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Outline:
• LEIR measurement

• LEIR beams

• The new acquisition system

• LEIR Schottky measurement
• EARLY beam longitudinal (old) / horizontal (new)

• Nominal beam longitudinal (new) / horizontal (new)

• The PU  (to show adding in time of Schottky signals)

• ELENA
• ELENA beam

• The orbit system; VXS-DSP-FMC Carrier

• Schottky SNR

• SNR vs. speed

• Proposed system for summing of sum PU signals



LEIR beams:

Pb54+ for LHC ion runs and SPS 
fixed target. 

4.2MeV/u to 72MeV/u

EARLY (init LHC test)

One bunch

≤2·108 ions per bunch                                       
(1.1·1010 charges)

Electron cooling during injection 
plateaux

NOMINAL
Two bunch’s 

≤12·108 ions per bunch (13·1010

charges)

Multi injection with electron 
cooling during injection plateaux 

· 1010

Charges



LEIR beam: Nominal intensity evaluation

Following measurements taken 
during beam commissioning !  
(No MD on new Schottky yet !)

- EARLY ≈ 1010 charges
- Nominal ≈ 1010 charges 

per injection.
( first longitudinal measurement   
≈ 0.5·1010 )



New LEIR Schottky system (PU not changed): 
VFC based (CERN, FPGA board), FMC with 2· 650MSPS ADCs 

( https://www.ohwr.org/projects/vfc-hd/wiki )

- Averaged decimation 2n, but (for now) fixed antialiasing filter: 48MHz

- Memory 256M data word (per 
channel)

- n=0: 0.4s sampling at 650MSPS
- n=1: 0.8s sampling at 350MSPS
- n=2: 1.6s (matching Nominal) sampling at 

162.5MSPS
- …

- Flexible FFT size
- Sample time, frequency resolution
- Flexible Schottky harmonic 
- Flexible Frequency span

… … … … … … ...
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FFT FFT

interval

Total mem = 256M word

2n Raw ADC data, avg (n = 0 - 4)

https://www.ohwr.org/projects/vfc-hd/wiki


Longitudinal Schottky (Early beam)
- Effect of electron cooling

Using signal analyser (old / current system) : Agilent MXA N9020A 

(From LEIR log-book 18/4-18)
50th harmonic, Resolution BW 70Hz, Span 250kHz, 80 spectra, voltage.

0s

time

0.4s

17.925MHz                                                                                    frequency                       18.175MHz



Horizontal Schottky (Early beam)
- During electron cooling, using new system

Tune, 
q = 0.18 (0.82)

50th harmonic, 150 spectra, 0.4s sampling at 162.5MSPS, Frequency resolution 300Hz, power(dB)

0.4s

time

0s

17.875MHz                                                     frequency                                                      18.225MHz



50 · Frev, span = Frev

1.6s

0s

Longitudinal Schottky, Nominal beam (multi-injection)

- Electron cooling used to move / stack the beam (≈3·1010 charges) 

50th harmonic, 400 spectra, 1.6s sampling at 162.5MSPS, Frequency resolution 300Hz , power(dB)

Saturation …
Bunched beam



1.6s

0s

Horizontal Schottky, Nominal beam (multi-injection)

- …… saturation after 4th injection (Saturation also seen in longitudinal with this sensitivity) 

50th harmonic, 400 spectra, 1.6s sampling at 162.5MSPS, Frequency resolution 300Hz, power(dB)
17.875MHz                                                 frequency                                                 18.225MHz



0.8s

0s

Horizontal Schottky, Nominal beam (multi-injection)

- Only first 4 injections …… saturation 

50th harmonic, 200 spectra, 0.8s sampling at 162.5MSPS, Frequency resolution 300Hz, power(dB)

- Revolution frequency 
Split as seen in longitudinal

- Sideband, cooling 
Emittance

- Tune, q 
Calculated to 0.19 (0.81)

- Tune spread

Still lots of work … but hope

17.875MHz                                            frequency                                              18.225MHz
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Delay by fixed 
cable length 

LEIR, low β stripline PU

Delay by fixed 
cable lengths 

- Summing Schottky signal from several stripline PUs. 
- Fixed cable lengths makes PU frequency dependent i.e. optimized for one fixed β.  

Low noise 
amplifier as 
termination 

j. Tan et al.

Beam



Delay by fixed 
cable length 

LEIR, high β stripline PU

Delay by fixed 
cable lengths 

- Summing Schottky signal from several PUs. 
- Fixed cable lengths makes PU frequency 

dependent i.e. optimized for one fixed β.  
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ELENA, distributed Schottky PU
“ELENA also have several PUs … lets sum them”: 

Schottky signals from closed orbit system sum signal = longitudinal.

ELENA: Extra Low Energy Antiproton ring:
The beam:

- 107 anti protons from AD to users
- Momentum 100MeV/c to 13.7Mev/c (β: 0.11 -> 0.015,  

revolution frequency 1044kHz to 143kHz) 
- Machine circumference: 30.4m

Orbit system:
2 (H/V) · 12PUs, 2·2 will see electron beam (can not be used for 
Schottky).



- VXS: current implementation “sushi train” 
- Giga Bit link via the VME “P0 connector”

- 32 word (some used) per rotation, passed between all boards.

