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The test
Purpose

* Demonstrate the ability to count clusters at a fixed By (e.g. muons
at a fixed momentum — 165 GeV/c) by changing:

- the cell size (1 -3 cm)

- the track angle (0° to 60°)

- the gas mixture (90/10: 12 cl/cm, 80/20: 20 cl/cm, for m.i.p.)

Establish the limiting parameters for an efficient cluster counting:
- cluster density as a function of impact parameter

- space charge (by changing gas gain, sense wire diameter, track angle)

- gas gain stability

Train different cluster counting algorithms
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Drift tubes schematics
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tngger

coverage

10cm x 10cm
165 GeV/c
L beam

m—

1500 p /spill

p

80 u /spill
to DAQ

15/12/21 RD_FCCCM




Advantages of this setup

no need of external trackers: only interested in path length inside the drift
tube active volume

no need of internal tracking (time-to-distance and t, calibrations,
alignment, track finding and fitting algorithms, ...)

no need to convert time to distance (just count clusters in the time
domain)

no worry of multiple scattering (irrelevant for path length differences)

no need of particle tagging in hadron beams: use only muon beams at
different momenta (different By)

use selected commercial amplifiers (adapting tube impedance to 50 Q) to
minimize electronics performance limitations (bandwidth, gain, noise, ...)
and neglecting power consumption

use only fully integrated digitizers (O-scope, 16-ch. WDB) for ease of
readout
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The Hardware

The drift tubes The rotating table The HV system
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DRS4 DAQ board and Trigger

1140 9

32 puf)

16 channels data acquisition board designed and used by the MEG2 experiment at PSI (L 2 e + )
(credit to S. Ritt, Paul Sherrer Institute, Zurich, Switzerland)

12cm x 6cm upstream and downstream
scintillator tiles (designed and used as timing
counter of the MEG2 experiment at PSl) used in
coincidence and readout by SiPM's
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The DAQ board

DRS4 chip

0.2-2ns Inverter “Domino” ring chain

Storage
_capacitors

Out

FADC

Clock Q_{

I 33 MHz

Shiff Registel

sampling.

X500MSPS «— 5GSPS sampling speed with 11.5 bit signal-noise ratio
%8 analog channels + 1 clock-dedicated channel for sub 50ps time alignment

* Pile-up rejection O(~10 ns)

* Time measurement O(10 ps)
% Charge measurement 0(0.1%)

Preamp channel

r
X Analog switched capacitor array: analog memory with a depth of 1024 sampling cells developed at PSI, perform a “sliding window”

Different

compensations

LTC6409

LNH6629

PE4215 ADC904 PE4215

15/12/21

Tre1 dBMag 10dB/ Ref0OdB Cal 1
Mem?2([Tre1] dB Mag 10dB/ RefOdB Invisible
T A Wi T
- Gain BW;q4, |[Noise
| (MHz) |(mV)
| 1 940 0.37
L 10 880 0.40
L. 100 300 1.2
[ 100 500 1.7

bsot—HHHH—FHH— P L L L
L. 100 800 3.3

B jisd i fd J
Ch1 Center 3.00005 GHz Pwr -20dBm Span 5.9999 GHz
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WaveDREAM Board (WDB)

Mex
TRGIN
MexX

TRG OUT

HV Board for SiPM

Clear Or All Help o Channel Configuration

Chn Gain PZC Trigger Level HV Current

Chn PolmPol P02|P03 P04 P05 P06/P07|PO8 P09P10 P11 P12 P13/P14/P15P16 P17

0 5 8 -19 mv 0 \ 0

cH1 + . 1 s @ 19 mv 0 v, o
trigger patterns = channpels settings

3 5 8 -19 mv 0 \ 0

4 s 8 -19 mVv 0 \ 0

s 8 -19 mVv 0 \Y 0

5 8 -19 mV 0 v 0

5 8 -19 mv 0 \ 0

s 8 -19 mV 0 v 0

s 8 -19 mVv 0 \% 0

2] -19 mv 0 \ 0

2] -19 mv 0 \ 0

2] -19 mV 0 A% 0

e -19 mv 0 \ 0

2] -19 mv 0 \ 0

2] mV 0 \Y 0

~N

UA
uA
UA|
UA|
UA
UA|
UA|
UuA
uA
UA|
UA
uA
UA|
UA|

UuA

UA|




Data format

WDS: Binary format

* Header relating to the board consisting of the words: b

* Time Bin Width #1 Effective time bin width in ns for
D I {88 ! channel 0 encoded in 4-Byte

floating point format

:'E I | M E 1027 Time Bin Width #1023
’ 1020 ¢ 0 0 1 Channel 1 header
1029 | Time Bin Width #0 t

