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% PARTICLE ACCELERATORS
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“The 2.4-mile circumference RHIC ring is large enough
_to be seen from space”

e/et 0-50GeV in 3km SLC
e/et 0-20GeV in 2km FACET
e 0-14GeV in 1km LCLS

ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

ﬂAII use rf technology to accelerate particles

| |

‘Can we make them smaller (and cheaper) and with a higher energy?@“
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“The 2.4-mile circumference RHIC ring is large enough
) zo be seen from space”

Light particles (e’/e*)
accelerator

Limited by synchrotron
radiation

e/et 0-50GeV in 3km SLC
e/et 0-20GeV in 2km FACET
e 0-14GeV in 1km LCLS

omplex (and most expensive) scientific

ate particles

‘Can we make them smaller (and cheaper) and with a higher energy? -
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“The 2.4-mile circumference RHIC ring is large enough
;o be seen from space”

Could plasmas be used to accelerate partlcles
at high-gradient (>100MeV/m)
and reduce the size and cost

of a future linear e-/e* collider
or of a x-ray FEL?

e/et 0-50GeV in 3km SLC
e/et 0-20GeV in 2km FACET
e 0-14GeV in 1km LCLS

ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

ﬂAII use rf technology to accelerate particles

@

‘Can we make them smaller (and cheaper) and with a higher energy?&“
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< Introduction to Plasma Wakefield Accelerator (PWFA)
< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF
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< SMl experiments at SLAC E209 with e'/e” e ey

<> SMI PWFA experiments at CERN with p*: AWAKE /‘ ”/ /‘ IEE

<> Summary Vg A
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< Introduction to Plasma Wakefield Accelerator (PWFA)

< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF

< SMI experiments at SLAC E209 with e/e*

<> SMI PWFA experiments at CERN with p*: AWAKE

<> Summary
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% WHY PLASMAS?
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<>Relativistic Electron Electrostatic Plasma Wave (Electrostatic, E_//k):

e’

<-Plasmas wave or wake can be driven by:

»Intense laser pulses (LWFA) o
»Dense particle bunch (PWFA)

© P. Muggli P. Muggli, U Mich 03/18/2014
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<>Relativistic Electron Electrostatic Plasma Wave (Electrostatic, E_//k):

~ 5 \1/2 W
V- E = ﬁ Eﬂp _ ( n.e )Plasma ] k E = pe E = nee

Frequenc

€y Eym, C &
1/2
m,c .
=| == | n)?=100+/n,(cm™)=1GV/m
£o 14 3
LARGE Cold Plasma “Wavebreaking” Field n=10"" cm
Collective response! Ey,=mcw,, /e

<~Plasmas can sustain very large (collective) E,-field, acceleration
<Wave, wake phase velocity = driver velocity (~c when relativistic)
<-Plasma is already (partially) ionized, difficult to “break-down”

<-Plasmas wave or wake can be driven by:

> Intense laser pulses (LWFA)
»Dense particle bunch (PWFA) S —
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» Plasma Wakefield Accelerator (PWFA) <—_/\/\/
A high energy particle bunch (e-, e*, ...) azz)Lpe/4
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985)

- Laser Wakefield Accelerator (LWFA)"

A short laser pulse (photons, ponderomotive)

- Plasma Beat Wave Accelerator (PBWA)~ %

Two frequencies laser pulse, i.e., a train of pulses

- Self-Modulated Laser Wakefield Accelerator (SMLWFA)"

Raman forward scattering instability in a long pulse (LWFA of 20t century)

evolves into QW

"Pioneered by J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)

© P. Muggli
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eeeeeee Focusing (E,)
Decelerating (E,)

Relativistic

electron
bunch

ﬂ Plasma wave/wake excited by a relativistic particle bunch
ﬂ Plasma e expelled by space charge force => deceleration + focusing (MT/m)
ﬂ Plasma e" rush back on axis => acceleration, GV/m

ﬂ Ultra-relativistic driver => ultra-relativistic wake
=> no dephasing

‘ Particle bunches have long “Rayleigh length”
(beta function p*=0*?/e~cm, m)

=) Acceleration physics identical PWFA, LWFA e

© P. Muggli
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EEEEEEE Focusing (E,)
Defocusin : :
g Acceleratly Decelerating (E,)
==F + f R4y o +T+ = ;4‘5 ™
. + + + + ¥ +1+ + T
L+ o+t -+ + Relativistic
Tt A=kt W S+t electron
al Inlani B bunch

g excited by a relativistic particle bunch

Very large
y J : by space charge fowwmg (@
energy gain <«

possible with k on axis —=xCacceleration, GV/m >

short,
high-energy

elativistic wake
hasing
relativistic Av€ long Rayleigh IengthsD

bunches!
Acceleration physicFA
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ing Decelerating (E)
1_1_ = 4 F Neutral
+ + T+ Plasma
—y S
4T+ 4+ Relativistic
=== e e- bunch
N/2x10"
<{-Linear theory E, =110(MV /m) / > =N/o}
(n,<<n,) scaling: (0,/0.6mm)

@ kpeazz\/Z (with k,,0, <<I)

B, 1
{-Focusing strength: —% = — e

ro 2¢€C
<>N=2x10"0: 6,=600 pym, n_,=2x10'* cm™3, E_,.~100 MV/m, B,/r=6 KT/m
o,= 20 ym, n.=2x10"7 cm=3, E_,.~ 10 GV/m, By/r=6 MT/m

(Mp>1e)

<Frequency: 100GHz to >1THz, “structure” size Tmm to 100ym BN\

<-Conventional accelerators: MHz-GHz, E

© P. Muggli
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% PLASMA WAKEFIELD ACCELERATOR (€)
Focusing (E))

Decelerating (E,)

ﬁ
electron
beam

Blumenfeld, Nature 445, 741 (2007) Muggli, Phys. Rev. Lett. 93, 014802 (2004)
Dispersion [mm] Charge Hogan, Phys. Rev. Lett. 95, 054802 (2005)

18 16 -4 —12___ 10 -8 density Muggli, Hogan, Comptes Rendus Physique, 10
4 Energy Gain  No=2:3x10"7om  SEClLg (2-??)?116 (gzoog) i 7

