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Principle of a solid-state detector

Detector Amplifier

Particle beam

i

Signal



Substrate

Diamond Substrate:

pCVD =10 mm x 10 mm
sCVD= 5mmx5mm

Thickness = 500 um
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Instrumentation

Diamond detectors
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Diamond sensor

-

. Semiconductor
 Radiation hard
 Insensitive to visible
« Sensitive from UV onwar
~«. Temperature insensitive (to
dark current (pA)
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Principle of ionization

Primary particle

Holes £ N, Energy loss: AE
N, ¢4 Electrons lonization charge: Qq

E/

lonization: Q = (Ne +Nh) e =

lonization energy: e, = 13 eV/eh-pair
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Principle of ionization

/

Holes  >* N,
N;, ¢ Electrons

Recombination: Q=Q X(l'e_mr)

Time constant = dielectric relaxation time constant: t = exk

£ ... Permittivity, k... Resistivity



Detector potential

Dj = o
CDet
®
t
Iy
v =mE 4 ... Mobility m, @m v, Qv,
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Example
Cp.: = 10 pF

5 MeV a-particle: Q. =60 fC
Ap=60fC/10pF= 6mV

MIP particle: Q,=3fC
Ap=3fC/10pF = 0.3 mV



Shockley-Ramo Theorem

lonization current:

i(t)

ty = d/vy

t = x/vy



Charge collection

1. Homogenious ionization:

R

u ] ity
io = QS de
d

EZU/dl ve%h t
4 :

7
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Charge collection

2. Point-like ionization:

I A
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3. Neutron ionization:

oPAC Workshop Barcelona

Example

i(t) A
X
= Qs Vd _
0 d
t
t4
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4. Neutron ionization:
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Example

Ballistic centre
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i(t)

N

Vv
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Electrical equivalent




Electrical equivalent diagram




Electrical equivalent diagram

Electric time constant: t=R xC__



Example

IDet

Electric time constant: t=RC,, =500 ps
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Example

IDet

Electric time constant: t=R xC,, t=500ps f, =320 MHz
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Example
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Time constant
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Amplifier properties

High gain
High bandwidth

Low noise




DC-readout

Q. ... lonization charge

Bias voltage Bias filter ine; -~ Detector current
L 1
DC amplifier _
- DC-signal
Vhias sharge T Se \l/ Ve

“ u | N

= _ AC-signal
DC resistor D _ -
AC-DC splitter RF amplifier
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pCVD Diamond Detector

Ser.No.: B20041

LHC DBLM

= =
nnnnnnnnnnnn CIV

AC-DC Splitter

{| IN AC

4 GHz

Ser.No.: D10021 DC
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Broadband Diamond Amplifier

Serial Number: C20051
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Interaction Mechanisms



Proton interaction

Bethe-Bloch
i /"\ \proton
Y, "
10°— /! ‘~.\
.g_ E 7 .‘i"\.
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Initial energy, MeV
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Proton interaction

Bethe-Bloch, 500 um diamond
107 = ISOLDE T\ | ~|proton
- \l/«". Proton Therapy
- J CERN LHC
10 A \’
" / noise limit
€ 1. /
o
4 Abspfption Traversing
£ I .
© 101 vl
102 7
Spectroscopy Beam Loss
J- 1 III| L1l LU L IIII| Ll | L II\'I Ll IIII| | 1 III| l 1
10¢ 107 102 10" 1 10 0> 10° 10* 10° 10°
© CIVIDEC INitial enepgy, MeV
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Electrons

Bethe-Bloch, 500 um diamond

Evip = 2 MeV

“(__) p ,.c--m.““‘_ N Oo SO -
£
é 1EO - A
&
400 keV

1E-2 ’\
1E3 1E4 1ES u 1E6 1E7 1EE 1E9
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Initial energy, eV
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Neutron Spectrum