% B#XXX (XXX represents the card number and changes

channel 1 encoded in 4-Byte

according to the WDB, in this case 033) Hoatng pont fomat

2052 Time Bin Width #1023

¥ Calibration information B B [ St o

2054 Event Serial Number Serial number starting with 1
2055 Year Month Event date/time 16-bit values
2056 Day Hour
2057 Minute Second
2058 Millisecond Range Range center (RC) in mV
2058 | B = " Board number ["Board serial number
2060 'C 0 0 0 Channel 0 header
2061 Scaler #1 Scaler for channel 0 in Hz
2062 T = Trigger cell Channel 0 first readout cell
* H ead er EV E NT i Voliage B 0 Vokage Bin #1 Channel 0 waveform data
2064 Voltage Bin #2 Voltage Bin #3 encoded in 2-Byte integers.
. 0=RC-0.5V and
65535=RC+0.5V. RC see
* Se rl al . N u m be r J} 2574 | Voltage Bin #1022 Voitage Bin #1023 header
% Time information L N AN S
2576 Scaler #2 Scaler for channel 1 in Hz
* Ch I I f t' 2077 T z Trigger cell Channel 1 first readout cell
annel Information z576 [ Veiage 8 w0 Votigs 8

Channel 1 waveform data
2579 Voltage Bin #2 Voltage Bin #3 encoded in 2-Byte integers
- 0=RC-0.5V and
65535=RC+0.5V. RC see

B - - header
3089 Voitage Bin #1022 Voitage Bin #1023

The macro for converting binary files to root files is ready. 00 € " 0 R Next Event Hoador
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The setup

_ g "
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Event display

trigger 6 tubes
counters lcm

enera
Apply changes to all boards

Trigger

Level: -39 mV

T A A~ AN AN At a0

" . . Delay: 725 ns
- A ‘,«-’“’w‘» NAAAAM A At A MR SN A APV o g A AL A AR A A ARSI A '
| ' ' Shaping: 25 ns

VAN AN A o ARG Y
il Rl da) . v Holdoff: 0 ms

Enable zero suppression

b A b A A A g S A AAAY A St A i A Y

Type: ©normal auto _m_
Source: @int ext

Trigger Pattern
Analog Front-end
Gain: PzC
Mode: ©DRS ADC TDC

Readout enable:
mDRS ADC TDC TRG

- : [-095V..+005V 4
Config Measure HiJziis [l u
oo Enable calibration clock

Connect inputs to calib. source
Power calib. source

Aol e e

A A A WIS N b et Wi et A N s hoa R P

Help Info
b A A A A A e N P\ S AL NN A SN A NN A A\ g
Power amplifiers

DC:

Sampling Speed

I T=47.9°C i 3521/10000 events logged to 11Nov_60angle_HVnominalPlus20_1p2GSPS_10k 1.2 GSPS Actual: 1.205 GSPS
! Il | |
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Event display

enera
Apply changes to all boards

Trigger

Level: -39 mV

T A A~ AN AN At a0

. . Delay: 725 ns
Ay A A M AL A A AN A A A AR R AN AR

Shaping: 25 ns

VAN AN A o ARG Y
il Rl da) . v Holdoff: 0 ms

Enable zero suppression

b A b A A A g S A AAAY A St A i A Y

Type: ©normal auto _m_
Source: @int ext

Trigger Pattern
Analog Front-end
Gain: PzC
Mode: ©DRS ADC TDC

Readout enable:
mDRS ADC TDC TRG

b

e L

B A oA A R A A At Wbt et A i g s e P

- Input range: | -0.95V..+0.05V %
Config Measure P 9 =

Enable calibration clock
Channels

Connect inputs to calib. source

Help Info .
Power calib. source

O VU SRS
Power amplifiers

DC:

