Diamond Detectors




Properties of Diamond Detectors
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I Why Diamond

Pros: l-@ \\
- High band gap (5.5 eV) Cons:

— Very high breakdown field > 1e7 V/cm

— Very high resistivity > 1e11 Qcm High Epair-creat.ion (13.5eV) |
-~ Large area — Less signal, but S2N-ratio
—~ Very low leakage current ~ few pA comparable to Si
> Low dielectric constant (5.7) - Rather high costs

- Low capacitance — Low noise _
> Not as well understood as Si

> High displacement energy (43 eV/atom) ~ More R&D efforts needed
— Radiation hard — No replacement

> High mobility (~2000 cm?/Vs) v
- Fast signals
— High collision rate

N

~  Very wide sensitivity range
— Single MIP to 1 THz tested

~ Wide operational
temperature range

> No cooling (no “thermal run-away”)
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Common circuit for Diamond Detectors

» Diamond is solid state ionization chamber 7

MIP

Courtesy
CIVIDEC

5" Annual Workshop - Hendrik Jansen



Modes of Operation

» Counting Mode

i(] = Q'Vd/d

MIP
;K
bt

» Calorimetric Mode 7
+
E Vi P ve Hole collection
/s for reverse bias

\V

Courtesy
CIVIDEC
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» pCVD Diamond: » scCVD Diamond: S
very short signal short signal
~2ns FWHM @ 1V/um ~5ns FWHM @ 1V/um
optimal double pulse resolution optimal Signal-to-Noise ratio
charges lost at trapping centres lower trapping centre concentration
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Time resolution

» Measure 200 MeV protons for S
. Proton TheraLoyw B —
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Energy resolution of scCVDs

» Distribution of measured total signal charge S~
htemp
Entries 1000
Mean 0.04218
'§ 60_7 RMS 0.00716
B 2 | ndf 13.87 /17
S - a from Am-241 on scCVD DD o t00s . 201
50; (m Vacuum) Mean 0.04529 + 0.00017
- Sigma 0.003323 + 0.000212
I Ia I s0[— sigma / mean = 6%
30i_ o not exactly monoenergetic
- - detector resolution = 6%
20| -
10—
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Radiation hardness

* Samples radiated up to 2.25e17 cm
with 500 MeV protons

Normalized Summed Current

L, Logarithmic scale
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Performance of Diamond Detectors
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The CMS BCM1F

Tasks and requirements

Monitoring and protection
MIP detection, low power, radiation hard
Feed back BGND levels to LHC

Instantaneous luminosity to CMS

Design:

4 scCVD Diamond sensors on each side

Charged r] al
particle’, b > /- T0 back-end
\\. l
:;—il-r:&ulaf 1.“ i sCVD 4"7 Dptlﬂal
T

diamond .
L driver

Haafes”

- - 5
Metallisation

|||—|||

Lowpass FE ASIC Courtesy
E. Castro

_”_ Preamplifier
! | and shaper
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* |Location:

r=50 mm
z=%*1.8m (~6.25ns)

Time = -6 ns=2>Beam Halo

Time = 0 ns{ Collision

At=12ns
e

Time = + 6 ns>Beam Halo of outicoming beam+ Collision products

k- Beam Halo > »  Beam Halo Courtesy
~ fns t: -~ 6ns E. Castro




» Measure halo and collision rate S

» Measure instantaneous luminosity

» Studies ongoing to extract bunch-by-bunch lumi

Collision signal and Background, Fill 1440 X 10-? ,
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Courtesy
E. Castro
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ATLAS BCM

Pixel Semiconductor
Detector Tracker

Transition Radiation
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| ATLAS BCM

» Similar location, but pCVDs, ultra-fast electronics S
C->A Coll. A->C

-B 109£| I I.I | T T T 1 | [ |>| 1T T T T T T 1 | >|| I | 1T T T | T T 1 Ii
o - high background ATLAS Preliminary-
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LHC Diamond BLM