Background Measurement, n_TOF October 2010
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Neutron Energy [eV]
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Thermal neutrons with Li(n, o)t

°Li(n,a)t Yield

Yield

- — Experiméntal

10—4 ........... ................... ...................... ...................... —_— Calculated

107 :
BIF = 46%

107 i SOOI HOSNNUUIO SOOTSOUSNNNITS SOOOOOUOOUSUNRUE SOVOORRRONOOt oo o L |

10'8 L lIIlIIIi 11 IIIIJIt l IJlIJJII 1 ]IIJIl]I 1 IIJl]IIJ 1| Illlllt -

1 10 10 10° 10* 10° 10°
Neutron Energy [eV]
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Photon interaction

50 um diamond

Photoelectric effect Compton Scattering Pair production

Cross-section [cm%/g]

o p—
S o
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Content

* Beam Loss Diagnhostics
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Four measurement examples:

1. LHC Beam Loss Monitoring
2. High Radiation Detector

3. Beam Position Monitor

4. Phase Measurements



Example 1:

LHC Beam Loss Monitor



LHC DBLM

CERN LHCIP 7
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Bunch-by-bunch losses

! Scope Data

| select directary...

W

250 MIP

Amplitude

004 -~ / _

18.889.300 18,898,325

| M:AaxX10S\5SC0PE. 135451283587 1

acquisition tirme: T:53:55

25ns

18,999,350
Time (ns)

18,909 375

M=l E3

18,999 400

Pulse shape of losses, 25 ns bunch separation, 0.8 ns sampling

period.

oPAC Workshop Barcelona
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Loss Histogram

H Scope Data

| Select directory... |I"-’I:'l,AidllZlE'l,SCOPE.13548128358?1

Acqguisition kime: (17:535:55

25 ns

= o6

Threshold Histogram

= o Binning =1.6 ns |
0.3 4

%21 Threshold

0.1 ~—
DO { .~ T h—
INEEEENEENENERREENENEEE REREEERSREEEE
18,009,300 12,000 325 12,009,350 12,000 375
Time (ns)

[ = 1

=] E3

12,999 400

Pulse shape of losses, 25 ns per unit, 1.6 ns per bin
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mentation

Static operation

1e7 5

12 pilot bunches
3 us beam abort gap / 1 us LHC injectiongap 0.2 us SPS injection gap

1e5 4

1e4 E

Mo, of hits

—_-
)
]

1a2 4

lel 4

1e0

0 5 10 15 0 5 an £ 40 a5 50 55 1] 65 70 75 80 g5 a0
Tirne [ps]

Static losses after ramp - 89 us turn period
Batches of 4x36 bunches, 3 us beam abort gap, injection gaps: LHC =1 us, SPS =0.2 us
12 pilot bunches

oPAC Workshop Barcelona © CIVIDEC Instrumentation 40



Injection cleaning

1us

Mo, of hits

1000 10,25 1050 10075 1100 1125 1150 1175 1200 1225 1250 1275 1300 13.25 1350 1375 1400
Time [Js]

8.25 8.50 8.75 9.00 9.25 9.50 9.75

Injection cleaning, synchronous losses before and asynchronous losses after
the beam abort gap
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Beam abort gap cleaning

1e6

1e5

Unbunched losses
from abort gap
cleaning

led

Mo, of hits

1e2

lel

1e0

215 22.0 225 23.0 235 24.0 245 25.0 55 26.0 6.5
Time [Js]
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Single-Bunch Instability

1eb 5

Single-bunch instability

led 4

1e3 4

Mo, of hits

le2 {

lel -

1e0 -

0 5 10 15 20 L 30 £l 40 45 50 55 &0 &5 70 75 B0 g5 90
Time [ps]

Single-bunch instabilities at the end of a squeeze.
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Loss Amplitude

