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1. The PANDA Phase-0 Experiment at MAMI

2. The Data Acquisition Concept

3. Phase-0 Firmware for SADC
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FAIR, PANDA and FAIR Phase-0 =

Target Spectrometer ‘M |
*  Facility for Antiproton and lon Research (FAIR)
* antiProton ANnihilation at DArmstadt (PANDA)

Forward Spectrometer

e 1.5GeV/c-15GeV/c (Ap/p~107*%) | = |5 i

* Fixed target experiment ] ' — | "mmm ’

« 2-107 pp annihilations/second Ni=s= ‘

* Excellent particle identification — i ‘ AW

e Radiation tolerance of the materials

Electromagnetic Calorimeter:

Mounting Plate Vacuum Insulation Panels Measurement of e~, etand y properties

C’hase 0

Research Program

ﬁ Him

Helmholn-lmﬁm Mainz

Cooling Shells

Structure

The PANDA Electromagnetic Calorimeter and its Usage at PANDA Phase-0
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A FAIR Phase-0 Experiment at the Mainz Microtron 2

The g,, — 2-Puzzle Standard Modell Calculation turbat
y o 1 ) ) ED CD nonperturbative
g = % = 2, point-like spin-2 particles (Dirac-Theory) aﬁM = aQ + aMW + aQ /
L
I — E — 0' anomalous magnetlc moment 5 i ) * Hadronic nght'by'l_lght Scattering
Radiati\zle corrections = a; % 0 S \ """« Huge contribution to uncertainty
l S ‘?-, “Z, ST N ° ‘
B e 7F‘Tsz)eL:?d;;’scalar (PS) mesons ﬁ“ﬁ
e . 1 .
- azM = 0.00116591782(43) Data-driven approach P y‘{L
. E 420 HLbLPS w
aﬂxp' = 000116592061(41) fdQlf dQ, deW(Q1 Q2 DF psyy (—=QF, —(Q1 + Q2)*)Fpsy, (=03, 0)
Fermilabs, 2021 V Pauk, M. Vanderhaeghen 2014, M. Hoferichter 2018

o * FAIR Phase-0: FAIR detectors in stand-alone experiments

«  PANDA backward calorimeter is completely developed /
Measurement of the double virtual pion transition form factor
(TFF) F 10, for spacelike momenta

*  Primakoff electroproduction

* Al experimental hall of Mainz Microtron
* Electron beam on highly charged target

Phase 0 °

Research Program

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

The PANDA Electromagnetic Calorimeter and its Usage at PANDA Phase-0
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Signal Digitisation and Processing

Amplification

Temperature Readout

\V/ (E, TO)
P Cluster Data Compute

Analogue Readout Chain 3/22
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Analogue Cluster Trigger )

e Splitter, Backplane and
CFD tested

* Splitter boards and
backplanes in production

Signal Monitor, 855 MeV, Low Amplification

;;-;-7 = iw»»

LG=8

ZE 7;7v L -5 *-_ Analogue delay < 200 ns

Cluster
Trigger

Data
Concentrator
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* Digital trigger
implemented v/

Signal Monitor, 855 MeV, Low Amplification

===C = :;.;A-uiv »:?’M = i \/""’» B

o r == LG=8 ) TRB3 SC (GSI)
=]l _C=1 =] ESJ Throughput Time < 200 ns

Data
Concentrator

Cluster
Trigger

e Compute
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Direct Line Messages (DLMs) =

* Need of defined and finite trigger propagation

* Network transport layer (4) is not “direct”

» Utilising control symbols within 8b/10b encoding
* Development of DLM protocol with Michael

e

Xilinx FPGA Bohmer (TU MunChen)
PMA . afe, . .
e | R . ya . *  Many pos§|b|I|t|es.
(UDP Stack) TXPITXN Fp * Arbitra ry payload
_— . :
E'heﬂgl;"lema lnéehl;nla\ T;:?:r:,l::er e E')\;rem Line . T[;Pg‘:;?\'fﬂ ° lefe re nt trlgger typeS
Contioer [<—1 oo A —— * Synchronous resets
Remover
\ L
/ \ e Core features implemented on SADC \/
. o~y
Extraction of DLMs (2) Clock Recovery
1 —]

Cluster
Trigger

e Data Compute
Detector Amplificat

Digital Trigger Distribution 6/22
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SADC Firmware

