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Overview

® Witness bunch parameters of interest for a plasma-based collider trigger hosing and ion motion
® Mitigation/suppression of hosing by means of change of betatron frequency along the bunch (chirp)

® Bunch-induced ion motion as a way to generate betatron frequency chirp that suppresses hosing
— analytical expression for wake with ion motion
— theory describing hosing in presence of ion motion
— 3D PIC simulations show hosing suppression with ion motion
— emittance degradation associated with ion motion eliminated by proper bunch shaping

® Summary



Concept for next-generation TeV-class PA-based linear collider:

requires bunches with high charge and small emittance

Laser-driven PA-based LC —>
[all optical, driver=10s J laser, 10 kHz, ‘=
50x10GeV PA stages @ n =10*" cm™]

Leemans, Esarey, Physics Today (2009)
Schroeder et al., PRSTAB (2010)

RF gun Drive beam accelerator

RF separator
bunch compressor

Drive beam dlilstribution

E Beam Delivery and TR ?
L | 0. B {1
PWFA cells \ //VVPWFA

main beam PA Stag es

e- injector

<—— Beam-driven PA-based LC
[driver=25 GeV e-bunch, 19x25 GeV PA
stages @ n =10"" cm™]

Seryi etal., PAC 2009
Delahaye et al., IPAC 2014

1T
cells

main beam
et injector

* Compact machine (1 TeV): <1 Km for PA-based LC VS ~30 Km for RF-based (ILC)
* Requirements on witness bunch:

— N ~ 10" part./bunch (~ nC), & < 100 nm, high wake — witness bunch efficiency (~40%)
*Ellis and Wilson, Nature (2001); Hinchliffe and Battaglia, Phys. Today (2004) 3
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Witness bunch parameters of interesest for a plasma-based collider

induce hosing and ion motion resulting in emittance degradation

Witness buncr/
(shaped curr nt profk[e)

.\

i ..—* Eeam loaded

longitudinal wakefield

L A B A

ko

.« High charge + high-efficiency:

— large longitudinal wake driven by beam (i.e., high beamloading)

— high beamloading implies strong coupling between beam and wake

— resonance between beam centroid motion and wake centroid — hosing

Whittum et al., PRA (1992)
Schroeder et al., PRL (1999)
Huang et al., PRL (2007)

1 Leheetal., PRL (2017)
Mehrling et al., POP (2018)

x (p

Lebedev et al., PRAB (2017)
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Witness bunch parameters of interesest for a plasma-based collider

induce hosing and ion motion resulting in emittance degradation

i
Witness bunc_t/ X

.« High charge + high-efficiency:
I — large longitudinal wake driven by beam (i.e., high beamloading)

shaped currént profile ) L . )
’ el _,.f’e 4 ) - — high beamloading implies strong coupling between beam and wake
. y | — resonance between beam centroid motion and wake centroid — hosing
B 5 o
3o — 0.0 “E“ ) Whittum et al., PRA (1992)
/ w8 20| P ‘ | Schroeder et al., PRL (1999
2 / R - | — Huang et al., PRL (20(57) :
/ L i 3o Ea s | Lehe etal., PRL (2017)
=4 .-"I - ol - Mehrling et al., POP (2018)
" — — _Eea_m-loaded _ e P i o E. | Lebedev etal., PRAB (2017)
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.| Transverse wakefields — small matched beam size and high beam density Vks Y kp
in the blowoutregime | |, , — large beam space charge fields — background ion motion
0SS Background ion density, n,
= Condition for ion motion:
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1.5 ﬂ : Benedetti et al., PRAB (2017)




Witness bunch parameters of interesest for a plasma-based collider

induce hosing and ion motion resulting in emittance degradation

i
Witness bunc_t/ X

.« High charge + high-efficiency:
l — large longitudinal wake driven by beam (i.e., high beamloading)

shaped current profile ) o : )
s B _,.fe 5 l\\_) - — high beamloading implies strong coupling between beam and wake \
; \ | — resonance between beam centroid motion and wake centroid — hosing
k. i
&0 == e U;:"I« « Whittum et al., PRA (1992)
. -0.2 | b w0l Schroeder et al., PRL (1999) —
2 : - = Huang et al., PRL (2007) O
/ L 0.4 i op S ES Lehe et al., PRL (2017) -+
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) Beam-loaded e ol P i ; - Lebedev etal, PRAB (2017) |
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.| Transverse wakefields | — small matched beam size and high beam density Vks Vhp | =
in the blowoutregime | \§,, — large beam space charge fields — background ion motion =
F0S Background ion density, n, LIJ
= Condition for ion motion:
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Chirp of betatron frequency suppresses hosing

