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Introduction

& At the last CALICE meeting, Graham showed our uniformity measurements of ATLAS
TileCal tiles with SiPM readout

® \We got interested in this because SiPM readout of TileCal tiles provides more details

on hadron shower shapes than the collective readout with a PMT = If successful this

justifies a proposal for a TileCal upgrade and it provides a new approach for hadron
calorimeters at future hadron colliders
® Brief discussion of our plans

& Graham also showed first uniformity measurements of
hexagonal tiles read out with MPPCs

® \We consider them for an AHCAL since less tiles need to
summed over wrt square tiles = better S/N

® Show light yield of hexagonal tiles with 3 SiPM readout
schemes compared to that of square tile

€ In the fall 2019, we started to test 4t generation MPPCs from Hamamatsu
® Gain versus bias voltage
® |V curves
® noise

- @ afterpulsing
S
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Work in black box
Use MIP of electrons from 20Sr source
MPPC is loosely coupled to tile

Trigger on second tile

Record 50k waveforms

Measurement Setup

HDO6104

——— trigger
ochannel 4
HV2 LV2

ochannel 3

trigger MPPC preamp
N dchannel 2

MPPC

tile -olchannel 1

[ 1 preamp

table @
r
TR, HV1 LV1
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Signal Recording
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& We have 11 working MPPCs from Hamamatsu (2 of each type)

Sens.area 1.3x1.3mm2 3 x 3 mm?2 1.3 x 1.3 mm?
Pixel size 10 pu 10 n 15

# pixels 16675 90000 7296

V, ~43.4 43.1 41.6

Dark rate 120 kHz 700 kHz 120 kHz

gain 1.8x10° 1.8x10° 3.6x10°

C at Vop 100 pF 530 pF 100 pF

& Photodetection efficiency is high for green light 35%

from Y11 fiber and UV light from BC404

cy
N W
® R

N
*

& BC404 has maximum wavelength at 408 nm

Photon detection efficien

& Photon detection efficiency of 10 um pixel is
about half of that of the 15 um pixel sensors

NS G. Eigen, CALICE meeting Montreal, March3-5 2020
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40000
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perties of 4" Generation MPPCs S14160
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Gain versus Reverse Bias Voltage V,

Gain

Use 20Sr source on hexagonal tile read out with fiber and S14160
Determine peak of photoelectron distribution a0
Extract gain from distance between 2 adjacent photoelectron peaks o
Gain can be fitted with linear dependence, slope = 0.002/V e TR
Deviations from line may come from small temperature fluctuations

AL L L B B € Atnominal V,=43.4 V: G=1.8x10°

- S14160-1315 ]
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Gain versus Reverse Bias Voltage V,

€ Four all S14160 sensors the gain depends linearly on V, in the 40-50 V range

slope=0.00106/V £, 41,

Vbreak=38-5 V. ©
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& Measure IV curves

S14160-3010

of S14160-3010/15
sensors in comparison

to that of S13360-3025
sensors with Keithley 2400
source meter

& For the nominal V,

the dark current is
rather low

S14160-3015

€ For the 4th generation

MPPCs the nominal
bias voltage is about
15V lower

S13360-3025

G. Eigen, CALICE meeting Montreal, Marc
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Measure |V curves of
S14160-3010/15 sensors with
Keithley 2400 source meter

Since one sensor is in Prague and
the other one broke, we have no
comparison

S14160-1315

#293 is dead

For the nominal V,, the dark current

is rather low

For the 4t generation MPPCs, the

nominal bias voltage is about 15 V lower
#411
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Dark Current vs Reverse Bias Voltage

€ Determine noise from the rms of the photoelectron peaks without source

€ Noise increases rapidly with increased reversed bias voltage

& Fit to second-order polynomial looks good
S14160-1315
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Dark Current versus V,

