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— MEIC Circulator Cooling Ring (CCR) as an example

e Theoretical formulation
— (Linear) Vlasov equation
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* Aninitial density modulation can induce energy modulation due to the
presence of (high-frequency) impedance Z(k), e.g. LSC or CSR.

Current Gain=10_, 10%

Z. Huang and J. Wu, Beam Dynamics Newsletter, No. 38 4
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An initial density modulation can induce energy modulation due to the
presence of (high-frequency) impedance Z(k), e.g. LSC or CSR.

Such energy modulation can then convert to further density modulation
via the momentum compaction R, downstream and possibly induce
emittance growth in the dispersive region.

The above process can accumulate over and over along the beamline,
resulting in possible enhancement, called microbunching instability.
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What has been done

* Previous studies most focus on microbunching gain anaIy5|s for bunch
compressor chicanes.
— Heifets, Stupakov, and Krinsly, PRST-AB 5, 064401 (2002*)2 :

— Huang and Kim, PRAT-AB 5, 074401 (2002) Tl _
* Vlasov-based analysis 1)/ LasBC2
 The CSR-induced microbunching gain is (relatively) low Y

FIG. 3. Amplification factor G; as a function of wave-
— length A of the perturbation at the compressor entrance
e'g' Gf < 3) for LCLS BCZ for various beam emittance and energy spread: (/) o, =
30X 1075, e=1um; (2) 0, =3.0X107%, € =0; and

3) o, =30x%x10"°%€e=1pum.

TCAVO L1X ® Energy BPM
gun l OTR2 O'_I'R_il22 Bunch Length Monitor 4 wire
wire2 wire scanners
LOSRE&” L1s l :;i .
heater p 4 BC1 L2-linac BC2 TCAV3 L3-linac BSY
135 MeV 250 MeV 4.3 GeV 5.0 GeV 13.6 GeV

PRST-AB 12, 030704 (2009)

omas Jefferson National Accelerator Facility|
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Why important in ERLs

add five
cryomodules

20 cryomodules

Even though CEBAF is not
an ERL, but a recirculation il
linac, it is helpful to illustrate 7 i 20 cryomodules
the important parts of ERL =
using this schematic layout.

N add five
— - cryomodules

 However, in Energy Recovery Linac (ERL) or recirculation machines,
microbunching instability can be a special concern, because:
— low energy merger (CSR & LSC)
— spreaders/recombiners (CSR)
— long transport/recirculation arcs (multiple bends) (CSR)

10
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Introduction and Motivation:
Microbunching instability in MEIC CCR

100 ps (~ 3cm)

0

1 Turn 2Turns | 3 Turns | 4 Turns | 5 Turns
&x (mm-mrad) 2.9 3.1 3.8 4.5 5.1
gy (mm-mrad) 2.9 2.9 3.0 3.1 32
o (ps) 29.33 29.31 29.28 29.24 29.19
oarE (%) 0.012 0.027 0.066 0.096 0.117

C. Tennant and D. Douglas, JLAB-TN-12-027

* Due torelatively low energy (~ 55 MeV) and high bunch charge (~ 2 nC),
MEIC CCR is potentially subject to CSR-induced microbunching instability.

recirculation/decompression transport|
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* Due torelatively low energy (~ 55 MeV) and high bunch charge (~ 2 nC),
MEIC CCR is potentially subject to CSR-induced microbunching instability.

WINIZ Piatter — Plot 1 of 1)
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MEIC Design Report, 2012

Note:

) I € In the ELEGANT tracking simulation, 100,000
100 ps (~ 3cm)

C. Tennant and D. Douglas, JLAB-TN-12-027

macroparticles with quiet start are used.
1Turn | 2 Turns | 3Turns | 4 Turns | 5 Turns
& (mm-mrad) 2.9 3.1 3.8 4.5 5.1
&, (mm-mrad) 2.9 2.9 3.0 3.1 32
Gt (ps) 29.33 2931 29.28 29.24 29.19
Gare (%) 0.012 0.027 0.066 0.096 0.117
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100K macroparticles, without quiet start

100K macroparticles, with quiet start

1000K macroparticles, with quiet start

C. Tennant and D. Douglas, JLAB-TN-12-027
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Introduction and Motivation:
Numerical challenges from particle tracking

|

@ Particle tracking subject to initial numerical noise.

@ Increase number of particles (with specialized
initial quiet start algorithm)
=» reduce numerical noise

€ How much of the microbunching structure
contributed from numerical effect? How much
from physical effect?

@ To better design a machine, we would like to know
the system gain to microbunching effects

€@ More and more macroparticles
=» more computation time consuming
=>» difficult to do systematic study and/or

lattice design optimization

€ Necessary to develop an alternative model for gain
analysis that is more robust and also serves to
benchmark particle tracking results

C. Tennant and D. Douglas, JLAB-TN-12-027
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* Derived from Vlasov equation [Heifets et al. & Huang and Kim, 2002]
* Extend to include both horizontal and vertical bending
=>» spreader/recombiners
* Extend to adopt a general linear lattice
=» for generic transport arc design (multiple bends)
* Extend to include more relevant collective effects, e.g.
=>» non-ultrarelativistic CSR impedance for low energy beamline
=» transient CSR effects
=» 1-D (L)SC effect
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e Theoretical formulation
— (Linear) Vlasov equation

17




[[IVirginiaTech

Invent the Future

ds

%
ds

dx

ds
do

ds

of

Vlasov formulation and model assumptions

* Linearization of Vlasov equation:

Heifets, Stupakov, and Krinsky (HSK), PRST-AB 5, 064401 (2002); 129902 (2002).
Huang and Kim (HK), PRST-AB 5, 074401 (2002); 129903 (2002).

+(@)9_f+(@)a_f+(@)3_f+(ﬁja_f=
ds ) 9z ds )06 \ds)odx \ ds )06
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——_[dz z—2's)n(z',s)
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Vlasov formulation and model assumptions

* Linearization of Vlasov equation:
— Heifets, Stupakov, and Krinsky (HSK), PRST-AB 5, 064401 (2002); 129902 (2002).
— Huang and Kim (HK), PRST-AB 5, 074401 (2002); 129903 (2002).

O (dOf (4612 ,(dx\Of ,(4v\3f ,(40.\F (46.\oF _
as+(ds)8z+(dsj85+(ds)8x+(ds)8y+(ds)89x+(ds]80y_

dz__x

ds P

— ——_[dz z—2's)n(z',s)

d

=~ =9, dy =9,

dS ds

o, ., .8 ao. )
s —kg, (s)x+ o d& =—ks,(s)y+—

»\‘

Including vertical bending is particularly useful for recirculation machines
because such lattices usually contain spreader and recombiner parts.

