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1 Introduction

The Versatile Link project [1] aims to develop the optoelectronic components required to build
a 5 Gb/s, bi-directional, radiation hard optical link that bridges the 50−150 m distance between
the front-end of the upgraded detectors at the HL-LHC and the back-ends located in the shielded
counting rooms. An overview of the Versatile Link system is shown in figure 1. The link will
support optical systems operating at either 850 nm and 1310 nm wavelength over multimode and
singlemode optical fibres respectively. The Versatile link project is closely linked to the Gigabit
Transceiver (GBT) [2] chip-set design project which aims to develop the ASICs needed to drive the
optical components qualified in the framework of the Versatile Link project. The feasibility phase
of the project is currently being completed [3]. This phase will show that all the link components
are available and can meet the specifications of the final application both individually and when
assembled as a full system.

Due to the increased luminosity of the HL-LHC, the on-detector components will have to
withstand significant radiation levels: 2×1015 neutrons/cm2 plus 1×1015 hadrons/cm2 fluence and
500 kGy total dose for future tracking detectors at 20 cm radius from the beam. These levels will be
achieved after the luminosity upgrade foreseen for the LHC after the third planned long shutdown
(LS3) during which the tracking detectors of ATLAS and CMS are foreseen to be replaced. Several
detector upgrades are foreseen already in the second long shutdown (LS2) and these will be the first
to deploy Versatile Link optical systems.
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Figure 1. Overview of the Versatile Link system showing the components of the VTRx.

2 Environmental specifications

Detectors from all parts of the upgraded experiments are to be accommodated, which necessarily
makes the environmental specifications more wide-ranging than they would be if only one specific
detector were to be targeted. The environment of detectors at HL-LHC is characterised in terms of
the radiation level, the temperature and the magnetic field present in the detector volume of interest.

The Versatile Link system specifications [4] define two levels of radiation tolerance. The
first, Calorimeter grade, is targeted at radiation levels typical of those that will be experienced
by HL-LHC calorimeter systems collecting 3000 fb-1 of data up to the 2030 era. The second,
Tracker grade, targets inner detectors that will operate over the same time-period of the HL-
LHC. The radiation tolerance levels are defined as follows: the Calorimeter grade must withstand
10 kGy total dose and 5×1014 neutrons/cm2; while the Tracker grade must withstand 500 kGy total
dose, 2×1015 neutrons/cm2, and 1×1015 hadrons/cm2. The latter requirement is translated into a
qualification level of 6×1015 20 MeV neutrons/cm2 using the neutron beam line at the Université
Catholique de Louvain, Belgium (UCL). The effect of these levels of dose and fluence on the opto-
electronics components needed to build the Versatile Link has been extensively investigated [5–8].
The last test to be carried out was a total dose test at a gamma source, the results of which are
presented in section 4.1, below. The effect on the overall operation of the system will then be
presented in section 4.2.

The temperature environment ranges from the low temperatures required to operate silicon
detectors successfully in radiation environments to the potentially slightly elevated temperatures
of the rack environment of the back-end components, passing through the moderate temperatures
typically found in the readout areas of the outer detectors of the HL-LHC experiments. The temper-
ature specification for the Versatile link components has thus been set to −30◦C to +60◦C for the
front-end components [4]. The impact of this temperature on the components and on link operation
has been investigated and presented [9].

The magnetic field tolerance requirement is set by the CMS Magnet system that produces a
4 T field in the inner regions of CMS, the highest field level of all of the LHC experiments. The
results of our study of the impact of magnetic fields on the versatile link components will be shown
in section 3.

– 2 –
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Table 1. Samples used for magnetic field test

Manufacturer Structure Wavelength

A Fabry-Pérot 1310 nm
A DFB 1310 nm
B Fabry-Pérot 1310 nm
C Fabry-Pérot 1310 nm
D VCSEL 1310 nm

Electrom
agnet

TOSA

Electrom
agnet

Normal Parallel

Electrom
agnet TOSA

Electrom
agnet

Figure 2. Setup used to apply the magnetic field to laser diodes.