Slow Control

v

v

Rate
Determination

v

Time Sorting

N
ADC Interface Package
and .
Builder
Prepro
Sample-Hit
A_ISym.'rllu. isation|«€
—|) Sample |

Serialisation

Inter-Chip-
Communication

Data Arbiter

TRB Interface

O X

UDP
Transmitting
LG

Receiving

Readout
Trigger

SADC Firmware

Reminder of feature extraction methods
PANDA EMC Session February 2024
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Digital Pulse Identification and Parameter Extraction on FPGA i
Digital Pulse Shaping

Identification

Time

Hit Detection Path for Low Energies at LG

Signal [ADC]

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

. FIR filter

. Extraction function

. Highly sensitive on pulse shape

. Improvement of detection
efficiency (small energies!)

50

Components of Amplitude Extraction

>f

& guis

Amplitude [a.u.]

|
N
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\

/

D~

inv

R

F TMAX

0

500

1000 1500 2000
Time [ns]

. Derivation - Integration
. Built-in baseline follower
. Elimination of falling edge
. Pileup detection and correction

2500

Time Extraction

Raw Trace
FIR

D

D’

400

Ext, Time
= Ext. Ampl.

___Group Delay ____

____ Actual Inflexion Point_|

___Start Pointd ____

Signal [ADC]

—200

—400

LG Tl X T
P
ke

200 400 600 800 1000
Time [ns]

T, at inflexion point (f"'(x) = 0)
Discrete derivation = Interpolation

Trigger

Data Compute
Concentrator Nodes

Digital Signal Processing for APFEL Preamplifier Pulses
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SADC Firmware

Rate »

Determination 1 <

Time Sorting
ADC Interface

and Iﬁ
Prepro
Sample-Hit
A_ISym.'rllu. isation|«€
Sample

Serialisation

Optimisation of time sorted hit packaging
Implementation of triggered readout v

SADC Firmware
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Time Sorted Hit Packaging on FPGA

80 MHz 80 MHz - 125 MHz Dual Clock FIFO, Depth = 1024 .

I:I:I:I

Serializer

I:I:I:Il:-

125ns

Bookkeeper

Down Stream FIFO

Hit Package Builder

| <Header>

I <Raw Time>

1 <Num Hits> N

i 1.CH,FINETIME,AMP
;2.CH,FINETII\/IE,AI\/IP

Dynamic Package Size

' N.CH,FINETIME,AMP
|

!
: ; 34
. Raw Time: [0,2°%*—1] - 12.5ns

| Fine Time: [0,26 — 1] - 22215
64
|

Cluster Data Compute

SADC Firmware
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Time Sorted Hit Packaging on FPGA '

150 us

Working and tested
implementation
Huge improvement
for cluster building
algorithm in analysis
Busy TX lane

ed packet datal7: J

One UDP package per time column

SADC FiEEI D
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Time Sorted Hit Packaging on FPGA — Compression Mode ——

150 us

Filling package with time
columns up to UDP
payload limit
Or: timeout [0:65535] ns
Timeout = 0 ns - former
case
Working and tested
implementation
Measured free streaming
capability:
310 kHz / channel
19.84 MHz / SADC
Trace monitor
Rate monitor

, Config monitor
Bunch of time columns

SADC Frmw eI
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Time Sorted Hit Packaging on FPGA — Triggered Readout

el
NS
O

o

A

DLM

Readout Trigger

Data Concentrator TRB3 SC (GSl)

* Readout trigger from TRB3 SC

* Configurable delay on SADC
(trigger - gate open)

* Configurable gate length on
SADC

SADC Firmware 13/22
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Time Sorted Hit Packaging on FPGA — Triggered Readout '

150 us

Sending only time
columns within gate after
trigger

Dramatically decrease of
network load

System is still internally
“free streaming”

Bunch of time columns within 100 ns gate

SADC Firmware [ 429
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= g hadanapc5s: ~/repo/sadc_phase0_software/app A _ O X

File Edit View Search Terminal Help

agmaas@ELELETI4: ~/repo/sadc_phaseD_software/apps$ python3 Get Rates.py -host 10.106.11.24
-sadc 20 -fpga
port: 56000

