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Abstract

The aim of current high energy experiments is to better understand the fundamental struc-
ture of universe by studying the properties of fundamental particles as given by the standard
model. With the recent discovery of Higgs boson in 2012 it has provided us with more con-
fidence to go beyond the standard model and search for similar heavier particles as proposed
by various theories which were unable to be confirmed because such particles belong in the
TeV range.

For the same reason the experiments at LHC and other high energy labs are shifting to
newer phase of particle accelerators. Currently most of the particle detector sensors are
made of silicon and the change in the energy levels of the experiments have lead to a very
harsh radiation environment for the detector systems.

The incident particles damage the silicon crystalline structure. Hence there is a need for
new sensor material which can withstand such levels of radiations. Diamond serve as a
excellent replacement for the current situation since it has a huge band gap, high carrier
mobility and it is extremely dense.

Our goal will be to better understand how the diamond detector works and how we can

improve its signal detection.
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Chapter 1

Particle detectors

A particle detector or in more general terms radiation detector is a device used for the
detection , tracking or identification of ionizing particles , those produced by nuclear decay,
cosmic radiation or reactions in particle accelerators. Our main focus will be on learning

how detectors work in the accelerators.

1.1 Basic principle of particle detection

The interaction of incoming particle with the detector material transfers energy to the ma-
terial. There are various processes by which the deposition takes place. We will discuss
in detail the mechanisms of energy deposition in the material. Since our main focus is on
diamond detector we will be studying the solid-state detector in detail.

High energy particles interact with matter in different ways. Our goal will be to study
interaction of those particles which are vital for the working of tracking detectors.
Different particles lose different amount of energy during the interaction process. In the
solid state detectors the major process of energy loss is elastic scattering. The Bethe-Bloch
equation describes the mean energy loss dF per unit length dx for charged particles (except

electrons)

2m.c? 322 W,
T2

s(rB)

l
n( 5

)= B~

where
mass of particle is M,

speed is v,



and charge z,

K = 47N gr.m.c? is a constant,

7. is atomic number,

A 1s atomic mass of the absorber,

W,, 1s the maximum energy in a single collision,
I is the mean excitation energy

The relativistic quantities can be expressed by

1 E

\/B:Mc2

gamma =

The above Bethe-Bloch formula is described for moderately relativistic particles in a region

of 0.1 < B~y < 1000 and for intermediate Z materials.
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Figure 1.1: Bethe-Bloch diagram

Stopping power goes to minimum in the region of 3y = 3 — 4 . Particles with mean energy

loss rate through matter is close to this value are called Minimal Ionizing Particles(MIPs),

the minimum energy loss for a MIP depends on detector material and roughly varies from

1MeVem?/g to AMeVem?/g. For experimental purposes the energy for particles can be

considered to be close to energy loss of MIPs.
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1.2 Interaction for Electron and positron

Electron and positron interaction requires modification in Bethe-Bloch formula. Since both
particles have same mass the collision results in large energy transfer and large angle mul-
tiple scattering. The mean energy transfer W,, = m.c*(y — 1)/2 is half of the energy

transfer in the Bethe-Bloch equation because of the identical nature of scattering particles.

1.3 Photons

The photons interact with matter in a different way then that of charged particles. Following

are the three effects that describe the interaction of photons.

1.3.1 Photoelectric effect

Photoelectric effect is the emission of electron or other free carriers when photon hits on
a material. The radiation with atleast certain frequency known as threshold frequency will
cause photoelectric effect. The photon is absorbed in this process and the electron emitted

are termed as photoelectrons.

1.3.2 Compton scattering

It is the process when a photon scatters from an atomic electron, which recoils and carries

off a fraction of the photon’s energy.

1.3.3 Pair Production

When an high energy gamma ray (E >> 2m,c?) is incident then it leads to formation of
positron-electron pair in the strong coulomb field of nucleus .
Depending on the energy of incident photon the contribution of the above three effects

changes.

1.4 Neutrons

In comparison to other neutral hadrons, neutrons have a long time-life hence they can trans-

verse particle detectors without decaying. Being neutral particles they don’t participate in

3



cm)

=
C |
[} ]
o ]
t 3
L]
o L = |
(& i i 3
< 10 E - -~ Compton - 3
8107 F 3
Q _ .3 ) ]
@10~ L S
g 0_4 F - Photoelectric 7
10 air ]
10-5' MO TR ) Y R [0y e 5
10° 10" 10° 10° 10’ 10°

Incident Gamma Energy (eV)

Figure 1.2: Total Energy absorption

electro-magnetic interaction with the electrons, however they interact with due to strong
force with the nuclei. Since the strong force is a short ranged force hence probability of

interaction is quite low.

