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Spiral. MEBT beam energy measurement
Two beam energy measurements are planned on the SPIRAL2 accelerator.
The first device will be installed on the Intermediate Test Bench (ITB)

downstream the RFQ and the re-buncher 1.
The ITB will be used to qualify the beam at the exit of the RFQ (*).

Phase and energy: three P.U. electrodes ~ Transverse emittance: Allison scanner

Beam current: D.C.C.T.and A.C.C.T.

Beam Position P.U.

* See the Ditanet presentation of P. Ausset on the SPIRAL 2 accelerator diagnostics , the 26™h September 2011
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HEBT beam energy measurement

A second measure of energy by time of flight will be done at the exit of the linac
in the HEBT line.

Pick-up 1 Pick-up 2 and 3
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The length between Pick-upl and 2 is around 3,9 m.
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5;77272 MEBT and HEBT Beam characteristics

The SPIRALZ accelerator is designed to accelerate ions (q/A=1/3),
deuterons and protons.

MEBT HEBT
Energy E (MeV/A) 0,75 2to20*
Velocity  p=v/c 0,04 | 0,065100,2
Frequency Facc(MHZz) 88,05 88,05
Period (ns) 11,35 11,35
Length Lacc (cm) 13,6 22 to 68
Length L12 (m) 15 3,9
Bunch Number 11 5to 17
Pick-up diameter  (mm) 80 120
* HEBT energy: min: 2MeV (proton) max: 20 MeV/A (deuteron)
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Spirall. 7

The Time of Flight Method consists in measuring the time difference between
signals produce by bunches on two pick-ups. If the length between pick-ups is well

Time of Flight method

known, the velocity is given by: v Lenght
- Time
The Time can be calculated from the pick-up phase. #=Tacc* 36LO
Pick-up 1 Lace=V- Tace Pick-up 2  Pick-up 3

¢ <. < <L

< o
< >

T12 = N'TGCC + 61'12 = TGCC (N"' 6([)12/360)

T 12 = Tacc (N + g?(;)

But we have to take account the number of bunches included between the first two
pick-ups. The third pick-up is used to determine this number N of bunches.
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Energy calculation with Phase measurements

The distance between the pick-up 2 and 3 is chosen fo have :

L23 < Lacc Pz = Lz Lacc = L23*@
360 Lac P23

Steps to calculate the beam energy:

: L : L1z 360
1 Number of bunches N=m’f€96r[ - j=ln’rege =2
Lacc 23 (23
: : op12
2 Time between Pick-up 1and 2 T12=Tac (N + 360)
L JAF. B Li2
3 Velocity ¥ = = N+ oy T
1
4 Lorentz factor 7~ (V)
Z)
5 Beam Energy per nucleon (5) _ fon_ masse Em,(y 1)
A MeV A

(2 Lecture Notes on Beam Instrumentation and Diagnostics - Peter Fork (GSI) — JUAS 01-03-2006
(81 Beam Instrumentation and Diagnostics — Peter Strehl — Editeur Springer Berlin 2006
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5-/577272 Accuracy
The accuracy is given by the formula:
~1 2_1 |—2 E_\/A_Lz £2_ A_Lz A(59) 2
E~Emv _Em(?) ‘E =2 (L) +(T) —2\/(L) +(360N+A(5¢))

For SPIRALZ2, the required accuracy of the energy is 0,2 percent.

AL 2 A(é‘(ﬂ) 2 1
\/(T) *GeoN 1 aGg)) ~ 1000

AL 2 A(5¢) 2 _ -6
O Geon 1 a6a) 1

ITB accuracy

L=15m (ATL)2 =05.10% AlL=1lmm
A(5p) 2 -6 =
=05.10 ~ 6
G 60N + A( 5@)) ; A(5p) ~ /0,5.107° .360.N
15
N~156107 M A(59) ~ J05.10¢.360.11 = 2,8°

For the ITB, the distance has to be known with an accuracy better than 1 mm and
a phase better than 2,8°.
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Spiralz
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Spiral2. 7

