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1. Digital Signal Processing for APFEL Preamplifier Pulses

1. The Aim of Digital Signal Processing
2. Short Summary of Feature Extraction Methods
3. Achieved Performance with Beam at MAMI

2. Update of the PANDA SADC Firmware
1. Full Free Streaming Data Acquisition
2. Request System for Traces and Rates
3. Configurable Package Sizing
4. Trigger Synchronisation

3. Availability of latest Developments on GitLab
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The PANDA Backward Calorimeter

Mounting Plate

Cooling Shells

Holding Structure

Submodule Types:

Vacuum Insulation Panels

Helmholtz-lnl(iml Mainz

S ;
| |
524 |lead tungstate crystals
Energy range: 10 MeV - 700 MeV
Modular design (five types of modules)

Full functional prototype

More than 500 hours of experiments at the
Mainz Microtron (e and y)

Development finished </
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Detection Principle — Single-Crystal Unit

ASIC for PANDA Front-End Electronics (APFEL)
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Signal Digitisation and Processing

Field
Programmable
Gate Arrays

Analogue signals from APFEL
*  Transmission via Front-End electronics (green)
. Digitisation on SADC

Challenge: Compression of Information

e Data Compute

Digital Signal Processing for APFEL Preamplifier Pulses
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Signal Digitisation and Processing

Challenge:
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Self-triggering: pulse identification
Low detection threshold (< 3 MeV)

2000

‘I
4000

6000 _
Time [ns]

8000

10000

12000
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Pileup detection and correction

Requirements

Digital Signal
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Firmware for all 64 ADC Channels:
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» Self-triggering data acquisition (free streaming)

* Digital filter (sharper bands, stronger attenuation)
* Feature extraction routines
* High event rates (> 100 kHz / channel)
* Slow control (settings, thresholds, requests, ...)

Digital Signal Processing for APFEL Preamplifier Pulses
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Signal Smoothing via Finite Impulse Response (FIR) F|Iter|ng B

o Simulated Detector Pulse with Noise (100 MeV) 0 Simulated Detector Pulse with Noise (3 MeV)
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| — Raw APFEL ASIC Pulse (LG) ||
— FIR Smoothed Signal
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Time [ns] Frequency [MHz]

— Raw APFEL ASIC Pulse (LG)

i| = FIR Smoothed Signal

i i T n n 30 ;
0 2000 4000 6000 8000 10000 12000 0 2000
Time [ns]

y * Finite number of samples for output - no self-excitation
* Precise adoption on pulse shape

Z Apx[n — k] * The more filter coefficients (4;), the better

* Resource intensive on FPGA

* Implementation via distributed arithmetic and/or DSP slices

Digital Signal Processing for APFEL Preamplifier Pulses
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Digital Pulse Identification and Parameter Extraction 2 }

Identification

Hit Detection Path for Low Energies at LG

Signal [ADC]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [ns]

. Extraction function

. Highly sensitive on pulse shape

. Improvement of detection
efficiency (small energies!)

Detailed explanations:
* Digital Signal Processing for the Measurement of Particle Properties with the PANDA Electromagnetic Calorimeter, Oliver Noll PhD Thesis

« EMC TDR Update 2021

Digital Signal Processing for APFEL Preamplifier Pulses 6/26
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Digital Pulse Identification and Parameter Extraction

Identification Digital Pulse Shaping
Hit Detection Path for Low Energies at LG 50 Components of Amplitude Extraction
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*  Extraction function *  Derivation - Integration
. Highly sensitive on pulse shape . Built-in baseline follower
. Improvement of detection . Elimination of falling edge
efficiency (small energies!) e Pileup detection and correction

Detailed explanations:

Digital Signal Processing for the Measurement of Particle Properties with the PANDA Electromagnetic Calorimeter, Oliver Noll PhD Thesis

EMC TDR Update 2021

Digital Signal Processing for APFEL Preamplifier Pulses
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Digital Pulse Identification and Parameter Extraction

Identification

Hit Detection Path for Low Energies at LG

Signal [ADC]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [ns]

. Extraction function

. Highly sensitive on pulse shape

. Improvement of detection
efficiency (small energies!)

Digital Pulse Shaping

Detailed explanations:

Digital Signal Processing for the Measurement of Particle Properties with the PANDA Electromagnetic Calorimeter, Oliver Noll PhD Thesis

EMC TDR Update 2021

Digital Signal Processing for APFEL Preamplifier Pulses

Components of Amplitude Extraction
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Digital Pulse Identification and Parameter Extraction | .

Identification Digital Pulse Shaping Time
Hit Detection Path for Low Energies at LG 50 Components of Amplitude Extraction ‘ ‘I"im‘e Extr‘action
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. Extraction function

. Highly sensitive on pulse shape

. Improvement of detection
efficiency (small energies!)

Detailed explanations:

* Digital Signal Processing for the Measurement of Particle Properties with the PANDA Electromagnetic Calorimeter, Oliver Noll PhD Thesis

« EMC TDR Update 2021

. Derivation = In
. Built-in baseling]
. Elimination of f4
. Pileup detection
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Digital Zero Cross Interpolation for TO-Determination | 50

00000

Digital Zero Cross Interpolation

—---Start Pointd ____|

Signal [ADC]

D' is second derivative,
since D is the first one

Fragmentation of time between
samples: 12.5 ns / 64 = 195 ps
Precision is a function of scaling
Impact on FPGA resources

As always: good compromise
between FPGA resources and
precision

Digital Signal Processing for APFEL Preamplifier Pulses
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TO-Determination: Pulse Transportation along Time Axis

Extracted Ty Shift [ns]
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Phase Shift Sensitivity, Resolution: 12.5 ns / 64 = 195 ps, Tehin = 413.807+0.007 ns

b
12.5ns

100 Step width: 100 ps

,_.