1.5 Large Experimental setups

Large scale experiments such as the LHC experiments have layers of detectors around the
collision space .These detectors measure properties of the long lived (e*, uPm, 7%, k%, p, p, n)
particles . The innermost detectors are usually precise tracking detector used to measure
trajectories of short lived particles and hence able to identify and measure these particles.
Since the recent discovery of Higgs Boson particle in 2012 it has provided us with much
confidence to pursue experimentation in higher energy regime (COM energy of 13TeV-
14TeV). This enable us to study and search for theorized heavy particles such as particles
predicted by SUSY (SUperSYmetry). However, the increase in energy has lead to some
problems in the detector system placed in places especially to the detectors placed nearest

to the beam. The increase in energy has lead to higher radiation level environment hence

damaging current generation of silicon made detectors.

4



1.6 New type of detector system

Being faced by the ineffectiveness of silicon detectors there is a need for a detector material
to be used in place which can sustain high radiation damage and also have a good efficiency .
Artificially manufactured diamond can serve as an excellent alternative since in comparison
to silicon they have high rigidity and strength making them less vulnerable to radiation
damage, higher band gap, higher resistivity and better resistance to corrosion. We will be

discussing about the manufacture and working of these solid-state diamond detectors.






Chapter 2

Diamond detectors

2.1 Diamonds

Before going further into detector physics we should discuss properties of diamond. Dia-
mond is an allotropic form of carbon with a highly stable structure due to sp® bonded carbon
where each atom has four covalent bonds directed to vertices of of a regular tetrahedron.
This leads to a cubic lattice of high strength and rigidity and bond length of 0.1545 nm.
And due to the strength and rigidity of its lattice diamond has great physical properties. It
is the hardest substance on the planet. Other properties such as good thermal conductor at
low and room temperature makes it a good choice for a detector material as due to hardness
it is resistant against radiation damage and better carrier for charged particles because of
conductivity. So we have established that diamond have high radiation and temperature
tolerance for covalent bonds because of carbon’s small atomic number.

While other semiconductor materials such as Si have a lower signal output with increas-
ing temperature and irradiation. However diamond operates stably at high temperature and

high radiation environment.

2.2 Chemical Vapor Deposition

The properties of diamond as discussed in the last chapter make it an excellent detector
material but the question is which diamond to use for the experiments since the naturally
occurring diamond is highly expensive and contains high level of impurities .

For the need for detectors , artificial diamond is manufactured by various methods, we will

7



discuss about the most commonly used ones of them all. For all the current detector grade
diamond comes from synthesis of artificial diamond using various methods.

The most commonly used of of them are High-Pressure and High-temperature (HPHT)process
and chemical vapor deposition(CVD). In HPHT we create high temperature and high pres-
sure to produce diamonds.

In CVD we use a hydrocarbon gas mixture to grow diamond. This method involves a for-
mation of thin layer of the material by deposition on a substrate from a gas phase consisting
of hydrocarbon gases and hydrogen.This method is widely used because of its ability to
grow larger diamonds(area-wise) and better check over impurities in diamond. CVD setup
requires a rather low pressure (1 kPa -27 kPa). The process involves chemical reaction in a
gas phase which happens over a solid surface . The gas is a mixture of methane and hydro-
gen.

There are two types of substrates that are used for the diamond growth process namely

Waveguide Antenna
; -
Magneton i F Plasma
microwave ! Substrate
BT t Substrate holder

Gasin ——= — Gas out

| —— Vacuum pump

Waler
- — — — — Temperature sensor

Figure 2.1: Chemical Vapor Depositon Appratus for scCVD

the homo-epitaxial and hetero-epitaxial substrates. For the homo-epitaxial substrate we use
a diamond like material as a substrate. The homo-epitaxial growth method is used for the
electronic grade diamonds.

There are two types of diamonds grown from this process single crystalline CVD (scCVD)
and poly-crystalline CVD (pCVD). The two types differ in the way they are grown, scCVD
are grown on surface-treated High-pressure high-temperature diamonds. And in pCVD di-

amond the substrate consists of diamond powder. The use of diamond powder adds grain

8



to the structure of pCVD diamonds.

2.3 Working of diamond detector

Diamond has a high carrier mobility hence enabling it to work as a solid-state ionization
chamber.

A diamond detector has a thickness of around 350um to 500um. The electrodes for the
detector are made up of high grade Chromium. Diamond has a high breakdown voltage
hence it is possible to apply high bias voltage across the detector (1.5-2V/um). So when
the charged particles traverse through the material, atoms in the crystal lattice are ionized
creating electron hole pairs where electrons move to the conduction band leaving holes in
the valence band. The average amount of energy required to produce an electron-hole pair
is 13.5eV.