Electromagnetic effect on the pick-up signal due to beam pipe diameter and
to the beam velocity L

Qb“m“\ \\\\J b
deaarnsy

Pick-up Signals

Bunch length Bunch + field length
Beam intensity
_p2
Qbunch.e 201 _ \/ 2 2
IbH(1) = Otrotal = N Otounch® + otfield
or\ern
D
Ot field =
2\/27/.,8.6‘ Simulation for lemA beam
0.01 T
On the ITB: = \
ot bunch = 0,5 .10-95 S v .)o.oos

2.1blt.1:107%)

D=84mm Offied=25 107%s

0= . 2 - = B
“1.10 ¢ =610 ° =2:10° 2-0° 610° 110°
t
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Pick-up Signals

Spirall. #€

The beam effect on the electrode can be described by two current sources,
one for the beam entering and one for the beam leaving the electrode
separated by a delay At =L/v

This gives the following electric equivalent scheme:

_____________________________________

| A | |
b v %C D) Ib(t — A1) R P/w

The expression of the voltage across the load R is:

~1

Vout(t) = %]‘[Ib(x) — Ib(x — é)].e’*’xfdx

On the ITB:
C~8,8pF RC ~ 0,44 10°%s

(11 Beam Instrumentation, J.Bosser, CERN-PE-ED001-92 Revised nov.1994
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Spiralz

Pick-up Signals

Pick-up signal simulation with Ibeam=150pA

in MEBT @80mm
0,008 Harmonic 1 & 2 Level
0,006 [
0,004
S 0002 / 8 In MEBT, only H1
T 2E-17 . > 6 detection can be
3 0,002 f 3 4 used.
-0,004 | § 2
-0,006 0
1=150pA
-0,008
“1E-08 4E-08
Time(s)
in HEBT @120mm
0,015 | —— .
3 —— Energy max. Harmonic 1 & 2 Level
° 0,01 N Energy min. 5 In HEBT, Hl or HZ
£ \ / \ s detection can be
B 00" | ' E used. To cover the
: \ / : hole Spiral2
2 o - 4 32 whole Spiral2 energy
< \ P \ vd 1 range, H1 detection
/ o N
g 7000 v V 0 is the most suitable.
S
-0,01
-6,E-09 4,E-09 Time (s) 1,E-08
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Spiral. Pick-up: Simulations and Tests

Pick-up 2 and 3

u

Test Bench Simulation with CST pwaves Studio
$31 TOF1 (Test 50 Ohm)
mesure 521 (500hm) —simul 521 (500hm)
-10
-20 PP
\ao\ /\4 I\
£ N E

/

~

7~

=Sc

1,00E+06 1,00E407 1,00E+08 1,00E+09 1,00E+10

Fréquence [Hz]

The test bench is a coaxial line witch allows to send a RF signal in the
middle of the pick-ups. The simulated curve (in red ) is very close to the
measured curve (in blue).
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Spiral2. % Phase measurement

The phase measurement of a pick-up signal consists in measuring the phase of one
signal harmonic and a reference. In our case, the harmonic 1 or 2 will be used to
measure the phase.

Sinusoidal RF signal .
r(t) = R sin(wt + ¢)

+Q r(1) = R cos(e) sin(wt) + R sin(e) cos(wt)
/ R ® I: In phase Q : Quadrature phase
. > component component
\/ I = R cos(op) Q= R sin(y)
r(t) = I sin(wt) + Q cos(wt) R=JI?+Q°* o= aTang(%)

Periodical signal = sum of harmonics
s(t) = ) Snsin (n.ot + ) h: harmonic humber
n=0

s(t)= 3 [Lsin(n.ot) + Qrcosnat)] o= LE+QE  on :a‘rang(%)
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Phase offset and noise

5/377’272

Phase measurements can be disturbed or limited by an offset and a noise.
An offset is a disturbance which is superposed on the signal to be measured.

Solution: The offset deduction is made by measuring
1 X and Y with and without the beam.

