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Abstract

The LHC which o�ers unique physics opportunities presents an extreme environment. As a result,

tracking devices at the LHC need to have special properties. They must be radiation hard, provide

fast collection of charge, be as thin as possible and be able to operate at reasonable temperatures.

Moreover, it is becomming clear they should last a reasonable amount of time since replacement will be

di�cult. The properties of diamond allow it to ful�ll these requirements and make it an ideal material

for detectors in this high rate, high radiation environment. The RD42 collaboration program goal is to

develop diamond detectors for the LHC. This work includes improving the charge collection properties

of CVD diamond, studying the radiation hardness of the material and developing low noise radiation

hard readout electronics suitable for use with diamond detectors. During the past year RD42 has made

major progress on each of these fronts. As a result, the RD42 collaboration has grown in size adding the

strength of four new groups. In this report we describe the progress we have made during the last year

and outline the research program we intend to pursue in the future.
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1 THE RD42 1996 RESEARCH PROGRAM AND MILESTONES

1 The RD42 1996 Research Program and Milestones

During the past year RD42 has continued to concentrate on improving the quality of chem-
ical vapour deposition (CVD) diamond material for detector application. Having achieved a
collection distance in excess of 100 �m in 1995 [1] our goal was to produce diamond material
with a collection distance of 200 �m. As will be outlined below one manufacturer has recently
reached this 200 �m milestone. We believe that having more than one manufacturer collabo-
rating with us will make the eventual production of several square meters of diamond detector
material for applications in LHC experiments an economically viable situation.

In addition we prepared a number of particle detectors based on our best material. We
continue to benchmark new material with \slow" silicon detector readout chips, VA2 or VA3.
These chips have a characteristic shaping time of 2 �s. Diamond material which has been
successfully tested in this way is then re-patterned and connected to \fast" analogue readout
electronics, SCT32A, which has a signal shaping time of 25 ns. As will be described in Sec. 5
we have for the �rst time successfully operated a prototype diamond tracker at a shaping time
equal to the bunch crossing time in LHC experiments.

We have also concentrated on the development of pixel related diamond detectors to develop
a proof-of-principle for this geometry. While readout electronics with su�ciently good perfor-
mance for true bump-bonded diamond pixel detectors does not yet exist we have developed a
glass fanout which routes signals from a 16� 16 array of pixels with 150 �m pitch to the edges
of the device. From there we have successfully read out the detector with VA3 electronics in a
beam test as will be described in Sec. 4.2.

In the past year we also prepared particle detectors which were tested the �rst time in a
magnetic �eld up to 3 T. This work is reported in Sec. 4.3.

Finally, we have continued our irradiation studies of CVD diamond having irradiated high
quality diamond to doses corresponding to ten years of LHC operation. After irradiation with
pions and neutrons with total 
uences exceeding 1015 particles per cm2 the diamond devices
perform properly. This work will be described in Sec. 3.

1.1 The LDRB Milestones

The prime milestone, set in November 1995 by the LRDB, was the further improvement of
CVD diamond material. The goal remained to reach 200 �m collection distances. We attacked
this target on a number of fronts. As we reported last year [2], one manufacturer had already
developed a process for growing diamond with a collection distance of 110 to 120 �m. There were
two non-exclusive ideas on how to proceed. Both manufacturers attempted to reach the 200 �m
collection distance goal by developing the chemistry of the growth process. This research showed
promising results which we outlined in last year's status report [1]. However, it has not yet
yielded a reliable set of growth parameters for either manufacturer. Apparently, while studies
looked very promising on thin samples, the extension of the growth process to full thickness
wafers involves non-trivial engineering. This work will be continued by both manufacturers in
the next year as a method of reducing the cost of high quality diamond.

Our second manufacturer started out the year with material of 50 to 60 �m collection distance
in isolated samples. They chose to grow thick samples since the collection distance in CVD
diamond increases with the thickness of the material [3]. They made steady progress throughout
the year culminating in a sample with a collection distance of 200 �m. This progress, though
rapid, highlights the complexity of the task involved and the resources required on the part of
a company to advance in this �eld. Our work together over the last two years has involved
the testing of almost 70 small samples from at least 50 di�erent diamond growths. Although
we do not have detailed information on the growth parameters our estimate is that we tested
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1.1 The LDRB Milestones

essentially all the output of one research reactor over this two year period.

Our second milestone was to further our tests of the radiation hardness of CVD diamond
material. These studies had two foci. At the time of our last renewal it remained to fully un-
derstand and quantify the maximum exposure to neutrons that was possible without signi�cant
degradation of the charge collection distance. We have now �nished the �rst round of these
studies and sharpened our understanding. We show, below, that the detector quality of CVD
diamond in the pumped-up state at room temperature is insensitive to neutrons up to 
uences
of 4�1014 per cm2. Beyond this we observe a 25% decrease of the collection distance at 
uences
of 1:9�1015 per cm2. We intend to extend studies up to 
uences of 5�1015, which represents the
conditions just outside the beampipe. As this exceeds the doses expected in LHC experiments
even at the smallest radii accessible we believe this 
uence is su�cient to study radiation e�ects
in diamond detectors. We continue to study the long term behavior of the samples exposed to
the highest 
uences and we plan to repeat these studies with higher collection distance samples
as more of this material becomes available.

In addition to completing the �rst round of neutron studies we have continued our series
of pion irradiations. Results are now available for pion 
uences up to 5:6 � 1014 per cm2 on
the highest quality diamond available last year. In September of this year we have �nally
accumulated a dose of more than 1015 pions per cm2 on our original samples after three pion
exposures. This represents the full lifetime dose of pions expected on a diamond tracker at a
radius of 10 cm in the LHC over a period of 10 years at full luminosity.

As part of the LDRB milestones we were encouraged to expand our understanding of the
growth mechanisms of CVD diamond material. This involved characterising the material in
ways beyond that of the collection distance which remains our prime characteristic. A number
of studies have been carried out principally at LENS but also at LEPES/Grenoble, and Sandia
National Lab. These studies have been aimed at improving the electrical contact to diamond
and understanding the e�ect of neutron irradiation on the hydrogen content of the diamond. As
we have yet to come to any conclusions on correlations between collection distance and these
other parameters we have not included details in this report. The prime focus of this work,
however has been to better understand the relationship between materials properties and the
changes in collection distance associated with exposure to neutrons { the only source of particles
to show any change of collection distance in the material.

The LDRB set three particle detector oriented milestones for the collaboration last year. The
�rst of these centered on the desire to see what possible performance limitations might arise in
the patterning of pixelated detector elements onto the CVD diamond substrates. As mentioned
above, in the absence of suitable bump bonded pixel readout electronics, we have successfully
ful�lled two thirds of the possible sub-milestones in this area. The electrode lithography pre-
sented no problems even on the fairly rough growth side of the diamond down to a scale of 150
� 150 �m2 [Fig: 1]. In addition, there was no apparent loss of charge seen between the readout
pads. It remains to be seen how these devices will perform with truly pixelated electronics.

The second detector milestone was to develop a prototype detector with a signal shaping time
suitable for use at the LHC. Here we have been successful despite the lack of speci�c developments
in frontend electronics for diamond sensors. We have been able to readout a diamond strip
detector with an e�ective pitch of 100 �m using electronics that had an e�ective shaping time of
25 ns. These electronics were developed for the readout of silicon trackers and have not yet been
adapted for the lower capacitance and leakage currents found in diamond sensors. We expect to
be able to signi�cantly improve on the results presented below by developing a chip dedicated
for use with diamond sensors in the coming year.

Finally we were asked to consider the extension of our work to sensors of larger size than
the 1 � 1 cm2 currently in use. During the year we tested one 2 � 4 cm2 sample and placed
purchase orders of 3 additional pieces. The manufacturers claim that producing detectors this
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2 PROGRESS ON THE IMPROVEMENT OF CVD DIAMOND
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Figure 1: A photograph of the pixel detector described in the text on the growth side of
a CVD diamond.

size is not a problem. The �rst 2 � 4 cm2 sample was tested quite early in the year and it
did not have su�cient collection distance for us to keep it. It has been returned. We still have
outstanding orders for four 2 � 4 cm2 detector pieces some of which we expect will be �lled in
early 1997. Thus we should be in a position to achieve this milestone in the course of the next
year.

