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Introduction - SXFEL

Shanghai Soft X-ray FEL Test Facility

SHI

Shanghai Soft X-ray FEL User Facility

Parameters Test Facility User FEL-1 User FEL-2 Unit
FEL type HGHG-HGHG SASE HLSS
HGHG-EEHG EEHG
Output Wavelength 8.8 2~10 1.2~3 nm
Bunch charge 05~1 ~05 ~0.2 nC
Pulse length (FWHM) ~0.5 03-1 0.3-1 ps
Peak current ~0.5 0.7 0.7 KA
1~10 10 ~ 50 10 ~ 50 Hz

Rei. rate



Introduction - BAM

B To acquire ultra-short and high-brightness light :
 The precise synchronization between the electron bunches and the seed laser pulses In
three-dimensional space
B Time-resolved experiments :
* Require high temporal resolution & stability
* Reduce the timing jitter of the electron bunch, correct timing drifts
B Beam arrival time has to be measured !!!

B Atemporal resolution better than 100 fs was required by SXFEL.
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Work Review-Typical BAM system

BAM Cavity
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Cavity#l  Cavity#2 Ji0)

Parameters Cavity #1 | Cavity #2
Frequency/ GHz 4.685 4,72
Q; 4671 4716

R over Q/Ohm 107.2 107.9
Bandwidth /MHz 1.002 1.025
T /ns 318 318

RF+ADC Board #

1

Digital Board

wge ARM Board
4 ¥

Para. Value
Sampling rate 119 MHz
Number of bits 16
Channels 4
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Work Review-Beam test results (IBIC2018)

Beam arrival time [ps]

4 :
4685 MHz
- | RF22
| —»
|
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|
|
CBawel |
i 4685 MHz
|
) :
Shielding wall

~44 MHz

Timing system

~BAMO2 : 1.3 ps

~~BAMOL1 : 1.28 ps|

Time [min]

B | arge than expected measurement uncertainties :
> 1.28 ps @ BAMO1 W42
)
» 1.30 ps @ BAMO2 M

B System issues should be checked firstly

B Beam stability also need to be evaluated



Motivation

Questions:
® \Why: measurement uncertainties Is large than expected?
® \What can we do to improve the system performance?

W How to improve the system performance?

Motivation:

B Answer these questions
B Improve the system performance

B Analysis beam stability
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System Analysis and Optimization
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Source analysis of measurement uncertainty=——

Total meansurement uncertainties

To be measured: I I To be improved:
O Beam jitter O Poor stability of 2856-MHz reference signal;
O Poor performance of local oscillator
O Energy variation: amplitude O Cl .
ock jitter . .
fluctuations and phase jitter of the + . . ng hly SU5p|C|0US
O Trigger jitter
accelerating fields _ _ o
. O Environment disturbance: temperature, humidity etc.
0 Noise of magnet current

O Timing jitter of the electron gun O Error caused by phase extraction algorithm
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Fix problem of LO

A signal source analyzer was used,;

The measured phase jitter (RMS) of 2856-MHz reference signal is in expectation.

Key issue: Local Oscillator lost phase-lock -> Digital local oscillator

Solution: Strictly phase-locked local oscillator -> Analog local oscillator

The measured phase noise (RMS) of LO signal and clock signal have improved from ps to fs.
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Analysis of the signal processing window

B Question: How to select the signal processing window?

B The phase measurement/extraction uncertainty (PMU) :
B PMU, = std(¢pq, ..., p,,)

B Different PMU was found at different signal processing window, there is an optimal signal

processing window with minimal PMU;

B For example, the PMU at the optimal signal processing window has improved by 41%
compared with the 6™ signal processing window.
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Cao S, Leng, Yuan R, et al. Optimization of beam arrival and flight time measurement system based on
cavity monitors at the SXFEL[J]. IEEE Transactions on Nuclear Science, 2020, 68(1): 2-8.




Optimal signal processing window

» Furtherly, the relation between the signhal damping time and the optimal signal
processing window was studied,

» Simulation result reveals that they have a linear relation.

