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Abstract

The Non Ionizing Energy Loss (NIEL) for fast neutrons, protons and pions in GaAs

has been deduced from published calculations. The values are then used to search for a

correlation between the observed reduction of charge collection e�ciency (CCE) in GaAs

particle detectors with the radiation dose from NIEL. A correlation is demonstrated to

be present for detectors made from a wide range of material. The implications for the

performance of GaAs detectors at the Large Hadron Collider (LHC) are discussed.

Introduction

It is well known that the observed radiation damage to electronic components made

from Gallium Arsenide is proportional to the Non-Ionising Energy Loss (NIEL) [1]. It

is possible that this proportionality is also valid for GaAs particle detectors which have

been subjected to large doses of radiation from hadronic particles. Such damage has

been observed in detectors irradiated by MeV neutrons [2] and more recently by fast

protons and pions [3,4,5]. In contrast GaAs detectors are able to withstand very large

doses (megarads) of gamma radiation with almost no impairment of their performance

[2]. Such gamma radiation produces little NIEL [6]. In this paper we investigate the

1On leave from the Budker Institute for Nuclear Physics, Novosibirsk, Russia
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correlation between the NIEL from strongly interacting particles and the performance of

GaAs detectors as measured by their charge collection e�ciency (CCE).

A charged particle passing through matter loses energy both by interactions with

atomic electrons and by collisions with nuclei in the medium. The latter is the non-

ionizing energy loss (NIEL). High energy particles with velocity v much greater than

the velocity of the electrons in the atom lose the majority of their energy by electronic

interactions, whilst for low energy particles the loss is principally due to nuclear collisions

(NIEL). High energy particles do lose some energy to NIEL due to the low energy products

of nuclear interactions. Such energy loss is roughly 3 orders of magnitude smaller than

that due to ionization e�ects from interactions with atomic electrons. However, ionization

e�ects are fully recoverable whilst a part of the NIEL produces permanent damage due

to atoms being either destroyed or knocked out of the lattice.

The NIEL for a particle passing through matter must be calculated. The values of the

stopping power due to NIEL are given by

dE

dx N
=
X
Z;A

Z
Er

N

A0

d�

dEr

L(Er) dEr (1)

where N and A0 are Avogadro's number and the atomic weight of the medium, d�

dEr

is the

di�erential cross section to produce a recoil fragment with energy Er of atomic weight

(number) A (Z) and the function L(Er) is the fraction of this energy which appears

as NIEL at a particular energy. This function is usually calculated according to the

prescription of Lindhard et al [7]. The calculations of the NIEL stopping power are di�cult

because information on the nuclear break up following a collision has to be modelled to

obtain d�
dEr

. Such modelling needs a detailed understanding of the nuclear physics of the

process and hence incurs some uncertainty.

The Values of the NIEL stopping power

Extensive calculations have been performed for Silicon [6,8,9,10] since most particle

detectors have previously been made of such material. Calculations [9,10] exist for neu-

trons in GaAs and these are shown in �g 1 together with the results for Si. The detectors

discussed here were irradiated at the ISIS irradiation facility [11]. To deduce the NIEL

from this source of neutrons the data in �g 1 were integrated over the measured spectrum

from the source [11]. The di�erent computations are given in table 1. Comparing them
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shows that the accuracy of the NIEL stopping power for neutrons is about 10%.

Table 1 Calculated NIEL stopping power for neutrons

Reference dE

dx N
ISIS neutrons dE

dx N
1 MeV neutrons

(keV(gmcm�2)�1) (keV(gmcm�2)�1)

Silicon

Van Ginneken [6] 1.95 1.57

Luera et al [9] 2.17 1.98

Ougouag et al [10] 1.96 1.62

GaAs

Luera et al [9] 0.81 0.513

Ougouag et al [10] 0.86 0.583

For energetic charged particles in GaAs calculations only exist for protons up to a

kinetic energy of 1 GeV [1]. To extend the range of these computations we assume that

the values in GaAs will follow the same variation with energy as those in Silicon so that

dE

dx N
(Energy E in GaAs) =

dE

dx N
(GaAs 1 GeV)� dE

dx N
(Energy E in Si)

dE

dx N
(Si 1 GeV)

(2)

To obtain dE

dx N
for pions in GaAs we assume that the ratio of the dE

dx N
for protons

to that for pions in GaAs will be the same as that in Si. We then use the calculated Si

ratios from [8] and dE

dx N
for protons in GaAs obtained from equation 2 to calculate dE

dx N

for pions in GaAs.

