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m 3D Diamond detectors

m Application of diamond detectors in HEP
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3D Diamond Detectors
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Electrode spacing determines drift distance to induce 1e charge.

3D has shorter electrode spacing compared to planar.

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

Influence of traps and resulting limited lifetime suppressed in 3D.
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3D Diamond Research
A relatively young field

of Manchest

= |aserinduced phase change in diamond.

= Eg. 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. Wengller, Diamond and Related Materials, 38 ,
(201 3) "A novel detector with graphific electrodes in CVD diamond

= S. Lagomarsino et al, Appl. Phys. Lett. 103, 233507 (2013), “Three-dimensional
diamond detectors: Charge collection efficiency of graphitic electrodes”

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

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

L] Rodioﬂon damage studies.

L] . S. Lagomarsino et al, Applied Physics Letters 106, 193509 (2015)
& adiation hardness of three-dimensional polycrystalline diamond detectors”

= |mprovements in graphitization process.

= Eg.B.Sunetal, thed Physics Letters 105, 231105 (2014), “High conductivity micro-
wires in diamond ollowing arbitrary paths”

= 3D pixel detectors

= RD42, CERN-LHCC-2018-015 ((2018), Development of Diamond Tracking Detectors for
High Lumlnosny Experiments at the LHC, HL-LHC and Beyond

= L. Anderlini ef al, Front. Phys., 04 November 2020, Fabrication and Characterisation of
3D Diamond Pixel Detectors With Timing Capabilities

28.05.24

Fabrication
objective
m Conductive columns are
created by changing ,
diamond into a graphitic dsand /——-—\-
material with a short laser
pulse:

graphitic
column

-

Laser graphitisation of diamond

28.05.24



FIRST 3D DIAMOND DEVICE

Collaboration of Manchester, (a)Birefringence 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 10pm

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

—~ 7704 o

:

3 eo 141cm" |

2 7% ' / \
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S 0. \

9 Oh,A,, Caylar, B., Pomorski, M., & Wengler,
= 7304.'",#"/ \\~ T.(2013).A novel detector with

graphitic electrodes in CVD

1000 1200 {400: 1000 1800 diamond. Diamond and Related

Wavenumber (cm™) Materidls, 38, 9—13.
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Laser Set-up in Manchester [IER
5]
%é diamond sample .
o8 mirror > 4-f system
£ =
=5 Pulse energy
objective 7. g ot iy ey
lens == CCD Si diode
3-axis camera (power m9nitor)
Stage wave p[ate | Half wave filters
plate
mirror ; mirror
SLM polariser filters d
—
C
[%2]
Laser specs: —
3
«  Wavelength: 800 nm >
* Repetitionrate: 1 kHz 8
+ Pulse duration: 100 fs -
+ Max power: 1 W o
5
@)
Y
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Eg University of Manchester, Laser
0;6 Processing Research Center.
cc
(© =
= = Wavelength 800 nm
L4 "
— O m Repetition rate = 1 kHz

® Pulse duration = 100 fs

® Spoft size = 10pm

® Pulse Energy ~ 1 pJ

= Spatial light modulator

>

MANCHESTER
1824

m Comparison SLM vs
standard process. .
Simulated

| [sta v [

Resistivity 1 Qcm 0.1 Qcm

Diameter ~3um ~Tpm

Diamond to ~4 ~0.2 Measured

graphite ratio depth = 40um
depth =80um
depth = 130um

T—
P

28.05.24

SLM - Phase Spatial Light Modulation n

20.9.24
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SLM - Phase Spatial Light Modulation
m Comparison SLM vs .
standard process. ) SZC— STD

—Graphite G Peak |
Diamond |

Resistivity 1 Qcm 0.1 Qcm 2
Diameter ~3um ~lum - |
Diamond to ~4 ~0.2 e e |
graphite ratio o0 1200 1300 1400 1500 1600 1700
Raman Shift/ cm™'
(a)
x 10°
35 _pata |
—Graphif Py
- 3 Graphite G Peak SLM
Diamond
n>n. , ) nominal 25 Fi |
ROUR I (e focusing 3 P s
depth 2 J
§15 Ve
£ | /
aberrated T
focus o -
1100 1200 1300 1400 1500 1600 1700
Raman Shift cm™
20.9F.24
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X-polariser mage
oY
25
55
o=
~5

4 mm

A

4 mm

v

Optical grade scCVD diamond.

