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Background of Measured Longitudinal Emittance in Hadron LINAC
Hadron LINAC beam : single pass, low-, halo and high power  

Matching beam and controlling the loss in hadron LINAC

Longitudinal 
emittance
method

LINAC BEAM 
ENERGY

MEASURED
PARAMETERS

Direct or
Indirect metohd

Phase space 
distribution

Resolution of phase 
length and energy 

spread
distribution

Publish
time

BPM sum SNS (U.S.A.) H- (180 MeV) Bunch Lengh indirect NO RMS 2013

BPM sum CPHS 
(China) H (3 MeV) Bunch Lengh indirect NO RMS 2018

BSM Linac4 
(CERN) H- Bunch Lengh indirect YES 10 ps 2016

BSM FRIB (U.S.A.) Ion Bunch Lengh indirect YES 10 ps 2018

Rutherford
spread

SARAF 
(Israeli) H Energy Spread indirect YES 20 kV 2009

BEM SPIRAL2 
(France) Ion Bunch length indirect YES 47 ps 2016

Rutherford
spread

GSI 
(Germany) Ion Bunch length, Energy 

Spread direct YES 35 ps ,
20 kV 2014

Acceptance

SNS (U.S.A)

H- (80 MeV) Acceptance indirect YES RMS 2008

Dipole+BSM H- (2.1 MeV) Energy Spread & 
Bunch length direct YES 10 ps, 0.1% 2018
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Indirect method:

cavity voltages 

synchronous 

phases

BPM signals

Direct method:

BSM+ES
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• Developed own BSM 

• Waist-to-Waist transfer matrix

Longitudinal 
phase space distribution Bunch length distribution

Energy spread distribution



E
2 2

E E E          

Resolution is important

Hadron LINAC Transfer line

Transfer 
line

Slit-H

BSM

E/E
E Slice

Bunch length 
distribution

Assuming 
longitudinal 

phase 
space

Measured
longitudinal 

phase 
space



Courtesy of Huan JIA
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Background of Measured Longitudinal Emittance in Hadron LINAC

Following SNS BTF design, we upgrade 
the ES resolution by waist to waist
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Developed Bunch shape monitor based on Feschenko’s style 

1. Wire
2. Slit1 
3. RF-Deflector
4. Corrected magnet
5. Slit2
6. Energy spectrometer
7. Secondary electron collector

• Study the influences of key parameters on the high resolution

• How to get a good performance of RF-Deflector

Cross section view of the developed BSM (HWR @325 MHz) 
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Operation principle: coherent transformation of a
temporal bunch structure into a spatial charge
distribution of low SE through a transverse RF-
scanning
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Analyzing  Ld, Ex versus BSM Phase Resolution  / ,full

• Electron energy  8 ~ 12 keV

• Full Phase distribution  30 

• Drift length LT 397 mm

• Electrode width LD 43 mm

• E-field 25  ~ 100 kV/m

• BSM phase resolution  

< 1 % of 30 ° @ 162.5 MHz

(20 ps / 500 ps @ 162.5 MHz)

7

courtesy of  Wai-Ming Tam thesis 

Alignment & mechanic issues
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HV platform

Current
source

RF Source
325MHz

Power Amplifier

50  load

IV

Spectrum

Oscilloscope

RF Deflector

Thermo-
electrons 
deflecting

Thermo-
electrons
emission

Tunner

HV
 3 KV

SEM 
signal

RF-deflector 
PU signal

Performance of HWR RF-Deflector- the 1st version BSM

• Off-line test

• Thermal electrons emission

• RF deflector power on

• Check power signal and SEM signal

Power 
amplifier
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Performance of HWR RF-Deflector- the 2nd version BSM





Unloaded Q = 1923

Loaded Q = 914

• The improved RF deflector is more stable and easy to tune 
• Improving loaded Q value from 300 to 900 
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Bunch shape measurements using the 2nd version BSM

BSM

IPM

DUMP

RFQ Rebunch 1

DTL
Rebunch 2

ECR

LEAF BD GUI（81.25 MHz, 500 keV/u, 500 euA）
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BSM  Parameters

Wire HV - 6.5 kV

Dipole I 3.75 A

Corrector X I 1 A

Corrector Y I 7.85 A

Collimator bias - 500 V

Plate 1 bias - 3500 V

Plate 2 bias - 3700 V

SEM bias - 1.4 kV

RF power 10 W

Dump signal

BSM 
signal

RF power OFF

RF power ON
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Bunch shape measurements using the 2nd version BSM
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1st. 
Change phase shifter
with the step of 10 degree 
and the changed time of 10 
seconds 

2nd. 
Change 
phase shift 
with the 
step of 10 
degree 
and the 
changed 
time of 5 
seconds 

3rd. 
Change 
phase 
shifter 
with the 
step of 1 
degree 
and the 
changed 
time of 1 
seconds 

. 
Rebunch1 
power off
Change 
phase 
shifter 
with the 
step of 1 
degree 
and the 
changed 
time of 1 
seconds 

