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Tracking with space charge in synchrotrons

Particle In Cell (PIC) model:
« Update space charge potential every time step.
* PyOrbit, PTC-Orbit, Synergia, Micromap, Simpsons-PIC, ...
Frozen space charge model:
* Fix the charge distribution and space charge potential at the beginning.
» Keep using the same potential even after the charge distribution evolves,
till the next distribution update.
« MAD-X-frozen, Simpsons-frozen,....

- PIC __ Foen

Pros Follow the change of potential self- 1. fast
consistently. 2. Can trace single particle motion
Cons It is slow. Not accurate when charge

Need many macro particles, e.g. >1 M  distribution changes a lot

comments Noise due to grids and Update of emittance, but not
numerical IBS (Intra Beam Scattering) distribution, can beincluded if
are issue. reasonable number of macro

particles are tracked.

examp|es CERN-PSB, SNS, J-ParcRCS, ... CERN-PS, SPS, ...
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Hybrid Model in Simpsons

1. Track the reasonable number of macro particle (5k to 20k) to
reconstruct (only) longitudinal beam profile.
* First do binning into ~50 longitudinal slices.

* Fourier decompose each slice.
* Reconstruct longitudinal profile by taking low frequency
contributions (to cut high frequency noise).

2. In Transverse, calculate rms emittance of the entire beam
every turn to update the frozen space charge potential. The
charge distribution is kept the same, e.g. Gaussian or
Waterbag. Then apply space charge kick on macro-particles.

3. Transient behavior of bunch shape can be modelled.

4. No need of many (> 1M) macro particles and keep
reasonable CPU time.
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Code Features required to Simulate Beams in Booster

1. Coasting beam at injection;
2. Capture by RF before acceleration;
3. Longitudinal charge distribution (therefore peak line density)

changes very much. So, need a good 3D code.

4. REF voltage changes throughout the cycle of costing beam, RF
capture and energy ramping. So, need to take 1st and 2nd RF
voltage profile and relative phase as tables with fine time step.

5. Settunes (H & V) change throughout a cycle. So, needs to
specifying Quad current as a function of time.

6. Need to have different physical aperture at different elements
(Bend, Quad and Sext) for accurate beam loss estimate.

All above features, Simpsons either already have, or now added as
new features for AGS Booster simulations. Thanks to Shinji Machida!

Simpsons have also been benchmarked very well at J-Parc RCS.
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Physical Parameters used in proton Simulations

Polarized Protons in Booster

B & Bdot

—“O=NWrOION

—— B [kGauss]
——dB/dt [10kG/s]

T~

= =N NWW
SUIoUIoUIo W,

RF Voltage [kV]

10 15 20 25 30 35 40 45 50 55 60 65 70 75
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—_— ¢s,calc

- ¢2,meas
1 1 1 1 1 1 1 1 T T T 1 1 1

AN
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T~

[elelolololofoNa)

RFh2 phase [dgree]

N —

Paramectoer Injection Extraction Unit
Gy 2.17500674195 4.5
W 200.000 1116.76626314 | NeV
cp 644.444581326 2160.05810228 NeV
E 1.13827204600 2.355038309141 eV
Bp 2.14963573675H 7.20517826462 Tm
i3 0.566160421483 | 0.917207203761
¥ 1.213157794154 2.50997386012
7 —0.6362 -0.1159
h 1 1
hf 841.166737926 1362. 77884657 kI~
I £ 201.780/(27) 128.4526 /1 m
Table 2: Polarized Protons in Booster
Paramecter Gy =3 Gy =4 Unit
Gy 3.0 1.0
5% 631.753493427 1155.09533990 MeV
cp 1.25881919359 1.87131840691 GeV
E 1.570025539413 2.09336738590 GeV
Bp 4. 19896885328 6.24204631230 Tm
(Bp)/p 0.302833548731 | 0.450182199999 T
3 0.801782621988 | 0.893927372480
~ 1.67331590675 2.23108787566
7 —0.3143 —0.1581
h 1 1
hf 1.19123988020 1.32814294910 MHz
R 201.780/(27) 201.780/(27) m

Il physical parameters as functions of
e are taken either from operational
ings or from run-time read-backs.
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Other Parameters used in proton Simulations

Joanne Beebe-Wang 7/28/2016

Parameter Value

H Inj. Emit (95%, norm.) 3.5 tmm-mrad

V Inj. Emit (95%, norm.) 5.5 tmm-mrad

Ap/p (RMS) 6x10*
Injection Beam Intensity  9x10!!
Injection Beam pulse 0.3 msec

4D Gaussian
100ug/cm?
5,000-20,000

Transverse Distribution
Stripping Foil Thickness

# of Macro-particles

All numerical parameters are
validated through test runs.

