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In total: 15744 lead tungstate 
crystals 

ElectroMagnetic Calorimeter (EMC)
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11360

 crystals

3792 

crystals



• In outer region: event rate 10 kHz 
to 100 kHz expected.


• In inner region: event rate upto 
500 kHz. 

EMC Forward Endcap 
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Figure 4.1: Integrated single crystal rate for the barrel
section for an energy threshold of E>3MeV using DPM
at 15 GeV/c incident beam momentum.

Figure 4.2: Integrated single crystal rate for the for-
ward endcap for an energy threshold of E>3MeV using
DPM at 15 GeV/c incident beam momentum.

The energy spectrum of a single crystal depends
strongly on the polar angle and is represented in
Fig. 4.3 for four di↵erent polar angles (5�, 25�,
90� and 135�). The summation of the given
energy distributions yields total absorbed energy
rates of 27 mGy/h, 1.5 mGy/h, 0.16 mGy/h and
0.03 mGy/h, respectively, for each angle. The en-
ergy absorption is homogeneous in lateral direction
of the crystals, but in radial depth the situation

changes. The di↵erent interaction mechanisms of
the electromagnetic and hadronic probes with the
scintillator material lead to a strong radial depen-
dence of the energy absorption as shown in Fig 4.4
under similar conditions. The strong variation can
bring the stated average numbers up to peak values,
which can be higher by factors of 2-3 within the first
few cm of the crystals. The centers of the electro-
magnetic shower of photons up to 10GeV incident
energy will be concentrated within the first third of
the crystal length, which has to be considered for
the optimization of a homogeneous collection of the
scintillation light.

Figure 4.3: Single crystal energy di↵erential rate spec-
trum for polar angles of 5� (black), 25� (blue), 90� (red)
and 135� (green) using DPM at 15 GeV/c incident beam
momentum.

Figure 4.4: Relative energy dose normalized to 1 as
function of the radial depth in a single crystal using
DPM at 15 GeV/c incident beam momentum.

Integrated single crystal rate for the forward endcap for 
an energy threshold of E>3 MeV at 15 GeV/c incident 

beam momentum. 
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Integrated single crystal rate for the forward endcap for 
an energy threshold of E>3 MeV at 15 GeV/c incident 

beam momentum. 

The Photo Sensors
VPTT (Hamamatsu) APD (Hamamatsu)

Quantum efficiency ⇡ 20% ⇡ 80%
Active area ⇡ 200 mm2 100 mm2

Gain typ. 50 200
Dark current  1 nA 1 pA – max. 20 nA
Capacitance ⇡ 22 pF ⇡ 270 pF

,11 Thomas Held Construction of the PANDA Forward Endcap EMC

3088 crystals 
 768 crystals 

Each crystal is equipped with 2 APDs.

→ 6176 APDs
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• APDs have internal gain mechanism and the gain (M) of APDs shows dependency on the 
temperature and the input high voltages.


• For constant gain M=200, high voltage of ~370 V required.

140 9 Construction of Close-To-Final Forward Endcap Calorimeter Submodules
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Fig. 9.2: (a) Typical response curves of one APD at all five temperatures
(b) Temperature dependence of the bias voltage for M = 200
(c) Temperature dependence of the gain for the bias voltage U(M = 200,�25�C)

dependence on the temperature for a fixed bias voltage (see Figure 9.2c) shows a more
complex behavior. In this case the values correspond to the intersections of the vertical
black line with the response curves in Figure 9.2a. Both dependencies can be useful for
the operation of the APDs in the PANDA detector: Knowing the correlation between the
bias voltage and the temperature allows for a regulation of the voltage in order to keep the
gain at a constant value. However, during normal operation, when the APD bias voltages
are fixed, their actual gain can be estimated by using the temperature correlation.

An important purpose of the screening measurements is to provide a quality check for all
delivered APDs. Therefore, the bias voltage for an amplification of M = 100 at a temper-
ature of +20�C is extracted for comparison with the values given by the manufacturer. In
most cases it is necessary to interpolate between two measurement points. Therefore, a
polynomial of third order is fitted to the data points in the vicinity of the desired value.
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76 PANDA - Strong interaction studies with antiprotons
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Figure 5.18: Determined gain values M of the
’normal C’ type APD before (blue) and after (red) ex-
posure with a 60Co source.