3 Magnetic field testing

The behaviour of the components of the Versatile Link that will operate within the detector volumes
must not deviate from the specifications even in the presence of a magnetic field. The devices that
are potentially the most sensitive to the magnetic field are the laser diodes, that are packaged in
so-called Transmitter Optical Sub-Assemblies (TOSA). The electromagnet in the CERN Quality
Assurance and Reliability Testing (QART) lab was used to test the performance of the devices at
different magnetic field strengths and orientations of the TOSAs with respect to the magnetic field.

3.1 Test Setup

A number of candidate devices were included in the test as shown in table 1. The devices under
test (DUTs) were placed in the gap between the poles of the magnet (as shown in figure 2), and the
strength of the magnetic field was varied by increasing the current supplied to the electromagnet.
The magnet is capable of reaching a maximum field of 2.4 T. The dimensions of the TOSAs used
in this test placed a minimum limit on the size of the gap between the poles, and we were able to
reach a field of 2.0 T when the TOSAs were placed perpendicular (see figure 2) to the magnetic
field and 0.7 T when the TOSAs were placed parallel to the magnetic field. The output power,
optical spectrum, and relative intensity noise (RIN) of each device were measured for each device
for 0, 0.5, 1.5, and 2.0 T with the TOSA normal to the magnetic field, and 0.0 and 0.7 T with the
TOSA parallel to the magnetic field.

3.2 Results

The LI curves of the devices tested are shown in figure 3. A 60 percent decrease in the slope
efficiency of the DFB laser was observed when it was placed in a 2 T field normal to the device; all
other devices were unaffected by the magnetic field. The small difference visible for VCSEL(D) is
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Figure 3. Impact of magnetic field on laser LI characteristics.

due to the difficulty in placing this TOSA in the magnet in the parallel orientation without bending
the output fibre so much that the output power is slightly decreased. The same change is observed in
the peak power of the optical spectra collected for the devices: only the spectrum of the DFB device
was affected by the magnetic field, and in that case only the power at the central peak (and not it’s
position) was changed. DFB laser TOSAs always contain optical isolators to ensure their correct
operation. These components are magnetic and were expected to be affected by the external field.
DFB lasers are not candidate devices for use in the VTRx and were included as a control sample to
make sure that we could observe something in case the other devices were insensitive to the applied
magnetic field. The optical spectra of the other devices was unchanged with the magnetic field, as
were the RIN spectra. These tests confirm that the candidate devices are insensitive to magnetic
fields up to 2 T which is sufficient for early adopters of Versatile Link systems. For applications at
the highest magnetic field of 4 T in the CMS Tracker may require further verification. The existing
optical transmitters in the CMS Tracker systems — that are very similar laser structures to those
tested here — were tested at higher magnetic fields [10] and found to be insensitive up to 10 T. The
qualification criterion for those same lasers was subsequently set to 2.5 T and thus we conclude
that the results presented here would remain pertinent for the CMS Tracker application.

4 Radiation testing

Extensive radiation testing of lasers and photodiodes has been carried out in the framework of the
Versatile Link project. Initial exploratory neutron irradiation of VCSELs and EELs carried out
at the UCL cyclotron facility showed that 850 nm VCSELs are sufficiently rad-hard for Tracker
applications as expected [5]. Long-wavelength VCSELs operating around 1300 nm or 1550 nm,
while they were found not to be as rad-hard as their 850 nm counterparts, could also be used.
1310 nm EELs were also found to be sufficiently rad-hard for Tracker applications, with one candi-
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date standing out as being significantly more resistant than others. In all these cases the increase in
laser threshold current and attendant decrease in output efficiency remain within what can be com-
pensated by the system. These findings were confirmed by an irradiation with 300 MeV/c pions at
the Paul Scherrer Institute (Switzerland). The irradiation test with pions also showed that the pions
of this energy — which dominate the radiation field in the final tracker applications — are typically
twice as damaging as the neutrons used for earlier testing [5]. A model for laser damage has been
developed that allows the prediction of damage at the lower fluxes that will be encountered in the
final application [6]. Similar testing was carried out on photodiodes [5] which showed that their
responsivity drops to zero after exposure to fluences of several 1015 neutrons/cm2 and that this drop
occurs at lower fluences and is faster for GaAs devices than for InGaAs ones. In addition, InGaAs
photodiodes show increases in leakage current of many orders of magnitude while GaAs devices do
not exhibit measurable increases. There is no appreciable annealing of the observed radiation dam-
age. The responsivity drop implies the use of InGaAs photodiodes even for 850 nm applications
where Tracker-grade radiation resistance is required, the radiation-induced penalty associated with
the use of GaAs devices being simply too large. These findings were again confirmed in the pion
irradiation and it was found that pions are approximately twice as damaging as the UCL neutrons.
Single-event upset testing has shown that although particles traversing the receiving photodiodes
can cause upsets, these upsets can be fully corrected by the error correction protocol built into the
GBT system [7, 8].

