The ELENA Orbit System

Ricardo Marco Hernandez
N (BE-BI-PI)
%Efql C N

S ELENA

ELENA BPPC Meeting CERN. 23rd June 2016 -



ELENA orbit measurement system overview
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*  ELENA further decelerates antiprotons coming from AD 1001 :
from 100 MeV/c to 13.7 MeV/c. | elcctron/c_:ooiing
! rd
. Revolution frequency (fzgy) will vary from 1.056 MHz to 148 , P4 )
kHz. 35 4 _ o extrT::tlon
- Cycle duration of about 25 s. | | X
g
. Measurement system. RF ON mm— | | m
ELENA BASIC DECELERATION CYCLE

Based on 20 circular BPMs mounted inside quadrupole and

corrector dipoles plus 4 BPMs inside the Electron Cooler.

. Low noise head amplifier very close to each BPM will deliver m,.‘\llmccwj_ ¥ ]
A and Z signals to reception amplifiers. ’ =

. Digital acquisition system based on the same hardware as the 35’:
AD orbit system for digitalization and signal processing. £

. Measurements to implement before/after ELENA
commissioning. 8
BPMs
position

BMH

Orbit measurement with bunched beam (first stage): with a
resolution of 0.1 mm every 10 ms.

Trajectory data at injection (second stage): with a resolution of
0.1 mm for at least 100 turns after injection.
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Intensity measurement for bunched beam (third stage).

\\\\\

Schottky intensity measurement for coasted beam (fourth
stage).
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BPM LOCATION IN ELENA RING
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Measurement principles

. Orbit measurement with bunched beam.

A and  signals digitized and down converted to baseband.

After low pass filtering and decimation position calculation from 1/Q
complex data.

* Trajectory data at injection.

A and Z signals from head amplifiers digitized by the acquisition system
will be stored during at least the first 100 turns.

Data provided to front-end software during the same machine cycle.

Sampling period of 20 ns.

* Intensity measurement for bunched beam.

Integration in time domain for every bunch of digitized Z signal.

Subtraction of the signal baseline and averaging for all the BPMs a user-
selectable number of revolutions.

Time to beam baseline centre determined for each BPM according to its
azimuthal position and cable delay.

*  Schottky intensity measurement for coasted beam.

Sum of 20 Z signals to improve SNR by 13 dB.

Measure up to 111th harmonic (40 MHz) of f,, to reduce acquisition time.

Time of flight correction for each BPM required.

Digital down conversion (DDC), low-pass filtering and decimation.
Windowing and squared FFT (power spectrum).

Averaging and subtraction of amplifier noise level.

Obtain total intensity and Ap/p every second.
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Integration window
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Time to beam ha Window for averaging
baseline centre the baseline

INTEGRATION WINDOW FOR BUNCHED BEAMS

Cumulative Spectral Density
F 3

N = Apsp

2 Apsp

A J

time

¢
= Ap/p

f (= FFT bin)

COASTED BEAM PARAMETERS CALCULATION
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ELENA system
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ELENA BPM

BPM assembly.

. Two diagonally cut stainless steel electrodes.

. Electrodes attached to stainless steel support tube with three
glass-ceramic (MACOR) spacers.

. Feed-through and contact pin to read out the signal.

Horizontal and vertical BPMs inserted to a common vacuum
chamber.

. Electrodes, support tubes and inner surface of vacuum chamber
NEG coated.

. Support tubes aligned with pin holes in the vacuum chamber
flange and attached with screws.

. RF contacts at the far end of the support tube to ensure good

electrical contact to ground. PINS + SCREWS RF CONTACTS
. No X electrode foreseen: X signal generated in the head Electrode length 120 mm
amplifier.
Electrode inner diameter 66 mm
* Electrode length of 120 mm chosen to optimize the BPM for Electrode thickness 1 mm
Schottky measurements: high sensitivity and bandwidth. Electrode to support tube gap 10 mm
- BPM differential sensitivity of 90 pVp/mm (1x107 particles). Electrode capacitance 16 pF
Resolution 0.1 mm
Accuracy 0.3-0.5 mm
Vacuum 3x10-12 Torr
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ELENA head amplifier and analogue transmission

*  Charge amplifier configuration used as front-end amplifier.

RA BOO1

LTl cables

noise 0.4 nV/Hz12).