[MVirginiaTech Jefferson Lab
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Vlasov formulation and model assumptions

* Linearization of Vlasov equation:
— Heifets, Stupakov, and Krinsky (HSK), PRST-AB 5, 064401 (2002); 129902 (2002).
— Huang and Kim (HK), PRST-AB 5, 074401 (2002); 129903 (2002).

e Study this problem in frequency domain

— the modulation of a bunch is characteristic of the (complex) bunching factor, i.e. Fourier
spectral component of a bunch distribution

* Track the evolution of the bunching factor
 Take into account the relevant collective effects (impedances)

Z(k,s)= J.:dg“m'(é',s)e—ikg g (s)= Jdele-ikz

Vlasov equation

standard f:f +f
0 1

perturbation technique

Linearized Vlasov equation
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Vlasov formulation and model assumptions

* Linearization of Vlasov equation:
— Heifets, Stupakov, and Krinsky (HSK), PRST-AB 5, 064401 (2002); 129902 (2002).
— Huang and Kim (HK), PRST-AB 5, 074401 (2002); 129903 (2002).

e Study this problem in frequency domain

— the modulation of a bunch is characteristic of the (complex) bunching factor, i.e. Fourier
spectral component of a bunch distribution

* Track the evolution of the bunching factor
 Take into account the relevant collective effects (impedances)

Z(k,s)= J.:dg“m'(é',s)e—ikg g (s)= JdXﬁe—ikz

Vlasov equation

standard transform to
= +
perturbation technique f~ jB -fi frequency

domain s
Linearized Vlasov equation —)lgk (s)= g,(co)(s)+ JO K(s,s")g, (s")ds'
21
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Vlasov formulation and model assumptions

* Linearization of Vlasov equation:
— Heifets, Stupakov, and Krinsky (HSK), PRST-AB 5, 064401 (2002); 129902 (2002).
— Huang and Kim (HK), PRST-AB 5, 074401 (2002); 129903 (2002).

e Study this problem in frequency domain

— the modulation of a bunch is characteristic of the (complex) bunching factor, i.e. Fourier
spectral component of a bunch distribution

* Track the evolution of the bunching factor
 Take into account the relevant collective effects (impedances)

g.(s) |
gV (s=0)|

Z(k,s)= [ AW (g )™ g (s)= JdXﬁe_ikZ G(s)=

Vlasov equation

standard transform to
= +
perturbation technique f~ jB -fi frequency

domain s
Linearized Vlasov equation —)lgk (s)= g,(co)(s) + JO K(s,s")g,(s")ds "
22
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Summary of mathematical formulas

@ Volterra integral equation:

g:(5)=g"(5)+ | K(s,5)g,(s)ds’

K(s,s'")= ik 1(s)

C(s" R (s'— s)Z(kC(s ",s ') X [Landau damping]

A

_ 1,2 R2 | R2 , |
[Landau damplng] = CXP{ 2k lgxo(ﬁxORgl(S’S‘)_F%]_*—gyO(ﬁyORSZS(S’S‘)+%]—FG;R;(‘%S‘):I}
x0 y0

R (s' > 5)= R ()= R (s)+ R, (s"R,(5)— R (5)Rs, (") +R; (s )Rs, (5) — Ry;(S)Rs, (5")

R, (s,8)=C(s)R;,(s)—C(s"R,,(s") fori=1,2,3,4,6

23
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Summary of mathematical formulas

@ Volterra integral equation:

2.(5)= 8" ()+ [ |K (5,5 ig, (sdls’

:ﬁl(s)

K(s,s" C(s"Ry(s'— $)Z(kC(s"),s')x [Landau damping]

A

_ 1,2

; lexo (ﬁxoR521(SaS')+ %] T € (ﬁyoRszs(S’s‘)+ %SO,S‘)] +G§R526(S’s‘):|}

R (s' > 5)= R ()= R (s)+ R, (s"R,(5)— R (5)Rs, (") +R; (s )Rs, (5) — Ry;(S)Rs, (5")

[Landau damping] = exp{

R, (s,8)=C(s)R;,(s)—C(s"R,,(s") fori=1,2,3,4,6

24
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@ Volterra integral equation:

g:(5)=g"(5)+ | K(s,5)g,(s)ds’

K(s,s'")= ik 1(s)

C(s" R (s'— s)Z(kC(s ",s ') X [Landau damping]

A

[Landau damping] = exp{_§ ﬁxORSI(S Rsz(S s') ‘ﬁyORSS( R54(S s')jszé(s,s,)}}

R (s' > 5)= R ()= R (s)+ R, (s"R,(5)— R (5)Rs, (") +R; (s )Rs, (5) — Ry;(S)Rs, (5")

R, (s,8)=C(s)R;,(s)—C(s"R,,(s") fori=1,2,3,4,6
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Summary of mathematical formulas

@ Volterra integral equation:

g:(5)=g"(5)+ | K(s,5)g,(s)ds’

K(s.s") = ik 1(s)

C(s" R (s'— s)Z(kC(s ",s ') X [Landau damping]

A

_k2 R2 | R2 |
[Landau damplng] = CXP{ 2) [8x0 (ﬁxORgl (S’S ‘) + %] + gyO (ﬁy0R523(S’S ‘) + %] + G§R526 (S,S ‘):l}
x0 y0

R (s' > 5)= R ()= R (s)+ R, (s"R,(5)— R (5)Rs, (") +R; (s )Rs, (5) — Ry;(S)Rs, (5")

R, (s,8)=C(s)R;,(s)—C(s"R,,(s") fori=1,2,3,4,6

Physical meaning of K(s,s’):
initial density modulation at s” induces energy modulation by collective effects
induced energy modulation at s’ converts to further density modulation via R,

26
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Impedance models

 Coherent synchrotron radiation (CSR) effects:
— steady-state CSR: ultrarelativistic and non-ultrarelativistic
— transient CSR: entrance and exit

* Longitudinal space charge (LSC) effects:
— on-axis model
— averaged (over radial dependence) model

— transverse axisymmetric Gaussian model

e Summarized in TUICLH2034 (this workshop)

28




[MVirginiaTech Jefferson Lab

Invent the Future omas Jefferson National Accelerator Facility]

Outline

* Semi-analytical Vlasov solver

29
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* Qutput gain curves

* GUI (graphical user interface)