The one outstanding test was the exposure to purely ionising radiation at a gamma source
to confirm the expectation that the damage associated with the HL-LHC radiation environment is
dominated by displacement damage due to particle irradiation. The results of this final test are
presented below, followed by a discussion of the in-system effects of the damage due to particle
irradiation.

4.1 Gamma irradiation

4.1.1 Test Setup

The gamma irradiation test was carried out at the IONISOS facility in Dagneux (France) at a dose
rate of 1.2 kGy/h. The samples given in table 2 were divided into two identical sets each containing
two of each type of device. Sample set 1 was irradiated to 100 kGy and set 2 to 1 MGy. The devices
were shorted during the test to maximise the potential damage. In addition, a single device of each
type was kept un-irradiated as a references.

The devices were tested before and after exposure. Each time a sample set was tested, the
reference devices were also measured in order to gauge the measurement error associated with
reproducing the same test result at test times separated by intervals of many weeks. LIV curves
and optical output spectra were measured for lasers and the response curve was measured for
photodiodes. Figure 4 shows some typical measurement curves with the extracted parameters.

4.1.2 Results

Figures 5 and 6 show that no significant damage was observed in any of the devices after expo-
sure to gamma radiation, within the measurement uncertainty. Although some increase in leakage
current was observed in the InGaAs devices, the level of increase is insignificant when compared
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Table 2. Samples used for gamma irradiation test, the labels indicate the manufacturer

Laser Structure Wavelength Type

A Fabry-Pérot 1310 nm Pin
A VCSEL 850 nm Flex
B Fabry-Pérot 1310 nm Pin
C VCSEL 850 nm Flex
D VCSEL 1310 nm Pin

Photodiode Material Type

E InGaAs Pin
E*(no lens) InGaAs Pin

E GaAs Pin
A InGaAs Flex
A GaAs Flex
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Figure 4. Typical LIV curves for lasers (left) and response curve for PINs (right) showing the measurements
extracted before and after exposure to gammas.

to the many orders of magnitude increase typical of a particle irradiation to HL-LHC levels. The
shaded boxes in figures 5 and 6 represent the measurement uncertainty that is defined as the spread
in values measured on the reference devices, where the reference symbols represent the average
of the measurements. The uncertainty is large because the measurements were carried out many
weeks apart to allow such a high dose to be accumulated. The spectral measurements in particular
are very sensitive to the temperature of the samples which was not controlled in the these tests.

4.2 System impact

4.2.1 Lasers

The concern at the system level is to be able to maintain a certain Optical Modulation Amplitude
(OMA) during the operational lifetime of the lasers over which they are exposed to particle irradi-
ation. The custom-designed GigaBit Laser Driver (GBLD) [11] includes two features to mitigate
the effect of radiation: a programmable bias current to compensate for the increased laser threshold
current; and a programmable modulation current to mitigate the decrease in laser slope efficiency.
Figure 7 shows the effect of pion irradiation on the LIV characteristics of two VCSELs that are
candidates for use in the VTRx. Figure 8 shows the change in bias current required to compensate
the increase in threshold current as well as the upper limit on the bias current imposed by the com-
pliance voltage limit of the GBLD power rail. The maximum bias current available from the GBLD
is 45 mA to match the needs of edge-emitting lasers. 45 mA is clearly sufficient for these VCSEL
candidates, where the expected shift is of the order of a few mA. The fact that the solid and dashed

– 6 –



2
0
1
3
 
J
I
N
S
T
 
8
 
C
0
2
0
5
3

-40

-20

0

20

40
C

ha
ng

e 
in

 I t
h (

%
)

