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Introduction
• Medical Physics Cyclotron (MC40) at University of Birmingham is used to irradiate 

materials and sensors for HL-LHC

• 27 MeV proton beam can achieve HL-LHC fluences of ATLAS inner layer of strip 
system (1015 cm-2 1 MeV neq) in 80s with 1 μA beam current

• Pre-configured XY-axis cartesian robot system (scanning system) has been installed 
in the radiation area to allow homogeneous scanning through the beam

• Samples are placed in a cool box on the scanning system

- Initially recirculating glycol for cooling

- Recent upgrades with instalment of new LN2 cooling system

• Window for initial cool box: 80 x 140 mm2, upgraded cool box: 150 x 150 mm2
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Irradiation Facility

• System commissioned in early 2013 

• Until September 2014, 211 samples 
irradiated including:

✓ Carbon Fibre (CF) sandwiches for staves

✓ Pixel and strip sensors

✓ PCB material

✓ JFETs

• Various tests performed on samples before 
and after irradiation to test their response 
to HL-LHC fluences
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Scanning system
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• Controlled using a NI RIO Real-Time 
programmable controller with a LabView 
GUI 

• Scans through the beam at 1mm/s 
horizontally and 25mm/s vertically

• Several iterations of scans are done to 
ensure any beam fluctuations are removed

• Beam profile and position is checked using 
Gafchromic film before the scan

• Nickel foils and Faraday cup are also used 
to cross-check the fluence

CF Pixel Frame 
with Gafchromic film
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Cool box (1)
• Cool box with kapton window based on CERN-PS 

irradiation setup

• Recirculating glycol system 

• Purged with dry N2 to prevent condensation forming

• Fans within the cool box

• Temperature and humidity monitored using LabView

• Samples within the cool box secured in place with CF 
frames attached to the lid and secured in place with 
kapton tape

• Maintained at -15 oC, 2 hour cooling time

5 CF Strip Minis Frame

Kapton Window

Inside of the cool box

Box lid with 
matrix of holes



Sample Irradiations
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ATLAS Upgrade
After a series of upgrades to the LHC, it is planned to increase the integrated 
luminosity by a factor of 10 to the High Luminosity LHC (HL-LHC). This will 
consequently generate a harsher radiation environment that requires the ATLAS 
experiment to upgrade its detector, to maintain its performance and take full 
advantage of the physics potential. 
To do this, a new geometry has been proposed, which includes an all silicon 
tracker system to cope with high pile up, and uses new module design materials. 
The new materials and sensors must be radiation hard to withstand the high 
fluences of the HL-LHC. Therefore they must be tested at such fluences.

Birmingham Cyclotron Facility
A new irradiation facility has 
been commissioned in 
Birmingham, using the MC40 
cyclotron, and can achieve HL-
LHC fluences of 1015 cm-2 (1 
MeV neutron equivalent 
fluences, neq) in 80 s with 
proton beam currents of 1 μA. 
The beam layout is as shown in 
Figure 1, and uses a scanning 
table and radiation hard cool 
box, Figure 2, to scan the 
samples through the 27 MeV 
proton beam.
The 1 cm2 beam is collimated using horizontal and vertical plates, and additional 

cooling has recently been added to 
allow currents of up to 2 μA. 
The box is controlled using a NI RIO 
Real-Time programmable controller 
with a LabView GUI. By inputting 
several parameters into the LabView 
GUI, a scan path can be generated, 
where the beam is incident on an area 
within the 80 x 140 mm2 box window, 
Figure 3. Samples are mounted on to 
a carbon fibre frame and attached to a 
matrix of fixing holes on the underside 
of the box lid.
The temperature and humidity within 
the box are monitored by a PT100 
sensor and controlled using a chiller 
recirculating glycol, fans within the box 
and a N2 feed. Multiple lids have also 
been made to allow for ‘hot swaps’ of 
the samples to maximise the efficiency 
of the scheduled irradiation.Figure 2: Scanning table and cool box at 

the ATLAS Irradiation Facility

Dosimetry
Several methods of dosimetry are employed to measure the dose received by 
the samples.

• Gafchromic film is used before the scan to check the beam profile and 
position

• An online measurement of the integrated charge of the incident beam is 
taken using the Faraday cup

• An offline measurement of the activity of the nickel foils using gamma 
spectroscopy with a Ge detector

The irradiated Nickel produces 57Ni which decays with a lifetime of 35.7 hours to 
57Co, producing a gamma peak at 1377 keV. Using the 57Ni production cross-
section with 27 MeV protons, the number of incident protons can be determined. 