. bl
—
e
o

3
f

Sampling Speed

I T=47.9°C i 3521/10000 events logged to 11Nov_60angle_HVnominalPlus20_1p2GSPS_10k 1.2 GSPS Actual: 1.205 GSPS
! Il | |
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Event display

trigger 3 tubes
counters 2cm

T enera
“Tri WDO033
. T”g ? i Apply changes to all boards
WMWWWW“VW it 'S oy Single Trigger

Level: -39 mV

i S A i P

. Delay: 725 ns
Wﬂ,.;ﬁ_,mw\r,-,\.ﬂw—mwvﬁM’m‘—f‘ﬂmw‘ :

) Shaping: 25 ns
A AT A Wy e st Holdoff: 0 ms
B b s AT S atarrotlpses Enable zero suppression
. . Type: o©normal auto _m_
Source: @int ext
Trigger Pattern
Analog Front-end
. Gain: (10 PZC (1 %)
B s —= Mode: ©DRS = ADC TDC

Readout enable:
®mDRS ADC TDC TRG

. :
Config Measure s el b
Sl Enable calibration clock

Connect inputs to calib. source

e

' Help Info .
I ey I Power calib. source

PN\ A ok -
Wis, . Power amplifiers

¥
DC:

Sampling Speed

I T=47.9°C . 3442/10000 events logged to 11Nov_60angle_ falPlus20_1p2GSPS_10k 1.2 GSPS Actual: 1.205 GSPS
: o
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Data storage

) TestBeam_ClusterCounting_2021
* https://cernbox.cern.ch/index.php/s/
1z16PygC4tx1DCE
04Nov2021
* One folder for each day of data taking, o
each folder should contain:
06Nov2021
¢ txt file with informations about the
run (To be moved in the log book) Oovz02!

 Cbde for converting RAW data to ROOT and PKL files is » RAW files (binary), s
plovided in the repository

09Nov2021

e ROOT and pkl files can be easily
created with the code provided in my 10N012021

* Log Book (To be Updated): https:/codimd.web.cern.ch/ repo (more in next slides) 11Nov2021
QUX0zxEWRK6vs4iliagh?

 Hasic Runs database, based on YAML files, is provided

12Nov2021

* Github: https:/github.com/clacaputo/drifttubes_analysis * YAML config files for the different runs, example at this link

78 lines (74 sloc) 3.27 KB Raw Blame CGJ (J ¢

*\ YAML cgnfig Tiles for the different runs

clacaputo Yaml files with HV values

e Decoding code (Thanks to Gianluigi!)

data

4": 1200, “ch5": 1245, “ch6": 1300, “ch7": 1300, “ch8": 1340, “ch9": 1340, “ch1@": 1495, “ch1l": 1550, “ch12": 1720, “ch13": 1670, “ch14“: 1810}
eos/user/c/ccaputo/TestBeam_ClusterCounting/11Nov/

e Conversion code to ROOT, pkl files,
parallellized on HTCondor

notebooks

scripts

"11Nov_15angle_HVnominalMinus20_1p2GSPS_5k"
Nov_15angle_HVnominalMinus20_1p2GSPS_5k. root"

"11Nov_15angle_HVnominalMinus2@_1p2GSPS_5k.pkl"

» script for submitting on HPC facilities,
easily customisable

README.md

lov_30angle_HVnominalMinus20_1p2GSPS_SK"
INov_30angle_HVnominalMinus20_1p2GSPS_Sk. root"
Nov_30angle_HVnominalMinus20_1p2GSPS_Sk.pkl"

landau_fit.py
* code for online Landau fit, plus plot
productions

pkl_conversion.py

"11Nov_45angle_HVnominalMinus20_1p2GSPS_5k"
: "11Nov_45angle_HVnominalMinus20_1p2GSPS_Sk. root"
: "11Nov_45angle_HVnominalMinus20_1p2GSPS_Sk.pkl"

plotting_run.py

[
[
|
B
B
b
b
B

jov_6@angle_HVnominalMinus2@_1p2GSPS_10k"
Nov_6@angle_HVnominalMinus20_1p2GSPS_10k. root"
"11Nov_60angle_HVnominalMinus2@_1p2GSPS_10k.pkl"