Rebunch1 
power 
abnormal
No beam

.4th
Rebunch1 
power on
Change 
phase 
shifter 
with the 
step of 1 
degree 
and the 
changed 
time of 1 
seconds 

.5th
Rebunch1 
power on
Change 
phase 
shifter 
with the 
step of 2 
degree 
and the 
changed 
time of 2 
seconds 

By manually sweeping the phase five times, the phase distribution remains consistent
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Bunch shape measurements using the 2nd version BSM
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FFC
Measured the phase distribution about 536 ps
BSM
Measured the phase distribution about 
547 ps =(16 / 360*12.3 ns)

Keep an agreement



Rebuncher power on and off
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Bunch shape measurements using the 2nd version BSM
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Demonstrator of direct measurement of longitudinal emittance

Two waists

① Slit2-H in the 1st waist

② Wire of BSM in the 2nd waist
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①

②

The entrance 
and exit edge 
angle of dipole 
are 26.5 °
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waist - to - waist transfer matrix
M11= -1，M12 ≈ 0, M16 = D ≈ -2 m, L = 997.17 mm

11 12 11'x M x M x M x      
x:  Slit2-H width of 0.2 mm at the 1st waist

40.2mm 1 10 0.01%
2m

xp
p D

 
     

Resolution of  momentum spread p / p

Resolution of  BSM  / ,full

• Min. step of phase shifter is 0.7  at 325 MHz

• Resolution of BSM is 20 ps / 500 ps (full length)

• Total resolution of BSM is about 1.25  / 360 

Courtesy of Yuanshuai Qin and Duanyang Jia
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Demonstrator of direct measurement of longitudinal emittance
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Procedures of direct measurement of longitudinal emittance

① calibrate the phase and voltage of the buncher in the synchronous

② adjust the corrected magnet to keep beam position and energy constant

③ use the wire of BSM in the 2st waist to measure the energy spread distribution

④ get the energy sweeping range and set one dipole current 

⑤ scan the phase value of BSM to measure the longitudinal bunch length 

-140

-135

-130

-125

-120

-115

-110

-105

-100
-200 -150 -100 -50 0 50 100 150 200

Phase
y = 168.73x
R² = 0.9998

0

2000

4000

6000

8000

10000

12000

0 10 20 30 40 50 60 70

AMP Calibration buncher voltage and synchronous phase (by BPM phase value )

Courtesy of Yuanshuai Qin and Wangsheng Wang
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• Keep beam position and energy constant

Energy spread distribution using BSM wire in 
center and sweeping dipole

H-profile by sweeping BSM wire when keeping 
dipole value in center

• check energy sweeping range
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Procedures of direct measurement of longitudinal emittance
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Longitudinal emittance Measurement GUI

• "PS Current" refers to the dipole

current setting

• "Phase Shifter" indicates the BSM

phase scanning

• "WS" represents the wire of BSM

in the center

• "SL" signifies the Slit2-H in the

center.
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Longitudinal emittances with buncher voltage of 48.4 kV
Bunch shape distribution when
beam in the center energy
with 4 synchronous phase Buncher power off

Buncher turned on to 48.4 kV with 4 synchronous phases

Bunching 1.518 MeV @ -90 Accelerating  1.566 MeV @ 0 Debunching 1.515 MeV @ +90 Decelerating 1.470 MeV @ +180
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no-focusing

focusing



IBIC2024, Beijing, ChinaTHCC2 Direct Measurement of the Longitudinal Emittance for a Proton Beam at Exit of a Radio Frequency Quadrupole

Longitudinal emittances with buncher voltage of 96.3 kV

Bunching 1.517 MeV @ -90 Accelerating  1.610 MeV @ 0

Debunching 1.517 MeV @ +90 Decelerating 1.422 MeV @ +180

bunch shape distribution 
different voltages @ bunching phase (-90)
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over-focusing
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Comparisons of Twiss parameters

 Subtracting the background: variation in longitudinal emittance should not exceed 5% when subtracting 
background data exceeding 1%

Courtesy of Yuanshuai Qin

• Initial Twiss parameters from the output RFQ not corresponding to the measured beam

• Conduct a benchback simulation using the measured longitudinal emittance and 
Twiss data to refine the theoretical data
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 Directly measuring the longitudinal emittance, understanding the actual beam phase space distribution, 

conducting a bench-back simulation using the measured data

Conclusions

 Nine longitudinal emittance measurements were conducted for two buncher power values at four phase 

degrees, with the buncher power turned off, in a 1.5 MeV proton MEBT

 Using the waist-to-waist transfer matrix to enhance the resolution of the energy spread distribution 

 The impact of transverse emittance on the energy spread is mitigated, now the resolution of ES is 0.07% 

since the dipole power supply control the minimum step is 0.2 A (0.20 / 320 A full range)

 The developed BSM can achieve a resolution smaller than 20 ps of the full distribution of 500 ps at 162.5 MHz 
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 We successfully develop a direct longitudinal emittance platform with high resolution for hadron LINAC
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