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Abstract

Cold preamplifiers, designed in GaAs technology, are foreseen in the readout
chain of the hadronic liquid argon end-cap calorimeter of the ATLAS experiment
at LHC. The preamplifiers immersed in the liquid argon must withstand the hos-
tile radiation environment during the operation of the LHC machine at the highest
luminosities for the whole expected lifetime of the experiment. Preamplifiers, with
a layout similar to the ones proposed, have been exposed to a high fluence of fast
neutrons and to a high dose of v radiation. No significant deterioration of the per-
formance has been observed for a neutron fluence up to ~ 3-10'* n cm™2 and up to
31 kGy, the highest v dose collected. Also only a moderate increase of the equivalent

noise current has been seen for the radiation levels relevant for the operation in the
ATLAS experiment.
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1 Introduction

Many components of the front-end electronics of the ATLAS detector at LHC will be lo-
cated in the high radiation field of photons and neutrons expected at the high luminosity
running. One example are the preamplifiers immersed in the cryostat of the hadronic lig-
uid argon end-cap calorimeter. At the expected high luminosity of £ = 1.0 - 103 cm 257!
a maximum yearly dose of 12 kGy yr™! and a 1 MeV equivalent neutron fluence of
1.0-10'® n cm~2 yr~! are expected in the hadronic end-caps at the position closest to the
beam pipe [1]. These radiation levels strongly depend on the location inside the calorime-
ter. They decrease significantly towards central rapidity and with increasing depth inside
the calorimeter. The preamplifiers of the hadronic end-cap calorimeter will be located at
the circumference of the calorimeter wheels. At this position, at a radius of ~ 2 m from
the beam line, integrated maximum radiation levels of 0.3 kGy and 0.3-10'* n cm™ are

expected for an operation period of 10 years at high luminosity.

The corresponding electronics must withstand these radiation levels with a minimal de-
terioration of its performance in terms of gain, speed and linearity and with a small
acceptable increase of noise. In the framework of the RD33 project [2] current sensitive
preamplifiers based on GaAs MESFETSs with a gate length of 1 ym [3] have been devel-
oped. They can be considered as prototypes for the final preamplifiers which will be used
in the hadronic end-cap calorimeter.

In order to address the radiation hardness question, the RD33 preamplifiers were exposed
to an integrated neutron fluence of 9-10'* n cm™2 and to a y dose of 31 kGy. The irradia-
tion was performed at nuclear power reactors at the Joint Institute for Nuclear Research
at Dubna. Parameters of the preamplifiers, like the transfer function, the rise time, the
linearity and the equivalent noise current, were measured before and during the irradi-
ation. After a brief description of the Dubna irradiation facilities and the measurement
setup the results of these measurements are presented in the following.

2 Experimental Setup at the Dubna Reactors

The irradiation has been carried out at the pulsed neutron reactors [4] IBR-2 and IBR-30
at Dubna. The IBR-2 reactor has a working frequency of 5 Hz, a half-width of the reactor
pulse of about 220 us and a peak power in the pulse of about 1500 MW. Via 14 horizontal
extraction channels the reactor IBR-2 can deliver a neutron flux up to 10'> n cm™?s™!
over areas up to 20 x 40 cm?. In addition to the neutrons, also v radiation is produced
in the nuclear reactions with maximal dose rates up to 10 Gy s™!. The ratio between
the neutron fluence and the v dose can be varied by several orders of magnitude by using

appropriate beam filters and absorbers.

For the present measurements a channel was used with a flux of fast neutrons of ~ 10'°n
cm~2s~! and with a geometrical acceptance of 20 x 40 cm?®. The setup of the experiment
is presented schematically in Fig.1. During the whole period of irradiation the electronics
was kept inside a cryostat at liquid nitrogen temperature. In order to suppress the ~
radiation during the irradiation with neutrons, a 5 cm thick Pb filter was installed in front
of the cryostat. In the case of v irradiation this filter was replaced by a n/y converter

consisting of a paraffin moderator interleaved with cadmium foils. The activation of the
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Figure 1: Schematic layout of the experimental setup: (1) motherboard with the electron-
ics; (2) cryostat; (3) beam filter; (4) boron carbide layer; (5) support frame; (6) movable
shielding platform; (7) beam shuiter; (8) inner and (9) outer reactor shields; (10) cryo-
genic lines; (11) measurement cables; (12) tube for samples transporting; (13) neutron
and v dosimeters; (14) nickel foil.