» Record “Post Mortem” data after beam dump
(among other functionalities)

» 6/10 installed

. | Courtesy
LHC — Collimator Area CIVIDEC
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I LHC Diamond BLM

» Unidentified Falling Objects (UFOs) seen from time to time S

» Create huge losses -> Beam dump

10 ms

Dump

Loss
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I LHC Diamond BLM

s Fast Diamond BLMs allow closer look at UFOs: N7

Turn clock

Loss broﬁle




LHC Diamond BLM

Closer look at UFOs

—+

8 bunches
<—2>

19 bunch trains, 192 bunches

+ f . B 4 + . + 4 + + b + + . 4 + + + + + } + 4 + +

Buncﬁ trains

-8 bunches 8 bunches
< > < >

B e e

b+
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LHC Diamond BLM

» Closer look at UFOs 7_/

000000000 +——t + + + —+ + + + +——+ + + + -+ + + + + + + + + -+ + + + + + + + + + +
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Future Diamond Detectors
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ATLAS DBM

: \

Purpose ~7_~

Bunch-by-bunch luminosity monitor
- pixelized and larger acceptance than BCM
- aim < 1% per BC per LB

Bunch-by-bunch beam spot monitor
- need telescope structure for tracking
- distinguish halo and collision events

Design

4 telescopes of 3 sensors per side
-> 24 modules

At [n] = 3.3
Use pixel support structure

Use IBL read-out chip
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I ATLAS DBM

Location of DBM
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i
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Fraction of valid tracks

DBM Specs
: \

Property Specification 7
Sensor size 21 mMmm x 18 mm
pixel size 250 um x 50 um
channels 336 x 80 = 26880
Sensor thickness 400 - 500 um
Min. CCD 200 um -> 7200 e-
Min. CCD after 2el5 cm? 100 um -> 3600 e-
Max operation voltage 1000 V
Read-out chip FE-14
E 50 in @ Fames 5762 0.16 ;_ i Enmies 5762
me Hm in e 08 014f- 50puminr RS obeds
0-08__ 0‘ Integral  (.9846 é 0_12;_0-2 ~O.6 Cm Integral  0.9981
- = o
Q06— = r
] % 0_08:—
0.04— E 0.06{—
E _;_5 0_043—
002 r
- 0.02F
O; PN T NI T T T N T T AN T T A A O S M A N N O M 0: AR RN TR TN TN NN SRR TN A AN S SN S AT SR SR S SR SR N
0 1 2 3 4 5 6 7 8 0 02 04 06 08 1 12
One sigma vertex uncertainty (cm) One sigma vertex uncertainty (cm)
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I CMS Pixel Lumi Telescope (PLT)

* Dedicated, stand—alone luminosity monitor \ig

* Eight 3-plane telescopes each end of CMS

* 1.6° pointing angle r=4.8cm, z=175cm

* Diamond pixel sensors pixel area: 3.9 mm x 3.9 mm

* Count 3-fold coincidences fast-or signals (40 MHz)

* Full pixel readout pixel address, pulse height (1 kHz)
 Stable 1% precision on bunch-by-bunch relative luminosity

Courtesy
S. Schnetzer




» Two full cassettes (each 4 telescopes) S
under continuous, stable operation at CERN

@ Full system set up
@ Near flawless operation
» Both studies in Oct test-beam

* [Installation of 2 cassettes during winter
shut-down behind HF, z =15 m

All planes for
full PLT produced

5" Annual Workshop - Hendrik Jansen



I CVD Diamond in HEP

10000
€ 1000
o
g DB
s 100
o Radiation NTTAS CMS
< monitors <pr N Particle
g 10 ul trackers
1
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Year
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R&D efforts
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I Cryogenic BLM In Triplet Magnets

» Place BLMs as close to the beam as possible
— Better separation of collision debris and halo/losses
— Detector operation at 1.9 K, within the cold mass

» Choose detector material
— Candidates are: CVD diamond,

silicon, liquid He Are a Girl's

“Diamonds ' fe’"
!
215
Best Fr/end’ =

» Diamonds not tested yet at
ultra-cold temperatures
- Interesting!

