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Abstract—Polycrystalline artificial diamond produced by chem-
ical vapor deposition (pCVD) is a possible sensor material for the
beam calorimeter of the ILC. The requirements are linearity over
alarge range of flux and radiation hardness against a total ionizing
dose of several MGy per year of operation. A hadron test beam at
the CERN PS was used to study the linearity of the response of
pCVD sensors. An electron test beam at the S-DALINAC was used
to measure the charge collection distance (CCD) as a function of the
absorbed dose up to several MGy. Current-voltage characteristics
of these sensors were measured before and after the irradiation as
well as the dependence of the CCD on the applied electric field be-
fore and after the irradiation.

Index Terms—BeamCal, charge collection distance, CVD di-
amond sensor, FCAL, forward calorimetry, ILC, irradiation,
pumping, radiation hardness.

I. INTRODUCTION

HE International Linear Collider (ILC) will be the next

generation facility for high energy physics after the Large
Hadron Collider. The ILC will be an electron-positron collider
with a tunable center-of-mass energy up to 500 GeV, with a
possible upgrade to 1 TeV. The luminosity required from the
physics program will be up to 10>+ ecm~=2 s~!. Due to the
high particle density the emission of beamstrahlung photons
occurs during the collision of bunches. These photons leave
the detectors at the ILC through the beam pipe but they also
partly convert to electron-positron pairs. A fraction of these
pairs is deflected to larger polar angles and constitutes the
major background the detectors have to deal with. The forward
region of the ILC detectors is affected the most [1]. The inner-
most calorimeter, BeamCal, positioned about 3.6 m from the
interaction point, IP, is hit by a large amount of the pairs from
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Fig. 1. Forward region of the Large Detector Concept (LDC) for a beam
crossing angle of 14 mrad. BCal corresponds to the BeamCal and is positioned
within the tungsten support tube, directly in front of the last quadrupole
magnet (QUAD) of the beam delivery system. Also shown are the luminometer
(LCal), the calorimeter systems ECAL and HCAL in the end cap, the time
projection chamber (TPC), the low angle hadron calorimeter (LHCAL) and the
instrumented return yoke for the magnetic field (YOKEendcap).

beamstrahlung. BeamCal is designed as an electromagnetic
sandwich calorimeter situated directly in front of the final
focus magnets and adjacent to the beam pipe. The minimal
polar angle covered by BeamCal is 5 mrad and it reaches up to
45 mrad in the current layout for the Large Detector Concept,
LDC [2], which is shown in Fig. 1. BeamCal comprises 30
layers of tungsten as the absorber material, each of a thickness
of 3.5 mm which corresponds to one radiation length X;. Thirty
layers of sensors are interspersed between the absorber planes
and measure the electromagnetic cascade. The overall shape of
BeamCal is cylindrical with an outer radius of up to 16.5 cm
and additional space for the readout electronics.

The signals from beamstrahlung pairs in the sensor layers are
used to obtain information about the initial collision and to pro-
vide a feedback signal to the machine steering systems. Cer-
tain physics scenarios require a sensitivity to single high energy
electrons in the acceptance range of BeamCal. It is therefore
designed as a very compact calorimeter with high granularity in
the sensors. The Moliere radius, Ry, will be about 1 cm and
the anticipated segment size of the sensors is between 0.5 and
0.8 Ryp. The ability to detect the energy deposition from single
high energetic particles on top of the background from beam-
strahlung pairs relies on the usage of sensors with a dynamic
range of about 103,
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Fig.2. Expected annual dose rate for a BeamCal sensor layer. The layer shown
is the one with maximum energy deposition (after 6 X, ). This case is for nom-
inal beam parameters and a magnetic field of 4 T parallel to the incoming beam.
The beam crossing angle leads to a not instrumented area around the incoming
beam pipe. The detector is centered on the outgoing beam pipe. Note that at the
outer radii a white fill color denotes a dose rate of less than 1 kGy per year.

The Total Ionizing Dose, TID, absorbed in the sensor seg-
ments can accumulate to several MGy per year of operation.
Fig. 2 shows the expected dose per year in a sensor layer of
BeamCal as a result of a Geant4 [3] based simulation of the for-
ward region. The expected dose per year is shown after 6 X of
absorber which corresponds to the sensor layer with the max-
imal energy deposition. A permanent operation of the machine
at nominal beam parameters [4] is assumed for the calculation.
The maximal expected dose from this simulation is 3.6 MGy
per year in the sensor cells adjacent to the beam pipe. The use
of radiation hard sensors is therefore mandatory. The shape of
the energy deposition and the absolute value is strongly depen-
dent on the parameters of the colliding beams and the magnetic
field configuration in the detector. Including a safety factor it
is reasonable to set the benchmark for the radiation hardness of
the sensors to 10 MGy per year of operation.

