
attacked by performing studies at elevated tem5
peraturesthusacceleratingthekinetic effectsbeing
responsible for such long5term changes) Related
basic studies are found in Refs) [,–;V])

=) NIEL scaling of bulk damage

Thepreceding discussion and numerous experi5
mental observations have led to the assumption
that damageeffectsproduced in thesiliconbulk by
energetic particles can be described as being
proportional to theso5called displacement damage
cross5section /ðThis quantity is equivalent to the
NIEL and hence the proportionality between the
NIEL value and the resulting damage effects is
referred to as the NIEL5scaling hypothesis qfor
deviations to this rule see Section F)A);w) The
displacement damage cross5section / is normally
quantified in MeV mbÞwhereas theNIEL value is
given in keV cm2Ogð For silicon with C ¼
2,ðV,¼gOmol the relation between / and NIEL
is ;VVMeV mb¼2ð;FFkeV cm2Og The / or
NIEL value is depending on the particle type
and energy) Cccording to an CSTM standard4 the
displacement damage cross5section for ;MeV
neutrons is set as a normalizing valueð
/nð;MeVÞ¼zAMeV mb [;;]) On the basis of
the NIEL scaling the damage efficiency of any
particle with a given kinetic energy can then be
described by the hardness factor kð Cpplying the
NIEL hypothesis4 one may replace the actual
particleenergy spectrumdFOdE byaNIEL folded
spectrumand thedamageeffect4 causedby itstotal
fluenceFp by a ;MeV neutron equivalent fluence
Feq ¼kÁFpÞamoredetailed discussion isfound in
Refs) [;24;=])
In Fig) 2 the normalized NIEL values are

plotted as function of energy) The data are taken
from Refs) [;F–;6]) More recent calculations can
be found in Refs) [¼4;,]) NIEL scaling and its
limitations is extensively discussed in Refs) [¼])
Regardless of possible deviations in certain
cases4 the NIEL scaling should always be applied
as a first5order approximation of the damage
efficiency) Hence4 it is useful to display the
NIEL folded energy spectra for the most abun5
dant particles qneutrons and pionsw in the LHG

experiments4 as done for the SGT region of
CTLCS in Fig) = [;2]) Finally4 the resulting
equivalent fluencesasfunctionof radiusareshown
in Fig) F)
FromFig) =weconclude that reactor neutrons4

ranging mainly from ; to ;VMeVÞ are adequate
for reliable damage tests and that indeed irradia5
tions with 2AVMeV pions4 available at PSI5
Villigen4 should result in similar damage as
expected in LHG) Many of the past and present
irradiation tests have however been performed
using the 2=GeV proton beam at GERN5PS) In
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Fig) 2) Non5ionizing energy loss NIEL for different particles)

Fig) =) NIEL folded energy spectra for neutrons and pions in
the SGT region qsilicon counter trackerw of the LHG CTLCS
detector)
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