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<-e* bunches in plasmas/wakefields driven by a e* bunch

<>Experiments with long e* bunch (700um) and low plasma density (<10'3cm-3)
<rExperiments with long e* bunch (700um) and high plasma density (<5x10'%cm)
< Thin passive plasma lens

<~ Acceleration

<-Conclusions

Comparisons/analogies with e~ bunch results
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<-Main difference(s) in the transverse plane
<Focusing < space charge neutralization
< Impact emittance/charge/energy spread
<»Has to do with the bunch

<-e* can be accelerated in plasmas
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o 3-D QuickPIC simulations, plasma e- density:
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% ° 0,=35 uym 29

Y e =700 ym —
\/fo N=1.8x1010 % o

O d=2 mm

e:n,,=2x10" cm3, ¢/w, =375 ym et n,,=2x10'2 cm3, ¢/w, =3750 ym

QEP-XZ_0000
Time= 0.00[1 .-'a)p]

Non-uniform
focusing force (r,2) focusing force (r,2)

e Uniform
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QuickPIC: 0,5=0,,=25 um, £y,=390x10°, £ ,~80x10° m-rad, N=1.9x10'° e*,
0,~730 ym, n,=1.5 x10%, L=1.1 cm
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 e*: focusing fields vary along r and z!
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<e* bunches in plasmas/wakefields driven by a e* bunch

<>Experiments with long e* bunch (700pym) and low plasma density (<10'3cm-3)
<Experiments with long e* bunch (700um) and high plasma density (<5x10'%cm)
< Thin passive plasma lens

< Acceleration

<Conclusions

Comparisons/analogies with e~ bunch results
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EXPERIMENTAL SET UP

lonizing IPO: IP2:
e- e+ Laser Pulse . . Streak Camera det
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- 1:1 imaging, spatial resolution <9 ym

© P. Muggli

- Spatial resolution =100 ym 2N
- Energy resolution ~30 MeV (/7" )
- Time resolution: =1 ps X PLANGK cES




% CHARACTERISTICS OF FFTB EXPTS

Max-Plar kl 1llk

nnnnnnnnnnnnnnnnnnnnnnnn

Single e* bunch:
0,~700um (~2.3ps)
0,~30-100m (round @ plasma entrance)
N~2x107° (Q~3nC)
E=28.5GeV
eny~00(210)mm-mrad
eny~0 (150)mm-mrad

Plasma:
Lithium heat-pipe oven*
UV laser ionization
n,~10"-5x10%cm=3
L=1.4m
dia.~5mm
lonization fraction <15%

nb/ne~1 ALEGRO‘

Experiments w/wo imaging magnetic spectrometer

orme  Muggli, IEEE Trans. on Plasma Science 27(3), pp. 791-799 (1999). e



% EXPERIMENTAL SET UP cEn)

Werner-Heisenberg -nstitut)

N/ S
lonizing IPO: IP2:
e . et LaserPulse . Streak Camera [Cdt
(193 nm) Li Plasma (1ps resolution)

n~2x1014 cm-3 s Bending Magnet -
| [~14m  —Q - ———-— L=C I X-Ray

N\ 1 » Diagnostic
N
N=2x1010 N I
0,=0.7 mm Optical Transiton ¥ ~—~ & -~ ~-7777 Cherenkov

E=28.5 GeV : _ -
Rad'atorsl' Imaging Spectrometer Radiator  Dump

25 m

<>Low plasma density results: n.<10'3cm-3
<-No imaging spectrometer
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lonizing IPO: IP2:
e . et LaserPulse .
(193 nm) U Plasma
na2x10'4 cm3

Streak Camera

y JCdt

(1ps resolution

e
““““ r X-Ray
Diagnostic

9,;=0.7 mm Optical Transiton ~¢ ~ -~ "%~~~ 77777
E=28.5 GeV Radiators,

Radi?tor Dump

Imaging Spectrometer
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®
0.2 4

2 12 43
n,(x 10'2¢cm -3)

Distance from plasma exit:
OTR: ~0.9
Cherenkov: ~12m

<~Focusing at both locations
<~Same focusing as with e~ @ ~7xn,
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TRANSVERSE SIZE

@ Cherenkov
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-4 4

0
¢/c (ps)

<»Focusing along the bunch
<Over-focusing

Hogan, Phys. Rev. Lett. 90, 205002 (2003).

