WG-B beam dynamics in
LINACS
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WG-B
» 23 talks + 2 quick presentations

* 12 Project represented : SARAF,IFMIF,ESS,C-ADS, C-SNS, FRIB,
JPARC,UNILAC ,LINAC4,SNS, XIPAF,LANSCE

* Simulations : emittance reconstruction from profile measurements/
online modelling/space charge compensation/



lmportant topics 1/2

* Reports /feedback from operational experience and comparison with
expectation (lessons learnt)

* Benchmark between model and experiment

* Resonances
e as design guidelines
* benchmark between model and experiment.



lmportant topics 2/2

* To match or not to match? And if yes what?

* Loss maps and their importance at the different stages (design,
commissioning/implementation, power ramp-up)

* Low Energy Beam transport beam dynamics

* need to extend our knowledge of the transition between plasma and
extraction.

* Need to find a correct way to track in a bending magnet



Reports /feedback from operational experience
and comparison with expectation (lessons learnt)

* Talks on this topic distributed over WG-B and WG-D
* WG-B
+ TUAM1YO1: SARAF, THPM1YO1: C-ADS Injector-I]

* Plenary
e MOAM1P20: LINAC4, MOAMA4P40: SNS
* WG-D

* TUPM2YO1: CSNS, TUPM6YO1: C-ADS Injector-I, TUPM8YO1: C-ADS Injector-lI,
THAM2X01: KOMAC, THAM3XO01: SNS

e We don’t elaborate on talks in WG-D



D. Berkovits

Operational Experience: SARAF

Unexpected behavior of RFQ transmission
observed

Simulation study initiated to understand
dynamics in LEBT (study on-going)

Soreq

RFQ transmission study
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Why RFQ transmission is not sensitive, in a wide range, to LEBT some beam optic,
LEBT vacuum and entrance flange electron suppressor voltage?

Protons are more sensitive to space charge. What is the LEBT space charge effect?
9

Soreq

LEBT simulation
Twiss parameters as function of space charge
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R. Huang

Operational Experience: C-ADS Injector-I|

Frequency shift of 10 kHz observed at C-
ADS Injector-Il RFQ

Theoretical explanation for it has been
proposed

* In the beam experiment on the demo Injector Il of the CIADS, when the 10 mA
CW beam passed through the RFQ, large power reflection from the power
coupler can shut down the generator, due to the interlock system.

® The feedforward is adopted to gwﬁm:ta]bn the amplitude of the fields in the RFQ

when the beam passes. Evenif ~— / %, the beam loss in the following SC
section is still significant, because the field is smaller than the designed value.

 The RFQ had to be detuned by amount of 10 kHz to minimize the reflection
power, therefore, minimize the generator power, which means the optimum

detuning of the RFQ under the 10 mA CW beam is 10 kHz.

e

* This large optimum detuning of RFQ is against the previous experience in
normal conducting acceleration.

, Malmo, Sweden, 3-8 Jul

* The effective impedance angle can be termed to be the effective RF phase.

* Detailed treatment on the effective RF phase will involve the field
integration. For simplicity and consistency. To be consistent with it, we’ll
estimated the effective RF phase as the following way,
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* With the parameter of the RFQ, we’ll obtain @, = —78.5°

 The beam-inducing detuning evaluated with ¢his,

Af'=-7.8kHz
 The beam-inducing field phase variation

Ag~4.2°

& , Malmo, Sweden, 3-8 Jul




Resonances

* As design guidelines
* Design study is active (especially in China) with new projects are proposed/approved

 Resonance theory has been revisited as design guidelines for high intensity linacs
* TUAMA4YO01: C-ADS Injector-I, THPM1YO1: CIADS, THPM3YO1: Overview

 New guideline(?): Equipartitioning is strong against error
* TUAMG6YO1: J-PARC
* As benchmark between model and experiment

* Attempt for experimental verification of model-predicted resonance on-going
* TUAMGYO1: J-PARC