Using the already discussed Bethe-Bloch equation we can calculate the average number
of electrons and holes generated by one MIP in the 1um thickness of diamond detector,
we call this term as go and its value comes out to be 36e/um. These charge carriers travel
across the material and are responsible for the signal. But we need a measure to quantify the
signal created by this charge propagation, charge collection distance (CCD) is the amount

of charge measured by the electronic system per value of .
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Chapter 3

Major experiments

3.1 Diamond neutron detectors for the JET Tokamak

The experiment was started with the setup of SCD detector covered with 2pm LiF film .
The experiment aimed for the measurement of time dependent neutron emission from plas-
mas. The use of artificial diamond detectors for the use in nuclear detectors was started
with the purpose to study physical properties of CVD films.

The first successful test for pPCVD as 14MeV neutron detector in Tokamak was in 2003 in
JET-TTE and considered to be a huge stepping stone for further experiments to come.One
more advancement occurred with the introduction of boron doped conduction layer being
grown on the substrate . It was fairly easy to reproduce this type of detector material and as
before diamond detectors had low grade HPHT sCVD substrate which was not suitable as a
detection material and had to be removed but adding of boron layer took away requirement
to remove that layer. The substrate removal process was tough and expensive.Such im-
provements in the diamond detector performance helped in the working of harsh tokamak

radiation environment.

3.1.1 Detector setup

The installation of LiDia detector took place in 2006. The detector was established with
the lowest threshold to cover all the signals produced by neutrons regardless of their energy
and with a second threshold for signals produced by only the 14MeV neutron. The detector
system was set with a bias of +3V//um for the whole time till the end of JET experimental

campaign, which ended in 2007.
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3.1.2 Results from the detector

The experimental campaign at JET operated with the DD plasmas hence, the 14MeV emis-
sion was because of triton burn-up accounting for only around 1 percentage of total neutron
emission. The cross section for reaction was also small and so is the detector volume. The
above mentioned factors combined resulted in the poor counting statistics for the 14MeV
neutrons with the detector system placed.

However, the positive aspects we found about the LiDia detector is the ability to detect neu-
trons at all energy levels as well as at 14MeV. This thing was confirmed when the emission
pulse from LiDia and a silicon detector were compared and results pointed out the clear in-
terpretation that although low in count but the detector was able to produce time dependent

14MeV neutron emission.

3.1.3 Conclusion

The results obtained from the SCD detectors at JET strongly suggest that diamond detectors
are the right kind of detectors to be used at Tokamak.

Although the yield of experiment is not very great but can be improved by working on the
detector manufacturing processes. The size of detector is also an issue, however it can be
overcome by the use of specifically produced bigger sized diamond detectors or by using
matrix of detectors.

The detector system was stable and reliable for the whole duration of experiment. The
experiment encourages people around the world to develop better grade diamond detectors.

For sure they are the future of detector physics.

3.2 scCVD Detector usage in space for plasma measure-

ment

Since the artificial diamonds produced by CVD are more pure and bigger than natural di-
amond detectors hence, could be suitable for the measurement of space plasmas but falls
short in use due to charge trap between the crystal boarders of the detector.

But with the current advancement in the SCD manufacturing techniques, the detectors pro-

duced now does not face the issue of charge trap anymore and hence could serve as the

12



detector for space plasma energy measurements.

3.2.1 Detector

We use scCVD diamond by metallizing the surface with Al and Ti to create a metal-
insulator-metal form of solid-state particle detector. For detector setup we use electron
beam evaporation method along with Ion Bombardment Assisted Deposition and for sur-

face metallisation we use 2keV Argon ions. For calibration source we use 250keV proton

Low-E lons Al Contact
(400, 700 nm)

d ‘_-\G-EIH wire
"l bonding

‘JEIEI prm

# '{I Pre-
Amp

Au layer | GFRF‘ 3
|

TiContact  Single Crystal
Diamond

+200 V|

Figure 3.1: Diamond Detector fabricated for space usage

and He ion beams. And for calibration of detector response to electrons and alpha particles

we use radioactive source.

3.2.2 Result and inferance

The experiment was performed with two type of diamond detectors with different Al lengths.
The two different types of detectors helped us in characterizing the energy loss and mea-
suring the intrinsic noise performance of the detector.

Because of strong cohesive energy diamond forms denser crystal structure than silicon
hence, we observe higher radiation hardness and stopping power for diamond. Also di-
amond have huge band gap meaning very low free charge carrier concentration resulting in

minimal shot noise.

