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ABSTRACT. Optical link components in theLHC inner detectors are to be exposed to intense
radiation fields during operation, and, hence, their qualifon in terms of radiation tolerance is
required. We have created a model that describes a semittondaser undergoing irradiation
to enable the extrapolation to full lifetime total fluencesnfi lower fluence radiation tests. This
model uses a rate-equation approach with modified gain legilcn that takes thermal rollover into
account. The model is used to fit experimental data obtaingdgihigh-fluence (in excess of 0
particles/cm) neutron and pion irradiation tests and evaluate its ptiedicapability.
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1 Introduction

High-speed optical data transmission systems have beamwddployed in the readout and control
of current particle physics detectors. These optoeleictevices operate in a very harsh radiation
environment. In the past, the qualification level for optationic components of a typicaHc
tracker was set to a total fluence ok20%309 vev/c pions/cnt [1]. For the upgraded trackers, the
qualification level is currently .5 x 101 \iey Neutrons/crfi [2] which imposes even more stringent
demands on these systems. Their rigorous qualification aderatanding in terms of performance
and radiation hardness is crucial for the proper operatidheoreadout and control systems during
the whole lifetime of the future experiments.

Radiation damage effects observed in semiconductor laseisaused by displacement and/or
ionization. Of the two, it has been found that the effectsispldcement damage are much more
important for the fluences and doses typicalet [3]. Defects known as vacancies and intersti-
tials, which may introduce new energy levels in the band gap thus be created in semiconductor
materials. These extra energy states act as generatiomatation centres which reduce the
efficiency of band-to-band transitions.

Figure 1 illustrates a typical-l curve of a laser and two most important parameters; the
threshold currenty,, which is the drive current at which a laser starts to emiteceht light, and
the output efficiencyn = AL/Al, which is the slope of the linear part of thel curve above
threshold. At higher driving currents, thel curve becomes non-linear and exhibits a so-called
thermal rolloverdue to non-linear processes such asAlger effec{4]. The change of thé-I
characteristics during neutron irradiation is shown intfiguias well. As the total fluence increases,
both the shift of the threshold current and the loss in efficjeare evident. For higher fluences, the
thermal rollover is more visible.
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Figure 1. Set ofL-l curves of an edge- Figure 2. The measurement setup.
emitting laser measured at different neutron
fluences.

Lasers anneal after irradiation and can recover a signtfizan of the radiation-induced dam-
age. This shows that the radiation-induced damage is flugramt and that there would be less
damage if the same fluence were accumulated over a longdiatican period. A short-term irradi-
ation test carried out on a timescale of tens of hours thusymes more damage in absolute terms
than what would be expected in the final application wherdltheis lower.

Since the usual lifetime of current particle physics detecis counted in tens of years, the
device behaviour during irradiation has to be predictece pirediction of device behaviour during
irradiation is not well established; hence an extensiviniggrogramme for the devices in question
is usually required. The testing is mainly performed indiagion facilities by an intense and well-
characterised beam of particles or ions, which serve ag/graicles for the target environment.
Such testing is rather expensive and time consuming.

A complementary approach based on detailed modelling adigtion of semiconductor laser
operating characteristics is described in the followingfises along with a neutron and pion irradi-
ation tests carried out at Université Catholique de LauyaicL) and Paul Scherrer Institub§).
With such a model one could significantly reduce the time simeiradiation facilities and predict
the behaviour of semiconductor lasers from low-fluence.data

2 High fluence irradiation testing

In order to evaluate new optoelectronic components in tefrtiseir suitability for thesLHC track-
ers, extensive exploratory high fluence irradiation testd {place avcL, Belgium with 20 MeV
neutrons and with 300 MeV/c pions irs|, Villigen, Switzerland. These tests aimed at evaluating
the resistance of 32 prototype semiconductor lasers frgimt éifferent manufacturers to fluences
in excess of 18 particles/cri.

