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Introduction

B With the development of accelerator technology, more than 60 accelerator facilities are in
operation or under construction worldwide
B For accelerator facilities, especially for user facilities, precise measurement and feedback

of bunch charge is very important for its stable operation
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Typical application

Lab or method Parameters Application Performance Reference
Machine
ALS Sum of BPM | ADC. FPGA. phase shift Beam charge (storage ring) 0.2 pC [1]
Beam loss
BEPC-II Sum of BPM | Board band RF front-end. peak- Bunch-by-bunch charge (storing | 10 uA / bucket [2]
value sampling ring)
Euro-XFEL Toroid Commercial AMC(SIS8300-L2D) Machine protection <0.2pC rms [3]- [4]
MTCA .4 Interlocks
Dark current monitor (FLASH)
SWISS - FEL Turbo-ICT | BCM-RF. NI-USB-9162 Low bunch charge (FEL) 55 fC @ 5pC [5]
(~1.1 %)
SWISS - FEL Resonant Freq.: 500 MHz / Qload: Low bunch charge <30 fC @2 pC [6]
SBPM 6.2(@monopole (~1.5 %)
5 GSPS direct Sampling
Euro-XFEL CBPM 3.3GHz/Q=170 Bunch charge 85 fCrms @ 210 pC | [7]- [4]
16-bit. 161 MSPS (1Q) Machine protection (~0.04 %)
SWISS - FEL CBPM 4.9266 GHz / Q =1000 Low bunch charge (FEL) 2fC @ 5 pC [8]
16-bit. 161 MSPS  (~134M IF) (~0.04 %)
3.2844 GHz / Q =40 S5fC@7pC
16-bit. 161 MSPS (IQ) (~0.07 %)
CLC CBPM 15GHz/ Q=120 Bunch charge 0.011 nC @ 3.4nC [9]
10-bit. 2 GSPS (~200M IF) (~0.32 %)
FLASH CBPM 3.3GHz/Q =170 Bunch charge <0.2 pC @ 100 pC [3]
MBU by PSI  (1Q) (~0.2 %)

.
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B Precise measurement of Bunch-by-bunch charge B Precise measurement of bunch
B Online bunch-by-bunch beam life time charge and feedback
measurement B High-precision beam loss monitor
B High-efficiency bunch injection for top-up (~0.01%) for machine safety
operation, which is the basis for providing high- interlock

quality SR light
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Theory & Simulation

2000/09/07 _  sRrBIGloup 8



W" ~ Principle of measurement
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W" ~Simulation of Dependency

O Transverse Position Dependency
* Sum signal has a hyperbolic parabolic

SBPM
LG ~ Bunch length=10ps 1 relationship with bunch position
1 ' 0,005 * Based on the simulation results, the bunch
v 0,00 position offsets needs < (Imm,Imm) if want
0.98-/ T .
' n— to achieve 0.01% bunch charge measurement
098 e o b resolution
7 Ob\xzﬁ\wfaﬁaf 5 4l0.98
4 4 -2
CBPM
1.02 * In the case of position offset within 6mm,
5101  Bunchlength=3ps TMO010 mode signal has no obvious
%:) 1@-mmmemrm= =T Oy o, position dependence
g 0.99 "o ( The error is limited by the accuracy of the
< TMO010 mode
0.9 meshing of the simulation tool )
01 2 3 45 6 7
position offset / mm * All parameters used for simulation comes from SSRF and SXFEL
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W" ~Simulation of Dependency

O Transverse Distribution Dependency

Fourier Transform, Sign = -1, Normalization = 1 [Magnitude]

96-09 ; ; ; ; ; ; - * *
8e-00 /N . ,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,, —voltagel (pic) FT (rtbeam=06)|
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66-09 1]t ,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,, ,,,,,,,,, —voltagel (pic) FT (rbeam=4)|.
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36:09 | ] T . Lo\ ¥ I . N _Bunch length = 60ps
209 e e A AN
1e-09 1 | — - Y e o

0 ' ‘ ‘ ' . . ] ; '
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Frequency / GHz
* For SBPM, when the operating frequency < 10 GHz, the transverse distribution

dependence is less than 0.01%, so the influence on the measurement of the bunch
charge can be ignored
 For Cavity BPM, no big difference in position dependence within 6mm;

Theoretically, there will be no obvious dependence on transverse distribution
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W" ~Simulation of Dependency

O Bunche length Dependency
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* Base on the results, the output signal
changes about 4% when the bunch length

changes 0.5ps around 2ps was estimated

 The simulation results are in good
agreement with the theoretical formula

* Considering the working bunch length is
2ps, the bunch length jitter need < 7% if
want to achieve 0.01% measurement

resolution
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Theoretical Limit