ADC [DDC) DELTA

B '
== T
. Low noise input stage with 2 JFET (BF862) in parallel (input voltage T [»_\

. For a given signal charge, output voltage only depends on feedback o
capacitance (v, = -Q;,/Cs,): charge to voltage converter (Cg= 1pF). -1

ADC [DDC) SUM

=,
v
5
£

. Bandwidth 200 Hz-70 MHz. Gain of 42/48 dB (Z/A outputs).

_ . — T1 —>
. Calibration possible by injecting a known charge through C_, (1 pF). 1] [ Head

amplifier
(Tunnel)

*  Sum and difference amplifier to generate the A/Z signals.

1
£
8 ed E8

. Using a low noise operational differential amplifier (AD8130) with high
CMRR (better than 90 dB up to 2 MHz). HEAD AMPLIFIER SIMPLIFIED BLOCK DIAGRAM

*  Output cable drivers used for A/X signals (LMH6321).

* 25 m long Low Transfer Impedance output cables (50 Q).

*  Short coaxial input cables (10 cm, 75 Q) loaded with ferrites and
with a triaxial screen for common-mode magnetic shielding (25
dB).

10 cm 75 Q COAXIAL CABLE LOADED WITH 8 FERRITES (3E5 MATERIAL FRONT-END AMPLIFIER FOR EACH BPM ELECTRODE
FERROXCUBE, p, = 8000)
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Head amplifier/analogue transmission measurements

. Input analogue cables.

1 Start5Hz TFBW 1 Hz stop 150 MHz Il

. Simulations and measurements to optimize attenuation against
common mode currents: minimum of 36 dB between 145 kHz-2 INPUT CABLE ATTENUATION [dB vs. Hz] AGAINST COMMON-MODE
MHz. INJECTED CURRENT. FREQUENCY BETWEEN 5 Hz AND 150 MHz.

. Measurements with ELENA quadrupole magnets to asses the

magnetic fleld perturbation: resultS Showed Very |OW inﬂuence_ 105 ELENA amplifier measured noise referenced to the charge amplifier output

| — ELENA amplifier measured noise (Delta output, No C18/C58, C19/C59 OR)

ELENA amplifier measured noise (Sigma output, No C18/C58, C19/C59 OR)

ELENA amplifier measured noise (IN- charge amp output, No C18/C58, C19/C59 OR)
ELENA amplifier theoretical noise (RFB = 5 Gohm, CFB 1 pF, ideal circuit)
Spectrum analyzer noise floor

. Head amplifier prototype successfully tested during April.

10*

. Sigma gain: 40.8 dB/13.5 dB (BPM IN/CAL IN).

—
o
W

. Delta gain: 46.8 dB/19.5 dB (BPM IN/CAL IN).

. Bandwidth: 200 Hz-70 MHz.

Noise level [nV/Sqrt(Hz)
=
<
e

: —

o i
. V.. density (input referenced, 150 kHz-65 MHz): 0.4 nV/vHz. il
101
. All measurement requirements met.
10°
1075 T 7 3 T 5 5 7 g g 10
10 10 10 10 10 10 10 10 10 10 10

Frequency [Hz]

ELENA HEAD AMPLIFIER THEORETICAL vs. MEASURED
NOISE (OUTPUT REFERENCED) [nV/VHz vs. Hz]
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Head amplifier real noise vs. beam current/Shottky signals