 Peak finding (BETA version)

read_binary_comp.C




Data converted
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Analysis plan

Determine gas gain for the different (9)
configurations and for different gas mixtures

Study the space charge limitations for an
efficient cluster collection

Train different cluster counting algorithms by
direct comparisons among them (and to PeakFit)

Check Poisson nature of cluster counting (tube
size, track angle, gas mixture)

15/12/21 RD_FCCCM




Some considerations on gas gain

Capacitance per unit length (cylinder approximation):
C, = 2ngy/In(R/r,) C,pe=C, %L
Inductance per unit length (cylinder approximation):
L, =2x107 In(R/r,,) ptH/m
our drift tubes: L=30,40cm R=0.4,0.9, 1.4cm
r, =5.0,7.5,10.0,12.5, 20.0 pm

Characteristic Impedance: Z = \IL/C

At gas gain = 10°, one single electron deposits a charge
Q, = 1.6x101°x10° Coul = 16 fCoul
and the pulse height generated by a single electron would be:

AV = c10 /ctube
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Charge distribution

equivalent circuit

1MQ 10MQ

Impedance mismatch: AV, . = (Z-330)/(330+Z) x AV AV, .nsmic = 660/(330+2Z) x AV

Current divider: AV' =330/(330+50) x AV, it = 0.87 X AV, . it

combined result: AV' =330/(330+50) x 660/(330+Z) x QO/Ctube
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configuratio
n number

2xr,,

10 um
15 um
20 um
25 um
20 um
25 um
40 pum
25 um

40 pum

CL
8.37 pF/m
8.91 pF/m
9.33 pF/m
9.69 pF/m
8.22 pF/m
8.50 pF/m
9.15 pF/m
7.96 pF/m

8.54 pF/m

I'L
1.34 puH/m
1.26 pH/m
1.20 pH/m
1.15 pH/m
1.36 pH/m
1.32 uH/m
1.22 pH/m
0.94 puH/m

0.85 pH/m

A few numbers

Ctube
3.35pF

3.56 pF
3.73 pF
3.88 pF
2.47 pF
2.55 pF
2.75 pF
2.39 pF

2.56 pF

AV
(10° gain)

4.78 mV
4.49 mV
4.29 mV
4.12 mV
6.48 mV
6.27 mV
5.82 mV
6.69 mV

6.25 mV

AV'
(10° gain)

3.75 mV
3.65 mV
3.57 mV
3.50 mV
5.04 mV
4.96 mV
4.80 mV
5.02 mV

5.30 mV

AV'(10° gain) = single electron pulse height at readout, for an
HV producing a reduced electric field: E/P,
corresponding to a gas gain of 10°

15/12/21
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Determining HV (10° gain)

Tubelcm_Nodel5um

Tubelcm_Node20um

—+ 75% He

80% He
—J— 85% He
—J— 90% He

Garfield run on different

10°{ —F~ 75% He

80% He
—— 85% He
—F— 90% He

Tubelcm_Node25um

10° 4 —F= 75% He
80% He
—— 85%He

—F 90% He

. . .
configurations by Shuiting —
10°
c c £
8w § 8
— — o
orP = orr, T=
) 100
1300 1350 1400 1450 1500 1550 1600 1650 1700 1300 1400 1500 1600 1700 1800 1300 1400 1500 1600 1700 1800
Voltage[V] Voltage[V] Voltage[V]
.
r‘e n O r m a I I Z e d O r Tube2cm_Node20um Tube2cm_Node25um Tube2cm_Node30um
106 { —F= 75% He 108 | TE 75%He 10° —F— 75% He
80% He 80% He 80% He
I 85%He —f- 85% He —F- 85% He
—— 90% He — 90% He —F— 90% He
P =725 torr and
105 108 108
£ £ c
T T T
o o o
extra polated for
104

