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ABSTRACT. A compact and finely grained sandwich calorimeter is desigto instrument the
very forward region of a detector at a futurées collider. The calorimeter will be exposed to
low energy e e pairs originating from beamstrahlung, resulting in absdridoses of about one
MGy per year. GaAs pad sensors interleaved with tungsteorladisplates are considered as an
option for this calorimeter. Several Cr-doped GaAs sensuatop/pes were produced and irradiated
with 8.5—-10 MeV electrons up to a dose of 1.5 MGy. The sensdopeance was measured as a
function of the absorbed dose.
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1 Introduction

Detectors in a future high energy electron-positron cetlidill face a new phenomenon at small
polar angles — a large amount of low energy electron-pasipairs originating from beam-
strahlung 1]. A few percent of the beam energy is radiated as photongpeggaside the beam-
pipe. However, a fraction of these photons converts intotela-positron pairs that are deflected
to larger polar angles. These particles hit the detectgexadt to the beam-pipe. In the current
detector concept<] a calorimeter, BeamCal, is foreseen at small polar anddesmCal will as-
sist beam tuning by measuring the deposition of beamstnghbairs as well as veto single high
energy electrons. The latter is mandatory to suppress baokd from two-photon processes in
new particle searches. To avoid uninstrumented regiongdaado a limited space no cooling is
foreseen. The device will be operated at room temperatutetanfront-end electronics will be
operated in a power switching mode.

A compact and finely segmented cylindrical sandwich caleténis designed3]. Tungsten
disks of approximately one radiation length thicknessesasabsorber layers and are interspersed
with thin sensor layers with pad segmentation. Monte-Csirtaulations have shown that with pad
sizes below the Moliere radius of about 1 cm, e.¢c Bmmn?, the necessary performance will be
reached. Sensor pads adjacent to the beampipe are irchtidtea dose of a MGy per year of
operation due to the depositions of low energy pairs fronmstieahlung. The energy of these pairs
ranges from a few keV up to several GeV. The largest contdbub the energy deposition in the
calorimeter results from shower particles with an energgh@MeV range. An absorbed dose of



Table 1: Material properties.

Sample Donor | Donor concentration Acceptor| Thickness
cm 3 um
Lot0 | GaAsl, GaAs? Te (5-6)- 106 Cr 500
Lot 1 9,11 Te (1-1.5)- 10~/ Cr 170
Lot 2 57 Te (5-6)- 106 Cr 190
Lot3 2,31 Sn (1-3)- 106 Cr 160

1 MGy for a GaAs detector corresponds to a fluence of apprdaeiga,5- 10'° 10 MeV electrons
per cnft.

Silicon sensors are not sufficiently radiation hard at roemgerature due to the dramatic rise
of the leakage currend]. The results of an irradiation study of a silicon sensoiratlar irradiation
conditions are described iB][

Sensors made of Cr-doped GaAs are an option for BeamCalseohtheir expected radiation
hardness. Studies on radiation hardness of semi-insgl&aAs detectors were done previously
in the framework of the CERN RD8 research program. It was dotiat GaAs sensors could
withstand fluences of 3.0 protons, 2 10 pions and 610 neutrons per cffor undoped
GaAs [6]. For compensated GaAs sensors the reported radiatioméssdor hadronic irradiation
is of the same order of magnitudé][ Irradiations with 0.66 MeV photons were carried out up to
doses of 100 kGy and have shown a slight decrease in the alegdiitiency [/]. Results obtained
with 1.17 and 1.33 MeV photons from®Co source did not show any significant damage up to
doses of 1 MGy #§].

The goal of this study is a measurement of the radiation ssiof compensated semi-
insulating GaAs detector material for irradiation withatens. GaAs sensors manufactured with
different concentrations of dopants were exposed to eledteams of 8.5 and 10 MeV energy. The
charge collection efficiency (CCE) was measured as a fumctidhe absorbed dose. The maxi-
mum accumulated dose for a sensor was 1.5 MGy. Sensors wgrender bias voltage without
interruption during irradiation and CCE measurements. [Eakage current was measured as a
function of the applied voltage before and after irradiatio

2 The gallium arsenide sensors

The GaAs sensors investigated were produced by means ofdhal IEncapsulated Czochralski
(LEC) method. The initial LEC GaAs material is doped by a klvadonor (Sn or Te). This doping
is necessary to form a low-ohmic n-type semiconductor aridl 6L+ trapping centers with elec-
trons. Then the material is compensated by a deep accepdoy@eans of controlled diffusion
at high temperaturedf11]. This results in a semi-insulating GaAs material with agtagty of
about 10 Qm [10]. The samples used here are subdivided into 4 productisndiffering in type
and concentration of the shallow donor. The sample prasedtie listed in tabla.