Tune measurement

2500 .
— Bunch 301
—  Bunch 330
2000 —  Bunch 340 y
Bunch 360
£ 1500
-
2 H
s
2 1000
2 |
! .. ;
500 | ‘}* |“H YA
| h{ |
b {| _
% 100 150 300 Time
turn

Losses of 4 individual bunches over 200 turns.
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Tune measurement

H e <& Bunch 301
Spectral AmplltUde — it (tune=0.3082+0.0004)
* -+ Bunch 330
— fit (tune=0.306720,0007)
H * -e Bunch 340
4 it (tune=0.3068+0.0007)
* & Bunch 360
— fit (tune=0,3066+0.0006)

Tune of a single LHC bunch

FFT amplitude

~

Frequency

¢10 015

Horizontal tune = 0.307. Reference tune: BBQ = 0.307.
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Kryogenic Application
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Cryogenic Diamond Detector
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LHC Quadrupole

20 K
104 mbar
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Example 2:

High-Radiation Detector



HiRadMat

.
e
S

N

-
:"ﬁ L al
.
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HiRadMat

Diamond detectors (pCVD - Exd :
sEmaetectors ./ 1x10° particles on detector

= 1x10™ protons per bunch I ‘

Proton beam . *EEY -V

¥ u\rm"
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voltage [V]

Detector Response

0.8

0.71

0.6

0.5

0.4r

0.3

0.2

0.1

-0.1
-2

|
144 bunches

Mlumlw

time [s]
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107

108 L

1071

dBLM charge sig. (C)

10-11 |

102 L

10-13

Linearity

H3 detector response

dBLM charge sig. over icBLM ppb

H3, att.

20, shunt 1

det.

bunch

e det. ® H3, att. 20, shunt 0
v det. H3, att. 20, shunt 1 v det. H3, att. 20, shunt 0
s det. H3, att. 0, shunt 0 & det. H3, att. 20, shunt 1
= det. H3, att. 0, shunt 0 z det. H3, att. 0, shunt 1

= det. H3, att. 0, shunt 0 » det. H3, att. 20, shunt 1

det. H3, att. 0, shunt 0
Linear from 1 to 1e9 MIP per
10* 10° 10° 107 108 10°

Courtesy: BTF group Frascati - Luca Foggetta, Paolo Valente, Bruno Buonomo, Claudio di Giulio;

icBLM ppb (#)

F. Burkart, O. Stein, CERN, Shan Liu, Université Paris-Sud



Signal (V)

Single bunch of 1e9

80 I I I T T T

70

100 um sensor

()]
(@)
T

10 A detector peak current !

a
o
T

1N
o
T

]
o
T

N
o
T

RN
o
I

o
T

N I L 1 1 l 1
1 %O 100 150 200 250 300 350 400
time (ns)

Courtesy: BTF group Frascati - Luca Foggetta, Paolo Valente, Bruno Buonomo, Claudio di Giulio;
F. Burkart, O. Stein, CERN



Example 3:

Beam Position Monitor



HiRadMat

Diamond detectors (pCVD)
SEM detectors

5 1x10™ protons per bunch I " ‘

Proton beam... # § 2L ¥ l\flah'

Eaty s
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HiRadMat

E =

el

Courtesy: Bjorn Hans Filip, CERN



Result: 100 um precision

Beam y pos: Diamond vs BTV data

Diamond: Beam Pos y [mm]

N
,.:/'/ 4
e
/.a-éé"%
— ;'&...