B optimal signal length = 1.204 = 7 + 31
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Calculating RMS value of the @1, ..., P
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The RMS value represents th; measurement uncertainty of Signal time decay constant T (ns)

iegzrrival/ﬂight time.
S H I h& Cao S, Leng, Yuan R, et al. Optimization of beam arrival and flight time measurement system based on
cavity monitors at the SXFEL[J]. IEEE Transactions on Nuclear Science, 2020, 68(1): 2-8.



Analysis
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beam arrival time (ps)

0.6 -

0.4

0

1.838ps/°C

—linear fitting

s BAMOI vs. temperature of channel#2

0.2F
.~ R-square = 0.83

. samples = 1e4

y=pl*x+p2
pl=1.838+0.010 -
p2 =-59.18 £ 0.31

RMSE = 0.08

32 32.1 32.2 323 324

temperature (°C)

beam arrival time (ps)

B Another

B The test

arrival time:

long-term stability.
1.972ps/°C

= BAMO2 vs. temperature of channel#1
—linear fitting

0.5~ y=pl*x+p2 i
pl=1.972+0.014 %

p2 = -63.54 £ 0.46 g
R-square = 0.88 =

0" RMSE=0.11 lE
samples = 1le4 ‘B

o]

=

0.5 -3
O

32 32.1 32.2 323 32.4

temperature (°C)

31.8 31.9

-0.5

of Temperature (electronic devices)

W 1.838 ps/’C@BAMO1
m 1.972 ps/’C@BAMO2
m 1.781 ps/’C@BAMO3
B A high-performance thermostatic cabinet is required for

1.781ps/°C

= BAMO3 vs. temperature of channel#1
—Ilinear fitting
y=pl*x + p2

pl =1.781 £ 0.013
p2 =-57.46+ 0.42
0 - R-square=10.88
RMSE =0.11
samples = 1e4

0.5

experiment was conducted to verify the
influence of the temperature around the electronic
devices (RFFE, LO, DBPM) outside the tunnel.
results show an approximately
relationship between the temperature and the beam

linear

32 32.1 322
temperature (°C)

31.8 31.9

32.3 32.4



Upgraded BAM system at SXFEL-UF
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Layout of BAMs at SXFEL-UF

BAM#04

BAM#05

BAM#01 BAM#02 BAM#03 BAM#04 BAM#05

Freq./GHz 4.6852 4.7204 4.729 4.685 4.6872 4.7262 4.7224 4.6848

Bandwidth/ 1.11 1.06 1.24 1.16 1.2 1.2 1.16 1.14
MHz
Qload 4221 4453 3814 4039 3906 3939 4057 4106
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BAMs at LINAC

T | i T
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LO Freq = 13.3 MHz * 350 = 4654.2 MHz
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Beam arrival time (ps)
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Beam test at LINAC

BAMO1

SA XA

Variation of beam arrival times @ 100pC

Mea. uncertainty of BAMOI = 30 fs > BAMOI B Three upgraded BAMs system installed at SXFEL-UF’s
Mea. uncertainty of BAMO02 =61 fs -- BAMO2
- Mea. uncertainty of BAMO03 = 62 fs ° BAMO3|- LINAC were teStEd .

B The measurement uncertainties of beam arrival time in

short-term (about 10 min): Y

30fs @BAMOL @& '8
61fs @ BAMO2 oqpugp

62 fs @ BAMO3
B The system performance has been significantly improved.

2 | |
l é)O 400 600 800 1000
I h Samples



Beam stability analysis
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B Beam energy jitter



Beam instability

@ BAM02-BAMO1

BAT #02 (ps)

-0.15 -0.1 -0.05 0 0.05 0.1 0.15
BAT #01 (ps)
BFT (BAT01-BAT02)

Samples =1022
80 " Std(BFT) =64 fs

0
-300 -200 -100 0 100 200 300
Beam flight time (fs)

B BFT rms meas. uncertainty = 64 fs

Beam energy jitter
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@ BAMO3-BAMO1
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=
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B BFT rms meas. uncertainty = 65 fs

Beam energy jitter

BAT #02 (ps)

@ BAMO3-BAMO2

0.3 T ; T T
02 Very good linear
o1-correlation .
0 il
0.1
-0.2
03! ‘ ‘ : :
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
BAT #03 (ps)
BFT (BAT02-BATO03)
100 w \ ‘ ‘
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80~  Std(BFT)=10fs
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0
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System noise
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Study of beam energy |itter

B The amplitude fluctuations and phase jitter of the accelerating fields will cause energy jitter.