=

o
A

Raw Trace
FIR
D
n'

- Ext, Time
= Ext, Ampl.

400

200

eee---—__GroupDelay ____
_____Actual Inflexion Point |

_-__StartPointd ____|

Signal [ADC]

—-200

—400

H HE H
LGTALT x T
R
h il

200 400 600 800 1000
Time [ns]

0.0 05 1.0 1.5 2.0 25 3.0 3.5 40 45 50 55 6.0 65 7.0 7.5 8.0 85 9.0 9.510.010.511.011.512.012.513.013.514.014.515.015.5
Set Ty Shift [ns]

Digital Signal Processing for APFEL Preamplifier Pulses
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E
TO-Determination: Pulse Transportation along Time Axis

Precision Limitiations of the Dgltal Time Deterrgmﬁ(t__:on Algorithm

Amplitus [MEV] M
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* Technical precision limitation
* Can be improved if necessary
* Impact on other parts of the
implementation
* Larger word widths
* More cycles at the division

Digital Signal Processing for APFEL Preamplifier Pulses
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50 Time Resolution, APD Gain: M = 200 Time Resclution al 0 MeV (APD Gain 200) Time Resolution al 60 MoV (APD Gain 200)
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Digital Signal Processing for APFEL Preamplifier Pulses
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> Tagged Photons

Electrons at RTM3 g
(up to 1600 MeV)

(up to 855 MeV)

RTM2

5 2 ;
RTM3 "3 \i//}

RTM1

” Formerly A4

Source Xl/
Injector Now MESA

Linear Accelerator
Spectrometers\

*  Electron machine (also photons by conversion)
*  Four race track microtron accelerator stages

. Energies from 195 MeV to 1600 MeV

*  Continuous wave beam

*  Beam extraction behind RTM3 (X1)
. Energies: 195 MeV — 855 MeV
*  Excellent beam properties:

*  Energy stability: 13 keV (10)

*  Beam spot width: ~1mm

Extraction Beam Pipe

<+—RTM3

>y
%

500 mm

> EMC Prototype

Electron Beam

Photomultiplier Tube

Plastic
Scintillator

; 4 x 4 Submodule

A
J

>

Prototype Tests at the Mainz Microtron MAMI
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Energy Calibration and Sum Spectra

Single Crystal Energy Calibration
§ 3500i A/lgs Mev “:| Single Crystal Response
= 315 MeV
3000— &~ :H
- 450 Mev
25002— 600 MeV
20001 — e ure ent 855 MeV
F “~
1500 -
1000:—
suof—
0 - 50 B00 1000 12001406 1600 18002000

o 200 400 600
Signal [a.u.]

* Differences in single-crystal unit responses
* Geant4 simulation: Expected deposited energy
e Energy calibration - normalisation

Prototype Tests at the Mainz Microtron MAMI
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* APD Gain: 150, threshold: 2.5 MeV
* Position < E, Width < 6 = 0 /E
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The

Relative Energy Resolution

Relative Energy Resolution 3x3, APD Gain: 150, APD Threshold: 2.5 MeV

—— TDR Requirement at 1 GeV Exfri%g(;:%aiin;l?terﬁ
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Most important characterisation of a calorimeter

Distinguishability of nearby energies

Of
E

Technical Design Report (TDR) requirements:
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Constant Stochastic Noise
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%
bTDR S Zﬁv
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b2

—= |a24+ —+ —
S5 as+ -+

Prototype Tests at the Mainz Microtron MAMI
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The Detector Response as a Function of the Deposited Energy )

Linearity Sum Cluster 3x3, Threshold: 5 MeV

¢+ Data

4001 b T

Extracfed Parametefs:
a = 0.341+0.001 MeV/[a.u.]
b =2.467+0.649 MeV

¥ jdof = 3022/ 3
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RN o 0.
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Leakage energies considered by Geant4 simulation
Nonlinearity ~ 1 MeV, O (%)

Prototype Tests at the Mai
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High-Rate Measurements (PANDA Rate ~ 100 kHz + RNHR)

Dead Time of the EMC Prototype
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Extraction Beam Pipe
Electron Beam
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<“+—RTM3 Scintillator

A
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4 x 4 Submodule

Photomultiplier Tube1

N

P1ooknz: Pileup probability at 100 kHz

Dead time T P1ookHz P1ookHz P1ookHz
uncorrected corrected TDR

464(13) ns 13.9%

* Pileup detection on FPGA and
pileup correction on CPU

* Reduction of effective pileup
probability

4.53(12) %

1%

MAX Pileup Detection
At

Signal [ADC]
'

— Raw Trace
— FIR
-~ Ext, Time

— Ext. Ampl.

Prototype Tests at the Mainz Microtron MAMI
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« SADCv 2.0 « SADCv3.5
* Modification of “Bonn Firmware” * Final SADC for PANDA
Kindly supported by Johannes Miillers * Also used for FAIR Phase-0 in Mainz
* First self-triggering DAQ implementation in 2018 * Update and restructuring of firmware
* Successfully tested with beam * Full free streaming approach

* Request system for traces and rates
* Configurable package sizing

Firmware Developments for the PANDA'SADC



/ﬁ' Oliver NII . _ ‘4?“373
Latest Firmware Developments: New Hierarchy =

Top-Module

)
@ Clocking
| —

«
€ 3 Ethernet/GTX

SADC Data
&

ADC Interface

Firmware Developments for the PANDASADC
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Latest Firmware Developments: New Hierarchy =