Resonance: J-PARC

Equipartitioned setting is less sensitive to
errors

Y. Liu

Attempted to observe model-predicted
coupling resonance: trend looks consistent

Property of off-EP Setting T=0.3: Lattice Stability 9

Lattice Stability problem found in error study
Simulation with IMPACT
Q alignment error £ 0.1mm
RF amplitude error + 1%, phase error + 1°

100 seeds
T=1 T=0.3
At RCS sept. At RCS sept.
® random seeds xrange:( 3.51, 6.51) @ Landom seeds xrange:( 5.14,17.14)
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Very different sensitivity to errors!
Transverse emit-99.5% 10 t mm mrad: more than half of the seeds exceed for T=0.3

Experiment Setup and Scheme of Measurement

Fit/simu.@MEBT2:MARK

exp . Nom TS+A:0-5 TS+A:0-7 TS+A:0-9 TS+A:1 3
8rms.n.(mrn) arms(tSd) AE/S(%) grms.n.(mm) AS/S(%) 8rms.n.(rnrn) AS/E(%) 8rms.n.(m'n) AE/E(%)
H 0.38 0.45 18.8 0.37 -1.1 0.39 43 0.33 -13.4
. V 0.35 0.55 58.7 0.37 7.0 0.38 9.9 0.32 -8.9
Relatlve " S R N W R W R R N R N RN A R R N NN N N RN M N M N N N e
only! N 098 . _._.4026_ . _.2242 _._ 033 .. PSR 0 7 S 3 S 039 _._._189 ... '
& msn(mm®) 0,0440 0.0628 42.8 0.0457 3.9 0.0483 10.0 0.0404 —-8.2
S i m u . Nom Ts:a=0.5 Ts+a=0.7 Ts+a=0.9 Tsa=1.3
Ermsn(mMM)  [Ens(t3d)  Ag/e(%) Emsn(mm)  Ag/e(%) Emsn(mm)  Ae/e(%) Ermsn(mm)  Ae/e(%)
H 0.27 0.33 22.2 0.29 1.4 0.31 14.8 0.24 -111
\ 0.27 0.35 29.6 0.29 14 0.31 14.8 0.24 -11.1
L 0.38 0.34 -10.5 0.35 -1.9 0.31 -18.4 0.45 18.4
& rmsn(mm?) 00277 0.0393 41.8 0.0294 6.3 0.0298 7.9 0.0259 —6.4

--Emittance growth happened for exp. cases (could be well reproduced by
introducing errors, but emittance ratio does not change in simulation)
--Neglecting absolute measured longitudinal emittance, look at the relation between

each other.

Trend of emittance relation looks consistent!

Open question: Can equipartioning be a design guideline to be robust against errors?




Resonance: C-ADS Injector-|

Resonance condition used as design guideline

F. Yan

Near equipartitioned setting selected as
less sensitive to error

2. SC section design consideration
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However all these effect could be avoided by keeping the zero current
longitudinal phase advance smaller than 90 degree!!!

3. Lattice design

Footprint area selection

The working points were chosen between the k_ /& =1 and k_/k =2 stop bands.
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Resonance: Overview

[ :%\r Science & Technology

Facilities Council

The ISIS Experience

* |SIS simulation model tuning:
— Avoid mismatches

— Avoid resonances/instabilities
— Minimise emittance growth

* |SIS Linac tuning

— Real-life machine tuning has different aims
— Reduce losses

— Control activation to allow hands-on maintenance (crucial
for an old machine)

— In reality the beam core could be mismatched, but the
transmission increased

C. Plostinar

A better understanding of space-

charge resonances is emerging, but

experimental evidence and impact
remain limited

Open questions

* Existing facilities show discrepancy
between simulation models and
machine operation

* How this can be improved?

* What is figure of merit in
design/operation?
* Emittance growth tolerated?




