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FPGAs

FPGA = Field-programmable-Gate-Array

Field-programmable

Integrated Circuit…
that can be configured after 

manufacturing.

that is based around a matrix of 

configurable logic blocks. 

Gate-Array
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FPGAs

FPGAs are becoming famous …
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Comparison of different chip types

Flexibility ./. Efficiency

Flexibility Efficiency

ASICFPGAGPUCPU

ASICCPU FPGA
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Comparison of different chip types

Example: Clustering M&Ms

Vortrag der TU-Dresden: Leistungsvergleich von FPGA, GPU und CPU für Algorithmen zur Bildbearbeitung

K-Means

Clustering
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https://tu-dresden.de/ing/informatik/ti/vlsi/ressourcen/dateien/dateien_studium/dateien_lehstuhlseminar/vortraege_lehrstuhlseminar/lehrstuhlseminar_ws17_18/leistungsvergleich-von-fpga-gpu-und-cpu-fuer-algorithmen-zur-bildbearbeitung?lang=de
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Comparison of different chip types

Example: Clustering M&Ms

Vortrag der TU-Dresden: Leistungsvergleich von FPGA, GPU und CPU für Algorithmen zur Bildbearbeitung

> *2
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Comparison of different chip types

When to use FPGAs and when not?

https://www.viewpointusa.com/IE/ar/when-is-an-fpga-worth-it-and-when-is-it-not-when-developing-an-industrial-embedded-system-part-1/

CPUFPGA

• Parallel Processing

• Signal Processing

• Data-to-Clock-Ratios

• Deterministic I/O

• Complex Calculations

• Floating Point Math 

• Sorting & Searching
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FPGA Working Principle

How do they work?

Main Parts of an FPGA Chip:

• Logic Blocks:
• Look-Up Tables (LUTs)

• Flipflops

• Programmable Switches

• Interconnects

• Random-Access Memory (RAM)

• I/O Blocks 

Logic Block

Programmable

Switch Array

I/O Block

Interconnects
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FPGA Working Principle

How do they work?

Basic Working Principle:

Signals are … 

1) integrated via Input Blocks

2) routed via Programmable Switches

to a certain Logic Block

3) processed in Logic Block

4) routed to Ouput Block

Logic Block

Programmable

Switch Array

I/O Block

Interconnects








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FPGA Working Principle

Programmable Switch Blocks

5×5 Switch Array How are Programmable Switches 

implemented?

Each Crossbar consists of six Transistors, 

whose state is written to a configuration

memory cell.

0

1

Configuration Memory

MOS-FET

connected

disconnected
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FPGA Working Principle

Look-Up Tables (LUTs)

2-Input LUT

0

1

0

1

R

R

R

R

0   

1

A B

Y

Example – AND-Gate

0

1

0

1

0

0

0

1

0   

1

A B

Y

Configuration Memory

Multiplexer

• Every possible n-Input logic operation can be implemented within a n-Input LUT  

• Modern FPGAs use blocks of 6-Input LUTs

A B Y

0 0 0

1 0 0

0 1 0

1 1 1

11



Mathis Beyß

FPGA Working Principle

Look-Up Tables (LUTs)

2-Input LUT

0

1

0

1

R

R

R

R

0   

1

A B

Y

Example – XOR-Gate

0

1

0

1

0

1

1

0

0   

1

A B

Y

Configuration Memory

Multiplexer

A B Y

0 0 0

1 0 1

0 1 1

1 1 0

• Every possible n-Input logic operation can be implemented within a n-Input LUT  

• Modern FPGAs use blocks of 6-Input LUTs
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FPGA Design Flow

From the design to the configuration

Hardware Description Languages (HDL):

• (System-)Verilog (comparable to C)

• VHDL (comparable to Fortran)

Meanwhile it is also possible to use standard

programming languages to synthesize FPGA 

Designs like Python (PYNQ, MyHDL) or MATLAB 

(HDL Coder & Verifier)

Design Creation

Simulation

Synthesis

Implementation

Design?