Top-Module SADC Data Logic §
[

Q) oo A
|

Trigger
Synchronisation

Feature

Y

¢ 3 Ethernet/GTX

ADC Interface

Extraction
Sample
Sender
f,r-s Rate
/\ Determination

Arbitration and
Package Building @

32 x per FPGA

SADC Data
Logic

Firmware Developments for the PANDASADC
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Latest Firmware Developments:H
SADC Data Logic

A Software Trigger
Trigger
Synchronisation
Feature
A

Sample
Sender
fﬂ» Rate
/\ Determination

Arbitration and
Package Building @

32 x per FPGA

igh-Rate Capability Lo
Simulation: 2 MHz Hit Rate per Channel

Signals Waves
Time
i clk 8e=0
iclk 125=1
i_reset 125=0
o_ready fe=0
i request ra=e
cnt_flag=e
cc[7:0]=23
amp[15:0] =1749
t5[39:0] =000007C39B
hit_cnt_meas[13:0] =5802
hit cnt theo[13:8] =5856
o ready fe theo=0
ed _packet data[7:8] =00
ed tvalid=1
ed tlast=0

* SADC Data Logic manages easily 2 MHz hit rate per channel
* Poison distributed events
* Bottleneck:

* “Slow” calorimeter signals

» 1 Gbit/s interface (ed_packet_data)

Firmware Developments for the PANDA SAD
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Latest Firmware Developments:High-Rate Capability =

SADC Data Logic Simulation: 200 kHz Hit Rate per Channel

signals avss
A Software Trigger
o
c[7
amp[15:0] =
t5[39:
DT e
Synchronisation I
ed tvalid=
A Feature
Extraction
Sample
Sender
{ﬂ» Rate
/\ Determination

Arbitration and
Package Building @

iclk 89=1
i clk 125=0

SADC Data Logic manages easily 2 MHz hit rate per channel
Poison distributed events
Bottleneck:
* “Slow” calorimeter signals
» 1 Gbit/s interface (ed_packet_data)
PANDA maximum hit rate: 200 kHz / channel
* Event rate: 100 kHz / channel
* Noise hits: 100 kHz / channel (very conservative)

32 x per FPGA

Firmware Developments for the PANDA SADC
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Latest Firmware Developments:Free Streaming Mixed Readout

SADC Data Logic Simulation: 200 kHz Hit Rate per Channel

A Software Trigger

t_ra=o
t flag=6
cc[7:0]=0
amp[15:0] =0000
5[39:0] =0060000000
Trlgge r hit cnt_meas[13:0] =896
hit_cnt_theo[13:8] =896
ss_data valid=0
Synchronisation 4 packet. datal7:6] 00
ed_tvalid=0
€ ast=0
A Feature
’ Extraction

iclk 88=1
i_clk_lZS:H

<
4
- Sample i 200 kHz / channel
L Sender I_ * Free streaming mixed readout
s Rt * Different data frames appear to arbitrary times
ate
«® Determination * Request system
* Rate request (one small package)
Arbitration and @ » Sample request (64 samples / channel)

Package Building * Still, plenty of headroom

Firmware Developments for the PANDA SADC
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Latest Firmware Developments:

SADC Data Logic

A Software Trigger
Trigger
Synchronisation
A
: Extraction
Sample voe
Sender |-"

{ﬂ» Rate
/\ Determination

Arbitration and
Package Building @

32 x per FPGA

e

S S R

Free Streammg Mixed Readout

Waves.

200 kHz / channel
Rate request (one small package)
Sample request (512 samples / channel)
More FIFO depth, more resources... not necessary
Configurable package sizing:
* Long traces for detector adjustments (>512 samples)
» Shorter traces for pileup events (=128 samples)
* Very short trace for monitoring (=64 samples)

Firmware Developments for the PANDA SADC
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Latest Firmware Developments:

SADC Data Logic

Trigger

Synchronisation
A Feature
’ Extraction
Sample voe
Sender o°
fﬂ» Rate
/\ Determination

Arbitration and @

Package Building

Software Trigger

32 x per FPGA

Pileup

Simulation: Pulse to pulse dlstance

Signals Waves.
Time
iclk=1
adcidata =7966

o stream fir[15:0]=1C61

interniamplls 0] =0000
intern time[39:0] =8890808000
new data=0
) _ready =0
cc[7:0] =00
ts[39:0] =4449
amp[15:0] =1384
copy done=0
o_ready=0
new data=60
inhibit=0
-_copy_complete_le=0
async_copy complete=0
inter amplitude[15:0]=0000
inter _integral[18:0] =00006

inter_deriv[15:0] =8

i polarity=60

* Feature extraction is capable to distinguish pulses
* Software amplitude recovery

350 ns

Firmware Developments for the PANDA SADC



ﬁ Oliver Noll
Latest Firmware Developments:Pileup

SADC Data Logic Simulation: Pulse to pulse dlstance 350 ns

Signals Waves
Time
i clk=1

adcidata =7983
A Software Trigger
o_stream_fir[15:0] =1C64

intern_hit=0
intern_amp[15:@] =0866
intern_time[39:0] =00000000060
new data=0
o_ready =8

Trigger
Synchronisation

cc[7:0] =00
ts[39:0] =4441

amp[ls;ﬂ] ;1427
fl Featu re cupy_dul;e =0
H . o_ready =0
Ji\ Extraction nei_data =0
inhibit=0

async_copy complete le=0

async_copy complete=0 I
. litude[ 1 2608 JLEG]
Sample e I
Sender o
fﬂ» Rate
[ o __

Arbitration and @ T

32 x per FPGA

Package Building

* Feature extraction is not anymore capable to distinguish pulses
* Activation of sample sender for specific channel
* More sophisticated recovery on CPU