* Ideal DAQ and processing system, the probe information can be obtained completely --

- limited by thermal noise of the system

* Thermal noise: V,, = V4kTRB

) 0.92uV/sqrt(MHz)@50Q-300K

ﬁF or Cavity BPM - TMO010 mode\ ﬁ For Stripline BPM : \
2

foro = 4.693GHz

0., =154-FE4

qa, Z
VpOIO = 2010 \/Q t010 (
Parameters of SXFEL :

R
Q)

BW, , =2 MHz - Sensitive: 5.4V/nC

4

* 100MHz bandwidth system, theoretical
&limit: ~ 1.7 fC /

2020/09/07

oz (%) 0Q
T

V(t) = e 202 — g 202 .
Parameters of SXFEL:
o=2ps

] =150mm ™ Sensitive: ~12V/0.1nC
¢ =30’ ‘

* Ideal ADC, 100GHz BW, enough input range,

theoretical limit: ~ 2.4 fC
* For 500+ 10MHz BW, theoretical limit : ~ 4 fC
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Signal conditioning & Data processing
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W' Signal conditioning & Data processing

O Signal conditioning methods (@ SBPM & Button BPM
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[ Choice of Narrow-band filtering & Wide-band sampling

— Bandwidth: 500 + 10MHz
- = Bandwidth: 500 + 100MHz]
. T
m 60 _—
o 60~ o
5 ~
Z
»
N
40 .
300 Pt} // Simulate by SXFEL parameters
—_— 600
I 200 40
\7\6‘-‘*“’/’- /1 00 200 ["INarrow band filtering O 2’ O O 4 O 0 6 0 0
passband/MHz 0 Q/pC [ HBroadband ﬁllerin; Bunch char ge / pC

* With a bigger bunch charge, the narrow-band filtering method can obtain larger

processing gain and better SNR
* With a smaller bunch charge, the wide-band sampling method can output more

energy and can improve the single-point SNR
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W' Signal conditioning & Data processing

[ Internal / External Clock & Trigger @ SXFEL

Narrowband Filtering

Internal Clock & Trig External Clock & Trig
140 L 140 »
M Measured B Mcasured
120 --- Gussian fitting 120 -.- Gussian fitting
100 | o 100 H 0
o 801 Fotat PO 0062 /0 20 Total samples = 988 /1000 ; 0061 A)
= 'Ulai D“"“’ 1es B 77U EUUY 8 Bunch charge =200 pC
g gu]mth Lhdrg? ;.2007pC § Relative resolution =| 0.061 \
Q 60 eclatnve resolution = Q 60 . 2
\
40 40
\
20 20
O S _ - 0 — m
3 -2 1 0 1 2 3 -3 -2 -1 0 1 2 3
Residual / pC Residual / pC

O when the ADC sampling rate is much larger than the system bandwidth (at least 4
times), there has no big difference in the improvement of resolution by external clock

and trigger
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W' Signal conditioning & Data processing

IBIC’19 MOCOO01
OO0 SBPM / Button BPM --- ““ Two-phase sampling based peak seeking method ”
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W' Signal conditioning & Data processing

y1 of bunch #2 Peak value of bunch #2
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W' Signal conditioning & Data processing

[ Signal conditioning methods (@ Cavity BPM

0.3

N 0.2, ‘ Low_Q
> v ! j ' I i >
§" e e wid 3
% | 8 10 12 14 %
E g
"ol <
0.2
0 0 4'0I - & %0 0 500 1000 T TS00E 102000
| “(E I S T B R
feqeney G l ’ } l‘-lrequengy / GHS §
J Signal conditioning / sampling method |
Down Conversion RF Sampling
Low-Q High-Q
. _ ADC with High bandwidth.
Analog IQ demodulation Down Conversion to low IF :
sampling rate
Hx10° 2000,
> 21 = 1000
804 N =
EO.Z E_ é‘
O 1 <1000
e ﬁfi(;z/o"s A s 2 mes > 200805 1000 1500~ 2000 2500
* High Q Cavity can get more processing gain (longer decay time), the algorithm is also more diversified
[ ]

Optimize the data processing window can improve the system resolution effectively
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W' Signal conditioning & Data processing

Frequency: 4.7GHz

[0 Performance after select data processing window @ SXFEL
Loaded Q: 2350

4

x 10 50 — r
i std / sqrt(2) = 0.044%
_ Data Iength = 500 points 4o~ Gussia fiting
<
~ %) 3
o N
PO Q
O =
£ S 2
o
g
<: '2 lI 10
0 1 2 3 4 - o 0 1 2
time / us Charge 19 - Charge 20 / pC
4
x 10 : ,
_ Mlstd / sqrt(2) = 0.205%o
2 | Data length = 39 points 60 ~=Gussian fitting
=
s 1 A \ 0.021%
=] o
: AN 3
Z-1 ! 20
2 !
0 01 02 03 04 05 06 0] 0.5 0 05
time / us charge B - charge D / pC