 Read inputinformation from ELEGANT
* Apply for general linear lattice

* Fast (compared with particle tracking)
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®00 <Student Version> : GUL volterra ©00 <Student Version> : volterra_plotter
R ido h RRUDEWN-3 08 a0 -
INPUT PARAMETERS I Iculate iterative lutions? (1-Yes, 0-N
Beam (read from ELEGANT) celoulate terative solutions? (1-Yes, 0-No) °
f yes above, calculate stage gain coefficient d_m? (1-Yes, 0-No) o Plot lattice function vs. s Ri6vs.s
beam energy (GeV) s
y (1-Yes, 0-No) -
Initial beam current (A) 480 v v v v
include stead-state CSR in bends? (1-Yes, 0-No) - Plot compression factor C(s)
compression factor asver yes abov (UR:1, NUR:2) ' 1.5}¢
normalized horizontal emittance (um) ' wantto nclude possibie CSR shielding effect? (1-Yes, 0-No) o
Plot peak current evolution I_b(s)
normalized vertical emittance (um) ' ifyes above, specity the full ppe height inom e
/s ansrgy aprasd 2008 include transient CSR in bends? (1-Yes, 0-No) o -
Plot lattice quilt pattemn R56(s'->s)
include CSR in drifts? (1-Yes, 0-No) o
Initial hortzontal beta function (m) 105
include LSC in drifts? (1-Yes, 0-No) 0
Initial vertical beta function (m) 2 N ! 1
ove, specily a model? (1:omaxis, 2 . e Goussi ; ‘ plot density gain function G(s)
Intal horizontal alpha function s ¢ oy
include any RF elemernt i the lattice? (1-Yes, 0-No) o (2}
Iniil vertical alpha function 0 plot density gain function G(s) with lattice o]
if yes above, include linac geometric impedance? (1-Yes, 0-No) ]
chirp parameter (mA-1) (2 <0 for bunch head) ass3 ) o ) )
longitudinal 2 cistribution? (1-coasting, 2-Gaussian) i
‘ plot density gain spectrum Gi(lambda)
v calculate energy modulation function? (1-Yes, 0-No) .
start position (m) end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) o 0 . 5 [ i
. 22080 ‘ Plot gain map G(s,lambda)
[~ OUTPUT SETTIN
s Plot
[ Scan plot lattice functions, e.g. R56(s)? (1-Yes, 0-No) o
Yes. o1 Plot energy modulation function
b start (um) - plot beam current evolution _b(s)? (1-Yes, 0-No) o
plot lattice quilt pattern? (1-Yes, 0-No) [
lambda_endd1 (um) 100
(] plot gain function, ie. G(s) for a specific lambda? (1-Yes, 0-No) o Plot energy modulation function with lattice 0 F M M M !
lambda_starto1 lambda_starto2 scan_num01 50
plot gain spectrum, i.e. Gf(lambda) at the end of lattice? (1-Yes, 0-No) o 0 5 1 5 20
lambda_starto? (um) f )
plot gain map, e G(s Jambci)? (1-Yes, 0-No) o I G e i
v o smererr s (m)
scan_num02 o R m]n V T h -
un S
scan_ om0 scan_ 2 mesh_num o Note: o terminate, press Cirkc: 0 GO HOKIES!!! hd 1rg}ri1am§“ch L Jeffer Son Lab

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra

30
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* GUI (graphical user interface)

 Read inputinformation from ELEGANT
* Apply for general linear lattice

* Fast (compared with particle tracking)
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<Student Version> : GUI_volterra

[0 0 0

<Student Version> : volterra_plotter.

—INPUT PARAMETERS
Beam (read from ELEGANT)

lambda_start01 (um)

lambda_end01 (um)

6,0
lambs_sgat01 tambda_startoz

scan_numo1
lambda_starto2 (um)
lambda_end02 (um)

scan_numo2

scan_numd1  scan_numa2 mesh_num

plot lattice functions, e.g. R56(s)? (1-Yes, 0-No)
plot beam current evolution |_b(s)? (1-Yes, 0-No)

plot lattice quit pattern? (1-Yes, 0-No)

plot gain function, Le. G(s) for a specific lambda? (1-Yes, 0-No)

plot gain spectrum, ie. Gf(lambda) at the end of lattice? (1-Yes, 0-No)
plot gain map, ie. G(s,Jambda)? (1-Yes, 0-No)

plot energy spectrum? (1-Yes, 0-No)

Note: to terminate, press CtrksC o

SETTINGS

calculate iterative solutions? (1-Yes, 0-No) B
if yes above, calculate stage gain coefficient d_m? (1-Yes, 0-No) o

beam energy (GeV) 450
y (1-Yes, 0-No) N

Initial beam current (A) <0
include stead-state CSR in bends? (1-Yes, 0-No) 7
compression factor ssts7 fyes abov (UR:1, NUR:2) S
normalized horizontal emittance (um) 1 want to include possible CSR shielding effect? (1-Yes, 0-No) o

normalized vertical emittance (um) 1 if yes above, specify the fullpipe height in cm 1e450

rms energy spread 2008 include transient CSR in bends? (1-Yes, 0-No) o
include CSR in drifts? (1-Yes, 0-No) o

Initial horizontal beta function (m) 105
include LSC in drifts? (1-Yes, 0-No) o

inltial vertical beta function (m) 2
if yes above i (1:0n 4

Initial horizontal alpha function s
include any RF element n the lattice? (1-Yes, 0-No) o
Initial vertical alpha function 3
if yes above, include linac geometric impedance? (1-Yes, 0-No) o
chirp parameter (mA-1) (2 < 0 for bunch head) i R . .
fonghudinal z distribution? (1-coasting, 2-Gaussian) 1
calculate energy modulation function? (1-Yes, 0-No) o
start position (m) end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) o
o 22088
r OUTPUT SETTIN
Plot

GO HOKIES!!!

ide b RAUDEK-- 2 0E o

Plot lattice function vs. s R16vs.s B
Plot compression factor C(s)
Plot peak current evolution I_b(s)
Plot lattice quilt patter R56(s'->s)
‘ plot density gain function G(s)

plot density gain function G(s) with lattice

G(s)

‘ plot density gain spectrum Gi(lambda)

‘ Plot gain map G(slambda)

Plot energy modulation function

Plot energy modulation function with lattice

Plot energy modulation spectrum

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra

s (m)
@Virginialech jefferdon Lab

Invent the Future
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GUI: volterra mat

Read input information from ELEGANT
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® OO

<Student Version> : GUI_volterr

—INPUT PARAMETERS

— Beam (read from ELEGANT)

beam energy (GeV)

initial beam current (A)

compression factor

normalized horizontal emittance (um)
normalized vertical emittance (um)
rms energy spread

initial horizontal beta function (m)
initial vertical beta function (m)

initial horizontal alpha function

initial vertical alpha function

chirp parameter (mA-1) (z < 0 for bunch head)

4.54

480

8.3187

3e-06

105

22

39.83

— Lattice

0 22.099

start position (m) end position (m)

— ADDITIONAL SETTING

—mﬂ%rj

(

on|

if yes al

if y

OUTPUT SETTING-
Plo.ll;?
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. volterra mat