& Fit single photoelectron

peaks with Gaussians — S 1416051S1Y N s S14160-1315
and plot their width as £ 022F o ° I ;
g O - o®® = = . K ]
a function of V,, TP N 3 8 %%
: a 016; é cD“ 04; "“..' E
& For the nominal V,, 0.14F = g
the width is close to v E 03 E
the minimum 0.08F E Y A E
0.06F = -
& Forlarger V, the 8:8; nominal V, E 0.1 nominal V, E
fcreases R e
q uad ratlcal Iy Bias Voltage [V] Bias Voltage [V]
€ Fit to second-order $14160-3010 $14160-3015
polynomial O — — B
@ - - o 1~ S -
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o C ] o L o i
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Path to Afterpulsing

€ We determine the pe spectra from the waveforms in 2 ways

® integrated charge Q . | Graph
® magnitude of the peak Apeax o N ; :
€ We analyze the scatter plot of : =t
Q versus Apeax “f
€ Signal without afterpulsing lies on the diagonal gt “\- —
€ Signal with afterpulsing is Q hSpecPe2D
; i o ; Entries 50000
shlfte.d upwards since wave | Moanx 0008554
form is broadened due to = {Meany  0.1496
i Std Dev x 0.005228
delayed secondary signal oy DZZ; 0.00436
10?
& Set slope with 2pe & 3pe peaks
@ Dashed line is chosen to be in
valley between the 2 regions
= best separation 10
€ Redo analysis for region below
dashed line offset -o1
1
1.1 1 1 l 11 1 1 [ 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l 1 1 1 1 l L
0.005 0.01 0.015 0.02 0.025 0.(2 0.035
5““%}, X peak
’i%cwé” G. Eigen, AHCAL 2019, Hamburg, December 16-17 13



New Afterpulsing Study

e started to look at afterpulsing for S14160 sensors, plotting Q vs Ao«

& We have the waveforms for all sensors from the gain measurements

Vb =43.33 V h_2d
O 8 _I T T | T T T | T T T T T T T T T T T T T T Entries 50000
Z Meanx  0.04612
7 Mean y 1.409
- Std Dev x 0.02363
Z Std Devy 0.7632
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e distributions look strange, something is wrong, except for S14160-1310 afterpulsing

s
looks very large
| do not trust this!
& We need to check
the trigger, as
there seem to be
uncorrelated hits
& We will remeasure
these
=

Afterpulse Probability [%]

Afterpulse Probability [%]
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Tile Wrapping and Readout

Tiles on top and bottom are wrapped with 2 layers of Tyvec paper
Use 2 layers of Teflon tape on sides
Readout hole in Tyvec is 1 mm

Green fiber is Y11 from Kuraray

For readout we use the Hamamatsu MPPC S13360-3025 as well as 4th generation
MPPCs: S14160-1315, S14160-1310, S14160-3015 and S14160-3010

B

>
—

o

L

14160-131
T SRR S13360-3025

"é%:g& G. Eigen, CALICE meeting Montreal, March3-5 2020
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Comparison of the 3 Readout Schemes

SiPM read out with fiber

& Hexagonal tiles read out with 3x3mm?2 MPPC 200

(P&)most provae =16.0

1801 =

& For side and center readout, use 1 mm hole, fiber 4¢oE E

is at a corner also 1 mm 140 =

4y , 1201 =

& Measure center position of tile 100E E

® For readout with fiber Bof- =

® For readout on the tile center 601 -

® For read on the tile side 401 =

\ 200 E

& Measure high light yields [ I - oy -y W

SiPM’s mounted on the side SiPM’s mounted in the center
400~ T T T T T

350 (P€)most probable =9.6 = 400 T L

- 3 3501 (pe)most probable = 7.1 -

300 — - ]

- ] 300 —

250 — - =

C ] 250:* E

200 E 2001 -

150F E 150/ =

100} - 100F- E

50~ = 50 -

\QERSI - .: El L N | . E
3 05 B 55 04 05

PO NS O SR S T MR
5@3; % 0 0.1 0.2 0.3 0.4

\G
% ),
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iformity Measurement of Fiber Readout

