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= Diomond strip and pixel detector

m Diaomond basics and detector
m Radiation Hardness

m 3D Diamond detectors

m Current and future diamond

detector installations
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Thanks for the material from the RD42 and ADAMAS collaborations!

May 2022

Advanced UK Instrumentation Training 2022



MANCHESTER
1824

¢ Challenges Ahead
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Luminosity upgrades of
the LHC will increase the
luminosity by factor ~3.

Luminosity ~ Radiation
damage.

Need new technologies in
the innermost layers 1o
survive the radiation

levels.
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diamond

m Hardest natural material

m Tetrahedral structure
m Sp3 bonds

Carbon
atom

m Allofrope of Carbon @ g /

Covalent bond
between
carbon atoms
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| Diamond | Silicon

Band Gap [eV]

DRSS NN — Lover leakage

current
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: Diamond | Silicon _
Band Gap [eV] _——) Lower leakage

Average lonisation Currem.
Density for MIP [eh/um] == Lower signal
Displacement Energy = Radiation Hardness
[eV]
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: Diamond | Silicon _
Band Gap [eV] _——) Lower leakage

Average lonisation Curren’r.
Density for MIP [eh/um] == Lower signal

Displacement Energy =3 Radiation Hardness
[eV]

Thermal Conductivity
[W/cm.K]
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Room temperature
operation
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: Diamond | Silicon _
Band Gap [eV] _——) Lower leakage

Average lonisation Curren’r'
Density for MIP [eh/um] == Lower signal

Displacement Energy =3 Radiation Hardness
[eV]

Thermal Conductivity
[W/cm.K]

Atomic Number
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Room temperature
operation

=3 Tissue equivalence
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fE | Diamond | Silicon _
Band Gap [eV] _—) Lower leakage

Average lonisation current
Density for MIP [eh/um] == Lower signal
Displacement Energy -—) Radiation Hardness

[eV]

Thermal Conductivity -- Room temperature
[Wiem.K] opero’rion

Atomic Number —)Tlssue equivalence
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Electron Mobility
[cm2N S]

Fast signal
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Natural and synthetic dicomond

The University
Bf Manchester

Natural diamonds have a high defect concentration
m Grow in different structure to synthetic diamonds
m Compete with jewellery market

= There are radiation sensors using natural diamond K

Advanced UK Instrumentation Training 2022 May 2022
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Diaomond

m 1941 - Diamond as particle
detector (Stetter)

m 1953- CVD process, synthesis of
diamond (Eversole)

m ~1980 - polycrystalline CVD
diamond.

m 1994 — first diamond strip detector
m 1996 - first diamond pixel detector

m 2011 - first 3D diamond detector

Advanced UK Instrumentation Training 2022
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Synthesis of Diamond

® Chemical Vapour
Deposition (CVD)
of diamond in
the graphit
phase space.

Advanced UK Instrumentation Training 2022
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Synthesis of Diamond

" Hydrogen
terminated
substrate H
surface He |

= Methan and ﬁ
Hydrogen gas
are heated
with
microwaves
to form @
plasma

m Radicals form

Advanced UK Instrumentation Training 2022
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=
— Synthesis of Diaomond
® Hydrogen
atoms are
replaced
with Carbon H i
I-|I H—C°‘ -
mo
H A
Ao N

H HHHH H
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Synthesis of Diamond

m SP2 bonds
(graphite) are
weaker then

SP3 bonds fl
(diamond) 1|{ H- H—C-
|
= Hydrogen H H
radicals will I|{ H-
etch away H C H
graphite, but |
leave I|{ C—C—?—C H
diamond I|{ C|_C_C_(|:_(|:_(|:_<|:
= A diamond HHHH CCCC-CC-C-CHHH

film is grown

Advanced UK Instrumentation Training 2022 May 2022



MANCHESTER
1824

Yy
er

The Universit
of Manchest

for detector applications

® Today two main manufacturers of
detector grade diamond

= ElementSix Ltd
m |arge polycrystalline wafers
= single crystal diamonds

= [I-VI Semiconductors
m |arge polycrystalline wafers
m relatively recent entry

m Alternative sources

= Diamond on Iridium (Dol) (Audiatec,
Germany)

m Hetero-epitaxially grown -> large area
= Highly oriented crystallites.

Advanced UK Instrumentation Training 2022

Development of CVD Diamond

R
" Dol, 1'85ct
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® Principle of detector operation
Amplifier
Charged Particle
Growth-Side
| i A ? Vbias
| | Electrodes \ - —
i g Q_ d collected charge
s[4 =7 Qo ;
II?E L i i ” B = e + Pn
Wiy S = /LET collection distance  leTetunTh
v he T = T et

- v c = Q / QO collection efficiency
Substrate-Side
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m MIP signal is measured, expressed in
charge collection distance defined as
6 [um]=Qn,[e] / 36 [e/pm]

The Universit
of Manchest

= More accurately the “Schubweg” (4). €= %—m
m Relation between 0
MIP signal efficiency e, 0 = Qm /36 [epm™]

"collection distance” 3,
and “Schubweg” 4: e =2A1—A/d- (1 —exp(—d/]\))]

n
A 4 /M
d —
> 7
O ) 75 II /
I /
O y
%05 /
o B,
2 o/
o /
= (0.25 e=2 [ 1-A/d(1—exp(-d/ 1))]
01 —041 )0
A /[d
Advanced UK Instrumentation Training 2022 May 2022
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Development of CVD Diamond
for detector applications

® [mpressive progress over the last 20 years.

m Current state of the art for polycrystalline CVD diamond
o ~ 250 um (~9000 e/MIP) commercially available.

Charge Collection in DeBeers CVD Diamond Growth-Side
A
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for detector applications

m |mpressive progress over the last 20 years.
= Single crystal diamond ~ 100% efficient

® Diamond on iridium ~ 97% efficient

J. Appl. Phys. 97, 073704 (2005) GSI annual report 2013

Development of CVD Diamond
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Strip Detectors

m First position sensitive
diamond detectors where
strip detectors.

® Many prototypes tested
starting around 1994

Advanced UK Instrumentation Training 2022
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Principle
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* The charge signal is picked up
by the strip(s) next to the particle
track.

» The charge is shared by multiple
strips if the charge collection is
incomplete.

* The position of the particle track
can be reconstructed by
calculating the charge weighted
impact point

(Center of Gravity)

May 2022
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signal charge, two strips [e]

MANCHESTER
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PH Distribution on each Strip

Diamond Tracker CDS-90, Signal Charge on Strips
B e T . e, . e

20000+

20 40 60 80 100 120
channel number [ ]

~10ke mean signal
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Residual versus Track Position

| Diamond, 2-Strip Non-Linear Eta Residuals l
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Uniformity in Charge Collection of CVD Diamonds

CVD Diamond, Mean Slgnal Map
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Measured with MIPS

*Polycrystalline CVD
diamond exhibits non-
uniform signal response due
to crystallite structure.

«Similar patterns observed
as with photon beam
measurement
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m Proton Irradiation

Signal from Irradiated Diamond Trackerl

@

§800§_ Diamond CDS-69 at 0.9 V/ium
c I before irradiation
2700~ ¢ mean 57, most prob. 41
e r FWHM 54
£600 - | 5
°© £ after 1 E15 protons/cm
500 mean 49, most prob. 35
-l FWHM 41 )

. 1. after 2.2 E 15 protons/cm
300 .1 |..and re-metalization . . .
2005 L mean 47, most prob. 35

= FWHM 36
100

0:. =t I T N B R R R '|m':i gt gl ] (!
0 50 100 150 200 250

2 strip transparent signal to single strip noise [ ]

15% loss of S/N after 2e15 p cm™
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Iradiated Strip Detectors
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\Residual Distributions, Proton Irradiated Diamond |
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Pixel Detectors

m Several prototypes of Diomond pixel detectors have
been developped and tested since around 1996.