(Fig. 5.18). Taking into account the determination
of the maximum usable gain of the ’normal C’ type
APD no obvious gain decrease could be observed
(see x-axes of Fig. 5.19), which is in contrast to
the dramatical gain decrease of the diode in terms
of proton exposure. Comparing the measured dark
current after � irradiation and one month of stor-
age with the values determined for an unirradiated
diode (Fig. 5.19) a nearly complete annealing of the
dark current could be observed (see y-axes values).
Looking at the gain range between 180 and 300 the
dark current behaviour is dramatically changing so
that the required linearity of the dark current de-
pending on the internal gain seems to be no longer
ensured. Detailed studies have to be done in the
near future to determine the influence of surface
defects caused by photon irradiation in this gain
region. On closer examination of Fig. 5.20 no indi-
cation for any kind of bulk damage induced by the
accomplished photon exposure could be observed.
This result suggests some kind of surface damage
to be cause of the atypical behaviour of the dark
current shown in Fig. 5.19.

5.1.3.3 Neutron Irradiation

The neutron irradiation of the quadratic shaped
APDs which has been done until now was exe-
cuted at the APDlab Frankfurt using a 241Am �
↵�Be source. This source generates approximately
0.65 · 10�4 neutrons per emitted ↵ particle of the
alpha decay of americium via the reaction

4He +9 Be!12 C + n. (5.12)

Taking into account the activity of the employed
source (1.1 GBq) a neutron rate of 7.15 · 104n/s

Figure 5.19: Dark current dependence on gain of
the ’normal C’ type APD before (blue/left) and after
(red/right) exposure with 1012 �s.
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Figure 5.20: M(�) of ’normal C’ type after photon
exposure with an integrated dose of 1012 �s at Strahlen-

zentrum Giessen.

could be reached.
In contrast to the exposure procedures described
in the former paragraphs the irradiation results de-
scribed in this section are based on measurements
done at T = 20�C. The measuring equipment pro-
viding a save handling of the neutron source and
which has to be completely filled with boron sili-
cate due to radiation protection reasons is shown in
Fig. 5.21. As already discussed in cases of proton
and photon exposure of the diodes the gain of the
two tested APD types has decreased after irradia-
tion. The curve progression of the measured gain
dependence on the applied bias voltage is shown
exemplarily for the ’normal C’ type in Fig. 5.22 in
comparison to the behaviour observed before expo-
sure. The dark current dependence on the deter-
mined gain values is shown for both APD types in
Fig. 5.23 and in Fig. 5.24 respectively. In case of
the ’normal C’ type the dark current shows nearly
no increase and its linearity depending on M is
still ensured. The converse situation could be ob-

Determined gain values M of the APD before shown in blue and after shown in red exposure with a 60Co source. 

Radiation exposure causes shift in the high voltages of ~20 V for M=200.
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in the former paragraphs the irradiation results de-
scribed in this section are based on measurements
done at T = 20�C. The measuring equipment pro-
viding a save handling of the neutron source and
which has to be completely filled with boron sili-
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and photon exposure of the diodes the gain of the
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dependence on the applied bias voltage is shown
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comparison to the behaviour observed before expo-
sure. The dark current dependence on the deter-
mined gain values is shown for both APD types in
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no increase and its linearity depending on M is
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comparison to the behaviour observed before expo-
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For a constant gain, the high voltages need to be regulated!



6176 high voltage lines → Not feasible.
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6176 high voltage lines → Not feasible.

High Voltage Regulation
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Solution: 

• 8 APDs grouped together with ΔV = 7 V.


                     → realised by a High Voltage Board.




• 4 input high voltages → 32 output 
high voltage channels.