2.1 Irradiation setup

A schematic of the measurement setup used for both neutmian irradiations is shown in
figure 2. The L-I-V characteristics of all lasers were continuously measutegpproximately
20 minute intervals. The devices currently usea ims were included for comparison to previous



Table 1. The parameters of neutron and pion tests.

Neutrons Pions
Mean energy: 20 MeV 191 MeV
Irradiation time: 72h 17 days
Annealing time: 1 month 2 weeks
Lasers irradiated: 19 13

Table 2. Irradiated devices — all devices excepts reference are rated at 10 Gbps.

. Wavelength  Neutron fluence  Pion fluence
Manufacturer # devices  Type P . 5
[nm] [neutrons/cm<]  [pions/cm“]
1 2 Fabry-Pérot 1310 4x 101 -
2 342 Fabry-Pérot 1310 8x 101 1.2x 10
2 3+2 VCSEL 850 47 x 1015 1.5x 101
3 3+2 VCSEL 850 44 %101 1.5x 10°
4 3 Quantum dot 1310 8x101° -
5 3 VCSEL 1310 50 x 1015 -
6 2 VCSEL 1310 - 16 x 1015
7 2 VCSEL 1310 - 09 x 1015
8 1 Fabry-Pérot 1310 - 3x 1015
cmsref. 242 Fabry-Pérot 1310 Bx 101 1.7 x 101

tests. For the pion irradiation, the optical and electrg@dctra were also recorded at 20 minute
intervals. The parameters of the neutron and pion testsia® in tablel and the fluences reached
by all irradiated devices are summarized in tahle

2.2 Results

The relative threshold increase versus fluence of all meddiasers is shown in figur&a) and
figure 3(b) for neutrons and pions, respectively. The comparison Etweutrons and pions for
devices which underwent both tests is in figB(e). In terms of degradationCSELS prove gener-
ally to be more radiation resistant than edge-emittingriasghile thecms reference devices were
the least radiation-hard devicesCW®ELs also exhibit both the lowest relative and absolute thresh-
old increase. Short wavelengtttseLs perform generally better than the long wavelength ones.
It is obvious from the comparison plot that the scaling bemveeutrons and pions is different for
each device type. Some lasers which stopped lasing durengrtdiation recovered after a few
hours. Two beam failures occurred in the neutron test dusinigh lasers annealed some part of
radiation damage which is apparent from the measured ticeshrves.

3 Rate-equation model

Single-mode steady-state operation rate-equations &a aked to model semiconductor laser
characteristics. They are also applicable to multi-moderagon with a limited number of modes
with relatively similar properties. The model describes $pontaneous- and stimulated-emission
regions of laser operation and takes into account thernlelves effects. In order to minimize the
number of free parameters and to facilitate numerical sghaf the equations, these are normal-
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Figure 3. Relative threshold increase versus fluence with annealiyygically three and two devices of the
same type were irradiated in the neutron and pion test, césphy.

ized and new dimensionless quantities are introducedadstéreal physical constants, which are
unknown and can differ by several tens of orders of magnitude
3.1 Theory

For a uniform electron density in the conduction band of the active region of a semiconducto
laser, the single-mode rate-equation can be writted &5

dn
dP
& = CPV—VYP+Ryp, (3.2)

wherel is the currentg the elementary chargB,the photon number within the cavity,the volume
of the active regionG is the gain per unit time and volumBs, is the spontaneous emission term
and y. and y are the decay rate of electron and photon, respectivelyhdmtulti-mode case?
represents the summation over the photon numbers of indiViiodesG andRsp are a weighted
average depending on the mode intensity.

Assuming steady state operation and expresRip@s: Rsp = BspyeV N, wherefs; is a fraction
of photons spontaneously emitted into the lasing mode,ateeaquations3(1) and @.2) may be



rewritten as:
J—yen—G(nN)P=0 (3.3)
P(G(n) — y/V) + Bspyen = 0. (3.4)

The termJ =1/qV, which is proportional to the drive current, can be regaraed pumping term.
To compute the equations, the explicit form of the g@imust be known4-9]. In the simplest
case, it can be expressed@@1) = kn, wherek is a constant.