Resonance Discussion

A beam-dynamics approach for compact
low-velocity proton superconducting linacs

« Each cryomodule has identical elements and is a short
FODO lattice with its characteristic period L.

eriod to change from one cryomodule {6
-Do not require that focusing period must be large enough to
span the large space between cryomodules.

« Shorten the focusing period.

-Include only one cavity and one solenoid per focusing period.
-For compactness use solenoids instead of quadrupole
' for transverse focusing.

« Use cavities and solenoids at both ends of cryomodule for
matching between cryomodules.

« Gradients are still limited by ¢,<90°requirement but these
measures help.

. Hofmann

* Interpretation of 90 degree limit in
longitudinal direction discussed

 Ambiguity in definition of a period

* Longitudinal period can be defined
separately from transverse

* |t may matter in designing
superconducting linac



Resonance Discussion

Classical beam physics

Difference coupling resonances

Emittance exchange when
nv,—myv,=p
(beam footprint with space charge)

To avoid emittance exchange
choose

nv,—mv,#p

Emittance exchanges

EQP believers (linac)

Equipartition

Emittapnce exchangg’when

choose
8x Vx o 8z

EQP rule applied without any physical justification !
Our beams being far to be thermodynamical systems, the EQP theorem

DO NOT apply
The emittance exchanges are induced by the coupling resonances

JM Lagniel HB 2016, Malmo, Sweden

July. 7, 2016 Page 5

J-M. Lagniel

* Which is correct physics view
between difference coupling
resonance and equipartition?

* Which of tune diagram and
Hofmann diagram better describe
physics?



Benchmark between model and experiment

* This topic is intertwined with other topics

* Model capability of reproducing experiment may limit the capability of
matching

* Model capability of reproducing experiment (beyond RMS) could be limited
by front-end model

* Benchmark with RMS beam size
e WEPM2Y0O1: SNS

* Benchmark with coupling resonance
* TUAMG6YO1: J-PARC

* Benchmark with beam spill (beyond RMS)
 WEPMA4YO01: LANL



Model Benchmark: SNS

Succeeded in reproducing RMS behavior
after detailed study and tuning

in pro

file

A. Shishlo

Further study required to understand
“shoulders”

Successful SCL Optics Control

[SNS Production XAL] - SCL Wizard - /home/shishlo/tmp/oooooo/SCL%20Wizard/2015_11_15_scl_production_with_LWs_36mA.sclw*