2 Beam spectral density equivalent to background noise

— Injection energy (100 MeV/c, 5.3 Mev, Beta 0.1058)
— Intermediate energy (35 MeV/c, 653 kev, Beta 0.0373)
= = - — Extraction energy (13.7 MeV/c, 100 kev, Beta 0.0146)
*  Beam spectral density equivalent to background noise. ~— Injecton energy (100 MeVic, 5.3 Mev, Beta 0.1058, na 0.4 nVjsart(Ha)
— Intermediate energy (35 MeV/c, 653 kev, Beta 0.0373, vna 0.4 nV/sqrt(Hz))
«  Modelling the beam current seen at the input of the head amplifier T e
from one electrostatic BPM and the amplifier noise (following C. ¥
Carli model). 5
<
Q
. Plotted the ratio between the amplifier noise referred to the input 8§10
and the modelled beam current spectral density. 2
r
«  Theoretical and measured head amplifier noise used for 3 il ] I =
comparison. 5 L P LRI LA ) it ﬂ |
\
\ §
For the three different ELENA cycle energies. /Mn:% !
YN\ o b At i . — /
. Good agreement with C. Carli's calculations. R e
fos 10° 10’ 10°
. . . Frequency [Hz]
. Sc_hottky input voltage spectral density versus head amplifier BEAM SPECTRAL DENSITY EQUIVALENT TO BACKGROUND
noise (SNR). NOISE
100, ELENA charge amplifier Schottky input voltage spectral density (10”7 particles) vs. input voltage noise (SNR)
«  Modelling the Schottky voltage spectral density measured with an AN
electrostatic BPM at the input of the head amplifier and the head "t ey hrcl (100 Mo, e 1044S0-be 135, 0. )
amplifier noise (following F. Pedersen model). 5 ) . Fuvacionrery ool 5. Ml ot 1A00.be 54, w04 i)

. Plotted the ratio (in dB) between the Schottky voltage spectral
density (for different Schottky harmonics) and the head amplifier

noise referred to the input. 0 wh?x:::“%,
»,
\ \

. Theoretical and measured head amplifier noise used for

SNR[dB]
;/_/-ﬁ’f}
)

comparison. '
-50 k]
ﬁ i
. For the three different ELENA cycle energies. i ; Y
. Both plots show coherent results. 100 |
. Enough SNR to measure Schottky intensity with current
system.
B 03 10° 10’ 10°

Frequency [Hz]
BPM SCHOTTKY INPUT VOLTAGE SPECTRAL DENSITY vs.
ELENA HEAD AMPLIFIER INPUT VOLTAGE NOISE (SNR)
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ELENA digital acquisition system layout

. Digital acquisition system based on an in-house (CERN RF
Group) developed hardware family also used in several LLRF
systems (PSB, LEIR, ELENA, AD,...) and for the AD orbit

system. Controls middleware & Timing - WS VME 64x VME Bdx
™| application programs pulses JOIPO J1P1 J2iP2
. A VME-VXS crate with 7 VXS-DSP-FMC carrier boards.
.4 RTM 1 H RTM 2 |---\ RTM 6 H RTM 7 |
« Atiming module (CTRV) provides the triggers related to the i) Alesel ik ik |
i+ . ey -

. Digitalization of the BPM signals by 12 FMC-ADC boards.

‘DSPH FPGAS‘ ‘DSPH FPGAS‘ |DSPH FPGAS‘ ‘DSPH FPGAs‘

I
[=
*  Generation of analogue calibration signals by a FMC-SDDS FMC FMC| FMC *** FMC |FMC FMC | [FMC| | @
board. ADC ADC ADC ADC ADC ADC SDDS @
VXS-DSP-FMC VXS-DSP-FMC VXS-DSP-FMC VXS-DSPFMC =

carrier M1 carrier $1 carrier 55 carrier M2

.

«  Common RF clock (programmable higher harmonic of fg,) £ £ 5 : 1
and a pulsed TAG signal (fgey) synchronise all boards in the alz|alz| Alz|als alglalg az|alz| alz|als] oz|als l J
H1||[H2||H3|[H4||HE||HE|» =« W7 VG VI W10 V11 V12 calibration

. RF clock/TAG generation in two stages: before/after ELENA RE clock &

LLRF system commissioning. HORIZONTAL PUs VERTICAL PUs LIAG from
crate

. By aFMC-MDDS board from feg, (first stage). ELENA ORBIT DIGITAL ACQUISITION SYSTEM

. Obtained from LLRF crate through optical fibre (second stage).

*  Two VXS switch boards used to distribute the RF clock/TAG
signal and for the communication among VXS-DSP-FMC
carriers (100 MSPS/32 bits).
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FMC ADC board development and measurements

Linear Spectral Density from ADC raw data

I
fsa [kHz] = 32000.0
fres [Hz] = 976

103

NENBW [bins] = 3.76919283063
~ ENBW [Hz] = 3680.85237366

Average = 16

Npoints_fft = 32768

*  Current version of the FMC-ADC daughter boards was found
to be too noisy for the system.