€ Rewraptiedueto E °F g 0F
rather non-uniform £.4.5F E X
behavior > 4E = SR
& Center point 3'55 -
is used for 3k -
normalization 25
& Except for light 2F -
yield at fiber end 1.5 E
all other point 1= = /
have a mean light - . source
: 0.5 — .
yield of - - positions
(101.7 £1.0)% T T S S S S—
WrtcenterLY UL L L L B rrrT T T T T T T EELLL L L L B L IR B B B
140 Projection in x - 140 Projection iny -
€ Uniformity - - i
within ~ £10% 1201~ . 120 : E
except for value e o : ; ; —
value at the fiber : - e T
end (~20% higher) & - sof .
60[- - eol -
A E S A T T B KR B T B Y S V-
&2 G. Eigen, CALICE meeting Montreal, March3-5 2020  x [cm] vicml 18



€ Center point 4.5
sees ~1.2 times 4
more lightwrt ¢’
average L,

>

yield at tile center

5
3
& Excluding light 2.5
2

center,
5

tile center,

rmity Measurement of Center-mount MPPC

all other 1 —i S
mean light 05 = sositions 0.5cm
yield is 0 T steps
(86.2 £2.4)% 0 1 2 3 4 5 6 7
i R queqtgqn '.”. ;g IIIIIIII X [Cm] PrOJectlon |n y
€ Uniformity 140 - 140f -
within 6% 1201_ 1 o E
except for - - i
value at the 100 T 1 100f T -
center . ) ) _ _ . .
80_— : — 80_— . * ® o
€ Need to enlarge N i .
60— — 60— —
. dimple! ; [ ]
S [, B | B |
‘ TSNS N S S Totw S S B S R B N
& G Finen CAIl ICF meetina Mantreal March3-5 2020 [C } viecml 19



ormity Measurement of Side-mount MPPC

7

& Mean value of fitted %
Gaussian for each =
position is divided by
the light yield measured 5
at center position

® Note theincrease 4
in the number of
PE’s in the right
most bin near MPPC 5

6

140.047

& Excluding point near

MPPC, average relative
light yield is (94.6+£1.5)%

SI) urce

positions

v b by by (ORI Lovv b by vy
OO 05 1 15 2 25 3 35 4 45 5
€ Uniformity within ~ +7% | x[em]
except for value at the Projection in x Projectioniny
readout side 1401~ © o 40 . -
: 1 o :
& Position at readout ' ] ' ]
position is enhanced by  "°—* . : . —
1.48 wrt average value s B . ) E
60; - 6o ~
§¢’E'Rs’2_~{n L \ \ \ \ \ \ \ \ \ ] - ! ! ! I RN
@ 9 005 115 2 25 3 35 4 45 5 T T2 3 4 s 6 7
{GER> P Cinan PALILE nmaantin~a Mantranl MAavralh2 E 2NDN X Tcm] v [eml 20



iformity of Square Tile with Fiber Readout

& Mean value of fitted

Gaussian for each =
position is divided G 29
by the light yield >

measured at the 2
center position

& Most probable light yield
at the center position 1

(pe)most probable =19.4 pe

& Average relative light
yield is (78.2+1.2)%

A

. o) source
determined from upper 0 05 1 15 2 25 3 35 4 45 5 positions
and lower row X [cm]

soprrrerrolECtON N X o rr . PrOjectioniny

€ Uniformity is within +7% .- 1 taob E

1301 4 130f =

€ Right-hand side of 1205 E E

middle row is ~15-20% 1o ERRS E

higher 100F N e ‘ E

901 . 1 % . E

80— . : ] LS R S . —

R L T S B S
&2 G.Eiaen. CALICE meetina Montreal. March3-5 2020 X [cm] ) - ylem] 21



ATLAS Tile Calorimeter

€& The ATLAS Tile Calorimeter is a sandwich of scintillating tiles read out by wavelength-
shifting fibers and PMTs and steel absorber plates
€ ATLAS o
tile sizes S 3529

~\| .
||

& Tiles are
slightly
tapered

e AY11
fiber is
coupled
by air gap
to the tile

& Abundle ™
of fibers s e
is read 10 R
out by Y

PMT Tile ___|Sizefom?