Xbeam_off = Xoffset ybeam_off: yoffsef

yoffsa‘r (?ffsgr |
X ffset X ~ 5 - \/(Xbeam_on - Xbearn_o{-f )2 + (ybeam_on - ybeam_off )2
offse

ybeam_on — ybeam_off )

><beam__on =X+ Xoffse‘r ybeam_on: Y+ yoffsef

¢ = atan(

Xbeam _on — Xbeam _off

A noise is a random signal defined by a standard deviation o.

p(V): Amplitude Probability A
1 Ly
l/ — 2 o0
pV) 5
Vnofse

(Prnoise =

Solution: Filter and/or average signals X and Y  caverage =

~/ Naverage
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Spiral. Electronic
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Spiral2.; Undersampling
When the frequency of a periodical signal is well known, it is possible to use the
undersampling technique to acquire the signal. In our case, one value per period is
acquired with a slight shift in time.

A

S(+ -
(1) Signal period Tsig > <At Slanal

&
<«

X >
Sampling \\/ \ Sample
Period Tsampl.

Example of the signal transposed at a lower frequency

This method allows to have enough time for the data processing.
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Spirald. 2% Undersampling
Undersampling in the frequency domain
1 1
AP =Tomt~Tig  AF=Foy Py =5

Nb: Number of points used to reconstruct the signal

7;/'_qn. 7;'/'9/1. F;amp/ : F.;amp/.
Nb ju— ju— ju— ju—

AT Eamp/ i T;/‘gn. F.;/'gn. — F.;amp/ : AF

Nb

The sampling frequency is equal to:  Fsampr. = Feig b+ 1

The equivalent frequency is: £, = Foy ~ Nb

Example:

A 88 MHz signal is undersampled at a sampling frequency allowing reconstruct

the signal by 256 points.
256

F.;'amp/. = F.;'/'g. * ﬁ = 87,66MH2

Fequi. = 88 * 256 =22 56Hz
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) S 8, 8, °
Spiral Undersampling
Undersampling in the frequency domain
Signal (f) Sampling (f)
A h1 h2 h3 A I I I
0 FSig : 2 FSiQ 3 FSJQFréq uency O ,.-.~~""Fsamp ._.--'Z.Fsam p 3 I:s,am p Freque n cy
Sl L
AN A T Y
o |AF Fsamp 2samp 3Fsamp Frequency

—> Reconstruction of the signal at a lower
frequency

The undersampling method allows to transpose at the lower frequencies the
harmonics of the input signal.
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Acquisition chain

5/377’272

Pick-up signals and the RF reference are sampled in the same time.

Pick-up signal M ADC SKT) ./ .:1 ‘

g ; N FPGA.
Feamp Signal
o f\/\/ | - | Processing
eference : R(kT
RF Accelerator | AbcC X
“ v | FPGA Clock= Fygpy,
R Fsampl.: I:sampl.
F..*256/257
. : 1
T: Sampling period T = Fomre

Fsampl. is calculated from the reference RF with a ratio which gives Nb=256 .
Nb is the number of samples necessary to reconstitute a signal period.

Reference RF SPIRALZ2 = 88,05 MHz
Fsampl. ~ 87,7 MHz

The sampling of signals and the reference at the same time allows not be
sensitive o the sampling frequency jitter.
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-5;77?7@2,

The signal processing consists in designing a lock-in amplifier function.

Signal processing

X

ST x(kT) [ :
s(kT) | ‘ o = tan'(-2)
- X

§§Y(k-‘_) 41, NN >S5
Y

r,ef 90° (kT) FPGA

r'ef(kT)=

90°

s(kT)= 3 [Lnsin(n. ok T)+ Qn cos(n. ok T)]
ref (kT) = R sin(wkT) ref gge (kT) = R sin(wkT + 90°)= R cos(wkT)
x(kT)= s(kT)*ref(kT) y(kT)= s(kT)*ref oo(kT)

The low pass filters (or average) take only the DC part of x(kT) and y(kT).

RI: RSicose _ RQ12R51Sing0
2~ 2 LA 2

X:

The low pass filter determines the detection bandwidth.