Post processing.
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SEM surface image

« Seed surface

« Exit surface

With SLM
10um/s
400nJ

Without SLM
10um/s
400nJ
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= More energy = thicker column

m Non-linear breakdown of diamond

= More focused beam spot at depth
makes thinner column

= |mmersion Oil helps to reduce refraction

loss from air-diamond interface
= SLM still key!

28.05.24

70

Making the thinnest column

B L T T T
(- ®m Linearpol. /pCVD L4 200
16 :_ : Circular pol./ pCVD //. - ]
b— B Linear pol. /sCVD i S 7 B =
Bk i Y RS E 180 £
& 14: *  Circular pol./ sCVD ' q' ;’:;f X . =
> 12F con it e
i wad 870008 " 0 E 2
L <o . S
2 101 okl 3| ru40 4
E L ; ] by
o - . . S
5 8fF - | 120 &
v ] °
B 6 = Q
e °F 1| f100 £
| B -
o] = ] 0
o 4 - ®
TTR ] 80 2
af here we are 3] =
S 3% | =
e now! B 60
o".nl...I...I...I...I...I...I...I.n'
0 2 4 6 8 10 12 14 16 18
Electrode diameter X [um]

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.
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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 verfical columns have

mainly spherical
corrections

® For horizontal processing,
the correction is ~elliptical

m Gets even trickier at
depth >200um

a)

b)

<)

Top View

y

Lx
Pillar
position

Pillar
position

Sum

Top View

=
L

Pillar bd
position Fillar
o position

Sum

Side View

Diamond
Surface

Ly

This partis

fabricated
N i
¥ increasing
] depth
Sam

Sun, B., Salter, P. S., & Booth, M. J. (2014). High
conductivity micro-wires in diamond
following arbitrary paths. Applied Physics

Letters, 105(23), 231105.

28.05.24

Internal structure

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

* 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?
bonded carbon.

* Micro wires are not
MACroscopic
structures!

28.05.24
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Parameter space scan
Paftrick Salter, Oxford
lain Haughton, AO, Manchester
Laser franslation speed
sum/s 10um/s 20um/s 30um/s
X X
X X X
X X X
X X X
X X
X
» Repeat with and without SLM correction.
28.05.24
IV curves
« Ohmic and barrier potential curves observed.

0.0003 0.0003

0.0002 0.0002

o
=3
i=3
=]
-

o

=3

=1
=]
=

o
O
..mmmmu"

-0.0001

Current [A]
Current [A]

-0.0001

-0.0002 -0.0002

e

~0.0003 ~0.0003
=150 -100 =50 0 50 100 150 -300 =200 -100 0 100 200 300

Bulk effect?e

Continuous. Micro gaps?

28.05.24
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- Barrier potential

76

0.0003

0.0002 |

0.0001 |

Current

—0.0002 - g

~0.0003 . . . .
-300 -200 -100 0 100 200 300

Up [V]

28.05.24

|
= Resistance measurement 77

0.0003 T T T T

0.0002 | R — AUb/AI

0.0001 |

Al

0.0000 |
v

«— AUy —>

—0.0001 - .
<

Current [A]

—-0.0002

«— AUy, —>»

—~0.0003 . . . . .
-300 -200 -100 0 100 200 300

U [V]
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- Resistance n

18 _sLM:1_nA:0.75_passes:1_flip:0
e 5um/s
16 | e 10um/s |
e 20um/s

14 | e 30um/s ||
— 12} E
£
L
o
= 10} |
v 1
g 8} !
K%}
"
[
< 6} i

a4l |

2+ ? i i } b

O 1 Il ? ! ? L

100 200 300 400 500 600

Beam energy [n]]

* Resistance increase as power law
- multi-photon process.

» Clear discrepancy at 30um/s. 28.05.24

.
Barrier energy ﬂ

400 . _IsLle_nA50.75_passles: 1_f||p:9

350 { } B
300 } B
250

200 8

Uy [V]

5um/s

10um/s
20um/s ¢ i
30um/s

50 -

=50

100 200 300 400 500 600
Beam energy [n]]

* Reduction in barrier with increased energy.