. Noise peaks of up to 100 nV/VHz in the bandwidth of interest
(174.5 kHz - 1.59 MHz) due to on-board DC-DC switching
converters.

10?

- W

. Noise density level of the FMC-ADC board must be lower than
30 nV/AHz.

Vrms/sqrt(Hz) [nv/sqgrt(Hz)]

. New AC-coupled FMC-ADC board developed.

101

L . . 0 2000 4000 6000 8000 10000 12000 14000 16000
. Only positive power supply levels generated with linear [kHz]
regulators. DC-coupled FMC-ADC board noise density level
. Measurements with a prototype show a noise density level below
10 nV/\Hz. . LSD ADCO |
FPGA firmware upgraded. | — fs=625MHz]
. To allow communication of up to 32 VXS-DSP-FMC carriers via 30 NVIVHZ
the VXS. N
B
. Other minor changes to tailor the system for orbit %
measurements. T 10
£
o ] In Il
. Small changes required for trajectory measurements, bunched b
intensity and Schottky measurements to be implemented. § .
* New DSP firmware for each VXS-DSP-FMC carrier (M1, M2
and S1-S5) fully developed.
10°

0 5 10 15 20 25 30 35
[MHz]

AC-coupled FMC-ADC board noise density level
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System integration and measurements

S1 RPOSTPULl mm filtered av

S1_RPOSTPU1l_mm_filtered_av [mm]
— VXS-DSP-FMC CarrierS1l
4 - R R e Intensity = 3x10e7 antiprotons

*  Aprototype version of the system already tested in AD with 2
beam.

. A VXS-VME crate with 8 carriers (M1, M2 and S1-S6) and a
CTRYV timing module.

Position[mm]
l
N

Resolut'ion760.068 mer
. Front-end software based on python scripts . |

. Acquire data from all vertical BPMs and test features of the
system in real conditions. _

5 soasted ‘ T T T e S .
. Position signal (resolution better than 0.1 mm) during the first flat T o ‘ i ‘ —
Lop/dﬁcsl)eration ramp in the AD cycle (from 35 s onwards beam is 34000 0 evdle tmelms] 38000
unched).

Vertical BPM position measurement during the first flat top

«  Vertical close orbit during the first flat top (35.55 s) acquired (blue and deceleration ramp in the AD cycle

line) agrees with the measurement from the current orbit system 8 AD vertical orbit
(green line).

. The prototype system is able to measure the vertical orbit during
the AD cycle according to the requirements (same as for ELENA).

. Detailed specifications for the front-end software already
written.

Position [mm]

. Front-end software (Expert GUl and FESA instrument) to be
developed by our BE-BI-SW colleagues: based on the AD orbit
software.

«  System initialization scripts to be called by the front-end
software already developed.

_ New test system orbit data (AD_time = 35550.0 ms)
Cal_data: cal_1_7_10_2015_12_30_36.txt

— Present system orbit data

3 5 7 9 11 13 15 17 19 21 23 25 28 30 33 35 37 39 41 43 45 47 49 51 53 55
Vertical BPM number

Position measurement all vertical BPMs acquired during the first AD
flat top (at 35.55 s) with the current orbit system (green line) and the
prototype version of new orbit system (blue line)
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Conclusions

* Aflexible system to measure orbit, trajectory, bunched intensity and Schottky intensity with coasted beam has
been presented and will be deployed for ELENA.

e Todolist...

 BPMs installation during this month.

« Head amplifier test and installation: June/July.

« FMC-ADC cards test and digital acquisition hardware installation: July.

« Software (Expert GUI/FESA instrument) development ongoing.

» Operation RF clock/TAG from LLRF crate: after LLRF system commissioning.
» Trajectory measurements: September.

* Intensity measurements with bunched beam/Schottky measurements with coasted beam: after
September.
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VXS-DSP-FMC carrier hardware and firmware

«  6U board. Front

. Two Xilinx Virtex 5 FPGAs: Main (XC5VLX110T) and FMC (XC5VSX95T).

RF Clock & TAG

. SHARC DSP (ADSP-21368) from Analog Devices clocked at 400 MHz. Fem

VME 64dx

. Memory banks (4Mx18 bit at 100 MHz and 1Mx4x18 bit at RF clock).

. Can host up to two FMC daughter boards with high-pin count format.