File Edit Accelerator View Window Help

| Acc Seq. SetUp | Transverse Twiss i SCL Long. TuneUp |

[ WS,LW Data Acquisition | Transv. Twiss Analysis |

Quad and Cavities Amp.&Phases Sets

[ Hor. Ver. Long. Plots | Cavities and Quads Tables |

Initial Twiss Parameters

6—# _ILI‘;ie_ r':" Use Ext Gauss Fit oL Horizontal Size
1 Use Gauss Fit [ 1 T
® Use RMS = 5 l{ |
E mi M8 AP E
{ i il ® 2 2
Dump Quad Fields to ASCII g 34 ﬁ’,m_ y .M iifa ] B deiElled s P~ ""--..--.,/ e == — '—-I Or.
(5] Pt i)
Dump. Cav Amps. Phases to ASCII z i B watiiing
Read Cav Amps. Phases from ASCI 4
o 100 200 200
Horizontal pos, [m]
# WS /LW Pos.m] | Use | S,[mm]| Gauss RMS oL Yertical Size
1 |sCL_Diag:Lwo1l 7.37 vl [3.72 382 412 - s T
SCL_Diag:LWo2 13.21 b 254 [267 21 h !
5 =CL_DiagLwo3 19.05 bl [1.71 171 3.15 =g i i } \ i N
7 |SCL_Diag:Lwo4 24,89 b 337 [312 366 LU|llE 31 i i A I \‘.«.‘!.‘ ‘-Lm { N e E,r
9 SCL_DiagiLwiz2 73.65 b 236 2.3 E v 5 JA T“M'J aalehsiiieP SR i ML LA T "'--.\ ’-—‘ \ i
11  |SCL_DiagLwi3 8154 W] 258 [252 291 o : T — f !
13 |SCL_Diag:LW14 89.43 v] 346 [352 43 14
15 [5CL_Diag:LW15 97.32 vl [3.15 31 354 0 !
17 |SCL_Diag:LWw32 231.47 Pl 241 [244 251 Il !
19 |SCL_Diag:Lwo1l 737 Wl 359 37 411 bt & e sos. 1] T el
Vettikal oL Longitudinal Size, RF Freq, = 402.5 MHz
# WS /LW Pos.Im] | Use | 5[mm] | Gauss EMS |
2 SCL_Diag:LWO1 7.37 M 257 257 2.97 - 4 ! !
4 |SCL_Diag:Lwoz 13.21 ] 248  [251 235 = 24 = T T
6 |SCL_Diag:Lwo3 19.05 b |17 16 1.81 =||l i ; L T
g |SCL_Diag:Lwo4 24.89 [¥] [1.65 161 232 | M= 23 — ! _‘Jir] c,
10 [SCL_Diag:Lw12 73.65 W 316 311 3.04 ke Baig = ! ——_—
12 [SCL_Diag:LW13 8154 vl [3.62 371 293 21 RIRIIS NI FIRISHISIEHATAR : /n/ : :
14 [SCL_Diag:LW14 80,43 vl [3.80  |a07 319 @ T e
16 |SCL_Diag:LW15 97.32 ¥l 33 368 28 T
18 [SCL_Diag:Lw32 231.47 W 074  J073 12 I 0 100 200 300
20 |SCL_DiagLwo1 737 Wl 256 [268 3.05 > pos, [m]

eKin|MeV]=|1.860400E2

Final Twiss Fitting Results

| start Fitting |

Init Twiss from Design

Stop Fitting

MName value Error | Fit Step Curr.[mA]=iE.600El Name value Error
AlphaX |-0.8468 [0 0.1 Fit Err%=(5 000 Alphax  |-0.6479  |0.0486
BetaX  |3.3467 |0 0.1 S |- 33729 |0.1996
Emitt X |1.1034 |0 0.0167 o ; Emitt ¥ 1.0094  |0.0476
Apha¥ |-0.3573 [0 01 L1t "“'“"““5=!.-2=52 |aphay 03248 o037
BetaY |4.5872 |0 0.1 Iters. Left=|0 ||[Beta ¥ 37734 |0.2181
Emitt Y |0.6259 |0 0.0191 | Avg.Diff[mm]=|2.795533E-1 [|[Emitt v 05821 |0.018
AphaZ [0.2138 [0 0 M | Alphaz 02138 [0
Betaz 5.071 |0 0 |M| Betaz 5.071 0
Emitt 7 |03 0 0 Emitt 7 03 0

| Copy Results To Initial Twiss

2015.11.15

Now we can reproduce RMS sizes along the whole SCL

Problem Non Gaussian Profiles

« Some LW profiles demonstrate big “shoulders”

« We can try to do transverse matching, but results may be different
from expectations

* May be we need to check Warm linac settings and use multi-particle

PIC code for optics planning
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Model Benchmark:

PIC-based online model developed

L. Rybarcyk

LANL

Model based tuning beyond RMS will be
tested shortly

Continuous Online Monitoring —
A New Way to View Linac Operations

™  Larry Rybarcyk
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HPSim for Optimizing Machine Set Points

* HPSIim + optimization routines can improve operating set
points based upon user defined objectives

* Benefits:

— Avoids completely empirical approach in high-dimensional
parameter space

— Optimize on beam quantities, e.g. emittance, phase spread, etc.,

not just losses
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Important topics

* To match or not to match? And if yes what?

* Low Energy Beam transport beam dynamics

* need to extend our knowledge of the transition between plasma and
extraction.

