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Movie of procedure of proposed
accumulation method (le=0.5A at ESR)




Procedure of Proposed Accumulation Method

1. Beam bunch is injected in the longitudinal empty space prepared by barrier
pulses.

2. Barrier voltage is switched off and beam is debunched.

3. Electron cooling is applied continuously and the momentum spread of
debunched beam is cooled down within a few seconds to the IBS limit.

4. Barrier voltages are adiabatically switched on and the cooled beam is
compressed by moving the barrier pulses, and beam is confined in the
longitudinal stacking area

5. Next batch is injected in the empty slot prepared by the barrier pulses.

6. Repeat the process 1~5.



Separatrix Height vs Sin Wave Barrier Voltage
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Synchrotron Tune (Barrier voltage=120V)
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Key subjects

1. Strong electron cooling.
DeltaP/P has to be reduced from typically 1e-3 to 1e-4 within a few seconds,
cycle period.

A small momentum spread le-4 after cooling will benefit a low barrier
voltage, say less than 2 kV, to confine a cooled beam.

3. Limiting factors.

Intra-Beam-Scattering effects may limit the minimum momentum spread of
cooled beam. Space charge repulsion force may significantly decrease the
barrier voltage.

4. Kicker magnet.
An injection kicker magnet of fast ramping and falling time, say 100 nsec,
with small jitter, is crucial to minimize the particle loss.



How calculate the beam dynamics ?

1. Initial values of momentum spread and transverse emittances are assigned for each
injected particle as Gaussian or uniform random.

2. Longitudinal phase equations are solved for the moving barrier voltages.

3. Electron cooling drag force is derived from Parkhomchuk empirical formula for
energy spread and transverse emittances, and

4. IBS heating rates of momentum spread and transverse emittances, are calculated
based on the Martini analytical formula. Sigma values of Dp/p and emittances are
derived from the informations of phase points of injected and accumulated particles.

5. Is calculated with PIC method using
particle distribution along the ring orbit.

6. In the calculation, LOST particle is labelled when the particle time location at the
next beam injection is within the kicker period (+/- 250 n sec) or the energy deviation is
larger than the ring acceptance limit.



Calculation of Electron Cooling
and IBS at ESR

~&  Ar beam, Kinetic Energy=65.3 MeV/u, Q/A=18/40,
Horizontal/Vertical emittance (1 sigma)=1.35e-6 m.rad,
Momentum spread (1 sigma)=8.25¢-4.

~&  (Cooler length=1.8 m, Electron diameter=0.05 m,
Effective electron temperature=1e-3 eV, Beta function at
cooler (H/V)=16/6.88 m, Electron current=0.1~0.3 A

~& (Calculation has been performed with two methods, Single
particle calculation and Multi-particle calculation.



IBS effects are averaged over
around the ring orbit.
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IBS Heating Rate at ESR

Beam parameters

40Arl18+, 65.3 MeV/u, N=7¢e7

Transverse emittances are fixed, and fractional momentum
spread Is varied.
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Evelution of Fractiecnal Momentum Spread

IBS limit
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Evolution of Fractional Momentum Spread
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Dp/p

Comparison of Measured and Calculated
Equilibrium Values of 65 MeV/u Ar

Beam at ESR
le=100mA, Coasting beam

Measured and Calculated Results

Calculated and Measured Dp/p of Horizontal Emittance
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Schottky Power

Schottky Power

Measured Evolution of Ar Beam at ESR

ESR Ar 65 MeV/u
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Schottky Power

Schottky Power
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Particle Number

Particle Number

Calculated Energy Spectrum (Ie=0.1A)
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WrE

Electron Cooling, le=0.1A

( Multi particle calculation)

Initial distribution: Ar 65.3 MeV/u

Gaussian truncated at +/- 3 sigma,

DeltaP/P(1 sigma)=8.25e-4

Transverse emittance(1 sigma)=1.35e-6 m.rad
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Measured stacking process
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Calculation of Accumulated lon Numbers limited by IBS with
ESR Emplrlcal IBS Formula
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Initial condition of simulation for ESR experiments
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Particle tracking method (1)

|IBS effects are taken account as the cooling
electron current control with following
formula.

Sle=—— =1

=== )
o, dt F sy
1 1 1
—:glo’ + _gleff
Tcp z-c,p z-IBS,p
T
=1 )




Accumulated Particle Number & Stacking Efficiency
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Particle Tracking (2)

IBS effects are taken into account so as to heat the
emittance and momentum spread of each particle with
use of analytically calculated IBS heating rates and
random number.
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NESR Parameters

1325n50+, 740 MeV
Injection Particle Number N=1e8
Initial Horizontal emittance=0.5 pai (mm.mrad)
Vertical emittance=0.5 pai (mm.mrad)
DeltaP/P=2.5e-4
(1 sigma)

Electron cooler parameters
Cooler length=5m,
Horizontal Beta function=10m,
Vertical Beta function=22m
Dispersion=0 m,
Current=1.0 A
Electron Diameter=1.0e-2 m
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Evolution of DeltaP/P and Emittances

Initial beam parameters

Beam energy=740 MeV/u
DeltaP/P=2.5e-4
Horizontal emittance=0.5 pai (mm.mrad)
Vertical emittance=0.5 pai (mm.mrad)
Number of particles=1e8
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Governing Equations & Space Charge Calculation

@ Equation of Time in Phase Space
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Particle Map, Space Charge Potential, Barrier Bucket VVoltage
le=0.5A, N=7e7/injection
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Electrical Potential in Ellipsoidal Bunch with Uniform Density
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Summary

1. Equilibrium with electron cooling and IBS.

Single particle calculation of electron cooling show that the equilibrium
values of transverse emittances, are fairly well in agreement with the
experimental results while the calculated equilibrium momentum spread
give smaller values than the experimental ones by factor ~2.

2. Evolution of electron cooling.
Multi-particle cooling calculation shows that the calculated evolution of
particle spectrum are in fairly well in agreement with experimental
Schottky signal analysis with time.

3. Limit of stacked number of ions with use of scaling laws.

With use of scaling laws of equilibrium momentum spread with electron
current and particle number, we made analytical calculation of limit of
accumulated number of 1ons. For the case of le=100mA, it gives well

agreement with the experimental ones while for the higher electron
current the discrepancy Is factor 2~3. Space charge repulsion force ?



4. 1BS effects are taken into account by two methods, 1) Control the
cooling electron current, 2) Random heating with IBS rates.
Numerical values of sigma for transverse emittance and momentum
spread are calculated at each computing cycle, and they are used to
calculate the IBS heating rates. The cooling electron current strength
IS controlled by taking the IBS heating rates into account (method
1), or random heating with IBS rates (method 2).

5. Stacking efficiency.

ESR case, calculated accumulation efficiency is ~60 % while the
measured ones are around 70 % with 10 times injection with
repetition cycle of 5 sec.

For the NESR, 1325n50+, 740 MeV/u ions, the accumulation
efficiency is calculated at 92 % when the cycle time is 2.5 sec,
le=1A and Vb=2kV at 10 batches injection.

6. Space charge repulsion force. (T. Kikuchi et al., paper)

It reaches to +/- 25 Volt (ESR case) at the edge of accumulated area
when the particle number is 1e9. It decrease the effective barrier
voltage substantially. NESR case Is under study.
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