2 1 0o 1 T2
BTV: Beam Pos y [mm]
Courtesy: Bjorn Hans Filip, CERN



Example 4:

Phase Measurements



IBA - Cyclotron
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One Extraction

File  Vettical Timebase Trigger Display Cursors Measure Math Analysis  Ulilities Help Zoom U:J‘{

Measure P1:sdev(C3) P2rise(F3) P3:width(F3) P4:fall(F3) P&:max(C3) P6:mean(C3)
value 178 my 94.066673 s 4.966 ns 14.091 ns 142V 5my
mean 192.74 mv 20.81131387 ps 2.25816ns 21.65666 ns 1.4707 ¥ 4.84 my
min 178 mv 4.459 ns -1.541ns 4353 ns 142V 5my
max 208 mv 94.066673 ps 5.581 ns 107.946ns 152V 5my
sdev 1519 my 8.29663545 s 1.09375ns 30.80285ns 49.1 my 240 pv 143.55 nVs
num 2 9 4.089e+3 9 2 2 2
status v h:4 b4 R v v v
@& TinvTocs0) (G2 [
20.0 m\idiv 500 miidi 10.0 Vidiv, 50.0 psfdiv Normal i
4960 my -1.440 ¥ ofs! 12,40V ofst 250MS 5.0 GSis/[Edge  Positive

—ems 1152 mV | SRR M == -45.2V
Waiting for Trigger

hop Barcelona rumentation Courtesy PsKavrigin




Phase measurement

ure

ath Ar

106 MHz (9.4

iod)

Fy

Measure P1ddelay(c2 23) P2:rse2080(C3 P 3w dtti(C 3 Pa:fallB02 06 S Pazareat3) PE:sdewiF 3 PT:periodiC) Pafreq(C2)
value 2877 ns TTEps 4,286 ns 4.829ns 140,128 pvs 0.00# 9382 ns 10655 MHz
mean 3.075881 ns 94404 ps 4.31029ns 3.88083ns 12246833 pVs 0.0 m# 942157 ns 106.1408 MHz
min -264ps 233ps 2340 ns 843 ps 55796 pVs ono# Q.322ns 104,40 MHz
i 5118 ns 1.969 ns 13146 ns 10.649 ns 298.959 pVs 0.00# 9879 ns 108.44 MHz
sdew 261.58 ps 139.32 ps 81822 ps 74306 ps 2925508 pis 3470 ps 390.9 kHz
num 1.444e+3 1.439e+3 1.440e+3 1.445e+3 1.444e+3 1 14.440e+3 14.440e+3
status v A A v v

oPAC Workshop Barcelona
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Content

* Neutron Diagnostics
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Detecting neutrons with
diamond detectors

Courtesy Christina Weiss, ND16 Conference, Brugge, 14.9.2016



Thermal neutrons

6Li converter

oPAC Workshop Barcelona
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Fast neutrons

oPAC Workshop Barcelona

© CIVIDEC Instrumentation

66



Signal shapes in sCVD

Homogeneous ionization (MIP, y):

R

u /
E=u/dl r e
0

A V]

0.08

0.06

0.04

0.02

‘_/\ © CIVIDEC

71llllllllllllllllllllllllllllllllllllll
-4 -2 0 2 4 6 8 10 12 14

t [ns]




Signal shapes in sCVD

Point-like ionization:

oPAC Workshop Barcelona

0.15

0.1

0.05

© CIVIDEC
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Signal shapes in sCVD

Point-like ionization:

© CIVIDEC

71llllllllllllllllllllllllllllllllllllll
-4 -2 0 2 4 6 8 10 12 14

t [ns]




Signal shapes in sCVD

Point-like ionization:

oPAC Workshop Barcelona

0.1~ F
E © CIVIDEC
o —J ]

7\ L 11 L1 1 L1 L1 L 11 L 11 L1 1 ‘ L 11 L1l ‘ |
4 2 0 2 4 6 8 10 12 14
t [ns]
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Signal shapes in sCVD

Point-like ionization:

E = u/d lvh 0.15

0.1

l 0.05

J © CIVIDEC

[

llllll

l1
t [ns]

10 1

.
N
1
N
o
N
N
(o]
(o]
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Signal shapes in sCVD

Point-like ionization:

R S0.31
|
u |:| 0.25
0.2

Ve
T 0.15F

E ‘ © CIVIDEC
0o —
| L 11 L1 1 L1 L1 L 11 L 11 L1 1 ‘ L 11 ‘ L1l ‘ |
4 2 0 2 4 6 8 10 12 14
t [ns]