* Need to find a correct way to track in a bending magnet

* Loss maps and their importance at the different stages (design,
commissioning/implementation, power ramp-up)



To match or not to match?

And if yes what?



findings

-At SNS the phenomenon of intra-beam stripping, which was not accounted for in the d esign phase, forced to take an empirical approach and set the
qguadrupoles in the high energy part of the linac to half the nominal value. In this way the losses could be minimised. Side effect is that the beam core is not
matched. Thle fact of not matching has not prevented the machine from reaching the nominal specs (power 1.4 MW). A large acceptance of the ring is
instrumenta

-at SNS there is no longitudinal matching yet, due to the fact that simulations and measurements do not give the same results and therefore simulations
cannot be used as guideline for matching.

-at LINAC4 during the commissioning much effort has been put at each stage to prepare simulations (tools, machine model, input beam from
measurements after the sourceL. Simulations have been key to a swift beam commissioning and information from measurements and simulations combined
allows for obtaining a matched beam at each stage)

-UNILAC reported that matching was the key to achieving world record intensity uranium beam  TUAM1YO1 THPM9YO1

-at IFMIF EVEDA it has been identified that loss control is a more important quality factor than emittance conservation as the beam goes on a target. Halo
matching is the strategy. To study halo matching runs with 1079 particles are necessary

-LANL/LANSCE empirical matching is necessary to deliver the beam.
-JPARC : matching and simulations are guidelines, no empirical tuning.

-Chinese ADS/Chinese SNS : good agreement between measurements and simulations



'Considerations on Matching High Intensity Linacs

@ To keep a hands-on maintenance, minimizing the machine

activation is mandatory

@ Accelerator matching method achieved by beam dynamics 10
simulations should be transposed directly to the real
machine tuning phase.

TUAM2YOL |
Linac Matching 'Real Machine tuning
@ Minimization of beam @ Minimization of beam

extent losses

@ Directly minimization of o Loss detection at 107° of
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Comparison of expected and measured
b EdlmnsS X(mm) - X'(mrad) Y(mm) - Y*(mrad)

WEPM1YO1

Comparison of phase space plots of the expected beam
(grayscale) and measured at 50 MeV (colour scale) after
the DTL.

V. A. Dimov HB2016, Malmo, Sweden 6 July 2016
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6. Experiment results ADS/R T B £ Ini% 75

Transverse emittance measurement results V.S simulation
at the exit of CM1 with nominal design

Z 20} Background threshold=4.25 % | 20} Background threshold= 2.8 %
(D = 10| ! 1 __ 10} .
.!.8. © ' Se

o g 0 il Ijiiiih“l’ e E o - " |||l|“'|“m!'"
E -10} 1 10}
& -20] * 20/ .
o . |

S0 i) . 5 10 1 e o -

30 X{mm) - X"(mrad) : 30 Y(mm) - Y'{mrad) :
s T = I ~ TUAM4YO1

St e S | | B —n.1

p— .01 =10
= S RS S o B S
=

-5 0 5
Ymax=7.342 mm Y 'max =6.960 mrad

Xmaxr=037T2mm X'max=7.025 mrad

CM1 | Simulation results (errors not included ) | -1.53/-1.55 1.20/1.63 0.20/0.25

exit Measurement (Double slits) -2.12/-1.97 1.56/1.81 0.29/0.27

RFQ Simulation results (4D WB input) -1.31/1.46 0.12/0.13 0.20/0.20 P A1 P
_________________________ exit Measurement (Quads scan: with SC) | -1.22/1.10 0.16/0.10 0.16/0.24 -




Discussion on matching

* People feel that some kind of control/understanding of the beam
parameters evolution is necessary to fully exploit the potential of a linac.

* Simulations are an extra diagnostics tool ( HPSIM- WEPM4YO1 )

* [ssue seems to be a good knowledge of the input beam although C-SNS
obtain good agreement also with a Gaussian beam input distribution.