A B A C D

Pre-Irrad
100 kGy
1.00 MGy
 

|–   FP   –| |–     VCSEL     –|

-20

-10

0

10

20

C
ha

ng
e 

in
 V

th
 (%

)

A B A C D
|–   FP   –| |–     VCSEL     –|

-40

-20

0

20

40

C
ha

ng
e 

in
 E

ffi
ci

en
cy

 (%
)

A B A C D
|–   FP   –| |–     VCSEL     –|

1.0

0.5

0.0

-0.5

C
ha

ng
e 

C
en

tra
l W

av
el

en
gt

h 
(%

)

A B A C D

Pre-Irrad
100 kGy
1 MGy

|–   FP   –| |–     VCSEL     –|

-100

-50

0

50

100

C
ha

ng
e 

Sp
ec

tra
l W

id
th

 (%
)

A B A C D

|–   FP   –||–     VCSEL     –|

|–   FP   –| |–     VCSEL     –|

Figure 5. Changes observed in laser parameters after exposure to 100 kGy and 1 MGy. A negative change
would imply damage to the component due to the irradiation. The shaded regions represent the measurement
uncertainty.

40

20

0

-20

C
ha

ng
e 

in
 R

es
po

ns
iv

ity
 (%

)

E E* A E A

Ref Device
100 kGy
1MGy

|–   FP   –||–     VCSEL     –|

|– GaAs –||–     InGaAs     –|

-4

-2

0

2

4

lo
g(

 C
ha

ng
e 

in
 D

ar
k 

C
ur

re
nt

 [%
] )

E E* A E A
|– GaAs –||–     InGaAs     –|

-10

-5

0

5

10

C
ha

ng
e 

in
 C

ap
ac

ita
nc

e 
(%

)

E E* E
|–GaAs–||–   InGaAs   –|

Figure 6. Changes observed in photodiode parameters after exposure to 100 kGy and 1 MGy. The inset
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lines of figure 8 do not intersect at the fluence level of interest shows that sufficient voltage head-
room is also available for full mitigation of threshold current changes, although this is marginal in
the case of VCSEL J. The right-hand plot of figure 8 shows that the slope efficiency may drop by
50 percent. The modulation current needed to reach the pre-irradiation minimum OMA specified
for the VTRx is 5 mA for the minimum allowed laser slope efficiency. The maximum modulation
current of the GBLD being 12 mA means that a 50 percent decrease in slope efficiency can be fully
mitigated by increasing the modulation current.
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4.2.2 Photodiodes

The degradation of the photodiode responsivity and leakage current must be taken into account in
the calculation of the overall system optical power budget that is part of the system specifications.
Figure 9 shows the measured and extrapolated penalty levels for InGaAs and GaAs photodiodes.
InGaAs photodiodes with optimised anti-reflection coatings can achieve the same responsivity at
850 nm as their GaAs counterparts. The radiation-induced penalty of using GaAs photodiodes in a
HL-LHC Tracker environment would be 9.6 dB, to be compared to the 5.1 dB InGaAs penalty. We
therefore propose to use InGaAs photodiodes also for the multimode Tracker systems operating at
850 nm. The additional penalty due to the impact of the increased leakage current on the GBTIA is
rather small at 0.3 dB. This is a credit to the careful design of the GBTIA receiving amplifier that is
able to minimise the impact of the leakage current increases in InGaAs photodiodes that can reach
the level of 1 mA at Tracker radiation levels.
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5 Conclusions

A full picture of the radiation effects in candidate components now exists and shows that several
suitable laser and photodiode devices are commercially available from different manufacturers.
These candidates will operate in the low temperature, high magnetic field and high radiation envi-
ronments of upgraded HL-LHC detectors. We have shown that the radiation effects can be miti-
gated with the programmable modulation and bias currents of the laser driver for the transmit side
of the VTRx. On the receive side of the VTRx, the drop in responsivity can be compensated for at
the system level by increasing the power in the off-detector transmitter; while the increased leakage
current can be accommodated by a suitable design of receiving amplifier. These findings open the
way to the formal qualification and procurement of devices for deployment in the upcoming LHC
detector upgrades.
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