~/Simpsons/Projects/Booster/Booster-pp-inj-Qx-Qy/Graphs/Booster-pp-inj-Qx-Qy-emit-2kék10k20k-1p5ms.eps
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Tune Scan with Space Charge at Injection

une scan (Av =0.03)
or Multi-turn injection

_ T 074
(the fIrSt_O'S msec) o e 1,=4.5410,, =4.5855
» Coasting beam £ orn2f v, =4.5710,1, =4 6155
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S_'erve re_msverse v /e — — v,=45410,y =46155
Emittance increase %) 0.66 v =45410,1, 45255
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164 Simpsons is capable of
simulating with charge
14+ - exchange foil and injection
bump. But, since we have 2
sets of measurement data
that are Booster specific
006 H emit :
tinear D06 Henil and they agree with eagh.
006 V emit other. So, Effects of foil is
L —— Linear (006 V emit) accounted using Booster
ipmh measurement data instead
—— Linear (ipmh) . .
ipmv of simulation.
e Linear (ipmv)
4 40 T | T | T T T
+ Thin, distorted optics
- | & Thick, distorted optics
2. + Stamp, distorted optics
301—| & Strip, distorted optics
o Thin, original
0 T T T | | o Thick, original |
0 50 100 150 200 250 300 350 o Strip, original

o Measurement 2016

K. Brown measurement 2009

Emittance (7t um, 95 %, norm.)
[\®]
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Emittance & Beam Loss vs Beam Intensity

Joanne Beebe-Wang 9
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Black: Booster Input
(inLinacLine,before LTB)

Red: Booster Early
(at Boostertime = 73ms;
1.8ms after 15t turn Injection)

Blue: Booster Late

(at Boostertime = 120ms;
48.8 ms after 15tturn Injection)

Green: AGS_Late

e0e

File Window Markers Analysis
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When and Where Beam Gets Lost

X! MCRInictorPe fomance! Jogreq  04[28[2016 14:25 - 04128 16:21

Machine Performance Trend
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The beamloss from
“Booster_Input’to “Booster
Early” has a hard minimum:

17%
1). 9% loss to HO on Foil
(thickness = 100mg/cm?)
2).5+-5%lossin LTB line 3).
A few % loss due to
injection mismatch

Conclusion:
Boosterbeamlossis a few %,
most likely at 12ms after the
1stturn of injection
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Setup file

_store/El .142127¢ 83886462 saved.

Attempting to connect BXI.RFAG. GAF ' V. DCto charmel 4on scope MCR_03...
Channel 4 on scope MCR_03 successfully setto slgnal BXI.RFAG.GAP _} V DC.

Setup file

pe.1421278332.83886462 successfully saved.

T
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Effect of Initial Emittance (after Traverse Foil)

pp-V1sV2sP2m-Qx4p6010-Qy4p5855-emit/Graphs/Booster-pp-V1sV2sP2m-Qx4p6010-Qy4p5855-emit-DRFoil-BL4-18ms.eps
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Effect of dp/p and Possible Improvement
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Effect of Second harmonic of RF

Option #1 and Option #2 are the implementations of 2
options in Kip Gardner’'s Tech Note CA/AP/535

Observations:

il

w N

norm. RMS €y [rmm-mr]

norm. RMS €y [rmm-mr]

There are only 6 synchrotron oscillations before
acceleration starts. So, the beam does not have a
chance to fill up flattened bucket before acceleration
The benefit of RF2 is significant after acceleration.
Keith’s tuning RF2 by looking into “mountain ranges”
are very effective.

Time [msec]

— RF2 off
—— RF2 operation
—— RF2 option #1
——— RF2 option #2
J L I 1 L 1 L J L I d -’"‘:43::‘ 1 1 1 I 0
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_ 16
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| — RF2 option #1 14
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B _1: eI 3
P = 12
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Beam loss rate [%]

Beam loss rate [%]
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Conclusion:

The benefit of RF2 is not significant before
acceleration while bunching process is
happening. This is the time when the beam
suffers from space charge most and transverse
emittance growth is obvious. The further
optimization of RF1 and RF2 as functions of
time could suppress the transverse emittance
degradation before the acceleration starts.
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Tune shifts vs Initial Transverse Emittance

~ISimpsons/Projects/Booster/Booster-pp-V1sV2sP2m-Qx4p6010-Qy4p5855-emit/Graphs/V1sV2sP2m-c0p1010-DRecmp-p3-20k-Tunes1-2ms.eps
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Possible Improvement:
1.  Move the tunes upward faster
2. If the power supplies can't

faster, then ramp up RF |
3. Reverse final tunes, so
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ifts and Possible Improvemen
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1. Moving the tunes upward faster can

reduce beam loss;
2. Reverse final tunes to Qx>Qy can

largely reduce horizontal emittance.

However, it has a small increase in
vertical emittance and beam loss.
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Summary

1. Simulations with space charge and element-by-element physical aperture verifies that the
particle loss in the circulating beam in Booster is on the level of a few percent.

2. The beam loss from “Booster Input” to “Booster Early” has a hard minimum of 17%. Itis
caused by foil efficiency (9% for foil thickness of 100mg/cm?); small loss in LTB line
and/or injection mismatch.

3. The beam loss starting at around 10ms and sometimes appearing as the sudden
Increase at 12ms is, most likely, due to longitudinal momentum acceptance.

4. The momentum spread of the uncaptured particles depends on the initial momentum
spread and the beam intensity.

5. The Simulation shows that transverse emittance growth can be very large. It is largely
dependent to beam intensity. However, transverse acceptance is large enough to keep
most of the beam.

6. The benefit of RF2 is significant after acceleration, but not during RF capture which is the
time when the beam suffers from space charge most. Further optimization of RF1 and
RF2 could suppress the transverse emittance degradation before the acceleration starts.

/. Transverse emittance is depended of initial emittance, which can be reduced by
(a) using thinner foil; (b) shorter injection pulse. Both require higher Linac beam intensity.

8. Moving the tunes upward faster can reduce beam loss. If the power supplies can't move

faster, may consider delay RF ramping till tunes finishing up to the higher settings.

9. Reverse final tunes to Qx>Qy can largely reduce horizontal emittance. However, it has a

small increase in vertical emittance and beam loss.



