gmx.nmn::l T %/ J
: : ﬁER\Jw X Intelum
BICOCEA |

ASCIMAT

Inorganic single crystalline fibers

Growth, characterization and applications

Kristof Pauwels

University of Milano-Bicocca (ltaly)
CERN (Switzerland)

ASCIMAT School on Advanced Scintillator Materials September 12th 2016



t?

What is

AS in previous tal

inorganicjsingle crystal ine
As opposed to organic fibers R

=> not “standard optical fibers”!
> The specificity comes from their shape!
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The basic idea:
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Shaping crystals is not easy

bt
TJ i\/

And it supposes to grow large quanties!
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The micro-pulling down (uPD) technique allows
growing single crystals of small diameter

S

interface
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Micro-pulling down (UPD) combines
multiple advantages

Diameters 300 pm — 3 mm
» Lengthsupto2m
= Multiple geometries for capillary die QOO

» Fast pulling rates

Fast prototypin
- Multifibers pulling possibilities (in parallel) prototyping

_ . _ Reduces the price
» Cost effective wrt traditional growth techniques

However, cutting and polishing technique recently
made a lot of progress, uPD not the only approach
to consider !
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Fibercryst

Cutting
&
Polishing

Square fibers 1x1x10mm?3
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Crystal Fibers are very useful
for fine segmentation

Scaling down

Multi-functional
PET scanners / heads (méta-)materials
o I

(0.71x0.71x15) mm’

-----

Especially in HEP
Compact laser
rods/modules
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Applications
In High Energy Physics (HEP)



Influence of the particule type

Standard calorimeters have a conversion factor which depends
on the particle type (photons, leptons or hadrons)

j electron

neutron

|
I
!
e /et  /

5\%‘&\‘ ¥‘ Heavy
égétﬁk%‘ fragment # e\
ol b@&é\x G \ N

HADRONIC EM
COMPONENT COMPONENT

The fluctuations in the electromagnetic fraction (fem) of the
shower then cause fluctuations in the calorimeter response
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How to identify a particle?

Option 1
Track them!

Parficle Flow approach
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Option 2
Check their speed!

Very convenient speed
controler for particles:

Cherenkov light

Dual Readout Approach



What is Cherenkov light ?

Cherenkov light is emitted when
charged particles travel faster than the
phase speed of light in the medium

For high energy calorimeters, leptons can be
discriminated since they are more likely to emit

Cherenkov light (as compared to hadrons)
- el S
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High

Dual readout: density!

{Scinﬁlla’ror + Cherenkov radiator}

Homogeneous detector Sampling calorimeter

with both scinfillators and
Cherenkov radiators

with an optical or fiming
separation of signals
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Example. PbWO4 crysfals DREAM collaboraﬁdﬁ |
CMS ECAL [TDR 97] [Wigmans et al. NIM-A 617 (2010)]

Problem: Non strict separation... | Problem: sampling fluctuations
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Extrinsic scintillators with no doping
can be efficient Cherenkov radiators!

Material with: Doping centers with:

- high refraction index - high light yield

- good UV fransmission - fast decay
Cerenkov radiator Scintillator

[Lecoq IEEE TNS & JoP 160(1) (CALOR) 2008]
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Example of chosen material:
Lu;Al;O,, (LUAG)

p=6.73 g/cm3, X,=1.41 cm, A,;=23.3 cm

E. Auffray et al., NSS 2009 p2245
E. Auffray et al., TNS 2010 57 (3) p1454

Cherenkov radiator

Transmission cutoff 250 nm
Refractive index (250-650nm) 2.14 — 1.84

Energy threshold 97 keV
Photon yield 1400 ph/cm
Ce3* Pr3*
Light yield (ph/MeV) 30 000 15 000
Emission 520 nm 350 nm
Decay 70 ns 20 ns
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http://dx.doi.org/10.1109/NSSMIC.2009.5402064
http://dx.doi.org/10.1109/NSSMIC.2009.5402064
http://dx.doi.org/10.1109/NSSMIC.2009.5402064
http://dx.doi.org/10.1109/TNS.2009.2036613
http://dx.doi.org/10.1109/TNS.2009.2036613
http://dx.doi.org/10.1109/TNS.2009.2036613

Predictions for detector performances
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G. Mavromanolakis et al., Journal of Instrumentation, 6 p10012 (2011)
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Fiber Characterization
... how to maintain
performances ?!