Muggli, New J. Phys. 12, 045022 (2010)

> 0,~20um 240

Scalloping of the Beam 180

120

Position [mm]

60

90 100

% % 1 Electronsgnergy [Gse?/] " 8(1
E, 2E
42 => 84GeV in 85cm! 50GeV/m
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% PLASMA WAKEFIELD ACCELERATOR (€°)

e~ Witness e Driver

ﬁ
Electron bunch

“quality”

Blumenfeld, Nature 445, 741 (2007)

Dispersion [mm]

Charge
418 -16 -14 -12 -10 -8 density
4 Energy Gain n,=2.3x10"7cm-3 (~e/um?) FAC E T <
_ 3  0,~20um 240 8
_ Scalloping of the Beam 180 g
£ 7 A et
£ LIS =
c -“ w
S
S =ING
D 60
periment Hogan, 0
40 -20 0 20 40
35 40 1 50 60 70 80r901oo NJP 12, X [um]
El E GeV
g SecrmEram G L 055030 (2010) ————
0 0 0 20 40 60 80 100
42 => 84GeV in 85cm! 50GeV/m el o
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e” Witness

Blumenfeld, Nature 445, 741 (2007)

Dispersion [mm]

4—18 -16 -14 -12 -10 -8
Energy Loss Energy Gain n,=2.3x10"7cm-3
-3 - > 0,~20um

Position [mm]

35 40 1 50 60
Electron Energy [GeV]

E,

-2 Scalloping of the Beam

periment

70 8(1 90 100

Charge
density

(~e/um?)
240

180
120

60

42 => 84GeV in 85cm! 50GeV/m
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Litos,
Nature 515(6)
92 (2014)

PLASMA WAKEFIELD ACCELERATOR (€)

e Driver

ﬁ
Electron bunch

“quality”

x (mm)

0 5 10
T T

X (mm)
wn

y (mm)
15 20 25
T T

........

AE/E~%

NnN~30%
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p*-Driver

<*ILC, 0.5TeV bunch with 2x10%%-" e
<SLAC, 20GeV bunch with 2x10%%- ~60) mm
<>SLAC-like driver for staging (FACET= 1 stage, collider 10* stagésj mw% e
<SPS, 400GeV bunch with 10'p* ~6.4kJ

LHC, 7TeV bunch with 10p* ~112kJ

<A single SPS or LHC bunch could produce an ILC bunchmispmm
a single PWFA stage! / \

Caldwell, Nat. Phys. 5, 363, (2009)

D
<-Large average gradient! (>1GeV/m, 100’s m) — rff’:\ ‘-]
©P_Muggﬁ}Wakeﬁelds driven by e* bunch: Blue, PRL 90, 214801 (2003)
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<>Accelerate an e~ bunch on the wakefields of a p* bunch

-2
Z (mm)

o

(g-W2) 5,01 °u

PROTON-DRIVEN PWFA

Caldwell, Nat. Phys. 5, 363, (2009)

1.0
- +.
e p*:
E,=10GeV E,=1TeV
0,=100pm
N=1010 N=10
Single mm W, =16 W, =16k
Stage W=1klJ
Parameter Symbol  Value Units
Protons in drive bunch Np 10" 6~
Proton energy Ep 1 TeV
Initial proton momentum spread op/p 01 o~ 51
Initial proton bunch longitudinal size o3, 100 um CI)
Initial proton bunch angular spread oy 0.03 mrad — 4}
Initial proton bunch transverse size Oxy 043 mm o
LIJ R
Electrons injected in witness bunch Ne 1.5x10'0 = 3]
Energy of electrons in witness bunch  Ee 10 GeV % r A E/ E ~ 1 0/0
2 =
Free electron density n, 6x10™ cm—3 |
Plasma wavelength Ap 1.35 mm
Magnetic field gradient 1,000 Tm™! Tr&—
Magnet length 0.7 m [ J
| 1
0 200 400
L (m)

<-Single stage, no gradient dilution
<-Gradient ~1 GV/m over 100’'s m

<-Operate at lower n, (6x10'cm™), larger (A,.)°, easier life ...

© P. Muggli
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A PROTON-DRIVEN PWFA
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rrrrrrr Caldwell, Nat. Phys. 5, 363, (2009)

e p*:

600

gient dilution
over 100’'s m
er n, (6x10'cm), larger (A,.)°, easier life ...

MAX-PLANCK-CESELLSCHAFT
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< Introduction to Plasma Wakefield Accelerator (PWFA)

< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF

< SMI experiments at SLAC E209 with e/e*

<> SMI PWFA experiments at CERN with p*: AWAKE

<> Summary
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SELF-MODULATION INSTABILITY (SMI)
< CERN p* bunches (PS, SPS, LHC) ~12cm long

T Ewg~0pe~n""? and o,~A . ~n, > Eg~1/0, .
PRL 104, 255003 (2010) PHYSICAL REVIEW LETTERS 25 JUNE 2010

Self-Modulation Instability of a Long Proton Bunch in Plasmas

Naveen Kumar™ and Alexander Pukhov
Institut fiir Theoretische Physik I, Heinrich-Heine-Universitat, Diisseldorf D-40225 Germany

Konstantin Lotov

Budker Institute of Nuclear Physics and Novosibirsk State University, 630090 Novosibirsk, Russia
(Received 16 April 2010; published 25 June 2010)

An analytical model for the self-modulation instability of a long relativistic proton bunch propagating
in uniform plasmas is developed. The self-modulated proton bunch resonantly excites a large amplitude
plasma wave (wakefield), which can be used for acceleration of plasma electrons. Analytical expressions
for the linear growth rates and the number of exponentiations are given. We use full three-dimensional
particle-in-cell (PIC) simulations to study the beam self-modulation and transition to the nonlinear stage.
It is shown that the self-modulation of the proton bunch competes with the hosing instability which tends
to destroy the plasma wave. A method is proposed and studied through PIC simulations to circumvent this
problem, which relies on the seeding of the self-modulation instability in the bunch.

