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QUTLINE USC

1 Motivation-Introduction to PWFA
1 PWFA experimental results @ SLAC

1 e transverse dynamics, focusing, -tron radiation

1 positrons

1 longitudinal dynamics, acceleration
P. Muggli and M.J. Hogan, Comptes Rendus Physique, 10(2-3), 116 (2009).

1 Multi-bunch, low energy PWFA results @ ATF-BNL
1 Resonant excitation of plasma wakefields
1 Future proton driven PWFA @ CERN

1 Summary and Conclusions
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@ | PLASMA WAKEFIELD (€") USC

Focusing (E))
Decelerating (E,)

electron
beam

ﬂ Plasma wave/wake excited by a relativistic particle bunch

ﬂ Plasma e expelled by space charge forces => energy loss + focusing
B Plasma e- rush back on axis => energy gain
ﬂOptimize for acceleration, focusing (plasma lens), radiation (f-tron)

ﬂ Plasma Wakefield Accelerator (PWFA): high-frequency, high-gradient,
strong focusing, co-linear, beam-driven accelerator

P. Muggli, 06/07/2010, INFN Frascati



PARTICLE ACCELERATORS USC

"1 We are at the verge of significant physics discoveries

1 LHC@CERN: Higgs boson, super-symmetric particles, dark matter,
dark energy, ...

71 Need precision machine (ie., lepton linear collider) to complement and
further hadron collider discoveries

71 SLAC-LCLS x-ray free electron laser (X-FEL) great success

71 Short coherent x-ray pulses for biology, material science, warm dense
mater, plasma studies, ...

1 X-FEL mushrooming: LCLS-2, DESY-Europe, Japan, Switzerland, ...

71 Continued interest in accelerators for basic science, technology, medicine,

1 But ... %
LpByzit
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&) PARTICLE ACCELERATORS USC

MAX-PLANCK-CESELLSCHAFT

“The 2.4-mile circumference RHIC ring is large enough
to be seen from space”
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ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

B All use rf technology to accelerate particles
ﬂCan we make them smaller (and cheaper) and with a higher energy? %
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\ FUTURE LEPTON (e/e*) COLLIDER LSO
TR e Positron source Detectors Electron source

Electrons : : : Positrons

ILC

: ; OIT LKL 5 (€]
----- : SR :«(«««««««« KIS

e 7 / - Fosn dafiney sysians
| | | |
Main Linac Damping Rings . Main Linac
~40 km site
™) Linear accelerator to avoid synchrotron radiation limitation
(~yH/re~ E4m?r?) Pillbox Cavity
ﬂEnergy frontier: 1-3 TeV, e’/e* [ —

=) Accelerator length with (cold) rf technology:

v

A

1 TeV .
20 km/side! <150MV/m?
<50 Mev/m 20 Km/side
Is there a high-gradient alternative to rf technology? %
Plasmas? ory st
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PARTICLE ACCELERATION

et/
Requirements: N
=) | ongitudinal (// to motion) electric field rLI R
) \Y
DC field limited by breakdown c ‘! l. '
-U L

Pillbox Cavity

=) Wave traveling at the particle velocity (Vy~Vp~C)

X l =
y4 - 
E_=> TM cavity mode
Pillbox accelerating structure %
ApDgzit

Slow wave structure
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wHAT ABouT PLasmas?  USC

M [/

) Relativistic Electron Plasma Wave (Electrostatic, E,):

o 0 o 0 e " & 1/2 neT/\\//\\//\
V- E=— kaz= peEZ= £ awpe=(gem) ' > Z
820 » c & ';)LE:_C
E. = et ) n'> = IOOJne(cm%) =1GV/m =
€
0 ng=10 cm LARGE

“Cold Wavebreaking” Field
Collective response!

ﬂ Plasmas can sustain very large (collective) E,-field, acceleration
=) \Wave, wake phase velocity = driver velocity (~c!)

™) Plasmas are already (partially) ionized, difficult to “break-down”
=) High gradient, high energy plasma accelerator? Yeag|

=) Plasmas wave or wake can be driven by:
>Intense laser pulses (LWFA) %

>Short part|C|e bunCh (PWFA) P. Muggli, 06/07/2010, INFN Frascati



@ PWFA NUMBERS (€°) USC

. Focusing (E))
Defocusing Accel eratir?l/g/ Decelerating (E,)

= —_—
—= y electron
T T- beam
N/2x10"
B Linear theory E,  =110(MV/m) / ; =N/o}?
(n,<<n,) scaling: (0,/0.6mm)
@ k,, OA~V2 (with k,,0, <<I)
B 1
B Focusing strength: —% = S 3T I mx n (10%cm™)  (n>n,)
ro 2¢g.c

B N=2x10'°: 5,=600 pm, n,=2x10" cm-3, E, ~100 MV/m, B,/r=6 KT/m
o,= 20 ym, n,.=2x10"" cm3, E_,..~ 10 GV/m, B, /r=6 MT/m

