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Motivation:
• Purpose of the last experiment is to improve and obtain the best bunched beam 

cooling experiment data with calibrated diagnostics avoiding saturation effects of RF 
amplifiers including all synchronized ion BPM, IPM, Schottky, DCCT signals. 
Demonstrate longitudinal (transverse ?) sweeping or dithering of the cooling electron 
bunch to improve the ion bunch distribution (avoid overcooling of the core or double 
Gaussian distribution)

• Demonstrate hollow beam cooling (stretch goal) to improve the transverse 
distribution (preferentially cool halo)

• All best data to calibrate JSPEC and allow us to complete a high quality of publications

Experiments done so far:

• May 2016, 1st experiment: bunched beam electron was formed by JLab’s HV pulser cooling 
12C6+ was observed for the 1st time. Data was taken at different injection fills

• April 2017, 2rd experiment: improved triggering control and beam instrumentation for 
taking data in the same injection fill so cooling process was more clearly observed

• December 2018, 3rd experiment without JLab team due to the visa issue. The ion beam is 
86Kr25+ . New BPM, IPM data obtained but missed calibration data. The Schottky signal 
missed resolution on sidebands
Publications so far:
1. Nuclear Inst. and Methods in Phys. Research, A 902 (2018) 219-227.
2. doi:10.18429/JACoW-IPAC2018-TUPAL069
3. doi:10.18429/JACoW-COOL2017-TUP15
4. PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 023501 (2018)



HIREL-CSR Layout at IMP and Machine Design Parameters

EC-35 cooler

 CSRm CSRe 

Circumference (m) 161.0014 128.8011 

Geometry Race-track Race-track 

Max. energy (MeV/u) 900 (C6+) 

400 (U72+) 

1100 (C6+) 

2800 (p) 

600(C6+) 

400(U90+) 

700(C6+) 

450(U90+) 

B (Tm) 0.91/10.64 0.81/12.04 1.20/8.40 0.50/9.00 

B(T) 0.12/1.40  0.10/1.59 0.20/1.40 0.08/1.50 

Ramping rate (T/s) 0.05 ~ 0.4 0.1 ~ 0.2 

Repeating circle (s) ～ 17 (～10s for Accumulation ) 

Acceptance   Normal mode 

       A h ( mm-mrad) 200 (p/p = 0.15 %) 150 (p/p =0.5%) 

       A v  ( mm-mrad) 30 75 

       p/p (%) 1.25  

(h= 50  mm-mrad) 
2.6 
(h= 10  mm-mrad) 