equipment by thermal neutrons was reduced by a 5 mm thick layer of boron carbide (B4C)
surrounding the cryostat. A movable platform allowed to position the cryostat for the
irradiation at a distance of 10 cm from a beam shutter in the space between an inner and
outer reactor shield. During the experiment the cryostat was filled remotely with liquid
nitrogen using special cryogenic lines. Additional tubes are available for measurement
cables and for the transport of different samples of materials to the irradiation zone.
The equipment for data taking was assembled in a counting room at a distance of about
15 m from the outer shielding wall. The measurement cables had a total length of 40 m.
In order to monitor the dose rate, neutron and v dosimeters were mounted temporarily
around the cryostat in a special dedicated run at low reactor power. In addition, a large
nickel foil covering the backside of the motherboard with the electronic chips was kept
in the cryostat during the whole irradiation period. The induced activity in this foil
was used for both the monitoring of the total reactor power and the measurement of the
homogeneity of the neutron fluence. It has been found to be homogeneous within & 5%
over the area of the electronics board.

3 Particle Fluences and Dose Rates

The standard methods of threshold detector activation were used to measure the kinetic
energy spectrum and the absolute value of the neutron fluence. The spectrum was recon-
structed by applying an unfolding procedure to the yield measurements of the following
reactions:



1570 (n,n')**™In, %*Ni(n,p)**Co, *Fe(n,p)**Mn, *Ti(n,p)**Se,
Ti(n, p)*"Se, **Ti(n,p)**Se, *"Al(n, a)**Na.
The threshold values for these reactions are in the range between 0.4 and 6 MeV. The
yields were determined from the measurements of the induced v activity with GeLi detec-
tors. Using this method the kinetic energy spectra of the neutrons from the reactor were

measured for the two types of beam filters, as shown in Fig.2. The average kinetic energy
of the neutrons was found to be ~ 1.5 MeV in the setup including the lead absorber. Since
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Figure 2: The kinetic energy spectra of the neutrons from reactor IBR-2 for two types of
the beam filter.

the measurement of the spectrum was not possible below the lowest energy threshold of
0.4 MeV, the additional fluence from neutrons with energies below this value has been

estimated to be ~ 30% using Monte Carlo calculations. It will be denoted as dmc in the
following.

In order to compare the results obtained in different radiation hardness tests, the fluence
values have been recalculated as effective values for neutrons with an equivalent energy
of 1 MeV. The corresponding fluence value ¢.s;(1 MeV) is given by:

, Emax D(E)
e - meas E)erre——— )
@ers(IMeV) /Em-m Pmeas(E) 5 ev)
where ¢pcqs( F) is the measured neutron fluence and D(E) is the energy dependent neutron

kerma-factor! for atomic displacements in GaAs [5]. The effective neutron fluence has been
obtained as

bos7(1 MeV (GaAs)) = 1.15 - dpreas( 0.4 — 11 MeV) + 0.37 - gpro( 0.1 — 0.4 MeV).

Tkerma: kinetic energy released in matter




The second term takes into account the effective 1 MeV fluence from neutrons with an
energy in the range between 0.1 and 0.4 MeV. The factor 0.37 results from the low kerma
factors of low energy neutrons. The contributions from neutrons with energies below 0.1
MeV to the 1 MeV equivalent fluence was estimated to be below 5% of the total fluence
and has been neglected. The uncertainty on the evaluated neutron fluences has been
estimated to be at the level of £15%. All values quoted in the following correspond to
effective fluences of neutrons with an energy of 1 MeV.

At the IBR-2 reactor a neutron flux of (8.9 +£1.3) - 10° n cm™2 s™! was available for the
neutron irradiation of the electronics. During a total irradiation time of 28 hours a total
neutron fluence of (9.04:1.4)-10'* n cm™2 was collected in nine steps. The remaining total
~ dose was measured to be at the level of (1.4 £0.2) kGy at the end of the experiment
by using thermo-luminescent dosimeters of the type TLD-700 [6].

The photon irradiation has been performed at the reactor IBR-30 which has the same
operational principle as IBR-2. The half-width of the fast neutron pulse is about 4 us and
the flux of fast neutrons is 10** n cm™2 57! near the reactor moderator surface. The reactor
geometry allowed for a larger suppression of the neutron background compared to the
IBR-2 reactor. In particular, the equipment could be protected from the backside against
rescattered neutrons. The fluence of fast neutrons was attenuated by a combination of
a paraffin moderator and a cadmium absorber, where neutrons were absorbed in n-y
reactions. The « spectrum consists of three different components, the prompt photons
from the nuclear reactions emitted during the reactor bursts, delayed photons emitted
from the deexcitation of nuclei in between the bursts, and photons from the Cd (n-7v)
reaction. The energy spectra of the primary and delayed photons have been measured
previously [7]. Taking into account all components, the average photon energy was found
to be in the range between 1.5 and 2.0 MeV. The y-dose rate was measured to be 0.3
kGy/h. During the measurement period of about one week a total dose of (31 £ 3)
kGy was collected in seven steps. At the end of the irradiation the integrated underlying
neutron fluence was measured to be (0.66 + 0.13)-10* n cm™2.