B Conventional accelerators: E, <150 MV/m, B/r<2 kT/m %

P. Muggli, 06/07/2010, INFN Frascati



PWFA ACOMPLISHMENTS & CHALLENGES USC

E{Acceleratlon of electrons by 42GeV in 85cm of plasmal
E{Excellent understanding of the PWFA (e°)

dDemonstrated the acceleration and focusing of positrons by plasmas
71 Acceleration of a bunch with finite energy spread

1 Emittance preservation

1 High-gradient acceleration of high quality positrons

1 High energy efficiency acceleration

71 Staging (or not!)

1 Build a PWFA-based linear collider %

P. Muggli, 06/07/2010, INFN Frascati



PEP Il SSRL PEP I
Low Energy SPEAR IR-2
Ring (LER) Detactor

Positron Retumn Line Positron Source Stfﬁ%% A
@-gun (ESA)
I—*L- # g Final Focus *SLD
200 MeV/ Linac Test '__Br%am
injector (FF1B)
PEP I| ,
South Damping Ring *;'%; %ﬂ%‘g{
< 3 km >
Long-bunch Experiments Short-bunch experiments

e/et 28.5 GeV  N=1.2-1.8x10'%/bunch e 28.5, 42 GeV

0,~700 um 0,=30-20 ym
Z V\ /v
R0 = ko2 —__ o=lopm
n,~2x10'*cm3 0.1-50 GV/m n,~1-3x10'7 cm3
L~1.4m L,~10, 20, 30, 60, 90, 120 c
Pre-ionized Field-ionized

4*-&,}1—!‘
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&) ExpeRIMENTAL SET UP (GENERIC) USC
Sgggggm nezOL—i3lj$?)T730m'3
“X-ray” L~10-90 cm

X-Ray
J ?dt Diagnostic,
. . o] y X il e_/e+
o k Plasma light 'l,"""ﬁii,\ al Production
A Zad \' \\ f il \T>. : <
N=1.8x1010
Coherent . b\ 7

‘ —~

0,~20-12um  Transition % Optical Transition Cherenkov

E=28.5 GeV' padiation and Radiators (OTR) Radiator
Interferometer I< =||

* X-ray ® Coherent Transition * OTR

® Cherenkov (aerogel)

Chicane  Radiation (CTR) - Spatial resolution =100 ym

- CTR Energy=l, ., =1/0, - Energy resolution =30 MeV
25 w : T
- 201 e .'. o
< o aaB¥e °
< ~$-".°’.‘°':’38
T 150 odoen b |
9 0..: o
3 3 % Spati
S 10 A -Spatial
% op p .
Y -resolution =9 ym
3 |
0 200 400 600 ¥
CTR Energy (a.u.) 4 OpDyzit
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PLASMA FOCUSING OF €° USC

Beam Envelope Model for Plasma Focusing

Plasma Focusing Force > Beam “Emittance Force” Envelope equation:

(ﬁbeam:]/K> /Bplasma) J'o + K20 — 8_2
20— o
| me N O Plasma ] ; .
i n =0.03x10"* cm™ Plasma Lens ] In an ion channel:
s0f - " | ;
- n =1 5x10" em™ 3™ Betatron Pinch . wpe 1/2
S : | K=—7Z=(n,)
S 100 f « Plasma -~ : 2ye
- : with a focusing strength:
50 E B, lne
ol g - rc r 2gc
0 I : 3 4 5
. — z(m) =6 kT/m
g @ n,=2x10" cm’3
=6 MT/m

‘ Multiple foci (betatron oscillation) within the plasma @ n,=2x10"" cm®

) o, (2)atfixed n,=> o, (n,) at fixed z %
LpDyzit

ﬂ Betatron radiation!

P. Muggli, 06/07/2010, INFN Frascati



& FOCUSING OF € USC

o OTR Images =~1m downstream from plasma

= K=1/
300 ——————— 'K -1(ﬁ-0 T T T T T T 600 S ) B B R ﬁo' — T T T T T T
L L= 154(1)m ® Plasma OFF | i ® Plasma OFF
[ 0 =0 um @® PlasmaON I e Plasma ON
0
250 ¢ 5N:12><10'5 m-rad Envelope 7 500 r ——Envelope Equation Fit -
[ B=1.16m ; - 0=30 ym _
200 "_ o5 ] 400 [ e, =44x10™° m-rad .
~ L 0o —~ 4
= [ ] E [ B=0.11 m
S 150 F 1 3 300Ff =0 ]
> i : X - ﬁO zK :
© i ] o - o > |
100 . 200 - .
- .' T -
[ o | I ]
50 | = 100 [ by , :
: : [ ne’ matChed =1 .6'2.5)(1 ()-1 Cm-3 :
0 :ICIayton, PRII_ 88(13), 154|801 (2002 Be‘mmnFi[LongBmgmph: 0 I |\|/|ugg|i, PRL I93, 014802 g2004) 07250cwlvllatchedBetatron.graph:
0 05 1 1.5 2 0 0.5 1 1.5 2
Plasma Density (x10"* cm™) Plasma Density (x10'* cm™)