« Discrepancy at 30um/s.
28.05.24
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= Multiple passes E

3.0 _sLM:1_nA:0.75 flip:0
T e 10um/s(200n))
e 30um/s(400n))
25} R
— 20} ’ 1
€
=
o
=
g 15} ) :
c
(]
ko
3
< 1.0} % } R
05} ¢ |
O'O Il 1 Il 1

1.0 1.5 2.0 2.5 3.0
N passes [#]

* Multiple passes reduces resistance and
increases uniformity of the columns. 28.05.24

.
Multiple passes m

400 . . _sLM:l_nA50.75_fI|p:0 .

e 10um/s(200n))
350 F e  30um/s(400n))

300 - .

250 | R

Uy [V]

150 + 8

100 + .

50 + E

1.0 1.5 2.0 2.5 3.0
N passes [#]

* Multiple passes also reduces Uy.
28.05.24
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1824 With and without SLM

16 _speed:10_nA:0.75_passes:1
e  With_SLM(400n))

14 e With_SLM(300n)) T i
e  Without_SLM(400n))

12| e Without SLM(300n]j) i

=
o
T
I

SLM clearly beneficial to reduce

Resistance [MOhm]
[o4]

6 resistance and barrier potential 1
4l _
21 —— i
0 e . . J

0 100 200 300 400

Ug [VI

28.05.24

i
SLM parallel processing?

ETmEmEmEEEEEEEEEEEEmEmm—————T

Liquid crystal layer
C-MOS circuit

J

Transparent electrode

1

1 1
1 1
I Glass substrate 1
| Pixel L—* . 1
I electrode\ i -,' Incident light 1
1 “i‘ J 1
1 ! Ge I
I | I
: ' B
1 / Y ]
1 f Modulated light |
1 , l
1 1
4 '

4 1
5 .
X
a :
> WE =
= e
c 2
[ C
o £
°
o} o}
8.C Rz}
o o]
€
o
C
0

x/ pixel 28.05.24



F. Bachmair,® L. Baeni,® P. Bergonzo,”) B. Caylar,”) G. Forcolin,®) I. Haughton,® D. Hits, ) H. Kagan,d R.

1824
== 3D Diamond detector fests with
'_ch_) L] L] L] L[]
relativistic charged particles
m Types
m 100x100um cell size ganged to form strips
m 100x100um cell size, bonded to pixel read-out
m 50x50um cell size, bonded to pixel read-out
m All detectors made from polycrystalline diamond.
m Beam tests
m CERN beam line H6 : protons ~ 120 GeV/c
m PS|: pions ~ 250 MeV/c
Thanks for material from the RD42 collaboration!
28.05.24
CHESTER -
2% 3D Diamond prototype
i n
FERD)
25
55 3D mask 3D mask
ﬂg . Pro’rg-iype _ Strip - no with
= - Strip detector with back ] 8 |
side contact 5
= 3D metal only pattern 2 | Z
= 3D metal + graphitic ]
columns
= Cubic cell base size 150pum f“ ;
m 99 cells /RENEVRRN NS NEVEA o8 B VNS NENEY AT AR
= Measure response with )
120 GeV protons. e e I
= Paper published NIMA L L)
"A 3D diamond detector for : <_T cel
particle tracking”, NIM A, 786 (2015) N
I
!

Kass, ¥ L. Li, A. Oh,) M. Pomorski,®) V. Tyzhnevyi,) R. Wallny,®) D. Whitehead,® and N. N9

28.05.24



ty
er

The Universi

MANCHESTER
1824

of Manchest

Analysis steps

U, (3D)=40V
Uy (strip)=500V

|dentify continuous region of
intact cells for analysis.
Exclude contribution of
negative signals.

Average charge
Strip: 16.8ke
3D: 15.9ke

MP:
Strip: 14.7ke
3D: 15ke

3D and Strip show comparable response.

Conclusion -> 3D works!

MANCHESTER
1824
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Test of first 3D
detectors

hPulseHeightVsDetectorHitPostionXY_trans |

column of cell

Rev: 1549
Run 19106

row of cell

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

column of cell

entries a.u.