Key for (a)

- Current A({)
O ng = 0.0

® ng=4.1x10°

Key for (b)

¢ 41x10°
A 1.7 x 101
v 2.7 x10"
o 2.0x 1012
® 34x10'2
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N=1-n¢/Ngg x/o=1
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<-No “bubble”, “blow-out”
<-High plasma e- charge density near axis
<Charge density cab ne locally very high n/n_,>>1

© P, Muggi Hogan, Phys. Rev. Lett. 90, 205002 (2003).
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<e* bunches in plasmas/wakefields driven by a e* bunch

<Experiments with long e* bunch (700um) and low plasma density (<10'3cm)
<>Experiments with long e* bunch (700um) and high plasma density (<5x10'4cm3)
< Thin passive plasma lens

< Acceleration

<Conclusions

Comparisons/analogies with e~ bunch results
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<>High plasma density results: 10'3<n_<5x10'4cm™
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* OTR images =1m from plasma exit (¢,#¢,)

n=0 n=~101*cm=

* |[deal Plasma Lens
in Blow-Out
Regime

* Plasma Lens
with Aberrations

T : 7~ )
» Qualitative differences &/
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Muggli, Proc. PAC’2003, 1915
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‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ | Muggli, Phys. Rev. Lett. 101, 055001 (2008)
0,0=65 0,;=48 pm, £y,=115x10°, £ ,=184x10° m-rad, N=1.9x10" e*, L=1.4 m

Downstream OTR

Experlment Slmulatlon
2000 2000 —
| i PE390by80res ItsOTR |
O x-laser OFF ) | ® FWHMx@otr éum; |
O y-laser OFF H FWHMy®@otr
® Xx-laser ON E -
— L B y-laser ON
€ 1500 - . —~ 1500 o .
3 I x-, large ¢ plane . g
= =
= : 3
T 1000 i s @ 1000 - —
® = °
S T ° ® ¢ ©
& - - = - o *
‘= 500 |- . L 500 | ° x
— i 1 i g m gt
L [ | m N
L |
0 1 1 1 M 0 | | | 1 1 L
2 0 2 4 6 8 -0.5 0 2.5

UV Energy (mJ)

* Excellent experimental/simulation results agreement!

MAX-PLANCK-CESELLSCHAFT
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0,0=65 0,;=48 pm, £y,=115x10°, £ ,=184x10° m-rad, N=1.9x10" e*, L=1.4 m
Downstream OTR

Experiment Simulation

2000_]"'I""I""I""I""I""_ 2000_.----.----.----[----|_
— 5a) i . [C) ]
E 1500;@ ; E 1500__0 ]
%moof— %10005_
N : *oe o2%2% 1 N : . ° o o %
N - ¢® - b .
D 500# GemaE senis L S . ° . . o= a

n, (10" cm™) n, (10" cm™)

Muggli, Phys. Rev. Lett. 101, 055001 (2008)

ALEGRO

* Defocusing in x and y “low” ¢ in both planes, larger o
* No distinctive features (p-tron oscillations)
* Excellent experimental/simulation results agreement!
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e ~7_~
0,0=0,0=25 pm, £,=390x10°, £,,~80x10° m-rad, N=1.9x10' e*, L=1.4 m
Cherenkov/PIasma EX|t N
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* Strong focusing in x (large ¢), defocusing in y (low ¢) _
* No distinctive features (p-tron oscillations) |
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OTR Images =1m downstream from plasma
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N . € 7/ ;S 600 o KS1Bg
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i 0‘0:50 pum ® PlasmaON e Plasma ON
250 ] z-:N=12><10'5 m-rad —FEnvelope 7 00 F ——Envelope Equation Fit
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b | E | '
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0" - ] o~ [
100 [ - 200 [ _
i o
i é _ i :
50 | N ] 100 [ b ]
I ] i ne’ matched =1 6'25)(1 014 Cm_3 ]
o L.O1avton, PRE 88(13), 154801 (2002) aguonruumascnsuong o [_Muggli; PRL 93, 014802 (2004)rastemacressaaronrepr
0 0.5 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,): Plasma
No emittance growth observed as n, is increased Ideal Thieik wlens
Stable propagation over L=1.4 m up to as n, =1.8x10'4cm?3 .
‘ Channeling of the beam over 1.4 m or >126, nm]
=> Matched Propagation over long distance! LG CTSELD AP
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HALO FORMATION

Experiment

. E'b.)

© o o o
O hJ -h (o)) (o0

Charge Fraction

e

4?53%5—4331

@k core_@\ core” ’

L halo my halo

0

* Very nice agreement
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05 1 1.5 2
n, (10" cm™)

Charge Fraction

©c o o ©
o M » o ®» -«

Simulation
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S~ y-
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Muggli, Phys. Rev. Lett. 101, 055001 (2008)
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Experiment
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* Very similar silb) s
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A BEAM/FIELD EVOLUTION
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G, 0= yo_zsum eNX—390x1O6 eNy—80x1O6m -rad, N=1.9x1010