ﬂ Focusing of the beam well described by a simple model (n,>n,): p|,sma
ﬂ No emittance growth observed as n, is increased

| Ideal Thick Lens

ﬂ Stable propagation over L=1.4 m up to as n, =1.8x10"4cm-3
‘ Channeling of the beam over 1.4 m or >124, %
LpDyzit

- : : :
=> Matched Propagation over long distance! o Mgl 0610712010, INFN Fraseats



MAX-PLANCK-CESELLSCHAFT

Large Beam Size (K=1/8,)

300

[ =14 m ® Plasma OFF ]

: O' =50 ]/tm ® PlasmaON ]

20 —12><10 m-rad Envelope -
: [3 ~1.16 m

200 =

I OCO:-O S

150 |

o_(um)

100 f

50 |

BetaronFitLongBeta.graph -
L L L L

O-I....I....I....I
0 05 1 15 € 20

Plasma Density (><1O14 cm'3)

n,=15x10" cm™ A, =091m N, =15 10

ho, = keV

>6x10° photons @ 14.2+0.014 keV

¢ x-rays from a plasma wiggler (e°) 0

¢ ~10keV @ n,~10"*cm3, ~10MeV @ n,~10""cm3 Johnson, PRL 97, 2006

B-TRON RADIATION IN PLASMAS

USC

Wang, PRL 88, 2002

lon column:
P +/8y 7c 1
B wpe niz/z

Betatron
X-Rays

Bending Magnet
<— Radiation

10 20 30 40

Lp-Byzit
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PLASMA WAKEFIELD FIELDS (e’) USC

Muggli, Phys. Rev. Lett. 93, 014802 (2004).

, , n 4x10' cm
2-D PIC Simulation QUICPICK ~ To 285GeV b .
n=1.5x10" cm, N=1 8x 101 ¢ N 2xd0%eroret gy xlY morad
e T o, 0.63 mm (2.1 ps) &y 0.5x10-> m-rad
o=0, 70 um
0.2 : -/.B.IQW'OUt. —— 0 200 +'n:| 10, ‘n'] . T Seaeiaerio]
§ 0.1 _ Head ~ 150} +n;—l 7x10™ (em™) B
L ) - L e . ]
g i g % 100 F —a—n =(1.9+0.1)x10"* (cm™) q
Q 0| 4 -100 B o 50 [ ) ]
2 I gt :
§ 0.1 | Energy_ Q § 0F :
= - Loss o 4 ) 5
E 02t E 1200 2 > UF ;
E ' nel.”gy > % -100 ]
2 03¢ Gain ~ K e ]
a3 I , t 1
04 e v FeoniiChekunig 3y 200 £ :
-15 -10 -5 0 5 10 15 . _
T (ps) )
. . . . T (ps)
ﬂ Energy gain smaller than, hidden by, incoming energy spread
=) Time resolution needed, but shows the physics
ﬂ Peak energy gain: 279 MeV, L=1.4 m, =200 MeV/m XA’;

P. Muggli, 06/07/2010, INFN Frascati



e & e" BEAM USC

¢ Transverse dynamics, emittance preservation?

3-D QuickPIC simulations, plasma e density:

e n,;=2x10'" cm?, ¢/w,=375 pm e*: n,=2x10'> cm?, ¢/w,=3750 pm

0.=35 ym

o,=700 ym

N=1.8x1010

L=2 mm
e Uniform focusing force (r,2) e Non-uniform focusing force (r,z)
 Free of geometric aberrations e Emittance growth?
e Emittance preserved

QpByz it
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&) FOCUSING OF e7/e* USC

MAX-PLANCK-CESELLSCHAFT

OTR images ~1m from plasma exit (¢,#¢,)
Single bunch experiments

—_ ~1014 -3
n,=0 n~10'*cm

* |deal Plasma Lens in
Blow-Out Regime

* Plasma Lens with
Aberrations,
Halo Formation

f

|

|

\ ‘ -

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

mm) Focusing, but qualitative differences %
LpDyzit
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e*: SLICE EMITTANCE USC

o (SIMULATIONS)
0,0=0,=25 M, £,=390x10®, £ ~80x10° m-rad, N=1.9x100 e*, L=1.4 m
10-2 _ e ..DQFZX1014 Cm-3

LN L wga | eowmesheoEzSef T T T T et
a) Xx-emittance > 1b) y-emittance

| Slices contain 20% of charge |

0 05 1 0 0.5 1 15
z (m) z (m)
‘Large emittance growth

ﬂThe et beam exits the plasma with =equal emittances

and ~equal transverse sizes %
LpDyzit

Muggli, PRL 101, 055001 (2008). P. Muggli, 06/07/2010, INFN Frascati
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@& e+ ACCELERATION USC
PRE-IONIZED, LONG BUNCH
100 N=1 .2X101O e+; np=1 8X1 014Cm'3 100 8() i k l()()
Direction of ’