High Voltage Board
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High Voltage

Connectors

Developed by F. Grifka and upgraded by Dr. C. Schmidt
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• High voltages of each channel are 
regulated by the potentiometers.
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• High voltages of each channel are 
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• High voltages of each channel are 
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Developed by F. Grifka and upgraded by Dr. C. Schmidt
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• 4 input high voltages → 32 output 
high voltage channels.

High Voltage Board

8

High Voltage

Connectors

Potentiometers

PotentiometersI2C Switch

Address

Translator

I2C Connector

ADCs

Analog Switches

• High voltages of each channel are 
regulated by the potentiometers.

• ADCs: monitors high voltages.

• Components are I2C bus 
compatible

Developed by F. Grifka and upgraded by Dr. C. Schmidt

• For all APDs, 772 high voltage 
lines are required.
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• Build the interface between the PANDA Experiment Slow Control (based 
on the CAN bus) and the High Voltage Boards (based on the I2C bus).

Goal
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• Build the interface between the PANDA Experiment Slow Control (based 
on the CAN bus) and the High Voltage Boards (based on the I2C bus).

• Inspiration from Temperature and Humidity Monitoring board for PANDA 
(THMP) module.


• Microcontroller provides I2C and CAN bus interface.


• Microcontroller, CAN transceiver and voltage regulators tested for 
radiation hardness.


                              → Controller Board

Goal

10
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• Programmed via JTAG or ISP using 
ATMEL studio. 


• Microcontroller operates at 16MHz.
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• Differential I2C signal and power 
for the high voltage boards.


• I2C bus speed 400kHz.
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• Current and temperature sensors 
connected with software I2C bus.


• Hardware I2C bus solely for 
High Voltage board.


• Controller I2C bus speed 27kHz.
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• CAN bus speed 125kbps.
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• CAN bus speed 125kbps.

• 16 bit rotary switches for providing 
unique identity to controller board.
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• Lab Interface (USART) with 115200 
baud rate using SCPI commands. 


• RS-485 for future purposes.



• The PANDA Slow Control system issues readout request via Can Bus .
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• The PANDA Slow Control system issues readout request via Can Bus .

• Microcontroller  issues I2C commands to the particular high voltage board.
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• The PANDA Slow Control system issues readout request via Can Bus .

• Microcontroller  issues I2C commands to the particular high voltage board.

• The readout value is sent back to the microcontroller which is processed and sent further to 
the Detector Slow Control.
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• The PANDA Slow Control system issues readout request via Can Bus .

• Microcontroller  issues I2C commands to the particular high voltage board.

• The readout value is sent back to the microcontroller which is processed and sent further to 
the Detector Slow Control.

• For reading all ADC values, the process repeats until all channels of the particular high 
voltage board are read.  
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• The PANDA Slow Control system issues readout request via Can Bus .

• Microcontroller  issues I2C commands to the particular high voltage board.

• The readout value is sent back to the microcontroller which is processed and sent further to 
the Detector Slow Control.

• For reading all ADC values, the process repeats until all channels of the particular high 
voltage board are read.  

• Can also be set as a background task (Similar to THMP) → Read ADC values from the 
mentioned High Voltage boards every N minutes.
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• The PANDA Slow Control system issues readout request via Can Bus .

• Microcontroller  issues I2C commands to the particular high voltage board.

• The readout value is sent back to the microcontroller which is processed and sent further to 
the Detector Slow Control.

• For reading all ADC values, the process repeats until all channels of the particular high 
voltage board are read.  

• Can also be set as a background task (Similar to THMP) → Read ADC values from the 
mentioned High Voltage boards every N minutes.

• For CAN bus speed 250kbps, the total readout time for one High Voltage board is 
105.833 ms.
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• In total, 13 controller boards required.

• Upto 20 high voltage boards can be 
connected to one I2C bus.

Preliminary Connection Scheme for the 
High Voltage Regulation Boards

Preliminary Connection Scheme for 
High Voltage Boards
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NEN ISO 2768-2K
Geometrical tolerances

Nominal dims. mm Straightness 
& Flatness  

t/m1010-3030-100100-300300-10001000-3000Squareness
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‣ Up to 20 high voltage boards 
connected to one I2C bus. 