2 Progress on the Improvement of CVD Diamond

Two important developments occurred in the improvement of detector grade CVD diamond
during the past year. The �rst development was the production of a CVD diamond with 200 �m
collection distance; the second development was to help the second manufacturer produce high
quality diamond with > 100 �m collection distance. To put these developments in perspective,
when RD42 started nearly three years ago, the best available CVD diamond had a collection
distance of 40 �m. In our last status report we showed that one manufacturer had produced
diamond which reached a collection distance of 100 �m and a most probable signal of 2500 e.

During the past year we have worked closely with the manufacturers to determine just how to
improve the quality of diamond. We have measured and characterised approximately 50 samples
from over 30 di�erent growth runs. We have given the results of our work to the manufacturers
with the idea that they would correlate our results with their understanding of the growth
parameters. The results of this work were:

� The development of a stable and for each manufacturer an individual process for producing
as-grown CVD diamond with 125 �m collection distance corresponding to a most probable
signal of 3400 e.

� A recipe for post processing the as-grown diamond to enhance the collection distance to
200 �m or 5400 e most probable signal.

The results of our work during the last year include the achievement of the same signal size
(most probable signal of 2300 e) with a 50 �m pitch strip detector using fast electronics (22 ns)
as we obtained with slow electronics (2 �s) indicating that the charge collection mechanism in
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2.1 How We Increased Charge Collection Distance

diamond is quite fast, and the production of the �rst diamond with 200 �m collection distance
(most probable signal of 5400 e). This latest diamond has been measured in the laboratory in
a characterisation station using a 90Sr source. In Fig. 2 we show the pedestal subtracted pulse

0

50

100

150

200

250

300

0 5,000 10,000 15,000 20,000 25,000

N
um

be
r

Ped Subtracted PH (e)

Mean = 5800 e
MP = 4400 e

Figure 2: The measured pulse height at an electric �eld strength of 0.7 V/�m in one
of the 1996 diamond samples after tuning the growth process and post processing the
diamond.

height distribution of this diamond. The signal is Landau distributed with a mean to most
probable ratio of 1.3. We obtained, in this run, from the mean charge of 5800 e a collection
distance of 161 �m at an electric �eld strength of 0.7 V/�m. In subsequent runs we obtained a
collection distance of 200 �m at an electric �eld strength of 0.9 V/�m. The small enhancement
at zero pulse height is due to a false trigger contamination at the 3.6% level. We recently placed
a 50 �m pitch strip detector on this diamond and tested it in a proton beam at CERN PS. The
online results con�rm the laboratory characterisation. The o�ine analysis is in progress and we
expect results in the next few months.

The second important development involves an additional manufacturer. During the last year
we have used diamond from two manufacturers: St. Gobain/Norton company [4] and DeBeers
Industrial Diamond division [5]. Until recently, the highest quality CVD diamond was produced
by St. Gobain/Norton. DeBeers has now produced CVD diamond with comparable and better
collection distances.

2.1 How We Increased Charge Collection Distance

The basic method we have advocated with each company to increase the charge collection
distances involves three parts: A serious chemistry study to understand the operating parameters
of the di�erent growth machines and their e�ect on the collection distance. For this part of the
program we provide instantaneous feedback of the collection distance to the manufacturers. First
we systematically measure charge collection distances. The collection distance is one of the most
sensitive diagnostic parameters and we are able to use it to detect changes in the growth process
in blind tests. Second the growth process is tuned and correlated to the collection distance
measurements. The second part of the program involves the manufacturers producing a thick
wafer, � 700 �m, to understand the stability of the growth process and the thickness scaling
laws for their diamond. The third step of the process includes post-growth treatment of the
diamond in which the manufacturers remove up to 35% of the material from the substrate side
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2 PROGRESS ON THE IMPROVEMENT OF CVD DIAMOND

where the collection distance is nearly zero [3]; we then place the active pattern, strips or pixels,
on the growth side of the diamond where the collection distance is largest. In Fig. 3 we show
the results of material removal from one of the most recent diamonds. We see clear evidence
that removing material from the substrate side improves the diamond collection distance. Also
shown in Fig. 3 is the absolute prediction from a model where the collection distance increases
linearly throughout the thickness of the material from zero at the substrate side to twice the
bulk-averaged collection distance at the growth side. The data supports this simple model and
con�rms our earlier work which showed that the collection distance increases with material
thickness [3]. We are well into this program. The program as outlined above takes 1 to 2 years
for the manufacturer to reach the full potential of their individual process.
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Figure 3: The scaled collection distance measured as a function of the percentage of
material removed from the substrate side of the diamond.

2.2 What We Can Reasonably Expect in 1997

The program outlined above will lead to signal sizes of approximately 7000 e. A small
amount of tuning will be required to reach signal sizes of 8000 e. This will take place in 1997
and 1998. Also during 1997 we propose to order 6 wafers of diamond which will provide enough
of the new higher quality material to produce reasonably sized trackers and to complete the
radiation hardness studies. Finally, in 1997 we will begin working with the manufacturers to
determine how to reduce the production costs of the raw material. This stage will require
additional chemistry experiments to assess the consequences, if any, for the collection distance
as we change the growth conditions. Overall, at the end of 1997 we hope to have a working
prototype of an LHC tracking element and realistic indications of the �nal cost of such a tracking
element.
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3 Irradiation Studies of CVD Diamond

Radiation hardness is required for particle detectors in future LHC experiments. In particular
solid state tracking detectors have to resist high particle 
uences keeping the signal-to-noise ratio
as high as possible after irradiation.

Solid state devices are damaged under particle irradiation. Damage in solid state detectors
causes on one hand an increase in leakage current and therefore an increase in noise; on the
other hand a reduction in the amount of collected charge, which leads to a smaller signal. The
signal-to-noise ratio in damaged detectors decreases. The potential advantage of diamond is the
much larger dose that is apparently necessary to cause the same damage.
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Figure 4: Geometry of
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Figure 5: Setup for measuring charge collection dis-
tance on CVD diamond.

3.1 Method for Sample Characterisation

The radiation hardness was studied on CVD diamond detectors by measuring the collected
charge and the leakage current before and after irradiation.

3.1.1 Dark Current

CVD diamond samples which were irradiated had a size is of 7:5� 7:5 mm2 and a thickness
between 400 �m to 500 �m [Fig:4]. They were metallized with round electrodes forming ohmic
contacts on both sides of the diamond. The dark current was measured as a function of voltage
applied to the electrodes before and after irradiation in darkness.

3.1.2 Charge Collection Distance

The amount of collected charge is measured in a setup shown in Fig. 5. A voltage is applied
to one side of the sample. The other side is connected to a charge integrating ampli�er and
shaper and is at a virtual ground. A 90Sr electron source illuminates the sample. Electrons
which traverse the sample trigger the readout of the ampli�er. The amplitude of the shaped
signal is proportional to the collected charge. In diamond the mean number of collected charges
hQcoli is proportional to the charge collection distance, dc, which is the mean distance charge
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3 IRRADIATION STUDIES OF CVD DIAMOND

carriers travel apart inside the bulk before they are trapped [6], thus

dc =
hQcoli

36 e=�m
: (1)

The charge collection distance is measured as a function of the applied voltage and, unless
otherwise mentioned, we quote it at an electric �eld of 1 V=�m.

3.2 Photon, Electron and Proton Irradiations

It has been shown in the past that CVD diamond is resistant to electromagnetically inter-
acting radiation.