®m Read-out chips use ROC (CMS), FE-I4 (ATLAS)
® More recently tested 3D pixel detectors (see later).

m Some historic examples in the following.

Advanced UK Instrumentation Training 2022 May 2022
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ATLAS FE/I Pixels (Al) CMS Pixels (Ti-W)

+ Atlas pixel pitch 50pm x 400m 4+ CMS pixel pitch 125um x 1251m
4+ Over Metalisation: Al 4 Metalization: Ti/W
4+ Lead-tin solder bumping at IZM in Berlin 4 Indium bumping at UC Davis

— Bump bonding yield ~ 100 % for both ATLAS and CMS devices

Advanced UK Instrumentation Training 2022 May 2022
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Y Diamond Pixel Detectors
Results from an ATLAS pixel detector
i 1 Chip IV Curve
V-_IV curve| b
g0
o |
§orl lﬁll
5 ”
A ’|
i .*
0.01— J
S : f
i /
0.005 /
i f
E .2 | :
g ' otl 1111 I L1l I W I L 1l I yegeyey I L1 l‘:l 111 l 111l I
0 100 200 300 400 500 600 700 800
(-1)*Bias Voltage (V)

Harris Kagan

Recent Advances in Diamond Detector Development (page 19)
Ohio State University

5th Int'l STD Symposium
June 14, 2004 - Hiroshima, Japan
May 2022

Advanced UK Instrumentation Training 2022



T

@ Diamond Pixel Detectors i
Results from an ATLAS pixel detector
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1 Chip Source Test (Am241) . .
et 1 Chip Beam Test (Resolution)
Map of hits from TOT meas. chip 0 | .

= 0
0 2 4 6 8 10 12 14 16 A1

Column

Americium 241 deposits ~ 4600¢
Spatial Resolution =2 pitch/v/12 (pitch 50um x 400pm

5th Int'l STD Symposium
June 14, 2004 - Hiroshima, Japan Ohio State University

Advanced UK Instrumentation Training 2022 May 2022
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Results from a CMS pixel detector
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Efficiency vs Pixel
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e |nefficient pixels due to bump bonding and/or electronics - shown in pulser tests

e Excellent correlation between beam telescope and pixel tracker datal

5th Int'l STD Symposium Recent Advances in Diamond Detector Development (page 22) Harris Kagan
June 14, 2004 - Hiroshima, Japan Ohio State University

Advanced UK Instrumentation Training 2022 May 2022
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Spatial Resolution — Short Direction

o=14um

8§00

microns

Num bgr per 4
S
>

400

200

r—

1 L L L L i T S | L
-0.2 . 0.1 0.2
Small pixel resolution (mm)

m Efficiency = 80%
m Resolution = digital

Advanced UK Instrumentation Training 2022
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—

Al

~ 800

Spatial Resolution — Long Direction

« Results from Atlas Diamond Pixel Detectors

600

400

200

1

5=115um

I,

-1

Large pixel resolution (mm)

I T | [l (O
-0.5 0 0.5 !
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« Results from Atlas Diamond Pixel Detectors
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| CD91 track residuals (um) |

Tommaso Lari (INFN)
Alexander Oh (CERN)

- Lorge track residuals Norbert Wermes (University Bonn)

= Non-uniformity of response qualitatively reproduces by modeling

Advanced UK Instrumentation Training 2022
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Radiation Tolerance

Advanced UK Instrumentation Training 2022
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:- Tests of Radiation Tolerance
=4S energy spectra, high eta _
particle type
. . 'E' E Paul Miagawa, 31st RD50 Workshop on Rod|ohon|hord o, —charged pion
= |rradiate with L[ vy rign kminosiy coiders ,’*"' W ol
. S 102k + |—neutron
proton, pions and 5 FLUKA simulation  «"! "
neutrons. o.r r “&" b
. . . % §10 E_ | i im}w 'lh}t"[rrhniti _’—L——'_ I“JF"'" = 1.
= Energies within the B F hl"‘"i * U
.. 2 . Mi “ -ij;if |
expected radiation z o il il i :
profile at HL-LHC. g fl ‘ﬂ |
m HL-LHC fluence - i :
requirement about N J( T !
10° ;
Qe] O]é neq : P PRI I PR ST NI S AR TIIT M 1 Al vl bl
R A G kg A ¢ i% 0 I ooy (GO
Proton< Pion < Neutrony
Energy 25MeV - 24GeV 300 MeV 1-10 MeV
Fluence 1.27e16pcm?  beldncm? 1.3e16 n cm™

Advanced UK Instrumentation Training 2022 May 2022
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B Assume simple effective model for radiation damage:

-~

Ly
)

\_

Radiation damage constant
is fitted with simple model:

1
Ao

~

damage constant

4
+ k))\(I)

por’rlcle flux

/

Advanced UK Instrumentation Training 2022
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Radiation Tolerance: n
Characterization

m Typical Landau Spectra after irradiation of pCVD.

m For pCVD see reduction of FWHM / MP with irradiation.
m Expected from polycrystalline nature of materiall
m Single crystal material almost flat.

1 T T 1T 1T [ T 1T T T [ T T T T T[]
RD42 Preliminary e sCVD
= pCVD

-2 . .
“1V " preliminary

[
8 - RD42 *¢$ = 0.00 x 10*% p/cm?
- } "¢ =0.78 x 1015 p/cm?
A :

+ 2

B 1.5

+ ¢ = 2.39 x 101° p/cm

*¢ = 3.05 x 101° p/cm

T T ]

+ +
v i1 800 MeV protons
{ % +2 V/um

T

N
I

T

TR

T
== - e

T
*

0.5

Event density / 200 e
I N N N N AN (NN (NN (NN (NN (N NN NN N NN |

T T T S T T N S T N N N N

T T T T 1

(e}
* % "
* o
-(-*'('**
¥
>
L ]
7

()|I|||111|||I|||11
0 5 10 15

o
—
[\
w

gsienal (e) % 10% lay 2022

¢ (p/cm?) x 1013
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m Resistivity

m No dose
dependence.

m Due to large
bandgap no
significant
temperature
dependence at RT
or below.

Advanced UK Instrumentation Training 2022

Resistivity (Q2-cm)

1017 |

1016

1015

Radiation Tolerance:
Characterization

cf. Silicon

T

+ n-type FZ-7t0 25 KQcm
o[ § ntypeFZ-7KQem

107} n-type FZ - 4 KQcm

O n-type FZ-3 KQcm

u p-type EPI - 2 and 4 KQcm

v n-type FZ-780 Qcm |
n-type FZ - 410 Qcm
n-type FZ - 130 Qcm

Al/V [Alem?]
5

-5 . o A ntypeFZ-110Qcm |
10 80 min 60°C | n-typee CZ - 140 Qem
5 + p-type EPI - 380 Qcm
- T I 101011 1612 1613 1614 1015
. | 15-36 15-46 Temperature D, [cm?] MPAD i
o O 20°C
[ A & 10
& L 4 O 0°C
% % -10°C
?7 I % i’ 1 o ]

S Seidel 2014 JINST 9 CO1013
1 1 l 1 1 1 1 I 1 1 1

5.0x10"

1.0x10'® 1.5x10"
Fluence (p/cm?)

May 2022



MANCHESTER
1824

ity

The Universit
of Manchester

® Damage factor k is determined

for each sample.

= pCVD diamonds are offset by Ag
to account for initial finite carrier

lifetime.