; I 12x 26
€ Sometiles have aholeto M2 X 4

«z»shoot 137Cs source through medium 14.5x30 -7

SOURCE PATH

Scintillating
[ tiles

(=]
>,

@27 G.Eigen, CALICE meeting Mc big 18.5x35
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Plot the most probable §
value of the fitted Landau
distribution normalized to

the value at the center

position

& Note that the most probable
value increases with distance x

& MIP peakis around 2-3
photoelectrons

€ Note that the hole in the tile
has a large affect on the
light collection (exclude in
average)

140 .

& AveragelY: : .
(98.9+2.8) 120 -

R
e\qi S/)s
) o)
< ~,

LGEN>

Uniformity
for 90% of points
<£14%

60f

40kt L
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T B R
10 12 14
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to Readout Fiber Bundle with MPPC Array

& We have one S13615-1050 MPPC array in hand & ordered 2 S13615-1025 arrays

€ These arrays have 64 individual MPPCs (1 mm x 1 mm)

€ The goal is to replace the PM with an MPPC array

& We are setting up a readout at CERN in the lab that will be
moved into the experiment if it is successful

== Photon detection efficiency vs. wavelength (typical examp 2= Gain vs. overvoltage (Example)

Photon detection efficiency (%)

(Ta=25 *C)

'

N S13615-1025N series

$13615-1050N series

ol
200 300 400 500 600 700 800 900 1000

Wavelength (nm)

6 x 10°

(Ta=25 °C)

S13615-1050N series
A;msvsms

1 2 3 4 s 6 7 8
Overvoltage (V)

== Photon detection efficiency-overvoltage (typical example)

(Ta=25 °C, A=450 nm)

60

S0

40

Photon detection efficiency (%)

10

$13615-1050N series

-
-
-
.-

o e Overvoltage (V)
=~ Electrical and optical characteristics (Typ. Ta=25 °C, unless otherwise noted)
Photon Recommended
Spectral | Spectral | 4opes Bk % Breakdown| REComMended Operating voltage operating voltage
response | response Crosstalk | ‘ST Gain operating flochiation temperature
Type no. range | range |° PD: E' count | probability mpadcttame M volvtamge voltage | between channels coefficent
Al Wl aaap | (keps) Yop. v) ATVop
(nm) | (pm) | (%) |Typ. |Max.| (%) (pF) : \J) )] Typ. | Max. | (mV/°C)
$13615-1025N series 25 3 7.0 x 10 VBR + 5
m”‘)mm 450 20 90 | 270 10 40 17 x10° 535 Yen a3 +0.05|%0.15 54

Crosstalk probability (%)

== Crosstalk probabilityvs.overvoltage (typical example)

(Ta=25 °C)

S13615-1050N series

S13615-1025N series




Conclusions and Outlook

& First test of 4! generation MPPCs, 14160 series
® Gain of S14160 sensors is linear with V, between 40 and 50 V
® Dark current and noise increases rapidly with V,
® Afterpulsing looks strange and needs to be remeasured

& Performance of hexagonal tiles looks promising
® Readout with fiber gives highest light yield, uniformity within 10% except near sensor
® Tiles with center/side readout need larger dimple (in the works), uniformity within 6-7%
except near sensor

& ATLAS TileCal tiles with present fiber couplings can be read out with MPPCs
= MIP peak produces enough photoelectrons