In a photon irradiation in 1993 using a 60Co gamma source at the Argonne National Lab-
oratory CVD diamond samples were irradiated up to an absorbed dose of 10 MRad [7]. No
decrease in charge collection distance was observed. In fact the opposite, a linear increase of
charge collection distance between 0 and 1 kRad absorbed dose and a saturation above 10 kRad,
was measured. The saturation value is known as the pumped state of the diamond, which is
generally higher by a factor of 1.6-1.9 than the depumped state.

In an Electron Irradiation in 1995 at Soci�et�e AERIAL with 2.2 MeV electrons from a Van de
Graaf accelerator CVD diamond samples absorbed a dose of up to 100 MRad [8]. No decrease
in charge collection distance was observed. As in the photon irradiation an increase of charge
collection distance to the pumped value was measured.

Proton irradiations were performed on CVD diamond samples in 1994 and 1995 at TRIUMF,
Vancouver, Canada using protons with a kinetic energy of 500 MeV reaching a 
uence of 5 �
1013 p=cm2 at a maximum 
ux of 8 � 108 p=cm2=s [9]. As in electron and gamma irradiations
the charge collection distance increased to its pumped value. No decrease in charge collection
distance was observed. Moreover a linear dependence between proton 
ux and induced current
in diamond was measured.

3.3 Irradiation Studies in 1995 and 1996

During the last year a strong emphasis has been placed on irradiations of CVD diamond with
pions and neutrons. Charged pions are the predominant source of radiation in LHC experiments.
Unlike photons and electrons but similar to protons they will undergo nuclear interactions with
the diamond, which might in
uence the charge collection distance di�erently than electromag-
netic radiation. Neutrons will be present in any LHC experiment as well and their pure hadronic
interaction damages the diamond lattice.

3.3.1 Pion Irradiations

CVD diamond detector samples were irradiated with pions in three separate exposures in
1994 [10], 1995 and 1996. All irradiations were performed at the PSI, Villingen, Switzerland.
The pions had a momentum of 300 MeV/c. The maximum available pion 
ux onto the samples
was O(1:5 � 109) �=cm2=s. The samples had the same geometry as shown in Fig. 4. During
irradiation the samples were biased with a voltage of 100 V or above. The total pion 
uence on
samples irradiated in 1994 and 1995 reached 5:6� 1014 �=cm2.

The normalized charge collection distance measured on CVD diamond samples after irradi-
ation with pions is shown as a function of pion 
uence in Fig. 6. The charge collection distance
is normalized to the depumped state of the sample before any irradiation. During characterisa-
tion with 90Sr electrons the charge collection distance increases by a factor of 1.7. The samples
remain in their pumped state after irradiation with pions and show no decrease of collections
distance up to total pion 
uences of 5:6� 1014 �=cm2.
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3.3 Irradiation Studies in 1995 and 1996

The dark current on these samples was measured before and after irradiation. A characteris-
tic value is 0.5 pA/mm2 at 1 V/�m. The dark current is independent of the received pion 
uence.
These measurements indicate that the detector performance was unchanged after irradiation up
to 5:6� 1014 �=cm2.

The irradiation in 10/1996 increased the total 
uence on the samples up to 1:7�1015 �=cm2.
In addition material from our new supplier was irradiated up to 1� 1015 �=cm2. The data from
this run is presently being analyzed and should be available in the near future.
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Figure 6: Normalized charge collection distance in diamond samples as a function of
pion 
uence.

3.3.2 Neutron Irradiations

CVD diamond samples and silicon diodes were irradiated with neutrons in four exposures
(1/95, 10/95, 12/95 and 11/96). All irradiations took place at the ISIS facility at the Rutherford
Appleton Laboratory, England. Neutrons with kinetic energies below 10 keV and energies
peaking at 1 MeV were available [11]. The mean n-
ux above 10 keV was about (1:7 � 0:6) �
108 n=cm2=s.

The diamond samples [Fig: 4] were irradiated at room temperature with a voltage of 100 V
applied. The charge collection distance before neutron irradiation, after 3:2 � 1014 n=cm2 and
after about 1 � 1015 n=cm2 is shown as a function of electron 
uence in Fig. 7. The charge
collection distance increases as a function of 90Sr electron 
uence from a depumped state and
saturates at a pumped value. The pump-up factor of non-irradiated samples is 1.7. After
irradiation with 3:2� 1014 n=cm2 the charge collection distance of the depumped value is lower
than before irradiation, but it increases under 90Sr illumination to a pumped value, which is
equivalent to the pumped value before neutron irradiation. This result is con�rmed by another
set of samples which received 4 � 1014 n=cm2. Hence there is no decrease in charge collection
observed below 4� 1014 n=cm2.

After receiving 1�1015 n=cm2 the charge collection distance of the depumped state decreases.
Pumping with electrons increases the charge collection distance again, but a higher electron

uence is required. The charge collection distance saturates in a pumped state which is 15%
lower than the pumped state of samples before neutron irradiation. A decrease in detector
performance is therefore expected between 4 � 1014 and 1 � 1015 n=cm2. Measurements of
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Figure 7: Charge collection distance of neutron irradiated diamond samples as a function
of electron 
uence before and after neutron irradiations.

several neutron irradiated samples were redone six months and one year after the irradiation
and showed no change compared to the measurements immediately after the irradiation. Thus
no annealing or anti-annealing e�ects are observed.

One sample accumulated a total 
uence of 1:9�1015 n=cm2 over three exposures. Its pumped
value decreased by 25% relative to the pumped value before neutron irradiation. The normalized
charge collection distance of the pumped state as a function of neutron 
uence is shown in Fig.8.

The dark current was measured before and after neutron irradiation between -1 V/�m and
+1 V/�m on depumped samples. No change in dark current was observed up to 1:9�1015 n=cm2.
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Figure 8: Normalized charge collection distance of diamond samples as a function of
neutron 
uence.

During the most recent irradiation the beam induced currents in the diamond detectors and
the silicon diodes were recorded every 5 minutes. Figure 9 shows the currents from a silicon
diode and a diamond sample as a function of time during the irradiation. Both samples have
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3.4 Conclusion on Irradiation Studies

the same electrode size. The current in diamond is several hundred pA when the beam is on. It
stays roughly constant over the 120 hour time interval shown. The induced current in diamond
decreases by a factor of 100 during beam-o� periods. The diamond sample shows a prompt
response when beam returns. This is most likely due to the presence of photons associated
with the neutron beam. The behaviour of the diamond is nicely contrasted by the current in
the silicon diode which shows a linear increase from 100 pA to 30 �A after 120 hours. During
beam-o� periods the silicon current decreases due to annealing.
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Figure 9: Currents in a silicon diode and a diamond sample during neutron irradiation.

3.4 Conclusion on Irradiation Studies

CVD diamond samples were exposed to pions and neutrons in serveral irradiations over the
last two years. After pion irradiation no degradation in charge collection up to 5:6�1014 �=cm2

is observed. The leakage current after pion irradiation is the same as before irradiation. After
neutron irradiation no degradation up to 4:0 � 1014 n=cm2 is observed. The charge collection
distance decreases by �15% between 0:4 and 1:0�1015 n=cm2 and by �25% by 1:9�1015 n=cm2.
The leakage current remains unchanged even after 1:9 � 1015 n=cm2.

We conclude that diamond is a radiation hard detector material which is able to withstand
the conditions in high particle 
uence regions of detectors at the LHC.
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4 RESULTS FROM DIAMOND TRACKING DETECTORS WITH SLOW ELECTRONICS

4 Results from Diamond Tracking Detectors with Slow Elec-

tronics

In 1995 and 1996 a series of beam tests performed at CERN explored various aspects of the
performance of tracking detectors made from CVD diamond. These included tests of 50 �m
pitch, 1 cm � 1 cm, single-sided detectors using the VA2 readout chip with 2 �s shaping, tests
of the same detectors in a magnetic �eld and the �rst test of a diamond pixel device.

4.1 Recent Work on Strip Detectors with Slow Electronics

The VA2 chip allows for ultra-low noise levels of 100 electrons ENC with a shaping time of
2 �s due to the negligible leakage current in CVD diamond. Though clearly not useful in a high
luminosity environment, this allows one to study detectors thoroughly in a test beam.