® Final domage factor averaged
over all samples.

%2/ ndf

—_
N
[T

Kppp X 107/ prricm'
o
T ‘ L

RD42 Preliminary

1.202/3

pO 1.205 + 0.05794

Radiation Tolerance
Characterization

v
N
I

1.4F

Advanced |

Singles
Polys

Single A

Poly A

Poly B

Poly C

1/A (1/um)
o
>

0.02

0.015

0.01

0.005

Y04

103

102

* polyl

e poOly2

poly3
1 1
—=—+4 kP
iy + R

]lll]llllllllllIIIIIIIIIIIIIIII_'
I

e single crystal

I
I
O o | | | | | L1 11 | joce] ) l | L P | | 11

IlllllllllllllllllIlllllllll><1015

0 2 4 6 8 10 12 14
o (/lemP)
T T T T [ T T T T { ]
| RD42 Preliminary e sCVD diamond |
s pCVD diamond
3 ’ 24GeVp = Model =
- 3
N l| ¢ 1 :
RN 0= —— i
¢ Aok
=y \ —
B \¥ _ E
u ‘n ¢eq = K(¢i + ¢0) .
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s

= e E
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m Describe radiation damage using
Norget-Robinson-Torrens theorem
to predict displacements per
atom (DPA).

m (M. Guthoff et al., arXiv:1308.5419)

m Diamond displacement energy:

43.3 eV
m Reasonable agreement for 10°
E>100MeV. 5
(a]
10

Advanced UK Instrumentation Training 2022

RD 42 data
A proton

- Proton
===+ Neutron

.-
- -
-

=
(=
[=]

Relative DPA to 24GeV proton

Kinetic energy [GeV]
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m 24 GeV protons

m k, =0.67 £0.04 x10"8cm?um"!

m polycrystalline diamond

sample offset by ®~5x10'°to

account for existing traps.

m Poly and single crystal
diamond show consistent
damage constants.

L. Baeni ETHZ Thesis

Radiation Tolerance

https://www.research-collection.ethz.ch/handle/20.500.11850/222412

Advanced UK Instrumentation Training 2022
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| RD42 Preliminary e sCVD _
s pCVD
104 = = Model E
| | |
-~ ¢ 70 MeV p

= 10°E 800 MeV p 3
<~ *‘#, 24 GeV p :
B . i
102 | e E
1 AN N T T T I N I A TN N AN N N (N S N

i 0 20 40 60
¢ (p/cm?) %1015
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Radiation Tolerance

m Summary of RD42 irradiation results:

Particle Species | Relative Damage Constant, s
24 GeV p 1

300 MeV P 1.54 £ 0.13

70 MeV p 254+04

25 MeV P 4.5+ 0.6

fast neutrons 4.5+ 0.5

Advanced UK Instrumentation Training 2022

*normalized to 24GeV protons
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g 10° = scCVD
Sy :; Ao pCVD shifted by +3.8
E% . . . 5o v pCVD shifted by +3.8
2 Radiatfion Tolerance: " =
C
© Comparisonto Si el
Q =
I ® TO S
—o 800 24GeV p
. . . 7005
m k factors typically 2-3 times higher 600E. JINST 7 (2012) PO9009
for Silicon. S00=
. _ 400
= A comparison fo Si needs fo fake 300
iINto account: 2005
m |eakage current 1°°§
® capacitance %
proton fluence (10'° p/cm?)
m Possible figure of merit
Signal to noise ratio:
o 1201 - 16r
z | — Diamond 24GeV esg sat — Diamond
100¢ --- Diamond 25MeV g B -- Si
: — Si 24GeV o 12 24 GeVp
a0 -~ Si 25MeV =
60 -
w0, ;
20 3
- ---.--.'.'_'_'_'1'_'_'_'_'_‘,'_'_'_'_"_'_'_'_'_'_'r-;-_-_ i _ P B
% 5 10 5 20 % 5 10 5 20 25
Ady proton fluence (10'° p/cm?) proton fluence (10" p/cm?)
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High rate capability
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Average Pulse Height ROC 1

<= High Rate fests
v=
=5 mTests the pulse height as function of particle rate.
m Test single and poly crystalline diamond.
® rradiated and un-irradiated.
Investigations . ||

triggered by
indication of rate
dependence of
of single crystal
diamond pixel

Pulse Height

Before Stable Beams™

detector installed 100 Hz rate
in CMS in 2012.

Advanced UK Instrumentation Training 2022

10000

1-pixel clusters

2-pixel clusters

> 2-pixel clusters

4 MHz rate

After Stable Beams

May 2022



High Rate tests

® single and poly sample irradiated
with 5x1013 reactor n.

ity

The Universit
of Manchester

m Tested with 250MeV pions.

m Slight rate dependence observed
in iradiated single crystal sample.

m No rate dependence observed for
iradiated polycrystalline sample.

Rate dependance

40
RD42 .
e single
g e
2 20
&
2
E RN RERERE R R e 8
10
poly
0
1000 10000 100000
Advanced UK In-* Rate (Hz/cm2)

0.04F - ;
= - i Non-irradiated :
0‘035:_,... .neut|.’on ................ L single crystal - Run 30‘ Ref, 4.2 kHz/cm?2
003: irradiated Ny — Run 31 3.1 kHz/cm2
o8 poly : ! — Run 32 28 kHz/cm2
0,025 e B o] R —Run33 336 kHz/cm?
Y1) USRS N S S S SO, VO S ——
0.015 Ersrmmmesssr oo s ot
001w f R
0.005 :_IH
0: J |
-20

100
Pulse Height (AU )

Non-irradiated

0.04 : : - single crystal for reference ‘1

------ neutron irradiated —_ Run 30 Ref, 4.2 kHz/cm?
single crystal —Run 35 2.8 kHz/cm?2
—— Run 36 28 kHz/cm?
Run 37 336 kHz/cm?

100
Pulse Height

May 2022
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3D diamond detectors
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3D Diamond Detectors
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ﬂqnqr 3D

50um

|
DA S—
500um| // ;l //
7/
v

m FElectrode spacing determines drift distance to induce Te charge.
m 3D has shorter electrode spacing compared to planar.

m Charge carriers need less drift distance (and time) in 3D then in planar to
induce equal signal.

m |nfluence of traps and resulting limited lifetime suppressed in 3D.

Advanced UK Instrumentation Training 2022 May 2022
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= | aserinduced phase change in diamond.

= E.g. T.V.Kononenko et al, Diomond & Related Materials 18 (2009) 196-199
“Femtosecond laser microstructuring in the bulk of diamond *“

= 3D “Pad" detector

= A Oh, B. Caylar, M. Pomorski, T. Wengler, Diamond and Related Materials, 38,
(2013), "A novel detector with graphific electrodes in CVD diamond”

= S.Lagomarsino et

diamond detectors: Charge collection efficiency of graphitic electrodes”

= 3D “strip array” detector with position resolution.

= E.g.F. Bachmaier et al, NIM A, 786, (2015) 97-104,
“A 3D diamond detector for particle tracking”

= Radiation damage studies.

= Eg. S. Lagomarsino et al, Applied Physics Letters 106, 193509 (2015)
“Radiation hardness of three-dimensional polycrystalline diamond detectors”

3D Diamond Research -

A relatively young field

al, Appl. Phys. Lett. 103, 233507 (2013), “Three-dimensional

= |mprovements in graphitization process.