80 [ Propagation 60 L Direction of ! ‘\

60 20 Propagation ,' \ 20

40 ® 0
N o ®
% 20 60 B £ 920 60 =
= g > 03
= 0 = 2 0 e
&8 40 B = 403
D -20 - 62 —
[f] ~ -20) -

-40 20 20

-40)
-60 ’
g i Head + ‘. Tail
-80 ' ' ' ' 0 -60 — . > 0
-6 -4 -2 0 2 4 6 -10 -5 0 5 10
Position in Bunch (ps) Position in Bunch (ps)

Blue, Phys. Rev. Lett. 90, 214801 (2003).
=) Energy gain and loss ~80 MeV over 1.4 m

=) Good agreement with numerical simulations %
dr-ﬂ,>;‘£‘
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ey PLASMA NUMBERS (€")
B . Focusing (E))
Defocusing Acceler ati:fy Decelerating (E,)
==F
B+ —
_= ++ N electron
= beam
N/2x10"
B Linear theory E, . =110(MV/m) / > @
scaling: (0,/0.6mm)
@ k,, O~V2 (with k,,0, <<I) Short
Bunches ,

B, lne
B Focusing strength: —¢ = —~< = 3kT /mxn, (10" cm™)
ro 2¢g.c /
) N=2x100; 5,=600 pm, n = s = Tr=6 kT/m
o,= 20 yum( =2x10"" cm=3, E_..= 10 GV/m )B,/r=6 MT/m
+plasma %

field ionization!
P. Muggli, 06/07/2010, INFN Frascati
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(+#)  Short Bunch Generation In The SLAC Linac USC

@m T/
T Damping Ring ~ Chirping Compression

50 ps
RTL — 1
ay f\_ SLAC Linac
1GeV  9ps T 0.4 ps 20-50 GeV .~ <1005

Add 12-meter chicane compressor
in linac at 1/3-point (9 GeV)

o /(E)=151% (FWHM: 4.33%) (E)= 28493 GeV.N = 2.133x10"" ppb

g £ 5
0 15% § | &

Existing bends compress to <100 fsec

éo KA — 3= |+ Bunch magnetic compression (N=cst) by
80 fsec FWHM . a factor of =730/25=29! .
SE€C ’Ené . 72 %10
p A Eacc = 110(MV /m) N/ X 2
28GeV. | (0.10.6mm)

o 02 o3 . Er, bunch™ 6GV/m, filed-ionize Li! %
Courtesy of SPPS A

P. Muggli, 06/07/2010, INFN Frascati



SCALING WITH PLASMA LENGTH USC
0,=25 um

E,=28.5 GeV, n=2.7x10"" cm?

mm) Energy gain scales with plasma density!

q¢ 3 16 1,2, 2T
- [
© 25¢[ “H. ’“o. :
: PS ]
S 20 1 A LIV
\>.</ I ’. [ | i
_ . ]
2 15 M . !
s i oat e
O 1;_ ° ® = 1
© & e u *
% 0'5'_ H o H ¢ |
© : r .q %Q ]
D_ O'I| 1
20 -10 0 10 2 30

Position (cm)

N

Energy (GeV

‘Gain ~14 GeV over (only)) Lp=31 cm!
m)E, . ~45 GV/m

P. Muggli et al., New J. Phys. 12, 045022 (2010)

32.5

N
oo
o

24.5

Same incoming beam! ¢,=25 pym
13, 22,

31 cm

LpByzit
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\ SCALING WITH PLASMA LENGTH USC

Accelerating Gradient =——2'9Y. Gain Eq=28.5 GeV
Plasma Length 0,=25 um
15 . Experiment 4 emimulation 2
: I I I I _ ] o¢ [ ErergyGain 3prbfile P . m
n =2.6x10"" (cm™) c 3| o
—~ L Q
%J i < 2 =}
S 1o} o
c ; = '
'S : N = ol
O i 3.0x10"" (cm™)] —
> ) ] = :
o 5 ] Q 1oy
5 | IEECINN -
C 17 30 ] 10 i
LLI 1.0x10°" (cm™) ] % : 53 GeV/m!
: RO n,=2.6x10'7 cm3
el ay, ErergyGainvslength [ ]
0015 20 2 30 35 W Od'"'1'0""2'0""36""40
Plasma Length FWHM (cm) Plasma Length (cm)
‘Energy gain scales linearly with L, optimum n,~2.6x10"” cm
ﬂExperimentaI accelerating gradient: E_. =37 GeV/m (max. avg.) ﬁ

P. Muggli, 06/07/2010, INFN Frascati
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Position [mm)]

o
-

Charge Density [-e/mm]

=) Energy doubling of e over L =85 cm, 2.7x10'7 cm plasma
) Unloaded gradient =52 GV/m (=150 pC accel.)