Firmware Developments for the PANDA SADC
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Latest Firmware Developments:Trigger Synchronisation < 13

SADC Data Logic

Trigger

32 Y per FPGA

Arbitration and

Software Trigger o IR

Synchronisation

A Feature
’ Extraction
Sample voe
Sender o°
‘[ﬂ» Rate
/\ Determination

Package Building

First version of new detector monitor

— T T e e
12000 3 1200 12000 2 (

nnnnn
nnnnn

nnnnn

* Synchronisation of sample request trigger and feature extraction
* Configurable trace length before pulse start

* Arbitrary total trace length
Firmware Developments for the PANDA SADC 24/26
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SADCV. 3.5

Development

“SADC Data Logic” Firmware

Generators a’ e Vivado Project
e Simulations e “puild.tcl”
e Testbenches e Control
o Documentation software
- N J
https://gitlab.rlp.net/emp/sadc_data_logic https://gitlab.rlp.net/emp/sadc_v 3 5

Firmware Developments for the PANDA SADC
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Summary and Next Steps

Summary

Digital signal processing optimised
for APFEL preamplifier signals
Successfully tested with beam
SADC firmware which supports
trigger-less readout concept of
PANDA
Firmware Update:
SADCv. 2.0 - SADCwv. 3.5

e Restructuring of hierarchy

* Full free streaming concept

* Request system (traces, rates)

e Configurable package sizing

e Trigger synchronisation
Source is available

Summary and Next Steps 26/26
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Summary and Next Steps

Summary

Digital signal processing optimised
for APFEL preamplifier signals
Successfully tested with beam
SADC firmware which supports
trigger-less readout concept of
PANDA
Firmware Update:
SADCv. 2.0 - SADCwv. 3.5

e Restructuring of hierarchy

* Full free streaming concept

* Request system (traces, rates)

e Configurable package sizing

e Trigger synchronisation
Source is available

Next Steps

Summary and Next Steps 26/26

Current firmware will be used for
detector component tests o
Submodule calibration

(FAIR Phase-0) B -
Preparations for Phase-0 and PANDA

Top-Module

Yy

5

- 1. TRB-Net
ADC Interface “\ (Phase-O)

2. SODANET

H Ethernet/GTX (PAN DA)

R

SADC Data £

Logic
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Digital Signal Processing
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Field Programmable Gate Arrays

Why so "fast"?
* Infrastructure adapted on problem
e True parallelism

[ /0 f /O]

(170 110

Transistor

Configurable
Logic Blocks

Programmable
Switch
Matrix
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Efficient Implementation on FPGA

x[k] = z b2t
=0

Lookup Table (LUT)

Possible result

Binary signature

Value

1 000 Ag-0+A41-0+4>-0=1p
2 001 Ap-0+ A1 0+4-1=1;
3 010 Ap-0+A41-14+42-0=1%
4

5 100 Ap-1+41-04+42-0=1}
6 101 Ap-1+A41- 0+ 421 =15
7 110 Ag-14+A1 - 14+ A2-0=1V4
8 111 Ap-1+ 4114+ A42-1=14

........

Utilization

Example: M = 2,k € [0,1,2], 2M*1 =8

LT

LUTRAM 4 5%

FF
BRAM
DSP
104
GTH
BUFG 1
MMCM

hesis | Post-dmplementation

Sampe oN-2 21 22
0 1 1 0
T 0 1 1
9 1 0 0

output Vi Ve Vs

0

Implemented on FPGA: M = 19,k € [0,], ..., 19]

Only sums and bit shift operations
Avoiding limited multiplication networks
High order (20 coefficients) filter for all channels




fﬁ' Oliver Noll
Hit Detection

Hit Detection Weight Function

AN
N2
VIR I\
/o N

' N
1.0 i ] E ] : :
0 10 20 30 40 50
1
Al :
_ ettt tiy < Py
A(lt) =

M, - e ~At(it=Pp) , i, > P,

Hit Detection Path for Low Energies at LG

Raw Trace
FIR

R,

' tgy

Signal [ADC]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [ns]

Sensetive on pulse shape
Ingrease of detection efficiency
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Amplltude Extractlon TMAX Plleup Detection ‘Qﬁ
m i
%omponents of the Amplitude Path h Hm T
5
Dli|=Tli|—T|[i—71r
0 ~_ =Tl -Tli-r]
— g, ettt
. -50 \ . ) I RN A
5 | / D},,[i] = —6(D[i]) - D[i] 5
2_100 :.; / -100 A 1 Raw Trace
=2 ga / X Dg[i] = D[i] + Dipyli] —200 ki et Ao
E.—ZOO \i/ { g\ 0 : lgkt;o 2000 ;0 - ;Obﬂmp : 5000
< 950 /’ S — FIR | Time [ns]
— 7 Ds|i]
e . . s .
~300 / — ?TW T D[] - Frmaxlil = Fryaxli — 1] + - Ds[i] <0
I Fruaxli] = 0 : Dyfi] =0

e Derivation - Integration

e Build in baseline follower

e Elimination of falling edge

e Pileup detection and correction
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Time (Ty) Extraction

Signal [ADC]

400t

—200¢

—4a00}

Time Path
1 | | T | i T
| = Raw Trace
| o
f: E\ o — FIR
= [} 5 — D
& fi TE —
E: 3 £ Ext, Time
o 4 = —  Ext, Ampl.
1 | g
I I
] I
I
I
| b |
L G-T T x T
Pt
I I
200 200 600 800 1000
Time [ns]