= Eg.B.Sunetal, APpIied Physics Letters 105, 231105 (2014), “High conductivity micro-

wires in diamond

= 3D pixel detectors

= RD42, CERN-LHCC-2018-015 ((2018), Development of Diamond Tracking Detectors for

ollowing arbitrary paths”

Top View

High Luminosity Experiments at the LHC, HL-LHC and Beyond i,
= L. Anderlini et al, Front. Phys., 04 November 2020, Fabrication and Characterisation of pesten

3D Diamond Pixel

Detectors With Timing Capabilities

Advanced UK Instrumentation Training 2022
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Fabrication
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m Conductive columns are
created by changing
diaomond into a graphitic
material with a short laser
pulse:

Advanced UK Instrumentation Training 2022

objective

-4

graphitic
column

-

Laser graphitisation of diamond

May 2022



FIRST 3D DIAMOND DEVICE

Collaboration of Manchester, (a)Blrefnngence microscopy. (b) Photograph after metallisation.
CEA LIST and CERN

Published 2013

Single crystal substrate

First device made at LIST using
nano-second pulse nitrogen laser
with beam spot diameter of |0pm

(a) SEM picture of a graphitic column. (b) Raman spectrum on the graphitic column.
780 w

™

760 - 1341 cm™

ecd ‘\J Oh,A.,, Caylar, B., Pomorski, M., & Wengler,
730 4 T. (2013).A novel detector with

graphitic electrodes in CVD
1000 1200 1400 1800 1800

y diamond. Diamond and Related
Wavenumber (cm™) Materials, 38, 9—13.

Intensity (u.a)
g

Advanced UK Instrumentation Training 2022 May 2022
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20
20
gL
25 diamond sample ,
D© mirror <
4-f system
S L |
=5 = 5 Pulse energy el
ObjeCtlve . meter D TR Ty N SPRS /At Sy A objective
7]4‘ lens <= CCD Si diode
3-axis camera (power mc?nltor)
stage - filters
9 wave plate 1 Half wave
g plate
mirror 1 mirror
olariser ]
SLM P filters

« Wavelength: 800 nm
« Repetitionrate: 1 kHz
» Pulse duration: 100 fs

« Max power: 1 W

J

Advanced UK Instrumentation Training 2022

Laser Set-up in Manchester IS
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MANCHESTER

1824

niversity of Manchester, Laser
rocessing Research Center.

U C

= Wavelength =800 nm
m Repetitionrate = 1 kHz
m Pulse duration = 100 fs
m Spoft size = 10um

m Pulse Energy ~ 1 uJ

Spatial light modulator

<

XU VU G ON TTISHUTTICTITUAITOTT TG

May 2022
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m Comparison SLM vs
standard process.
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Simulated

_ [sid v [

Resistivity 1 Qcm 0.1 Qcm
Diameter ~3um ~lum
Diamond to ~4 ~0.2

graphite ratio

AW

n,»n. nominal
focusing
depth

aberrated
focus

Advanced UK Instrumentation Training 2022

Measured
depth = 40um

depth = 80um

depth = 130um

L A

SLM - Phase Spatial Light Modulation u

Ma, 20,22
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m Comparison SLM vs
standard process.
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Resistivity 1 Qcm 0.1 Qcm
Diameter ~3um ~lum
Diamond to ~4 ~0.2

graphite ratio

AW

n,>n.

nominal
focusing
depth

Advanced UK Instrumentation Training 2022

SLM - Phase Spatial Light Modulation

x10° :
—Data
2{—Graphite D Peak

STD

—Graphite G Peak

Diamond
180 Fit
©
-}
)
= .
05 'kb
J s
Lo 2 X
e /// e ~
1900 1200 1300 1400 1500 1600 1700
Raman Shift/ cm™
(a)
10°*
3.5%
—Data |
—Graphite D Peak
—Graphite G Peak
Diamond
2.5 —Fit
© | Ao
3
3 2 ///
£ ,
$15 y
£ /
1 /
r"/'
0.5 s
B
o w'// —
1100 1200 1300 1400 1500 1600 1700

Raman Shift/ cm™

Ma, 2022
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X-polariser image

« Opfical grade scCVD diamond.

Advanced UK Instrumentation Training 2022

Post processing.

May 2022




MANCHESTER

N oh SEM surface image
%g « Seed surface « Exit surface
oS
£5
With SLM
10um/s
400nJ
Without SLM
10um/s
400nJ

Advanced UK Instrumentation Training 2022 May 2022
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® More energy = thicker column

m Non-linear breakdown of diamond

m More focused beam spot at depth
makes thinner column

m Immersion Oil helps to reduce refraction
loss from air-diamond interface

= SLM still key!

Making the thinnest column

Electrode diameter X [um]

18 LI | [T 5 | I B ] I | | I ) | B I3 | I ) 2o [ LIl
C m lLinearIpoI, /!:cvo I ! ! ] ] e 200
16— ® Circular pol./ pCVD % 4
b " ¢ Linearpol. /sCVD < Wy ," ] =
[ . y ] =
g 14} * Circular pol./ sCVD - ',.{’./,’fug 2 — 180 5
= [ AR Be’R a P
- 1oF 4995 3 | f1eo £
(- 12 . ’ & Q
= * 0, = ° 1 c
S r gA - o . @
E 10:" ' r°° - '—_: '140 (0]
s F s ] =
o 8 -] -120 g
m = o
C 6 =] 8
i 1 | h100 §
e = ] 0
o aF 3 ©
w f ] 80 2
C here we are ] =
e s now! B
£y 2
0 ”l 1.1 l | B} l 1.1 1 l 1 11 l | K8 I | l | [l 15§l } l 11 1 l 3] B | l 11 1-1
0 2 4 6 8 10 12 14 16 18

Lopez Paz, I., Allegre, O., Li, Z., Oh, A., Porter, A. and
Whitehead, D. (2019), Study of Electrode Fabrication in

Diamond with a Femto-Second Laser. Phys. Status Solidi A, 216:
1900236.

May 2022
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Moving sideways

m Also have the possibility to
move in arbitrary direction

m Wavefront correction needs
to be tailored in real-time

m For vertical columns have
mainly spherical
corrections

m For horizontal processing,
the correction is ~elliptical

m Gefts even trickier at
depth >200um

Advanced UK Instrumentation Training 2022

(@)

(b)

(c)

Top View

Pillar
position

This part is
fabricated
with
increasing
depth

Sum

Sum

Sun, B., Salter, P. S., & Booth, M. J. (2014). High

conductivity micro-wires in diamond

following arbitrary paths. Applied Physics

Letters, 105(23), 231108.

May 2022




. ’ Internal structure u

Patrick S. Salter et al.,
APPLIED PHYSICS LETTERS 111,
081103 (2017)

Thaollnhmiarcit

* Prepare sample with
horizontal graphitic
wires.

« STEM image of wire
Cross section.

« Optical and spectral
data points to
micro-cracks and
nano-clusters of sp?2
bonded carbon.

 Micro wires are not
MACroscopic
structures!

Advanced UK Instrumentation Training 2022 May 2022
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Parameter space scan

Patrick Salter, Oxford

lain Haughton, AO, Manchester

Laser translation speed

5um/s 10um/s 20um/s 30um/s
> 100nJ X X
O
0 200nJ X X X
GE) 300nJ X X X
§ 400nJ X X X
0 500nJ X X
2 600N X

« Repeat with and without SLM correction.

