 for aluminium foils uncertainty ~7% 

 Possibility to use alternative foils to reduce uncertainties 
 Promising candidate Pt: Pt(p,X)194Au  

194Au half-life of 37.92h  
 328.46keV γ-ray 
 uncertainty from nuclear cross-sections ~11% 
 somewhat more expensive than nickel 
 possible combination with 57Ni results 
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Investigation of low energy component 

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Full beam line Geant4  simulation implemented to understand beam composition at sample 
 Previous results/investigations indicated presence of low energy component in the beam  

 Led to inclusion of an upstream 350µm-thick Al plate 
 Simulations suggest low energy electron component generated by proton interactions in air 
 Addition of 350µm-thick Al plate upstream absorbs electrons before reaching sensor

Jonathan Matthews

Figure 19: Overlaid plots showing variations in electron distributions allowing for
comparisons to be made.

Figure 20: Left: normalised electron counts against their z position in the sensor
with aluminium upstream, right: normalised electron counts against their
z position in the sensor without aluminium upstream.

Silicon dioxide is an insulator and as seen from Figure 17 the production of additional
electrons is much higher in these materials. These electrons then migrate towards
the surfaces of the materials. The presence of the electrons at these locations results
in a high charge density at the edges and low charge density in the middle. This
occurrence is known as a charging phenomena and occurs when an insulating film is
present on silicon, where in this case the insulating film is the silicon dioxide. This
has been the target of specific research which found similar results with a build up
of charge density at the surface of the insulator and at the interface between the
insulator and the silicon using an electron beam with energies similar to the ones in
this simulation [32].

26
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Investigation of low energy component 

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Having added the Al plate other sources of low-energy electrons may become relevant  
 Given short range, airgap between sensor and kapton criticalJonathan Matthews

Figure 13: Electron counts plotted against their energies for a variety of sized air-gaps.

Figure 14: Electron counts, normalised to a percentage by the proton fluence at the
nickel, plotted against the size of the air-gaps. The di↵erent colours are
for di↵erent sizes of silicon where red is 1cm2, blue is 2cm2 and purple is
4cm2.

22
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Ionisation chamber for beam monitoring 

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

2.5.1 Errors

The two sources of error in calculating the maximum electrode distance come from the uncertainty
on the gas constant m and the uncertainty on W, the average energy to produce an ion pair in
air. W is not explicitly present in the equation for electrode distance and therefore needs to be
propagated through to an error on q. However as this is the only error present on q and since q
varies as 1

W , the error on q will be the same as the error on W. Therefore the error on electrode
distance, d, is given by

�d = d

s
1

2


�m

m

�2
+

1

4


�q

q

�2
(10)

This gives the maximum electrode distance with error as d = 0.087± 0.004cm.

2.5.2 E↵ect of changing the factors

The applied voltage and beam current can be changed to see if the maximum electrode distance
can be increased. To do this a python script was written. This was used to plot a graph of applied
voltage against maximum electrode distance for di↵erent currents.

Figure 3: Graph showing the maximum electrode distance in cm vs applied potential across the
electrodes in volts for a collection e�ciency of 0.99. This has been plotted for di↵erent currents
ranging from 5nA to 400nA.

Figure 3 shows that, as expected, a higher applied voltage increases the maximum electrode dis-
tance to avoid saturation. This is due to the fact that the ions will move quicker to the electrodes.
However, if the electric field strength exceeds much more than 10 kV/cm there is a risk of ionisation
by collision.11 This occurs when the free electrons from ionisation have enough energy to cause
further ionisation themselves before combining with an oxygen atom. In previous experiments no
further ionisation has been recorded for fields up to 13kV/cm.11 Therefore the voltage should
not be increased above 1kV and looking at the 400nA curve in Figure 3 the voltage needs to be
increased a lot more than 1kV to significantly increase electrode distance. Figure 3 also shows
that a lower beam current means the electrodes can be further apart. This is expected as a lower
beam current corresponds to lower ionisation rate and hence less recombination. This relationship
of a decrease in current increasing the electrode distance shows that ionisation chambers can be
an e↵ective way of measuring current for lower beam currents. However the beam current is too
high, 400nA, at the MC40 irradiation facility.