B The energy-dependent path leads to the conversion of beam energy jitter to beam arrival
time jitter because of dispersive effects in the magnetic bunch compressor chicane.

B High-energy electron bunch travels a shorter path (green one) while low-energy bunches
travel a longer path (red one).

Chicane BPM
__________ a» Low energy
RY; '
- - \lid energy
3
B i = [igh energy

Dipole magnet

Chicane

1)
\ o
\
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Relation between BFT/BAT and energy

| S P B The relation between the beam
T TN [ energy and beam arrival/flight time:
2 e ! :
> d, i 4 3
" & e try = Z l; + Z Lii+1 /,3 c
i=1 1
_______________ k_‘, d
y 2N LL=p-6 l,= 1
L 4 sin(a)
z I, cos(a) + cos(p) =Ly /p
Schematic of a chicane B moc/y? —1
O=nm—a-g¢ P eB

Parameters of a chicane at SXFEL-UF

B A special case: ¢=90°

Symbol Value Unit

d, 1.08 m 14p0 + dy+ 2d;/cos(0)]
L, 0.3 m triy )= fc

d, 4.8 m

B 0.1577 T (L,

- 033 N 6 = arcsin <?>




Relation between BFT/BAT and energy

Correlation between TOF and beam energy

39.664 < i i i
N a_ o t%me-of-ﬂight vs. Energy
%\39.663 E\,;\ - —linear fitting
= o
- o =90°
"5 39.662 ey ¢
= =y
539.661 - y=-k*x+b R
) k =0.000527+0.000004 o
- oJ
g 1966 b=39.78=0.01 a.
R-square = 0.9998 f.g
39.659 — ' ‘ ‘ J
230 232 234 236 238

Energy (MeV)

Correlation between TOF and beam energy

39.85 ‘
B-p=85
k = 0.546 ps/MeV B-p=86
B--E--B--B--B--8--H--8--8--8-- & - 8 - & - & _g7ol
=87
—~ 39.8 -B-(p=88°
£ -B-¢=89°
= k =0.539 ps/MeV -8-¢=90°
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= 39.75
o
g k = 0.534 ps/MeV
g 39.7
= i
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Energy (MeV)

B The

linear relation between the beam

energy and beam arrival/flight time was
obtained @ beam energy: 230 MeV to 238

MeV.
B The linear factor @ ¢=90°
0.546 ps/MeV

B The linear factor is related to the initial

inclination ().

Relation between k and ¢

S0.545 L O inclination vs. linear factor k|-

é" N - - fitting

g 0.54 M y=p1*x2+p2*x+p3

Na o pl =0.00075 + 0.00009

" .. p2=-0.135+ 0.015

£0.535} S P3=6.604:+0.674 -

8 ~ _ R-square = 0.9997

— = ~

8 053 B =] ~ - B

g= il -

— | | | | | - - ﬂ—
85 86 87 88 89 90

initial inclination (°)



Beam test for verification

» A beam test is performed to verify the relation between the beam energy and beam
arrival/flight time.

» Two BAMs (BAMO1 and BAMO02) at LINAC are used.

» An analytical magnet and a profile behind BAMO2 were utilized.

» Each adjusting the accelerating phase, the data of two BAMs and profile are
recorded for multiple times.

» Atotal of 14 measurements are conducted.