Advanced UK Instrumentation Training 2022
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- IV curves

28
55 : : :
P « Ohmic and barrier potential curves observed.
Y
o
0.0003 0.0003
0.0002 0.0002
Z 0.0001 I<_(I 0.0001
-'(IC_) 0.0000 -'(IC_) 0.0000 ..n““mw'...
5 5 b 2
U -0.0001 O -0.0001 f
-0.0002 } -0.0002 } /,
-0.0003 - - -0.0003 - - -
-150 -100 -50 0 50 100 150 -300 -200 -100 0 100 200 300
® sukeffect?
Confinuous. Micro gapse

Advanced UK Instrumentation Training 2022 May 2022
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0.0003

Barrier potential

0.0002

T

0.0001

T

|
o
o
o
o
fart
T

—-0.0002 |-

—-0.0003

-300

Advanced UK Instrumentation Training 2022

-200

-100

Up [V]

100

200

300
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Resistance measurement

0.0003 - - - T T
0.0002 | _ 4
R = AUL/AI T
0.0001 | i
<
.<£, 0.0000 [oote s0000000000®) l-
—-—
% «— AUy —»
= -0.0001} -
5 3
@)
-0.0002
«— AUp —>»
_00003 | ! ! L |
-300 -200 -100 0 100 200 300

Up [V]

Advanced UK Instrumentation Training 2022

73
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Resistance

20
e
(D]
35
55 18 | _lsLM:1_nA§0.75_passles:1_f|ip:(? T
g__)§
S ° 5um/s
16 | e 10um/s |1
e 20um/s
14 ° 30um/s |7
9
p— 12 B <1
e
5
= 10 .
()
()
8| !
©w
w0
(]
c 6l 4
4t |
2+ T % i i 1
0 1 1 ? , , |
100 200 300 400 500 600

Beam energy [n]]

« Resistance increase as power law

- multi-photon process.

Advanced UK Instrumentation Training2022Q1r d]screpg ncy at 30u m/s.

May 2022
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Barrier energy
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3]
400 | _lsLle_nAfO.75_pasies:l_fllp:(I) |
350 —
[
300 { _
250 + —
@]
— 200t —
s ‘
.e. I -
— 150 |
100 | } i } _
50 L] @ 5um/s $ —
e 10um/s
ol| ® 20um/s 1 ! I
e 30um/s
— 100 200 300 400 500 600

Beam energy [n]]

« Reduction in barrier with increased energy.

« Discrepancy at 30um/s.
Advanced UK Instrumentation Training 2022 May 2022



.
Multiple passes

£
58 515 _sLM:1_nA:0.75_flip:0
QJ§ X ! ! T T T
=% 10um/s(200n))
30um/s(400n))
25}
— 2.0} 4
=
=
o
=
¢ 15} o
c
3
]
0
e 1.0} % }
05} o
OO - L ! 1 |
1.0 1.5 2.0 2:5 3.0

N passes [#]

* Multiple passes reduces resistance and
Advanced UK Instrumentation Trqinimmses Uniformi’ry of the columns.
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Multiple passes

20
.EE
>5
cc
22
QJ .
S 400 | _sLM.l_nA;0.75_fI|p.O | |
10um/s(200n))
350 |- e 30um/s(400n))
[ ]
300
Q
. 250
.
< 200 |
D [ ]
150 | l
100 +
[ ]
50 |
0 1 ! 1 1

1.0 1.5 2.0 2:5 3.0
N passes [#]

* Multiple passes also reduces U,,.

Advanced UK Instrumentation Training 2022
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With and without SLM

20
CC . R .
ﬂ% 16 | _speed.1l0_nA.0.75_lpasses.1 | |
(=4S e  With_SLM(400n))
14} e With_SLM(300n))
e Without SLM(400n))
12| e Without SLM(300n))
E 10l
£ 10
Z
g 8r
c
2 SLM clearly beneficial fo reduce
g °r  resistance and barrier potential
4l
2+ ’—é—‘
&= @ |
0 1 1 1 ! |
0 100 200 300 400
Ug [V]

Advanced UK Instrumentation Training 2022
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SLM parallel process

Incident light

Modulated light

Transparent electrode
/ Glass substrate
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3D Diamond detector tests with
relativistic charged particles
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" Types
m 100x100um cell size ganged to form strips
m [00x100um cell size, bonded to pixel read-out
m 50x50um cell size, bonded to pixel read-out

m All detectors made from polycrystalline diomond.

m Beam tests
m CERN beam line Hé : protons ~ 120 GeV/c
m P§|: pions ~ 250 MeV/c

Thanks for material from the RD42 collaboration!
Advanced UK Instrumentation Training 2022 May 2022
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3D Diamond prototype ﬂ
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= Proto-t 3D mask 3D mask
rofo-type Strip no with
side confact e R
= 3D metal + graphitic | iy
columns Joddio
= Cubic cell base size 150um
= 99 cells

® Measure response with
120 GeV protons.

m Paper published NIMA
"A 3D diamond detector for N
particle fracking”, NIM A, 786 (2015) © aiisss o

..........
A R e A

F. Bachmair,® L. Baeni,® P. Bergonzo,” B. Caylar,”) G. Forcolin,® I. Haughton,® D. Hits,® H. K
Kass, 9 L. Li,) A. Oh,®) M. Pomorski,”) V. Tyzhnevyi,® R. Wallny,® D. Whitehead,® and N. N9

ot
Se
aRoas 3

agan,¥ R.

miy +
Z /”7/‘ : 106. 08607
| -
/j / QT e
I YN
1V 2 0
/ |
. |

Advanced UK Instrumentation Training 2022
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x10°

MANCHESTER @ 11 - = r —20 g
1824 2 i 8
. £ 10 » - 2
Q . 3 9 K ol 3 3
% Analysis steps 8 s §
(D) 8 ()
{é «  U,(3D)=40V - e
g o Uy (strip)=500V 6 [ -
-
G+ ldentify continuous region of )
intact cells for analysis. s
« Exclude contribution of °
negaftive signals. :
1 -

« Average charge

Strip: 16.8ke = o,
3D: 15.9ke g — 8B i
“C’O.B— """"" Strip _

 MP: I i
Strip: 14.7ke ! |
3D: 15ke 061 -
3D and Strip show comparable response. Ot = N
Conclusion -> 3D works! - -
0.2 _

10000 20000 30000
Advanced UK Instrumentation Training 2022 signal / electrons )22
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Test of first 3di0mond

detectors
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= U, (3D)=75V

hPulseHeightVsDetectorHitPostionXY_trans

m U, (strip)=500V

m Selected 16 adjacent
cells

column of cell
charge / ADC:

Rev: 1549 row of cell
Run 19106

with 2000000 Events
2016-02-02 13:34:21

Advanced UK Instrumentation Training 2022 May 2022
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detectors

Test of first 3D .

diamond

m Red line estimate the Mean for Full Charge Collection (100%)

| AliCharge_PulseHeight_Comparision_good |

WTraraparsvPassmeicheAd rarge_3234

Entries 11889

number of entries
o
(o4]

-

AN 0 0 by
2 500 1000

Rev: 1634

Run 19106
with 2000000 Events
2016-02-15 19:17:54

Advanced UK Instrumentation Training 2022

904.1
3971

Mean:;

Full Charge

1269

charge / ADC

71% of
Full Charge
Collection,

corresponding to
~13 ke.

Highest charge
collection ever

measured for pCVD
diamonds

May 2022



52 Large area 3D, pCVD, 100x100
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In May/Sept 2016 tested the first full 3D device fabricated in pcCVD with
three dramatic improvements:
1.  Anorder of magnitude more cells (1188 vs 99).

2. Smaller cell size (100um vs 150um).
3.  Higher column production efficiency (>99% vs ~90%).

HV side Readout side

Advanced UK Instrumentation Training 2022

May 2022
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diamond!

Large area 3D, pCVD, 100x100 m

« Largest charge collection to date in pcCVD

« >85 % of charge collected in continuous region,
about twice as much as planar.