The fiber geomeiry is dominated
by surface effects/defects



Fiber Characterization

« Radial uniformity



The radial distribution of the dopant
has to be checked

Luminescence under X-rays "
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> |t is also the case for crytals grown as ingots (Cz,Bg) but the
non-uniformities are uvsually removed (cut out).
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This non-flat distribution of dopant yields a
non uniform response of the fiber

LA .

Light output (photons/MeV)
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Ce3*radial segregation can be miminized
e.g. with the puvulling speed

LUAG:Ce LUAG:Ce
Speed: 500 pm/min Speed: 350 pm/min

> 1’0 > 1,0'

B o8] % 0,81

G) b

£ 0,61 £ 0,61

E 3

N 0,4' 2‘ 0’4-

< ]

£ 02 £ 02

o (@]

Z 0,01— : : i . Z 05 T T T T
08 -04 00 04 08 -08 -04 00 04 0,8

Diameter, cm Diameter, cm

XU X., et al., Acta Materialia, vol. 67, p. 232-238 (2014)
V. Kononets, et al., Submitted to journal of crystal growth ( 29 july 2015)
S. Fara,et al., SCINT2015 conference, June 2015
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Fiber Characterization

* Longitunal uniformity



Any problem during the growth translates
into a loss in optical quality
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The light propagation
has to be controlled

900 -

Distance (cm) Distance (cm)
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Misalignments & surface defects
influence the attenuation curve

With fiber axis misalignments

Vertical misalignments l/lg

o

Surface defects
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Readout on both sides
cancels out the fluctuations

Scintillation light is isotropic
(equally emitted in all directions)

Regardless of the amount of light generated,
the same amount is shared between left and right

50% 50% 50% 50% I
D — — D — —
50% 50%
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This seperates the light propagation
from the light generation

Attenuation (light propagation)

1

/ 0

900 — Right signal

Left signal

0 20

Distance (cm)

Uniformity (light generation)

0 ] \
° Distance (cm) 20 . IJ ‘} !

Possible reasons: cracks, gradient in
dopant concentration, non smooth
extension of the growth chamber... ° |

Distance (cm) 20
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Example of setup for LUAG/YAG

crystal fibers

SYNC OUT

SiPM1

Amp L

x180

TRIGGER IN
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“:izo nm l
ards

SiPM1

Aexc=470 nm

Aem:Sh
towar

SiPM2

Desktop Digiziter




The growth parameters directly affect
the optical quality of the fibers

By reducing the Cerium Concentration By reducing Growth speed

[ —
I 350 ym/min
ENS > e R " I
o~ Low Ce3* = 08} P
£ 25 = [ e e,
o e & . iyt . 300 ym/min
< € 06} .
g * o [ .
E 15 ' GN') 04_ . t-'!.-.'
+ ¢ H 3+ = 4ar .
5 ¢ High Ce g : .
S s * s 02t %
¢ > 500 pm/min 'o.' .
2 VT — 00! e " Sheesseung
0 10 20 30 40 50 60 70 80 90 100 110 9 4 8 12 16 20
% Ce:LuAG/Blanc LuAG Distance (cm)

XU X., et al., Acta Materialia, vol. 67, p. 232-238 (2014)
V. Kononets, et al., Submitted to journal of crystal growth ( 29 july 2015)
S. Fara,et al., SCINT2015 conference, June 2015
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Best results are obtained with fibers
cut out from Cz-grown ingots

LUAG:Ce YAG:Ce
1.0\_ - “
2 081 2 08-
§ ‘ Att: 87cm § ‘ Att: 71cm
YAG1
£ 06- £ 061
= = YAG2
b . ® YAG3
N 0471 W LuAG 1 N 041 . yaca
& | * LUAG2 € 1 + YAGS
s 921 + LUuAG3 S 0271 <« YAG6
Z v LuAG4 - > YAG7
0 — S — 3 —
0 2 4 6 8 10 0 2 4 6 8 10
Distance (cm) Distance (cm)
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This parameter is important because it
drives the detector performance!