Fig 2 shows the results of this procedure for pions and protons together with the values

for Si given in [8]. The accuracy of these curves will be poorer than for low energy neutrons

which cause simpler �nal states of the recoil nucleus following inelastic scattering. For

protons in Si the curve is based on experimental data which at energies above 1 GeV gives

somewhat lower damage factors than those predicted in [6]. This de�cit is consistent with

the �ndings of the recent survey in [18]. The accuracy of the curve for protons in Si is

expected to be about 30%. For pions in Si the accuracy will be somewhat worse due to

the above mentioned uncertainties. Fig 3 shows the pion curve from �g 2 together with

the recent computations for pions in Si reported in [12]. Di�erences of 50% can be seen

between the two. Hence the accuracy of the pion computations in Si is likely to be at

least of this order. For GaAs the computations depend on one source [1]. The accuracy
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is likely to be similar to that in Si but with the added extrapolations and assumptions

made here uncertainties of order a factor of 2 are not unlikely.

From the curves in �gure 2 the NIEL stopping powers for the irradiation types de-

scribed in [3,4,5] can be deduced and these are shown in table 2. The values for silicon

are also included for comparison.

Table 2

Irradiation dE

dx N
in GaAs dE

dx N
in Si

type. (keV(gmcm�2)�1) (keV(gmcm�2)�1)

ISIS neutrons. 0.9 2.0

24 GeV/c protons. 2.9 1.0

300 MeV/c pions. 3.6 1.9

Comparison with Measurements of the CCE

The measurements of the charge collection e�ciency (CCE) described in [3] are shown

as a function of particle 
uence (particles cm�2) in �g 4 for irradiations by ISIS neutrons,

300 MeV/c pions and 24 GeV/c protons. It can be seen that the CCE seems to fall with


uence but at a di�erent rate for pions, protons and neutrons.

The total NIEL deposited per unit mass of the detectors is the product of the 
uence

and the NIEL stopping power, dE

dx N
. Fig 5 shows the CCE plotted against total NIEL

using the stopping powers given in table 2. The data in �g 5 follow a smoother behaviour

than those in �g 4 with the CCE falling at similar rates of irradiation for pions, protons

and neutrons. This implies a correlation between the CCE and total NIEL dose.

To test statistically the signi�cance of this correlation a procedure was adopted to

deduce the experimental errors from the scatter of the data. The data for each irradiation

type was �tted to a regression line and the slope obtained. The measurements of 
uence

and total NIEL for each detector were interpolated to a �xed CCE (chosen as 35%, ie

roughly at the centre of the range) using this slope. The standard deviation of these

calculated values gave a measure of the error on each measurement for each irradiation

type.

A �2 test was then made to the hypotheses a) that the neutron, pion and proton

irradiations fall at the same rate with 
uence; b) that the three fall at the same rate with
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total NIEL. This was done by calculating the weighted means of the 
uence and the total

NIEL for 35% CCE. The �2 of the three irradiation types to these means was derived and

the con�dence level of each hypothesis obtained. The results are shown in table 3.

Results

Table 3

Irradiation:- n pion proton weighted mean �2

type to mean

Mean 
uence

for 35% CCE 2.30�.27 0.50�0.08 .85�.13 .70�.066 43.4/2dof

(1014 cm�2)

Mean total

NIEL for 2.07�0.24 1.8�0.3 2.5�0.4 2.06�0.17 1.9/2dof

35% CCE

(1014 keVgm�1)

The �2 to the hypothesis that the irradiation types fall at the same rate with 
uence

of 43.4 for 2 degrees of freedom (dof) has a probability of less than 10�4. This proves

statistically that this hypthesis is false. On the other hand that for the fall with total

NIEL of 1.9 for 2 dof has a probability of 40% showing that the data are consistent with

the same rate of fall of CCE for each type of irradiation. This con�rms statistically the

existence of a correlation between the CCE and the total NIEL dose.