DOI: 10.1103/PhysRevLett. 104.255003 PACS numbers: 52.35.—g, 52.40.Mj, 52.65.—y

<>Idea developed “thanks” to the non-availability of short p* bunches

<Very similar to Raman self-modulation of long laser pulses
(LWFA of the 20t century)

evolves into

MAX-PLANCK-CESELLSCHAFT

© P. Muggli




% SELF-MODULATION INSTABILITY (SMI)

" ‘Zfo‘,‘ e ‘k‘l,‘c‘fg‘ 54‘5 N EQO z=5Ccm, e’ J. Vieira, ISTO
i i o AR BN RN RURINTRERI RN A N b
A AT T AN
AR AR LA 1 HARREE Dl
g wl . oo %: 05 Exponential Growth g 11010 %c;
10
-0.15

-0.20

T T T T ]
T E
> ]
e ]
8p A—> B 18f \ \ \ \ \ I
L1 L1 1 1 L1 1 3 1
00 02 04 06 08 10 12 00 02 04 _06 08 10 12
g[mm] E[mm]

Grows along the bunch & along the plasma Pukhov et al., PRL 107, 145003 (2011)
Schroeder et al., PRL 107, 145002 (2011)

<~Initial small transverse wakefields modulate the bunch density with ~A,,, period

<-Associated longitudinal wakefields reach large amplitude
through resonant excitation

MAX-PLANCK-CESELLSCHAFT

J. Vieira et al., Phys. Plasmas 19, 063105 (2012)
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SELF-MODULATION INSTABILITY (SMI)

k 05_45
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{\Nemer Helsenbergrlns( ttttt
z=0, e
jo
D 0
E
=, 40

WMNWMM\}(\M

_18LE  ~A%E ]
E [ accel WB ]
2o f Ay L NOT longitudinal!
1'855 Time = 000[1/0):] L L ‘ \7
0.0 C T T T T T T T T 0.8 1.0 1.2

240 7]

2200 F .

< 160 F 3

120 | 1 1 , -

0 30 60 a0 120
xlc/e]l
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“o:  SELF-MODULATION INSTABILITY (SMI)

Vieira et al., Phys. Plasmas 19, 063105 (2012).
z=0, e k,o. =45 20
807“\“‘H‘\Hw“w“wiio-oo =) 80wwHwHw'w‘jwmr;‘”p\i°-°°
Fy M/\/\/WW\MW\ = | CENEM R
oﬁl [/m i 5 _ Saturation mﬂﬂﬂm ‘ A
or T ) 3 u LR
= 1S —— | o | s s el .-
g‘ wl T o0 E: 05 Exponential Growth % Wl i 1 oo g
0 0 i i
-0.15 Distance (z) [cm] ool bbb R t 015
ro h o | :
— o w,w""%hy‘“m» I't'E
-0.20 0L wd A - -0.20
. ).0 0.2 0.4 E [mm] 0.8 1.0 1.2
Radial!
= . ;Eacce|~4%EWB ﬂ/\
& EANAAAAAAANN ' ' | MAAAAAN
o VVVVVVY VYT NOT IOngltUdlnaI. A A A A
w s ;LL » Time = IOOO[I/W,] o Time = 2088.00(1/w,] o Time = 313200(1/w,] ;
0.0 20 ] 720 --vl' 44444 f
% 160 — 3 % 160 :160 ““\\ (C\C\\\\
0_ 3‘0 1.6;?:/..,‘] 9‘0 1é0— 2130 l'[c/wJZISO ‘ 3180 x /0] 3210
Time = 730800(1/w,] Time =2035800(1/w,] Time = 50634.00(1/w,]

240

= 200

...nnueppéc“cdd

)

§ctttt§§“‘ﬂq}\‘;%\
ooooooocéqqqqggqq
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OSIRIS 2.0
" ; Osiris frvamev\/orv|< l: T T T T ' T T [\“ T l T T T T I T T T T I T T
osiris - o e =
v2.0 - | Massivelly Parallel, Fully Relativistic :
Particle-in-Cell (PIC) Code ==

Visualization and Data Analysis Infrastructure

Developed by the osiris.consortium ’ y AN I
= UCLA +IST L ( 1,9\

1 /I 1 3 1 l 1 1 1 1 l 1 1 L 1 J 1
New Features in v2.0 ‘
- | Bessel Beams

Binary Collision Module

Tunnel (ADK) and Impact lonization
Dynamic Load Balancing
PML absorbing BC

i

IR Ricardo Fonseca: ricardo.fonseca@ist.utl.pt - | Optimized higher order splines
Teenico Frank Tsung: tsung@physics.ucla.edu - | Parallel /O (HDF5)
UCLA http://cfp.ist.utl.pt/golp/epp/ - | Boosted frame in 1/2/3D

http://exodus.physics.ucla.edu/ Patric Muggli | May 23rd 2012 | IPAC - New Orleans Louisiana, USA

Benchmarking with (for AWAKE only!):
<OSIRIS: R. A. Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 (2002)7\

<VLPL A: Pukhov, J. Plasma Phys. 61, 425 (1999) (N
<LCODE: K. V. Lotov, Phys. Rev. ST Accel. Beams 6, 061301 (2003) g/

MAX-PLANCK-CESELLSCHAFT
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< Introduction to Plasma Wakefield Accelerator (PWFA)

< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF

< SMI experiments at SLAC E209 with e/e*

<> SMI PWFA experiments at CERN with p*: AWAKE

<> Summary

MAX-PLANCK-CESELLSCHAFT
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% ENERGY SELF-MobuLaTion USU R

LOW Energy ABo LUl Energy Gain/Loss:
Front Back AE:%. A,fo =12, =12..