E-cooler    

     Ion energy (MeV/u) 8---50 25---400 10---450 

     length (m) 4.0 4.0 

RF system    Accel.    Accum. Capture 

     Harmonic number     1     16, 32,64 1   

     fmin/fmax (MHz) 0.24/1.81  6.0 / 14.0 0.5 / 2.0 

     Voltages (n  kV)  1  7.0    1  20.0 2  10.0 

Vacuum (mbar) 6.0  10-11  (3.0  10-11) 
 separated-sector cyclotron

Sector Focusing Cyclotron



thermionic gun

cathode

anode
Pulsing grid

Modification of SC-35 gun and new switching pulser and fiber optical controller  



ION RING

2017 2018
specieses 12C6+ 86Kr25+ 12C6+

bunch charge 204.20 pC

charge per nucleon 0.5 0.2907 0.5

kinetic energy per nucleon 7.0 5.00753 19.0 MeV/u

beta 0.121 0.103 0.198

gamma 1.007 1.005 1.020

revolution frequency 225.907 191.372 368.687 kHz

Harmonic Number 2 2 2

Vrf 1200 600 1200 V

RF frequency 451.814 382.744 737.374 kHz

synchrotron frequency 813.824 440.214 798.167 Hz

Resonant or Broadband Schottky Pickup

Plus Minus 0.5MHz

Schottky spectrum center frequency 5.8736 2.2976 5.8736 MHz

harmonic number 26 12 15

p number 0.00010 0.00593 0.93113

Electron Cooler

kinetic energy 3.81 2.7271 10.35 keV

electron pulse edge width 0.035 0.721 0.058 rad

dI/dt 2.64 0.11 2.64 mA/ns

Cooling section length 3.4 3.4 3.4 m

Electron kick d E  per turn 0.306 0.010 0.112 keV

E beam radius at cooler section 1.25-2.5 1.25-2.5 1.25-2.5 cm

High Voltage Pulser, DEI PVX-4150

maximum average switching power 150 150 150 W

optimum anode voltage 1 1 1 kV

maximum Pulse Rep Rate at clamped grid voltage 571.2 571.2 571.2 kHz

maximum pulse grid voltage at revolution frequency 575.0 575.0 371.0 V

maximum pulsed peak current at revolution frequency 177.36 177.36 110.91 mA

maximum pulse grid voltage at bunch frequency 297.0 297.0 145.0 V

maximum pulsed peak current at bunch frequency 90.64 90.64 55.42 mA

minimum negative baise to supress the dark current -400.00 -400.00 -400.00 V

 grid voltage clamp for the 150W 220.000 220.000 220.000 V

maximum peak current at clamped voltage 71.719 71.719 71.719 mA

IMP (CSRm ring)

IMP ( SC35 cooler)

IMP (CSRm cooler)

Experiment Parameters and Data Taken in 2017/2018

Experiment parameters

JLab modified DC e-gun 
pulse generator’s 
limitation

A lot of data taken at 
2017 and 2018

On April 27, 2017 trial 
to ramp higher ion 
energy, but failed to 
cool it due to lack of DC 
cooling at injection, so 
beam intensity was not 
high enough for the 
cooling demonstration
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Cooling at injection energy at 5-7MeV/u [most experiment data taken 
in 2016/2017/2018 at  this energy level]

time

DC cooling for 
accumulation

Experiments

Beam heating
+ RF capturing

Advantage:
1. High beam current
2. Good beam quality
3. Easy for measurement

Disadvantage:
1. We have to switch on the DC 

cooling first, and then stop the 
cooling for few seconds, finally 
switch on the pulsed cooling

2. More PLC control modification 
on grid anode

0 10 13 181

DCCT current

Bunched  
cooling for 
experiment



Beam Diagnostics at CSRm for Bunched Cooling Experiment

Diagnostics Function Trigger Software

Ion BPMs Measure the ion bunch shape and current Yes
Labview (JLab) with 
LeCroy Scope and E-
gun PLC 

Electron BPMs Measure the electron pulse shape and current Yes

DCCT
Measure the ion beam (bunched/coasting) 
current

Yes
Labview
(IMP)

Schottky Measure the longitudinal cooling Yes
Tektronics(now R&S) 
spectrum analyzer

IPM Measure the transverse cooling Yes EPICS

Data recording with JLab’s LeCroy scope

Possible IMP is using a new R&S scope



Electron BPMs

Beam diagnostic setups:

Beam

DCCT

IPM

RF

e-BPM

Schottky

i-BPM

Local

CCD

RF Station

JLab LabView
Timing System

HV gun grid PLC

Spectrum 
Analyzer

Lecroy scope

event 4

event 6

event 1

freq.

event 3

event 5

Ch1 

Ch2 

event 7

AG33220 event 2

Example of LabView experiment timing control screen



Global Timing and Local Triggering Logics for the BPM Data Capturing within One Filling Time of CSRm



Ion/Electron Beam Synchronization Setup



 Experiment results

The repetition frequency of electron pulse must be matched to the ion beam 
revolution frequency

 Synchronization



2017/2018 data analysis  demonstrated the bunched beam cooling feature

12C6+ion signal

DCCT ion current=43.78uA
e energy=3.74keV
e DC collector current=67.2mA
e average pulsed 
current=19.3mA
RF Frequency=445.6577kHz
e-pulse width=1.0us
e-pulse frequency=222.8288kHz
RF Voltage=1.49/1.2kV (W/R)

BPM April, 2017 data

• BPM/IPM data from 
Dec, 2018 
experiment have 
possible RF amplifier 
saturation effects

• Both BPM and IPM 
have double 
Gaussian 
distributions



 Experiment results

300 ns

1200 ns1000 ns800 ns700 ns

600 ns500 ns400 ns
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e

bunch length

The cooling process with different electron pulse length

 It is observed that the cooling is faster with larger e-beam pulse length (the 

electron peak current is a constant)



 It is also observed that the cooling is faster with high e-beam peak current (the 

electron pulse length is a constant)

300 ns

400 ns

Ie=13.4mA Ie=21.1mA Ie=29.6mA

Ie=13.4mA Ie=21.1mA Ie=29.6mA

The cooling process with different electron peak current



The measured longitudinal beam shape can be fitted by Bi-Gaussian distribution
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 The cooling rate increases with increasing of the electron pulse length and 
the e-beam peak current.
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 The transverse beam cooling effect was observed by IPM detector.