’ readout rate: 0.090 kHz

—

SADC-Rate

170.883 204.918 148.615 159.388 204.338 197.456 160.405 128.825 o Sendi lv ti
197.549  167.001 165.598 193.776 172.875 165.113 171.292 179.716 ending only time
170.662 165.046 177.440 188.844 180.219 149.725 150.594  165.208 cy
186.075 199.808 143.807 161.793  169.115 144.587 172.130 164.482 columns within gate after
250.380 188.484 177.695 199.285 142.247 152.044 202.805 189.103 .
155.604  144.628  148.459 147.753 216.563 200.177 176.561 168.011 tr|gger
181.873 182.963 183.259 167.693 206.838 196.416 173.744 174.030 .
172.518 208.963 154.778 136.168 173.618 161.336 160.787 172.224 ° Dramat|ca||y decrease of
|
! agmaas@hadanapc5: ~/repofsadc_phase0 software/apps A _ O X network |Oad
File Edit View Search Terminal Help ° S Stem |S Stl” |nterna”
agmaas@ELENETIE: ~/repo/sadc_phased_software/apps$ python3 Get Rates.py -host 10.106.11.24 \/ \/
-sadc 20 «“ H ”
Wit free streaming
total rate: 129.705 kHz
. 1.972 2.468 1.772 1.844 2.370 2.278 1.938 1.507
Recelver-Rate 2.356 1.960 1.906 2.336 1.969 1.956 1.958 2.879
1.960 1.870 2.137 2.177 2.082 1.710 1.791 1.928
2.209 2.365 1.673 1.894 1.938 1.648 2.012 1.944
2.861 2.208 2.046 2.263 1.653 1.778 2.404 2.222
1.797 1.674 1.643 1.749 2.504 2.310 2.054 1.917
2.110 2.135 2.180 1.897 2.426 2.249 1.965 2.085
0 1.976 2.412 1.830 1.634 1.982 1.953 1.816 1.984 U

SADC Firmware 15/22
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PANDA Phase-0 Data Acquisition — Data Flow

640 Crystals
1280 APDs

i { {
} 1
1 i I

e 40 SADCs e TRB3SC
e 2560 Channels e Clock

=0 * Trigger

90 links

* One master board

* Nine slave boards with
10 links each

* But data transmitted via

backplane at 1 Gbit/}

80 links

Data of all SADCs
can’t flow over TRB
backplane

Are 80 links needed?

PANDA Phase-0 Data Acquisition Benchmarks
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SADC Firmware

Slow Control

v

v

Rate
_|§ Determination

Digital Signal
_I') Processing
_l.) Time Sorting
N
ADC Interface
and Iﬁ
Prepro
Sample-Hit
A_ISym.'rllu. isation|«€
_l) Sample Sender

—|) Sample

Serialisation

Package
Builder

Inter-Chip-
Communication

UDP
Transmitting
Data Arbiter and
Receiving

Readout

TRB Interface .
Trigger

O X

SADC Firmware

Blocks in black: active on both FPGAs
Block in green: active on FPGA
connected to TRB3 SC

Blocks in red: active on FPGA connected
to network switch

Same firmware for both FPGAs
Behaviour is determined by GEO-Address
and configuration
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SADC Firmware — Inter Chip Communication <id
FPGA 0 FPGA 1

| Clock Recovery GTX 1 =: =I Clock Recovery GTX 1 |

I I
Q ! ! oﬁ \(mm

| |
Data-Frames a ' ZG(;—I;(itz/s GTX_2 ' Data-Frames
and Slow- Gear box | 8b/10b “ 2 Gbit/s 1 Gearbox | and Slow-
Control : Encodi I 8b/10b | Control

| =hcoding Encoding | Q’
{;mmﬂ | | | o Fxm

! ' !

_ |

Triggers, Rests 1 I 4 Triggers, Rests
and Back | Fast Signals F——|—:| Fast Signals and Back
Pressure A i . Pressure

SADC Firmware 18/22
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SADC Firmware — Inter Chip Communication Routing Example

FPGAO FPGA 1

| Clock Recovery GTX 1 m Clock from PLL |

| Slow Control FPGA 1 m Slow Control FPGA 1 |
l

Arbitration | Slow Control FPGA O | I
by Port

Number

Arbitration | Data FPGA O |

and

Departure | Data FPGA 1

Data FPGA 1 |

¥ Foruara
I
| Triggers and Resets FM" Triggers and Resets |
!
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* Many routing
possibilities

* Theoretically even at
runtime...

* Load balancing (?)