e Set up additional numerical parameters

600 <Student Version> : GUL volterra 600 <Student Version> : volterra_plotter
R 1l b ARUDEA @ 0B a0
INPUT PARAMETERS I Iculate iterative lutions? (1-Yes, 0-N
Beam (read from ELEGANT) caleulateterative solutions? (1-Yes, 0-No) °
i yes above, calculate stage gain coefficient d_m? (1-Yes, 0-No) " Plot lattice function vs. s Ri6vs.s
beam energy (GeV) s
y (1-Yes, 0-No) 5
initial beam current (A) 480 v v v v
include stead-state CSR in bends? (1-Yes, 0-No) 3 Plot compression factor C(s)
compression factor asver yes abov (UR:1, NUR:2) ' 1.5}¢
normalized horizontal emittance (um) ' wantto nclude possibie CSR shielding effect? (1-Yes, 0-No) o
Plot peak current evolution I_b(s)
normalized vertical emittance (um) i ifyes above, specity the full ppe height inom e
/s ansrgy aprasd 2008 include transient CSR in bends? (1-Yes, 0-No) B
Plot lattice quilt pattem R56(s->s)
include CSR in drifts? (1-Yes, 0-No) [
Initial hortzontal beta function (m) 105
include LSC in drifts? (1-Yes, 0-No) 0
Initial vertical beta functio
nital vertioal beta function (m) 2 tyes above, specil - omaxis, 2 . . N ; ‘ plot density gain function G(s) 1
Intal horizontal alpha function s ¢ oy
include any RF elementin the lattice? (1-Yes, 0-No) o 2
Iniil vertical alpha function 0 plot density gain function G(s) with lattice 0]
if yes above, include linac geometric impedance? (1-Yes, 0-No) o
chirp parameter (mA-1) (2 <0 for bunch head) ass3 ) o ) )
longitucinal z istribution? (1-coasting, 2-Gaussian) g
plot density gain spectrum Gi(lambda)
T calculate energy modulation function? (1-Yes, 0-No) .
start position (m) end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) o 0 . 5 [ i
. 22080 ‘ Plot gain map G(s,lambda)
[ OUTPUT SETTIN
= Plot
can parameter plot lattice functions, e.q. R56(s)? (1-Yes, 0-No) o
Plot energy modulation function
b start (um) - plot beam current evolution _b(s)? (1-Yes, 0-No) o
plot lattice quilt pattern? (1-Yes, 0-No) [
lambda_endd1 (um) 100
plot gain function, ie. G(s) for a specific lambda? (1-Yes, 0-No) o Plot energy modulation function with lattice 0 F n ™ | m M !
scan_numot w
lattice? (1-Yes, 0-No) o 0 5 10 15 20
lambda_starto? (um) ' )
plot gain map, Le. G(sambcla)? (1-Yes, 0-No) o e ——
v = s (m)
scan_num02 o R m]n V T h —
un S rg
sconnunol - san_moz mesh_num o Note:toterminat, press CirisC 5 GO HOKIESI!! ) ' w VIIZIUA €C Jefferson Lab
Note: if want to edi/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra nvent the Future
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Set up additional numeri

C

initial beam current (A) 480
compression factor 8.3187
normalized horizontal emittance (um) 1
normalized vertical emittance (um) 1
rms energy spread 3e-06
initial horizontal beta function (m 105
al parameters (m)
initial vertical beta function (m) 22
initial horizontal alpha function 5
initial vertical alpha function 0
<hirp parameter (mA-1) (z < 0 for bunch head) 39.83
~1Lattice
start position (m) end position (m)
0 22.099
r
— Scan parameter
lambda_start01 (um) 1
A lambda_end01 (um) 100
G,(A)
lambda_start0l lambda_start02 scan_num01 50
lambda_start02 (um) 1
lambda_end02 (um) 1
lambda end02
pdol A {um) scan_num02 0
bbb L.
-
scan_numD1  scan_numO02 mesh_num 400

271
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* Apply relevant impedance models
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<Student Version> : volterra_plotter.

Jeoo
ide b RAUDEK-- 2 0E o
Plot lattice function vs. s R16vs.s B
Plot compression factor C(s)
Plot peak current evolution I_b(s)

Plot lattice quilt pattem R56(s->s)

‘ plot density gain function G(s)

G(s)

‘ plot density gain function G(s) with lattice

‘ plot density gain spectrum Gi(lambda)

800 <Student Version> : GUI_volterra
INPUT PARAMETERS SETMING= pa—
calculate fterative solutions? (1-Yes, 0-No)
Beam (read from ELEGANT) ¢ ) °
f yes sbove, caiculate stage gain coefficient d_m? (1-Yes, 0-No) Y
beam energy (GeV) a5
y (1-Yes, 0-No) 5
initial beam current (A) 480
include stead-state CSR in bends? (1-Yes, 0-No) 3
compression factor sater ttyes above (UR:1, NUR:2) |
normalized horizontal emittance (um) ' want to include possible CSR shielding effect? (1-Yes, 0-No) o
normalized vertical emittance (um) ' if yes above, specify the ful ppe height in cm s
rms energy spread 2008 include transient CSR in bends? (1-Yes, 0-No) o
include CSR in drifts? (1-Yes, 0-No) [
Initial horizontal beta function (m) 105
include LSC in drifts? (1-Yes, 0-No) 0
iniial vertical beta function (m) =
it bove i (1: on- r
initia horizontal alpha function s
include any RF. ent in the lattice? (1-Yes, 0-No) o
Initialvertical alpha function o
if yes above, include linac geometric impedance? (1-Yes, 0-No) o
chirp parameter (m»-1) (z <0 for bunch head) s ) . ) )
longitudinal z distribution? (1-coasting, 2-Gaussian) 7
v calculate energy modulation function? (1-Yes, 0-No) o
start position (m) end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) o
o 22000
Plot
—Scan . ’
plot latice functions, e.g. RS6(s)? (1-Yes, 0-No)
ombea_star01 (um) : plot beam current evolution |_b(s)? (1-Yes, 0-No)
plot lattice quilt pattern? (1-Yes, 0-No)
lambda_endo1 (um) 100
0] plot gain function, ie. G(s) for a specific lambda? (1-Yes, 0-No)
lambda_start] lambda_start scan_numo1 50
lambda_starto1 102 L (1-Yes, 0-No)
lambda_starto?2 (um) ' .
plot gain map, e. G(s,lambda)? (1-Yes, 0-No)
lambda_end02 (um) ! plot energy spectrum? (1-Yes, 0-No)
scan_num02 L)
Run
scan_oumd1 scan_numoz mesh_num 00 Note: to terminate, press CirisC o GO HOKIES!!!

‘ Plot gain map G(slambda)
Plot energy modulation function

Plot energy modulation function with lattice

Plot energy modulation spectrum

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra

10 15 20
s (m)
@ VirginiaTech J)gf.fergon Lab

Invent the Future
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GUI: volterra mat