D' is second derivative,
since D is the first one

T, determination at

inflexion point

f() =0

Discrete derivative

—interpolation

a

A 4
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Measurements



iver No FoasS ‘ bﬁ;__ i
# Oliver Noll . = *!E_- ,g
Sum Contribution 3x3, 855 MeV

Sum Contribution 3x3, 855 MeV

1600

. Central

1400 [:] Neighbours

. Sum

1200

1000

Counts
(o]
o
o

600

400
Measurement

]IIIIIII[IIIIIIIIIII

200

L 1 1 1 1 l 1
1000 2000 3000 4000 5000 6000

Amplitude [a.u]

Or1TT



A

Oliver Noll

Threshold Scan and Dual Gain Readout

apl E[%]

g : Relative Energy Resolution 3x3 as Function of the Threshold
—— TDR Requirement at 1 GeV
¢ 20.0 MeV
Y 10.0 MeV
N i 5.0 MeV
4 2.5MeV
¥ 1.0 MeV
=]

0.5 MeV

200 400 600
Energy [MeV]

800

op | E[%]

6.5
—— Dual Gain Readout

6.0 ‘ ‘ : ---- Single Gain Readout

. s s I LYY L

% ¢ 1.0 Mev

5.5} .Q.‘. s 0.5 MeV

5.0F . .
ws.  \%  Measurement |
4.0

3.5

3.0

2.0—555 500 800 1000

Impact of Dual Gain Readout on 3x3 Relative Energy Resolution

Energy [MeV]
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Pileup Detection and Correction

Event Types (Simulated Trace)

3000

Type 1 Type 2 Type 3 Type 4
2000
1000

i . |

—1000 \\// \\/ \/A I\/\
_s000{ — Primary \ / \/ \/
— Secondar
Tertiary ’ \/
_3000L| =™ Amplitude
0 zoioo 4000 6000 8000 10000
Time [ns]

Type AT k A=AT . -100kHz Pl[][}kHz
1 > 1500 ns 0 0.150 86.1%
2 < 450 ns 1 0.045 4.3%
3 > 450ns A < 1500 ns 1 0.105 9.5%
4 < 1500 ns > 2 0.150 1.0%

1
o
o
o
o

8000

8000

Amplitude [a.u.

7000

6000

5000

4000

3000

2000

1000

Event Types at a Detector Rate of 110.35 kHz

Measurement

4 Tripple Coincidences_y <

S 1ty ey S ame Jep o e L Lr e Lot Ly

-

0 500

1000

1500 2000 2500 3000 3500 4000 4500 5000
Time Between Hits [ns]

102
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Pileup Detection and Correction

s _ s ( p s )
Hcorr. - Hmeas. E Hmeas.? Hmeas.? At
Amplitude Restoration Function
. ﬂ‘-\-" X ¥ 1
5
9]
©
w
c
S
©
g
5
o
Events
——— Restoration Function
9.9 1000 2000 3000 2000 5000

Time Between Hits [ns]

* Type 3 events (second pulse within
falling edge of first pulse) are correctable

* Monochromatic electron beam

* Proof of principle

* To do: Map out X with simulations

5000

Cognts

40000

35000

30000

25000

20000

15000

10000

5000

Impact of Type 3 Correction

Type 3 uncorrected

Type 3 corrected

Type 1

Type 1 + Type 3 corr.

Measurement

00 1000 1500 2000 2500 3000 3500

Amplitude [a.u.]
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Beam Test with the EMC Prototype : Results

Parameter Achieved Value TDR Unit
Worst Typical Best

Rel. En. Res.

op/E at 1GeV 2.440(14) 2.207(6) | 2.190(2) | <2.5 %

Constant a 1.23(21) 1.08(14) | 0.95(61) | <1 %

Statistics b 2.02(65) 1.83(45) | 1.78(30) | <2 \/ﬁ

Noise/Ch. ¢ 2.14(9) 2.02(15) | 1.92(60) | <3 MeV

Non-Linearity

Maximum 2.22(36) 1.26(24) | 1.21(19) - Yoo

Timing

Dead Time T - 464(13) - - ns

Pileup Py kHz 13.9 (w/o corr.) | 4.53(12) - 1 %

Highest Event Rate - - 375.4(6) | 100 kHz
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Simulations
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Simulations for the Study of Digital Signal Processing Methods <

° Defined testing environment 140 Online Timestamp Comparison, APD Gain: M = 200

* Realistic detector signals (pulse shape + noise) 120 g R (LG) |
. . Rair (HG)

*  Optimisation of filter parameters 100 =

* Performance tests: detection efficiency, noise hit rate,
linearity, time resolution, ...

80

60

Ry [kHZ]

40

Signal: Parameter Input / Output 20 ? t
Pulse & Baseline Extraction Comparison . * e - S T

100

¢ Efficiency (LG)

. . ere 80 ] Pl o
Spectral Density Noise Composition e ¢ Efficiency (HG)
40, T - : - T T T 20 o @
H i Components up ta 1 MHz Y
) T Only ADC . ;E . B | = Comeersanonepiot 50 e ® ® e .
| — ADC and Line-Driver (LD) = 70.-;“»"—\ ER e i an 5 * ® . L R
s\ | = ADC, LD and APFEL (LG) 2w = °o, °
) | — ADC, LD and APFEL {HG) -20 s °
35 i 2 o g
o - i °%s,
3 —~ 10 20
=] s - T P WY AWARNTY
= " s i yLAC ——
o 2 10
E o 055 1.0 15 2.0 25 3.0 35
Threshold [MeV]
Example:

ADC [a.u.]