* Head-to-tail variation in focusing force affects hosing 02xc (& 2) + k5(E)x. (€, 2)
—— Complete solution Ony {f) -
ete solt =R [ . 2)sinkey (¢ - £y
— Early time solution (exponential) g n,
g — Asymptotic solution (saturation/damping) Lehe et al., PRL (2017)
g Positive chirp, ang>O Negative chirp, ang<o
<
—~ L 2 H T
2= < = 10°9 | [ke=—1.0
/3 o L1 l«m
% £ W TP
= g —
G < 10 LA R
Sm = | LLECTEOTERTELR \ |
0 50 100 150 100 150
Propagation distance kg oz PrOpagamon distance kg oz



Chirp of betatron frequency suppresses hosing

* Head-to-tail variation in focusing force affects hosing 02xc (& 2) + k5(E)x. (€, 2)
— Complete solution 0n, {f) :
ete sol =R [ . 2)sinkey (¢ - £y
— Early time solution (exponential) g n,
g — Asymptotic solution (saturation/damping) Lehe et al., PRL (2017)
z iy : S : :
§ Positive chirp, 3§kB 0 Negative chirp, aékB<O
—~ L 2 H T
%I‘ 8 10 : 102 kpf = —1.0
2 & 1 N lww |
5% < 100 fip§ = —1.0 ” HH
Sa S [T | Il | | |
0 50 100 150 100 150
Propagation distance kg oz PrOpagamon distance kg oz

* PA stage operating in the quasilinear regime
— head-to-tail variation in (beam-loaded) focusing force provides linear (or mostly linear)
betatron chirp, largely suppresses hosing



Chirp of betatron frequency suppresses hosing

* Head-to-tail variation in focusing force affects hosing 02xc (& 2) + k5(E)x. (€, 2)
— Complete solution 0n, {f) :
ete sol =R [ . 2)sinkey (¢ - £y
— Early time solution (exponential) E n,
g — Asymptotic solution (saturation/damping) Lehe et al., PRL (2017)
z oy : > : :
§ Positive chirp, 3§kB 0 Negative chirp, aékB<O
—~ L 2 H T
%I‘ 8 10 : 102 kpf = —1.0
EI © = 10 10 “ l||| M
oS U :
§ K Al
Sa - TN | 1l | | |
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Propagation distance kg oz PrOpagamon distance kg oz

* PA stage operating in the quasilinear regime
— head-to-tail variation in (beam-loaded) focusing force provides linear (or mostly linear)
betatron chirp, largely suppresses hosing

* PA stage operating in the nonlinear/blowout regime
— head-to-tail variation achieved by energy chirp (similar to BNS damping): ks(¢) = k,/+/27(€)
[not desirable for collider applications] 9



Modeling tools: INF&RNO and HiPACE

Modeling performed with quasi-static codes
(optimal tool for this problem)

INF&RNO/QS HIPACE

3D Cylindrical HIPACE

Quasi-static PIC

2D axisymmetric

PIC or fluid for plasma

Quasi-static modality Dynamic time step adjustment + subcycling

Dynamic time step High resolution subgrid in witness bunch domain
adjustment + subcycling to correctly model ion motion

Parallelized with MPI

Benedetti at al., AAC2010, AAC2012, ICAP2012, AAC2016, PPCF2017 Mehrling et al., PPCF (2014), AAC2018 10



An analytical expression for the perturbed wakefield in presence

of ion motion has been derived

* Assuming a bunch density of the form Longitudinal profile
l Parameters:
- — 17 -3
np(C,r) = Npo 9||(C)QL(I‘; ¢) n,=10"cm (Hydrogen)
kL=1 (flat-top)
: _ Transverse profile _ ,
the perturbed transverse wakefield is YorSe Pt k,0,=0.015 (Gaussian)
r 3 Transverse lineout of W_at {=-L
W,  kpr m nyo ko [° o = r b
N i il / d¢'(¢ —¢')gy (¢’ f gu(r’; ¢)r'dr’. Unpert. wak 0 /o — 2000
E{J 2 ; ;'llf% Mg T ¢ ( ) ” ( ) 0 ( . ) r Np,0/n0 = 500 - H?i.;;. /mno = 5000
- ll,llJluf.-""I'Mj. = 1000 - np.o/no = 3000
(valid as long as ion velocity remains non-relativistic, [2<1) A o e

e For 9, (€)=1 for -L < { <0 and g,(r)=exp(-r*/20 ?)