Adjusting accelerating phase Switch on

- (A o —l?’
SA XA PRF".
\

SH I I\' L Read beam energy

BAMO1 / /\> BC VAL O BAMO2 OANS
Q

Q CHV Q



Measurement of beam energy

» The accelerating phase is gradually adjusted from -109° to -138°, the beam energy
decreases, energy spread increases;
» The range of beam energy: 238.53 MeV to 229.28 MeV

» The range of energy spread: 0.07% to 0.55%

» Beam energy jitter: 0.02% ~ 0.04%

E=238.53 MeV E=238.4 MeV E=237.62 MeV E=237.24 MeV
100 100 100 100
2 200 2 200 2 200 2 200
< 300 £ 300 < 300 < 300
> > > >

400
500

400
500

400
500

400
500

100 200 300 400 500
x (pixel)

E=236.40 MeV

100 200 300 400 500
x (pixel)

E=236.11 MeV

100 200 300 400 500
X (pixel)

E=235.97 MeV

100 200 300 400 500
x (pixel)

E=235.67 MeV

100
200
300
400
500

100
© 200
£ 300
>

400

100
200
300
400
500

y (pixel)
y (pixel)

100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

x (pixel) x (pixel) X (pixel) X (pixel)
E=234.46 MeV E=233.66 MeV E=232.57 MeV E=229.28 MeV
100 100 100 100
T 200 T 200 T 200 T 200
& 300 & 300 & 300 2 300
> > > >

400
500

400 400

500
100 200 300 400 500

HIME

100 200 300 400 500
x (pixel)

100 200 300 400 500
X (pixel)

100 200 300 400 500
x (pixel)

E=236.99 MeV

100
2 200
£ 300
>
400
500

100 200 300 400 500
x (pixel)

E=235.30 MeV

100
2 200
£ 300
>

400

100 200 300 400 500
x (pixel)

Meas Acc. Energy Energy
No. PHASE/® ENEIIRY spread/% | jitter/%
1 -109 238.53 0.07 0.03%
2 -113 238.40 = =

3 -118 237.62 0.18 0.03%
4 -120 237.24 0.20 0.02%
5 -121 236.99 0.23 0.02%
6 -123 236.40 0.26 0.04%
7 -123.5 236.11 0.27 0.03%
8 -124 235.97 0.28 0.03%
9 -125 235.67 = =

10 -126 235.30 ~ ~

11 -128 234.46 = =

12 -130 233.66 0.40 0.03%
13 -132 232.57 0.44 0.03%
14 -138 229.28 0.55 0.03%




Measurement of beam arrival time

B More than 16000 samples (over 2 hours) were obtained,;
B The variation of two beam arrival times are totally different;

Variation of beam arrival time @ BAMO1 Variation of beam arrival time @ BAMO02
I [ 8 [ I
No.14
0.2 \
6 -y
0. 6.5 ps No.12
o
0.9 ﬁﬁ? No.12

2 M No.11 -

No.10

0 g iyl Nol_4 Nos o0 .

1
&

SCP No.14

Beam arrival time@BAMUO1 (ps)
Beam arrival time@BAMO02 (ps)
o

N
_ZL 1 | | 1 | | | |
0

-0. 1 ! ° \ \ l L ! !
0 2000 4000 6000 8000 10000 12000 14000 16000 2000 4000 6000 8000 10000 12000 14000 16000
Index Index
B Beam arrival time @BAMO1: B Beam arrival time @BAMO2:
» A small variation » Alarge variation;
» peak-to-peak = 0.35 ps; > peak-to-peak = 6.5 ps;
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Relation between BFT/BAT and energy

» Alinear relation between the beam energy and beam flight time is also proved
by the beam test:
tBFT — —k*E+b,

Relation between beam energy and BFT

k =0.692 + 0.018 ps/MeV, b = 165.1 + 4.1

8 | ‘
. ¢ beam flight time vs. energy
S linear fitting
= 6 - el i
(D] ’\’\~
,§ y=-k*x+b
=4l Sl k = 0.692 = 0.018 |
= - b=165.1 4.1
= .. R-square = 0.9984
~m\
E 2+ s i
=
8 \%ﬁh\
S h""'s\
0 C 1 1 1 1 T\% -
22 230 232 234 236 238