13



Another advantage of diamond detector is fast electron and hole mobility enabling in fast

time analysis (of the order < 1 ns).

3.2.3 Conclusion

There is a successful attempt to manufacture artificial diamond detector for measurement of
plasma and energetic particles in space. The observed results for energy range and threshold
levels for diamond are as per as silicon detectors but the ability to handle harsh radiation

environment makes diamond a better candidate for the detector system.

3.3 HT characterization of charge collection efficiency

As already discussed diamond has high temperature and radiation tolerance hence it is ideal
for the high temperature and high radiation environment of gamma-ray detectors of con-
tainment atmospheric monitoring system (CAMS). Also unlike Si, diamond has unchanged
semiconductor properties under influence of neutrons.

For the detector part, SCVD detector grade diamond was used. The diamond was grown
with microwave plasma CVD process, with the dimensions 72 x 5 x 5mm?. For fabrication,

metal electrodes were used on both sides of the diamond.

3.3.1 Results

The I-V characteristic graph was measured in order to evaluate leakage current. Next step
included measurement of induced charge distribution by alpha particles using both positive
and negative bias.

The CCE of holes obtained was 96.9 percentage and energy resolution of 3 percentage at
474 K but no CCE was obtained for electrons above 373 K. The experiment suffered from
incident direction and surface leakage current. The leakage current seems to increase at
high temperature because of rise in vacancy and interstitial centers .

The use of high-purity diamond and guard ring for the connector can be used to minimize

the leakage current.
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3.4 Diamond detectors for fast neutron monitoring

The properties of diamond such as higher bandgap, higher resistivity and e-h mobility make
it very suitable for radiation detector applications. With the advancement in artificial dia-
mond fabrication, diamond is now used for majority of ionizing radiation detection such as
alpha, gamma, UV rays, electrons, protons and neutrons.

Because of the ability of diamond detector to operate at high temperature make them a
good option for monitoring fast neutrons produced by the D-T nuclear fusion reactions in
advanced fusion facilities.

scCVD diamond detectors have 100 percentage charge collection and provide around 1 per-
centage energy resolution for neutrons and charged particles and pCVD diamond structure
has high defect concentration and it causes trapping and charge recombination resulting in
charge built up and polarization effects.

With the improvement in CVD now it is possible to fabricate detector grade substrate. This

is further used for characterization and measurement .

3.4.1 Results

The I-V characteristics was obtained for the fabricated detectors. The electric field was
maintained at 1V/um. Observed leakage current was very low, 4nA at 100V bias for
100pum. The leakage current for pCVD and scCVD seems to vary from pA to nA de-
pending on the detector dimensions and way of fabrication.

The detector was operated for several hours straight inorder to check its stability . The al-

pha response was unstable with time. This was the result of charge trapping in the detector

Hence, the count rates went down with time. When the same measurement of alpha source
was repeated with S-irradiation. With this change there was increase in count rates probably

because of filling of traps. Also now the alpha response was stable with time.

3.4.2 Conclusion

Artificial diamond was fabricated with pCVD substrate. The detector worked fine but was
unstable with time. The instability was fixed with the help of irradiation of the detector

with S-source.

15



Experiment data with different dimension of diamond showed that 100xm diamond detec-
tor is more suited for neutron measurement than 300.m even though interaction probability
of neutron with carbon is better in thicker diamond detector. The experiment was successful
for neutron measurement at room temperature with the use of a D-T fast neutron detector
in the range 2.86 x 10°n/stimescm? to 8.76times10°n/stimescm?.

However, the pCVD diamond detectors provides information about neutron rates, there is a

need for diamond detector which can provide us with energy information, as well.

16



Chapter 4

Simulations and Results

4.1 Weightfield 2 simulations

Weightfield 2 is a simulation tool used for the study of signals in ultra fast silicon and dia-
mond detectors. It is written in the C++4- language and its interface is developed from the

ROOT interface TGUI.

4.1.1 Working

The program in the tool calculates the amount of induced current with the help of Ramo’s
Theorem.

The theorem follows as:

where,

I is current delivered to voltage source as charge e moves,

E 4 is the electric field at the position of charge q,

V4 is the potential of the conductor A,

v is the instantaneous velocity of the charge q,

So lets suppose there are charges +¢ and —g moving a distance x in the electric field E

then the work done to maintain the electric field is gxE. If the width of the detector is L and

17



potential difference is V then

qrV qx
W= o1
L’ @ [
Therefore, the charge that flows to the electrode A while electron move a distance d is ¢ 4.