1

y coordinate (um)
[l
E % |

g

i

x coordinate (um)

Advanced UK Instrumentation Training 2022

O

avrg. signal / AD

number of entries

- NN W W
T R - YR

—_
-~

500

RD42
1| Preliminary

l e gy
1000 1500 2000 2500 3000
charge / ADC

May 2022



Pixel 3D, pCVD, 100x100
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® First assembly with ROC
chip produced.

® Bump bonded in Princeton.
m Cr-Au on bias side.

3D sensor

m Ti-W under-bump metal.
® |ndium bumps on sensor.

Bump pads & L
Columns
Bias grid

———
| —— E
g i .

Advanced UK Instrumentation Training 2022

| 5D sesorbopded 6 ROS
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Pixel 3D, pCVD, 100x100 91

» Production of first pixel device using CMS readout
electronics.

D1as columns pump pads
i L ¢

solder

bump pad:

Ti-w bump
readout bias
column column

Bias contact: Cr/Au

readout columns

« Active region 3x3 mm with cell size ~100x100 um.

Advanced UK Instrumentation Training 2022 May 2022
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m 3D diomond device and
Silicon reference planar
device.

m Pixel threshold 1500e.

m Check hit efficiency over
time.

m Device works!

Advanced UK Instrumentation Training 2022

E: : Entries 74824
Z 04~ RD42 Preliminary
=0
0.2
-0,2;
L4 3D Diamond
D3 02 0 oz 04
Track x [cm]
’g : . . Entnes 58253
= o4 RD42 Preliminary
ST
0.2
0_
-0,2_—
<4 Silicon planar
—0|4 ' —0'2 I [I) I IO,K2I I IOI4‘ ‘
Track x [cm]

Pixel 3D, pCVD, 100x100

Efficiency (%)

Efficiency (%]

=100

60

80

- ¢(hit) = 98.5%

40 _______________________
20 Fit Result
C 2/ ndf 7667103
3 p0 985+01
0 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
00:05 00:10 00:15
Time [hh:mm]
100
80l -
¢(hit) = 99.3%
20 Fit Result
L 2/ ndf 68.3/102
r p0 99300
0 1 1 | 1 ' ' ! | 1 1 PR | 1 1
00:05 00:10 00-15

Time [hh:mm)]
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m Produced 3500 Cell pixel
protoype, 50x50um cell size.

m Sample production:
m Oxford (2x cubic cells)

® Manchester set-up in
progress (expected
production date end of
month.)

= Bump bonding

m For ROC (CMS) Princeton.

= For FE-14 (ATLAS) IFAE.

m Data taking in August 2017 af
PSI.

Advanced UK Instrumentation Training 2022

Next generation 3D Diamond

...............
................
................

................

...............

...............

should be 62 drilled columns

b}

A
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20
0 : .
=5 First 50x50 um cell 3D Diamond (2017
Eg RD42 Preliminary
=) £0.35 100 =
m Readout with CMS pixel
readout.
® Bump bonding issue in upper
right edge (Indium bump
deposition machine not
working properly) ~09%.2-0.15-0.1-0.05 0 0.05 01 51 02
= 6 columns (3x2) ganged e e -
fogether. < 100
® Preliminary hit efficiency g
99.2% £ 80 RD42 Preliminary
® Preliminary: oof
Collect >90% of charge! i
m Rate dependence tested with 40t
10 kHz/cm~2 and i I
10 MHz/cm2 -> 20| )
no dependence observed. i
o | | | | | | 1 | | | | 1 | | | | | 1 | | | | 1
Advanced UK Instrumentation Training 2022 TestCampa,gn:Augﬁ?:O!S 00:10 00:13 T‘iﬁ;g‘{hh:mm] 22

Run 139: 67 kHz/cm?, 24:52 Min (1000650 evts)
Diamond: 116-B6 @ -55.0V

nnnnnnnnnnnnn




ity
er

The Universit
of Manchest

MANCHESTER
B n

3D diamond radiation tolerance

m Tested a 3D
device irradiated
to 3.5e15 p/cm?
and compare to
a planar
diamond device 98
at same fluence.

N

RD42 Preliminary

— 3D pCVD
— Planar pCVD

—_—

-t

—Illllllllllllllllllllll

Relative Signal

0.6

m Signal reduction:
Planar 45 + 5% 04
3D 54+ 10% |

m Assuming scaling 02
IS similar 3D
ShOUld OperOTeQ 0 5 2 5 : é | 110 [ 15(1015
af ]Oe] / p/cm Fluence (1/cm?)
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Applications in HEP

m Vertex detectors with CVD Diamond are not
considered yet as an option for LHC.

® For Beam monitoring CVD Diamond is used at CMS and
ATLAS at the LHC.

m BaBar and Belle test already CVD Diamond in their beam
monitoring system.

Advanced UK Instrumentation Training 2022

May 2022



ity

The Universit
of Manchester

MANCHESTER
B n

Diamond in current HEP experiments

= Beam monitors to protect
experiments against beam losses at
the LHC, CERN.

m For Silicon Vertex systems careful
monitoring is crucial.

m Beam monitors have to be radiation
hard. IRl

= Abort beam when monitors signal 1000-
dangerous beam conditions.

® False signals must be avoided.

100004

100+

AS DB

® During run-1 diamond beam
monitors operated in ATLAS, CMS,
and LHCb.

Particl
trackers

10+

Active Area (sq. cm.)

1 1 1 1 1 1 1 1 | 1

m Previously diaomond beam monitors 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
were installed in BaBar(SLAC), CDF & Year
DO (Tevatron).

Advanced UK Instrumentation Training 2022 May 2022
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ATLAS beam conditions monitor

m Use 2x polycrystalline CVD pOVD Diamond
diamonds per station L el <\
(T0O X 10 mm). G

Mini Circuits GALI-52 ==
1GHz (20dB) i o

ity
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m 4 stations on each side of the
ATLAS pixel detector

m 7=%183.8cm (~12.5ns) andr~5cm . o

Advanced UK Instrumentation Training 2022 May 2022
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29
N 8 ey o °
[}
S
.= ATLAS beam conditions monitor
22
~5 . . . .
m Single particle counting with
c=0.7ns.
m Distinguish between collision
events and out-of-time
background.
m Good stability
m Used for luminosity determination. — 3 I , | :
1200 o 3 ATLAS Preliminary ]
& [T " T """ F ' rr T T T ] 5 ) ;
m:‘” — BCM-V luminosity measurement ATLAS Preliminary - e E ; E"CGMV_EventOR E
og 1000 LHC fill 2085 : z 2r . . kléc;?_EventOR §
< 800¢ . | . s -
f: - N § Eov " L] ]
2 600 = = o« " :' _— '
£ @ OR algorithm c 0 -y a0 — ]
3 » ¥ XOR-A algorithm . £ L M e Ie o ]
400 . A XOR-C algorithm ] S S o % e vo @‘3 "
- = AND algorithm 1 _r F &°° @ &0 09 2 ]
200 — e A E
O | MR M B SR L:‘. ot | | ! |
07/Sep/2011 08/Sep/2011 08/Sep/2011 08/Sep/2011
22:%0 00:%0 02:%0 04:%0 14/04 29/04 15/05 31/05 16/06 01/07
UTC time Day in 2011
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Run 2:
ATLAS Diamond Beam Monitor

® 8 mini-frackers of 3 planes each using pixel-detectors.

m polycrystalline diamond sensors, 18mm x 21mm, 6>250um.

m bump-bonded to FE-14 pixel read-out chip.
m 336 x 80 pixels

m pixel size : 50pum x 250 pm

SCT end-cap . 853.8

m Purpose:
m Bunch-by-bunch
luminosity monitor b = e S
(aim <1 % per BC perLB) VO & VN
® Bunch-by-bunch a i, 4
beam spot monitor 02 s

50
Pixel
end-cap Pixel barre|

Advanced UK Instrumentation Training 2022 May 2022
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Run 2:
ATLAS Diamond Beam

m |nstalled in ATLAS during LST, but
switched off due to unexpected death
of Si and Diamond modules.