_ Energy resolution
Example of calorimeter: (Stochastic term)

Equipped with 1x1 square fibers (YAG) . T
embedded into an absorber (W-Cu) :
48% L :
VE
—' 20% B 0 |
_____________________ VE | B _
5c:m | 1m " Attenuation length
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Fiber Characterization

 Light output



Not easy to “find the photopeak”!

LUAG:Ce Crystal (Czochralski) LUAG:Ce Crystal Fiber (UPD)
2000 (D% IX §rTIM) 2000 ——— (P2 % 80-mm3)

=
a
o
o

Counts per hour
5
8
Counts per hour

1500

1000 |-

500 + 500 F

100 150 200 250 300 350 400
Photoelectrons

0 M 1 M 1 M 1 1 M 1 N 1 N
0 500 1000 1500 2000 2500 3000 3500 0 50
Photoelectrons

The radial and longitudinal non-uniformities observed previously
sum up and make the measurement of the light output very difficult.
In addition the small section of the fibers make lateral measurements
more difficult (less stopping power).
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Reading both ends of the fiber
and tagging the particules helps (a bit...)

600

450 +

Counts

300 -

150 | [

Pulse area (nVs)

Left Omm
Left 10mm |
Left 20mm | 450 -
Left 30mm
Left 40mm | i2
Left 50mm - S 300t
Left 70mm 8
Left 78mm |
150 -
0

600 —

— Right omm
— Right 10mm
— Right 20mm |

Right 30mm
— Right 40mm |
— Right 50mm
— Right 70mm
— Right 78mm |

Pulse area (nVs)

.| Coincidence crystal

m NA22

SiPM1 I

I SiPM2
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Summing the signals compensates
for the light attenuation

250 T T T T T T T T T T T T T T T T T T
1 —— 0mm ] 100 -© -
i —=—Left |
200 —s—Right
| o 801 —o—Sum |
< _
¢ 150 S
S 100 S w0l _
_ S _
>
50 Z 20} ]
O 0 1 . 1 . 1 . 1 . 1
0 2 4 6 8
Pulse area (nVs) Source position (cm)
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Example of Light output measurement

800 : :
ool 110 phe |
@ @ 511 keV Seems low...
% 400 -
© 200 But for HEP this means

>200’000 phe per GeV deposit!

0 50 00— 150
Number of photoelectrons
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Based on Left and Right signals
the interaction point can be computed

o o
A O

Normalized signal
log(Left/Right)
5 O o o
N O DN

o O O
~

-0.6

10 5 0 5 10
Distance (cm)

0
Distance (cm)
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Light attenuation in LUAG fibers

Normalized intensity

Distance (cm)

Teflon wrapping does not
improve light attenuation
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Normalized intensity

Normalized intensity

10}

0.2}

0.0l

10}

0.2f

0.0l

0.8}
0.6}

04f

® c31 none
e 31 black
c31 teflon

0.8}
0.6}

0.4}

e C24 none
c24 teflon

Distance (cm)



Selection of the collection angle

&W\V

The collection is affected by More light here
wrapping/coating conditions But... what light ?

It is was investigated here by changing
the out-coupling conditions

Coupling with

) Air 1.5mm Air 3mm
optical grease

- |
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Light attenuation as function
of the collection angle

1.0}

Normalized intensity

0.0l

LUAG crystal 2x2 mm

0.8}
0.6}
0.4}

0.2}

Dry coupling

Coupling with
optical grease

Distance (cm)

Normalized intensity

1.0}

0.4

0.0l

LUAG fibers $=2 mm

0.8}

0.6}

0.2}

Coupling with
optical grease

Distance (cm)

The reduction of the collection angle yields better A
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Fiber Characterization

 Radiation hardness



A good radiation hardness
for bulk crystal (YAG)

<100 ~100— T - T T : -
& - I : ! ! ! ! ! !
c - c
9 90 e S S o
[7)] w
2 )
£ £
[72] 7]
C C
© ©
S | -
(= [

”””””””””””””””””””” YAG:Ce - 2960
S TS DU | I before :
| | — after 1 kGy ]
********* - —— after 100 kGy

**********************************************************

! c70] A R NN SR S YAG:Ce - 2948

before

———————————————————————————————————

after protons 10" cm2 !