‣ Approximately 205 high voltage 
boards required.
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• In total, 13 controller boards required.

• Upto 20 high voltage boards can be 
connected to one I2C bus.

• A controller board box can hold 4 
controller boards + 1 power board 
(for powering all controller boards).


• Power Board utilises similar 
power connectors like THMP.

Preliminary Connection Scheme for the 
High Voltage Regulation Boards

Preliminary Connection Scheme for 
High Voltage Boards
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• In total, 13 controller boards required.

• Upto 20 high voltage boards can be 
connected to one I2C bus.

• A controller board box can hold 4 
controller boards + 1 power board 
(for powering all controller boards).


• Power Board utilises similar 
power connectors like THMP.

• Require 2.12 seconds for reading 
ADC values of all channels of 20 
boards.

Preliminary Connection Scheme for the 
High Voltage Regulation Boards

Preliminary Connection Scheme for 
High Voltage Boards
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Summary 

• High voltages provided to APDs need to be regulated → High voltage board.


• The controller board provides interface between the PANDA Experiment Slow 
control and the High Voltage boards.


• Approx. 20 high voltage boards can be connected to one controller board.


• Require 2.12 seconds for reading ADC values of all channels of 20 boards.

Summary And Outlook

19

Outlook 

• Tests need to be performed with the controller board in order to monitor its performance of the 
I2C signals under radiation. 


                   → being performed, waiting for results.    → Mass Production.


• In order to check for I2C address conflicts, tests need to be performed with the full chain of 
high voltage boards connected to the controller board. 


• Controller readout needs to be integrated into EPICS framework of the PANDA experiment's 
Slow Control.
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Address Mapping for the High Voltage Board

23

TCA9548A

MCP44611

MCP44612

MCP44613

MCP44614

MCP44611

MCP44612

MCP44613

MCP44614

ADS1115
1

ADS1115
2

ADG7281

ADG7282

ADG7283

ADG7284

ADG7285

TMP1162

TMP1161

LTC4316

0x20 (5) 0x01 (0) 0x04 (2) 0x08 (3) 0x02 (1) 0x10 (4)



Original I2C address = 0x70 , 


Modifier byte = 0x10 , 


New I2C address = (Original I2C address) ˆ (Modifier byte) 


                             = (0111 0000) ˆ (0001 000) 


                             = 0110 0000 (0x60) . 


I2C Bus Address Translation 

24



Readout
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Chapter 5 Readout Speed of the Controller Board

time measurements, referred to as total readout time, after a request has been received either via CAN
bus or USART to read ADC values of all channels of the high voltage board.

5.2 Readout Scheme

The general readout scheme can be seen in Fig. 5.2. The slow control system of the experiment issues
a readout request via CAN bus to the controller board. The microcontroller on the controller board
processes the request and sends the I2C commands to the high voltage board. The data is sent back
from the high voltage board to the controller board by I2C commands via I2C bus. The microcontroller
processes the readout data and send it to the detector slow control via CAN bus.

Controller Board

Detector Slow Control
System

Request Data

Readout Data

I2C Commands

High Voltage Boards

. . . . 

Differential

I2C Bus

Differential 

CAN Bus

Figure 5.2: The general readout scheme.

A detailed scheme for reading the ADC values of all channels of a high voltage board is depicted in
Fig. 5.3. After the data has been requested via USART or the CAN bus, the ADC value is read by sending
a set of the I2C commands to the specified high voltage board which is shown in orange colour. The
time required by the I2C commands will be referred to as I2C readout time (tI2C). This is followed by
the preparation time required by the CPU to process the ADC value and prepare the CAN frame or
the USART message. As soon as this process is completed, the data is transmitted via the CAN or the
USART interface which is shown in green in Fig 5.3.

I2C I2C

CAN/USART CAN/USART

I2C . . . . . .  I2C

CAN/USART

tI2C

t1t0 t2 tE
Start 

transmission

Read I2C value

Preparation
time for
sending

CAN frame

28 times

 sending data

End
transmission

Total readout time (t
  R

)

Start sending
I2C commands

ti

. . . . . .  29 times

tw

Figure 5.3: The detailed scheme for reading ADC values of all channels of one high voltage board.