SADC Firmware -
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Network Topology — Phase-0 DAQ,

Network Switch

ariastasisssieresysine

Single link readout of SADCs
* Free streaming: ~150 kHz/Channel
Seven TRB slave cards
Two uplinks per TRB slave
Uplink addressing via VLAN ID
Maximum bandwidth: 14 Gbit/s
* Free streaming: ~50 kHz/Channel
Two 10 Gbit/s uplinks to server
Phase-0 conditions:
* Event hit rate: 200 kHz/Channel
e Trigger rate: 100 kHz
* Gate width: 100 ns
* Rate reduction factor: 100
* Readout rate: 2 kHz/Channel

Network Topology
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Phase-0 DAQ Status =
* DAQhardware is ready
* > 40 SADCs with unique DNA-ID (thanks to GieRen and single link readout)
* SADC Phase-0 firmware is finished
* Feature extraction optimised on calorimeter signals (2020) v
« All non-hit data at any time (traces, rates and config packages) (2021) \/
* Internal (auto) request modus for traces, rates and config packages (2023)
« Time sorted hit packaging for efficient event building (2023)\/
* Hit package compression to optimise bandwidth consumption (2023) /
«  Clock recovery from TRB 3 SC (2023) Vv
 Triggered readout via “Direct Line Messages” (TRB 3 SC) (2024) </
« VLAN to optimise upstream capability (2024)\/
* Traces have timestamps to connect traces with hit data (new)y/
* Inter-Chip communication to optimise resource consumption (new)«/
* Arbitrary network topologies possible
e Only one SADC firmware needs to be maintained
«  Trigger pipeline and gate generator for triggered readout (new) &/
* Giellen and Mainz joint venture beam time July 2024
* Test GielRen detector with Mainz Phase-0 DAQ at A2
* Complete Phase-0 readout chain

22/22
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ADC Alignment and TO Walk i
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Time Resolution at Room Temperature

PANDA Feature Extraction on SADC: Measured Time Resolution at Room Temperature
51 T T T T 7 T T T T T T T T T I
: > 60 MeV: < 1.5 ns ' > 60 MeV: < 1.5 ns * > 60 MeV: < 1.5 ns H > 60 MeV: < 1.5 ns
wadi® + 0 . I. + 4 y I. + 8 y : + 12 1
] + 2 \ + 6 ! + 10 ! 4= Simulation
-§3- o —+  Simulation i —+  Simulation L -+ Simulation At 1 t 1
El \ \ \
5 2 ‘. 5 % Y Channel |
= 3 1
Ey S Y - | i
Peecdan eosles _ e el o PP SO S R = .+r, ,__“_!L___ [ s S S S
T T T T T 3 T T T T T - T T T T T
L > 60 MeV: < 1.5 ns X > 60 MeV: < 1,5 ns | > 60 MeV: < 1.5 ns i > 60 MeV: < 1.5 ns
T4l + 16 a : + 20 a : | 4+ 24 1 4+ 28 4
= ! + 18 i + 22 i 4 26 i + 30
£3{— = S ion . . = Si a - = Si i 1 - -4~ S 4
= ' ' [ A
g R Y 3 B,
] (2. \- R Y
E 11 S “q [,
Be -
8500 20 a9 lne ned = gea » - P i et dadatale ot O e e e R T P .
T T T T T T T T T T T T T T T r
* > 60 MeV: < 1.5 ns # > 60 MeV: < 1.5 ns | > 60 MeV: < 1.5 ns a > 60 MeV: < 1.5 ns
T 4{ + 32 : + 36 . + 40 d + 43
= i + 34 \ + 38 i 4+ a2 ! 4 a6
-% 31—+ —+ 8 1 T+ 8 : —+ 1 0 —+ 1
.t h \ §
m R R N s
gl g “ | v | wl
o] T gy -
“4!_9519_1-_!.?!5:-_;-_-_-_-;‘,, i i i it e e M .qu_-_o_ep‘,, [t 2208 tesnoegeopees
T T T T T 3 T T T T T T ¥ T T T
1 > 60 MeV: < 1.5 ns a = 60 MeV: < 1.5 ns “ > 60 MeV: < 1.5 ns [ > 60 MeV: < 1.5 ns
At + 50 : + 52 : + 56 —— + 60
|t — Simulation \ + 54 ! + 58 ! + 62
'% 314 | ’. —t Simulation 4 —+ Simulation i 1 —+ Simulation
2 I'\ Reference Channel .-\ ‘{ ‘\
22 1Y
o , " !
E > ey, \!... Y
e T a4 agl SR
[t S S DR A N ."."’—'l-!.q_”_?_-_gg;o_ _____ r*=ee e L R Iy T
1] T T
0 50 100 150 200 250 300 350 400 450 500 O 50 100 150 200 250 300 350 400 450 500 O 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Amplitude [MeV, M=200] Amplitude [MeV, M=200] Amplitude [MeV, M=200]