frequency
time

t=67.85ms

Ttrigger

Schottky signal analysis: cooling rate cool and dp/p estimation 

Schottky signal intensity Ju(ma) has significant 
magnitude only
for µma. Synchrotron side-band extends up to 
µms(0)mams(0)=mmax

m max : coasting beam freq. spread
max: max instant. ang. velocity spread in the bunch
am is the max. sychrootron amplitude in the bunch (rad)

• The profile of the Schottky band at m*f0 (m=30) 
harmonic duplicates the longitudinal velocity 
distribution of the bunch

• Width of each peak dominated by the signal RBW and 
coherence of the uncooled  bunch in the same 
revolution

Schottky movie to play 

fs=806Hz

f0=222.8288kHz
E=945.27MeV
12C+6
VRF peak=1.2kV

𝑓𝑠 = 𝑓0
ℎ𝑞𝑉𝑟𝑓 𝜂cos𝜙𝑠

𝐴2𝜋𝛽2𝐸

../../JLEIC2018/IMP_Cooling_Experiment/Schottcky Signal_Large.mp4


Power spectral density – 2D
Dec. 2018’s data

• Full time span, frequency resolution 25 Hz, 
time resolution 0.04 s 

Full time span shows interesting times to 
look at in more detail, in the absence of 
other info about the measurement

These spectra look similar for the 5 sample 
data sets available to us

Look at 1D slices here, over time range 
~0.5 to 1 s



Power spectral density – 1D slices

∆t=0.04 s
t0=0.52 s
Full frequency 
span

t=0.52-0.64 s

t=0.68-0.80 s

t=0.84-0.96 s



Power spectral density – 1D slices

∆t=0.04 s
t0=0.52 s
25 kHz span

t=0.52-0.64 s

t=0.68-0.80 s

t=0.84-0.96 s



Power spectral density – 1D slices

• Calculated fs~400 Hz does not match with observed fs~250 Hz
• No clear evidence of sidebands associated with transverse Schottky signals, 

expected as repeats of longitudinal structure

fs~250 Hz

t=0.76 s t=0.80 s











Differential signal 





Deficiencies of obtained experimental data (2017/2018):

Ion BPM signal data:
• From shoe-box type at CSRm with 50W 

input imp. Preamp. fcut~7.7MHz, so the 
BPM signal is a differential signal of ion 
pulse shape in 2017. Signal voltage 
integration includes noise buildup (with 
slope) After the slope correction, the signal 
at the pulse ends generated unphysical 
dips. The pulse distortion could be due to 
the external circuit capacitance or 
amp/cable mismatch

• Rebuild a new show-box BPM. Use 1MW

preamps, so fcut drops to ~386Hz
• Did the bench RF measurement for the 

beam-to-signal transfer function by the 
wire-stretching technique

• No differential bunch signal anymore in 
2018, but high Impedance amplifiers seem 
saturated at high beam signal

Schottky signal data:
• 2017 Used RSA5100A (RSA385A) 

spectrum analyzer. IQ data obtained 
had a low sampling rate 48.8kS/s

• 2017 RBW=100Hz, spectrum 
resolution is limited to ~32Hz only 
even with a CFFT/lCFFT HPF/LPF 
reprocessing

• Build new Schottky device in 2018
• Use 50W amplifiers
• Uses R&S Spectrum Analyzer with 

.wvd data downloaded
• Too wide BW setup for the U/D 

sidebands recording

IPM signal data:
• Too slow data recording due to 

ionization
• Possible amplifier saturation



Newly installed ion BPM at CSRm, IMP, Sep. 26, 2018



New Capacitive Pickup of Schottky Device  

S21 Transmission
Frequency span: 100 MHz

50 ohm load

50 ohm load

PA

PA

180 
Hybrid

△

Σ

vertical or horizontal plates?



Homework on Challenges of Transverse Schottky Signals
D.Dinev, Е9-2001-144
BETATRON TUNE MEASUREMENT





Sweeping delay time A between electron and ion bunches with a 
frequency of synchrotron?