. 1 AE,
PerIOdIC EZ EZ =Z. m- eLplasma

Deceleration

E, must decreases from
7 AT, Ry (SR, W ~6 to ~1.2MV/m to
preserve visibility!
Choose Q=50pC

(r=0)= 'Zf% 9K (2mm L, Yrdr

Q=50pC’ m=Lbeam/ Ape=2 1 52 3.7 1.2x1015

2 3.0 3.2 4.8x10"5

é 3 20 2.6 1.1x1016

’ == ; 4 15 2.1 1.9x1016

<> Similar to FEL energy modulation / velocity bunching 5 | s s Y
< Indirect evidence (W, =E,) of driving of wakefields mr 7)

that can seed the SMI: W _=(E,-cBy)aW, S

Work by Y. Fang, USC

© P. Muggli
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1 Seeding
Lo | | Ib ] _ Energy
o8l ) ] ATF Beam Line 2 Spectrometer
| £
o 0.6} : -
Wb ingcoslin/2a0g] % \
W 0.4 [ bt t
02! . L. ‘4——" Plasma
0 || beam—
0 AL Tien=in,, = Dipole
0 0.2 0.4 0.6 038 1
AL/ Ape E Quadruple
Fﬁ
! Energy Slit
: e- beam
RF Gun — Linac ———» |

Quadrupole
Muggli, PRL. 101, 054801 (2008)  Dipole

PRST-AB 13, 052803 (2010)
<-Use masking method to produce “square” bunch for SMI seeding

<Need cut/step<<i.: <0.3A,, in exp. => E,,>0.9E 4 a0

MAX-PLANCK-CESELLSCHAFT

© P. Muggli Work by Y. Fang, USC




% ExperiMENTAL SETUP  UDC Bl
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Parameter Value

Bunch Energy Ej ~ 60 MeV Energy

Bunch Charge @ 50pC — 1nC i

Bunch Focused Size o, ~ 100pum ATF Beam Llne 2 SpeCtrometer
Square Bunch Length Ly,nen  ~ 960 um E

Normalized Emittance €y ~ 3 mm — mrad i

Plasma Density n. ~ 10" — 10" ¢m =3 DlpOle

Plasma Length LPlasme ~2cm

Capillary Radius 500 pm

Plasma

E_nergy
Time

g ¥ Front Back

Energy Slit

e- beam
Linac —m»
[— Quadrupole

Muggli, PRL. 101, 054801 (2008)  Dipole .
PRST-AB 13, 052803 (2010)

RF Gun

A 4

<-Use masking method to produce “square” bunch for SMI seeding

<Need cut/step<<i.: <0.3A,, in exp. => E,,>0.9E 4 a0

N'%.5 - f
WO T /
\:I*TZ;J T/

MAX-PLANCK-CESELLSCHAFT

© P. Muggli Work by Y. Fang, USC




% EXPERIMENTAL SETUP
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Parameter Value

Bunch Energy Ej ~ 60 MeV

Bunch Cha,rge Q 50pC — 1nC ATF Beam Line 2
Bunch Focused Size o, ~ 100pm

Square Bunch Length Ly,nen  ~ 960 um E

Normalized Emittance €y ~ 3 mm — mrad
Plasma Density n, ~ 10" — 10" ¢m =3
Plasma Length LPlasme ~2cm

E

Energy
Spectrometer

Dipole

Capillary Radius 500 um

—

a

Dipole

Entrance to b)
capillary

10"

10'®

/f
4
Nx: - Plasma

—eo— Middle Fiber
-m— End Fiber

e
8
C(D 16 \\
108 L N _
RF Gun — Linac N
N\

. ; Gas feed \‘\
Muggli, PRL. 101, 054801 (2008) i ] locatic 108 R
PRST-AB 13, 052803 (2010) : 0 1T' 1-5(;1 2 25 3

. ) . ime (us
Kimura, AAC'06 Proceedings Muggli, AAC)10 Proceedings

<n, < discharge — beam delay
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Work by Y. Fang, USC
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'''''''''''''''''''''''' SELF-MODULATION
<-ATF “square” e bunch, Q=50pC, AE,=0.5MeV in 960um, in 2m plasma, variable n,

Simulations (z=2cm) ‘ a.u. Experiment, increase n, (L,=2cm)
0
Lbeam/\ =1 Lbeam/\ =2 ) | - ~1 | ~
pe a) ho plasma [Lbeam/\ =1 C) |_beam/)\ =1
n,=1.2x10"cm-3 ne=4.9>p<e1015cm'3 : ) | ) Pe ) & °
| Front Backl
-0.005 B |
- - {-0.01
Lbeam/p_ =4
n,=2.0x10'%cm-
-0.015
_002:120
PPN | beam/)\ o
300 pe
=Bl n.=3.0x10"6cm3 2
=200 £
- — 0
100 0

578 583 58.8 578 58.3 58.8

Energy (MeV) Energy (MeV)
Fang et al., PRL 112, 045001_‘_1 (2014)

<-Simulations/experiments very similar Vg A\
<-Visibility in experiment confirms E, variation with n, )
.. First observation of SMI seed: E, instead of E -cB, S
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< Introduction to Plasma Wakefield Accelerator (PWFA)
< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF

< SMI experiments at SLAC E209 with e’/e* -

—

<> SMI PWFA experiments at CERN with p*: AWAKE

<> Summary

MAX-PLANCK-CESELLSCHAFT
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SM-PWFA PARAMETERS

<>Experimental parameters determined by beam parameters

<>CERN AWAKE

* p*-driven

ATVAICE

* SMI saturates in ~5m
 Study SMI or p*-bunches

* Remain in ~linear PWFA
regime

* ~GV/m over 10* m
 Externally inject e

 Accelerator experiments

S L B B B B B B

1.5 11.5x10'° protons —

30.0x10'" protons

1.0

Saturation_j of
the instability

Eaccel [GeV/m)]

6 8 10 12 14
Distance [m]

© P. Muggli

Parameter PDPWFA PWFA
nefem ™3] 6 x 101 2.3 x 101
fre[GHzZ] 220 4'300

o, [pm] 200 10
or[c/wpe] 0.9 0.9
o¢[cm)] 12 5x 1072
o¢(e/wpe) 553 45

e/ Ape 88 7
Eo[GeV] 400 20.5

Yo 426 40’000
Npart 30 x 1010 2 x 100
ny/Mo 2%x1072 10!
ey 10 1
LPasmale /o, 1 46056 90'173
Lplaamafy  7'330 14'352
en[mm - mrad] 3.83 50

<-SLAC E209
s e’/e*-driven

» SMI saturates in ~5¢cm
» Compare SMI of e’/e* bunches

 Reaches nonlinear PWFA
regime

*>10GV/m

» Multi GeV energy gain (drive
particles) in ~1m

» SMI physics

4(): Illlllllllllll

30 F
E : 0 10
5 20 ;_ Distance (z) [cm] _:
ER: =
£a) " ]
10 H E =
: 19
0 P i 1 T & “I]
0 40 80 1/
Distance (z) [cm] ‘)H, HAFT
SR — - B3 34 AFT