After the transmission of the CAN frame or the USART message, the microcontroller requires time (tw)
to perform miscellaneous tasks like preparing for I2C commands and setting the TXI2C LED. This is
followed by transmission of the I2C commands for reading the ADC value of the next channel of the
high voltage board. The preparation time and tw collectively form the time duration between two I2C

46



Total Readout Time
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5.2 Readout Scheme

packets (ti). The collection of I2C commands which are sent to read the ADC value will be referred as
I2C packet. This whole process repeats until the ADC values of all high voltage channels of the specified
high voltage board are read out.

As described in section 3.2.1, the I2C speed has been fixed to 400 kHz and the Sample per Second rate
(SPS) of the ADC has been fixed to 860 Hz. The SPS is the number of the samples that one can generate
or acquire per second. Since the ADC will operate in the continuous mode, proper delays need to be
added to get the updated ADC values. The delays for di↵erent SPSs can be found in table 5.1. The
additional delays lead to an increase in the total readout time required to read the ADC values of the high
voltage board. In the following section, measurements of the total readout time required to read ADC
values of all channels of one high voltage board via CAN bus and USART.

SPS value [Hz] Additional delay [ms]
8 125.00
16 62.50
32 31.25
64 15.63

128 7.81
250 4.00
475 2.10
860 1.16

Table 5.1: Additional delays based on SPS value that need to be included in the firmware.

5.2.1 Total Readout Time

To measure the total readout time, the time from the first rising edge of the I2C command to the last
falling edge of he USART message or to the last decoded bytes of the CAN frame is determined with
an oscilloscope. For di↵erent CAN bus speeds, the total readout time for CAN bus, tR1 is recorded and
presented in table 5.2. It can be observed that with the increase in the CAN bus speed, tR1 decreases.

Analogously, for the measurement with the USART interface, the total readout time tR2 is recorded
for all possible baud rates. The results are shown in table 5.3. With increase in the baud rate of the
USART, a significant decrease in tR2 is seen. A standard deviation of �t = ±0.3 µs is observed with all
measurements done with the oscilloscope unless specified.

CAN bus speed [kbps] tR1 [ms]
125 106.265
250 105.853
500 105.442
1000 105.157

Table 5.2: Total readout time for varying CAN bus
speeds.

USART baud rate [Baud] tR2 [ms]
9600 339.85
14400 260.799
38400 163.648
57600 143.294

115200 124.105

Table 5.3: Total readout time for varying USART
baud rates.
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Reading ADC Value of One Channel
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5.2 Readout Scheme

Figure 5.10: The measurement of time duration of one CAN frame. The CANH and CANL signals are shown
in blue and pink respectively for CAN bus speed of 250 kbps. Also, the I2C signals, SCL and SDA are shown in
yellow and green. S1 depicts decoded CAN frame while S2 depicts decoded I2C packet.

Also, the time duration of one received USART packet for most of the baud rates is higher than the time
duration of the one I2C packet.

Baud rate [Baud] ti2 [ms]
9600 7.473
14400 5.023
38400 2.014
57600 1.374
115200 0.786

Table 5.7: Total readout time and time duration between I2C packets for varying USART baud rates.

In the USART interface, the data is sent as one ASCII character at a time. This ASCII character is sent to
the transmit bu↵er which further sends it to the Shift Register as discussed in section 3.6.2. The USART
Data Register Empty (UDRE) flag is set as logical one when the transmit bu↵er is empty, and set as
logical zero when the transmit bu↵er contains data to be transmitted that has not been moved yet into
the Shift Register. The sent USART message contains information about the channel number and the
corresponding ADC value. This message comprises of nine bytes in total which are sent one after another.
The USART message format is shown in Fig. 5.11 where the maximum ADC value is five bytes.

0 1 1 32 4 CR5

CKaQQHO
¬QXPbHU

ADC YaOXH CaUULaJH
¬UHWXUQ

SSacH

9 b\WHV

Figure 5.11: One USART message.
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Controller Board Box
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