- 2
11 g ‘ l —20 S
z °
10 |53 [ g o
q & :‘ﬁ.- 3
9 et . E ©
F 15 &
8 @
o
7 - " | 3
o
10
5 (B &
4 -
3 5
2
Ne e

06—

0.4+

e b e e e b

10000 20000 30000
signal / electrons 24

diamond

charge / ADC:

= U,(3D)=75V
m Uy (strip)=500V

m Selected 16 adjacent
cells

28.05.24
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Test of first 3D p
detectors

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

diamond

[ AliCharge_PulseHeight_Comparision_good | [——
Entries 1;::91 71% O f
- 3D 91 Full Charge
L 1 I Strip Collection,
o — H .
8L ¥ corresponding o
E ol Measured ~13 ke
=08 Mean 904
04 Full Charge
02l Mean: 1269 Highest charge
: T, collection ever
0 T ‘2000””‘“"”'““2?60“ - measured for pCVD
o charge / ADC diamonds

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

MANCHESTER
1824

Large area 3D, pCVD, 100x100

In May/Sept 2016 tested the first full 3D device fabricated in pcCVD with
three dramatic improvements:

28.05.24

1. An order 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

28.05.24
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25 Large area 3D, pCVD, 100x100
<% * Largest charge collection to date in pcCVD

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

5500 4
~1800 o ¢
4 35
5000 t
. ) b RD42
- o |E% Preliminary
€ A <
S 4000 < o of A
P S I |
9] o] o |
™ g 1= L
o % 8 -
S 3000 g 10- l “
> o l H
2500 5 ' nLL‘l' ]
: e
2000 °F‘_§$‘g__‘_m_“ 1000 1500 2000 2500 3000
~o charge / ADC
1500 =

x coordinate (um)

28.05.24

=l Pixel 3D, pCVD, 100x100 n

25
%r;s ® First assembly with ROC
=5 chip produced. ~ e
» Bump bonded in Princeton.
= Cr-Au on bias side.
® Ti-W under-bump metal.
® [ndium bumps on sensor.
Bump padss
Columns
Bias grid

{ 3D5$.e_&‘w‘sorf_'boﬁndéd ’rd_R}Offj""f’f’,‘ ;,

o $ o
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Pixel 3D, pCVD, 100x100 ﬂ
IXe , P , X

» Production of first pixel device using CMS readout
electronics.
b1as columns bump pads
R e
bump pad: solder
Ti-w S bump
readout bias
column column
Bias contact: Cr/Au
\\
readout columns -
+ Active region 3x3 mm with cell size ~100x100 um.
28.05.24

MANCHESTER
N n

Pixel 3D, pCVvD, 100x100

i i § - E v
= 3D diamond device and go«- RD42 Preliminary BL :
Silicon reference planar P T ”ﬁw. ;
RS P - g(hit) = 98.5%
= Pixel threshold 1500e. T
= Check hit efficiency over o1 i Fif Resafl |
time. .4 3D Diamond ®. | S 5
] Device WOf'kS! v(JI4 -4::2 (I) szTrackoi‘t[cm] 0 = I00'05I . Il)l):1DI ’ ITivInDeo[r11rE|’:‘mn.1]
T F ]
éo,,'_ RD42 Preliminary bo 3 M A
E [ - 50 § a0 _
o7 oo [ g(hit) =99.3%
L 60 60
o 50 C
L 0 40
T z: 20: Fit Result
L 2/ ndf 6837102
4»4—S|I|con planar g 0 603200
414 0 02 0 o — IDl:l!lJSI — ‘00!10‘ — IDlJI15I *

Track x [cm] Time [hh:mm]
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Next generation 3D Diamond

97

®» Produced 3500 Cell pixel
protoype, 50x50um cell size.

= Sample production:
» Oxford (2x cubic cells)

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

= Bump bonding
®m For ROC (CMS) Princeton. = ... .
m For FE-I4 (ATLAS) IFAE. P ol
» Data taking in August 2017 at A S B

Psl. . MR i s b E e e

| R . ............... '_‘i 28.05.24

MANCHESTER
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First 50x50 um cell 3D Diamond (2017)

RD42 Preliminary

]

g

%

y [em]
Efficiency [%

Track

= Readout with CMS pixel
readout.