% COMPARISON +/- DRIVEN PWFA
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. PR H +
<-Comparison positively/negatively charged bunches R p
— 0.0 0.20

p* 5
- 4-0.4
% : E-o.sj% 0.10 EE
‘ . S | Ar e
i I I 1000 o b M\
Distance in beam (z
S T B BIBURE 1.0
; ' n,=6x10'cm-3 s
H % s = 21 Ac e_
i — S Dhml AN
e 04 £
TR E 0.0 0.0
Dlsta(r)106e5[mm] !ﬁ
. . . Simulations:
<Phase difference, as expected from simple physics J. Viira

MAX-PLANCK-CESELLSCHAFT

© P. Muggli Vieira, Phys. Plasmas 19, 063105 (2012) muggli, U Mich 03/18/2014




% COMPARISON e /e*
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o | | Z=2lcml | | | IZ=1rIT] | |
e- NEY 500 —>::(b) : —>:
[ O,= MM 1F ]
- n,=2.3x10"cm3 1F | AT

F Ape=70pm

Half-cut e- Bunch

Il
J. Vieira, IST

0.2
il

150_— 1 -
£
‘E 100} JF - =
= i ;‘ 2
— i (6]
i j e

50_- 1r
0 [ : o N ‘ ‘ e T | P I
0 0.65 1.30

Position (&) [mm]

<-SMI of e and e* identical only in linear regime (E,..<<Eg) P
<~SMI leads to the resonant excitation of wakefields
<-Less e* remain to drive wakefields in the non-linear regime - —da—

© P. Muggl Vieira, Phys. Plasmas 19, 063105 (2012)




% WAKEFIELDS & ENERGY CHANGE
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Werner- -

eeeeeeeeeeeeeeeeeee | (by drive particles)
z=1m, "2 cut EO
40 - LENLENLEN DL LI DL LI L L L : 0 TTTTTTTT[TTTITTTTT i — IRERRRRRR
C ] 10 _ e+ 3
' 72 E _ ©
3 5 : 5 \ 3
30 : E N D :
— e =05 £ 14 —
C ] 10 E
CE \ 0 10 = \ E
5 20 ;_ Distance (z) [cm] _; ?‘5 | ] ﬂ
mg g e+ ; E +7 ? Half-cut e Bunch
L - ) 4
C ] B4
10 F \ . 5 10 GeV E
Z ] ST. -15GeV ]
: : llllllllllllllY llllllll l lllllllll
O g 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1] 0 10 20 30 40
0 40 {0 Energy [GGV] - © 1=1r;| T | I n,=6;(101‘cm-3 j

Distance (z) [cm]

<-Peak SMI wakefield (~35GV/m ) ~ single bunch peak field (~50GV/m)
E\s=46GV/m @ n,=2.3x10"cm-3

<Large energy loss >10GeV (e @1%/GeV level)

<-Energy gain >5GeV (e, e* @1%/GeV level)

<-No externally injected particles B
© P. Muggl Vieira, Phys. Plasmas 19, 063105 (2012) 03/18/2¢




E209 @ SLAC
The same as E200 and E201

Imaging Spectrometer
A

Max-Planck-Institut fiir Physik
(Werner- -Heisenberg -Institut)

PLD

iPLDCTR Interferometry

Three observables:

<-Energy loss/gain by drive bunch particles
<>Formation of transverse halo (defocused particles)
<-Radial size modulation (CTR interferometry)

Three well established diagnostics at FACET:

<>Magnetic spectrometer with ~100MeV resolution
<>Two OTR systems ~1 and ~2m downstream from the plasma 2

<-CTR interferometry ~1.5m downstream from the plasma \ Ny

MAX-PLANCK-CESELLSCHAFT

© P. Muggli




% BEAM & PLASMA PARAMETERS

Max-Planck-Institut fiir Physik
(Werner-| Heisen! bera-Institut) ) F B ET

Transverse Deflecting Cavity Image

Two sets of ten, aligned profiles ....

x109  20140429-12745-shifted, mean(width)=1.5318 mm, std{width)=0.0358 14 mm
3

)
<-Bunch longitudinal profile very consistent ...
< Loiue points=1.51420.014mm

e beam:

E=20.35GeV Plasma (E200):

N,=1.9x101° € n,=8x10"cm=3 =>)  =115um

o,~40um L,~1.3m

E~1500pm FWHM

<>Discovery: the beam profile is far from Gaussian

MAX-PLANCK-CES SCHAFT

(i.e., not as in simulations, so far)

© P. Muggli




A E209 @ SLAC

Max II kl lllf Physik

maging Spectrometer
A

Three observables:

<>Energy loss/gain by drive bunch particles
<>Formation of transverse halo (defocused particles)
<-Radial size modulation (CTR interferometry)

Three well established diagnostics:

<>Magnetic spectrometer with ~100MeV resolution
<>Two OTR systems ~1 and ~2m downstream from the plasma Vg AN

<>CTR interferometry ~1.5m downstream from the plasma \{@m/]

MAX-PLANCK-CESELLSCHAFT

:) x

© P. Muggli




A ENERGY CHANGE

eeeeeeeeeeeeeeeeeeeeeeeeeee

F \ C ET 21 Plasma OFF 21 Plasma ON 21

20.5 20.5

Plasma OFF

20 201

19.5 19.5¢

19 197

Plasma ON

18.5 18.5 18.57 .
~2GeV/1.3m
1 1 1 ' '
8 -5 0 5 8 8O 5 10 15
Size (mm) Size (mm) Counts, 10°
FACET

<>GeV/m wakefields driven by long (L/A,,~14) bunch in plasma
<-Spatial structure in the energy spectrum < radial modulation?