Sample Number 
irradiated Fluence neq cm-2 Comments

Carbon Fibre 4 1x1015 Honeycomb structure

ATLAS07
strip sensors 14 1x1015, 5x1014, 1x1014, 

5x1013, 1x1013, 1x1012
Minis,

2 at each fluence

Silicon pixels 36  5x1015, 1x1015, 5x1014, 
2x1014

9 at each fluence:
3 single, 3 slim edge, 3 double 

(Wafer 4, 16, 2873-4)

Parylene coated pixels 8  5@2x1015, 2@2x1014, 
1@5x1014 Pixels and medipix

ATLAS12
strip sensors 18 1x1015, 5x1015

9 at each fluence, minis: 
3 slim edge, 3 regular
 3 full-size slim edge

JFETs 8 3x1014 4 bare, 
4 mounted to PCB

PCB material 3 1x1015 G10, FR4 and ROHS

Table 1: Samples irradiated February - July 2013

Birmingham Irradiations
Before the new set up was 
installed, an irradiation of an 
ATLAS07 mini sensor was 
performed to compare the 
charge collection efficiency 
(CCE) to other facilities using 
the same sample and fluences. 
The charge collection 
measurement was performed 
using an Alibava system with a 
90Sr source [2]. 
The results showed good 
agreement, Figure 4, showing 
that irradiations at cyclotron energies are equivalent to irradiations PS energies.

Figure 3: Example beam path of irradiation

Irradiated Sample Measurements
The samples which have been 
irradiated at the Birmingham Irradiation 
Facility are presented in Table 1. 
Variable beam currents of up to 2 μA 
were used in order to achieve the 
required fluence. 
In Figure 5, an IV measurement of the 
pixels at different fluences has been 
made. The highest fluence used a 
beam current of 2 μA, and shows the 
effect of annealing with a higher current 
than 1015 neq cm-2. This implies that an 

upper limit of 1 μA beam current should be used for sensor irradiation.
The irradiated samples can be investigated further 
depending on the purpose of the sample. The silicon strips 
can be characterised by CCE measurements [2], the 
carbon fibre samples can undergo mechanical strength 
tests [3] and the electronic components can be visually 
analysed, as shown in Figure 6 which shows clearly the 
heating effect of the proton beam.
The backing card has turned brown and 3 different PCB 
materials (G10, FR4 and ROHS), show increasing degrees 
of blackening. Note however that this heating effect will not 
be significant at HL-LHC where the fluence will be 
accumulated over years.

Figure 5: IV measurements of pixel 
sensors

Figure 4: Charge collection measurements for 
sensors irradiated at different facilities [1]
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Figure 6: PCB 
samples and mounts

Figure 1: Schematic of the beam layout for 
irradiations, adapted from [1]

ATLAS     Work in Progress

ATLAS     Work in Progress

Summary
• The Birmingham Irradiation Facility has been fully commissioned and has 

irradiated a variety of samples, with further irradiations scheduled.
• Irradiating at cyclotron energies has been shown to be equivalent to PS 

energies, yet can achieve HL-LHC fluences on a much shorter time scale.
• Samples are now undergoing rigorous testing to see the high level radiation 

effects in preparation for the HL-LHC.
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• Table shows irradiations 
performed between 
February and July 2013

• Total of 91 samples 
irradiated during this time

Overall, for the above samples, the fluence received is accurate to within 10% of the 
target fluence



Overheating
2. CCE measurements 

comparing irradiations at 
Birmingham, KEK and Los 
Alamos

1. IV measurement of Pixel 
detectors comparing 
different fluences, all 
irradiated at Birmingham 
(Liverpool)
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(1) (2) (3)

3. Compare with (2), 
KEK and Los Alamos 
have been annealed at 
80 oC for 60 minutes

Birmingham (not 
annealed) similar to 
KEK and Los Alamos 

after annealing
Indicates 

overheating causing 
annealing to sensors 

during irradiation

4. PCB irradiations with 
charring of backing 
card and PCB material

(4)



Irradiated Samples (1)
• After irradiating pixel sensors, IV and CCE 

measurements indicated overheating of 
sensors

• After further cooling tests, it was 
concluded that the cooling power of the 
glycol system was not enough to maintain 
temperatures below 0 oC (ideal 
temperature to prevent annealing!) during 
irradiations
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• Compromise: To use low beam currents (0.1 μA)

✓ No over heating

➡ Time of irradiations to HL-LHC fluences is not ideal -10x longer than at 1 μA !!! 