Synthesizable?

Timing?
Bit-Stream 

Generation

✓

O

✓

✓

O

O
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FPGAs at COSY

Beam Loss & H0 Monitoring

• 9 detectors for Beam Loss Monitoring:

• 7 along the ring

• 2 on the extraction beam line

• 2 detectors for H0 Monitoring:

• 1 behind the 100keV Cooler

• 1 behind the 2MeV Cooler
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Redpitaya Development Board

System-on-a-Chip Approach

Scintillator Paddles Development Board Control System
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Redpitaya Development Board

STEMlab 125-14

8 Digital IOs

2
 A

n
a
lo

g
 IO

s

Ethernet/ USB 

Connection

SD Card 

with OS

FPGA

Basic Specifications

• Xilinx ZYNQ 7010 SOC

• Look-Up Tables: 17 600

• Logic Cells: 28 000

• Flip_Flops: 35 200

• On-Chip RAM: 2.1 Mb

• 2 ADCs 

• Sample Rate: 125 MS/s

• Resolution: 14 bit

• Voltage range: ±1V (LV), ±20V (HV) 
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Data-Acquisition System

Analog-to-Digital-Conversion
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𝐵𝑖𝑡 𝐶𝑜𝑢𝑛𝑡 = 𝐺𝑎𝑖𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [1/𝑉] ∙ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑉 + 𝑂𝑓𝑓𝑠𝑒𝑡
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Data-Acquisition System

Signal Preparation
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Data-Acquisition System

Signal Processing
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Electron Cooling  

Basic working principle

Cool Electron Beam

Hot Ion Beam 

• Superposition with quasi-monoenergetic

dense electron beam with the same velocity

• Coulomb Scattering leads to a momentum

transfer

• Thermal energy loss in the co-moving 

electron beam

𝐸𝑖
𝐸𝑒

=
𝑚𝑖

𝑚𝑒

→ 100 keV electron beam cools 1837 MeV

proton beam

Magnetic Field

𝑘𝐵𝑇⊥ ≈ 0.1 𝑒𝑉
𝑘𝐵𝑇|| ≈ 1𝑚𝑒𝑉
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Radiative Recombination

Recombination Processes

𝑝+ + 𝑒− → 𝐻0 + ℎ𝑣

Radiative Recombination:

ℎ𝑣

How to calculate the recombination rate?

E

21

Typical recombination rate is

on the order of several kHz
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Radiative Recombination

Calculating the Recombination Rate

𝑅 = 𝛾−1η𝐿𝑁𝑝𝑛𝑒𝛼𝑅𝑅 with 𝛼𝑅𝑅 = 𝑣𝜎 𝐸

η𝐿 fraction of beam occupied by e-beam 

𝑁𝑝 number of protons in the beam

𝑛𝑒 electron density in e-cooler

𝛼𝑅𝑅 recombination coefficient

𝑣 relative velocity

𝜎 𝐸 cross-section

A. Wolf et Al.: Recombination in Electron Coolers

22

recombination

rate per Ion

Ions occupied by e-beam

https://pdfs.semanticscholar.org/70e0/4283e48ce29ad2237a4392e7d749394ac66e.pdf
https://pdfs.semanticscholar.org/70e0/4283e48ce29ad2237a4392e7d749394ac66e.pdf
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Cross Section

Kramers formula for radiative recombination

𝜎𝑛 𝐸 =
32𝜋

3 3
𝛼3𝑎𝐵

2
𝑞4𝑅∞

2

𝑛𝐸(𝑞2𝑅∞ + 𝑛2𝐸)

𝛼 fine structure constant

𝑛 Rydberg level

𝑞 ion charge

𝑎𝐵 Bohr radius

𝑅∞ Rydberg energy

𝐸 electron energy in ion resting frame

H. A. Kramers: On the theory of X-ray absorption and of the continuous X-ray spectrum
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https://www.tandfonline.com/doi/abs/10.1080/14786442308565244
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Calculation of the total Cross Section