€ Do further studies with new MPPCs (bought 2 S14160-1310 & 2 S14160-1315 sensors)
® Remeasure afterpulsing, look at linearity, T dependence

€@ Do more performance studies of hexagonal/square tiles
® Study wrapping (3M, different Tyvek, ...), RO location, half-nexagons

€ Setup readout of ATLAS fiber bundle with MPCC arrays in bld 175 at CERN
® Bond MPPC array to a readout board, test individual channels, get Spiroc/HGCROC
® Study performance in the lab
® Move into ATLAS experiment replacing 2 PMTs with MPPC arrays and study

§ji% performance in beam conditions

&

=25 G. Eigen, CALICE meeting Montreal, March3-5 2020 25
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Tile Layouts

€ Our machine shop produced 9 hexagonal-shaped tiles (a=1.86 cm) and 9 square-shape

tiles (3 cm x 3 cm), which have the same area, thickness 3 mm

& Scintillator material is from St Gobain
(Bicron) BC404

& We use 3 different readout schemes
® Via Y11 fiber inserted into a groove

located in the middle of the tile
® Via a dimple in the center

® Via coupling to a corner/side

=2 G. Eigen, CALICE meeting Montreal, March3-5 2020

I BC400 IBC-404 I BC-408 Ichz[ BC416

Light Output, %
Halrnans 65 68 64 60 38
Rise Time, ns 0.9 0.7 09 | 1
Decay Time, ns 24 18 21 33 4
Rise VViln, PRI, 2.7 22 ~25 42 53
ns
Light Attemfatlon 160 210 210 210
Length, cm
SR SNON Ol KX, 423 408 425 434 434
Emission, nm
No. of H Atoms per

3 22 523 5.21 5.23 5.23 5.25
em”, (x10°%)
No. of C Atoms per

3 .22 474 4.74 4.74 474 473
em”, (x10%)
Ratio H.C Atoms 1.103 1.1 1.104 I 1.104 i1
No. of Electrons per

3 23 3.37 3.37 3.37 3.37 3.37
em”, (x10°Y)
Pyl _ General Fast TOF Large Large area,
uses/applications counters,

purpose counting area economy
large area

27



formity of Square Tile with MPPC on Side

& Mean value of fitted
Gaussian for each
position is divided
by the light yield
measured at the
center position
& Most probable light yield
at the center position
(pe)most probable =7.91 pe
& Average relative light
ield is (86.7+3.2)%
y ( i % o5 1 15 2 25 3 SQUILS
X [cm] positions
& Tile is uniform within e Projection in x Projection in y
. S N
+13% (cause is ok 3 10T
probably non sk ER T E
homogeneous ol El 3 E
. o . 120 -]
{rEpping) B
100; * * 100f- . E
90F . . - 1 e . T
< 80 * . 3 80F * . =
j% é‘:" 706”“075‘H“1"”1.‘5””2‘””2.‘5””5 L I AT
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rmity Measurement of Center-mount MPPC

& Mean value of fitted
Gaussian for each
position is divided
by the light yield
measured at the 2
center position

€ Most probable light yield
at the center position 1
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: , 0.5
& Average relative light N
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ATLAS Tile Uniformity Measurements

& Place tile a table that has arrangement of
holes in a grid =» allows source to be held

in a number of different locations on the tile ‘ a
€ At each location extract photoelectron (PE)
spectra by taking minimum of each of - )
50,000 triggered waveforms and plotting spectra
that are fitted to a Landau distribution after
subtracting the position of the pedestal
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€ We measured uniformity of 3 tiles

=> we get similar results for the

other tiles

& AveragelY:
(98.7+£2.0)

€ Uniformity
for 90% of points
<£14%
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& We measured uniformity of 3 tiles
=> we get similar results for the

other tiles

& AveragelY:
(109.714.7)

€ Uniformity
for 90% of points
<+25%
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Uniformity of ATLAS Large Tiles
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