Another way to interpret these data is to assume that the CCE is correlated absolutely

to the total NIEL. The ratio of the 
uences for 35% CCE can then be used to measure

the ratio of the NIEL stopping powers for the three irradiation types. This would give

measured ratios n:�:p of 1.0:4.6�0.9:2.7�0.5 in good agreement with the calculated ra-

tios of 1.0:4.0:3.2. Further con�rmation of this e�ect comes from the measurements of

the 
uences to reduce the total signal from minimum ionizing particles (MIPs) to 8000

electrons in the Aachen detectors [4]. This was found to be 4.6 1014 ,1.2 1014 and 1.5 1014
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for neutrons, pions and protons cm�2, respectively. Hence, again assuming that the CCE

is correlated to the total NIEL, these data imply that the ratios of the NIEL stopping

powers is 1.0:3.8:3.1 in good agreement with the calculated values.

Fig 6 shows the data displayed in �g 5 together with the average CCE of the detectors

before irradiation. The data seem to show an initial fast fall with total NIEL dose followed

by a slower rate of fall. The smooth curve shows a �t of the form

CCE = 38 e�2:5TN + 46 e�0:17TN (3)

where TN is the total NIEL dose in keV per gram. This �t can be used to compare the

data from the Glasgow detectors [3] with those from other measurements [4,5,15].

Figs 7-10 show the measurements reported by the Aachen [4] and Freiburg [5] groups.

The smooth curves in these �gures are calculated from equation 3, converting to 
uences

for �gs 7-9 and to NIEL relative to 1 Mev neutrons in �g 10 using the data for GaAs

in table 2. In each case the normalization of the curve is unchanged from that for the

Glasgow detectors which gave an average signal of 22.3 thousand electrons for MIPs

passing through a 200 �m thick detector, before irradiation. (The exception is the lower

plot in �g 9 which is arbitrarily normalized to the data at zero 
uence since this was a

600 �m thick detector). There is reasonable agreement between the curves and all the

data within the experimental uncertainties. Hence the correlation between the total NIEL

and the CCE observed for the data from [3] gives a quantitatively reasonable agreement

with the data from [4,5]. Furthermore, detectors with a � � � structure which have been

fabricated in Tomsk show the same e�ect. The deterioration in the signal after irradiation

by 3 1014 neutrons per cm2 at ISIS was observed to be similar to that produced by 1:1 1014

24 GeV/c protons cm�2 [15], in good agreement with the ratio expected from the NIEL

stopping powers in table 2 and at a rate compatible with the curve in �g 6.

The fact that a wide range of data from many di�erent types of detectors can be

well reproduced assuming that a correlation exists between the CCE and the total NIEL

dose is strong evidence for the correlation. Possible exceptions to this general conclusion

are the detectors made from the FCM-LC material shown in �gs 7 and 8 which seem to

deteriorate slightly less rapidly under irradiation than all the other detectors. In addition,

the most recent �� � detectors from Tomsk seem to show exceptional radiation hardness
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[17]. This is probably due to the very speci�c technology used in the production of these

detectors.

Discussion of the Results.

It seems unlikely that the correlation between CCE and NIEL, observed in such a wide

range of detectors made from many di�erent sources of GaAs, is accidental. Furthermore,

such a correlation can be explained as follows.

It is known that in Si the NIEL stopping powers for 1 MeV neutrons and relativistic

protons and pions have similar values. Their damage factors are also almost equal to

each other [18]. However, GaAs particle detectors show good radiation hardness to 1Mev

neutrons but their much stronger sensitivity to protons and pions has come as something

of a surprise. We can understand this in terms of the Lindhard factors in the material and

the interaction cross sections. It can be seen from �g 1 that the NIEL for 1 Mev neutrons

in Si is larger than that in GaAs. This is due to the fact that the 1 Mev neutron cross

sections are similar for the two materials whilst the number of atoms in GaAs per unit

mass is lower due to the larger atomic weight. On the other hand NIEL for fast protons

and pions is larger in GaAs than in Si (see �g 2). This can be understood from the

Lindhard factors for the two materials, which are presented in �g 11. This �gure shows

that the threshold recoil energy, below which NIEL becomes dominant is approximately

7 times higher in GaAs than in Si due to the lower velocities of the heavier ions in the

former. As a result the average NIEL deposited by a fast recoil in GaAs is higher than

that in Si.

From this it can be seen that the ratio of NIEL for fast charged hadrons to NIEL for

1 Mev neutrons (and hence the ratio of radiation damage) will be much higher in GaAs

than in Si.