Need new Labview programming



IMP Pulsed E-Cooling Triggering Setup – Tom Powers, May 21, 2016

Digital delay generator

T0

A B
0-5V TTL

FOR E-GUN PULSER
TRIGGER

FOR BPM SCOPE
MONITORING

10Hz gating (for scope sync only not for cooling exp. data which is DC +5V  )

225kHz (for max. HV pulser
rep rate) B=T0+A+PWe

A=1280-1360ns 
is from T0 to AB 
OUT front edge 

450kHz from RF 
(for min. h=2)

RF ON + wait (1sec) +T0 (scope delay) on the traces of Labview data



T0

B=T0+A+PWe

FOR E-GUN PULSER
TRIGGER

FOR BPM SCOPE
MONITORING

Digital delay generator

IMP Pulsed E-Cooling Triggering Setup, May 22, 2016

450kHz (for min. h=2) 10Hz gating (for scope sync)
On-time 2us off time >790ns

225kHz (for max. HV pulser rep rate)



BPM Measurement Delay and Triggering and Display on LabView DAS 

scope ion BPM signal

t

t=T0

ion bunches in the ring

t

scope electron BPM signal

t

electron bunches in the cooler

t

cooled uncooled

2.219ms (450.653kHz)

2.219ms

A+1280ns

cooled uncooled

Di

4.438ms

4.438ms (225.327kHz)

PWe

PWe

De

ti=T0+Ai-Di

PWe

Ai

Ae

te=T0+Ae-De

Ai-Ae

Ai is from t=T0 to center of narrow ion BPM bunch 
signal measurable in LV screen
Ae is from t=T0 to start edge of  electron BPM 
bunch signal measurable in LV screen
T0 is read by LV DAS, cooling time reference #
A= 1280-1360ns  set by DG535 
PWe = 0.15 – 2.2ms is electron bunch width set by 
DG535. Pwe=B-A
Di=? is delay from ion bunch to ion BPM signal
De=? is delay from electron bunch to electron BPM 
signal
Dfol=100ns is  a hardware delay from AB OUT to 
HV pulser to launch pulse which is mostly fiber 
optic link and electronic delay of hardware

(ti - te)-332.8ns=(Ai - Ae) + (De - Di) = 1sec +T0sec+A + Dfol (N+1/2)4.438 ms



BPM Measurement Delay and Triggering and Display on LabView DAS 

(ti - te)-332.8ns=(Ai - Ae) + (De - Di) = 1sec +T0sec+A + Dfol (N+1/2)4.438 ms

A is the delay (1280-
1360) ns  set up by 
DG535 from  AB OUT 
(front edge) to the HV 
pulser to fire the electron 
bunch front edge

AB OUTAT0

electron-BPM at gun position

ion-BPM after the cooler position

0.121clight332.8ns=12.072m

(ti - te)=
𝑷𝑾𝒆

𝟐
or 

Ai – Ae

=
𝑷𝑾𝒆

𝟐
− 𝟑𝟑𝟐. 𝟖𝒏𝒔 − De − Di

when electron bunch center 
aligns with ion bunch center 

Ai is from t=T0 to center of narrow ion BPM bunch 
signal measurable in LV screen
Ae is from t=T0 to start edge of  electron BPM 
bunch signal measurable in LV screen
T0 is read by LV DAS, cooling time reference #
A= 1280-1360ns  set by DG535 
PWe = 0.15 – 2.2ms is electron bunch width set by 
DG535. Pwe=B-A
Di=? is delay from ion bunch to ion BPM signal
De=? is delay from electron bunch to electron BPM 
signal
Dfol=? is  a hardware delay from AB OUT to HV 
pulser to launch pulse which is mostly fiber optic 
link and electronic delay of hardware



Summary:

1. Bunched electron beam cooling 12C+6 ion beam at 7MeV/u in 2017 and 85Kr25+ at 
5MeV/u in 2018 have been demonstrated at CSRm ring at IMP, China by our IMP/JLab 
collaboration team.

2. With the help of RF focusing, the Ion bunch length has been reduced from the coasting 
to ~3m long by a longer electron bunch but as short as 18m within about 0.5 second

3. The longitudinal cooling of momentum spread has been reduced from ~2e-3 to ~6e-4 
with a similar cooling rate

4. The simulation models developed so far agree with the measurement results 
qualitatively.

5. Beam diagnostics like ion BPM, IPM and Schottky signals strongly support these 
evidences but obtained data so far lacks of calibrations and possible amplifier signal 
saturation which had affected measurement accuracies for a further quantitatively 
benchmark for the JESPEC simulation codes and better quality of publication.

6. Beam instrumentation improvement both in hardware and software has been carried 
out since 2018 experiment but missed JLab team to cross-check the data quality so as 
we missed the Schottky signal spectrum resolution. Big challenge to transverse 
Schottky signal processing (down converting) on bunched ion beam.

7. Balance core and tail cooling rates to reduce the double Gaussian distributions on the 
bunched beam cooling is an ultimate goal of next experiment in Dec. 2019

8. Uncertainties of travel on beam schedule, visa application and DOE approval processes