------

RF Clock
& Tag

. 2 dedicated full-duplex VXS channels for distributing the RF clock and

VKS

[ —
&R
e

TAG Slgnal 3 EETT
[T 1 :'ﬂ-:u.‘gx-m:n: 4
. 6 full-duplex VXS channels bonded to form 3x32bits data paths at 100 BT
MSPS: used to transfer data among carriers.
P2
. Main FPGA firmware. FMC2 | oggem o Legena
D:c__'» (—}6 8 Ful-Duplex Gigatdt channels
«  Manages the communication with FMC FPGA, VME64x, DSP and VXS. P iR
. 0 . . _'_
. Timing generator (128 ch), vector function generator (16 ch, 32 bit x 1024) I
and programmable digital signal observation (48 ch, 32 bit x 2048). VXS-DSP-FMC CARRIER BLOCK DIAGRAM
- FMC FPGA firmware. pspo | oo || ewez
4! Main FPGA FMC FPGA  2[10e] 24 2| 109] 24
. Implements the custom FMC hardware control and data treatment (IP D .
core FMC 0/ FMC 2) DDC, MDDS or SDDS roles. . . { Gigabit Serial Fec:Tim Gigabit Serial
Functions e—— DSP2FMC / FMC2DSP 1
«  Communicates to the Main FPGA via 8 Serial Gigabit channels and van [riming o v vl
parallel bus (Wishbone). onsis €] [omrees] e
° IP Core FMC 0 IP Core FMC 2
¢ DSP firmware' o ] FPGA DSP Bridge — Aaz@ Wishbone Stave (Cnirh| SRAM|  Wishbone Slave (cmrn’fﬁw
Wishbone Slave (Cntrl) Wishbone Slave (Cntrl) o, o~
. Implements the core data treatment and overall system control. 1 o K
«  Developed in C code as an Interrupt-driven finite state machine to fulfil [Fvstbons s it ] | °:§“"”’D“M}
- . D32/A16 to Main
time constraints. N
VME Interface ‘smr:w Fullrate ﬁ
. ® E Parallel Storage
. Three different DSP roles (M1, M2 and S1-S5).
SRAM srav | Reduced-rate 2
. . @ @ AAAAA Interleaved Storage <> i;:'r“';‘[':::32b“3‘90b"°”“"“es
. Different IP cores (Main FPGA, DSP, FMC common, FMC 0 or FMC 2) 3 o

controlled through register banks accessible by VMEG4x bus. FIRMWARE ARCHITECTURE
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FMC-ADC board and DDC firmware

-3dB BW
RF_Input 40MHz

RF Clock from
MDDS

. FMC-ADC board. ANALOG FRONT-END

(one channel)

| | FMC Connector

. Four independent channel acquisition module. ) o ] FPGA: IP-CORE
compensator (one channel)
. Input signal range £1V over 50 Q. caim Gontrol e
«  ADC (AD9286) with resolution of 16 bits and sampling rate up to Frw e
125 MSPS (ilining) NCO_(LocaI_» Demodulator/
@ Oscillator) Down-Converter Baseband I/Q ®
- Channel bandwidth limited to 40 MHz. £g Dl romene o™ | 5
E § Asimuth _ Baseband LPF Rotated E
. Selectable gain (0 dB or 18 dB). S [fmeome summing Phase correction vecor 49— &
. SNR > 77 dB (12.5 ENOB).
DDC BLOCK DIAGRAM (ONE CHANNEL)
. Digital down converter (DDC) firmware. A
«  DDC is an homodyne receiver that converts the selected beam Input signal harmonics
revolution harmonic into a baseband 1/Q signal. £
. ADC clock and the local oscillator are locked to RF clock. / ‘ ‘ ‘
Fregquency
«  Local oscillator frequency and phase controlled to select the ™~ - ™ e
required beam revolution harmonic. i _
1LO = Rev Down-conversion
. Down-converted spectral component keeps its phase and ,
amplitude properties. \| HOMODYNE PRINCIPLE
. Baseband low-pass filtering and decimation by means of a first . .
order Cascaded Integrator Comb filter. Decimation (1-255) and pres e pros +
differential delay (1-255) programmable. A
. Raw ADC data are also stored other possible measurements Filtering
(trajectory and bunched intensity).
A
\ Frequency

2iRev 3fRev 4iRev
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