80s per cm2 to 
irradiate to

1015cm-2 (1 MeV neq) 
at 1 μA

800s per cm2 at 0.1 μA



Scanning Procedure
• Time of each scan depends on the size of the sample

• Number of scans depends on the fluence required and beam current

• Example: 

3x3 matrix of mini strip sensors (10mm x 10mm) irradiated ~ 1 hour at 1 μA

‣ Increasing the current, reduces the time of scanning, this can cause over 
heating

‣ Reducing the current, increases the time of scanning, this limits the possibility 
of reaching high fluences for large samples

✓ Solution: Improve cooling within the cool box

✓ Allows use of high current (limit to 1μA)

✓ Can perform longer scans to achieve HL-LHC fluences
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• Cool box with kapton window based on CERN-PS 
irradiation setup

• Recirculating glycol system 

• Purged with dry N2 to prevent condensation forming

• Fans within the cool box

• Temperature and humidity monitored using LabView

• Samples within the cool box secured in place with CF 
frames attached to the lid and secured in place with 
kapton tape

• Maintained at -15 oC, 2 hour cooling time

Cool box (2)
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➡ Larger volume and scanning window 
with new geometry

➡ Norhof LN2 system

✓ Purge before and after

✓ High power fan

✓ As well as LN2 temperature sensors

➡ Improvements to the CF frames: with 
exposed back for air circulation; clip in, 
minimal kapton tape needed

➡ Achieves -50 oC in 15 minutes
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Cool box (2)
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• Evaporative cooling is used:

- Norhof system controls temperature

- LN2 dripped onto heat sink

- Fan used within box to circulate the 
-50 oC nitrogen gas

- Box purged with dry N2 and silica gel bags used, to 
prevent condensation on samples and in the box

Humidity 
wand

Heat sink

Silica 
Gel Bags

Fan



New cooling system

• Initial cooling tests were performed to assess the feasibility of using the LN2 
system with evaporative cooling to lower the temperature within the cool 
box - SUCCESSFUL

• Installation of the upgraded cool box and new LN2 system complete 
(August 2014)

• Initial tests performed

• Already full schedule lined up, with over 100 samples! 

• 114 ATLAS + 16 CMS sensors

• 20 encapsulated wire bond samples

• JFETs
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Summary

• Initial measurements indicated that sensors were overheating during 
irradiations at beam currents above 0.5 μA

• Prototype LN2 system was designed and tested in March 2014

• New LN2 system installed and commissioned in August 2014

• Temperature of cool box maintained at -50 oC

• Maximum temperature of sensors during irradiation below 0 oC
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Back-up slides
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Abstract
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In approximately 2024,the Large Hadron Collider (LHC) will be upgraded to the High 
Luminosity LHC (HL--LHC). The upgrade is foreseen to increase the LHC design 
integrated luminosity by a factor ten. This planned increase in luminosity results in 
significantly higher levels of radiation inside the planned ATLAS Upgrade detector. This 
means existing detector technologies together with new components and materials need to 
be re examined to evaluate their performance and durability within this enhanced 
radiation field. Of particular interest is the effect of radiation on the upgraded ATLAS 
tracker. To study these effects an ATLAS irradiation scanning facility using the Medical 
Physics Cyclotron at the University of Birmingham was built in 2013. The intense cyclotron 
beam allows irradiated samples to receive in minutes, fluences corresponding to years of 
operation at the HL--LHC. Since commissioning in early 2013 this facility has been used 
to irradiate silicon sensors, optical components and carbon fibre sandwiches for the ATLAS 
upgrade programme. Irradiations of silicon sensors and passive materials can be carried 
out in a temperature controlled cold box which moves continuously through the 
homogenous beamspot. This movement is provided by a pre--configured XY--axis 
cartesian robot system (scanning system). In 2014 the cooling and the cold box was 
upgraded from a recirculating glycol chiller system to a liquid nitrogen evaporative system. 
This paper reviews the design, development, commissioning and performance results of 
the new cooling system.



Reference Material

• The Birmingham Irradiation Facility:
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Temperature Tests (1)
• Initial temperature tests in 1 μA beam with glycol cooling and frame setup 

as below

• Simulated using heating element rather than beam applied to the sample
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• Maximum temperature reached on sensor, ∆T = 39.7 oC, on the heater 
∆T = 89.37 oC 

Out of beam

Fan on, Insulation off



Temperature Tests (2)
• Initial temperature tests in 1 μA beam with LN2 cooling and new frame 

using a finger PT1000 sensor so not directly in the beam
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• Maximum temperature reached -7.52 oC on the finger sensor, ∆T = 49.09 oC 
correcting for heat loss we estimate the sensor temperature to be ∆T = 65 oC

• This means that starting at -56 oC the sensor temperature fluctuates around 0 oC

In beam