Diamonds grown by chemical vapor deposition, CVD, are a
potential sensor material. This material has been investigated
for its radiation hardness in the context of its use as an alter-
native sensor material for the silicon tracking detectors in the
LHC experiments as described in [5] and [6] and references
quoted therein. These studies investigate the radiation damage
by proton or neutron fluence, which are expected to be relative
low in our application, while the TID is a factor of 1000 larger
than e.g. the requirements for the LHC tracking detectors. Radi-
ation hardness studies with photons from synchrotron radiation
and Cobalt decays are described in [7].

II. CVD DIAMONDS

Polycrystalline CVD diamonds have become available in
wafer sizes and in the quantities necessary to build detector
systems. The principle of operation is similar to that of silicon
detectors. A metallization is deposited on both sides of the ma-
terial to allow the application of an electric field to the sensor.
An ionizing particle traversing the sensors creates electron-hole
pairs along its path. The drift of these charge carriers in the elec-
tric field induces a measurable signal in the electrodes, which
can be detected by adequate readout electronics. One property
of the diamond material is its large band gap of 5.45 eV. The
large band gap—for comparison the band gap of silicon is
1.12 eV—Ieads to two important effects in our application: the
first is that the dark current in the material is very low and the

second is that the mean ionization energy necessary to create an
electron hole pair by ionizing radiation is relatively large. The
mean ionization energy is 13.1 eV [8], considerably higher than
the one for silicon (3.63 eV). This is partly compensated by
the higher density of diamond, which leads to a higher energy
deposition by ionization. The signal expected from a minimum
ionizing particle, MIP, in an ideal diamond sensor is therefore
significantly smaller than for silicon, about 3600 compared to
9200 eh-pairs per 100 pm [5]. Due to charge trapping at grain
boundaries, the charge collection efficiency for polycrystalline
material is usually significantly lower than 100%. The signal
in pCVD diamond due to a MIP is often expressed in terms of
the Charge Collection Distance, CCD. The CCD is the mean
distance a charge carrier drifts in the material

COD = F X Sicen(7: X 1) M

where 7; is the average lifetime of an electron or hole before it
gets trapped, y; is the corresponding mobility and F the applied
electric field. The CCD can also be interpreted as

Qea:p

theo

CCD =exd= X d 2)
where ¢ is the charge collection efficiency of the sensor with
the thickness d, which is determined by the ratio of the mea-
sured charged ()., and the expected charge (QQtpeo. The ex-
pected charge Q¢p,e0 is 36 eh-pairs per pm of traversed material
[9].

These issues are important for the detection of individual
MIPs as it is required for tracking detectors. However for a
calorimeter the absolute signal size of a MIP is usually of sec-
ondary importance, due to the high number of particles within
the electromagnetic cascade.

Major concerns in our application are the linearity, that is
the dependence of the signal on the particle flux through the
sensor and the understanding of the degradation of the sensor
response as a function of the absorbed dose. We investigate
polycrystalline diamond samples from two manufacturers: El-
ement Six Ltd., E6, UK, and the Fraunhofer Institute for Ap-
plied Solid-State Physics, IAF, Germany. The metallization of
the samples is a Ti-Pt-Au three layer metallization of one cm?
size.

The CCD is measured in a setup as shown in Fig. 3 using
a 298r source. The source emits electrons with an energy up
to 2.3 MeV. Particles traversing the sensor and generating a
signal in the scintillator originate from the high energy tail of
the spectrum. They can be regarded as being MIP-like, with an
expected signal of 36 electron-hole pairs per pm of traversed di-
amond material. The signal of the sensor is amplified and shaped
(charge sensitive preamplifier and additional shaper, both shown
as ‘preamplifier’ in Fig. 3) and then digitized using a charge sen-
sitive Analog to Digital Converter, ADC.

III. LINEARITY TEST OF PCVD DIAMOND

The linearity test of polycrystalline CVD diamonds has been
carried out at the Proton Synchrotron facility, PS, of the Euro-
pean Organization for Nuclear Research, CERN. The PS pro-

Authorized licensed use limited to: DEUT ELEKTRONEN SYNCHROTRON. Downloaded on July 1, 2009 at 09:13 from IEEE Xplore. Restrictions apply.