1400 1500 1600 1700

Voltage(V]

1800 1900

10 and 40 pum wires

2000 1400 1500

1600 1700

Voltage[V]

1800 1900 2000

1400 1500 1600 1700

Voltage[V]

1800 1900 2000

Tube3cm_Node25um

—F- 75% He

80% He
—I- 85%He
—F— 90% He

and readjusted by
observing average

Tube3cm_Node30um

—F- 75% He

80% He
—1- 85% He
—+= 90% He

maximum pulse height

RD_FCCCM

1700 1800

Voltage[V]

1900 2000

2100

1500 1600 1700

1800

1900
Voltage[V]

2000 2100 2200




HV table (He/iC,H,, = 90/10, P = 725 torr)

15t attempt (from Garfield)

configuration
number

relative gas
gain (AV)

HV
1 2.6
3 1.4

5-7 1.3

0. ...
13 0.6
15 0.9
17
19

21
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Average maximum pulse height

Assume that the average maximum pulse height =
single electron pulse height
and fit to a Landau distribution by taking into account the

amplifier gain (x 10)

fit: A=17.31591,
— B=0.08187,
C=0.01464

(1 chl10 max distribution

maximum pulse height

amplifier gain =10

015+

0 — T 1 1 1 1 = !
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

‘ Amplitude [V]
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Average maximum pulse h

Max amplitude/ per channel distribution, fitted with a landau - 11Nov_45angle_HVnominal_1p2GSPS_iok_LANDAU
* https:/github.com/clacaputo/drifttubes analysis/blob/main/landau fit.
. . .
More of these plots: https:/cernbox.cern.ch/index.ph oJLkgUbPCIELG
350
fit: A=15.32625, fit: A=15.15604, 300 fit: A=15.60615, 350 4 fit: A=15.15293,
300 4 | —— B=0.05983, 300 ~ —— B=0.05424, —— B=0.06208, —— B=0.05634,
C=0.01105 ] C=0.01136 C=0.01218 300 - C=0.01037
250 4 ( ch4 max distribution 250 ch5 max distribution 250 1 ch6 max distribution ] ch7 max distribution
250
A 200 200
§ 200 g § § 200 4
& 150 & 150 1 5 1501 & 150
100 f 100 100 Ll
50 ’ 50 N 50 4 50 -
0 . —N . . . 0 - 0 ‘ 0
0.00 005 0.10 015 020 025 030 035 000 0.05 010 015 020 025 030 035 0.00 0.05 010 015 020 025 030 035 0.00 005 010 015 020 025 030 0.35
Amplitude [V] Amplitude [V] Amplitude [V] Amplitude [V]
350 4 300
fit: A=15.27602, 350 - ] fit: A=15.22454, fit: A=17.31591, fit: A=17.14000,
—— B=0.05513, —— B=0.05306, —— B=0.08187, 300 4 —— B=0.07725,
300 - €=0.01074 300 - €=0.01046 250 1 €=0.01464 €=0.01388
[ ch8 max distribution [ ch9 max distribution [ ch10 max distribution 250 1 [ ch11 max distribution
250 1 250 4 200 4 \
200 4
v v n v v
£ K £ 150 1 £
. c € 150 4
@O 150 4 T 150 4 o 1]
100 \
100 A 100 100 4
50 50 - 30 T 50 -
0 . —_— - - : 0 . . 7 ——— . 0 - . . ; S 0 . — :
0.00 005 0.10 015 020 025 030 035 000 0.05 010 015 020 025 030 035 000 0.05 010 015 020 025 030 035 0.00 005 010 015 020 025 030 0.35
Amplitude [V] Amplitude [V] Amplitude [V] Amplitude [V]
600 - 1.0
300 A fit: A=16.72956, fit: A=38.93422, 600 fit: A=40.91930,
—— B=0.08844, —— B=0.08889, —— B=0.08141,
=50 C=0.01508 500 4 C=0.01675 Soo C=0.01616 0.8 1
ch12 max distribution ch13 max distribution ch14 max distribution
200 1 400 400 06
» » "
L o L
£ 150 £ 300 £ 300
w w W 0.4 4
100 2004 200
0.2
50 100 1 100 -
\ [ -
‘ 1
c —~ . . ; : : 0 ; . . y ; . o-k-LL ’ _— . 0.0 ' . ,
0.00 005 0.10 0.5 020 0.25 030 035 000 005 010 015 020 025 030 035 000 0.05 010 015 0.20 025 0.30 0.35 0.0 0.2 0.4 0.6 0.8 1.0
Amplitude [V] Amplitude [V] Amplitude [V]