8

 Ionisation Chamber current saturates for large currents 
 general (volume) recombination (air-filled)  
 due to space charge effects  (argon-filled) 

 For the beam currents used the distance between the plates of an Ionisation Chamber would 
need to be impractically small 
 Bonn uses a Secondary Electron Monitor (SEM) with very promising results 

 discussions on-going for further collaboration on improving hardness factor measurements

P. Wolf, 35th RD50 workshop
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Summary

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Collaborative effort to standardise hardness factor measurements [JINST 14 (2019) P12004] 
 Birmingham, KIT and CERN using commercial BPW34F diodes 
 Comparisons with irradiations in Bonn on-going 
 BPW34F has several limitations when high precision is required 

 High resistivity Hamamatsu diodes 8x8 mm2 (ATLAS strip sensor campaign) investigated 
 Updated set-up for precision electrical measurements at Birmingham 
 I-V and C-V properties study before/after irradiation 
 Lack of p-stop isolation complicates calculation of active volume 

 Effect more pronounced following irradiation 
 Model developed to estimate the effective depletion depth 

 From estimated Cplanar = 33.9 pF/cm2 after depletion, active thickness 310±5µm determined 
 Diodes with p-stop isolation useful to control active volume 

 Dosimetry largest uncertainty in hardness factor determination 
 Particle fluxes are too high for Ionisation Chambers  
 Use different foils for isotope activity: Pt foils promising 
 The Secondary Electron Monitor used by Bonn seems promising
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Additional Slides
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Irradia-on	facility	

§  Proton	energy	at	extrac-on:	up	to	40MeV	

§  Proton	current:	up	to	2μA	(cooling	permi`ng)	

§  Beam	spot:	approx.	10mm	×	10mm	

§  Flux:	up	to	1013	protons/s/cm2	

5	

Typically:	
E_beam=	27MeV		

I_beam	=	0.1-0.5μA	

Shielding	
Control	room	

ATLAS/AIDA	

Metallurgy	(UoB)	

Medical	and	Nuclear	
Physics	(UoB)	

The	Birmingham	Irradia-on	Facility	
25

MC40 cyclotron University of Birmingham

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Provides: p, d, 3He, and 4He ~continuous beams 
 Second beam-line into specially shielded area (2013) 

 high dose-rate damage studies 
 Proton current: up to 2µA  
 Beam spot: ~10×10 mm2 
 Flux: up to 1013 protons/s/cm2 

 Typical beam parameters: 
 Energy: 27 MeV 
 Current: 0.1-0.5µA

Isotopes

 1015 1MeV-neq cm-2 in 80s at 1µA 
Fluence strip sensors need to 

withstand at HL-LHC (3000 fb-1) 

Systematics Uncertainties - Signal and Background

Signal Yield Uncertainty: Several sources of systematic uncertainty on the H and

Z signal yields are considered, all modeled with nuisance parameters in likelihood:

Ion Energy at Extraction

Proton
11 – 38 MeV (N=1)

3 – 9 MeV (N=2)

Deuteron 5.5 – 19 MeV (N=2)

3He
35 – 53 MeV (N=1)

9 – 27 MeV (N=2)
4He 11 – 37 MeV (N=2)

Search for rare Higgs and Z boson decays to � � 33 / 33

480 

In order to irradiate samples whose areas exceed the 10x10mm cross-
section of the beam, the samples are scanned through the beam using the pre-
configured xy-axis Cartesian robot system (see Figure 2). The area of the 
samples (facing the beam spot), the cyclotron beam current and the fluence 
required are provided as inputs to the robotic system (see Figure 3). 

     
                  a)                                                       b)                                                  c) 

Figure 3. Fully portable plug and play irradiation scanning system: a) Control room a) Dedicated 

beam line for higher beam currents, c) High Energy Irradiation room at The University of 

Birmingham. 

4.   Thermal Box 

A custom insulated foam thermal box is used to keep sensors at a constant 
temperature during irradiation (see Figure 4). The thermal box must allow 
accurate control of temperature and humidity whilst being exposed to the beam. 
The structure of the thermal box was prototyped using similar principle to PS 
irradiation facility CERN (IRRAD 5) [2]. The thermal box is cooled using the 
principle of forced convection using an external 800 W recirculating coolant 
chiller system with insulating transfer lines connected to an internal heat 
exchanger unit. Two electric fans circulate air through the heat exchanger and 
the cooled air is directed via baffles to the active upper area of the box. The 
sensor data are used by the control system to provide feedback to the chiller, 
fans and nitrogen systems which are automatically adjusted to maintain 
specified set points for temperature and relative humidity. 
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Irradiation set-up

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Samples placed in temperature controlled box 
 Liquid nitrogen evaporative cooling typically -25°C during irradiation  
 Dry N2 flow in box, typical RH~10% during irradiation  
 Temperature/humidity logged 

 Feed-through for external read-out/monitoring 
 Diodes mounted on Al-plate suspended from box lid  
 Ni-foils front of sample for fluence measurement 
 Box mounted on XY-axis robotic scanning system 

 Typical horizontal scan speed  4 mm/s  
 Gafchromic film used before irradiation to obtain beam position/profile
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Beam energy on sample

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage
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ZAG at KIT

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 The Irradiation Center Karlsruhe accesses a 
compact cyclotron operated by ZAG Zyklotron AG   