464

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 2, APRIL 2009

| S _
diamond preamplifier O <
delay
> b
& E
8B
discr.1 =2
e
discr.2
 VME

Fig. 3. The setup for spectroscopic measurements using °°Sr as particle emitter. A charge sensitive preamplifier and an ADC is used to measure and digitize the
signal of the sensor. A scintillator is used to generate a trigger signal for MIP-like particles.
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Fig. 4. The response of polycrystalline diamond sensors from E6 as a function
of the particle flux in units of the number of particles per cm? per 10 ns. The
bias voltage applied to the sensors was 500 V. (Sample E6#a, 500 pmn thick,
0.8 V/um).

vides a4 GeV hadron beam of variable intensity in a 10 ns pulse.
This is ideal to study the response of the sensors as a function
of the particle flux.

The Device Under Test, DUT, is in this case directly con-
nected to a charge sensitive Analog to Digital Converter, ADC.
A scintillator is placed behind the DUT, which is read out using
wavelength-shifting fibers connected to two photo-multipliers.
Two photo-multipliers with different amplification are to mon-
itor the beam intensity over a sufficiently large range. Their sig-
nals are digitized in ADCs and used in a coincidence to generate
a trigger signal. The absolute measurement of the particle flux
was obtained by the CMS BCM group [10] using thermolumi-
nescence dosimetry. The combination of the two measurements
allows the reconstruction of the actual flux per pulse.

In Fig. 4 and Fig. 5 the response of sensors as a function of
the particle flux is shown separately for samples from the two
manufacturers. The response is shown in ADC counts. Albeit
the sensors are produced by different manufacturers using sim-
ilar technologies, the variations between the manufacturing pro-
cesses cause differences in the response to ionising particles.
The data is fitted with a straight line. Additionally the response
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Fig.5. Theresponse of polycrystalline diamond sensors from IAF as a function
of the particle flux in units of the number of particles per cm? per 10 ns. The
bias voltage applied to the sensors was 500 V. (Sample IAF#a, 200 pm thick,
2.0 V/pan).

of the sensor to single particles is included in the fit. These two
data points are not shown in the plots to increase the visibility
of the data points obtained by the test beam measurement [11].

The deviation from the straight line fit is less than 30% for
both sensors. Deviations from the linear behaviour on this level
of precision are explained by the limited precision of the flux
reconstruction.

IV. IRRADIATION OF PCVD DIAMOND WITH ELECTRONS

The energy of the particles originating from beamstrahlung
pairs and depositing energy in the sensors of the BeamCal varies
over a wide range as shown in Fig. 6. This spectrum is ob-
tained from a GEANT4 based simulation of BeamCal. The spec-
trum shows that a large fraction of particles is of energies in
the MeV range. A suitable accelerator for irradiation studies at
these energies is the Superconducting Darmstadt Linear Accel-
erator, S-DALINAC, which provides an electron beam over a
wide range of intensities and a beam energy between 10 and
130 MeV. This facility of the Technical University of Darm-
stadt, Germany, was used in summer 2006 to irradiate polycrys-
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Fig. 6. The spectrum of particles, which deposit energy in the BeamCal sensor
layer. The considered sensor is placed after 6 layers of absorber. The simulation
was done for one bunch crossing at nominal beam settings.
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Fig. 7. Irradiation setup. The electron beam arrives from the left and is colli-
mated to the sensitive area of the DUT by a copper collimator. The collimated
beam size and sensor size match each other. The DUT is situated in a light tight
box, with connectors for the bias voltage supply and the current monitoring. The
beam current is measured by stopping the beam using a Faraday cup made from
copper.

talline CVD diamond samples at a beam energy of 10 MeV and
up to a TID of several MGy.

One of the central aspects of the irradiation was to keep the
sensor or device under test, DUT, under bias voltage during the
measurement. Two setups were used during this study: a spec-
troscopic setup to determine the response from MIPs as de-
scribed above and an irradiation setup as shown in Fig. 7 for
exposing the DUT to the beam. A collimator and a Faraday cup
are used to determine the electron current crossing the sensor.

The determination of the absorbed dose assumes a uniform
distribution of the beam intensity over the DUT area. The av-
erage deposited energy per incident particle and a correction
factor for the fraction of particles not crossing the sensor but
measured in the Faraday cup are obtained from a GEANT4 sim-
ulation of the setup.

A. Behavior During Irradiation

In Fig. 8 and Fig. 9 the results are shown for the irradiation
of diamond sensors from the two different manufacturers. We
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Fig. 8. The response of polycrystalline diamond sensors from E6 as a function
of the absorbed dose from 10 MeV electrons. The bias voltage applied to the
sensors was 400 V. (E6 samples, 500 pm thick, 0.8 V/pm).
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Fig. 9. The response of polycrystalline diamond sensors IAF as a function of
the absorbed dose from 10 MeV electrons. The bias voltage applied to the sen-
sors was 400 V. (IAF samples, 500 pgm thick, 0.8 V/pm).