HV table (He/iC,H,, = 90/10, P = 725 torr)

15t attempt (from Garfield) 2"d attempt (corrections to Garfield)

conﬁgu[.ation HV rela'tivemglas iy relative gas actual gas
number gain (AV) gain (AV) gain (AV')

1 2.6 1230V —-30V 1.2 1.47

3 1.4 1255V —-10V 1.1 1.29
5-7 1.3 1305V -5V 1.1 1.31

0.... 1330V + 10V 1.1 1.27
13 0.6 1470V + 25V 1.1 1.57
15 0.9 1545V + 5V 1.0 1.49
17 1670 V + 50 V 1.2 1.92
19 1620V + 50 V 1.1 2.00
21 1765V + 45V 1.0 WL
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Gas gain

measured gas gain vs HV (normal incidence)

5 red 10 pm wire (Mo)
,’ ® lcmtube blue 15 pm wire (Mo)
’ B 2cmtube green| 20 pum wire (W)
I A 3 cmtube
4 H violet | | 40 um|wire (Al)
) L ARRRY
< ! I
= $
7 ] 1 13
X 4 ] 1 7
(] ‘ 1 '. [I
£ "' $ /J
© / $ B
aoZ / ‘ i /
7)) 4 ] ; v
S ARRRFERRRY y
w I I ‘
1 l I ‘
| " l’ '
I ] 1 /
] 1 1 /
| yl /] II
1 ] 1 ),
1 1] 1 r;
0 I ! h
1100 1200 1300 1400 1500 1600
High Voltage [V]
RD_FCCCM
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Space Charge Effect

Study avalanche overlap as
a function of the track angle

Drift tube

avalanche avalanche
separation separatio
Sense wire

L/

7 :

avalanche separation = A sina

Space charge effect, at any given angle, results in reducing the effective gas gain (or, equivalently
the average single electron pulse height) with respect to a configuration at a larger angle.
At 165 GeV/c, we expect N ~ 16.5/cm = A ~ 600 um.

15/12/21 RD_FCCCM




Space Charge Effects

Space Charge Effect for different gas gains Space Charge Effect for different sense wire

S 150 diameters

: 2 cm tube, 20 um sense ° 150 1 cm tubes

3 He/iC,H,, = 90/10 He/iC,H,, = 90/10

£ P = 72545 Torr o ) P = 72545 Torr o

= A=1/16.5cm x A=1/16.5cm 4

£ ' A ° ® ° > O

.%D 100 @sain 2.0x10%5 ‘g, 100 °

F e ERR it I

—_— ®sain 1.4x10%5 (7] ® 20 um, 2.4x10°

g. ’ ® ; 25 um, 1.9x10 n

§ 50 @sain 0.9x10%5 Y ® * g‘ 50

£ 5

< £

[} g

K )

o0 9

% 0 £ 0

0.00 0.10 0.20 0.30 0.40 0.50 oc0 g ° 0.00 0.10 0.20 0.30 0.40 0.50 0.60
avalanche separation = Asina [mm] avalanche separation = Asina [mm]
A naive model based Space charge effects, in this range of gas gain
on spherical avalanche do not seem to depend on gas gain or,
gives, for this particular || surprisingly enough, on sense wire diameter.
configuration, an The maximum avalanche suppression, for this
avalanche radius of gas mixture, amounts to
ry = 450pum. = 70%, at 0°.

assuming A 2 r,,, on the Fermi plateau N =15/cm for m.i.p. =» He/iC,H,, = 85/15
N<22/cmorN,_, =15/cm for m.i.p. (N =12/cm for He/iC,H,, = 90/10)