* Apply relevant impedance models

<Student Viarsion> : GUJ_vn'tarra
—— I— ADDITIONAL SETTINGS
calculate iterative solutions? (1-Yes, 0-No) 0
’ if yes ahove, calculate stage gain coefficient d_m? (1-Yes, 0-No) 0
hergy (GeV) 4.54 )
only calculate stage gain spectrum? (can speed up calculation) (1-Yes, 0-No) S
current (A) <80
include stead-state CSR in bends? (1-Yes, 0-No) 1
sion factor 8.3187 if yes above, specify ultrarelativistic or non-ultrarelativistic model? (UR:1, NUR:2) 1
ftance (um) 1 want to include possible CSR shielding effect? (1-Yes, 0-No) 0
ftance (um) 1 if yes above, specify the full pipe height in cm 1e+50
rgy spread 36-06 include transient CSR in bends? (1-Yes, 0-No) 0
include CSR in drifts? (1-Yes, 0-No) 0
unction (m) 105
include LSC in drifts? (1-Yes, 0-No) 0
unction (m) 22
if yes above, specify a model? (1: on-axis, 2: ave, 3: axisymmetric Gaussian) 1
ha function 5
include any RF element in the lattice? (1-Yes, 0-No) 0
ha function 0
if yes above, include linac geometric impedance? (1-Yes, 0-No) 0
unch head) 39.83 T I . .
longitudinal z distribution? (1-coasting, 2-Gaussian) 1
calculate energy modulation function? (1-Yes, 0-No) 0
end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) 0 36
22.099
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®00 <Student Version> : GUL volterra ©00 <Student Version> : volterra_plotter
R i de b RRUDRA- B 0E aO -
[INPUT PARAMETERS r Iculate terative solutions? (1-Ves, 0-N
Beam (read from ELEGANT) celoulate terative solutions? (1-Yes, 0-No) °
ifyes above, calculate stage gain cosfficient d_m? (1-Ves, 0-No) o Plot lattice function vs. s RiGvs.s  :
beam energy (GeV) a4
y (1-Yes, 0-No) -
Initial beam current (A) 480 v v v v
include stead-state CSR in bends? (1-Yes, 0-No) 3 Plot compression factor C(s)
compression factor asver yes abov (UR:1, NUR:2) ' 1.5}¢
normalized horizontal emittance (um) ' want to include possible CSR shielding effect? (1-Yes, 0-No) o
Plot peak current evolution |_b(s)
normalized vertical emittance (um) ' ifyes above, specify the full pipe helghtin cm e
s anergy spread . include transient CSR in bends? (1-Yes, 0-No) o
Plot lattice quilt pattem RS6(s">s)
include CSR in drifts? (1-Yes, 0-No) o
Initial horizontal beta function (m) 105
include LSC i drifts? (1-Yes, 0-No) 0
iniial vertical beta functior
nital vertioal beta function (m) 2 tyes above, specil - omaxis, 2 . . N ; ‘ plot density gain function G(s) 1
initia horizontal alpha function s . 7S]
include any RF element in the lattice? (1-Yes, 0-No) o (2}
Initialvertical alpha function 0 | plot density gain function G(s) with lattice
if yes above, include linac geometric impedance? (1-Ves, 0-No) o | ( i
chirp parameter (m»-1) (z <0 for bunch head) s ) . ) )
longitudinal 2 cistribution? (1-coasting, 2-Gaussian) T
plot density gain spectrum Gi(lambda)
v caloulate energy modulation function? (1-Yes, 0-No) .
start position (m) end positon (m) calculate energy moduiation spectrum? (1-Yes, 0-No) o 0.5} 1
o 2208 ‘ Plot gain map G(s,lambda)
—OUTPUT SETTIN
s Plot
[ Secan plotattice functions, e.g. RS6(s)? (1-Yes, 0-No) o
ves, 04 Plot energy modulation function
ombea_star01 (um) : plot beam current evolution |_b(s)? (1-Yes, 0-No) o
Plotattce guilt pattern? (1-Yes, 0-No) o
lambda_endo1 (um) 100
0 plot gain function, Le. G(s) for a specific lambda? (1-Yes, 0-No) o Plot energy modulation function with lattice 0 B n o n n L
o sgagto1 ambda_statoa scan_numot E3
plot gain spectrum, i, Gflambea) at the end oflattice? (1-Yes, 0-No) o 0 5 10 15 20
lambda_starto? (um) f .
plot gain map, e, G(s,Jambdia)? (1-Yes, 0-No) o I G e i
v o smererr s (m)
scan_numoz ° A myi Tech -
un . e rg
sconnunol - san_moz mesh_num o Note:toterminat, press CirisC 5 GO HOKIESI!! ) ' w VIIZIUA €C Jefferson Lab
Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra nvent the Futurs
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Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra

800 <Student Version> : GUI_volterra
s dds b R80UDRA- @B 0B
[P ANT) Galculate ferative solutions? (1-Yes, 0-No) B
it yes above, calculate stage gain coefficient d_m? (1-Yes, 0-No) ° Plot lattice function vs. s Ri6vs.s
beam energy (GeV) a4
y (1-Yes, 0-No) 5
initial beam current (A) 480 v v v v
include stead-state CSR in bends? (1-Yes, 0-No) 3 Plot compression factor C(s)
compression factor asver yes abov (UR:1, NUR:2) ' 1.5}¢
normalized horizontal emittance (um) ' want to include possible CSR shielding effect? (1-Yes, 0-No) o
Plot peak current evolution |_b(s)
normalized vertical emittance (um) ' ifyes above, specify the full pipe helghtin cm s
rme energy spread 2008 Include transient CSR in bends? (1-Yes, 0-No) o
Plot lattice quilt pattem RS6(s">s)
include CSR in drifts? (1-Yes, 0-No) [
Initial horizontal beta function (m) 105
include LSC in drifts? (1-Yes, 0-No) 0
iniial vertical beta functior
nital vertioal beta function (m) 2 ifyes abov § (:om ; ‘ plot density gain function G(s) 1
initia horizontal alpha function s 7S]
include any RF element in the lattice? (1-Yes, 0-No) o (2}
Initialvertical alpha function o plot density gain function G(s) with lattice o]
if yes above, include linac geometric impedance? (1-Yes, 0-No) o
chirp parameter (mA-1) (z <0 for bunch head) 3983 ) o ) ) 3
longitudinal 2 cistribution? (1-coasting, 2-Gaussian) i
plot density gain spectrum Gi(lambda)
v caloulate energy modulation function? (1-Yes, 0-No) o
start position (m) end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) o 0 . 5 [ i
o 2208 ‘ Plot gain map G(s,lambda)
[~ OUTPUT SETTIN
s Plot
[~ Scan plot lattice functions, e.g. R56(s)? (1-Yes, 0-No)
ves, 04 Plot energy modulation function
ombea_star01 (um) : plot beam current evolution |_b(s)? (1-Yes, 0-No)
plot lattice quilt pattern? (1-Yes, 0-No)
lambda_endo1 (um) 100
& plot gain function, Le. G(s) for a specific lambda? (1-Yes, 0-No) Plot energy modulation function with lattice OF M TN M M !
lambda_start] lambda_start scan_numo1 50
R lattice? (1-Yes, 0-No) 0 5 10 15 20
lambda_starto? (um) f e
plot gain map, e G(s Jambci)? (1-Yes, 0-No) Plot energy modulation spectrum
oz R—— s (m)
scan_num02 L) R m]n T h ~
" Virgini s
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GUI: volterra mat

* QOutput capabilities: gain spectrum G{A)
[ minc

<Student Version> : volterra_plotter

NEde h ARTDRE- 3 0A o

Plot lattice function vs. s | R16vs.s

{ Plot compression factor C(s) ‘

Plot peak current evolution |_b(s) ‘

‘ Plot lattice quilt pattern R56(s'->s) ‘

plot density gain function G(s) ‘

(-
\ plot density gain function G(s) with lattice ‘ (D
[ plot ity gain sp GA(l: ) J
‘ Plot gain map G(s,lambda) ‘ 0 . 5 [ N