Using the 100 GeV/c pion beam in the X5 West Area at CERN we studied trackers made
from various diamond samples. All the devices were metallized with a solid electrode on one
side, and 50 �m pitch strips on the other. The strips were wire-bonded to a VA2 chip, and the
detectors mounted in a telescope with eight silicon planes (four x and four y). The arrangement
appears schematically in Fig. 10. The hit resolution and geometry of the detectors allows an
accuracy of better than 3 �m in projecting a track into a test detector plane after alignment.

All data were pedestal subtracted, and corrected for common-mode 
uctuations which were
typically much smaller than the individual channel noise. Clusters were found by seeking the
maximum pulse height strip in a plane, and adding to it any adjacent strips with pulse height
more than 2� above zero. Events in which the track extrapolates to non-functioning regions of
the detector were not considered.

reference1

z

π 225 GeV/c

reference 2

reference 3 reference 4

z=-1.6mm z=11.6mm
z=150mm

z=178.4mm
z=191.6mm

z=120mm
z=60mm

x

y

DB26
F X

B

Figure 10: Setup of the silicon telescope with diamond detectors in the test beam.
For the the magnetic �eld test the magnetic �eld lines are parallel to the x coordinate.

Until recently our best diamond was the F detector. The results from this diamond with
strips on the substrate side were reported in the 1995 RD42 Addendum [2]. Its pulseheight
distribution is shown in Fig. 11. The cluster pulse height distribution of the F detector in a
recent run is shown in Fig. 12. The F diamond has a collection distance of approximately 100 �m.
The resolution obtained is shown in Fig. 13. These results are comparable with those reported
last year indicating the stability of this detector. The observed resolution of 13.4 �m, only
slightly better than digital resolution, is quite typical of the resolutions we have observed during
the past year. That the resolution is only slightly better than digital resolution indicates that
we do not observe much charge sharing. Inspection of individual cluster shapes, a representative
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4.1 Recent Work on Strip Detectors with Slow Electronics
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Figure 11: Pulse height distribution mea-
sured on F in July 1995.

Figure 12: Pulse height distribution from
the F detector with a 50 �m pitch strip
detector.

Figure 13: Hit position resolution in the F detector.

sample of which appears in Fig. 14, reveals that while the strip through which the track passes
has a large, positive pulse height, adjacent strips on both sides tend to have negative pulse
height.

After observing the cluster shapes in the F diamond a series of tests was made with the X
detector. The purpose of these tests was to compare the signal shapes in strip detectors with
the strips on the growth versus substrate side. The X detector was polished on the growth side
so that in successive beam tests the strips could be put on the growth and then the substrate
side.

As shown in Fig. 15 and Fig. 16, with strips on the growth side the clusters are narrow
having a one or two strip central peak and the adjacent strips are negative. With strips on the
substrate side the clusters are broad, covering many strips. In both cases the adjacent strips go
negative, consistent with our understanding of the charge transport mechanisms at work.

We propose a simple model to explain the e�ects we see. After the passage of a charged
particle the electron-hole pairs move under the in
uence of the applied electric �eld. For each
electron-hole pair one carrier moves toward the strips, and the opposite-sign carrier moves away
from the strips. Hence any non-uniformity in the material will cause the spatial extent of the
induced charge to depend on the carrier sign. The fact that the collection distance depends
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4 RESULTS FROM DIAMOND TRACKING DETECTORS WITH SLOW ELECTRONICS

Figure 14: Typical cluster shapes in the F detector. The arrow indicated the
predicted track position from the silicon telescope.

Figure 15: Typical cluster shapes in the X detector with strips on the growth side.
The arrow indicates the predicted track position from the silicon telescope.

Figure 16: Typical cluster shapes in the X detector with strips on the substrate
side. The arrow indicates the predicted track position from the silicon telescope.
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4.2 Diamond Pixel Detectors

on depth into the material causes just such a spatial non-uniformity and complicates matters.
Whereas the total charge observed must be equal on the two sides of a detector, the shapes will
di�er depending on the distance between the moving charge and the readout strips. Generally
speaking, one would expect that for a detector with strips on the substrate side (low collection
distance side), the cluster shapes should be broader, since most of the charge motion is far from
the strips. Conversely, for strips on the growth side (high collection distance side), the cluster
shapes should be narrow since most of the charge motion is near the strips. Since the electronic
noise sets an e�ective threshold, below which charge is unobserved, in general we will be able to
cluster a larger signal when the strips are on the growth side.

We have presently lapped the growth side of the F diamond, placed a 50 �m strip detector
on the growth side and are in the process of analyzing the testbeam data to complete these
studies.

4.2 Diamond Pixel Detectors

In August 1996 the �rst diamond-based pixel tracking detector was tested. This detector
was read out with a VA3 chip wire bonded to a pixel fanout structure metallized on a glass
substrate. The 16�16 array of pixels, having 150 �m2 pitch, was bonded to pixels metallized
on the diamond using a technique in which 20 �m diameter wires were a�xed, using conductive
glue, to the pixels on the diamond, and cut to a length of 60 �m. The structure is dipped into
conductive glue, coating the tips of the wires, and then placed in contact with the readout pixel
array [Fig: 1].

Figure 17: Determination of �ducial region of pixel detector. Top plot shows
number of tracks in each pixel giving cluster position within 80 �m in x and y of
the track. Bottom plot shows retained region after �ducial cuts.

In the beam test, only 128 channels were read out, and thus only one half of the array was
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4 RESULTS FROM DIAMOND TRACKING DETECTORS WITH SLOW ELECTRONICS

tested. To analyze the data we �rst �nd a single 2D cluster in the array by starting with the pixel
with largest pulse height, and add to it any of the eight adjacent pixels whose pulse height exceeds
zero by at least twice the single channel noise. The cluster position in two dimensions comes
from the weighted average in each dimension. One can then align the detector by comparing
the cluster positions with the extrapolated track position. An accuracy of roughly 10 �m is
attained.

A �ducial region, determined by plotting the track position for those clusters within 80 �m of
the track, covers three sub-regions of the detector. Figure 17 shows, for each pixel, the number
of tracks which gave a cluster centered on that pixel having a centroid within 80 �m of the track
position. The reconstructed clusters uniformly populate the detector Fiducial cuts are applied
to remove the \holes" near the locations of unbonded pixels.

The detector has a position resolution of just under 50 �m in each dimension. Figure 18
shows the two-dimensional distribution of the di�erence between the cluster and track position,
and Fig. 19 shows the individual coordinate projections with Gaussian �ts.

Figure 18: Two-dimensional distribution
of di�erence of pixel cluster position and
track position.

Figure 19: Individual x and y resolution
distributions for the diamond pixel detec-
tor.

To estimate the charge collection of the pixel detector one can perform a transparent anal-
ysis by adding the total charge in the nine pixels surrounding the extrapolated track position.
Figure 20 shows this distribution, which has a collection distance of 45 �m. The individual
channel noise was 75 electrons on average. This is the �rst demonstration of the operation of a
diamond pixel detector.

4.3 Diamond Strip Detectors in a Magnetic Field

Diamond strip detectors based on CVD diamond material have been studied at high magnetic
�eld. The detectors were tested in a 225 GeV/c pion beam at the CERN SPS accelerator. The
diamond detectors F and X, had 6.8 mm long strips with a pitch of 50 �m on one side and a
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4.3 Diamond Strip Detectors in a Magnetic Field

Figure 20: Nine pixel pulse height distribution in �ducial region of the diamond
pixel detector.

continuous contact on the other side. Each strip was read out by a VA2 ampli�er chip with an
integration time of 2 �s.

The diamond detectors were placed in the center of a reference telescope consisting of 4
planes of silicon strip detectors measuring the track coordinates in the plane perpendicular to
the beam, x and y. The reference system and test detectors were located in the center of a
superconducting magnet providing a �eld of up to 3 T along the horizontal x coordinate. The
strip orientation of the diamond detectors was parallel to the magnetic �eld. All detector planes
were perpendicular to the beam axis. Figure 10 shows a schematic illustration of the test setup.