* By selecting an appropriate data processing window, the relative resolution can be

improved from 0.044% to 0.021%
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0 Comparison of different DAQ system @ SXFEL

X 104
) 5000 n 1 H
5 1 ; ‘ § 0.5
2 ANNAR N AR~ n PR ﬂ nMMI\I\AM,\VAV,\V,\,V,\VAVA_ TR \M\[\/\,\ AAAAAA s
g0 VA A A £ JUVVVY £ VVVVVV
el W 1111 Ll
> -5000 1
0 0.1 0.2 tirr?é3/ . 0.4 0.5 0.6 0 0.1 02 0_3/ 0.4 0.5 0.6 0 0.1 0.2 tirr?é3/ s 0.4 0.5 0.6
Digital BPM Libera Digit 500 NI - 5772
(Homemade by SSRF)
Parameters 119 MSPS. 16 bit 476 MSPS. 14 bit 476 MSPS. 12 bit
Data Length 327 ns 378 ns 319 ns
Relative Resolution 0.044% — 0.021 % 0.065% — 0.036 % 0.083% — 0.047 %

* Different parameters DAQ system, By selecting the appropriate data processing window,

the performance is nearly doubled
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Beam Experiment

OO0 SSRF
* Position dependence evaluation

* Performance evaluation (BYB charge monitor)

O SXFEL
* Bunch length dependence evaluation (@ SBPM
* Position dependence evaluation (@ CBPM

: -
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W ~Position dependence -- SBPM

J

Signal

L Generator

BeCu wire 1.03
x I I | — Impedance ) 1.02
matching 1.02 = ll'

o 1.01

o X\ '

Moveable 0.9§ 1

platform

5 0.99

» Digital BPM ProcessorJ
Reference Clock L :

position x / mm position y / mm

* A wire passes through BPM to simulate
beam offset to verify the dependence of
sum signal and position

* Qualitatively verified that the relationship

is hyperboloid
17 : z
. SSRFBIGroup 24




W Position dependence -- Button BPM

slope =-0.0005 mm'

Injection transient

=3 o - . - experiment
E 5 injected bunch g 1.002 . —linear fitting,
B o 1.001
ol
< 0
G 5
g1 £0.999 |-
55 £
'z ©0.998 | 1
Q."3 L |
0 500 1000 1500 2000 0.997 ‘ ! ‘
turn index -0.4 -0.2 0 0.2 0.4

beam position (mm)

* The data of the beam position during the injection transient was used to evaluate the
position dependence, the results shows that the slope 1s about 0.0005 / mm

* Closed-orbit measurement, position jitter controlled within micro-meter level, the
contribution of position dependence is about 1E-6

* Turn-by-Turn measurement, the contribution of position dependence is about 1E-5

(10 6 ~20 um)
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AW\NV\NWW Performance (BYB charge monitor)

e
[S—

S0.08 sGiBeET  AIN - BYB/100 rror (o
3:/ AN g IS > BYB/1000 fate
£0.06 TBT 8E-4 8E-3 5pC
(]
20.04" . 69kHz 3E-4 3E-3 2pC
< : ,
20.02 TkHz 1.5E-4 1.5E-3 1pC
[ B Eemanadi e 700Hz SE-5 SE-4  0.3pC
0 100 200 300 400 500 600 700
bunch index  Evaluate the BPM pickup to measure the charge
of BYB, the resolution can reach 8E-4 (694KHz
% + Bunch 1, sharge 0406 | data rate)
—‘é ¢ Bunch #2, charge= 0.5pC )
L. ey T charee=0.60C e For the charge measurement of the storage ring,
'Té . ol o the position dependence is negligible
o "o d . . .
“ ~ 1 minutes °W“““'»~g§, " * Assume the beam with lifetime ~ 10h, bunch

S|
o )

0
¢ & e Samg;’;’?ﬂ . 8000 10000 12000 decay ~ 3E-5/s. The system can achieve BYB

lifetime measurement within tens of seconds

i figt;
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Beam Experiment

O SXFEL
* Bunch length dependence evaluation (@ SBPM
* Position dependence evaluation @ CBPM