Yy
er

The Universit
of Manchest

m DBM recommissioned in 2017/18 with
50% working modules.

'g‘ 180 | T T T | T T T | T T T | T T T T T T | T T T | T T T I T T T I
E 4e0} ATLAS Preliminary —$— Paired bunches
2 DBM —¢— Unpaired bunches
Q 140 Gaussian fit for paired
§ Mean -8.4:0.1 mm
~ 120 RMS  7.2:01mm |
100} M
Data 2015 Si
801
60
401
+ <
L. pCee®®/ | 1 Nt Seiee0R |
-80 -60 -40 -20 0 20 40 60 80

DO
Advanced UK Instrumentation Training 2022 fmen] May 2022
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INn related areas

m Synchrotron labs
® pbeam position monitor

m Radiation Therapy
m small field dosimetry

= Heavy lon (GSI, FAIR)
m beam diagnostic
m partficle tracking and TOF
® hadron spectroscopy

Advanced UK Instrumentation Training 2022

Examples of diamond detectors

Conductive Diamond + Al electrodes
graphite glue

PBnMA Al wires

oG 3 um thick membrane
in 40 um thick scCVD [1]

PMMA
@ 6mm

Triaxal
cable

—= [2]

scCVD dosimeter,
0,4 mm?3 active vol. [2]

[1] M. Pomroski, CEA-LIST, MRS Fall meeting, Boston 28/11/2012
[2] F. Marsolat et al. / Diamond & Related Materials 33 (2013) 68443 2022



MANCHESTER
1824

Detectors for Heavy lon

In-beam START-VETO detectors for HADES and CB~ \\\ ‘
m High beam intensities (107 #/5s).

m Protons (MIPS) up to very heavy ions (Au, U)
m Excellent time resolution (30-100 ps)

m Radiation hard up to 102 /cm Au ions

The University
B of Manchester

Start - Halo

(

~ start: SC diamond, Veto: PC diamond,
70 um thickness, 4.7mmx 100 pm thickness, 20 mm x
20mm  juay 2022

Advanced UK Instrumentation Trc 4.7mm

J.Pietraszko, 21st CBM Collab. Meeting
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BCM'™ modules
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= First BCM' 3D test structure with
new ‘cage’ design
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m Fabricated March 2020 (~week of UK Lockdown) first 3D diamond device
with horizontal ganging

m Test structure has horizontal wires at depths of 125 and 375 um in a 500 um
thick substrate (o measurement)

m Metallised 3D detector with alternating ganging (~model) read out in
current mode in RD42 Zagreb Testbeam 06-2021, second version tested

April 2022

“May 2022
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Summary

® Diamond systems are used as beam and luminosity
monitors in current HEP experiments and foreseen for
future experiments.

®m Radiation hardness and rate dependence has been
studied.

m 3D diamond has been demonstrated to work.

®m The understanding of diamond as a detector material is
advancing.

Advanced UK Instrumentation Training 2022 May 2022
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EXTRA MATERIAL
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3D Detector Characterization
mProton Micro-beam: 4.5 MeV p

Advanced UK Instrumentation Training 2022

May 2022



MANCHESTER Proton micro-beam measurements \

1824
20 o i -
R l ERuder Boskovi¢ Institute Energy deposition -
.g% 4.5 MeV Bragg peak
S @A|DA protons é |
2= i3
o o=

50 100
Depth (um)

o

« Single particle beam.
 Rate ~ 1kHz.
N ¢ Beam position resolution <
2um.
Read-out
channel 1

3D diamond

Read-out detector

channel 2

Advanced UK Instrumentation Training 2022 e May 2022
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IBIC - setup

« Two read-out channels and amplification
chains.

Instantaneous
current Integrating . Shaping
pulses : amplifiers : amplifiers
| |
| |
(I |
l 3 e
| LN XQ
: ,
I I ,
I I Multi Channel
II > II > Analyser and
I I Data Aquisition
| |
| |
| | i
| | :
| 1 L i |
| | |
|
| |
! ~ 2Us I ~0.1us

May 2022



MANCHESTER Proton micro-beam measurements \

1824
20 o i -
R l ERuder Boskovi¢ Institute Energy deposition -
.g% 4.5 MeV Bragg peak
S @A|DA protons é |
2= i3
o o=

50 100
Depth (um)

o

« Single particle beam.
 Rate ~ 1kHz.
N ¢ Beam position resolution <
2um.
Read-out
channel 1

3D diamond

Read-out detector

channel 2

Advanced UK Instrumentation Training 2022 e May 2022
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(TR)IBIC

(Time Resolved) lon Beam Induced Current

« Two read-out channels and amplification chains.

Instantaneous
current | Infegrating . Shaping
pulses : amplifiers : amplifiers

I I

I ; I

LR I

: : ...................

I N 1 - | xQ
:

1 1 .

I I Multi Channel

||_> I Analyzer and

I r> Data Acquisition

I I

| 1

I 1 g

i 1 I

I 1 & :

| | I
|

I I

! ~ 2US I ~0.1ps

May 2022
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Signal efficiency at +20V H

20
"o
U  Electronics chain calibrated with silicon
= U
Cc detector.
M ©
22
=4 :
Channel 1 : Channel 2
:
gzso__ Lo : gzsoj |
§ 200} e : g 200~ o
sl E : 150 8
i 50 5\°= i 50O pe
1001 2 i 1001 40
K | i
50} 20 : 50; 20
o()" m ‘1(‘JO‘ - ‘15‘0‘ = 0‘0.‘ — ‘25‘»0 I % ‘5‘0‘ - 1"50‘ ‘-.‘_‘1..;-05. "2<‘)0‘ - ‘25‘>0 0
x position/ om | x position/ «m

N —
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MANCHESTER Charge sharing

oy
@
z Th Charge Sharing
)
)
% —
25 p = Qy/ (Q;+Qy)
= C
) m©
Q § Induced charge on Ch. 2 Induced charge on Ch. 1
o o
0 I
Square ! Hexagonal
_ |
Ezsoj 1 I E 250 —1
s I SR - o2
s o o g
S 200 08 . I & s00l- —o
L o7 8 I T
L : % I r —0.7
150} —06 qé)) I 150; —0.6
100~ 04© I 100 04
r 03 | g 03
50 oz | 50— 0.2
i | I
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i : _ | I
0 ™ w ! | 0
0 200 25 0
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(@) 1 I O) 1F
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& e
% 06 : % 1’0.6—
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MANCHESTER Charge sharing comparison “

20
o5
25
58
v 45" i M Square
A o T @ Hex
O ] 40 *
235 ié §+
3 fy &
izs + ¢ é +
20} * & ¢
15- @ ¢ ¢
10-
5k
0

-40 -30 -20 -10 0 10 20 30 40
Bias/ V

N —
585
Advanced UK Instrumen’ra’rion%?qining 2022 May 2022



MANCHESTER
1824

¥
er

The Universit
of Manchest

Combine

Advanced UK Instrumentation Training 2022

y position/ «m

C.CE/%

11
Combined Ch. 1 and Ch. 2 at +20V

Square

N
[
o

N
o
o

150

100

—+— Readout
——Bias
0

0 50

150 200 250
X position/ am

100

12C

10C

40

20

y position/ «m
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250l —12C
I —10¢
200~
L —180
=2 S~
150} E'I)
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100
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Signal efficiency comparison

20
Q ()
oY

L
=0
=t
:)g 102
Q
=S i

98+ é

C.C.E./%
((o] ((o]
»
—@—
— @
- H@H

|

|

|

-40 -30 -20 -10 0 10 20
Bias/ V

Combine
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Summary IBIC

 Measured the Signal Efficiency versus position.
« Both geometries show > 98% CCE above 20V.