transv. wake, H-’?-(C = —Lb?'r}f(EDk?pUz}

Weo(Cr) _ kpr L4 7, Mo (kp¢)? 1 — exp(—1?/202)
Eq 2 ‘M ng 2 r2 /202
T
Unperturbed Slice-dependent Wakefield acquires nonlinear
wakefield confining force dependence on transverse

coordinate r transv. direction, r/oz
Benedetti et al., PRAB (2017) 11



Slice-dependent and nonlinear nature of wake perturbation from ion

motion results in chirp of the betatron frequency

. k2(¢) i a5 Parameters:
* Betratron frequency chirp: v (E 5 = 1+ log(2) 2% =z b0 (1. ¢)? n,=107cm (Hydrogen)
fa — 1 1L
B : E=25 GeV, k L,=1.25 (flat-top)
[ 10 Betatron frequency footprint n,,/n,=500, k 0,=0.015 (Gaussian)
Slice betatron frequency (average)
1 DB - g | samsasas Theory
1.08L INF&RNO simulation

T W
©1.06| %3
‘{}l 1.06 e 5

ot o ©
< 1.04_ S 3 =
IS An o S
€ v 3 <
o 1.02L 1.02 S ®
> 0
2o
1.00 ™ &
1.00 «— Unperturbed § S
betatron frequency 0.98 . | | ' QTg
0.98 | . . ' | -1.25 -1.00 -0.75 -0.50 -0.25 0.00 B

098 1.00 1.02 1.04 106 1.08 1.10 longitudinal slice, k G

Horizontal, kﬁ,x”kﬁ, 0

=
N



For a bunch initially matched in the linear (unperturbed) wakefield ion

motion results in bunch emittance growth
Bunch: E=25 GeV, £n,0=(£n,xan,y)1’2=0_6 um, L,=20 um, N,=10"(n_/n,=12000 — =10 ) Delahaye etal., IPAC 2014

b,0' " 0
Background: Hydrogen, n =10"" cm

Projected emittance evolution

o
)
3
o
D
=
0.3 @
. Q
*no acceleration =
3
>
o
~ +20% projected ~
02| emittance growth! S
=
c : .
W Slice emittance
N @ k z=4000
~— 2 14l P
W S
< -
01L § 12}
g
g
SN I -+ S o
C Bunch Bunch
tail head
0.8 , . . .
-1.25 -1.00 -0.75 -050 -0.25 0.00
DO longitudinal slice, kpg

kpz 13



For a bunch initially matched in the linear (unperturbed) wakefield ion

motion results in bunch emittance growth

Bunch: E=25 GeV, £n,0=(£n,xan,y)1’2=0_6 um, L,=20 um, N,=10"(n, /n ;=12000 — =10 ) Delahaye ctal, IPAC 2014
Background: Hydrogen, n =10"" cm™ 1Saturated emittance VS bunch density -

03 Projected emittance evolution i
] o
*no acceleration g 0
L 01 ]
Hr\-
_ * £ e .
~ +20% projected Y -..
02| emittance growth! j; 0.01
- =
c : : o>
W Slice emittance g :
~N @ k z=4000 L 0001 @ e Simulation
7 2 14| P 2 H
s o = ‘ - - Theory
“ o 5 E
| s " 0.0001 . .
£ 5000 TOO00 T5000
b3S 10 1 .-~
G Bunch 1ty
Elalijlnch unch bunch density, ns.0/n0
] Final (saturated) emittance:
DO longitudinal slice, kpg 00 _x ng) <u2>] 1{)2
g .
T o ~ 14 0.0015T +0.001T?
kpz ':H-,U' D'Iguz

(LTOZ) gvdd “Ie 18 mepauag

14



A class of initial beam distributions with constant slice-by-slice emittance

Benedetti et al.,
PRAB (2017)

enhabling ion motion without emittance growth has been derived

Equilibrium beam distribution: fo , (r,u;¢) o« F[H  (r,u;¢)/Hy(¢)]  (Phase space distribution is, slice-by-

| S slice, a stationary solution of Vlasov
Arbitrary function / equation, df/0z=0, including ion motion)
—s arbitrarv lonaitudinal Single particle Hamiltonian .
Y . 9 . for transverse motion Slice-dependent
current profile possible

scale parameter

15



A class of initial beam distributions with constant slice-by-slice emittance

enhabling ion motion without emittance growth has been derived

Equilibrium beam distribution: f | (r,u;{) « F[H | (r,u;{)/Hy({)] (p_hase space distributic_)n is, slice-by-
_— / slice, a stationary solution of Vlasov

equation, d/0z=0, including ion motion)