 Proton energy at extraction: 25.3 MeV 
 Typical proton current: 1.5 µA  
 Temperature in box: -30°C  
 Beam spot: ~ 7 mm (varying)  
 Flux: ~ 2.5 ×1013 p/(s·cm2)  

 Insulated box, cooled by cold nitrogen gas  
 Goose-necks lead gas to individual samples  
 Graphite plate to stop protons at the back  
 Window with two Kapton foils for insulation  

 Samples glued on Kapton tape fixed to Al-frames 
 Frames fixed in the box 

 Mounted on movable XY-stage  
 Horizontal speed at nominal current 115 mm/s 

 Dosimetry using Nickel foils

2 A. Dierlamm
IEKP16. RD50 Workshop

01/06/10

The Karlsruhe Proton Cyclotron KAZ

• Run by private company ZAG
• We are customers and have to pay per beam time
• Proton energy at extraction: 25.3MeV
• Typical proton current: 1.5µA
• Temperature in box: ~ -40 C
• Beam spot ~ 7mm (varying)
• Flux ~ 2.5e13 p/(s·cm²)

FWHM~7mm

Sample box on XY-stage with beam line Man placing LN2 box Control room
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Beam energy on sample

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

7 A. Dierlamm
IEKP16. RD50 Workshop

01/06/10

Energy at Target

• 25.3MeV is the energy in the beam line
• Protons have to pass several materials until they hit the samples
• SRIM gives us a proton energy entering the samples of about 

23.8MeV and on average in the sample: 22.9MeV
• Samples covered by Nickel foils see lower energy ~22.8MeV

SRIM 2008.04
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CERN IRRAD

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 CERN Irradiation facility provided with protons from the Proton Synchrotron 
 Beam momentum: 24 GeV/c 
 Beam dimensions standard size: ~12x12 mm2 (FWHM) 

 spot size from ~6x6 mm2 to ~20x20 mm2 (FWHM) 
 Beam intensity: ~5×1011 protons/spill on cycles of 30-37 s 

 Typically: 3 spills per CPS 
  ~0.7-1 x 1014 p cm-2 h-1 (on 5x5 mm2 sample)
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CERN IRRAD Zones

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Samples are placed in temperature controlled box 
 possible temperature down to -20°C 
 for this study irradiations at room temperature 

 Box mounted on remotely controlled stage 
 sample alignment  
 beam scanning 

 Dosimetry using aluminium foil  
 Reactions: 27Al(p,3pn)24Na and 27Al(p,3p3n)22Na 
 Fluence measurements obtained with accuracy of ±7%
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Measurement setup: Depletion Voltage

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage

 Measurements performed in aluminium box  
 small fan for air circulation 

 Capacitance readings at 10 kHz  
 Wayne-Kerr 6500B Precision Impedance Analyser  
 junction box and four coaxial cables  
 Keithley 2410 Source meter for external bias 

 Post-Irradiation all diodes thermally annealed  
 80 mins at 60°C
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Measurement setup: Leakage Current

K. Nikolopoulos /RD50 Workshop, 3 June 2020/ Determination of proton related damage
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Thermal Annealing

 Leakage current measurements at full depletion voltage 
 Using the aluminium box 

 Keithley 2410 Source meter provides reverse bias 
 All temperature measurements expressed at 21°C 

 Temperature during measurements stable

(a) (b)

Figure 6. (a) C–V measurement set-up, with the Wayne-Kerr 6500B Precision Impedance Analyser, the
Keithley 2410 Sourcemeter, and the aluminium box; (b) Internal view of the aluminium box.
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Figure 7. Capacitance as a function of reverse bias for a BPW34F photodiode irradiated to 4.33⇥1011p/cm2.

3.3 Quantifying Radiation Damage

Figure 8 shows the experimental setup used for I–V measurements. Similarly to the capacitance
measurements, the diodes were placed within an aluminium box alongside a fan. A Keithley
2410 source meter was used to apply a reverse bias across the diode, which was then measured and
displayed the corresponding current. A NiCr-NiAl thermocouple was used to record the temperature
within the box, being placed close to the diode to obtain an accurate reading of its temperature.

Although the ambient temperature, T , during data taking did not deviate substantiall from 21°C,
to minimise any e�ects due to the temperature dependence of the leakage current, all I–V curves
were normalised to the reference temperature, TR, of 21°C, following RD50 recommendations. The
formula used is given in Eq. 3.1, where Ea is the activation energy of silicon, which is closely
related to the band gap energy of silicon, and all other symbols have their usual meanings.