® Bump bonding issue in upper
right edge (Indium bump
deposition machine not

Working properly) 4)"0_50_2_0.15.;-0.1—0.05 9. D058 BIE-02
® 4 columns (3x2) ganged s i —
together. F 100
m Preliminary hit efficiency g I
99.2% § 80—RD42 Praliminary
= Preliminary: ol
Collect >90% of charge! i
®» Rate dependence tested with 40}
2 L
10 kHZ/Cm and [
10 MHz/cm2 -> 20 ™ Sateo
no dependence observed. i
G...\\...\\\..\\\.\\\..\
Test Campaign Augzuow?:os 0010 0018 'IPi%g?hh:mm] 24

Run 139: 67 kHzlcn?, 24:52 Min (1000650 evis)
Diamond:II6-B6 @650V | e o
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3D diamond radiation tolerance

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

® Signal reduction:
Planar 45 + 5%
3D 5+ 10%

= Assuming scaling
is similar 3D
should operate
at 10e17 p/cm?

MANCHESTER
1824

Applications in HEP

-
N

—_

—III|I|I|III|I|||II||III

Relative Signal

0.8

0.6

0.4

0.2

et

T

RD42 Preliminary
— 3D pCVD
— Planar pCVD
B T—
C by Ix10™®
8 10 12

Fluence (1/cm?)

28.05.24
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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.

28.05.24

MANCHESTER
N ﬂ

Diamond in current HEP experiments

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

= For Silicon Vertex systems careful
monitoring is crucial.

= Beam monitors have to be radiation
hard. IRl

100001

= Abort beam when monitors signal § 1
dangerous beam conditions. g
® False signals must be avoided. E 100 AS DB
. <
= During run-1 diamond beam ¢ ] spf Particl
monitors operated in ATLAS, CMS, é ! 7 trackers

and LHCb.

1 T T T T ~ T 1 T 1
® Previously diomond beam monitors 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
were installed in BaBar(SLAC), CDF & Year
DO (Tevatron).

28.05.24
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ATLAS beam conditions monitor
m Use 2x polycrystaline CVD pCVD Diamond
diamonds per station Aient MG 62653

(TOx 10 mm).

500MHz (22dB)

Mini Circuits GALI-52 <
1GHz (20dB) =\

m 4 stafions on each side of the
ATLAS pixel detector

m 7=+183.8cm (~12.5ns) andr~5cm -

[MIP

28.05.24
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ATLAS beam conditions monitor

» Single particle counting with
0=0.7ns.

m Distinguish between collision
events and out-of-time
background.

m Good stability
m Used for luminosity determination.

w

— \ T
&2 ATLAS Preliminary

= 1200+ —r—r—r—t— T——r—t—r— . ha - _ 9
& L BCM-V luminosity measurement ATLAS Preliminary | i F ; ll—llCeMV EventOR
§ LHC fill 2085 o 2 v Lucid_EventOR
G 1000 o) v -
5 r 3 £ - e FCal b
=] r 1 2
= 800 S 2 . E
2 r . 2 " .
|7 F L} 3
8 600_— - _lmJ y v "
£ ) gy . 9y LIS
€ ® OR algorithm 15 0 ..- - » -
=3 " £ v
3 = ¥ XOR-Aalgorithm = £ y ° e o

4000 . 4 XOR-C algorithm ] 5 L & o % s 038 o "

ot = AND algorithm 1 _r &0 e & e . :
200 R W v =
1]
O | A R I D kil 2 I I I 1
07/Sep/2011 08/Sep/2011 08/Sep/2011 08/Sep/2011
2900 00.00 0200 04.00 14/04  29/04 15/05  31/05 16/06. 01/07
UTC time Day in 2011

28.05.24



y
er

The Universit
of Manchest

ty
er

The Universi
of Manchest

MANCHESTER
B ﬂ

Run 2;
ATLAS Diamond Beam Monitor

® 8 mini-trackers of 3 planes each using pixel-detectors.
® polycrystalline diamond sensors, 18mm x 21mm, 6>250um.