4 Results on Radiation Hardness

In order to simulate the response of a liquid argon gap to the passage of a particle,
triangular pulses from a pulse generator were sent into the GaAs preamplifiers. The
signal output from the preamplifiers was fed into a shaper system [8] which allowed for
the selection of the time constant 7 of the shaper in the range between 10 ns and 10 us.
The shaper output was sent into a digital scope which was read out by a computer system.
Two GaAs preamplifier chips with five channels each were mounted onto the preamplifier
board in the cryostat. Parallel to some amplifier channels, capacitors of 125 and 330 pF
were mounted to simulate detector signal sources with different capacitances. The range
between Cy = 125 pF and 330 pF is typical for the operation in the hadronic end-cap
calorimeter of the ATLAS experiment. For all channels the transfer function, i.e. the
output voltage as a function of the input current, the rise time (7,) of the pulse after the
shaper and the equivalent noise current (ENI) were measured. All measurements were
performed as a function of the shaping time.



4.1 Transfer Function and Rise Time

The transfer function was measured after each radiation step for ten different shaping
times in the range between 10 ns and 10 ps. This measurement monitors the gain stability
of the preamplifiers during the irradiation. The results obtained for three channels with
different detector capacitances are presented in Fig.3 for both neutron and + irradiation.

Shown are the ratios of the transfer function values measured at each radiation step
normalized to the ones measured before irradiation. The shaping time 7 is given as a
parameter on the plots. For stable operation no deviations from unity should occur. As
can be seen from Fig.3a the measured deviations from 1 do not exceed 20% in the case
of photon irradiation. However, larger deviations are found under neutron irradiation
beyond integrated fluences of ~ 3:10'* n cm™2. In particular for the channel with large
capacitance a significant drop in the response is observed. It should be noted that the
same behaviour is found for the other channels with the same capacitance values.

The DC voltage at the preamplifier output changed under irradiation as well. After
a neutron fluence of 3-10'* n cm™2? the DC voltage dropped by ~ 25% for all channels
measured. Smaller changes in the DC voltage were observed under v irradiation. The
ratio of the measured voltage values to the one measured before irradiation are shown in
Fig.4 as a function of the y dose and the neutron fluence. Given the fact that the neutron
background of 0.66-10' n cm™? collected during the -y irradiation was relatively high, the
deviations of the transfer function ratio from unity might also have been caused by the
underlying neutrons.

In Fig.5 the measured rise time, defined as the time needed for the pulse to go from the
5% level to the peak, is shown as a function of the irradiation level for both photons
and neutrons. Since the rise time is measured after the shaper, a convolution of the rise
time of the preamplifier and the shaper response is measured. In the case of «y irradiation
a. very stable behaviour is found with essentially no increase of the measured rise time
with increasing dose level. The effect is found to be much more severe under neutron
irradiation, in particular for the channels with large detector capacitance. Beyond fluence
values of ~ 3-101% n cm™? the rise time increases drastically. The increase is largest for
small shaping times, where the rise time is dominated by the preamplifier response. For
shaping times beyond ~ 100 ns the shaper response itself dominates which is not affected
by the irradiation.
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Figure 3: Ratio between the transfer function values measured after the various irradiation
steps and the values measured before irradiation: (a) v and (b) neutron irradiation. In
each case three preamplifier channels with different detector capacitance are plotted for

four different shaping times.
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Figure 5: The measured rise time of the pulse after the shaper as a function of irradiation
levels: (a) v and (b) neutron irradiation. The shaper time 7 and the detector capacitance
are given as parameters.

4.2 Linearity

The linearity of the preamplifiers was measured for some channels by injecting triangular
pulses in the input range from 0 to 2.5 mA. The results are presented in Fig.6 for a channel
with a detector capacitance of 330 pF. Before irradiation a linear relation between the
output voltage and the input current was observed. The same linear fit was repeated
after the various irradiation steps. The fit was performed in the interval from 0 to 0.6
mA, which corresponds to the operational range for the RD33 preamplifiers in an LHC
electromagnetic calorimeter. The slope and offset parameters obtained were compared to
the ones determined before the irradiation. They have been found to be stable up to an
integrated fluence of ~ 4:10'* n cm™. In the range from 4.0 to 7.7 -10'* n cm™? the slope
parameter decreased by ~ 20% (see Fig.6b). Under « irradiation no such degradation
effects have been found. For all channels the slope parameters were stable up to the
highest dose values accumulated.
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Figure 6: (a) The measured linearity for a preamplifier channel with a capacitance of
830 pF under neutron irradiation. (b) The slope parameters of a linear fit up to 0.6 mA
as a function of the neutron fluence.