It should be noted that, due to the properties of the compedsaaterial, the hole lifetime is
very low and the signal is predominantly generated by edactransport. As a consequence, the
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Figure 1: GaAs sensors for a BeamCal prototype: Layout 1(a) — lot 0. afign arsenide
plate has a shape of a48ector. The metallisation layer is subdivided into 12 riegreents
with innermost radius 20 mm and outermost radius 84 mm. Bagrsegment is divided into pads

of approximately 5¢ 5mn¥ size. Layout 2 (b) — lots 1, 2 and 3. Four separate sensor gfads o
5 x 5mn? each, combined into a square sensor.

maximum reachable charge collection efficiency of the detas 50% for particles fully crossing
the sensor. This feature is explained in detaillig][ The signal formation due to electron transport
only was confirmed by measurements of the signal size foerdift high voltage polarities using
ana-source.

Two different layouts of sensors were investigated. Théding is shown in figuré(a). It was
processed from material of lot 0. The sensor is g@dthick. Two sensors of this type, hereafter
referred to as GaAsl and GaAs2, were investigated. The ddagout is a composite sensor
consisting of four individual sensor pads arranged in a isaa shown in figurd(b). Sensors
from different lots have different thicknesses as showmlietl. Six such sensors, two from each
of the lots 1, 2 and 3 were investigated. For all sensors fribfota the metallisation consists of a
1 um gold layer on top of a 30 nm vanadium layer on both sides.

3 Measurements before irradiation

3.1 Current-voltage measurements

For all sensors the current as a function of the applied gel{&V characteristic) was measured.

An |-V characteristic for a pad of sample GaAs2 of lot 0 is shawfigure2(a). The currents
are of the order of 0.4GA for a field strength of 0.4 \lim which corresponds to a bias voltage of
200V. All pads of both sensors from lot 0 show similar |-V cheteristics within 5%. The |-V
curves are symmetric for both polarities.

The I-V curve is slightly asymmetric for samples from lot 1swwn in figure2(b). The
currents are of the order of QuiA for a field strength of 0.4 Mim. The I-V curve of a sample
from lot 2 is shown in figur&(c). It also has a slight asymmetry and the current valuedayQum
field strength is close to that of the samples from lot 1.
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Figure 2: The current-voltage characteristics of GaAs sensorgéefiod after irradiation: a sensor
from lot O (a), lot 1 (b), lot 2 (c) and lot 3 (d). The voltage isrmalized to the sensor thickness.

The I-V curve of a sample from lot 3 is shown in figu2@d). It is similar to the one from the
sensors from lot 0. The sensors from lot 1 have the lowesentgwhereas the sensors from lot 3
have the highest currents at the same field strength.

3.2 Capacitance-voltage measurements

The capacitance of the pads for sensors from lot O is appeiriyn 13 pF. The capacitance of
individual pads is in the range 15-17 pF for the samples fais1, 2 and 3.

For selected unirradiated and irradiated pads of sensoms [fsts 1, 2 and 3 the capacitance
as a function of the applied voltage (C-V characteristicswaeasured for several frequencies
(120 Hz, 1kHz, 10kHz, 100kHz and 1 MHz). The individual padshe investigated samples
were contacted with needle probes and the bias voltage vpdie@phrough a coupling box. The
measurements were done in a shielded light-tight box.

An example of a C-V characteristic for different frequescie shown in figure. The C-V
dependence is linear for higher frequencies and shows sonimearity at lower frequencies for
both unirradiated and irradiated pads. The largest diffezen capacitance between unirradiated
and irradiated pads is in the order of 10%. The capacitantbeopads at higher frequencies is
close to the calculated value for a parallel plate capacitor
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Figure 3: Capacitance as a function of voltage for different frequen Sample 5 (Lot 2) — (a)
unirradiated pad, (b) pad irradiated to a dose of 820 kGy.
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Figure 4. Diagram of the setup for the measurement of the responssearfsor to charged particles.
An electron from &°Sr 3 source traverses the sensor and generates a signal in thidasor
below. The two photomultipliers generate a trigger sigmal the charge sensitive ADC digitizes
the amplified and shaped signal from the sensor.