© P. Muggli
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A E209 @ SLAC
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Imaging Spectrometer
A

N

I N

"“ = OTR OTR B,
k | Near Far

Three observables:

v

I Pyro T A

Final
Focus

PLD

iPLDCTR Interferometry

<>Energy loss/gain by drive bunch particles
<>Formation of transverse halo (defocused particles)
<-Radial size modulation (CTR interferometry)

Three well established diagnostics:

<>Magnetic spectrometer with ~100MeV resolution

<>Two OTR systems ~1 and ~2m downstream from the plasma ///:)\
<>CTR interferometry ~1.5m downstream from the plasma \{@r:/]

MAX-PLANCK-CESELLSCHAFT
© P. Muggli




% PROPAGATION AFTER THE PLASMA

Max-Planck-Institut fiir Physik
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| Density |
Time=0.00[1/w,]

I°'°1° CTR foil

J. Vieira, IST '

= = 0.008
r ; 0.006
E 1 2z
E 2
: 5
r = 0.004
OTR
r 7 0.002

MBRRRRNY UL:{\]LAJL‘MA J .

63.46 63.48 63.50 63.52 63.54 63.56
x1 [cm]

Beam propagation in vacuum-after plasma

< Measure time integrated transverse beam image: core + halo

© P. Muggli
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TRANSVERSE SiZE

Max-Plar l\l 1||F Physik

Plasima ON

Size (mm) Size (mm)

Beam Line
Aperture

<>Core of “focused” and halo of “defocused” e

© P. Muggli

Muggli, IPAC 2012
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A E209 @ SLAC

Max-Planck-Institut fiir Physik
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Imaging Spectrometer

PLD

iPLDCTR Interferome

Three observables:

<>Energy loss/gain by drive bunch particles
<>Formation of transverse halo (defocused particles)
<>Radial size modulation (CTR interferometry, CTRI)

Three well established diagnostics:

<>Magnetic spectrometer with ~100MeV resolution

<>Two OTR systems ~1 and ~2m downstream from the plasma ,/f)\
<>CTR interferometry ~1.5m downstream from the plasma (E201) ‘{\bmf/]

MAX-PLANCK-CESELLSCHAFT
© P. Muggli




% SELF MODU LATlON SiGN

Max-Plar kl [llf Physik

(Wemner Heisenberg sttt ) 25107
N 210" PLD¢
Q 18107 | Detector
:;; 110" [ e- /
® 5102 [ )
Fourier . W (Az) o< / [ Ectr §)+—ECTR(§+AZ)] dé&
Transfo rm e Patrl1 Length Difference (mm)
. 170
é_ 118
L ?li J i Nng=8x10"%cm™ => ) =115um
E‘
’ o “ <>Short wavelength features
aveleng mm .
110 . .., <Peaksat~A,and~\,/2inFT
Rt o, FT Reference
- <>Other peaks (170, 83um)?
< <Peaks not in reference signal
FA\ C:ET )

1 IAX-PLANCK-CESELLSCHAFT
© P. Muggli Wavelength (mm)
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Signal (arb. units)

Fourier
Transform

Amplitude (arb. units)

Signal (arb. units)

© P. Muggli

2510

210" |
15107 [

110" [

VR

510° |

510° [

5102 [

110%

SIELF MODUJLATlON SiGN

1

Wavelength (mm)

FT Reference

0.
v %Iength (mm)

PLD!
Detec@
v

e

W (Az) o< / [ Ecrr( §)+—ECTR(§+AZ)]2 &

<Sh S
Peaks at ~A . and ~A,./2 in

(Peaks not in reference signal

@)

FAGCET {

MAX-PLANCK-CESELLSCHAFT

?,
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< Introduction to Plasma Wakefield Accelerator (PWFA)

< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF

< SMI experiments at SLAC E209 with e/e*

<> SMI PWFA experiments at CERN with p*: AWAKE

ATVAIE—

<> Summary

MAX-PLANCK-CESELLSCHAFT

© P. Muggli P. Muggli, U Mich 03/18/2014




% PROTON BEAMS @ CERN ATVAKE

Max-Planck-Ins [llf Physik
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CERN's Accelerator Complex

CMS Parameter PS SPS Opt
B E, (GeV) 24 400 400
N, (107) 13 10.5 30
AE/E, (%) 0.05 | 0.03 0.03
o, (cm) 20 12 12

gy (MM-mrad) 2.4 3.6 3.6

.* (Um) 400 | 200 200

B* (m) 16 | 5 5

n,~7x10%cm for k,o,=1
_ Ae~1.3mm<<g,
AVAKE—> experimental area f e~240GHz

L,~10m~2p*

<SPS beam: high energy, small ¢,*, long *

<-Initial goal: ~GeV gain by externally injected e, in 5-10m of plasma\ | ,}7'
in self-modulated p* driven PWFA o T/

MAX-PLANCK-CESELLSCHAFT

© P. Muggli




Ve AWAKE EXPERIMENT @ CERN AVAKE
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Laser

First experiments: 2016

EOS
Diagnostic

lonizing
Laser
Pulse

Final

Plasma

10m, 104-1075 cm-? p* dump

£ > & >  Laserdump OTR/CTR
p* from SPS SMI  Acceleration Diagnostics  Diagnostics
E_omemrs Propagation direction _ 0_04:-"""'”'”'I"'I"'I'HI'”-L
_ — ] 0.02:_ No-seed  Seed _
L:::_gl :;:a;:' : \ é °-°°§‘ 1 “w‘\‘\‘\‘\‘\“““‘\h\“‘ m ';
_ W g0af .

-0.04 |- .