_qd
(JA—L

After calculating current , it draws electric field and allows user to set temperature, magnetic

field, gain and other various factors. It also consists the option of simulating oscilloscope.

4.1.2 Graphical interface

Here are some of the basic simulations from the Weightfield 2 simulator is carried out

inorder to get a better insight of the tool.

x Weightfield2 Build 4.26
Irift Potential | Ueighting Potential | Currents and Oscilloscope | Electronics 1] Electron— Contral

S e
Run Detector Properties
[ et Fotentials| Currents|  [EESEN Exit | T

E upe
s ’7 @ s € Disnond  © Free
> 40| 140
a5 <h pairs folloued (1= Host presise, 100 = Fastest):  [502] - Doping tupe:
120 = Strips
® Tine Step [psl:[ 0.1 8] Step xu Imcronl: .57 208 & ’— @ cp ” Chn o ‘
1100
Output File
25 P
80 ™ on Hare: [
20 [ I # of strips (L3,5..0: T3
Tl ON Hurber of eventss . - -
. " T4 Uidthlum) . Pitchlun)1: EEESE]
~Select Particles Galn
20
5 [HIF: uniforn 0, Gtot = *Léeh/um]*Height =] [No gain inplant =
o . - - - - #eh/um Range [un] Turation [ns] E Dkeb] | [Fassay nodel
x [um]

1=l
KLun] Anale[1] Vw2 = e e Gain Laver peak doping [10°16/cn"3] [1T14
Nusber- of Particlest 14 T Force Gain &4
Plotbing att On Strips| Betwsen Strips 251 2] Drau Field: Eul | Gain recess {(un):

[
Drift Potential V [V] E Amplitude [E) [<Vior]- Dashed: breakdown fiad | | 201 ation

" . Voltage

Fluence [10°14 neq /en'22 | & neutrans € pions T ’751.,5 [#], Depletion [¥]: 60 2 20 2
I™ CCE beta slectron, holes: s
120

100 / ™ Acceptor creation ™ Initial Doping removal ’—Read{lut
a0

& Top Strip { Backplane
N_AEFFH[0-100]: ] 1
&0 C oM | @ Linear( Step AL : j
s MM [o5 < ~ Electranics
20

| vim]

oo IS stA HAs2
° EE I R e, | — Deteston CaplpF] Ind [nils [Fd4re-
g7 . N rau Electric Fie N ]
Efl. Doping s(N N, f,)+rho__ [nom™10"] Incremental gain as a function of y B s ralate a1 Seope (50 [Ohnl) BULEH21: lﬁ:
5 s s . F raw Current Abselute Yalue S5 InpLOhn], o Inp (b FC 1 2
812 [ 7
é ™ Draw e-h notion -
= °F 1ffalndestone 05 (Dot = 0 $C) $T_r, TP (10-902) [nsl: Frdfi-
S u [ A FEpa-
E N 08 L ain_holes = 1 & o . BB Inp[0fm 1., BULGH=] Bain: o Tdre-
SE iffusion m
of ’ .
aoF kb I Charge Cloud Dispersion (no Alpha) iiilstos MelBJCFD SEALL: e | e
asF Tewperature [K]: feso 2
[ - — [ -
Vil Vil

Figure 4.1: Drift potential, no of stripes-1

From the simulation results we can see that it works well for signal detection with low gain.

After this we carried out some more advanced simulations varying various factors.
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4.2 Leakage Current

Leakage current in diamond is due to limited electric conductivity inherent in the semicon-

ductor material. It is of two types bulk and surface leakage current.

Bulk leakage current is due to the those carriers that are thermally energetic to cross the

diamond band gap and it is inversely proportional to carrier lifetime. The surface leak-

age current is attributed to the manufacturing, process, measurement methods, electrode

conductivity .
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Chapter 5

Summary

The aim of the thesis work was a better understanding of the diamond detector basics, work-
ing and limitations. From all the work going around the world and results from the papers
we can say that artificial diamond is by far the best detector material available at the mo-
ment. The hardness of diamond make it highly resisitive against radiation damage. Other
properties such as strong covalent bond and large band gap make diamond very suitable for
high temperature and low senstivity experimentation.

The major limitation of current generation diamond detectors is the leakage current. There
are a few methods to minimize the leakage current such as use of 3D diamond detectors.
There are few labs across the world that are currently working on producing 3D diamond

detectors.

There is still scope for improvement in the Weightfield 2 simulator, the main problem faced
by diamond detectors is the huge surface leakage current. The simulator should take in
account for leakage current so that we can study factors responsible for leakage current and

understand ways to minimized it.
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