® bump-bonded to FE-I14 pixel read-out chip.
m 336 x 80 pixels
m pixel size : 50pum x 250 um

m Purpose:

®m Bunch-by-bunch
luminosity monitor
(aim <1 % per BC per LB)

= Bunch-by-bunch
beam spot monitor

28.05.24

MANCHESTER
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Run 2;
ATLAS Diamond Beam

m |nstalled in ATLAS during LS1, but
switched off due to unexpected death
of Si and Diamond modules.

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

180 [~ e

160 ATLAS Preliminary —4— Paired bunches

DBM —4$— Unpaired bunches

—— Gaussian fit for paired
Mean -8.4x0.1 mm
RMS  7.2:0.1 mm

140

Tracks [5 mm]

120F

100)
Data 2015

80

20 40 60 80

DO [mm 28.05.24
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Examples of diamond detectors
in related areas |

® Synchrotron labs
= beam position monitor

Ci i i +Al
graphite glue

® Radiation Therapy ,
» small field dosimetry - o100 3 um thick membrane

PMMA

s in 40 um thick scCVD [1]
. Heovy |On (GS', FAlR) Triaxal

= beam diagnostic 1,
m particle tracking and TOF CVD dosmefer
®m hadron spectroscopy 0.4 mm3 active vol. [2]

[11 M. Pomroski, CEA-LIST, MRS Fall meeting, Boston 28/11/2012
[2] F. Marsolat et al. / Diamond & Related Materials 33 (2013) 63708 05.24

MANCHESTER
1824

Detectors for Heavy lon

In-beam START-VETO detectors for HADES and CBK. 1\\\ )
®» High beam intensities (107 #/s).

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

» Radiation hard up to 10'2 /cm Au ions

| Target | I\]/eto Det.
Start - Halo d —#—— ™ Beam

A

(. HI, TO sensor \

reference detector

Start: SC diamond, Veto: PC diamond,
70 um thickness, 4.7mmx 100 pm thickness, 20 mm x

4.7mm - - 20 mm 28.05.24
J.Pietraszko, 21st CBM Collab. Meeting
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Upgrade for LHC Phase-2:
BCM'" modules

The Universi
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First BCM'™ 3D test structure with
new “cage” design

ity

The Universit
of Manchester

» 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 (p measurement)

= Metallised 3D detector with alternating gongin? (~model) read out in
current mode in RD42 Zagreb Testbeam 06-2021, second version tested
April 2022
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m Dark matter detection via

elastic spin-indepent interaction

with Carbon nuclei.

= Diamond operated as

Eur. Phys. J. C (2024) 84:324
hitps://doi.org/10.1140/epjc/s10052-024-12647-3
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Regular Article - Experimental Physics

Light dark matter search using a diamond cryogenic detector

CRESST Collaboration

G. Angloher!, S. Banik23, G. Benato®, A. Bento!, A. Bertolini' %, R. Breier’, C. Bucci?, J. Burkhart2,

L. Canonica’13®, A. D’Addabbo?, S. Di Lorenzo', L. Einfalt>3, A. Erb®!°, F. v. Feilitzsch®, S. Fichtinger?,

D. Fuchs!, A. Garai', V. M. Ghete?, P. Gorla*, P. V. Guillaumon®, S. Gupta?, D. Hauff!, M. Jeskovsky®, J. Jochum’,
M. Kaznacheeva®, A. Kinast®, H. Kluck?, H. Kraus®, S. Kuckuk’, A. Langenkiimper', M. Mancuso', L. Marini*'!,
B. Mauri!, L. Meyer’, V. Mokina?, M. Olmi*, T. Ortmann®, C. Pagliarone®12, L. Pattavina®$, F. Petricca,

W. Potzel®, P. Povinec®, . Probst!, F. Pucci', F. ReindI>?, J. Rothe®, K. Schiiffner!, J. Schieck?”, S. Schinert®,

C. Schwertner??, M. Stahlberg!, L. Stodolsky’, C. Strandhagen’, R. Strauss’, I Usherov’, F. Wagner?, M. WillersS,
V. Zema!

CRESST-II $i 2022 — Detector 1

cryogenic calorimeter.

m Reach of first prototypes is
comparable to CRESST silicon

SEeNSOrs.