4.3.1 Reference System and Event Selection

The reference system was aligned using data taken at B = 0. The diamond detectors, which
were not used in the track �t, were aligned with respect to the reference system. These alignment
parameters were subsequently used for the analysis of all data taken at magnetic �elds of 0, 2
and 3 T.

Figure 21: Track slope and residual distribution in the reference silicon detectors shown for
one of the silicon planes.

Events were selected requiring exactly one track measured in both coordinates of all reference
planes. Tracks were reconstructed as straight lines. Events with noise hits and multiple tracks
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4 RESULTS FROM DIAMOND TRACKING DETECTORS WITH SLOW ELECTRONICS

were rejected. Clusters were de�ned as a sequence of adjacent strips with a S/N ratio higher
than 1.5. Only clusters with a total S/N higher than 5 were accepted. Note that the same cluster
de�nitions were used both for diamond and silicon detectors. Clusters containing noisy strips
were rejected. Diamonds were required to have exactly one cluster in order to be considered in
the analysis.

The magnetic �eld causes the particle track exiting the telescope to slope by 4 and 6 mrad at
�elds of 2 and 3 T respectively. Figure 21 shows the residual distribution for the silicon reference
plane 3 measuring the y coordinate. The Lorentz shift of the clusters is visible. The sign of the
shift depends on the orientation of the electric �eld depleting the silicon plane and is di�erent
in alternate y planes.

4.3.2 Diamond Cluster Parameters at Di�erent Fields

The clusters on the diamond detectors were reconstructed and required to be in a 0.5 mm
region on either side of the predicted hit position. Events with tracks outside the diamond's
acceptance were rejected. The signals, measured by an ADC, were calibrated with pulses on
a test capacitance, yielding calibration constants of 31.0 e/ADC count for diamond X and
26.6 e/ADC counts for diamond F. At the time of the measurements diamond F was in a
pumped state, diamond X in a depumped state.
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Figure 22: Cluster signal and S/N at di�erent values of the magnetic �eld for
diamond F
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4.3 Diamond Strip Detectors in a Magnetic Field

diamond detector F X

magnetic �eld [T] 0.0 2.0 3.0 0.0 2.0 3.0

mean signal [e] 3361. 3412. 3293. 1612. 1580. 1522.

most probable signal [e] 2242. 2284. 2193. 794. 756. 758.

Table 1: Mean and most probable signal in electrons for diamonds F and X at
di�erent values of the magnetic �eld.

The signal distribution of diamond F, as shown in Fig. 22, remained essentially unchanged
at all magnetic �eld values. The mean signal was about 3400 electrons, which corresponds to a
collection distance of 94 �m. The signal was contained in two strips on average. The uniformity
of the signal over the diamond area has been veri�ed. No regions of low signal were observed.
Signal parameters for both diamonds are summarized in Table 1.

4.3.3 Spatial Resolution, Signal Shape and Lorentz Shift

Tracks were reconstructed as straight lines between reference planes 1|4. The Lorentz shifts
in the reference detectors were not taken into account. Since they had opposite signs in planes 1
and 2 with respect to planes 3 and 4, and since the track slopes were small, reconstructed tracks
were not systematically shifted in the reconstruction from their true position. Only the sagitta
between the real, curved particle trajectory and the reconstructed straight line had to be taken
into account. The bending radius R (in m) can be calculated as

R = 3:33
p

Bq
(2)

where p denotes the particle momentum transverse to the B-�eld (in GeV/c), B, the magnetic
�eld (in T) and q, the charge of the particle in units of the elementary charge. This yields a
bending radius of 250 m for B=3 T and 375 m for B=2 T. The sagitta, s, between the real
track and the reconstructed line is approximately

s =
dz(L� dz)

2R
(3)

where L=180 mm is the distance between the two sets of reference planes and dz the distance
of the diamond detector to the �rst reference plane (see Fig. 10).

The Lorentz shift of the clusters �y in the diamond detectors can be obtained from the
calculated sagitta plus the measured shift of the residual distribution with respect to the recon-
structed straight line. Alternatively the position of the maximum signal can be measured with
respect to the predicted hit position when the hit extrapolation is displaced by the expected
sagitta. Both methods were used to determine the Lorentz shift of the clusters.

Figure 23 shows the residual distribution of diamond F for �elds of 0, 2, and 3 T. The
resolution of 15.8 �m is found to be constant within the measurement uncertainty. A clear shift
of the residuals at 2 and 3 T is visible. The measured Lorentz shift, after correction for the
sagitta, is 24.8 �m at 3 T and shows a linear dependence on the magnetic �eld.

Diamond X exhibits a slightly worse resolution of 17.9 �m than diamond F, but no signi�cant
change with magnetic �eld. The Lorentz shift is 18.1 �m at 3 T with the same type of dependence
as for diamond F. The size of the two shifts has been understood in terms of the relative thickness
of the two samples.

In the second analysis the signal shape and position were investigated at di�erent values of
the magnetic �eld. For this analysis the average signal of a single strip was plotted versus the
predicted track position with respect to the strip center. This allows a study of the spread of the
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Figure 23: Residual distribution for diamond F at di�erent magnetic �eld strengths.

signal under the in
uence of di�usion and the magnetic �eld. A shift of the charge cloud result
from the Lorentz force which could introduce an asymmetry of the measured charge cloud. As
this analysis uses only the predicted hit position it is independent of cluster thresholds.
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Figure 24: Signal shape for di�erent values of magnetic �eld strength in diamond F.

Figure 24 shows the average strip signal versus the predicted hit position. The predicted hit
position is calculated from the track extrapolation and the sagitta. The plot gives the signal
shape as projected on the plane perpendicular to the strips for diamond F at �elds of 0, 2 and
3 T. The measured points are �tted to a Gaussian distribution. It can be seen that both the
size and the shape of the signal remain unchanged with the magnetic �eld. The width of the
distribution, as given by the � of the Gaussian �t, is 22 �m. No asymmetry of the signal shape
with respect to its center is observed. The Lorentz shifts are consistent with those measured
in the �rst analysis. Also for diamond X the shift of the cluster as a result of the Lorentz
force increases with the magnetic �eld. No signi�cant asymmetry beyond the statistical errors
is observed. With a width of �=35 �m clusters measured on diamond X are substantially wider
than on diamond F, but do not change with the magnetic �eld.

Using this data we may also deduce the mean Lorentz angle h�i throughout the diamond.
We use the term mean Lorentz angle since the collection distance is not constant through the
detector. If we de�ne t as the thickness of the material, and h�yi as the average shift of our
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4.3 Diamond Strip Detectors in a Magnetic Field

diamond detector F X

magnetic �eld [T] 0.0 2.0 3.0 0.0 2.0 3.0

Resolution [�m] 15.4 16.2 15.9 17.8 18.3 17.5

Sagitta [�m] 0.0 10.0 15.0 0.0 6.8 10.2

�y from residuals [�m] 0.0 16.7 24.8 0.0 12.1 18.1

�y from charge distribution [�m] 0.0 16.2 24.3 0.0 12.5 17.3

h�i [degrees] 0.0 4.6 6.8 0.0 4.5 6.5

Table 2: Resolution, sagitta of the track, Lorentz shift, and Lorentz angles for
diamonds F and X at di�erent values of the magnetic �eld. The Lorentz shifts have
been calculated using two di�erent methods (see text). The Lorentz angles were
calculated using the average Lorentz shift.

two measurements then the mean Lorentz angle is given by:

tan(h�i) = 2� h�yi=t (4)

Resolutions and Lorentz shifts and Lorentz angles for both diamonds and for all values of
the magnetic �eld are shown in Table 2.