MAX-PLANCK-CESELLSCHAFT

Dispersion [mm)] Charge
-18 -16 -14 -12 -10 -8 density
-4 2
Energy Gain [-e/pm®]
-3 e
) Scalloping of the Beam
-1
W ——
1 P
2 ———

10

USC

€" ENERGY DOUBLING

I. Blumenfeld et al., Nature 445, 2007

E,=42 GeV

Experiment |
— Simulation |

1 1-3-10% e/GeV

50 60
Electron Energy [GeV]

70 801 90 100

E, 2F,

Lp-Byzit
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& SINGLE BUNCH PWFA USC

Focusing (E)

ﬁ
electron
beam

‘ Large energy gain (42GeV) in only 85cm, but ...
ﬂ Particles at all phase, large energy spread (100%)
‘ Particle acceleration, not bunch acceleration

‘ Need witness bunch injection behind a drive bunch

LpDyzit
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2-BUNCH PWFA

Focusing (E))
Defocusing Accel eratly Decelerating (E,) oE
r __+_+__+ + -_Ff_jr +
+ + + — E
+ + +
=+ + + + +
Witness Bunch: Driver Bunch:

ﬂ Really important experiment! (psychologically)

mm) Driver bunch: high-charge (3N), modest emittance, shaped?

ﬂ Witness bunch: lower charge (N), good emittance, shorter
beam loading for AE/E<<1

‘ New facility: FACET@SLAC for 23GeV PWFA accelerator module %

_ _ Hogan et al., New J. Phys. 12, 055030 (2010)
ﬂ Low energy physics experiments

P. Muggli, 06/07/2010, INFN Frascati



& MULTIBUNCH PWFA USC

MAX-PLANCK-CESELLSCHAFT

Transformer Ratio: R=E,/E_  Energy Gain: < RE,

6,=125 pym, n,=1.8x10'6 cm3, A =250 ym E,: incoming energy
Q=30 pC/bunch, Az=250 pym=h,, Az=375 pm=1.5\,
Bunch Train Ramped Bunch Train’
' R=7.89
Ii'_ 75 -
100 | 100 45 | ‘

’\ F

VV\}

|

|
Wakefield [MV/m]

()

Wakefield [MV/m]
()

100 | " Drive Beam U U -100- ©" Drive Beam U
I Witness I Witness
= Wakefield E - = Wakefield
20007 2 3 4 s 6 7 20 1 2 3 4 s 6 7
Time [ps] Time [ps]
Kallos, PAC’07 Proceedings *Tsakanov, NIMA, 1999

=) Linear (2D) theory for n,<<n,! %

=) R=7.9 => multiply energy by ~8 in a single PWFA stage!

P. Muggli, 06/07/2010, INFN Frascati



MULTIBUNCH PWFA USC

MAX-PLANCK-CESELLSCHAFT

Transformer Ratio: R=FE_/E_  Energy Gain: =< RE|
6,=125 ym, n,=1.8x10'6 cm3, A =250 ym E,: incoming energy
Q=30 pC/bunch, Az=250 pym=h,, Az=375 pm=1.5\,
' Ramped Bunch Train

200 - 200
* R=7.89
, 75

g E 100 45 [ 1)
s s Q=151
= = 0
;‘é -100 \;Dnve Beam U §_100 " Drive Beam U
I Witness
; L == Wakefield i
2000 T, s 6 7 2000 2 3 4 s 6 7
Time [ps] Time [ps]
Kallos, PAC’07 Proceedings *Tsakanov, NIMA, 1999
B Resonant excitation of wakefields
™) Large transformer ratio and energy gain (>2) kﬂ;

P. Muggli, 06/07/2010, INFN Frascati
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Y MuLTIBUNCH Source-Masking  ~ USC

TR Muggli, PRL 2008, PRST-AB 2010 CTR

Plasma

Spectrometer
ne ) >

N
ey Y

Detector
e ' CTR Interferometry

0.2 o wn ™ e
g :D+D - |
S DWW, ) -
Warning: T ' ]
l Mea:L:rn;rr]r?ent, % 0.15 i ."n" l"ll| i i
NOT simulation N H :
Q '
g 0.1
ks
o
£ o5l AZ'=1.5Az ]
— : : 1000 -500 O 500 1000
Emittance selection Path Length Difference (um)
== Can choose the chirp, W at high energy
== Choose microbunches spacing and widths with mask )
By =t

and beam parameters: N, Az, o,, Q P. Muggli, 06/07/2010, INFN Frascati



MAX-PLANCK-CESELLSCHAFT

PLASMA SOURCE

H,-puff Capillary Discharge

Kimura, AAC’06 Proceedings

Entrance to
capillary

Ceramic

Gas feed
location

== U=15kV, P,,,=100Torr

Ceramic
block

Capillary

Electrode

@ 0.020in
10.51 mm)

Electrode

| -4 0.042
;:;0.. | | ¢v.or m:‘n]
[4.27 mem)

A} LT
\ ’ ~

Gas Flow -
.~ Capillary Plasma
Chamber Details

n (cm™)