= Promising if scaled up (mass,
time, background shielding)
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m Sensitive to
dark maftter
and ALPs.

m Predictions
forTkgY”

Dark matter particle-nucleon cross section (pb)

— w2 eeee- CRESST surfaco 2017
10° T 102
107 110’29§
0% 110"‘”%
10°F 4107
10'f o2 8
10°F 10> §
102f q0* g
10 10 £
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1007 020 i 0% §

.3 1 3
Dark matter particle mass (GeV/c?)

Fig. 5 Exclusion limits for the elastic spin-independent DM-nucleon
scattering cross section at 90% CL, calculated for detector 1 (blue) and 2
(red) using Yellin’s optimum interval method. In black, the previous best

above ground exclusion limits of CRESST are plotted [17]. In green, the
best exclusion limits below 0.160 GeV/c? from CRESST underground
measurements [4] are plotted as a benchmark reference

Physics motivation

28.05.24

PHYSICAL REVIEW D 99, 123005 (2019)
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FIG. 4. Projected reach at 95% C.L. for absorption of kineti-
cally mixed dark photons with mass greater than 1 meV. The solid
black curves indicate the expected reach for a kilogram-year
exposure of diamond. Projected reach for germanium and silicon
[45], Dirac materials [10], polar crystals [12], molecules [82], and
superconducting aluminum [9] targets are indicated by the dotted
curves. Constraints from stellar emission [83,84], DAMIC [85],
SuperCDMS [72], and Xenon [84] data are shown by the shaded
orange, green, purple, and blue regions, respectively.

* 1kg high purity synthetic diamond costs O(1 M)

107

Xenon100 a-yy

10-10

10-11

ace = Ce Mel fa

1072} Al

10-13

Diamond

QCD axion

10714 :
001 0.10 1 10 100 1000
my [eV]

FIG.5. Projected reach at 95% C.L. for absorption of axionlike
particles. The reach of a kilogram-year exposure of diamond is
shown by the solid black curve. The reach for semiconductors
such as germanium and silicon [45] and superconducting
aluminum [9] targets is depicted by the dotted magenta, purple,
and gray curves, respectively. Stellar constraints from Xenon100
data [88] and white dwarves [87] are indicated by the shaded red
and orange regions, respectively. Constraints from loop-induced
couplings to photons are presented in the shaded blue and green
regions [89,90]. The QCD axion region of interest is indicated in
shaded gray.
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landscape

Current Diamond TES

PHYSICAL REVIEW D 99, 123005 (2019)

= Relatively new field.

= Diamond proposed as a
DM detectorin 2019.
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Why diamond?

m Operation as Transition Edge Sensor
(TES)

= W Al metalisation

= Diomond has high Debye
temperature:

= high thermal conductivity
m excellent phonons transport.

® [ight nucleus (A=12)
= probe lower DM masses

Diamond

d

for direct d

Noah Kurinsky,"? To Chin Yu,** Yonit Hochberg,” and Blas Cabrera®
!Fermi National Accelerator Laboratory, Batavia, lllinois 60510, USA
*Kavii Instite for Cosmological Physics, University of Chicago, Chicago, Ilinois 60637, USA

‘Department of Physics, Stanford University, Stanford, California 94305, USA

of sub-GeV dark matter

*SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA
*Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel

® (Received 5 February 2019; published 10 June 2019)

We propose using high-purity lab-grown diamond crystal for the detection of sub-giga electron volt dark
matter. Diamond targets can be sensitive to both nuclear and electron recoils from dark matter scattering in
the mega-electron-volt and above mass range as well as to absorption processes of dark matter with masses
between sub—electron volts to tens of electron volts. Compared to other proposed semiconducting targets
such as germanium and silicon, diamond detectors can probe lower dark matter masses via nuclear recoils
due to the lightness of the carbon nucleus. The expected reach for electron recoils is comparable to that
of germanium and silicon, with the advantage that dark counts are expected to be under better control.
Via absorption processes, unconstrained QCD axion parameter space can be successfully probed in
diamond for masses of order 10 eV, further demonstrating the power of our approach.

DOI: 10.1103/PhysRevD.99.123005
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Tungsten squares ET06-W2 at 31.6 nA
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Fe 470
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Summary

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

® Radiation hardness and rate dependence has been
studied.

m 3D diamond has been demonstrated to work.

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

28.05.24