SHIN

energy (MeV)

240

Meas. No Acc. PHASE/® BFT/ps Mea. Uncertainty/fs
1 -109 -0.001 71
2 -113 0.106 84
3 -118 0.491 73
4 -120 0.634 72
5 -121 0.846 72
6 -123 1.320 81
7 -123.5 1.498 75
8 -124 1.553 86
9 -125 1.772 68
10 -126 2.062 64
11 -128 2.630 70
12 -130 3.234 67
13 -132 3.893 80
14 -138 6.300 88




Discussion

» Both formula-based calculation and beam test result show the linear relation between
the beam flight time and beam energy (230MeV to 238 MeV)
» The linear factors obtained by formula-based calculation and beam test results are a bit
different: -0.546 ps/MeV and -0.692 ps/MeV
» Beam energy spread,
» Beam profile;
» Beam inclination;
» Given the beam energy rms jitter of 0.02% to 0.04% and the linear factor of 0.692
ps/MeV, the beam flight time rms |jitter is expected to be 33 fs to 65 fs.
-> a little smaller than the measured results (64 fs to 88 fs)
» Possible reasons:
» Timing Jitter of reference signal
» Not fully identical systems
SHIN'E > Fluctuations of magnet current, environment, etc.



Discussion- new scheme

» Different from the typical scheme, dual-cavity mixing scheme uses the RF sighal generated in
a cavity as LO signal.
» Pros:
» Independent of the performance of LO signal provided by LO
» Place inside the tunnel: more stable temperature, humidity
» Cost-effective for beam flight time measurement
» Beam test at SXFEL:
» Meas. uncertainty (RMS) : 38 fs over 20 min; -> match well with calculated results
» Meas. uncertainty (RMS) : 53 fs over 18 hours;

Trigger 1507 Total sami)les =2400 1400 Total sampleé = 64613
std =38 fs 1200 - std =53 fs

I
BAM#1 ﬁ 4685 MHz (RF)
5.5 f

Kﬁ o 35 MHz (IF)

BAM#Zﬁ 4720 MHz (LO) .
v shielding wall !

0 0
l -0.2 -0.1 0 0.1 0.2 03 -02 -0.1 0 0.1 02 03
" Beam flight time @ 20 min (ps) Beam flight time @ 18 hr (ps)

1000
£800 -

Counts

S 600

400 -

200




Conclusion
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Conclusion

+ The flawed cavity-based beam arrival time measurement systems at SXFEL-TF have been
analyzed and optimized from several aspects;

¢ The improved beam arrival time measurement systems have been utilized at SXFEL-UF.
¢ The beam-based test reveal an obvious beam instability:
o The beam flight time deviation with and without a magnetic chicane are 64 fs and 10 fs, respectively.

e beam energy jitter was highly suspected.

¢ Design and conduct an experiment to evaluate the contribution of beam energy jitter:

e Alinear relation between the beam energy and the beam flight time traveling through a magnetic chicane is
verified by formula calculation and beam test: -0.546 ps/MeV @ formula calculation & -0.692 ps/MeV @
beam test

e The energy jitter can contribute 33 fs to 65 fs to the beam flight time rms jitter.

o Match well with measurement results based on dual-cavity mixing scheme
+ A promising application of the BAM system is used for beam energy measurement.
+ Another promising scheme (dual-cavity mixing) is offered for beam flight time detection.
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What we can do next

¢ Further study beam stability and investigate other factors

¢ Further explore the possibility of using the BAM system to measure the beam
energy

e Analyze the impact of bunch profile, bunch length, beam inclination, and energy spread, as
well as cavity distance on the measurement

o Analyze the applicability of this approach @energy, energy spread
e Compare the method with the SBPM-based scheme
+ Further exploit and optimize the dual-cavity mixing scheme
e Analyze the impact of damping time and signal amplitude of RF signals on the measurement

o Analyze the temperature variation inside the tunnel and its impact on the measurement
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Thank you!

Questions? Suggestions?
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