3.3 Charge collection efficiency measurement

The charge collection efficiency (CCE) as a function of theligg voltage was measured for
selected pads.

The diagram of the setup used for the charge collection effayi (CCE) measurement is
shown in figured. Signals from the sensor are read out with a charge-semsitilifier and then
digitized by a gated charge integrating ADC. The readouitnchas calibrated by injection of a
known charge at the amplifier input, thus allowing for thevession of measured ADC data into
charge units.

The charge collection efficiency is defined as: CEBmeasured QgeneratedWhere Qheasureds
the measured charge angdratedis the expected charge to be produced by ionization from
particle.

A scintillator triggers on electrons that have passed thinothe sensor under investigation.
The scintillator is read out by two photomultipliers opé@rgtin coincidence. From a Monte-
Carlo simulation the energy spectrum of the electrons @eimgra trigger was obtained. For these
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Figure 5: Spectrum from an unirradiated sensor GaAs2 (a) and frorealme sensor after absorb-
ing a dose of 1.5 MGy (b).

electrons the energy loss in GaAs was calculated and uskd gatculation of the expected charge
Qqenerated The most probable value of the expected charge for GaA®senas calculated to be
150 electron-hole pairs pgrm. The calculations were based on a GEANT 4 simulation of the
experimental setup and the value of the energy needed tte@ealectron-hole pair in GaA$J].

QmeasuredS Obtained by measuring the response of the detector tv@bsdrom a9Sr source.

It is derived from a fit of the corresponding signal spectrigystaown in figuré(a). The pedestal
peak on the left is described by a Gaussian and the signatrgpeon the right by a Landau
distribution convoluted with a Gaussian. The differenceMeen the most probable value of the
Gauss-Landau distribution and the mean value of the pddessken as signal value.

A signal spectrum obtained from a pad of a non-irradiated@eis shown in figuré(a). A
clear separation between the pedestal peak and signalgssirug electrons is observed.

The CCE as a function of the bias voltage for one sample of istshown in figure6. At
low voltages the CCE rises and then reaches a saturation.satheation appears at voltages of
around 200V for sensors from lot O which corresponds to actrédefield strength of 0.4 \fim.
For samples from lots 1, 2 and 3 the saturation appears a0356{@.2 V/um). The saturated CCE
values are about 50% for samples from lots 0 and 3, about 40%tfa and 30% for lot 1.

4 Irradiation setup

An electron beam of up to 50 nA beam current at the 'Superattivdy Darmstadt Linear Acceler-
ator’, S-DALINAC [14], was used to irradiate the samples. A beam energy of 10 Med/clvasen
for the irradiation. It is comparable to the expected emsrgif the shower particles originating
from the beamstrahlung-generated electrons in the BeamCal

Samples from lot O were irradiated with a 10 MeV beam and sasipbm lots 1, 2 and 3 were
irradiated with a 8.5 MeV bearh.

1Due to change in the technical conditions.
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Figure 7: Experimental setup for sensor irradiation. The electreanh exit window is shown on

the left. The transverse beam size is determined by a coptlenator. The sensor under test is

positioned in an electrically screened box. The Faradayicuged to measure the current of the
beam crossing the sensor.

The electron transport through the irradiation setup wasilsited with GEANT4 to estimate
corrections for backscattering of electrons from the Fayamip and to determine the energy de-
posited in the sensor by the beah®|

The irradiation setup is shown in figure The electron beam comes from the left as indicated
by the red arrow. The beam is scattered by the aluminum erilevi inside the flange. The beam
profile is shaped by a collimator of 10 mm thick copper with azsg aperture of @ 9mn?. The
beam crosses the sensor which is mounted in an electricatieised box and is then absorbed
in a Faraday cup made of a 10 mm thick copper plate ok 40 mnt in size. This allows the
measurement of the beam current through the sensor. Therssrdigned to the beam such that
the center of the pad selected for the irradiation is in thdezeof the beam line. Since the size of
the beamspot was larger than a pad, the neighbor pads wéseipadiated as well.