—
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Signal processing

_ RI: RSicose y_ RQ: _RSising
22 2 2

From X and Y, we can calculate the harmonicl modulus S; and the phase o, .

X g2y

I R R

s 5] 5]

R R
o1 = aTang(%) = a’rang(%)

St Module of the first harmonic of s(t)
¢;: Phase of the first harmonic of s(t)

By changing the frequency of the reference (n.F), the coefficients Sn and ¢n
can be calculated in the same way.

C.JAMET 26-27 september 2011 4 th Ditanet Workshop on High Intensity Proton Beam Diagnostics 24



Soiral2.3 Electronic boards

To simplify electronic developments, a commercial board is used to carry out
the signal processing. (Nanobard NB2 of the Altium Compagny). Its flexibility
and its tight integration with the Altium Designer software improve and

simplify the system design.

Communication board
(GANIL's development) Mother board

lygg ot J—WWM it
8, (W

A T A | 1 | | AL S WAL WAL WL |
wamw)  2@IW3e \ [5]wox é'w% 8 ) [jl(i] M 12 13 14 D:s] \\n 17 18 1
il \ idtuativatupll Sl i aiiliatilinis

=T *-;
; Qllllit'i

L

Acquisition board Daughter board
(GANIL's development) Spartan3 Xilinx FPGA
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5/37727@ Electronic boards

Electronic synoptic

ADC
. 4 FPGA
2 | §  Xilinx
< SPARTANS3
X || >
#
| ”
Camparator
— R — Modbu
p L = Clock RAM S | c S
& buffer TCPIP
o
o PLL :ADF4360-9
qG_J *Clock Generator
nd PLL with Integrated VCO
Integer-N synthesizer
*Norm Phase Noise (dBc/Hz): -216dBc
ﬁ?—git. ,i\%géggs Clock BUFFER: IDT5T93GL06 Comparators:ADCMP604
- 1.8 V Analog-to-Digital Converter :él?;/r;/tzgdll:_iv(v; gg\:’v"'i—zgss max :\Ijall-tg-R?nz -y
« Low power: 395 mW @ 125 MSPS P ery Fast, 2.

Differential input with 650 MHz bandwidth *RMS Additive Phase Jitter 0.159 ps *Propagation Delay Skew 70pS

*SNR =71.7 dBc

C.JAMET 26-27 september 2011 4 th Ditanet Workshop on High Intensity Proton Beam Diagnostics 26




Spiralz

Electronic chain

VME
crate

|
|
a l — | Input 4 :
. \(\,\)Q |
Q\C ; 1
. |
|/? :@ 7 :=>—> Input 3 ; Digital connection
| »
c = ?'\C\k’\w I FPGA ! TCP/modbus
- I{ V@ ;;>—’ Input 2 Phasemeter :
2| \ i :
B ! ) \(\»\)Q . I
3 ?\C 1 .= - -
T —A/ :@ ;;>_. Input 1 - I
@®© . 1
el ! T
! ! ) L
splitter | Cd/Control . Signal RF | i Test
- : Test |_____.1 1 command
: Generator L !
RF Test Signal ! L |
: S
. (' 1
e e r. |
| I Beam

Reference RF  synchronization

RF Amplifier: HD24503 from HD Communication Corp. G=42dB
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Test bench

Spiralz

Sinusoidal signal

v

Signal , /\/\
Generator  |>/9na! R FPGA X & Y values
R&S | Phasemeter | PC
SMC100A Splitter /\/\
T Reference 10 MHz
Amplitude & Phase command
Level Difference of phase according to the amplitude
Frequency:10MHz with R&S SMC100A Fréquence:10MHz with R&S SMC100A
0,00 0,70 |
0,60
20,00 i
_, 050 i
,g -40,00 ‘Tz‘ A
% 60,00 — Amplitudel §
= 1 ——Phase1-Phase2
%_ -80,00 — Amplitude2 g W
E -100,00 ~——Amplitudes g ———Phasel-Phase4
W —— Amplitudes 2 000 FHHE AR N o AVE
-120,00 ‘
-140,00 ! 0,20
120 -100 -80 -60 -40 -20 0 70 60 -50 -40 30 20 -10 0
Amplitude R&S [dBm] Amplitude R&S [dBm]
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.ypﬁ