Q020/0907 _~ SsrEBIGroup 27



W Bunch length dependence -- SBPM

SBPM2. SBPM3 SBPM5. SBPM6
Gun
10 ps \

Inac
] 1.5~2ps 840 MeV

Undulator

1st stage EEHG

2nd stage HGHG

%)) P = = WU ADEBE - FEL@8.8nm

S-band BC C-band

Injector beam parameters

Bunch charge (nC) 0.5
Beam energy (MeV) 129.4
Pulse length (ps, FWHM) 10
Norm. emittance (mm.mrad, rms) 0.95
Rep-rate (Hz) 1-10
3 1 04/70 sBPMS / sBEMS I
S || * SBPM6/SBPM2 =T
21.03 e
ey . =)
g 1.02 e
S 7
= 1.01 o
E
S 1
Z 15 1.6 17 1.8 19 2

Bunch length / ps

2020/09/07

Main linac beam parameters

Bunch charge (nC)

Beam energy (GeV)

Bunch length (ps, FWHM)
Norm. emittance (mm.mrad)
Peak current (A)

0.5
0.8
1.5
<2.0
> 500

O Bunch length can be adjusted from 1.5ps to 2ps in

BC section

O Bunch length changed from 1.5 to 2ps, the sum

signal changed 4.2%, consistent with the simulation

results

O Bunch length jitter need to be controlled with 0.1%

1f want to achieve 0.01% resolution

SSRF Bl Group
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W ~ Position dependence -- CBPM

= 1.005
= 1.004
2 1.003 Std = 0.057 %
§ 1.002
gl.OOi ‘ G_g,@-e-a.@.@.\()_ 6‘9@\.%_@_@_0\ |
3 0.999 Ea Lk
= 0.998
é 0.997
\ 8 0.996
/ 0,995
. Move the cavity using 4 -3 -2 -1 0 1 2 3 4
Hold position the moveable platform position / mm

for reference

O The range of the movable platform is limited to +4.2mm
O Within =4.2mm, the position dependence of the TM010 cavity can be ignored,

which is consistent with the simulation results
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Discussion & Summary
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BPM for high precision beam loss monitor -- 0.01% resolution for key area (SHINE)

(2MHz BW)

Cavity BPM pickup RF Front-end DAQ system
Parameters Frequency: 4.7 GHz One channel to IF ~ 4 channels, 119MSPS, 16 bit
Loaded Q: 2350 30MHz Bandwidth(ADC): 650 MHz
Performance Thermal noise: -110dB NF ~ 15 ADC noise level: 2.35 std

(ENOB = 12.5)

* Current CBPM system in SXFEL can achieve the resolution of 2.1%

* Performance limited by the RF front-end, if NF <9, the resolution of 0.01% can be

achieved for current system

* New RF front-end for SHINE optimized to 8.5, can achieve < 0.01% in theory

(waiting for beam experiment)

2020/09/07
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W Discussion 2 — New Propose

BPM for high precision beam loss monitor -- 0.01% resolution for key area (SHINE)

Resonant SBPM
= = Simulate 0.01% beam loss, PCA for noise reduction
4 104 X 1()'4
. I
l Filter 5 !
= 0.5 I
10 : T —é 0
:, ........ I [ 5 )(M 7 %_05
4 : : < [l
s Ll s l ] 1 Sl
g: -------- g: N WW ' 4200 400 600 800 1000 13
i ; i ) 0 200 400 600 800 1000
“r DO || | LA i points points
T Thinking: PCA implemented in FPGA?

> |
BAL-0010: subtraction _I_’. Set a buff to keep ~100 bunches of BPM data
for PCA processing

Weak signal amplified and quantified

i figt;
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M THTTRR Summary 1

B BPM pickup can be used for precise bunch charge measurement

B The beam experiment results are basically in agreement with the theoretical simulation
results; And Cavity pickup has less dependence on transverse position, transverse

distribution and bunch length, more suitable for precise bunch charge measurement

B For Cavity pickup, the system resolution can be improved by optimizing the data
processing window; In the SXFEL, the relative bunch charge resolution of the system

can reach 0.021%

B The relative resolution of the SXFEL CBPM system is limited by the RF front-end, and
when the NF < 9 is optimized, the measurement resolution requirement of 0.01% can

be achieved

B Propose a new method based on differential resonant SBPM, which also 1s expected to

meet the requirement of 0.01%

2020/09/07 SSRF Bl Group
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W" AAAAA Summary 2

M In the storage ring of SSRF, the BPM pickup is used to measure the charge of BYB,
the resolution can reach 8E-4 (694KHz data rate)

B Analyzed the position dependence of BPM in SSRF, combined with position stability
of closed orbit and TBT, the error introduced by the position dependence can be

ignored

B Therefore, it is very promising for BPM to achieve high-speed and precise BYB
charge measurement in storage ring. It also can be used as a tool for beam loss and

online bunch-by-bunch beam life time measurement

2020/09/07 SSRF Bl Group
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Thanks for your attention

Contact: chenjian@zjlab.org.ac.cn

e T Ligas itk

Shanghai Synchrotron Radiation Facility
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