» Characterize scCVD diamonds at cryogenic temperatures
using liquid He cooling
- Measure temperature dependence of diamond properties
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Details of Measuring Set-up

» The Transient-Current Technique (TCT) with a particles:

— measure the transient current

1) a particles impinge on top side

2) Create eh-pairs close to electrode
3) Electric field separates charges

4) Drifting charges induce current

— Pos. (neg.) bias - Measure e (h")

- Use ultra-fast 2 GHz, 40 dB,
200 ps rise time current amplifier

- Use broad-band 3 GHz scope

- Use RF components

~
— 1

~10um eh-pair
H creation 2

E charge
~500pm separation|| 3

vy &_W + drift

-HV
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I TCT and the Plasma Effect

1 T E K
Creation From Ramo-Theorem:
of eh-pair Collect electrons 2
within < 200 ps ) )
cloud psS l(t)=z lk(t

~10 um
\-+ P =2ae Bl
~3 Um ) + + |+

+ [ 4.) e Vv start
+ \/ g Z k ’

‘ Relaxation || ° v, (t )—0 for t<0
High density of plasma
plasma - drift + Collection at
— screening! diffusion electrode
» FACTS: 3-10° pairs
. . w pClOUd% 3 p) 10
~ as produce high density charge cloud ( IJl'Sﬂ) w10 m
— Quter charges screen inner ones ~10" cm

— E-Field decreases inside the plasma
— Increased E-Field decreases lifetime of plasma
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Plasma Effect at 295 K

start of  plasma pure drift collection
drift phase phase phase -400v
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I TCT Hole Pulses
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Integrated Charge

o x10°™"° —-100v
= 45— :
[o}]
o —
S 40—
© -
35—
30 E_ Sanity check: -300v
— corrected charge = 50 fC
25 4.6 MeV alpha (coating of source!) —=-350v
— - Pair creation energy = 14.7 eV 400V
20— — Literature: 13.5 eV
— - OK
15
= H— | L L L
100 150 200 250 300
Temp in K

» Charge constant in range 140 K to 300 K

» Steep drop from 140K down to 67 K
- plasma associated trapping and
recombination
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Integrated Charge

o x10™° —-100v
= 45— :
@
o -
£ 40—
© -
35—
30 E_ Sanity check: -300v
- corrected charge = 50 fC
25 4.6 MeV alpha (coating of source!) —=-350v
— - Pair creation energy = 14.7 eV
20 — — Literature: 13.5 eV
— - OK
15—
10 | o
150 200

» Charge constant in range 140 K to 300 K

» Steep drop from 140K down to 67 K
- plasma associated trapping and
recombination
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Hole Mobility and Velocity

velocity in cm/s

o 1000 2000 3000 4000 5000 8000 7000 8000 9000 10000
E in Vicm

Fits vield: uoy €=2278+110cm*/ Vs §7hK_7300+1850 cm’/ Vs
y ] 295" =11.8-10°+0.8-10°cm/s v¥7%=13.4-10°+1.4-10°cm/s

S(It sat

» Mobility p_and avg. drift velocity <v_ > at RT as expected

» W Increases downto 67 K (- <v_ .>Iincreases as well)
— Nno onset of impurity scattering

» V_.~ constant with temperature
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Beam tests
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» PS Beam on Cryostat (24 GeV protons) >~

= Diamond cooled down to LiHe temperature

» AC-coupled to 2GHz pre-amplifier

| | ™~
| | L Scupe
Cryo
l PS Beam
scCVD

Courtesy
C. Kurfuerst
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sCVD average MIP pulse at 400 V and room temperature

e
o
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Courtesy
C. Kurfuerst
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TCT signals with PS protons

sCVD 400 V average pulse with 40 dB current amplifier

m 0.02 T | T | I I I I I I I I I | I | I ‘ I | I ‘
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% B + ii T 1 l6 K N
g B -FI- j+ N
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Neutron measurements
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I Neutron Flux at ITER

o -

» Measure 14 MeV neutron flux N7

. ‘He + 3.5 MeV
n +14.1 MeV

/ (n,0)°Be: C+n - °Be +a
‘ E =7.915MeV

max

a absorption in diamond
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Neutron Flux at ITER