Amplitude [MeV, M=200]
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Relatlve Energy Resolutlon 3x3, APD Gam 150, APD Threshold: 2.5 MeV

* Relative Energy Resolution (2018)
—— TDR Requwement at 1 GeV sxfricsgi%aﬁn;ﬁe“
— Fitop/E b =1/8340.45 %)(E[GeV))!
/| * Data ¢ = 200220,15MeV /channel |
\s | op /E[GeV] =2:2075£01006 % Og b C N b2 c?
L0 =@ = |2+ —+ —
. .. E VELCE E = E2
s Measurement ~ N N
5 4 \ ) Constant  Stochastic Noise
3 \\ -
"\\.
R PANDA Technical Design Report (TDR) requirements:
— ]
2 i ; i i ; 4 aTDR S 1%(y V
0.06—— 1 : : o 0
T 0.04 | bTDR <2 JGeV V
€ oo ; N *  crpr<3MeV /
T 0.02 o < 9
3 _ooa O'E/E(l GeV)TDR < 2.5% V
006555 200 500 800 1000

Energy [MeV]
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Time Resolution [ns]

Time Resolution as Function of Energy Deposition (M=200) at -25 °C

Dig. Res. Limit: 195 ps
> 10 MeV: < 10.0 ns, HG
> 55 MeV: < 1.5 ns, HG
| e ‘ > 250 MeV: < 1.5 ns, LG
—"— + HG CH32
e Measurement + LG cHa3
10t s + HG CH34 |
= = 4+ LG CH35
e --+- Sim HG
— e, - SimLG
S v
—~=, .
RN -
== -
T—“‘\\ “«
= .,
=N .
ﬁ\‘ “"
%N &,
100 %’i - T
L .o
"i..,‘_ T, N o
s 208 00, b e
M'“-‘-?f""'____‘_lc ) T \
'iol 102 T S —
Energy [MeV]
Hit ready ({7 [ [ [ 1 [ [ [ |
Time left ip (34-bit)
Hit data Amplitude (16-bit) Dividend (10-bit) Divisor (10-bit)
Assignment | 35 [34 [33 [ .. [20 o[8[ 2o e 2 o

Table 1. Output of the digital signal processing unit of one ADC channel for one hit.

; —
i [ Raw Trace
! !
200 o 2 & — FIR
£ a & — D
& ‘ig —
K 3 s Ext. Time
= =t
200 @ q 3 —  Ext. Ampl.
_ -
%) '
[a] .
< [
]
©
[ =
i)
n
—200
400 . [ !
LG T AT x-T
P>
b e '
200 200 600 800 1000
Time [ns]

Light pulser measurement (2024)
Measurement in agreement with
simulation (High Gain)

Discrepancy between measurement
and simulation for Low Gain due to
digital resolution limitations

But < 1 ns at the relevant region
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Digital Pulse Identification and Parameter Extraction - Performance

invariant mass spectrum x? / ndf

16
14
12
10

N &~ O

(o]
III|III|III|III|III|III|III|III|

|

j

Mea

|

\

C’O

|I|‘
50

A
rement H
(0]
n

9.296 /15
8.521+ 1.576
165.2+ 2.5
11.3+1.9
0.2422 + 0.2757

—— random coinc.
—— Novosibirsk fit

100 150 200 250 300 350 400 450 500

Energy [MeV]

EME ﬁg@iﬁ‘z\g‘:y’ﬁ

Back then:

* Measurement of neutral pion decay
with two 4x4 prototypes in 2022

* Synchronisation with light pulser

* Energy calibration not optimal

Today:
* Now synchronisation with TRB3 SC
Well calibrated subunits for Phase-0



Unique DNA-ID
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Configurabl | Configurable
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Splitter, Backplane, CFD and TRB3 SC =)
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Backplane, Controller and SADC S Qkﬁ;}
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