—s arbitrarv lonaitudinal Single particle Hamiltonian .
Y . 9 . for transverse motion Slice-dependent
current proflle possible scale parameter

Arbitrary function

Bunch: E=25 GeV, ¢ =(¢, £,,)"?=0.6 um, L =20 um, N =10 (n, ,/n,=12000 — '=10 )

n,x - n,y b0 '0
Background: Hydrogen, n =10"" cm™

Bunch density (equilibrium solution)

— Tapered bunch profile
— Constant slice emittance
along the beam

— Transverse distribution is,
in general, non-Gaussian

np,0/n0 = 12000

10°

transv. direction

Density, ny /ng

-1.25 -1.00 -0.75 -0.50 -0.50 0.00
long. direction, k,(

Benedetti et al
PRAB (2017)
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A class of initial beam distributions with constant slice-by-slice emittance

enhabling ion motion without emittance growth has been derived

Equilibrium beam distribution: f | (r,u;{) « F[H | (r,u;{)/Hy({)] (p_hase space distributic_)n is, slice-by-
_— / slice, a stationary solution of Vlasov

Arbitrary function equation, 9f/dz=0, including ion motion)

— arbitrary longitudinal Single particle Hamiltonian

i ) - Slice-dependent
current proflle possible for transverse motion scale parameter

Bunch: E=25 GeV, ¢ =(¢, g, )"*=0.6 um, L, =20 um, N,=10"(n, ,/n,=12000 — '=10 )

n,x ny

. —1N17 - . . . 16 . .
Background: Hydrogen, n,=10"" cm- 03 Projected emittance evolution Slice emittance
Bunch density (equilibrium solution) . o 14 @ kpz=4000
— Tapered bunch profile £ 7
—» Constant slice emittance np,0/M0 = 12000 = (Untap_ered)
along the beam (untapered) g 120 Gaussian
— Transverse distributlion is, 02| Gaussian %
in general, non-Gaussian 5
g 0.01 = S 10
2 W @ —_—
*g - s E: Equilibrium
< - 4 S Tt —uZs b0
c% g 0.1 longitudinal slice k ¢
. <§ 0.01 3 Equilibrium _
S - = z vt et «— No emittance growth!
.- 0.02 : [for matched solution slice
€S . O_Oﬁ emittance # projected
0.03 .
s E .25 -1.00 -0.75 -0.50 -0.50 0.00 00 emittance]

kpz 17

long. direction, k,(



A model describing evolution of beam envelope and centroid in a nonlinear

wake in presence of ion motion has been derived (no energy gain)

Iy ~I4=17kA

o; $0.1pum

T_EI ~ 0.1 pym

1
[

np (arb. units)

* Equation for beam moments: Mehrling et al., PRL (2018)

Xy Ky (Wa)
d22 Y EO ’
dPo, € kp ((x — Xp)Wy)
dz?  ~203 Eoyo, ’
Depends on
* Equation for wakefield with ion motion: l‘" X, and o,
Klx—X, e
W _bla—Xp) ,m, d,,,( e_onEes&)
E, 2 ‘M, E,
W) k[ Xe(C) — Xp(Q)]
Ey 2

-~

+zm o ;Tb / dc' (¢ — C')g ”(C;)Xb(C) — Xp(¢")

02(¢) +02(¢')

« Equation for wake centroid, XP(C), from Mehrling et al., POP

(2018)
18



Model predicts suppression of hosing due to ion motion in agreement with

3D PIC simulations with HIPACE (nhon relativistic ion motion)

Bunch: E =1 GeV, ¢ =1.1 um, 0,=0.79 um, L, =20 um, N,=0.71 - 10 (n, /n,=800 — '=0.7), X, , = 0.10, (displ.)
Background: Hydrogen, n =10"" cm™

8
3D PIC Simulation; without ion motion
. === Model; without ion motion Two-particles model:
— 3D PIC Simulation; with ion motion ' I M'l'
.:;f === Model; with ion motion " Iz 4 " { Il":ll: — decoherence length
= 4- anfnrlﬂ 1,=||:| I 87
8 '“‘l ||| 11 "||"||||| , kgoLg = — ~ 36
< ”Hrm.:" i T if g
= ]| M Il ~ :
9 - ,‘ﬂl"?ullﬁ:'n!"l : '|| |!“|: bbh " (~6 betatron periods)
‘ln [‘w‘i
iﬁhz}}mm AR L LN bLLE
U 40 60 80 100 120 140
Deco.herence kﬂﬂz

length Mehrling et al., PRL (2018) 19



3D PIC simulations show suppression of hosing in presence of ion motion.