* Noise hit rate (Rygr)
* Detection efficiency (1) for 3 MeV events

% 5 10 15 20 25 30 35 40

Frequenz [MHz]
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i icti : =N i :y.‘.
Generation of Realistic Detector Signals =

x =8\ a = 1 [MeV/channel]
X) = -
f() M - LY_j50¢ * Aegr - Qesr - € Gasic
Parameter | Value Unit Source
APFEL Preamp. Theory Pulse q 0.122 mV /channel | [Corls]
0 M > 1 - -
\/ LY o50¢ 500 Nphoto./MeV | [TDROS]
Aefr. 16 % [HAMO9|
—sooll C)eff. 0.70 nelec‘./nphoto. [HA*\[OQ]
S e 1.602176634 x 10-1 | C INT19a]
2 G asic 0.22 x 107 mV C~! (Wiel9]
©
S‘—10[]0 E [M V]
n e
: " a(M) [MeV/channel] [Channel]
fl@)=—A-e= ()N
~1500- — Low Gain Amplification
— High Gain Amplification A= E[MeV] . a(M)_l .eN

0 1 3 4 5

2
Time [us]
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Generation of Realistic Detector Signals

Spectral Density

Noise Composition

Camponents up to 1 MHz
A

| — Commosed Noise Fioor

.l — onlyanc - iE'
| — ADC and Line-Driver (LD) S e
o\ — ADC, LD and APFEL (LG) <n
= | — ADC, LD and APFEL (HG) 20
225 § 2
(] H H H
‘g 20, { + E)
2 Measurement 5
o 15 i i T a
3 ;
<15 S i i
S AL ARSI e 5
‘0 5 l. 15 2‘0 25 30 3‘5 40

]
Frequenz [MHz]

C(I;) = cosp,(x + ¢)

N_I
Thoise = Z C(Ii)
i=1

-10

P(I;)[dB]

20

-1000

Signal [ADC]

-1500}

Full Simulated Event

—500H

— Low Gain Amplification
— High Gain Amplification

1 2 3 4 5
Time [us]
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Comparison between Simulation and Measurement

40

35

30

N
w

Amplitude [dB]

=
o
T

Measurem

ent vs. S‘imulation .

Measurement (LG)
Simulation (LG)

Measurement (HG) | |

Simulation (HG)
Cut-Off Frequency

10

15

20 25 30 35

Frequency [MHz]

40

Measured and Simulated Baselines (LG and HG)

40 . . .
30 — Measurement (LG) | I RMS 8.0 ||
20 \ | ] — Simulation (LG) 0 RMS 72|
5 10# Il . AT | e
o o | _ ‘i Ui l |
] |
< . l . l
SO UL L
20 | _
3% 200 400 600 800 10;00 0 a0 80 120 160
150 T T I_ T T T ]
— Measurement (HG) I RMS 32.8
100 — Simulation (HG) § 0 RMS 31.0 |4
.;: 50k My I""h -r\h | 'p | Nlh |
T i f [ I i I W
= bl (A P e AT W R
s M kit ML) e A !
< 0 "'-.‘P‘ x J ‘\ * |h|r'| iy WTWL il H"' T i
1 { V' |
—50 bl 1'H "o "\ l-r'u i '.J'k\‘._ﬂr;i‘rﬂ\
I
My !
—1005 200 400 600 800 1000 0 30 80 120 160
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. . . ' ‘ L N
Comparison between Simulation and Measurement <)

Mgasurement: APD Gain: 150, Threshold: 2.5 MeV

Impact of Electronic Noise on Relative Energy Resolution

—— Fito,/ E 3.0 g Simulation: APD Gain 150, APD Threshold: 2.5 MeV/]|
7‘ - Single APD Data ¢ Measurement: APD Gain 150, APD Threshold: 2.5 MeV
) a=1.09+0.06 %
= \ b =2.12 +0.15 %/(E|GeV])? : : : ; :
K 5 ¢ =2.164+0.06 MeV/APD || 2,0k R e
> \ ay, /E[GeV] = 2,469 10,001 %
S <
3 \\H-._\
Measurement T ]
—_ 5
la_.D‘
£
3 o :
ﬁ - bl 0.0 250 450 650 acim 10500
200 400 600 800 1000

Energy [MeV]
Noise term of relative energy resolution

C (o) 5 2 9 b2 Cmeasurement 2.16(6) MeV
- — I — ¢ — —
E E E
A3 Csimulation 2-095(6) MeV

Energy [MeV]
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Performance Tests with the Simulation Framework

150}

100

50}

Signal [ADC]

—100¢

—-150¢

Setup for Fhe Perl'formancle Testl

il — Raw Trace
- Ext. Time
- Ext. Amplitude
g i . f [ Hit Detection Window

[0 Noise Hit Region

5000 10000
Time [ns]

15000

Generate trace for low gain and high gain
Defined pulse appearance times

Noise hit region

Vary amplitudes (energies) and thresholds

mﬁggﬂﬁh= L
“4&. &,.: ‘! ‘? [\ &
L
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Performance Tests with the Simulation Framework: Noise Hit Rate

=
o
W

Ryur [kHz]
5

..