I(TR) = I(T)
✓
TR

T

◆2
e�

Ea
2kB

h
1

TR
� 1

T

i
(3.1)

Over the temperature range relevant for this study, Ea has a value of 1.21 eV [18]. Post-

– 6 –

Ea = 1.21 eV
<latexit sha1_base64="7AulcGn0wTHykAdj+ZTCeBnMyO0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFchUwRFEQoiuCygn1AE8JkOmmHTiZhZiKWkF9x40IRt/6IO//GaZuFth64cDjnXu69J0w5U9p1v62V1bX1jc3KVnV7Z3dv3z6odVSSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbjm+mfveRSsUS8aAnKfVjPBQsYgRrIwV27TbAV8hpIO8y92QMaacI7LrruDPAZYJKUgclWoH95Q0SksVUaMKxUn3kptrPsdSMcFpUvUzRFJMxHtK+oQLHVPn57PYCnhhlAKNEmhIaztTfEzmOlZrEoemMsR6pRW8q/uf1Mx1d+DkTaaapIPNFUcahTuA0CDhgkhLNJ4ZgIpm5FZIRlphoE1fVhIAWX14mnYaDXAfdn9Wb12UcFXAEjsEpQOAcNMEdaIE2IOAJPINX8GYV1ov1bn3MW1escuYQ/IH1+QPdrpMI</latexit><latexit sha1_base64="7AulcGn0wTHykAdj+ZTCeBnMyO0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFchUwRFEQoiuCygn1AE8JkOmmHTiZhZiKWkF9x40IRt/6IO//GaZuFth64cDjnXu69J0w5U9p1v62V1bX1jc3KVnV7Z3dv3z6odVSSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbjm+mfveRSsUS8aAnKfVjPBQsYgRrIwV27TbAV8hpIO8y92QMaacI7LrruDPAZYJKUgclWoH95Q0SksVUaMKxUn3kptrPsdSMcFpUvUzRFJMxHtK+oQLHVPn57PYCnhhlAKNEmhIaztTfEzmOlZrEoemMsR6pRW8q/uf1Mx1d+DkTaaapIPNFUcahTuA0CDhgkhLNJ4ZgIpm5FZIRlphoE1fVhIAWX14mnYaDXAfdn9Wb12UcFXAEjsEpQOAcNMEdaIE2IOAJPINX8GYV1ov1bn3MW1escuYQ/IH1+QPdrpMI</latexit><latexit sha1_base64="7AulcGn0wTHykAdj+ZTCeBnMyO0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFchUwRFEQoiuCygn1AE8JkOmmHTiZhZiKWkF9x40IRt/6IO//GaZuFth64cDjnXu69J0w5U9p1v62V1bX1jc3KVnV7Z3dv3z6odVSSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbjm+mfveRSsUS8aAnKfVjPBQsYgRrIwV27TbAV8hpIO8y92QMaacI7LrruDPAZYJKUgclWoH95Q0SksVUaMKxUn3kptrPsdSMcFpUvUzRFJMxHtK+oQLHVPn57PYCnhhlAKNEmhIaztTfEzmOlZrEoemMsR6pRW8q/uf1Mx1d+DkTaaapIPNFUcahTuA0CDhgkhLNJ4ZgIpm5FZIRlphoE1fVhIAWX14mnYaDXAfdn9Wb12UcFXAEjsEpQOAcNMEdaIE2IOAJPINX8GYV1ov1bn3MW1escuYQ/IH1+QPdrpMI</latexit><latexit sha1_base64="7AulcGn0wTHykAdj+ZTCeBnMyO0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFchUwRFEQoiuCygn1AE8JkOmmHTiZhZiKWkF9x40IRt/6IO//GaZuFth64cDjnXu69J0w5U9p1v62V1bX1jc3KVnV7Z3dv3z6odVSSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbjm+mfveRSsUS8aAnKfVjPBQsYgRrIwV27TbAV8hpIO8y92QMaacI7LrruDPAZYJKUgclWoH95Q0SksVUaMKxUn3kptrPsdSMcFpUvUzRFJMxHtK+oQLHVPn57PYCnhhlAKNEmhIaztTfEzmOlZrEoemMsR6pRW8q/uf1Mx1d+DkTaaapIPNFUcahTuA0CDhgkhLNJ4ZgIpm5FZIRlphoE1fVhIAWX14mnYaDXAfdn9Wb12UcFXAEjsEpQOAcNMEdaIE2IOAJPINX8GYV1ov1bn3MW1escuYQ/IH1+QPdrpMI</latexit>

JINST (2013)P10003

� = (1.64± 0.36)⇥ 1011 pcm�2
<latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="BrEIp/OXZ/iJl7t8a/EU98/KgJ4="></latexit><latexit sha1_base64="BrEIp/OXZ/iJl7t8a/EU98/KgJ4="></latexit><latexit sha1_base64="BoojovuwH64N2LW0VaHNoz8LaJ8="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit><latexit sha1_base64="2AmdodvHR1LmCCv+t8tALE/cw6o="></latexit>



34

57Ni
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22Na
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24Na
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