Co b b b b b b by

11400 11600 11800 12000 12200 12400 12600 1280
Position [c/ o]

<>No seed no SMI (over 10m)

“Sharp” (<<i,,) start of the beam/plasma
interaction for SMI seeding Vg AN
AWAKE: will seed with ionization front! @m /)

MAX-PLANCK-CESELLSCHAFT

*Kumar, Phys. Rev. Lett. 104, 255003 (2010)

© P. Muggli




- AWAKE EXPERIMENT @ CERN /17>
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| aser First experiments: 2016

EOS
Diagnostic

lonizing
Laser
Pulse

Final

Plasma

70m, 104-1075 cm-3 p* dump
€ >€ > IE)aser dump  OTR/CTR
. i lagnostics i '
p* from SPS SMI Acceleration g Diagnostics

laser

0 meters . X .
Propagation direction

Vapor

Long beam:
oz~100 }\.p

<-Short laser pulse creates the plasma and seeds the SMI

$0,~12cm >> A ~1.2mm (n,~7x10%cm) => Self-modulation Instability (SMI)*

0 aser~30UM<<A,, => good seed

% MAX-PLANCK-CESELLSCHAFT
or e Kumar, Phys. Rev. Lett. 104, 255003 (2010)




A AWAKE EXPERIMENT @ CERN /14>
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| aser First experiments: 2016

lonizing . EOS .
Laser Diagnostic

Pulse I

Final

Plasma
10m, 10'4-101% cm-3

€—><€ >»  lLaserdump OTR/CTR
N . Diagnostics ' '
p* from SPS SM Acceleration g Diagnostics

laser

p* dump

vvvvvvvvv LS L B B L L L N L

g Propagation direction ]

— |+
oz~100 Ap \;

[

1.2 - .
] (2) <> The wakefields grow ...
1.0
0.8-
' 0.6
0.4
0.2
00 Lo St oy Lot

2 4 6 8 10 MAX-PLANCK-CESELLSCHAFT
© P. Muggii zZ, m P. Muggli, U Mich 03/18/2014

Vapor

p+

, GV/m
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Laser

lonizing

Final Laser

AWAKE EXPERIMENT @ CERN

First experiments: 2016

AT ==

EOS
Diagnostic

Pulse

Plasma
10m, 10'4-101% cm-3

p* dump

<€ >€ >»  lLaserdump OTR/CTR
N . Diagnostics ' '
p* from SPS SM Acceleration g Diagnostics
o laser

o Propagation direction

Long beam:
oz~100 }\.p

e —

Micl:ro
bunching

Defocusing
regions

,,,,,,,,, e
" 11 meters
~

radius [mm]
N
T

-
T
3nn
o
-
—
P@—
W

MNMMMLW L1 A

Position [cm]

© P. Muggli

Vapor

+

p+

< The long (0,~12cm ) p* bunch self-

modulates with period A ,~1.2mm
(ng~7x10"4cm3)

MAX-PLANCK-CESELLSCHAFT

P. Muggli, U Mich 03/18/2014
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Final

Laser -

T
[ 0 meters

lonizing 7
Laser
Pulse

p* from SPS

Propagation direction

- _

SMI DIAGNOSTICS

AT ==

EOS
Diagnostic

T
[ 11 meters

HIRERNET

! AU

10m, 10"4-10"% cm-3

Plasma

<€

SMI

>
Acceleration

>

Laser dump
Diagnostics

OTR/CTR
Diagnostics

2 L=0m

L=4m

Not modulated

OTR screen

Mirror

beam

Window

Intensifier-CCD

Fully self-modulated, v,

Simulation by K. Lotov”

=V, => injection

(b)

——
| 4 .L |

CTR
Microwaves

)

Schottky Diode

Laser Pulse in the Middle

Streak Came

-

xly

!
lonizing Lasef

4

} schottky Diofle (>100GHz)

N\

Heterodyne T/ fe
—) h
Measurement
Mixer (\ / /\]
p*Bunch | RF IF
CR@f,, |fr=? fie=lfae-fiol kz v V J
LO|f o Oscilloscope
RF Source

—

(Pl Fd

MAX-PLANCK-C

SELLSCHAFT
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T T
[ 0 meters

SMI DIAGNOSTICS

o Propagation direction ] g
Laser : " A

lonizing T EOS S

e —— Diagnostic | ik

Pulse I

Final

Plasma
10m, 10'4-101% cm-3

€—><€ >»  lLaserdump OTR/CTR
N . Diagnostics ' '
p* from SPS SMI Acceleration g Diagnostics
: j L=0m " Not modulated Simulation by K. Lotov” Electro_optlc Lt A
grL: im Furlyl’;\\vself-modulated, v¢jecon S am p I In g opteatFber (SHFE)

(b)

in Frequency Domain
(0. Reimann, MPP

Spacer
GRIN-Lens
Prism -

E,, MV/m
0
-10.7 z, cm -10.6 -10.5
— pe
OTR screen A .
FS——beam Streak Camera
<1ps resolution >
-1
Intensifier-CCD -
Mirror from Pukhov, PRST-AB 2012
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o AWAKE EXPERIMENT @ CERN AR

Laser

EOS
Diagnostic

lonizing
Laser
Pulse

Final

Plasma

10m, 104-1075 cm-? p* dump

<€ >€ >  Laserdump OTR/CTR
+ : Diagnostics ' '
p* from SPS SM Acceleration g Diagnostics
o laser
s Propagation direction ]

Vapor

— e B
02~100 Ap \;

p+

[ + . .
— <-The SM p* bunch resonantly drives wakefields
" " " *
---------------------------- e e 480
Micr? 11 meters | Large amplitude b
Defocusing bunching S ] ‘;"Ia':eg:"‘,’/s:“ I | =
regions | Fiimeers PR il £ [ = ] E,
I TERdE — N E LR 1 5
Ell C N kY 1"
Saf 1 HAA AHARAS | ] B
% i 2 q [ i E :
E1—_‘«,:5l1_-‘ kR OWMWWMMMMMM 480
HETERRRT i 0 10.6 21.2 31.8
I R S | Position [cm]
% 10.6 N
Position [cm] MAX-PLANCK-CESELLSCHAFT

© P. Muggli P. Muggli, U Mich 03/18/2014




A AWAKE EXPERIMENT @ CERN /14>
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Laser

EOS
Diagnostic

lonizing
Laser
Pulse

Final

Plasma

10m, 10%-10'5 cm'3 p* dump

€—><€ >»  lLaserdump OTR/CTR
+ Diagnostics ' '
p* from SPS SMI Acceleration g Diagnostics
""""""""" T laser

o meters

g Propagation direction ]

— — |+
0z~100 Ap \;

Vapor

. . .
— <~GV/m accelerating field
—
On-axis E, field P i
.g. L ‘ ] wakefields: - ] —_
= T [ ; 0.1-1 GeV/m 1 £
§ ‘52__ ! | N 0 i
= -_ 20 | F
§ . 1‘L1guumlm | - uf
@ L (i ]
L ; il 1 |
-9800 / % 10.6 21.2 e 0
Position [cm]
Position |cm] Nayr