== Plasma density n, controlled through Tdischarge-beam

== n, fit and extrapolation 7n,(t) =4.3x10"cm e

31

—-t/444 ns

Current & Beam Signal (a.u

USC

2'5 T T T T T I""I""I"'_'_o‘3
: A — 0.25
- | T
I : Q
| 1 0.2 m
[ ] 3
: i 0.15 E
I ] (@]
: 1 0.1 2
: :005 QJ
: ] £
L 0
‘. -0.05
-1 05 0 05 1 15 2 25 3
Time (us)
18
10 T T T T T T T T T T HlasDentskvMidQualEndExpFit 110118
47 —e—Middle
10 —m—Quarter
—a—FEnd
PH2=11O Torr
1015 Ud=15kV
10"
1013 .
Stark Broadening H,,
0o 110% 210% 310° 410° 5%0°
Time (s)
LpzZCm LpDyzit
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PETLLTT N
,/, o= N\
L o \
(1 2 )

) ACCELERATING FIELD USC

o Linear calculation microbunches with equal charge

40 0, =100 um, D=250 ym, d=125 pym

E = 5 Bunches 150pC /|
S 1201 No mask 300pC
"4
= 100 R€sonance: /
-o = 7 15 '3
2 ny=1.8x10'° cm X 3
T « +25%!
L +4 0
> \
S
©
S 0=
d D, 2
Q i |
0 14 15 16 17 18
10 10 10 10 10

. Kallos, PAC07 P di
Plasma Density n, (cm®3) "% oeeedings

= Expect =MeV energy gain/loss over 1 cm
=) Microbunch resonance clear, and narrow %
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Experimental
Parameters:

E,=59 MeV
o, =100 um,
Az=284 um,
d=142 uym
AZ'=426 ym
Q=140 pC
N4,=3D+W
Q,=35 pC
L,=2 cm

ny=4x103cm3 << n,
Linear Regime!

ENERGY CHANGE USC

Linear calculation (2D): microbunches with equal charge

Harmonic

Relative Energy

\\

Resonance | Az=A,

1013 1014 1015 1016 1017

Plasma Density n_ (cm3)

=) Resonant excitation of wakefield is the main feature

== Chirp such that W enters with highest energy
= n, .~1.4x106 cm3

e, res™

OpDyz it
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X1 0_3 log, o(ne[cm’31)=1 3.75

s ENERGY CHANGE USC

D

\S)

o
T

culation (2D): microbunches with equal charge

Harmonic

Longitudinal Wakefield (GV/m)
I | 1
n

-8 :
0 0.5 1 1.

Az=284 ym,
d=142 ym
AZ'=426 ym
Q=140 pC
N4=3D+W
Q,=35 pC

L,=2 cm '\\;
n,=4x103cm3<<n, -3 Resonance | Az=A,
Linear Regime! 1013 1014 1075 1016 1017

Plasma Density n_ (cm3)

\

Relative E 7

[
N

=) Resonant excitation of wakefield is the main feature

== Chirp such that W enters with highest energy %
=, o~1.4x1016 cm3
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log, D(ne[cm’31)=14.5

o 202 ENERGY CHANGE USC

0.005- llation (2D): microbunches with equal charge

0,

Harmonic

-0.005

Longitudinal Wakefield (GV/m)

-0.01r

-0.015 ; : :
0 0.5 1 1.5 2

vt
—_
3

Az=284 ym,
d=142 ym
AZ'=426 ym
Q=140 pC
N4=3D+W
Q,=35 pC

L,=2 cm '\\;
n,=4x103cm3<<n, -3 Resonance | Az=A,
Linear Regime! 1013 1014 1075 1016 1017

Plasma Density n_ (cm3)

Relative E

=) Resonant excitation of wakefield is the main feature

== Chirp such that W enters with highest energy %
=, o~1.4x1016 cm3
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1o ﬁ oo™ 02 ENERGY CHANGE USC

" llation (2D): microbunches with equal charge

1 |
\/ \ Harmonic

-0.05-

Longitudinal Wakefield (GV/m)
o

-0.1

0 0.5 1 1.5 2

Az=284 ym,
d=142 pm
AZ'=426 um
Q=140 pC
Ny=3+W
Q,=35 pC

L,=2 cm "i\\j
n,=4x103cm3<<n, -3 Resonance | Az=A,
Linear Regime! 1013 1014 1075 1016 1017

Plasma Density n_ (cm3)

yre
3

Relative E

=) Resonant excitation of wakefield is the main feature

== Chirp such that W enters with highest energy %
=, o~1.4x1016 cm3
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log, (n fem™*)=17.

of JH M%‘pezms ENERGY CHANGE USC

001/ llation (2D): microbunches with equal charge

001} . Harmonic

Longitudinal Wakefield (GV/m)
o

E(m)

Az=284 um, LLI

d=142 pm O 0

AZ'=426 pm >

Q=140 pC © -1

N,=3 O

Q,=35 pC 0 o
L,=2 cm U

ny=4x10¥%cm=3 <<n, -3

Resonance | Az=A,
Linear Regime!