4.3 Equivalent Noise Current

From the measured rms spread of the shaper output voltage in the absence of any input
signal, the equivalent input noise current (ENI) was computed by using the measured
transfer function. The noise values measured before the irradiation are shown in Fig.7a
as a function of the measured rise time. The data from all preamplifier channels are
shown on the same plot. Three groups of points are clearly visible, corresponding to three

different detector capacitance values. The measurements can be well described by the
functional dependence

o B
ENI = ENI(Cd,Tp) = ;:l-g & ng, (1)
p p

which is expected for a current sensitive amplifier. The fitted values for the parameter «
are shown in Fig.7b. As expected, they scale with the detector capacitance. It must be
noted that the experimental setup was sensitive to low frequency pickup noise, such that
the noise measurements had to be limited to shaping times below 1 ps. The dependence
of the noise on the neutron fluence is shown in Fig.8a. The data are presented for three
typical channels with different capacitances. An increase of the rise time measured for
small shaping times is clearly visible when irradiated. For very high neutron fluences,
exceeding ~ 1:10'* n cm™2, an increase of the equivalent noise current becomes significant
as well, in particular for long shaping times. Under v irradiation, the equivalent noise
starts rising already for relatively low radiation dose values. The increase of noise is also
seen for short measured rise times, indicating that it is not limited to the low frequency
part of the noise spectrum. The corresponding data are shown in Fig.8b.
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The increase of noise, normalized to the values measured before irradiation, is shown
for all preamplifier channels in Fig.9. The results are given for two fixed values of the
measured rise time, chosen to be 40 and 100 ns. As indicated above, the increase of noise
is small under neutron irradiation for small shaping times up to fluence values in the
order of ~ 1 — 2-10'* n cm~2. This is found to be true for all channels independent of
the detector capacitance. Under photon irradiation the noise increases continuously. For
the channels with a capacitance of 125 pF an increase in the range between 15 and 30%
is seen after a collected dose of 20 kGy at a rise time of 40 ns. It must be noted that
the observed spread between the various channels is large and that the small number of

irradiated preamplifier channels precludes more detailed conclusions.
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Figure 9: The equivalent noise current (ENI ) measured during irradiation normalized to
the value measured before irradiation. The data are shown for all preamplifier channels
as a function of the irradiation levels for both neutron and vy irradiation and for two
different values of the measured rise time, chosen to be 40 and 100 ns. Note that for
neutron fluences exceeding 310" n cm™® the measured rise time for all channels with Cy
= 330 pF is larger than 40 ns and no data points are included in the figure.
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5 Conclusions

The GaAs preamplifiers developed in the framework of the RD33 project show a stable
performance in terms of transfer function, rise time and linearity up to high neutron
Auences of ~ 3-10' n cm~2. For neutron fluences exceeding this value clear deteriorations
in the preamplifier performance have been observed. In particular for the channels with
large detector capacitance a decreased response function together with an increased rise
time have been measured. Under v irradiation no damage of the performance has been
seen up to 31 kGy, the maximum v dose accumulated. The equivalent noise current
has been found to increase under irradiation for both neutrons and photons. Under
neutron irradiation the increase is small for short shaping times up to fluence values of
~ 310" n cm~2. Under photon irradiation a continuous increase is observed, starting
already at low dose rates.

For the radiation levels expected after 10 years of operation at high luminosity in the
hadronic end-cap calorimeters of the ATLAS experiment (0.3 kGy and 0.3-10" n cm™?)
both the increase of the equivalent noise current and the increase of the rise time are found
to be small. Therefore, an application of the proposed electronics looks uncritical from
the radiation hardness point of view. However, it should be noted that for an application
of the electronics chips inside the electromagnetic end-cap calorimeter, as proposed in the
RD33 project [9], a severe damage would occur for preamplifiers in the region of large
pseudorapidity, | 7 | > 2.0. Since in the proposed solution the preamplifiers would have
been located in the liquid argon close to the readout pads, they would have been exposed
to a neutron fluence of 3.0-10'® n cm~2 and a y dose of 100 kGy after 10 years of LHC
operation in the pseudorapidty region | n|>20.

It should also be mentioned that the present results were obtained using high neutron
fluences and « dose rates to evaluate on the time scale of a week the radiation damage
after 10 years of operation at LHC. The conclusions might therefore change if considerable
dose rate dependent effects or annealing effects exist.

The present results are in good agreement with previous measurements performed at dif-
ferent institutes [10].
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