Inject e
MAX-PLANCK-CESELLSCHAFT
© P. Muggli P. Muggli, U Mich 03/18/2014




v \NAKEFIELDS SAMPLING / ACCELERATION /"E=

Max-Planck-In t fiir Physik
(Werner-Heisenberg-Institut)

SIG Injection experiments: 2017
gun Oge.>hpe e spectrometer
lonizing 10-20MeV e EOS 0.1->2GeV
Final Laser Diagnostic
Pulse Plasma I

p* dump

<€ >€ >  laserdump  OTR/CTR
p* from SPS Acceleration SMI Acceleration Diagnostics  Diagnostics
E,=15MeV
Fa ey=2mm-mrad 0o =200um
E 0.051
§0.01._ ) | Gin~1.90,,~18cm
S e - oze~3mT~1 Shpe IJ
0 | | Dislancé,, meters | | | 10 1/]trap"w4-0 A) JJ Gr0=300“m
e injection sy | Emean™! .BGe(\)/
laser o] AE/E, can~12%
Vapor| s
0.011

: U " '200 400 s00 800 1000 1200 1400 1600 1800 ({ 247
<> Accelerate e- to multi-GeV Mel e B
energies with ~GeV/m gradient ST s

© P. Muggli




% GOALS OF AWAKE EXPERIMENT AVAKRE

Max-Planck-Institut fiir Physik

[Wemev Hensenbergrlnst (((((

<study the physics of p* bunch SMI (radial modulation, seeding, ...)
<-probe the longitudinal (accelerating) wakefields with externally injected e-
<study injection dynamics (side or on-axis injection) of e

<-produce multi-GeV e~ with ~GV/m gradient maintained over m-distances
<-develop long, scalable and uniform plasma cells

<-develop schemes for the production of short p* bunches

il
||||||||||||||||

<Experiment approved Fall 2013 RS

SMI experiments 2016

helicon antenna

e injection 2017 . Grtike " or-cooled
fu??:ﬁ'sam”iﬁ'n'y”si‘k“ f’e|d coils
) €~ Witness p* Driver
<-Set-up a comprehensive and long term p*-
driven plasma-based accelerator program Fﬁi_g+ T =
at CERN M R
= 'iF"_-g_+ + +

_— = ——

<Explore applications for a p*-driven PWFA

© P. Muggli




e BASE-LINE EXPERMENTAL SETUP AWA)
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Laser s

lonizing
Laser
Pulse

e” spectrometer
0.1->2GeV

Final

p* dump

Laserdump  OTR/CTR

p* from SPS Diagnostics  Diagnostics

SMI Acceleration

<-Laser ionization of a Rb metal vapor,
7-10m plasma, n,=10"4-10"5cm-3

< Injection of 10-20MeV test e- at plasma entrance (o, >A,,)

<-0.1-5GeV electron spectrometer

<-OTR + streak camera, electro-optic sampling for p*-bunch modulation diag. H//@\'

© P. Muggli P. Muggli, U Mich 03/18/2014




% AWAKE EXPERIMENT @ CERN AVARE

Today

e” spectrometer

10-20MeV e EOS 0.1->2GeV
Diagnostic

lonizing
Laser

Plasma
p* dump
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<> Next step: make it real!
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Ve p*-PWFA ACCELERATOR PHYSICS  /""kE

Max-Planck-Institut fiir Physik
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<-Laser ionization of a metal vapor (Rb), Fald coils

3-4m plasma for p* self-modulation only, SEEDING NECESSARY!
<~10m discharge or helicon source for acceleration only (scales to 100’s m)

<-Inject short e bunch (o,<<A,,) Vg A
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ANCK-CESELLSCHAFT

<Maybe able to tune plasma densities to maintain accelerating gradien
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< LWFA e injector: synchronization, short o,, <<A,, high-current (kA) bunch,
beam loading...)
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Muggli, IPAC’2014 Proceedings e
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< Introduction to Plasma Wakefield Accelerator (PWFA)

< Introduction to the self-modulation instability (SMI)

< Linear PWFA — SMI seeding at BNL-ATF

< SMI experiments at SLAC E209 with e/e*

<> SMI PWFA experiments at CERN with p*: AWAKE

<> Summary

MAX-PLANCK-CESELLSCHAFT
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e Plasma Wakefield Accelerator (PWFA) W
A high energy particle bunch (e, e*, ...) o~ /A
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985) Lope

- Laser Wakefield Accelerator (LWFA) T’WW(/\/
A short laser pulse (photons)

* Plasma Beat Wave Accelerator (PBWA)

Two frequencies laser pulse, i.e., a train of pulses

» Self-Modulated Laser Wakefield Accelerator (SMLWFA)

Raman forward scattering instability

in a long laser pulse
evolves into

» Self-Modulated

PWFA . A
* 4 dga”) )
(S MP PWFA) evolves into L\n‘é /)

"Pioneered by J.M. Dawson, PhyS Rev. Lett. 43, 267 (1979) MAX-PLANCK-CESELLSCHAFT
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% SUMMARY
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< p* bunches: only drivers with enough energy for PWFA to the energy frontier
<>Observe self-modulation instability (SMI) of long particle bunches in plasma
<-Signs of SMI seeding in ATF experiments

<-SLAC E209 SMI physics experiment with e-/e* G\ (&
*Transverse modulation, large wakefields (~10GV/m), seeding (cut bunch), SMI/
hosing competition, e”/e* differences
*Signs of radial modulation, energy loss, halo formation in two-day experiment!!!

< SMI PWFA experiments at CERN with p* (approved 2013, experiments 2016)

*PWFA driven by p* bunch
*SMI of p* bunch

*Seeding (laser ionization) A VWASEE
~GV/m over 10m

External injection of electrons

-ééginning of a long term program at CERN for p*-driven PWFA
<>Other SMI experiments (DESY, CLARA-UK, INFN-Frascati, ...) =\
<Simulations play a key role ... &/
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Thank you to my collaborators!

Thank you!

muggli@mpp.mpg.de