{ Plot energy modulation function ‘

Plot energy modulation function with lattice ‘ L L L L

20 40 60 80
Mum) )
@ VirginiaTech Jgfe-@c?n Lab

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra Invent the Future

Plot energy modulation spectrum ‘
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GUI: volterra mat

e Output capabilities: gain functions G(s)
[ cHeNe)

o dS h SKAR09EN- 3 0E 0

-
<Student Version> : volterra_plotter

Plot lattice function vs. s R16vs. s

[ Plot compression factor C(s) J

1.5}

[ Plot peak current evolution I_b(s)

\ Plot lattice quilt pattern R56(s'->s)

‘ plot density gain function G(s) with lattice

‘ plot density gain function G(s) ‘ 1
—~—
N
| 5

‘ plot ity gain sp Gf(

Plot gain map G(s,lambda) ‘

‘ Plot energy modulation function J

()F 1 LN 1 1 ‘
0 5 0 15 20

s (m)
MVirginiaTech | gfé}%éh Lab

Invent the Future

Plot energy modulation function with lattice

Plot energy modulation spectrum ‘

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUl_volterra
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* GUI (graphical user interface)

* Fast (compared with particle tracking)
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®00 <Student Version> : GUL volterra ©00 <Student Version> : volterra_plotter
R i de b RRUDRA- B 0E aO -
[INPUT PARAMETERS r Iculate terative solutions? (1-Ves, 0-N
Beam (read from ELEGANT) celoulate terative solutions? (1-Yes, 0-No) °
ifyes above, calculate stage gain cosfficient d_m? (1-Ves, 0-No) o Plot lattice function vs. s RiGvs.s  :
beam energy (GeV) a4
y (1-Yes, 0-No) -
Initial beam current (A) 480 v v v v
include stead-state CSR in bends? (1-Yes, 0-No) 3 Plot compression factor C(s)
compression factor asver yes abov (UR:1, NUR:2) ' 1.5}¢
normalized horizontal emittance (um) ' want to include possible CSR shielding effect? (1-Yes, 0-No) o
Plot peak current evolution |_b(s)
normalized vertical emittance (um) ' ifyes above, specify the full pipe helghtin cm e
s anergy spread . include transient CSR in bends? (1-Yes, 0-No) o
Plot lattice quilt pattem RS6(s">s)
include CSR in drifts? (1-Yes, 0-No) o
Initial horizontal beta function (m) 105
include LSC i drifts? (1-Yes, 0-No) 0
iniial vertical beta functior
nital vertioal beta function (m) 2 tyes above, specil - omaxis, 2 . . N ; ‘ plot density gain function G(s) 1
initia horizontal alpha function s . 7S]
include any RF element in the lattice? (1-Yes, 0-No) o (2}
Initialvertical alpha function 0 | plot density gain function G(s) with lattice
if yes above, include linac geometric impedance? (1-Ves, 0-No) o | ( i
chirp parameter (m»-1) (z <0 for bunch head) s ) . ) )
longitudinal 2 cistribution? (1-coasting, 2-Gaussian) T
plot density gain spectrum Gi(lambda)
v caloulate energy modulation function? (1-Yes, 0-No) .
start position (m) end positon (m) calculate energy moduiation spectrum? (1-Yes, 0-No) o 0.5} 1
o 2208 ‘ Plot gain map G(s,lambda)
—OUTPUT SETTIN
s Plot
[ Secan plotattice functions, e.g. RS6(s)? (1-Yes, 0-No) o
ves, 04 Plot energy modulation function
ombea_star01 (um) : plot beam current evolution |_b(s)? (1-Yes, 0-No) o
Plotattce guilt pattern? (1-Yes, 0-No) o
lambda_endo1 (um) 100
0 plot gain function, Le. G(s) for a specific lambda? (1-Yes, 0-No) o Plot energy modulation function with lattice 0 B n o n n L
o sgagto1 ambda_statoa scan_numot E3
plot gain spectrum, i, Gflambea) at the end oflattice? (1-Yes, 0-No) o 0 5 10 15 20
lambda_starto? (um) f .
plot gain map, e, G(s,Jambdia)? (1-Yes, 0-No) o I G e i
v o smererr s (m)
scan_numoz ° A myi Tech -
un . e rg
sconnunol - san_moz mesh_num o Note:toterminat, press CirisC 5 GO HOKIESI!! ) ' w VIIZIUA €C Jefferson Lab
Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra nvent the Futurs
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Outline

* Examples and Results [GAA), G(s)]

— Two comparative high-energy transport/recirculation arcs
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on: high-energy transport arcs

/
\Q\‘Name Example 1 Example 2 Unit/,/ /
%\ (large Rse) (small Rse) /] //
\ Beam energy 1.3 1.3 GeV /
\\ Beam current 65.5 65.5 A //
= % Normalized emittance 0.3 0.3 um %
= 407 \ Initial beta function 35.81 65.0 m /
\ Initial alpha function 0 0 /
% Relative energy spread (uncorrelated) | 1.23 x 107 1.23 x 107 ?
D & Chirp 0 0 m’ =
$ Example 1 Example 2 é
200 T~ ~8 8 120 15 = -
~ £
:E % 60 (a) —ﬁx—ﬁy—n 2 1g8 (b) —Bx—ﬁy—nx 1 \g 2
—_ 2 40 > 60 0.5 ‘® —
N e 0 40 ‘ ‘. ‘ ‘l ‘ 3 i =
E 2 220 2 20 hkihbddid 2 C 3
- -4 0= 1 0.50
0 0 100 200 0 100 200
s (m) s (m)
0.5 0.005
— () (d)
é W
g O 0 1.IJ-LLI'H'LI'H'LIJ-LLI'I-LLI'I-L
Lo
-201 o
D. Douglas et al., arXiv:1403.2318 _; 5 ~0.005 | 43
D. Douglastet al., IPAC'13(TUPMA038) © 0 2%° 0 om0 140
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1500 r
Examp|e 1 -—ss.CSR
—s.s.+tr. CSR
—s.S.+tr.+drif. CSR
1000p —s.s.+tr. CSR+LSC
o .
500} )
anl .
s " :
n " I ']
0 L L L
0 50 100 150
A (um)

200

.Lenﬁ.e-r%on Lab
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1.05 T
Example 2
s g 0 B =
1F " L
. —s.s. CSR
0.95} —s.s.+tr. CSR
' . —s.s.+tr.+drif. CSR
. —s.s.+tr. CSR+LSC
%% 50 100 150

A (um)

200

1 For each “dot”, it takes several hours to run ELEGANT tracking, after careful
treatment to ensure numerical convergence in linear amplification regime.
(particularly for Example 1)

1 Example 1 is subject to microbunching instability; Example 2 not.
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1500 T T 1.05 r
—s.s. CSR
Example1l “>> - .. Example 2
—s.s.+tr.+drif. CSR s s .
1000f —s.s.+tr. CSR+LSC 1 1 :
—s.s.+tr.+drif. CSR+LSC
o o
—s.s. CSR
. —s.s.+tr.+drif. CSR
. —s.s.+tr. CSR+LSC
—s.S.+tr.+drif. CSR+LSC
0 L = - 0.9 L - -
0 50 100 150 200 0 50 100 150 200
A (um) A (um)