Emittance is preserved if tapered beams are used.

Bunch: E =25 GeV, ¢ =0.26 um, ,=0.17 um, L =33 um, N =1.5-10" [trapezoidal] (n, ,/n,=31000 — ['=68), =
initial displacement: X_, = o, [ =
Background: Hydrogen, n_.=10" cm? Very rapid (<1 betatron.perlod) decoherence @
0 expected from two-particles model o
. . . . -_U
Centroid evolution Emittance evolution s
0.07 —
N
12.5 4 === Without ion motion; lin. matched === Without ion motion; lin. matched Q
=== With ion motion; lin. matched 0061 === With ion motion; lin. matched ,*“' =
— 10.0 4 == With ion motion; nonlin. matched [ :l 0054 — With ion motion; nonlin. matched -7
:{3 v N I I ' -~
< [ | I -
RN Cahnnn £om- -~
5 NI . o
< 5.0 oy A 'l‘:"”ln"n'":: IR 0.03 - Pt
. W "\1:11” ll' l“l I |||I ||' ||I ': 1 , P T e e e ————
. iy i [ -
2.5 nh ) TRt " X y ooy o |E - I\ 0.02 4 =
U.[} = U 01 I 1 1 I I I
0 10 20 30 40 50 60 0 10 20 30 40 50 60
kg,[;.z kﬁ,[}z

* NO ion motion — hosing, large emittance growth (beam breakup)
* WITH ion motion +LIN. matched — hosing suppressed, but emittance growth (+60%) from ion motion

* WITH ion motion + NONLIN. matched (equilibrium bunch) — hosing suppressed and no emittance growth 20



Tapered beams which are equilibrium solution in presence of ion motion

can be obtained by means of an adiabatic matching procedure

Bunch: ¢ =1.2 um, L,=33 um, N,=1.5-10"°[trapezoidal]

Adiabatic beam matching during plasma Background: Hydrogen, n ,=10"" cm™
acceleration of initially low-energy beams:

E=50 MeV E=15 GeV
¢ Atlow snergy on moton s nlghle ("=1%) DA tnemyacied [l ot

® Energy gain adiabatically compresses beam

e Gradual compression of beam triggers ion
motion

e \Wakefield perturbation is gradually enhanced

e Beam distribution adiabatically adjusts (with
emittance preserved at % level) to ion-motion-
perturbed wakefields

Benedetti et al., in preparation



Summary

Witness bunch parameters of interest for future plasma-based colliders trigger ion motion and
hosing that lead, potentially, to severe emittance degradation and beam breakup;

Analytic model describing hosing in presence of ion motion has been derived:
— model predicts suppression of hosing due to detuning associated with ion motion;

3D PIC simulations confirm suppression of hosing in presence of ion motion for collider relevant
witness beam parameters;

Beam quality preservation possible with slice-by-slice matching of witness bunch:
— stable, high-efficiency acceleration possible for HEP applications;
— strategy to produce tapered beams based on adiabatic matching presented.

22






Expressions for the perturbed wakefield and emittance growth at saturation have

been derived in the case of flat beams (proposed to reduce beamstrahlung)

- Perturbed wakefield for a flat beam (i.e., 0, >>0,¢ >>¢)
g Y (unif. longitudinal

W 4 profile assumed)
E“" ~ ;:1: < Horizontal wake essentially unperturbed
0

Wy o 5ot [1 T ik n”(k ¢)?exp(—2?/202)K (y/V20,)|, K(q) = (v/n/2)erf(q)/q

| By~ 2 M n
~

Wake perturbation twice as large
compared to the round beam case

* Projected emittance growth at saturation (final)

r &
Eﬂ,ﬂ:

~ ] «——— Horizontal emittance preserved
€En,x

*

€n,y ~ 1+ 0.0027T + 0.0053 "2 Vertical emittance growth twice as large
\ €n,y compared to the round beam case
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