* Neutron Beam measurements S
200 scCVD in 14 MeV neutron beam
800 - 5 5 5 5
e R R ——— ] Tome
600 L : : : :
&4 500
g
S 400
300
200
100 H
0
0 1000 2000 3000 4000 5000
Channel # [arbitrary units]
-> measure neutron flux online O Counts
. . - Court
and give feed-back to ITER machine enY(E,0) et

D ;201
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Diamond ...

... IS In use as radiation monitors for ATLAS, CMS, LHC. S

... IS very promising candidate for future detectors.

.. Is radiation-hard, fast, low noise, high sensibility range.

.. doesn't need cooling.

.. needs more research:
Impurities  composition energy levels of traps
high/low T features contacts edge effects etc

... brings researchers together. CERN RD42, GSI Carat.
Diamond communities are growing!

5" Annual Workshop - Hendrik Jansen



Back-up
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Production of CVD diamonds

* Microwave growth reactor e Surface image of pCVD S

Wave guide

"

Magnetron

Flasma

as
let

Yacuurmr

= oump

pPCVD diamond wafer

F, conling
Dots are on
_ _ 1 cm grid

» Diamond synthesis from plasma

» Material copies substrate
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Energy resolution of pCVDs

» Distribution of measured total signal charge

W
o
=)

N

(34

=)
IS I L L L B B
oL

N
o
o

IBA Cyclotron

most probable signal [mV]
&
=)

60 80 100 120 140 160 180 200 220
proton kinetic energy [MeV]
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I Signal range

pCVD, 200 MeV protons, beam current = 1.3 uA

AvAVAVAVAVAVAVAVAVAYI

z-- \/\/\/

40 mV = 5)(10_11 p/s

b
Measure P1:ddelay(C2,C3) P2rise2080{C3) P 3width({C3) P4fallB020{cy P5arealCl) PE:max{C3) PT:period{C2) PBAreqiC2)
value 748 ps 220 ps 1.486 ns 1.560 ns 323.048 pvs 44.2 my 9477 ns 105.52 MHz
mean 690.34 ps = 23843 ps 1.67703ns 1.54399 ns 32112545 p¥s 44079 mv 9.42169ns 106.1396 MHz
min 557 ps =98 ps 1.102ns 1.253 ns 304.806 pvs 429 mv 9.319ns 105.13 MHz
max 777 ps <337 ps 247G ns 1.908 ns 332742 pvs 46.2 mv 9.512ns 107.31 MHz
sdev 53.39ps <5564 ps 33594 ps 153,52 ps B.06323 pVs B49 v 35,98 ps 405.4 kHz
num 17 28 34 K1l 17 17 170 170

R = A v v

111562011 1:54:25 PM




I ATLAS DBM

. 1 "J"% '- rJ '_,. :

4 PIXEL

et |1
-
R A
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vacuum w

He-Gas-Stirling
cooler:
Down to ~ 67K

= | 4 1 MQ
—
Vacuum pump:
~ 2e-5 mbar

Detector
holder (Co)

detector

10 nF
I

O

HV

» SETTINGS:

— TCT In vacuum

- Temp: 4.5 K- 300 K, bias <1000V
- Read-out from HV-side
— Use collimator (avoid edge-effects)

to

not to scale

7 ceramic plate

Collimator

@ =2mm

. scCVD diamond

metallisation
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eactionYied, (1 ,-noiE)y Ta ()
ReactionYield:  Y(E )= (l-e )CFI(EH)
Y(E,)=—— )
e(E,)D(E,)
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