fral

Sinusoidal signal

Test bench

Error of phases betweeninputs
Level:+0dBm Frequency:10MHz avec R&S SMC100A

Differrence of phases according R&S
Level:+0dBm Frequency:10MHz avec R&S SMC100A
01
0 T T T T T
- N"“\
%0'2 =——Phase 1
g 3 \ ———Phase 2
\\ ———Phase 3
-0.4 "\ ——Phase 4
0,5
-0,6
50 100 150 200 250 300 350
Phase R&SSMC100A[°]
Differrence of phases according R&S
Level:-50dBm Frequency:10MHz avec R&S SMC100A
'OE' ——Phase 1
®
= ———Phase 2
~—Phase 3
——Phase 4
-0,5
50 100 150 200 250 300 350
Phase R&S SMC100A[°]

0,05
0,04
0,03
0,02
~ 001
z 0 ——Phase1-2
=
0,01 ——Phase 1-3
-0,02 ——Phase 1-4
-0,03
-0,04
0,05
50 100 150 200 250 300 350
Phase R&S SMC100A[°]
Error of phases betweeninputs
Level:-50dBm Frequency:10MHz avec R&S SMC100A
0,2
0,15
01 il J’”"’
0,05 - L | 1T
5 o l“y A ml'ﬂf w."‘ l’)‘, A
N 0 !i‘ '}Av"“‘\‘"! _Wl l! AN li J. l!gyﬁ '{a' "% ‘Jl’l"!'.:“rl" Phase1-2
£ ' | ‘ — )
& -0,05 E,JJ'“ l “"'“ J‘II ———Phase 1-3
m ‘ «—Phase 1-4
01 Ml
-0,15
-0,2
50 100 150 200 250 300 350
Phase R&S SMC100A[°]
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Spiral. Test bench

Pulse signal

Signal /\/\ Pulse LA Att -20dB X4y
Generator Generator > FPGA
R&S Avtech "| Phasemeter — PC
SMCI100A AVM-1-C ;
Splitter /\/\
T Reference 10 MHz
Amplitude & Phase command
Differrence of phases according R&S SMC100A Error of phases between Inputs
Level:-13dBm Frequency:10MHz level:-13dBm Frequency:10MHz
03 1
02 08
01 | | — o
0,4
0 | N I O A [ l i 0,2 [ 8 [ ] L} —1
= = Phase 1 % =
iﬁ'l | 1 W 1 — Fased _::"; 0 1 Phase1-2
£ & 02 i S L) At ——Phase1-3
———Phase 3 1 T ;i s 1 1
1T N — 04 SS=s== SSes=s SeeeE —Phasedd
03 ' ol . 0,6 | | '
0.4 | | -0,8
' i )
-0,5 0 50 100 150 200 250 300 350
' ” . PhalsSeOR&S Ssz(())OA [ . 300 - MhaeESSHERARL)
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Beam Tests

Beam Tests on the GANIL accelerator were planned fo compare beam energy
measurements by time of flight with the FPGA phasemeter and the

spectrometer method.

Pick-upl

Pick-up2
& Il
‘\ ~ 7 U
pectro a o (// MEBRT
> N

/ \
I §SC2
/

\
N\

e

/
7

Scheme of the GANIL's Accelerator

Beam

SSC: Separated Sector Cyclotron

MEBT
Energy E (MeV/A) 11
Velocity  p=v/c ~ 0,15
Frequency Facc(MHZz) 751014
Length Lacc (m) 3,77
Length L12 (m) 9,1222
Bunch Number 2
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5;77272 ol Beam Tests
System diagram
Pickupl Pickup?2
Beam

Relay — \’
(Test/Measure) it "
4

6,=20dB
1 L~50m §7
L~50m Y

6,=40dB
@ Fref

FPGA Phasemeter

N
Y

Computer

Relays can be switched to inject a test signal. This calibration signal gives the
possibility to measure the phase difference between the two chains.
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S i, B B,
Spiral Beam Tests
A Labview program manages the following:
- Communication with the FPGA phasemeter
- Graphical User Interface (GUI)
- A phase difference calculation with an offset correction
- A TOF energy calculation
- An energy difference calculation between the two energy measurements