Noise Hit Rate and Efficiency, APD Gain: M = 200

-
o
-

10%}--

100

80

70—

n [%]

L 3

—— DAQ Limit

| ¢ Rym (LG) -

. RNHR (HG)

a0/

20

Efficiency (LG)
Efficiency (HG)

0.5

1.0

15

2.0
Threshold [MeV]

2.5

3.0 35

— R N———
v 4] 53

ﬂ"e.&’ ‘lz\‘ -

DAQ Limit = 558 kHz — 100 kHz (true events)
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140 Online Timestamp Comparison, APD Gain: M = 200 APD1 122 :
¢ RN]-[R (LG) | o} LA ‘ %M‘ g P 1
- $  Rum (HG) 2 SEA,R,F’“W RV i T A N
_ oo € _so 3\| ‘.'.f‘ . “"l,“ “‘ \fy T ! 1}”{ H'M
% w R e
e —150 : i
I APD2 -
40 — : T
b g MJ 1
20 it g I .ﬁ \WV l""'J I MvN'\
SR E ‘ LW
0 ° f | s s e o= PPN PPN, =) i 3 3 3"
100 , , i ' I 0"
- - ~150|.! ‘ ‘ ‘ Dol
é Efﬂc'ency (LG) 0 ‘ 5060 ‘ 10000 ‘ 15‘000 -
80 . ® & ¢ Efficiency (HG) H Time [ns]
¢ ® ® ® ¢ e ®
60 @.g
g $ e Example
* SR Threshold = 1.0 MeV
AL | . .
20 ' Efficiency =80.7 % (3 MeV events)

0 0.5 1.0 1.5 2.0 25 3.0 3.5 NHR = 608 kHZ

Threshold [MeV]
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Time Resolution, APD Gain: M = 200

w
o

M
o

Time Res. [ns]

[
o

o

Energy [MeV]

=
=]

o
o

o
=)

o
B

Time Res. [ns]

o
[N

o
o

Energy [MeV]

—1ns
¢ Low Gain [
¢ High Gain
® @
60 70
— 150 ps
¢ Low Gain ||
¢ High Gain
@ °® .
¢ @ ®
7(;0 800

Performance Tests with the Simulation Framework: Tim

800

600

400

200—

Time Resolution at 60 MeV (APD Gain 200)

Resolutlo

Time Resolution at 60 MeV (APD Gain 200)

2500/
2000—
1500}

1000}

Example: APD gain 200:

TR(60 MeV) =1.517(10) ns

TR(500 MeV) = 182(1) ps
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Performance Tests with the Simulation Framework: Linearity

3
&
9]
a
<

Residuum [keV]

Residuum [keV]

20000}
15000/ -
10000}

)
5000,/

0

I Low Gain
| High Gain

==== ADC Saturation ||
f(E)=a-E+b

3000

4000 5000 6000 7000

Energy [MeV]

8000

50

Ot gL
PTH,_HEF };Tﬂ i i I
-50 }

=100

=150} |
0 1000

4000 5000

500

200

30
Energy [MeV]

Amplitude Distribution at 100 MeV and APD Gain 200

240 260 280 300 320 340 360 380 400

ADC [au]

Example: APD gain 200:

Always smaller than 160 keV

| LowGain High Gain
r Entries 12000 22000 Entrigs. 12000
» 1800 Mean 3213, E Mean 3372
| AMS 4417 € 2000 RMS 35,87
3 1600, 22/ ndl 1028/19 3 oo F 2/ndf 5019/14
v 14005 Consant 1723182 & ¢ Constant 2234 + 25.0
F Mean 321400 1600 Mean 3372103
1200/ Sigma  4.407 +0.028 14000 Sigma 35.85+0.23
1000/ 1200
aoof 1000
E 800,
600 E
600
4
oo 400
200 200/
0

2600 2800 3000 3200 3400 3600 3800 4000 4200
ADC [a.u]

Above 100 MeV smaller than 50 keV

Single crystal threshold: 3 MeV



ﬁ Oliver Noll

Performance Tests with the Simulation Framework: Results -
Parameter Achieved Value Unit
APD Gain 0 200 250 -
Preamp. Gain LG HG LG HG LG HG -
Noise Hit Rate Threshold: 2.5 MeV
Single 331.1(26) 160.9(20) 151.44(200) | 38.07(110) | 67.93(145) 5.52(45) kHz
Dual (Icomp. = 200ns) 1.27(5) 0.16(1) 0.13(1) <0.01 <0.1 <0.01 kHz
Efficiency Deposited Energy: 3 MeV
Threshold: 2.5 MeV 39. 50. 41.3 55.3 42.4 58.5 %
Threshold: 1.5 MeV 55.9 65.9 57.1 76.6 61.5 83.9 %
Time Resolution
60 MeV 5.369(35) 1.998(13) 4.051(26) 1.517(10) 3.176(21) 1.198(8) ns
500 MeV 635(4) 239(2) 477(3) 182(1) 380(2) 144(1) ps
Non-Linearity Upper Limit
Dep. Energies < 100MeV | 635.12(23) | 288.24(179) | 138.24(70) 134.80(7) 162.17(7) | 103.66(73) keV
Dep. Energies > 100MeV | 64.81(3) 41.31(27) 44.90(3) 21.62(27) 44.78(3) 21.05(26) keV

Table 5.3: The table summarises the results of the parameter extraction performance simulation.
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Phase-0
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Determination of %yy transition form factor

— hadronic light-by-light contribution to g, —
Version of PANDA backward calorimeter

Electron scattering at heavy nucleus (Tantalum, Z=73)
Measurement in forward direction

Strong low energy electromagnetic background
Relative energy resolution at small scattering angles?
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Signal Generator for Low Energetic Background

Simulation at the trace level!