1 For each “dot”, it takes several hours to run ELEGANT tracking, after careful
treatment to ensure numerical convergence in linear amplification regime.
(particularly for Example 1)

1 Example 1 is subject to microbunching instability; Example 2 not.

O (Blue) adding “CSR drift” increases the overall gain up to 200 %

[ (Black) include all CSR and LSC effects
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1500 T T 1.05 r
—s.s. CSR
Example1l “>> - .. Example 2
—s.s.+tr.+drif. CSR s s .
1000f —s.s.+tr. CSR+LSC 1 1 :
—s.s.+tr.+drif. CSR+LSC
o o
—s.s. CSR
. —s.s.+tr.+drif. CSR
. —s.s.+tr. CSR+LSC
—s.S.+tr.+drif. CSR+LSC
0 L = - 0.9 L - -
0 50 100 150 200 0 50 100 150 200
A (um) A (um)

1 For each “dot”, it takes several hours to run ELEGANT tracking, after careful
treatment to ensure numerical convergence in linear amplification regime.
(particularly for Example 1)

1 Example 1 is subject to microbunching instability; Example 2 not.

O (Blue) adding “CSR drift” increases the overall gain up to 200 %

[ (Black) include all CSR and LSC effects
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Example 1

1500F
—~1000F
&

500F

0

—s.s. CSR, A =40 um
—s.s.+tr. CSR, A =40 um
—s.s.+tr.+drif. CSR, A =40 um
—s.s.+tr. CSR+LSC, A =40 um

0

50 100 150
s (m)

200

250

.Lgﬂ.e-r%on Lab

Example 2

omas Jefferson National Accelerator Facility|

2.5 ) ' —
—s.s. CSR only,A =20 um
of —s.s.+tr. CSR, A =20 um
—s.s.+tr.+drif. CSR,A = 20 um
—s.s.+tr. CSR+LSC, A = 20um T
1.5 _— |
L i
(D - | I |
2 = = s = = s s n nn o g gg il ||:ll-l
- e
05t « == gy 01 1 B .
i )
G0 50 100 150 200

U Because of local achromaticity (n = 0) and isochronicity (R = 0), CSR effect is
much reduced for Example 2 lattice.
d Example 1: global isochronous, large R, modulation
Example 2: local isochronous, small R., modulation
d Overall, microbunching instability can result in a significant effect on the beam
quality, depending on lattice design itself.
[ For the two cases, the incoming beams have (almost) the same properties.
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Example 1 Example 2
i ' ' 2.5 ' ' - =
—s.s. CSR, A =40 um —s.s. CSR only,A =20 um
1500F —s.s.+tr. CSR, A = 40 um ] —s.s.+tr. CSR,A =20 um
—s.S.+tr.+drif. CSR, A = 40 um 2 —s.s.+r.+drif. CSR,A =20 um
—s.5.+tr. CSR+LSC, A = 40 um [_l_ —s.8.+tr. CSR+LSC, A = 20um .
—1000f —s.s.+tr.+drif. CSR+LSC, A = 40 um LI ,071 5 —all CSR + LSC, A =20 um
o o}
. 1
500} ]
) | e ; | | | |
0 50 100 150 200 250 0 50 100 150 200
s (m) s (m)

U Because of local achromaticity (n = 0) and isochronicity (R = 0), CSR effect is
much reduced for Example 2 lattice.

d Example 1: global isochronous, large R, modulation
Example 2: local isochronous, small R., modulation

d Overall, microbunching instability can result in a significant effect on the beam
quality, depending on lattice design itself.

[ For the two cases, the incoming beams have (almost) the same properties.
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ELEGANT numerical parameter setting

Number of macroparticles

N_KICKS

NONLINEAR
LINEARIZE

BINS
STEADY_STATE

HIGH_FREQUENCY_CUTOFFO
HIGH_FREQUENCY_CUTOFF1

Dz

USE_STUPAKOV

BINS

Note:

50-70 M

400

0

12000

0.08

0.08

0.01

12000

400

20000

0.1

0.1

0.01

20000

50 M

200 (H), 300 (V)

0

10000
1*
0.144
0.144

N.A.

N.A.

N.A.

for initial beam preparation

for CSRCSBEND

for CSRCSBEND
for CSRCSBEND
for CSRCSBEND
for CSRCSBEND
for CSRCSBEND
for CSRCSBEND

for CSRDRIFT

for CSRDRIFT

for LSCDRIFT

1. Those (any) sextupole fields are turned off to match the theoretical formulation.

2. Details can be found in JLAB-TN-14-016.
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Application: MEIC Circulator Cooling Ring (CCR)

recirculation/decompression transport
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20-

+
+*
+

recovery/recompression

~ T rechirper

+
e A o 1?1
+ e 4 + 4
t e +F g T dump
+ ﬁ*‘u CCR ﬁ,# §dechirper TN
. *+ ++ ¥ ++‘ -
i _;4' ==
nv?‘f\anr:ao $ 5 1
- - exchange ‘
L cooling solenoids system ii ERL
.
+* o
: ‘ + -
-60 -20 * -10 \

injector

ransport I

Name Value Unit
Beam energy 54 MeV
Beam current 60 A
Normalized emittances 3 (in both planes) | um
Initial horizontal beta function 10.695 m
Initial vertical beta function 1.867 m
Initial alpha functions 0 (in both planes)
Relative energy spread (uncorrelated) | 1.0 x 10™

Chirp 0 m’

Note: cooling solenoids have been removed in our simulation.
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(D"l—

10

10 '
—s.s. UR-CSR

108k —s.s. NUR-CSR
—s.s.+ir.+drif. CSR
—s.S.+tr.+drif. CSR + LSC
—LSC only

10° }

10°}

10° : : :

0 500 1000 1500 2000

.},g;f.er) Son Lab
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Application: MEIC Circulator Cooling Ring (CCR)

A (um)

Note:

1. LSC effect can be more severe than CSR on microbunching instability.
2. LSC can be underestimated (because of clipping of solenoid sections).




[MVirginiaTech Jefferson Lab

Invent the Future National Accelerator Facility]

Application: MEIC Circulator Cooling Ring (CCR)

10

10 -
—s.s. UR-CSR
108k —s.s. NUR-CSR
—s.s.+tr.+drif. CSR
—s.s.+tr.+drif. CSR + LSC
—LSC only
o 10° }
10°
1
10° : : :
0 T 500 1000 1500 2000
A (um)

Note:
1. LSC effect can be more severe than CSR on microbunching instability.
2. LSC can be underestimated (because of clipping of solenoid sections).
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Application: MEIC Circulator Cooling Ring (CCR)

4000
(=% R
3000F : . CCR o -
© 2000}
)
1000F 4t1[
Of I IJT I|'|'|*|I|I|”'I”|'||I I I|I|'|I L I|I||||‘|'|'|"I'I'I'I|I|||I|
0 20 40 60 80 100

s (m)

A specific example shows how a “resonant” wavelength (A = 350 um) causes
microbunching amplification along CCR.
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Application: MEIC Circulator Cooling Ring (CCR)

4000y

3000

T

© 2000

T

=

]