Implications for the use of GaAs Detectors at the LHC

This is illustrated by the proposed use of GaAs in the forward wheels of the Semi-

Conductor Tracker (SCT) by the ATLAS Collaboration [16]. The computed pion 
uences

at the position of the GaAs wheels for the SCT is 0.12 1014 pions per cm2 per year in the

SCT at full luminosity [13,14]. This is between a factor 3-10 more than the number of

expected neutrons depending on whether there is a polythene moderator in the apparatus

or not. The 
uences of other charged hadrons (eg protons and kaons) is expected to be
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much smaller than that for pions.

The NIEL per pion in the SCT has been computed to be 3.4 keV gm�1 cm2 by

averaging the NIEL stopping powers in GaAs in �g 2 over the spectrum of pions expected

in the vicinity of the interaction point given in [8]. From this we deduce that the total

NIEL deposited in the GaAs will be 0.41 1014 keV gm�1 per year where 1 year means an

integrated luminosity in ATLAS of 1041 cm�2.

A MIP gives a signal of 26.6 thousand electons in a GaAs detector of thickness 200

microns with 100 per cent CCE. Hence it can be seen from �g 6 that if we constructed the

forward SCT wheels with detectors similar to the types tested by [3,4,5] at the outset we

could expect a signal of 22.3 thousand electrons. Assuming that the CCE deteriorates at

the rate given by the smooth curve in �g 6, after a period of 2 years of operation this signal

would decrease to 11.7 thousand electrons. The decrease in CCE would then slow down

and after 4 years of running we would expect a signal of 9.3 thousand electrons. Finally

after 10 years of operation (integrated luminosity of 7.3 1041 cm�2) we would expect a

MIP signal of 7.4 thousand electrons. An independent calculation of this [5] gives 4.0

thousand electrons after 10 years at the LHC. The di�erence represents the uncertainty

in the calculation.

Conclusion

Irradiated GaAs detectors made from materials from a wide variety of sources show

a good correlation between CCE and total NIEL. This indicates that the reduction in

performance of GaAs charged particle detectors can be ascribed to NIEL. Such detectors

have been shown to be quite radiation hard to neutrons but are rather more sensitive

to damage by charged hadrons and this has been shown to be both qualitatively and

quantitatively understandable. The correlation between CCE and NIEL has been used to

estimate the rate of deterioration which would be expected if the forward wheels of the

SCT in ATLAS at the LHC were constructed of GaAs detectors. The data indicate that

after an initial rapid deterioration in performance the decrease in CCE slows down and

after the full lifetime of the LHC we might expect detectors which give a signal in the

range 4.0 - 7.4 thousand electrons to MIPS.
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Fig 1. Calculations [9,10] of the NIEL stopping power for neutrons in (keV(gmcm�2)�1)

in Si and GaAs as a function of neutron kinetic energy (smoothed through nuclear

resonances)
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Fig 2. Calculations of the NIEL stopping power for protons and pions in

(keV(gmcm�2)�1) in Si and GaAs as a function of kinetic energy.
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Fig 3 Comparison of NIEL stopping power calculations for pions in Si in

(keV(gmcm�2)�1) from references [8] and [12].
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Fig 4 CCE(%) as a function of particle 
uence (particles cm�2) for ISIS neutrons, 300

MeV/c pions and 24 GeV/c protons. The data are from [3].
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Fig 5 CCE(%) as a function of total NIEL for ISIS neutrons, 300 MeV/c pions and 24

GeV/c protons. The data are from [3].
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Fig 6 Measured CCE(%) as a function of total NIEL from [3]. The smooth curve is the

�t described in the text.
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Fig 7 Measured MIP signal as a function of neutron 
uence (in units of 1014 cm�2) from

[4]. The smooth curve is from the �t to the Glasgow data [3] in �g.6.
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Fig 8 Measured MIP signal as a function of proton 
uence (in units of 1014 cm�2) for

di�erent detectors from [4]. The smooth curve is from the �t to the Glasgow data[3] in

�g.6.
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Fig 9 Measured MIP signal as a function of pion 
uence (in units of 1014 cm�2) for

di�erent detectors from [4]. The smooth curve is from the �t to the Glasgow data[3] in

�g.6.
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Fig 10 Measured MIP signal of samples from [5] irradiated by neutrons and protons as a

function of 1 MeV equivalent neutron 
uence in units of 1014 neutrons per cm�2. The

smooth curve is from the �t to the Glasgow data [3] in �g.6.
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Fig 11 The total fraction of the energy appearing as ionization energy due to

interactions with atomic electrons for GaAs ions in GaAs and Si ions in Si calculated

according to the formulae of Lindhard et al [7].
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