1013 1014 1015 1016 1017
Plasma Density n_ (cm)

=) Resonant excitation of wakefield is the main feature

== Chirp such that W enters with highest energy %
=, o~1.4x1016 cm3
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‘.l\ ‘:j:_f:ef?’ ,1
s ENERGY CHANGE USC
Experiment: normalized spectra
PlasmaON Harmonlc’? OFF
3D+W +1| B .
- Gain—

-3|  Resonance —> « <—

Relative Energy (%)

R R L |
1014 1015 1016 1017
Plasma Density (cm-3)

ﬂ Resonance clearly observed

ﬂ Large energy loss, ~1.95 MeV or ~97MeV/m (over 2cm) %
‘ Energy gain, 0.74MeV or ~37MeV/m AT
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USC

e e ENERGY CHANGE
Experiment: normallzed spectra
+1! Plasma On ] Harmonlc’? Off
3D ) : v |
S | Gain—— -
>~
- oo
— —
A q)
c
L
v
>
= |
T 3 »
o 3| Resonance—> « <—
e | o 3D
104 10  10% 107

Plasma Density (cm-3)

ﬂ Resonance clearly observed

‘ Large energy loss, ~1.95 MeV or ~97MeV/m (over 2cm)

‘ Energy gain, 0.74MeV or ~37MeV/m

LpDyzit
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USC

Y e+ red

. r | ‘ -: blue-green

. ENERGY CHANGE
3D+W Experiment: normalized spectra
;3D W = +1| Plasma ON . Hagrmonic? | OFF
2" Gan—3p
m 55 O/
- -
c -1 —
L ,
g 2
B | |
(© _ i i
< 3| Resonance—> <—
o i ! W
104 1085 1016 1017

Plasma Density (cm™3) -

ﬂ Resonance clearly observed

‘ Large energy loss, ~1.95 MeV or ~97MeV/m (over 2cm) ,

‘ Energy gain, 0.74MeV or ~37MeV/m

-3

—Energy (MeV)

1



OTHER LOW ENERGY EXPERIMENTS USC

1 Large transformer ratio PWFA
1 Ramped bunch train

b 1 Triangular bunch

No witness

1 Application to dielectric loaded accelerator (DLA)
1 Access to nonlinear regime with tight focusing

1 Access to beam current filamentation instability with
relevance to plasma physics, astrophysics, ICF %)én
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PROTON-DRIVEN PWFA @ CERN USC

A SPS, 450GeV bunch with 10"p* caries 7.2kJ
ALHC, 7TeV bunch with 10"p* caries 11.2kJ
An ILC, 0.5TeV bunch with 2x10'%- caries 1.6kJ

1 A single SPS or LHC bunch could produce an ILC bunch in
a single PWFA stage!

1 These p* are not very relativistic => dephasing
1 Long plasmas may be required (~100’s m)

1 Short (~100um) bunches do not exist!

LpByzit
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MAX-PLANCK-CESELLSCHAFT

PROTON-DRIVEN PWFA @ CERN

0.7F 3

~~

£

E of

>

-0.71 I -3
-4 -2 0
Z (mm)

Parameter Symbol Value Units
Protons in drive bunch Np 10"
Proton energy Ep 1 TeV
Initial proton momentum spread op/p 01 -’I—"
Initial proton bunch longitudinal size o, 100 pm &
Initial proton bunch angular spread oy 0.03 mrad %
Initial proton bunch transverse size Oxy 043 mm O
Electrons injected in witness bunch Ne 1.5x10' '““
Energy of electrons in witness bunch  E. 10 GeV
Free electron density ny 6x10™ cm—3
Plasma wavelength Ap 185 mm
Magnetic field gradient 1,000 Tm!
Magnet length 0.7 m

(-W A9D) °3

e

2

o

(g-W2) 5,01 °u

-2
Z (mm)

Caldwell, Nat. Phys. 5,3
: P

1.0

05

Energy (TeV)

63, (2009)

j<~0.6TeV

~500m

: AE/E~1%

|

0

|
200 400

L(m)

1 Use “pancake” p* bunch to drive non-linear wake

(cylinder for e~ driver)

1 Gradient ~1.5GV/m, efficiency ~ 10%
1 ILC-like e~ bunch from a single p*-driven PWFA

P. Muggli, 06/07/2010, INFN Frascati
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MAX-PLANCK-CESELLSCHAFT

PROTON-DRIVEN PWFA @ CERN

USC

1 Short p+ bunches not available
=> self modulation of long (~12cm~100A,,), 450GeV SPS bunch

oj=12cm

0.=200 ym

No/no = 0.00217 (linear PWFA)
v =479.6

N = 11.5x10'°(30.0x10"9)

no = 7x10'* cm-3
A=1.2mm ~ 0)/100
Uniform density
Immobile ions

Length = up to15 meters

1 Simulations assume seeding of the instability (cut p* bunch, short
laser pulse, e~ bunch, ...)

o= 100 mm
0.= 200 um
Nw/no = 1.32x10~7
vy =20 (10 MeV)

Simulations:
J. Vieira

n. =425 cells

n; = 18000 cells
4 particles per cell
quadratic splines

ApByzit
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PROTON-DRIVEN PWFA @ CERN

MAX-PLANCK-CESELLSCHAFT

1 Transverse two-stream instability
=> self modulation of Iong (~12cm), 450GeV SPS bunch @A,

Long beam:
o0z~100 |

defocusing
regions

Wi

radius [mm]

n w

-

o
o [T TTTrTTTT

vvvvvvvv

,,,,,,,,, S
6 meters

AAVAYAVAZAY M
4}“*%

.......................