4.3.4 Summary on Diamond Trackers in a Magnetic Field

The in
uence of a magnetic �eld on signal and spatial resolution of diamond strip detectors
has been studied. The magnetic �eld causes a shift of the clusters, which increases linearly with
the magnetic �eld strength, but does not change spatial resolution, cluster signal or width. The
Lorentz shift is found to be di�erent for diamonds F and X, but the Lorentz angle, relating
the shifts to the respective detector thicknesses is the same. Fig. 25 shows various detector
parameters of diamonds F and X versus the magnetic �eld strength.

22



4 RESULTS FROM DIAMOND TRACKING DETECTORS WITH SLOW ELECTRONICS

0

500

1000

1500

2000

2500

m
os

t p
ro

ba
bl

e 
si

gn
al

 [e
- ]

0 1 2 3

B-field [T]

0

1

2

3

m
ea

n 
cl

us
te

r 
w

id
th

 [s
tr

ip
s]

0 1 2 3

B-field [T]

X

F

0

5

10

15

20

re
so

lu
ti

o
n

 [
m

ic
ro

n
]

0 1 2 3

B field [T]

-5

0

5

10

15

20

25

30

35

40

Lo
re

nt
z 

sh
ift

 
dy

 [m
ic

ro
n]

0 1 2 3

B field [T]

y(Si)  = 12.180B + 0.340

y(X) = 5.764B + 0.393

y(F) = 8.382B - 0.754

Si

X

F
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readout pitch), spatial resolution (bottom left) and Lorentz shift (bottom right) at
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5 Diamond Detector with LHC Speed Radiation Hard Readout

An important step towards the use of CVD diamond detectors in an LHC experiment is the
demonstration of their tracking capability using fast and radiation hard LHC readout electronics.
In the following a �rst attempt to use such electronics for the readout of a diamond strip
detector is described. First results with existing electronics from lab and beam tests are shown.
A discussion of a possible optimisation of this front end electronics for readout of diamond
detectors is presented.

5.1 Diamond Detector with Existing Fast Electronics for Silicon Detectors

5.1.1 The Front End Chip: SCT32A

The front end chip used was the 32-channel SCT32A [12] which has been developed for
readout of the ATLAS SCT Silicon strip detectors. Each channel of this chip consists of a
bipolar preampli�er shaper input stage followed by a 112 cell analog pipeline and a 32-channel
output multiplexer. The shaper provides a signal with a peaking time of 21 to 25 ns depending
on the capacitive load. The analog pipeline samples the output of the shaper at 40 MHz clock
frequency. The output multiplexer in this version can run up to a speed of 20 MHz. The chip
is produced in radiation hard DMILL [13] technology.

5.1.2 Testbeam Setup

The diamond strip detector, Norton diamond F, used in this test has an area of 6.8 � 6.8 mm2

with 25 �m wide strips at a pitch of 50 �m. Two adjacent strips were connected to one readout
channel of the SCT32A chip. Hence the e�ective readout pitch was 100 �m. Prior to the beam
test the detector was pumped with a 90Sr source for 17 hours. The test was performed in the
CERN SPS X5 test beam with 100 GeV/c pions.

We used the same silicon reference system as in the tests described previously shown in
Fig. 10. The diamond detector was placed in the center of the telescope during the tests. The
readout of the diamond detector was controlled by a sequencer which supplied the control signals
to the SCT chip. After receiving a trigger from the scintillators a signal T1 was sent to the
SCT chip to mark the pipeline cell corresponding to the triggertime for readout. The T1 signal
and the scintillator trigger times were recorded with a TDC (100 ps/TDC count). The timing
information was later used in the analysis to determine the precise delay between T1 and the
trigger signal.

In the analysis events were selected by requiring one and only one track measured in both
co-ordinates of all reference planes. The particle track was reconstructed as a straight line and
a track extrapolation was made to the diamond detector.

5.1.3 Cluster Analysis

Prior to the cluster search the raw data were corrected for the channel pedestal and common
mode shifts. This yielded a Gaussian noise distribution with a standard deviation of 660 electrons
for a single channel. A calibration constant of 138 electrons per ADC count was determined by
laboratory measurements of the chip noise. A cluster on the diamond is de�ned as sequence of
strips with a signal to noise ratio S/N higher than 1.0. Clusters were accepted in the analysis if
the total cluster S/N was higher than 2.5 and the cluster was located in a 0.3 mm wide region
around the predicted hit position. The cluster position was reconstructed with the �-algorithm.

Using the TDC data a time window was determined, where the T1 signal was recorded in a
12 ns wide region around the peaking time of the ampli�er [Sec. 5.1.4]. Events with a hold time
in this window are accepted for the cluster analysis.

24



5 DIAMOND DETECTOR WITH LHC SPEED RADIATION HARD READOUT

            

Figure 26: Cluster signal distribution and signal to noise distribution obtained in
the cluster analysis with a S/N threshold of 2.5 on diamond F with SCT32A readout.

Figure 26 shows the cluster signal distribution and the cluster S/N distribution for the
diamond. A mean signal of 3700 electrons and a mean S/N of 5.7 was measured. Both values
are biased towards higher signal, or S/N, due to the threshold on the cluster S/N. Figure 27
shows the residual of measured minus predicted hit position for the diamond. The measured
spatial resolution of 36 �m is close to the digital resolution of readout pitch divided by
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Figure 27: Residual distribution on dia-
mond F with SCT32A readout.

Figure 28: Transparent signal on three
strips versus time di�erence of hold and
trigger signal

In the cluster analysis with a threshold of 2.5 on the cluster signal to noise the e�ciency is
determined to be 67%. Previous test beam measurements indicated an e�ciency higher than
90% for this diamond [14]. Two e�ects are thought to contribute: Firstly, the T1 signal was not
sent in time to the SCT chip for some events, thus the signal was not measured. Secondly, the
cut on the cluster S/N removes events with small signals from the analysis. To cross-check the
latter hypothesis a transparent signal analysis was carried out on this data.
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5.2 Expected Performance of a Fast Readout Chip optimized for Diamond Detectors

5.1.4 Transparent Signal Analysis

In order to obtain an unbiased estimate of the diamond signal, only the hit prediction is
used in the signal search. No cut is applied to the number of clusters found on the diamond or
diamond signal. The so-called transparent signal is calculated as the signal sum of three strips
closest to the predicted hit position. In this way small signals are included in the analysis.

Figure 28 shows the average transparent signal versus the time di�erence between T1 and
trigger signal. The average signal is normalized to the average peak signal. The plot indicates
the time window used in the full analysis. A clear decrease of signal is observed for events
where the T1 signal arrives before or after the peaking time of the ampli�er. Figure 29 shows
the transparent signal on three strips for events in the time window (markers). A Landau
distribution convoluted with a Gaussian (�fit =

p
3�noise) is �tted to the transparent signal.

This yields a peak transparent signal of 2300 e, equivalent to a S/N of 3.5, and a mean signal of
2843 e, corresponding to a mean S/N of 4.3. Previous measurements of this diamond with slow
VA2 electronics yielded a most probable signal of 2240 electrons [14]. The comparison shows
that there is no change in the collected signal due to the fast shaping time. Using previous
signal measurements of this diamond and the noise obtained for the SCT one expects a peak
S/N comparable to the measured S/N. As a dashed line the cluster signal obtained with a S/N
threshold of 2.5 is superimposed. The di�erence for small signals suggests that the S/N threshold
removes some fraction of the signal distribution and hence contributes to the ine�ciency.
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Figure 29: Transparent signal on three strips (markers) �tted by a Landau dis-
tribution convoluted with a Gaussian distribution (solid line). The cluster signal
obtained with a S/N threshold of 2.5 is superimposed as a dashed line.

5.2 Expected Performance of a Fast Readout Chip optimized for Diamond

Detectors

The results presented in Fig. 29 have been obtained with a readout chip designed for use with
silicon strip detectors in the ATLAS silicon tracker with a typical load capacitance of 20 to 25 pF.