In order to be able to solve equatior®s3) and @3.4) numerically the constants, which can differ
by several tens of orders of magnitude, should be eliminaiéds, the following dimensionless
guantities are introduced:

N yP
N = n/ny, j= 0 p= SAYA (3.5
where the subscript ‘th’ denotes the quantities at threshdlhe relationship between threshold
currentyy, and the electron density at thresholg is obtained from equatior8(3), where the pho-
ton numberP is substituted from equatiorB{). It is customary to neglect spontaneous emission
when definingdy [4, 5]. Setting Bsp = 0, we obtain:J, = yelwn. The electron density at thresh-
old ny, is calculated from the conditio®(ny) = y/V. Taking these definitions into account the

rate-equations may be written in a normalized form as:
j—N—pN=0 (3.6)
P(N —1) 4+ BspN = 0. (3.7)
In order to model the thermal roll-over of semiconductoetasthe gain term was modified to:
G(n,J) = Go (n— noJ'), whereGy, ng andl are constants. The current dependedicin the gain

term takes into account non-linear effects such as Augembmation and the leakage of carriers
out of the active region. The modified rate-equations become

. N aj' \
J‘N‘p<ra‘ra>—° (3:8)
N aj B

wherea = noyeJt',;l. Settingl = 0, the samé.-I curves without a thermal rollover are obtained as
from the equations3(6) and @.7).

3.2 Comparison with experimental data

In order to verify the applicability of the rate-equation ded the calculated operating characteris-
tics of a semiconductor laser are compared to experimeatal abtained during the high-fluence
20 MeV neutron test.

A fluence-dependent set of model parameters can be caktulateg a two-step fitting of
measured light-current{l) characteristics of a laser that underwent irradiatiorends like laser
threshold, quantum- and slope-efficiency are extractedbaseéd on their behaviour the device
operation during extended irradiation can be predictechdzgreement between the calculated and
measured values was reached for different technology elewcboth spontaneous and stimulated
emission regions of operation. Figuteshows a fitted data of a Mitsubisbivs reference laser.
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Figure 4. Fitted curves for 1310 nm Mitsubishivs reference laser in linear and log. scale.
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Figure 5. Fitted and predictedl-I curves of a Figure 6. Measured and predictdg, with cal-
1310 nm Fabry-Pérot laser. culatedl;, for a 1310 nm Fabry-Pérot laser.

4 Laser end-of-life prediction

Using the rate-equation model, it is possible to predicténdce behaviour from low-fluence data.
Data from a 1310 nm Fabry-Pérot laser in the neutron testised as a demonstration. Fitted
rate-equation model parameters from low-fluence data\{bI0 x 104 n/cn?) were extrapolated
and then used to predict laded curves as depicted in figuke The fitted curves were extrapolated
to a point where a laser stops lasing due to thermal roll@enpted,,. The end-of-life of a laser
is predicted as an intersection lgf andl,,. Measured values df, andl,, with predictedly, and
calculated,, are in figure6. This prediction currently works only for Fabry-Pérotdes

5 Conclusion

The proposal of using a rate-equation model to describecsgmiictor lasek-I curves during ir-
radiation was presented. Good agreement between theatald@nd measured values was reached
for all irradiated devices in both neutron and pion testhSaimodel is suitable for prediction of
semiconductor laser operating characteristics duriragliation from low-fluence data. This will
lead to refinement of future irradiation tests as time spetadiation facilities, and thus the cost,
can be significantly reduced. Concerning the neutron andl ipiadiation tests, only minor vari-
ations within device families were observed. In terms ofeating, lasers are able to recover a



substantial part of the induced damage. This will be sigaifidén the final application where the
irradiation to maximum fluence takes place over the systéatirfie that is typically measured in
years. The measured spectral data are currently beingsgaaind the scaling between neutrons
and pions for different device materials still needs to tedeted.
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