achieved a maximal absorbed dose of about 7 MGy for one
sensor from each manufacturer. A second sample from each
manufacturer was irradiated to about 1.5 MGy. The response
to particles from a ?°Sr was measured in intervals of about
one hour while keeping the bias voltage applied to the sensor
continuously. The sensors show a clear increase of the CCD
at the beginning of the irradiation. Such a dependence on the
absorbed dose was the first time discussed in [12]. In this pe-
riod the existing trapping centers in the crystal are filled with
charge carriers and do not contribute any longer to the signal
degradation. The CCD therefore increases, a phenomenon de-
noted hereafter as pumping. As we continue the irradiation we
observe a decrease of the CCD in most cases. The two samples
irradiated only to about 1.5 MGy just enter this phase of degra-
dation and the sensor IAF#c has apparently reached the point of

Authorized licensed use limited to: DEUT ELEKTRONEN SYNCHROTRON. Downloaded on July 1, 2009 at 09:13 from IEEE Xplore. Restrictions apply.



466

0.006 LI L N B B NN B B ) L L B B L L BB B ™

| m E6#a before irradiation ]

0.004 L A E6#a after irradiation _-

0.002— ]

T o _'

-0.002— —

-0.004 —

-0.006 __. PRI ST T N NN TN T T ST S N SN T TN NI .__
-600 -400 -200 0 200 400 600

HV (V)

Fig. 10. Current-voltage characteristics before and after irradiation of one of
the E6 samples. Higher absolute currents were observed during the ramping-up
phase of the voltage.

maximal pumping. The sensors irradiated up to 7 MGy show a
very significant decrease of the CCD, albeit the absolute value
of CCD after 7 MGy is still at the level of the initial CCD before
pumping. All sensors are functional after the irradiation.

B. Properties Before and After Irradiation

All irradiated sensors are tested in the laboratory for changes
in their current-voltage characteristics or in the dependence
of the CCD on the applied electric field. Between irradi-
ation and the measurements the samples were stored for
approximately one week at room temperature avoiding any
illumination. Fig. 10 shows as an example a comparison of
the current-voltage measurement of the sensor E6#a. Albeit a
slight increase of the current is clearly visible, the current is
still of the order of a few pA and is uncritical for operating the
diamond as a detector. The hysteresis during the measurement
is a known effect in pCVD diamond and is due to polarization
effects. The results for the other sensors are similar.

The CCD as a function of the applied electric field shows a
decrease for most of the samples as can be seen in Fig. 11, where
a measurement for the sensor E6#a is shown. This sensor was
irradiated up to about 7 MGy. The CCD decreases by approx-
imately 80% compared to the measurement before irradiation.
Note that the sensors are fully depumped in both cases by the
use of UV illumination for several minutes. It was observed that
by pumping the sensor with a dose of about 20 Gy the CCD re-
covers partly. This change in the pumping behavior indicates
the creation of shallow trapping centers in the crystal by the ir-
radiation with 10 MeV electrons.

C. Comparison With Silicon

A standard p-n silicon sensor is irradiated under the same
conditions as described above. The bulk material is high ohmic
silicon in 111 orientation with a resistivity of 3-5 kQcm.

We did not cool or modify the shaping time of the preampli-
fier during our measurements even if these actions could have
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Fig. 11. CCD of E6#a as a function of the applied electric field compared be-
tween before and after irradiation.
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Fig. 12. CCD in dependence of the absorbed dose for a standard silicon sensor.
The sensor thickness is 280 ¢m. The bias voltage applied to the sensor was 50 V.

improved the performance of the measurement. The dose rate
is set to the lower limit of the accelerator facility which is at
about 1 nA beam current. To facilitate the comparison the sil-
icon sensor efficiency is also given in terms of the CCD, which is
equal to the sensor thickness of 280 pm at the start of the irradi-
ation. Fig. 12 shows the effect of the irradiation. The CCD of the
silicon sensor starts to decrease after absorbing about 35 kGy.
The leakage current of the sensor increases during the irradia-
tion from the level of 1 nA at 50 V to more than 6 pA.

V. CONCLUSION

We investigated polycrystalline CVD diamond sensors for the
application as sensor in the BeamCal of the ILC detectors. The
linearity of the response of pCVD diamond sensors up to a par-
ticle flux of 5 x 106 MIP/(cm? x 10 ns) was shown to be
within 30%, which is of the order of the systematic uncertainty
of the flux calibration. We investigated the radiation hardness
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with 10 MeV electrons. It was shown that the diamond sensors
are still operational after absorbing up to about 7 MGy. A loss in
the charge collection efficiency due to this irradiation was ob-
served proving the creation of defects in the crystal lattice. It
is possible to partially recover the sensor CCD by pumping the
samples with low doses of several Gy.
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