. 11 meters

Micro
bunching

BESERURE

s
v

PPN EPRMPITINEPRE B

10.6
Position [cm]

16°

radius [mm]

USC

N. Kumar et al., Phys. Rev. Lett. 104, 255003 (2010).

w
T

N

Ci

—_
T

m ,Lnn ALARARARSR nnniI.‘..,
r (] s 10

Position [mm]

Lol i ligaiaald by

Large amplitude
wakefields:
0.1-1 GeV/m

M 480

¢
E

Al kA kA A A

Propagation distance

|
o
Eaccel [MeV/m]

1) W.480

Ly
0

10.6

Position [cm]

21.2

31.8

Simulations: J. Vieira

1 Drives large amplitude (0.1-1GV/m) accelerating fields

1 E, (acceleration) sampled by injecting (~10MeV) e- bunch

LpDyzit
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& ProToN-DRIVEN PWFA@ CERN  USC

MAX-PLANCK-CESELLSCHAFT

1 Self modulation of long (~12cm), 450GeV SPS bunch

Maximum accelerating gradients Test electron beam spectra

20 T ; AR man
[ Saturation of | | 25f 5
- he instability | ; GeV-class |
15 the instability - — ook 3
- o 5 20} >m electrons @ | -
L B < r ]
2 ] 2 15 10m 0 meters | -
8 \of ] : ;
g ] 3 10 -
w 1 ‘: | ]
q < k/wwdf" NPT ]
051 7] 0.5 ’ ot AW Y M/ '\,"’"f,.\hh"“ _:
L J — V- | PRI |

| IS S Y VT T T ST ST SN NN SN ST SN NN N N A S 0.0 | | PR TS S S NS ST ST B

007 3 5 7 9 11 0.0 05 5 2.0

1.0 1.
Propagation distance [m] Energy [GeV]

» Maximum fields achieved at 5 m of

propagation » Acceleration of external electrons to

high energies

GeV/ kefield b ited
» faeYim waketields can be excite » High energies can be achieved (large

» Wake phase velocity on the order of dephasing lengths)
driver velocity (large dephasing lengths)

1 Growth of instability / p* density modulation / E,

Simulations: J. Vieira

1 Injected e gain ~1GeV in 5-10m plasma
1 Injected of short e~ bunch would produce narrow AE/E L oon
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MAX-PI

ANCK-CESELLSCHAFT

Switch... (50m)
p beam

PROTON-DRIVEN PWFA @ CERN

@lT @{t @F Surface installations
N TW laser E Laser Plasma Other tests
R lab E Hjeios (i G 155 (compact electron test beam, ...)
RN e .
.I' ...................... e L ERECEN
i ebeam |

L inj. (10-20mev) !
! I

PI:)PWA collaboration

Spectrometer

Beam dump

N
>

TT4 (70 m) TT5 (50 m)

Plasma
cell (5-20 m)

Example: Proton driven plasma structure

TT61 tunnel |

(LHC injection type, E, GeV/m n,, 10" cm?
400 - 450 GeV) . 0.7 3 2
6-7 % slope e |9 )
! g
| >
0.0 '
— HiRadMat (Completion Sep 2011)
-0.7 -3 0
TCCé
~ 600 m total footprint

USC

1 Letter of intent submitted to CERN for self-modulated p*-driven PWFA

experiments

1 Experiments 2015-... for 1GeV in 1m

1 Program for TeV class e- from p*-driven PWFA, driven by MPP

P. Muggli, 06/07/2010, INFN Frascati
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Summary and Conclusions USG

EI PWFA made remarkable progress

1 42GeV energy gain in 85cm of plasma
1 Low energy experiments study PWFA physics
1 PWFA is well understood
1 Many more results: multi-GeV trapped e, emittance, ...
1 FACET@SLAC will address PWFA collider issues

1 Acceleration of withess bunch (AE/E;~1%)

e’ ...

1 Single, e’/e*, +25 GeV PWFA stage

1 Proton-driven PWFA to be proposed to CERN, PWFA at
DESY and in Japan, about to start at INFN, DESY-Zeuthen, ...

1 PWFA is a possible technology candidate for future
more compact (cheaper) collider and light sources

1 Watch for laser-driven plasma-based accelerators %
ApByzit
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R. H. Iverson, R. H. Siemann and D. Walz
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Thank you! %

. A .
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Warning:
measurement,
not simulation!

Review of High-energy Plasma Wakefield Experiments
P. Muggli and M.J. Hogan, Comptes Rendus Physique, 10(2-3), 116 (2009).

Related publications at: www-http://www-rcf.usc.edu/~muggli/publications.html
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