During the measurements the beam current was varied beveaA and 50 nA, correspond-
ing to dose rates in the sensor from 20 kGy/h to 400 kGy/h.
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Figure 8: The CCE as a function of the absorbed dose for the sensarslfod O (a), Lot 1 (b),
Lot 2 (c) and Lot 3 (d).

The sensors were kept under bias voltage for the whole darefithe measurements. The bias
voltage was 200 V for sensors from lot 0 corresponding to ectet field strength of 0.4 \m and
40V for sensors from lots 1, 2 and 3 (0.20uM). In intervals of approximately one hour the beam
was stopped and the sensor box with the biased sensor wasttakesetup as shown in figude
to measure the CCE and the leakage current of the pad undstigmtion. These measurements
took about 30 minutes and then the irradiation was continued

The resulting irradiation rate by tf@Sr source of the CCE measurement setup was about
0.05 Gy/h, hence negligible in comparison to the irradiatiy the accelerator beam.

5 Measurements at the time of irradiation

In figure8(a) the CCE as a function of the absorbed dose is shown fordeotbor samples of lot 0.
The degradation of the collection efficiency with the absdrdose is similar for both samples.

The CCE dependence on the absorbed dose for the sensorsofsofn P and 3 is shown in
figure8(b), (c) and (d), respectively. FiguBarepresents the dependence for sensors from 4 different
lots; the CCE shown here is normalized to the initial valuthef CCE of the corresponding sensor
before irradiation. The CCE of the sensors from the lots 0&islthe highest before irradiation
and its degradation with the absorbed dose is slower. Sefreon lot 1 had the lowest initial CCE
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Figure 9: The CCE as a function of the absorbed dose. CCE is normaiettial CCE of the
sample and plotted on a logarithmic scale. The samplesseprall material lots.

and the CCE degradation during irradiation was more procedinSensors from lot 2 have shown
intermediate results both in initial CCE value and in CCErddgtion with absorbed dose.

6 Measurements after irradiation

After the irradiation the |-V characteristics and CCE wereasured for all sensor samples in the
laboratory. The leakage currents for sensors from lot Geamed after irradiation approximately by
a factor of two as can be seen in figl@). The shapes of I-V curves for sensors of lots 1 and 2
became more symmetric as it is shown in figa¢e) and (c). The increase in the leakage currents
was about a factor of 3 for lot 1, about a factor of 2 for lot 2 arfsifor lot 3.

For the samples from lot 0 the values of the CCE decreasedimftdiation to less than 10%
of the value before irradiation as can be seen in fiuiEhe saturation of the signal value appeared
at about 200 V bias voltage for unirradiated samples. Afteiitradiation the saturation voltage in-
creased significantly as shown in fig@eThe difference in the signal spectra from #8r source
is shown in figureb. The capacitance of the samples remained unchanged adtieratiation.

7 Conclusion

Several Cr-doped GaAs sensor samples have been invedtiddte I-V measurements show that
after an irradiation with doses of up to 1.5 MGy the leakaggenis do not increase at room
temperature by more than a factor of three at an operatidectrie field strength between 0.2 and
0.4V/um.

The CCE as a function of the bias voltage saturates at highltages. The saturated value
of the CCE reaches about 50% for unirradiated samples. Faafiated samples no saturation is
observed for field strengths up to 1/uh.

The CCE drops with absorbed dose more rapidly at low doses.CRE is reduced to about
10% of the initial value after a dose of 1 MGy.

The results indicate that there is a possible dependende ahtliation hardness on the type
and concentration of the shallow donor. The samples doptutixé same type of shallow donor



(Te) have better radiation hardness at lower dopant coratemts. The samples doped with Sn at
low concentration also have a better radiation hardnessesgmndingly.

The signals of minimume-ionising particles are still sepedafrom the noise after a dose of
1 MGy, allowing a continuous in-situ calibration of the gaifithe sensor pads using abundant
muons from beam-halo. Hence we consider the results on dieticn tolerance of GaAs sensors
under electron radiation as very promising for the feasjbilf a BeamCal instrumented with GaAs
Sensors.
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