A. Wolf et Al.: Recombination in Electron Coolers

𝜎𝑛 𝐸 =
32𝜋

3 3
𝛼3𝑎𝐵

2
𝑞4𝑅∞

2

𝑛𝐸(𝑞2𝑅∞ + 𝑛2𝐸)

𝜎𝑡𝑜𝑡 𝐸 =෍
𝑛=1

∞

𝜎𝑛 𝐸 ≈෍
𝑛=1

𝑛𝑚𝑎𝑥

𝜎𝑛 𝐸

Cross Section 24

https://pdfs.semanticscholar.org/70e0/4283e48ce29ad2237a4392e7d749394ac66e.pdf
https://pdfs.semanticscholar.org/70e0/4283e48ce29ad2237a4392e7d749394ac66e.pdf
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Calculation of the total Cross Section

A. Wolf et Al.: Recombination in Electron Coolers

𝜎𝑛 𝐸 =
32𝜋

3 3
𝛼3𝑎𝐵

2
𝑞4𝑅∞

2

𝑛𝐸(𝑞2𝑅∞ + 𝑛2𝐸)

𝐸 ≪ 𝑞2𝑅∞:

𝜎𝑡𝑜𝑡 𝐸 ≈
32𝜋

3 3
𝛼3𝑎𝐵

2𝜃2 (𝛾 + ln(𝜃))

𝛾 = 0.5772

𝜃 = q 𝑅∞/𝐸

Cross Section 25

https://pdfs.semanticscholar.org/70e0/4283e48ce29ad2237a4392e7d749394ac66e.pdf
https://pdfs.semanticscholar.org/70e0/4283e48ce29ad2237a4392e7d749394ac66e.pdf
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Recombination Coefficient

Calculation of the Recombination Coefficient

𝛼𝑅𝑅 = 𝑣𝜎𝑡𝑜𝑡 𝐸 =
0׬
∞
𝑑𝑣 𝑣2𝜎𝑡𝑜𝑡 𝐸 𝑓(𝐸)

0׬
∞
𝑑𝑣 𝑣 𝑓(𝐸)

with the “flattened“ Maxwell distribution:

𝑓 𝐸 =
𝑚𝐸

2𝜋𝑘𝐵𝑇
∙ 𝑒

−
𝐸

𝑘𝐵𝑇𝛿(𝑉||)

𝛼𝑅𝑅 = 3.02 ∙ 10−13
𝑐𝑚3

𝑠
𝑞2

𝑒𝑉

𝑘𝐵𝑇
𝑙𝑛 11.32 ∙ 𝑞

𝑒𝑉

𝑘𝐵𝑇
+ 0.14 ∙

3 𝑘𝐵𝑇

𝑞2𝑒𝑉

M. Bell and J. S. Bell: Capture of Cooling Electrons by cool Protons
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https://cds.cern.ch/record/128745/files/198105023.pdf
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Effective Temperature

Calculation of the effective temperature from Recombination Rates

H. Poth et al.: First Results of Electron Cooling Experiments at LEAR

𝛼𝑅𝑅 ≈ 7.88 𝑘𝐵𝑇
−0.67510−13

𝑐𝑚3

𝑠
good approximation for 𝑘𝐵𝑇 < 3 𝑒𝑉
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Stop cooling, when recombination rate reaches

his maximum.

→No more cooling, only beam loss
1.5 kHz

http://cds.cern.ch/record/190683/files/198809150.pdf
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Summary 

• FPGAs are configurable Integrated Circuits.

• They can be used for real-time signal processing.

• They are used at COSY for rate counting and charge integration.

• Electrons and ions can recombine during cooling.

• One can derive a theoretical formula for the recombination rate.

• One can use the recombination rate to gain insight into the cooling process
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for your attention!