New definition: ballistic center, ty, =t




Point-like ionization

<031 <0.3 ‘
< [ Simulation < E Measurer 6\ 62 ballistic center
0.25F 0.95 . (LQ’\ /
: J. ¥ h* drift

o.zf— /\ ?\(\\Js
: | O AG)-
0.15F // \Né\ss‘ ey 26> \20\0 15}

0.1 0.1
0.05F 0.05}
E © CIVIDEC E A |
U O T b i e e e e
| | | 11 | | 1 I _I | 1| | 1| | 11 | 11 | 11 | 1| | 1|
4 -2 102 e
t [ns]
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Three application examples:

1. Thermal neutrons
2. Fast neutrons
3. Mixed field



Thermal neutrons



ATl, Vienna, Austria

 Thermal neutron beam line at the TRIGA
Mark-Il reaction.

oLi

n 12.5 meV

b m 'u m Forschungsinfrastruktdr
https://forschungsinfrastruktur. -bmwiw. .gv.at
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Recorded spectrum

% 10° £
g - MEASUREMENT
o — ®Li(n,T)*He
U 104 =
; v-background T (103 keV FWHM)
10° / /
10? =
10 =
- © CIVIDEC
1 | 1 1 1 1 | | 1 1 1
Iy 1 2 3 4 5

Deposited energy [MeV]
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Selective spectroscopy

10°
MEASUREMENT

°Li(n,T)'He 19

Counts

10*

103

107

10

© CIVIDEC
1 I 1 1 Il 1

4 S

Deposited energy [MeV]
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High-energy neutrons



EC-JRC, Geel, Belgium

 Van de Graaff accelerator of EC-JRC,
mono-energetic neutron beam.

. v e

n 14.3 MeV /on

PCB
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Measurement of 14.3 MeV neutrons

g 10°
% 3 Conventional Spectroscopy
@) 10° k PSA-refined Spectroscopy
10k ~—_ 2¢(n,a)’Be High-energetic
: background!
10°
10 3
10 F
1 :‘ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10 12 14

Deposited energy [MeV]
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Selective spectroscopy

Counts

10°

10*

10°

10°

10

’” 5 ?‘ rOScopy

.0scopy

R |,a)gBe

oPAC Workshop Barcelona
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12 14
Deposited energy [MeV]
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Mixed reactor field



EPFL Lausanne, Switzerland

 |n the core of the thermal
reactor CROCUS.

n meV to 2-3 MeV

Courtesy M. Hursin, EPFL
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FWHM [ns]

Spectrum
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s]

FWHM [n

Selective spectroscopy

20

16

14

12

10

N ES ()] (0]

200

300

400

500



Selective spectroscopy

20

3
18 10

Photons

FWHM [ns]

16
14
12 102

10

pe HI”I:‘\ 10

Lt
il

0 Leombwany ol I s s e | | | I | | [ 1 1 | | I | | I I | I I — 1
0 100 200 300 400 500 600 700

Area [pVs]
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Selective spectroscopy

20
Thermal
neutrons

18

FWHM [ns]

16 102
14
12

10

=
o

L

100 200 300 400 500 600 700
Area [pVs]

OO
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Selective spectroscopy

\o

— 20
2 C (\O
% 18— Fast neu* O;"(GG\(\
T ef ; 6(5'\\.\]
na Yo 1
- (\3 “0(\\
12 gt o2
10 AR (GQ
ol 0 . \"(\e (\66( Q — 10"
- cet ;%«,";.f:,g.w}é...,f:.wg U R o i
E — 107
o) I P PR NN RRVIR AT NP PO AT ST SNVENNN N R SR AN RIS AT ST SN RN A R _
0 100 200 300 400 500 600 700
Area [pVs]
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Thank you for your attention!