26



5 DIAMOND DETECTOR WITH LHC SPEED RADIATION HARD READOUT

To optimise the performance for CVD diamond strip detectors the input circuit of this chip must
be modi�ed. Two modi�cations are necessary. The feedback resistor value of the preampli�er
has to be raised and the gain of the �rst stage has to be increased by approximately a factor
3 to eliminate noise contributions from the later stages which now give a sizeable contribution
to the overall noise at low capacitances. The noise contribution from later stages is at present
about 400 electrons ENC.

For diamond strip detectors with 6 cm long strips and 50 �m pitch one expects a load
capacitance, Cd, of 4 to 5 pF. For such low capacitances the noise in the present chip is dominated
by the parallel noise from the preampli�er feedback resistor Rf , which is laid out withRf=100 k
.
This gives a negligible parallel noise contribution when used with silicon strip detectors. The
equivalent noise charge due to parallel or current noise is ENCp = Fiin

p
Tp, with Fi a constant

for a given transfer function of the shaper, Tp the peaking time in the shaper and in the square
root of the current noise power density. The current noise power density is given by in =

p
2qIeq

with Ieq = Ib + Id + 2kT= (qRf) where Ib is the base current of the input bipolar junction
transistor (BJT) and Id is the detector leakage current. The term 2kT= (qRf) is the equivalent
in terms of noise current for the feedback resistor and is equal to 500 nA for Rf = 100 k
.

The detector leakage current, Id, is negligible in case of diamond detectors. With a bipolar
input transistor in the preampli�er, the irreducible minimum noise, which can be achieved, is
determined by the optimal choice of the collector current Ic to balance the parallel noise from
the base current Ib and the series noise ENCs = FvvnCin=

p
Tp generated by the input transistor.

In this expression the voltage noise power density v2n depends on the collector current through

v2n = 4kT

�
rb +

kT

2qIc

�
: (5)

where rb is the base spread resistance of the BJT depending on the geometry and is nearly
negligible in this design. The base current for bipolar transistors is Ib = Ic=� with � � 100 for
the technology used for these chips.
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Figure 30: Equivalent noise charge as a
function of collector current Ic for a detec-
tor capacitance Cd=1 pF

Figure 31: Equivalent noise charge as a
function of collector current Ic for a detec-
tor capacitance Cd=5 pF

Calculations based on these simple formulae, but taking into account correlations between
series and parallel noise contributions, have been performed [15]. Fig. 30 shows results for the
example of Cd = 1 pF and an input transistor geometry optimised for this small capcitance.
The solid line gives the equivalent noise charge for Rf = 100 k
 and the dashed and dotted lines
for Rf = 200 k
 and Rf = 300 k
. In the case Rf = 100 k
 the calculation gives an ENC of 420
electrons. This noise value is dominated by the relatively low value of Rf and later stage noise.
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5.3 Summary on Testbeam Results with SCT Readout

For an optimised front-end chip with Rf � 200 k
 one expects an ENC of 350 electrons, which
is a factor 2 improvement. Fig. 31 shows the case of Cd=5 pF, which is the maximum expected
for a 6 cm long diamond detector, predicting a noise of 560 electrons. In order to obtain a
signal-to-noise ratio of 14-to-1 for a diamond strip detector with 6 cm long strips, which will
allow tracking with good e�ciency, the diamond detector should deliver a most probable signal
charge of about 7800 electrons.

5.3 Summary on Testbeam Results with SCT Readout

A CVD based diamond strip detector with 100 �m readout pitch has been tested with fast
radiation hard readout electronics. As a readout chip the SCT32A with a peaking time of
25 ns was chosen. An equivalent noise charge of 656 electrons was measured for the SCT chip
connected to the diamond after common mode correction. Track signals were reconstructed on
the diamond yielding a spatial resolution of 36 �m and a mean signal-to-noise of 4.3. This result
is in agreement with the expected value for this version of the chip connected to this diamond
detector.

A calculation shows that the noise can be reduced with a modi�ed feedback resistor adapted
for the low capacitance of diamond detectors and an increase in the gain in the �rst stage. A
signal-to-noise of 14-to-1 is predicted for CVD diamond detectors with 6 cm long strips which
give a signal of 7800 electrons at the peak of the Landau distribution.
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6 NEW COLLABORATORS IN 1996

6 New Collaborators in 1996

During the course of the last year four new institutions joined the RD42 project. Two of
these new groups specialise in materials science studies of highly resistive materials. This is
a sign that the material we have produced as a result of the collaboration between our group
and manufacturers is now recognised as being the highest quality available in the world. These
and other groups are interested in performing detailed material studies with this high quality
material.

The two new materials science groups are from LEPES/Grenoble and LENS/Florence to-
gether with the University of Florence. The Grenoble group specialises in studies of diamond
surface structure. They are currently studying the properties of Molybdenum/Gold contacts on
our detector material. It is their thesis that these contacts should yield a 10-20 % increase in
signal size. They have tried to test this hypothesis on lower quality material but having larger
charged particle induced signals is an enormous advantage when looking for small improvements
in the carbide formed between the electrodes and the diamond. The group also has electron
spin resonance equipment which is capable of detecting electrically active traps in the diamond.
Studies of the most recently grown material, as well as material which has been irradiated are
underway or planned for the near future. We hope to correlate the presence of charged traps
with the charge collection distance of the material.

The Florence groups are capable of a wide range of materials tests. These include Deep Level
Transient Spectroscopy and temperature stimulated current measurements, X-ray di�raction,
electron spin resonance, RAMAN spectroscopy, time resolved photoluminescence and infra-red
absorption. In the past the group has studied growth characteristics of thin �lms in their own
growth reactors and their prime interest in joining RD42 was to be able to compare the results
achieved on their own samples with those of the highest quality samples available. We have
instituted a number of systematic studies using these probes over a wide range of collection
distances (ranging from a few microns to more than one hundred microns) and a wide range of
radiation doses. In particular we have begun a systematic study of the \pumped up" state in
an e�ort to determine how this state di�ers from the \as-grown" condition. If we can pinpoint
the di�erences we may be able to improve the growth processes, thereby gaining 60 to 80 % in
collection distance.

In addition to these two groups we have been joined by two groups with more traditional
particle physics backgrounds. The NIKHEF group has extensive expertise in the surface prop-
erties and charge transport mechanisms in highly resistive materials. This work was focused
on understanding the behaviour of micro-strip gas chambers in their application to tracking
in LHC experiments. The group has started to use laser stimulation of CVD diamond tracker
prototypes to better understand the potential space charge limitations and surface charge dis-
tributions which might eventually be encountered with CVD diamond trackers in use at the
LHC. The group is also interested in the eventual application of these detectors to trackers in
the ATLAS experiment.

Finally, the GSI-Darmstadt group has been working with us for more than a year, however
they only recently formalised their membership in the collaboration. Their interest in CVD
diamond is two-fold. First, they require a series of radiation hard beam monitors to study and
control the very intense heavy ion beams which are the heart of the new facility at GSI. At
full luminosity a Uranium beam is expected to deposit 25 GRad in a 150 micron thick solid-
state detector every day. In order to have any hope of localising the beam and optimising the
performance of the accelerator they need homogeneous, radiation hard beam counters. The
issue signal size is less important since heavy nuclei deposit Z2 times as much charge per ion
(where Z is the nuclear charge of the beam element) than singly charged particles of the same
momentum. Preliminary studies show that the diamond quality already available is entirely

29



            

Figure 32: Fragmentation of 20Ne ions measured in silicon and diamond.

suitable for these purposes. Work has now turned to a �nal optimisation of detector size and
layout. The second goal of the GSI group is the application of diamond sensors to the detection
of the heavy ion collision products. Here the issue of signal size returns as there are many
singly charged particles in the �nal state. Studies have already been done which show nuclear
fragments with Z = 3 to 10 are distinguishable in diamond detectors [Fig: 32]. Although the
doses here are more modest, the detection of the decay products must still be done in a region
were the radiation doses are expected to exceed those found in the heart of LHC experiments.
RD42 stands to gain substantial experience in the radiation hardness of the material with which
we are working as the GSI group extends its beam monitoring studies to higher intensity and
higher Z beams. We will also gain experience in the use of larger area detectors by developing
prototype beam monitors for this new application.