* Questions and outlook : is it possible to find guidelines so that both the
rms is matched AND the halo is contained ?



Loss maps - limit of IW/m

Energy distribution of losses

¢ Losses in Med.-3 and
beginning of High-3

o (Clear cut at Med.-[3 input
energy (216 MeV)

* Frequency jump
challenging

100 150 200 250 300 350 400 450

Energy [MeV]
- TUAM3YO1

Loss map are an important diagnostic tool to check linac design robustness BUT they depend on the combination of error used
during the error studies statical runs. In the convener’s opinion looking at the acceptance budget and bottlenecks is a more

effective way to look at the problem. Simulations cannot reproduce quantitatively the actual losses.



LOow Energy Beam lransport
peam dynamics

This is where we seem to need a lot of effort



findings

* SARAF : Ereinjector transmission about 70% RFQ transmission not sensitive
to the lebt parameter change. Not understood why. Also there might be
incertitude from the calculation of the space charge in bending magnets at
the low energy end

* Linac4 : pre-injector transmission about 70% due to emittance at the RFQ
input exceeding the acceptance. Not yet understood what is the
mechanisms of emittance formation in the source/plasma/extraction area.
Simulation of this part do not match measurements. At xx (comunian)
simulations strarting from the plasma meniscus. How to obtain the
condition at the plasma meniscus is not clear . Good insight in Bilbao

* Ingredients : neutralisation, multicharge and separation, space charge in
ending magnet , asymmetric beam , strongly non-uniform distribution for

beams coming out of ECR.
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RFQ transmission study
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Why RFQ transmission 1s not sensitive, 1n a wide range, to LEBT some beam optic,
LEBT vacuum and entrance flange electron suppressor voltage?
Protons are more sensitive to space charge. What 1s the LEBT space charge effect?
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Study of LEBT beam matching to RFQ
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Orbit Displacement due to Dipole Fringe Field
*H. A. Enge, RSI,1964 Mechanical Pole_Boundary

¥
Due to fringe field effect *
of dipole, displacements ,
of the beam center line at ¥ ' -

both entrance and exit (a ggf-- =
“zeroth-order” effect) &coFf / & X
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TUAMSYO1
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Orbit Difference in the Midplane of 45° Dipole

» Orbits difference between 3D map
field and hard-edge model of dipole

= A few different excitation currents
used to take account of saturation

» Displacement of magnet
implemented into fabrication
drawings
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- Angle difference in (X, X’) plane o TUAM5YO1
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Simulation Results

(beam envelop at t=969.6, pressure=3.5¢-5pa)

X Vs X X' vs X
-Z beam particie 0.10 JIC B “ W ! Y_ vy 0.10 ~ p— —  —— U ™
' p= 3.59¢ - 3Pa ! p— 5¢ — 5Pa
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(phase space at the LEBT exit, the shadow represents the acceptance of the RFQ)

Argon gas 1njection:
pressure range 3.5e-5Pa~5e-5Pa
SCC build-up time > 800us

(m-m-rad)




Discussion on LEBT

* We have several tracking codes to describe the Low energy beam transport
* None of them is properly interfaced with a plasma-code

e \We miss

* Validation of the codes (for complex system including multiple charge states and
bending magnets)

 More insight in neutralisation (i.e. cross sections and other crucial parameters)
* Information on the input beam at the “meniscus” and/or description of plasma

Questions and outlook : how can we integrate the simulation of the source in the
simulation of the rest of the linac?



Open questions

* |s it possible to find guidelines so that both the rms is matched AND the halo is
contained?

* How can we integrate the simulation of the source in the simulation of the rest of the
linac?

* Can equipartioning be a design guideline to be robust against errors?

e Existing facilities show discrepancy between simulation models and machine operation,
How this can be improved?

* What is figure of merit in design/operation? Can some emittance growth be tolerated?
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