- One rotation approx. 2.1µs 

- Used to calculate mean radial position, send to the LLRF system

- ADC sampling frequency given by revolution frequency 
harmonic (currently). Revolution frequency direct from LLRF 
on fibre.

- @ 35Mev/c approx. 78MHz

- @ 13.75Mev/c approx. 31MHz

- DDC, Digital Down Converter, can point to “any” harmonic

- DSP sampling frequency 100kHz “fixed” !
- Nyquist, max bandwidth 40-50kHz.

- VME data transfer
- Internal data calculation (can not get enough raw data out)

ELENA, distributed Schottky PU
The VXS-DSP-FMC carrier:
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ELENA, distributed Schottky PU
The Schottky signal



ELENA, distributed Schottky PU

Estimating the SNR for the longitudinal Schottky

Charge amplifier:

- Signal: Charge inside PU over feedback capacitor 
- Noise: gain given by feedback capacitor and total capacitor 

Cfeedback

Ctot

iPU

Vout



ELENA, distributed Schottky PU

Estimating the SNR for the longitudinal Schottky 



ELENA, distributed Schottky PU
Higher harmonic on the cost of SNR ? 

Say a resolution of 15 bins per Schottky band is wanted:

e.g. @ 35MeV/c after cooling: 
1st harmonic ∆f = 51Hz i.e. a RBW of  3.4Hz     => sampling time: 300ms
4th harmonic ∆f = 204Hz  i.e. a RBW of 13.6Hz => sampling time:   73ms

16th harmonic ∆f = 816Hz i.e. a RBW of 54.4Hz => sampling time:   18ms

SNR can be converted to faster measurement for a given relative frequency resolution in a 
sampling system…. Down to a SNR limit where the Schottky can no longer be measured.

e.g. 15 bins per ∆f 



Summing the signal from all “orbit” PUs (2·10 H/V):

- Summing in time “as LEIR” i.e. with individual 
delays before summing time domain signals. 
One single FFT.

- Coherent averaging in frequency domain, delay 
by e-jѡ·∆t . FFT distributed in DSPs

- Incoherent averaging in frequency. “spectrum 
analyser like” averaging, power only. FFT 
distributed in DSP.

ELENA, distributed Schottky PU



ELENA, distributed Schottky PU

Summing in time (as LEIR PU, but digital delay. not proposed) 

- Distance between PUs approx. 3m 
@ 35Mev/c, tof= 268ns,  ADC sampling 78MHz => 20.9 samples
@ 13.75 Mev/c, tof = 683ns, ADC sampling 31MHz => 20.9 samples

1 clock cycle = 14.4cm i.e. delay of non integer number of samples needed.

Task:
In each FMC FPGA delay according to PU position and cable length, 
down mix selected harmonic band, transport IQ data to one common VXS. 
Do FFT or send out summed data (IQ vs. power spectra half data)
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ELENA, distributed Schottky PU
Proposed solution: Summing in frequency on decimated data 
(part 1):

- Sample raw data (split to complex; IQ) 

- Use the (standard, IQ) Digital Down Converter to choose the 
wanted harmonic of from a sum PU signal.

- Use Cascaded Integration Comb (CIC) filter:
- Pass on only the wanted schottky band, as this is mixed to base 

band
- Phase linear, Sinc(ѡ) magnitude.
- Allows decimation as anitaliasing filter. Nyquist for 100kHz DSP 

sampling. OK as the longitudinal schottky bands is narrow).

Z-1

R

Z-N

R = Decimation rate

N = Delay / Decimation rate

|A|

f

CIC for 35MeV/c. N=1 and N=5

367kHz

ADC Frev · hBase · 2
-MDDS

- Sample frequency follows beam

CIC

Frev · hDDC · 2-MDDS· 2DDC  

- Tracks “any” harmonic

FFT·e-jѡ·∆t

Fsample = 100kHz (hard coded!)

2·FMC, with 4 ADCs

FPGAs

VXS-DSP-FMC Carrier, VME

DSP

“Sushi train” to central on DSP

Avg

DSP

Mem
FESA



ELENA, distributed Schottky PU
Proposed solution: Summing in frequency on 
decimated data (part 2):

- Do FFT for all individual sum PU signals in DSPs

- Delay individual sum PU signals (e-jѡ·∆t).
- ∆t shall compensate time of fligth difference between PUs 

and difference in cable length from PU to digital system.

- Transport (via sushi train, VXS P0) FFT’ed complex 
data to one DSP and average all PUs.

- Expected SNR gain, assuming 100% correlation on 
PU data (red)

- Worst case SNR gain,                                              
Power only average                                                 
(blue)
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CIC for 35MeV/c. N=1 and N=5

367kHz

ADC Frev · hBase · 2
-MDDS

- Sample frequency follows beam

CIC

Frev · hDDC · 2-MDDS· 2DDC  

- Tracks “any” harmonic

FFT·e-jѡ·∆t

Fsample = 100kHz (hard coded!)

2·FMC, with 4 ADCs

FPGAs

VXS-DSP-FMC Carrier, VME

DSP

“Sushi train” to central on DSP

Avg

DSP

Mem
FESA



Thank you for your attention !