7 Proposed Research Program for 1997

Although tremendous progress has been made in the past year there remains a coherent set
of detector R&D tasks to complete the work of the RD42 project over the next one and a half
to two years.

While diamond material is very close to being suitable for use in an LHC tracker, having
achieved a collection distance of 200 �m, it is essential to achieve more than 250 �m collection
distance. It also has to be demonstrated that it is possible to achieve uniform collection distance
over the whole detector surface of a big detector of about 30 cm2 in order to provide usefull
and reliable detector systems at very small distance from the interaction region. Such diamonds
will have most probable signals above 7000 e assuring better than 12:1 signal to noise with fast
rad-had electronics proposed above. This will be accomplished by (1) making a series of thick
growths and post processing the diamond and/or (2) improving the chemistry. In addition, there
remains the cost and feasibility questions associated with the growth of large quantities of this
material. In the past we have been able to scale up production [16] but this has taken six months
to a year. However, there is a bonus. In the process of scaling up production manufacturer's
typically improve the material as the growth machines, presumably dedicated to the project,
operate for long uninterrupted periods of time. The e�ort results in much more reliable CVD
material. Coupled to the scaling up of production will be the production of a number of full
LHC-scale particle detector prototypes.

Perhaps the most signi�cant remaining obstacle to produce a prototype radiation hard track-
ing detector module is the absence of suitable electronics. Although the SCT32A has been used
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7 PROPOSED RESEARCH PROGRAM FOR 1997

to demonstrate the viability of diamond trackers at short shaping times a dedicated design in
a radiation hard process will be necessary to exceed 12:1 signal to noise value in a full sized
tracker module. We propose here to use the DMILL process with Matra MHS. This will take
considerably more resources than we have been able to dedicate to electronics over the past
three years. E�orts are however underway to combine this work with the development going on
for silicon strip detector readout.

In addition to these two obvious, and largely parallel e�orts, there remains the task of
building, irradiating and testing detector prototypes. The experience we have gained with the
metalisation of tracker and pixel patterns, the irradiation of small samples and the operation of
small prototypes including very low noise analog readout electronics in testbeams leaves us in a
strong position to carry out this e�ort.

We have demonstrated that we are now in the position to create the �rst full size, radiation
hard LHC tracking detectors which will perform with more than 10 : 1 signal to noise at LHC
shaping times and will last for more than ten years of trouble free LHC operation at small radii.
We believe that the RD42 collaboration can most e�ectively do the speci�c prototyping work
for each of the proposed LHC experiments. A fragmentation of this e�ort into the di�erent
experiments at this stage would be an enormous setback. We do, however, see this work will
naturally evolve into an experimental design over the next 18 to 24 months.
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8 Responsibilities and Funding for 1997

What follows is a breakdown of the areas of research that will be pursued at the di�erent
institutes (Table 3) involved in the project, a budget for the work to be carried out (Table ??)
and sources of funding expected for the project (Table ??).

8.1 Requests from CERN Infrastructure

It is anticipated in addition to the funding needed to purchase diamond samples and develop
radiation hard low noise electronics, that the following requests will be made on the CERN
infra-structure:

� four 5-day testbeam running periods per year for the duration of the project;

� computing time and disk space on the central CERN computers;

� maintain the present 20 m2 of laboratory space for test setups, detector preparation and
electronics development;

� maintain the present o�ce space for full time residents and visiting members of our col-
laboration;

8.2 Research Responsibilities

Institute 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Diamond Character. x x x x x x x x
Meeting w/Companies x x x
Radiation Hardness x x x x x x x x x
Detector Design-LHC x x x x

-HERA-B x
-Heavy Ion x

Rad.Hard Electronics x x x x
Data Analysis x x x x x x
Materials Studies x x x x x x x x
Diamond Growth x x

Table 3: Research Interests of groups involved (1=Vienna, 2=MPIK-Heidelberg, 3=GSI,
4=LENS, 5=Florence, 6=LEPSI, 7=Rutgers, 8=CPPM, 9=LEPES, 10=NIKHEF, 11=OSU,
12=Bristol, 13=LANL, 14=LLNL, 15=Pavia, 16=CERN, 17=Sandia, 18=Toronto).
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9 PUBLICATIONS AND TALKS GIVEN BY RD42

9 Publications and Talks given by RD42

9.1 Publications

1. M. H. Nazar�e et al., \Development of Diamond Tracking Detectors for High Luminosity
Experiments at the LHC", CERN/DRDC 94-21, DRDC-P56, May 1994.

2. R. Stone et al., \Test of a Diamond-Tungsten Sampling Calorimeter", Mat. Res. Soc.
Symp. 339 (1994) 121.

3. C. White et al., \Correlations Between Electrical and Material Properties of CVD Dia-
mond", Mat. Res. Soc. Symp. 339 (1994) 589.

4. R.J. Tesarek et al., \Performance of a Diamond-Tungsten Sampling Calorimeter", Nucl.
Instr. and Meth. A349 (1994) 96.

5. A. Rudge, \Investigation of a Fast Ampli�er with a Diamond Detector", Submitted to the
Elba meeting (May 1994).

6. W. Dulinski et al., \Diamond Detectors for Future Particle Physics Experiments", CERN
PPE/94-222, submitted to ICHEP94, Glasgow, Dec. 1994.

7. C. White et al., \Diamond Detectors for High Energy Physics", Nucl. Instr. and Meth.
A351 (1995) 381.

8. F. Borchelt et al., \First Measurements with a Diamond Microstrip Detector", Nucl. Instr.
and Meth. A354 (1995) 318.

9. H. Pernegger et al., \Radiation Hardness Studies of CVD Diamond Detectors", Nucl.
Instr. and Meth. A367 (1996) 207.

10. W. Dulinski et al., \Results from CVD Diamond Trackers", Nucl. Instr. and Meth. A367
(1996) 212.

11. C. Bauer et al., \Pion Irradiation Studies of CVD Diamond Detectors", accepted for
publication in Nucl. Inst. and Meth. (1996).

12. C. Bauer et al., \Diamond Detectors at the LHC", accepted for publication in Nucl. Inst.
and Meth. (1996).

13. D. Meier et al., \Diamond as a Particle Detector", accepted for publication in Il Nuovo
Cimiento (1996).

14. E. Berdermann et al., \Diamond Detectors for Heavy Ion Measurements at GSI Darm-
stadt", to be published in the Proceedings of the 5th Int'l Conference on Advanced Tech-
nology and Particle Physics.

15. M.M. Zoeller et al., \Performance of CVD Diamond Microstrip Detectors under Particle
Irradiation", submitted to IEEE Transactions on Nuclear Science (1996).

16. C. Bauer et al., \Proton Irradiation Studies of CVD Diamond Detectors", in preparation.
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9.2 Talks

9.2 Talks

1. Beauty 94

2. Indiana Vertex Detector Workshop 94

3. Charm 2000 (FNAL)

4. Int'l Conference on HEP 94 (Glasgow)

5. Int'l Conference on New Diamond Science and Technology 94

6. APS/DPF 94 (2 talks)

7. COMO 94 (3 talks)

8. Diamond Films 94

9. Vienna Wire Chamber Conference 95 (2 talks)

10. Semiconductor Detectors (Schloss Elmau) 95

11. Vertex 95 (Israel)

12. Beauty 95

13. European Physical Society (Brussels) 95

14. IXth Int'l Workshop on Room Temperature Detectors 95

15. Hiroshima - Solid State Detectors 95

16. EuroDiamond 96 (Torino)

17. Radiation E�ects on SemiConductor Detectors 96 (Florence) (2 talks)

18. Radiation Hardness Workshop 96 (Scotland)

19. Vertex 96 (Italy)

20. COMO 96 (4 talks)

21. IEEE 96
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