Of| I||||”'”'|'|IJT I|'|'|*|I|I|”'I”|'||I I I|I|'|I L I|I||||‘|'|'|"I'I'I'I|I|||I|

0 20 40 60 80 100
s (m)

1000

A specific example shows how a “resonant” wavelength (A = 350 um) causes
microbunching amplification along CCR.
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Application: MEIC Circulator Cooling Ring (CCR)

4000
(=% R
3000F : . CCR o -
© 2000}
)
1000F 4t1[
Of I IJT I|'|'|*|I|I|”'I”|'||I I I|I|'|I L I|I||||‘|'|'|"I'I'I'I|I|||I|
0 20 40 60 80 100

s (m)

A specific example shows how a “resonant” wavelength (A = 350 um) causes
microbunching amplification along CCR.
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Application: MEIC Circulator Cooling Ring (CCR)

4000
& o >
3000f - S
© 2000}
)
1000F 4t1[
Of I IJT I|'|'|*|I|I|”'I”|'||I I I|I|'|I L I|I||||‘|'|'|"I'I'I'I|I|||I|
0 20 40 60 80 100

s (m)

A specific example shows how a “resonant” wavelength (A = 350 um) causes
microbunching amplification along CCR.
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recirculation machines.

1 and MEIC CCR).

Summary
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* Microbunching instability can be a special concern for ERL or
* CSR and LSC can cause severe microbunching instability (e.g. Example

* Impact of lattice optics can be significant for ERL-related lattice
design (Example 1 vs. Example 2).

* Quick estimation of microbunching gain by our developed code.

 Example 2 demonstrates that it is possible to preserve emittance and
also suppress microbunching gain at the same time.
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Future work

 Add more relevant impedance models, including both analytical
and numerical impedance models.

* Extend the existing (constant-energy) formulation to include a
more general case, with beam acceleration or deceleration. This is
particularly important in recirculation machines.

* Investigate the physical connection between a single-pass or few-
pass system and storage-ring system (eo-pass).

 Experimental benchmarking of our microbunching studies [JLab
LDRDs]

Thank you for your attention
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Introduction and Motivation:
Numerical challenges from particle tracking

 To investigate microbunching gain, we usually impose an initial density modulation, and
study how such modulation evolves along the beamline.

* The level of modulation depth should be small enough to keep microbunching
amplification in linear regime, while large enough to surpass (residual) numerical noise.

For higher gain case, the number of simulation particles becomes more demanding, in

order to avoid exaggerated (numerical) fluctuation between the (integration) bins at
specific wavelength scale.

model chicane, » = 2um TEST ARC vi-large F56, » = 40um
. 80 ; ;

g ;‘360 V, .............. e
2 3

3 B /::'f»

i _5-40_ ................. / ....................... R S
£ £ | |

5 S :

.g g 20_.;f ............ ....................... ..............................................

% 0.2 0.4 06 08
initial amplitude (%) initial amplitude (%)
(relatively) low-gain case (relatively) high-gain case

C.-Y. Tsai and R. Li, JLAB-TN-14-016
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* It has been known that microbunching instability is sensitive to
fluctuation/noise in beam phase space density.

 Even if several specialized algorithms had been developed to reduce the
numerical noise (while to keep the level of physical noise) during particle
beam transport subject to microbunching effect, tracking a bunch of
several tens of millions of particles (or more) is indeed time consuming.

* |Instead of doing particle tracking, we can formulate this problem using
fluid model, i.e. Vlasov equation.

* |In this presentation, we shall focus on linear regime in particular, i.e.
linearized Vlasov equation.
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—ik(s)" A
|p(S)|2/3 ’

2r .
A‘ .

Z ss,UR

CSR

k

(k(s);s)

Impedance models: CSR

* Steady-state ultrarelativistic CSR impedance: [J. Murphy et al., Part. Accel. 1997, Vol. 57, pp. 9-64]

wave number, p : bending radius A= 3‘”31“(%)(x@i - 1)

» Steady-state non-ultrarelativistic CSR impedance: [R. Li and C. -Y. Tsai, IPAC’15 (MOPMNO004)]
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en —4 —4iu(s 4 . 1/3 —1
Zo (k(s);8)=—e ™+ —(iu(s)) F(—,
Ry 3s 3
* Exit transient CSR impedance:
4 —ik(s)Li(L +3S*)
exit . e B 6o (s 2\ T
ZCSR(k(S)’S)_ [ +25 e ¢ Zior (k(s5);8)
b

s" is the longitudinal coordinate measured from dipole exit

1/3 2/3 (k(sNp(s))*1y?
Re[ Ze " (k(s):s) | & %M( ("(”';)f”b }+ . (;)”( [ Aigds- ;J
1/3 X 2/3
Im[Z5:V % (k(s);8)]|= M lBi'(x)+ j[Ai'(x)Bi(t) — Ai(1)Bi'(x)] dt ¢, x = LOLO .
|P(S)| 3 0 !

* Entrance transient CSR impedance: [D. Zhou, IPAC'12 (MOOBBO03)]

o)

s" is the longitudinal coordinate measured from dipole entrance

U

u(s) = k(5)z, ()
2, =(s7) 247

Sl if p?? AP <s*<Ay* 2w
% if %> Ay* 2

2/3241/3

0,ifs*<p 65
R. Bosch et al., PRST-AB 10, 050701 (2007)
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Impedance models: LSC

M. Venturini, PRST-AB 11, 034401 (2008)
e On-axis LSC model:

4i 1-EK, (&) £ = ko
yr(s) & y

 Average LSC model:
4i 1-21 (é)K (6) 5 k(s)r, (s)
v, (s) g ’

 Transverse axisymmetric LSC model:

_ g2
Zzt;eC:Gaussian (k) — _i!é_aegg/in(ij ,50 _ k(S)G
oy 2 Y

Z;5c"" (k(s);8)=

Zysc(k(s);8)=

* These LSC models are implemented in our code by adopting transverse rms beam
sizes g, and g, from ELEGANT and applying weighted average over them:

r(s)="13(0 (5)+0,(s))

66




[[IVirginiaTech

Invent the Future
Microbunching gains for MEIC CCR with 10x emittance
15p
. 10p
O
—direct solution
st 5™ order iterative solution
—6" order iterative solution
= ELEGANT tracking
00 560 1 0.00 1 5.00 2000
A (um)
12
—direct solution (A = 300 um)
10F  « ELEGANT tracking (300 um)
8I-
w
ol 6
4.
O 1 ﬂf L 1 : bl I :.:‘ 1
0 20 40 60 80 100
s (m)
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Application: MEIC Circulator Cooling Ring (CCR)

s.s. ultrarelativistic CSR

I
o
o
(@]

T

ultrarelativistic version of s.s. CSR impedaF ce
non-ultrarelativistic version of s.s. CSR impgedance

W
o
o
o
T

N
o
o
()]
T

—
o
o
()]
T

0 500 1000 1500 2000
A (um)
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Impedance comparisons

0.025 . . 025
» (solid line)  on—axis model
8 0.02 (dashed line) average model |{y o2
C - .
3 ;
8 0.015f {0.015
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. T
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