Phase difference calculation
with offset correction

2 e ‘ v
L2pC22 13,03608 L2PCSE 142,407 i “
Beam — Eca"d;‘;:ie g‘j:"e,;pm — P
:
parameters A,
b
Parametre Brho T.O.F,
~— .
Gt spuéoiqe | Bpmosus TOF energy calculation
ourre o 2197 1 4219774 1) | 195,28 5|
jad jAd
:Z(:nlun) s 5;&:“0") | 47,1629M | 47,171M OmECT | e |
. E Jitesse vitesse vitesse 3 e BRSO oeors G mua s ——
| 46589881 ) | 46,597743M ms) 46,7113M | mjs| - - " Fi2a3" owort ¥ TTSIREE e iancze emsiamen 02 *
pey Y (Gamma) Y (garms) Y (Ganens) |
| 101229892 | 101230314 | 101236429 Yo 4 “ |||I
Wasse Atomiaue Masse Atomiue cormge Eeu iy EeiEde ik ) LT A 0 S S S
] h . jpr——
35967081 | umial J3s,962689 ] | 867551 | 865443 :;f""‘ S
2 " il | 04
Fréquence machine  Energie Théorique: daltd il Y ’:- -llIlIII“
Hoam . s neal | 11,4445 Mev/Al| | 11,4484 Mev/A| 11,5053 peyja | ©f 235,550 mul R ]
o S |

Woows 2z 709%m vo WMODULE LG22 moyennde | 71075 Vo Wiz | 697 com Ptograrrves o bt e s vt veyees |
BMODUELopCss | 0855 volt | JLMODWE LSt moyenede | OBAI0M Vo jLumwest | A1 dom Ve LCE2| g oo cancea | 70000 ¥

I

A€ (T.0Fthéorique)  AEJE (T.0.F.-théorique)| Ae (Bp) Agje (Bp) A€ (TOF-Bp) Agfe (TOF-Bp)

0,061  meyja] 55 o Jo Mevjal 03 | Jo06  mewsal 5

I e B
,A

B R R R

4
-
is-
Tere I
:j----qlll |
a0 avie e |

Energy difference calculation between
the two energy measurement method
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Spiral2. 2% Beam Tests
Date: 21/06/2011
Beam Parameters: 36Sulfur 8
Energy: 11,4445 MeV/A
Beam Intensity: 3uAe
Energy measured by the spectrometer: 11,4484 MeV/A
’rq‘ral phase Energy calculated Energy gap
Measure phase qual phase d!fference from phase between TOF
number difference difference with offset measurements and spectrometer
compensation method (°/°°)
1 145,56 865,56 868,26 11,4308 -154
2 145 44 865,44 868,14 11,4339 -1,27
3 145,39 865,39 868,09 11,4353 -1,15
4 145,31 865,31 868,01 11,4376 -0,95
5 145,31 865,31 868,01 11,4374 -0,96
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Conclusions

Spiral2,
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Conclusions

Spirail.;

The accurate phase measurement requires
-The necessity to subtract the offset
-The necessity to calibrate the phase difference between each channel

-The undersampling acquisition gives the possibility to calculate the phase of
several harmonics in the same time.

-The direct sampling of the signal works well for large pulses. In the case of
narrow pulses, it is necessary to filter the signal upstream.

-The sampling of signals and the reference at the same time allows not be
sensitive o the sampling frequency jitter.

Next Steps:

- Use a FPGA with DSP functions to increase the computing power

- Add the measurement of the harmonic2 phase

- Integrate electronics in a crate

- Change the reference frequency (10 MHz to 88,05 MHz)

- Develop and validate the TCP/modbus communication

- Develop the Command/control interface in EPICS (Control system)

- Update the FPGA program to integrate safety functions (beam energy
surveillance at the LINAC exit)

—
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