| | | - | 4I Ll | L1l | [ 111 | L 111 | [ 111 | L 111 |
00 350 400 450 500 550 600 650 700
Wavelength [nm]

\: | | (. i L1l i L1 11 i I i . i . i %
300 350 400 450 500 550 600 650 700 03
Wavelength [nm]
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Same behavior in YAG
crystals shaped into fibers

S, 1.2 e >, 1.2 ‘ ———
% | y-irradiation % | Proton-irradiation
5 | 5 |
[= 1% E 1% 00000 .
T P oS weetetetvtes
N g -""':'\x::: s N g
g 1 Tl R
2 o6 2 06f
? YAG:Ce fiber I YAG:Ce fiber
] e S .
- —— Before - —. Before
i —— After 1 kGy L ‘.
02 —«— After 100 kGy 02r *— After 10 cm=-
OO Il 1 1 2 | L L 4 1 il 1 é L Il 1 é 1 L L 1‘0 Il OO 11 L1 11| L2J 1 1 13J L 4 L1 5 L1 6 L1 7
Distance [cm] Distance [cm]
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A moderate radiation hardness
for fibers grown by yPD (LUAG here)

)OO kGy gamma

100 kGy gamma

100 kGy gamma

N\

100 kGy gamma
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Radiation hardness is a requirement

Example: HL-LHC @CERN (~2025)
= lonising radiation dose 1MGy
= Charged hadron fluences up to 2.10%4 p.cm-? % e

;;;;;
CMS Preliminary Simulation CMS protons 7TeV per beam

2012 FLUKA geometry Dose at 3000.0 [fb-ll

300 le+07

le+06
250

le+05
200

le+04

= >
£ A
S 150 0
o le+03 9
W 5 i I B B R B | n
1005
le+02
50
le+01
% 100 200 300 400 500 le+00
Z [cm]
FLUKA nominal geometry 1.0.0.0
le-01
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How to assess the performances
of the fibers for HEP detectors ?

=>Prototyping & Test Beam



First prototypes

_ YNov. 201 d
Blocks of fibers —

40 fibers (L=8 cm)
Scint+Cherenkov -

' Results dominated by
a rather strong light
attenuation in the fibers

Change of approach
- Use of a brass absorber W
- Small selection of fibers (4!)

- Length of 22 cm (~PBWOA4 crystal in CMS)
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Prototype as building block

Eleciron beam
E=50-150 GeV

Fibers selected

5 LUAG fibers with highest concentration of Cerium
3 with lower Ce concentration

| undoped for Cherenkov signature
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The energy deposit in the 9 fibers scales
with energy (even if unit is of small size)

E ;5000 | | i i
S0.14 % " | |x2/ndf 0706873 ? _
I 24000;..,..w,,.;.,, po 8698+ 288 | o iy Tl
© 5 S ||p 2631:3226
0.12} £ ? f %
i T 3000
5 £
" 3
0.1; E

0.08/

0.06]-

1 |- |- Ll I 1 1 Ll l |
60 80 100 120 140 160
Beam energy (GeV)

0.04]

0.02 136/ 47 Obtained after

intercalibration of

0 1000 2000 3000 40["] 5[]00 6000 7000 .
Reconstructed amplitude (a.u.) the 9 fibers

M. Lucchini et al, JINST 8 10017 (2013)
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A lateral segmentation can be seen

Electrons of E=80 GeV ‘

4000

3000

+

8 SR U —

2000 % + R

+ +4+

T
+
+

_ + _
1000 + St ]

rty T ++
+4+

rl- +++++ I I++++ + it

O 1 , , 1 , , 1 , , 1 , , 1

-6 -3 0 3 6

Y position (mm)

Number of photoelectrons
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Extrapolation
to better sampling fractions!

|
\ 4 N 4 . v N .
QOO0
& y N y /i) /)
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Scaling up!
64 LUAG fibers (56 Scint. + 8 Chergnkov)

<
Q
q
0O
>
X
o
M

“/

i

RRRREARNS

‘ b
W

o000 T

o

Individual readouts
8 x 8 ch SiPM arrays from KETEK

Area =2.2x2.2mm? Rec. time: 30 ns 2x 32 ch
(12100 cells of 20 um) PDE ~ 20 % PADE boards
. for data acquisition