* There is a measured drop in signal due to columns of
diameter ~ 6um.

« A small region of charge sharing, ~ 20um, is observed in
both geometries.

Advanced UK Instrumentation Training 2022
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Time Resolved IBIC
(TRIBIC)

Carrier charge
Instfantaneous current

| =E,QV

Weighting field Carrier velocity

Advanced UK Instrumentation Training 2022 May 2022
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MANCHESTER Simulation
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.E-*G;
O (D)
==
55 4.5MeV
4. 5Me
v ' p 9
BT 1 Proton
=5 ;

100um depih

4______________ i
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4. 5Me
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BT 1 Proton
=5 ;

100um depith

e = =
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MANCHESTER TRIBIC - setup m

20
i
Q) QJ
25 . Two read-out channels and amplification
S = chains.
22
=
Instantaneous
current Current
pulses amplifiers

.
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Instantaneous current

INt |
Sulse ntegra

Il Sigma
x Data
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Signal/ VvV
Integral/
o

© W

© &

@u.
N
(&)

0.2r

o
[S AN
- o

-10 0 10 20 30 40 50 60 70
Time/ ns

=

=

\ E y

h K : .02F B

-

I ; : _O'Q%O 0 10 20 30 40 50 60 70
l. I Time/ ns

Ll 4

<«fFull Width Half Maximum
FWHM.

e
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Signal/ V
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0.12F
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Position dependence — near electlﬂ

Simulated electric field at
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Position dependence — far from elecma

Simulated electric field at
20V
i

Hexagonal

60 4x10
4

D
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y position/ um

S

Signal/ V
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Position dependence - cell E

Simulated electric field at
20V
i
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== TRIBIC: R
3= SSUITS
D ¢
g__JE
=53
B '. " [—Data TR ] —Data
ol i High Field Region S < P 5 High Field Region i Siulten
' i Hexagonal
10r o\, B 10t
3 j E!
g 0 } § 0
2 | Low Field Region B Low Field Region
9 20} i\\? 20t i\\( !
10 > 10
0
0 0
Time [ns] Time [ns]

Comparison with TCAD Simulation model:

» basic features qualitatively reproduced.
« Reasonable agreement, but simplified model.

Advanced UK Instrumentation Training 2022
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Summary TRIBIC

= First study of hexagonal and cubic 3D diamond cells
with TRIBIC.

m Hexagonal and cubic cells show expected characteristics.

® Qualitative agreement with simulations.

m Results shown are preliminary, analysis ongoing.

m Next steps:
m Quantitatively verify electrical field distribution.
® Disentangle hole and electron contributions.
m Radiation hardness studies.

Advanced UK Instrumentation Training 2022

May 2022
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BACKUP
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Dosimetry application

® Planning of dose distribution
delivered dose distribution
challenging with narrow field
beam:s.

= Need high spatial resolution of
tissue equivalent dose deposited.

" Target numbers:
m Dose uncertainty <1%
m Spatial resolution ~0.1Tmm

Advanced UK Instrumentation Training 2022
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= Diamond key properties
for dosimetry

m Tissue equivalence
m Radiation hardness

m Room temperature
operation

m bio-compatibility

= 3D Advantage

m Flexible active volume %

m Radiation hardness E
= Potential for 3D positior:
information

Advanced UK Instrumentation Training 2022

Dosimetry opplico:[ on

] —— C*Diamond/Water
1154 - -~ C*Silicon/Water
1.10
2 105
g
- 1.00
g =—=
% 0.95
o
0904 , ;
0_85_5 I/EEE TRANSACTIONS ON NUCLEAR SCIENCE,
iVOL. 61, NO. 4, AUGUST 2014 ]
0.80

T LR | LELE | * LB LS ELL
1 10 100 1000 10000
Proton Energy (MeV)

Fig. 14. Comparison of the corrected ratio of stopping powers for protons of
diamond and silicon with water.
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Dosimetry application

= The Christie Hospital,
Manchester

m medical linear accelerator
(Elekta Synergy Sband)

6MV and TOMV accelaration.
m 10x10cm radiation field.

m Dose rate dependence.

m Photon beam profile.

Advanced UK Instrumentation Training 2022
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Dosimetry application

m Test set-up:

5x10°

I

'1: +

Current(A)

2 - | TR T S | 1 R Y LA Y S DAY 1 | 1 T | |
-100 -50 0 50 100

< > Voltage(V)

Asymmetric leakage current.
leak < TNA for -100V to +60V

Advanced UK Instrumentation Training 2022 May 2022



MANCHESTER The Christie
1824
Manchester

Florence
Perugia

ity

The Universit
of Manchester

Dosimetry application

x1 0_'9

First 3D diamond results:

Current(A)
=

» Pre-irradiated with 5 Gy. ;

m Clearresponse to presence
to 6MV photons. 5

.|l vBias=-40v

Bl vBias=-60v

o |l vBias=-s0v
| |5l vBias=-100V

Bl vBias-60V

m Retfurn to baseline <1s, - N P
no significant baseline shift. Al P I

1 | | 1 1 1 I | 1
0 50 100 150 200
Time(s)

o
IIIIIIIIIIIIIIIIIIIIIIIII

m Plateau stability needs further
studies.

On-off response to 6MV photon beam with 4Gy/min.
Variation of bias voltage.

Advanced UK Instrumentation Training 2022 May 2022



MANCH}ES%IER The Christie

. Manchester
5% Florence
GS% Perugia
CC [} [} [}
= Dosimetry application
~5 > M
3 a?
First 3D diamond resulfs: 3
» Good linearity of ~1% over i3
dose rate range of 3
2-4 Gy/min. 23
1E- , |
Fo T AR T S R R TREE T R B

Dose Rate(Gy/min)
15

05

0.5

Deviation from linearity(%)
o

_TTT‘TIIII LA T\TTI’TTTTITTT

(=] =

-15

=05 1 15 2 25 3 35 &
Dose Rate(Gy/min)

Dose rate linearity for MV photons at -80V
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The Christie
. = Manchester
5% Florence
.GS% Perugia
[ ° ° °
= Dosimetry application
=)
foo.
Jo
First 3D diamond resulfs: 0t
600
m Good linearity of ~1% over ~F
dose rate range of il
2-4 Gy/min. 2007
b . e ez e
= Good linearity of ~2% over R e

w

dose range of 0.5 to 7 Gy.

N

—

Deviation from linearity(%)
- O

N

AL R A A L
i »
-

'
w

Dose linearity for 6MV photons at -80V
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First 3D diamond results:

m Good linearity of ~1% over
dose rate range of
2-4 Gy/min.

B Good linearity of ~2% over
dose range of 0.5 to 7 Gy.

= Beam width well reproduced
to 1% when compared to
GafChromic film
measurement.

Advanced UK Instrumentation Training 2022

Dosimetry application

Normalized response

The Christie
Manchester
Florence
Perugia

Field:Width

| [EP fim
.3D diamond

IIIIIIIIIIIIIIIII|III|III

1 E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1
-100 -50 0 50 100
Distance from axis(mm)

10cm beam profile measured with
3D diamond at -80V, 4Gy/min and film.

May 2022
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