No Background

. s — e~
Superposition of useful pulses and %zggﬁ“\' T E
low energy background pulses _ ﬁE S = 1004 =
Nlig+—— s
Phase-0 i, = 500 1A
Test Background F %%E_;H = : E
- T R i i S s B e R
Beam Function £ . B )
], T
%Eﬁs; . 2000 : 4000 \53{\/\5/0;0/_' 10000 : 12000 :
Beam Gurrent: 500 nA itssmv
X1 Test Beam E E ﬁ - ot
Simulation | -
gﬂ—% Framework -
Oy 500
Energy resolution

Linearity
High rates
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Relatlve Energy Resolution as a Function of the Beam Current

Y

X1 Measurement
18 #  Reference Sim.
@4 T = 10 NA
\ =1 Ipean = 50 NA
16 W I = 100 NA
o Igea = 500 NA
H

=] \
14

\Measurement & Simulation

Ipews = 1000 DA | |

. T~

\\

6 x ~ . |
——
4 . - — |
\\_S\gr—&\h
IE___________ —_ ]
2 200 400 600 800 1000
Energy [MeV]

L = Npeam - NTarget dTarget

*Measurement of the Electromagnetic Transition Form Factor of the ¥ in the Space-Like Region via Primakoff Electroproduction. Letter of Intent, 2020

Net Beam Time as a Function of the Beam Current
VN/N=1.0% VN/N=3.16% VN/N=10.0%

- 100 Hours
- 1000 Hours ||
= 4000 Hours
0.05 GeV*
0.04 GeV*
0.03 GeV*
0.02 GeV?
0.01 GeV?

=
o
w
¥

Net Beam Time [h]
=
o

[y
o
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The Anomalous Magnetic Moment of the Muon

Dirac Theory:

B

. ::

)_/

Dirac equation with EM-field:
(iy“a“ —eytA, - m)t/) =0
Nonrelativistic limit (E = m):

B —ed

2 e 5
Y——S-Byp=0
—_—

Us

HUs g1 — 2
= — = 2 — —
Y UL “ 2

2m

0

Messung:

sM _ ,QED EW QCD SM
ay” =a,; +a;" +a, Aay
A\ Ay AN 0.01 x 10
AAVAVAVAVAVA! N D ANV TV
;,/"/ SV }‘\,, ;f/’ﬂ/\ ﬂ\\; pA N A T. Aoyama et al. 2012
W " A /i\ 0.10 x 10_10
. AT SN .
A hY: A pNT mA S C. Gnendiger et al. 2013
= 7 Each:
<N ~3x 10710
i (/ .f\i}\\ﬂ 7 L

F. Jegerlehner 2019

_eB

Taw, =— — w, =
‘LZm C m

n aﬁ"p' = 0.00116592089(63)

BNL (E821) 2006

a;™ = 0.00116591782(43)

Exp.
@, = 0.00116592089(63)

} a0
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Reduction of the Uncertainty on a;™ by a Data-Driven Approach

Hadronic Light-by-Light Scattering

Data-Driven Approach

Light Pseudo Scalar Mesons, PS = 1°, n,n'

Integral over Transition Form Factors (TFF) Fpgy =~ (Q?,Q2) with virtual
space-like momenta Q7 ,:

[oe) oo 1
GHLBLPS f 40, ] dQ, f At w(Q1) Q2 D) F sy (— Q2 —(Q1 + Q) Frs, - (—Q2,0)
0 0 -1 q

Numerically greatest contribution : Fnoy*y* 0

Fo(qi.a3)
V. Pauk, M. Vanderhaeghen 2014, M. Hoferichter 2018 o

Primakoff ° Electroproduction

Contribution to coherent nuclear pion production

L LN

* Full developed FAIR
detectors in stand-
Researgnhp?fgig alone experiments
* PANDA backward
calorimeter for FAIR
Phase-0 at MAMI
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EP
dEfd.Qfd.Q.n 87T3Ul P E 11'6_[)3

A(q3,q9%) < |Fr(q3 q3)|?

e &

-

—y .
1

2 2 i

Folgi. g2) =T "

A itb A

Kinematics: Minimizing of g
1.  E; maximized
1. E.=E;—Es
2. E; ~1200 MeV
3. Ef~300MeV — 700 MeV
2. Q% = 2E{E¢(1 — cos(0,)) small
1. ©gsmall
2. 04, small
3. Ogy within a few degree
4. Lorentz boost of photons
-> Measurement at small forward angles
> —q% = Q% =[0.01,0.05] GeV?
-0 =5°-15°

The Primakoff ¥ Electroproduction

e + 3 (@)

FAIR Phase-0 Calorimeter \,‘P

Maximum
_.-Scattering
Angle

Minimum

Scattering

-

Beam Dump

Lead Tungstate
Crystals

Measurement of the Electromagnetic Transition Form Factor of the ? in the Space-Like Region via Primakoff Electroproduction. Letter of Intent, 2020
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The Primakoff ¥ Electroproduction

10

0

Detector Acceptance for the Pion
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Measurement of the Electromagnetic Transition Form Factor of the ? in the Space-Like Region via Primakoff Electroproduction. Letter of Intent, 2020
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The Primakoff ¥ Electroproduction

1eV?]

(I(J'(.[r/(l(z.l [/Ib G

0.45

0.4

0.35

Effective Cross Section

T

——— Primakoff only
——— total coherent
————— coherent w/o Primakoff
———— incoherent.
total (coh. |incoh.)
——— total (coh. fincoh.) w/o Primakoff

— —

0.01

0.02

0.03 0.04 0.05 0.06
Q? [GeV?]

0.07

30

= [ N
w o w

d’c/dQ*dqs [ub/GeV*]

[
o

— Primakoff

— Coherent

— Coh. and Primakoff
— Incoherent

— Total

— Total, w/o Primakoff

0.005

0.010 0.015 O.OIZO 0.025
¢’ [GeV?]

Measurement of the Electromagnetic Transition Form Factor of the ? in the Space-Like Region via Primakoff Electroproduction. Letter of Intent, 2020
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* Polyethene [-CH, — CH,],, = elastic electron proton scattering on H nuclei
* Coincidence with spectrometer A (proton) and prototype (electron)
e Energy calibration

* Quasi-elastic scattering on 12C

* Rate and background determination on 81Ta

* Electron tagger test (electron-photon separation)
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FAIR Phase-0 Test Beam: Background

Rate as a Function of the Beam Current
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