(and SiPM bias)
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The fuII experlmen’ral setup

\

LED light
injector

3x3 BaF2 cryéfal matrix
(tail catcher)
‘.‘q":\

—
-
-

]

’,&.
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Some results obtaine with this prototype

electron beam from 2 to 16GeV

Good separation of

scintillation/Cerenkov pulses Energy scan

T-1041 test beam data J " y ~ _
1 o ik B I A L N L (N E B RO LS i ©2200F -
E “Cerenkov - & o t
=9 B - =4 GeV
§ osl (LUAG)
R - - 8GeV
2 0.6 - --16 GeV g
0.4 -_ % :
; o ’ | s
ok Scintillation - = T
= . = L
: (LUAG:Ce) 800F i
0 ]
-0.2
o o606 500 400 500 600 A P PR U UL SN ORI PO OO
o e 20 30 40 50_ 60 70 80 90 100
o Position of layer [mm]
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The 64 fibers allowed
a mapping of the beam

— 16
> |
%) E 5 5 5
O 14 i ] i : Sy R 2o T .250
B : : :
L E E E E
12 [ ; . i e —— sntaetae nEEREEEED L —
© . : : ; | ; | —1200
2 10 g g g ] S ... I
m ] H ] H H
—{150
—{100
50
0

Layers of Fibres (z)
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Particles can be identified
based on the beam proflle

5 % ' 8 GeV Beam I,jr5

—40

- 135
-

40 :
- —30

30 1525

threshold: 20 fibres with || =20
S >10 U(ped)

IIIIIIIIIEIIIIlIIIII
C

20

10

10F

Olllilll.tlllilll.tlllilll0

0 2 4 6 8 10 12
Total Energy [GeV]
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Predicted performances (Geant4)

Expected performance for a 1x1x3 m3 calorimeter:
big enough to have ~full containment for e/1r

Shower shapes

o/E

50 GeV electrons 50 GeV pions

1
1000f— J 1o
500} : 10%

SR e A 1 M 1

107

IJIIII!
I1I1lli

E;f!.ﬁfﬁ'.fffffffjfffﬁfﬁfﬁfﬁfﬁffffﬁf:ff

10° =

_UE ................ 3 6; ..... {_@0023 ....... reSIduaI eﬁect Of

o/E = 13%/{E ©0.012 T
e transverse non uniformity

1 10 | |1|02
. * electrons “see” the fiber position
particle energy (GeV) can be corrected for
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Towards a grid configuration

Possible evolution of the design

Could be used for
vertices reconstruction

Longitudinal
segmentation:

16 mm
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Pushing for better performances
with square fibers (cut from Cz crystals)

Choice of geometry : SPACAL# Tested @ MAMI (Mainz, Germany)
(Spaghetti Calorimeter) |

Tagged photon beam
from 56 to 766 MeV | '\\

s\\

|

1\
/"'/»7/‘ A
NPT MY | k\

Mixed with W
Absorber

Tagged photon beam

LUAG Square fibers 1x1x10mm3 E=0.056 to 0.766 GeV
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A larger SPACAL module also

measured at CERN

e -

YAG square fibers
in a W-Cu Absorber
(stacked grooved plates)
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Electron beam (pointing)
E=10-200 GeV




A larger SPACAL module also
measured at CERN

Absorber 'block:.

- Total dimensions 60x60x200
1235 square 1.1x1.1 mm2/ 1.8mm apart
- 3ryintransverse size

front

beam

W-Cu
absorber
(plates)

Fibers
- 200 YAG fibers (two layers of 10 cm) in
.. central module
noers - 1000 plastic Kuraray fibers around
Kurar - 9 PMMA cones for light collection
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Measured performances
and expectations!

’-Ef ' The measured energy resolution has a
: ;% dominating constant term of ~ 6%

1

I Could be further improved to:

LA
“ N IR G oE _ 19% +2.7%
UA_.,'.‘,'LJ___G;'L/ ptaiNa . d E \E
Eonree (GaV)

§ | This requires:
g - all channels are filled with YAG
- the intercalibration is more accurate
g - the beam spot better restricted

[ VA T TR T ———

beam energy (GeV)
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BONUS



What does a test beam facility look like ?
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Test beam facilites @ FNAL (lllinois, USA)
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