5000 4plofileAndFodz= T aplofileAndFodz=
Z= 0013m
— 4000 ‘fn
>
© 2
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9 3000 @,
= >
9 «Q
= 3
S 2000 %)
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3 —_~
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= 1000 c
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I ,
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;
0 0.5 1 15 2 25 s
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* Beam becomes non-Gaussian N
* Beam size and focusing field “stop” at z=0.7 m
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e Increase in the heagd....

e Increase in the head ...
e Phase mixing of the@?‘m

e Blow-out, pure ion column
preserves beam emittance following slices ({7
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<Less emittance growth in large (initial) emittance plane

<rLarge growth over first few cm in low emittance plane
<-For z>0.5m the bunch is “round”

<t| ..Lx“ g .!
Muggli, Phys. Rev. Lett. 101, 055001 (2008) N/
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<e* bunches in plasmas/wakefields driven by a e* bunch

<Experiments with long e* bunch (700um) and low plasma density (<10'3cm)
<Experiments with long e* bunch (700um) and high plasma density (<5x10'4cm3)
< Thin passive plasma lens

< Acceleration

<Conclusions

Comparisons/analogies with e~ bunch results
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/~  PASSIVE PLASMA LENS FOR e+ BUNCH(

E/RW
\

Max-Planck-Institut fiir Physik

o Ng, Phys. Rev. Lett. 87, 244801 (2001)
Synch. Radiation Monitor/ Di[)ole Plasma Lens Steer'n\g dipole

—
N

Wire scanner Detector

€
- _Photon beam line _ _ _I—'_._-_I_* et 510 \ +\_
- o < s\ [
Toroid “O“‘,ea c ii‘ _
o' T
(o)) -
\ N°
~—Beam dump Wire scanner Final Quads - 4
Ghaoo £ E Exp. Data:
40:1200 #) Plasma-of 8 o \ B Plasma-off
\—é’moo o § ® Plasma-on
'%800; oxllllllllllllllllIIIIIIIIIIIIII
‘5 600 |
g 400 ; E 7 2D PIC Simulation:
B oo | =3 ---- No plasma
61400 ; ~— 6 — Pre-formed plasma
£ o | >
1200 | 5
gwoof E * _
2 800 [ Q4R = . o O k-7
600 » .E é ;
400 ;_ w 3
200 E 2
& A\
B\
H H H 1 ~ 18 —3 lllljllllllll ll]llllllllll Ll
<~lonization N, jet, 3 mm thick, ny,~7x10'%cm % 5 0 1w 2 a3
<-Laser ionization Downstream distance z (mm)

<~Reduction of the transverse size area by factor 2.0+0.3
<X: 0.7T/um, f=84mm, y: 4T/um, f=1.6mm
<-Thin lens, no evolution in the lens, “single kick”
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<e* bunches in plasmas/wakefields driven by a e* bunch

<Experiments with long e* bunch (700um) and low plasma density (<10'3cm-3)
<Experiments with long e* bunch (700um) and high plasma density (<5x10'%cm)
< Thin passive plasma lens

<~ Acceleration

<Conclusions

Comparisons/analogies with e~ bunch results
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% PLASMA WAKEFIELD FIELDS (e)
R Muggli, Phys. Rev. Lett. 93, 014802 (2004).

(Werner-Heisenberg -nstitut)

. ) 4_ 1014 -3
2-D PIC Simulation QUICPICK E, 28.5 GeV " oo
n,=1.5x101 cm3, N=1.8x1010 ¢ N 2x100eorer &y oxI0% morad
em T o, 0.63 mm (2.1 ps) &y 0.5x10 m-rad
o=0, 70pum
02 . ./,B.I.QW,'OUt ——— O
2 Head Focusing (E,)
>  0.1Ff ] . .
(>D _ ™ Accelerating Decelerating (E))
= ol {-100 5 =
% 01 L Energy| (E? + +T+ + 4
m - Loss 5 s |
ERP {200 2 e
5 _ nergy ~ Frle +
= : > - -
2 03} Gain ~ ===
sl - |
04 Lo Eeeeponking] 300
15 10 5 0 5 10 15
T (ps)
- . AlEGRQJ@o
m) Simulations - cartoon R

ﬂ Experiment: measure energy gain/loss not wakefield amplitudes
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% PLASMA WAKEFIELD FIELDS (e)
. Muggli, Phys. Rev. Lett. 93, 014802 (2004).

Werner-Heisenberg-Institut )

. . E 28.5 GeV n 4%x10“cm
2-D PIC Simulation QUICPICK 0 b 5
n=15x10"cm?3, N=1.8x1010 ¢ N 2x100 e oret - &y >x 10~ m-rad
¢« ’ ' o, 0.63 mm (2.1 ps) &y 0.5x10° m-rad
o=0, 70pum

02 . -/|B. I.Q\.N,-OUt . 0 200 L ‘_'_1 ’ ) . ’ : T ) L.“'rmm'...'&u.'...:'n-;t_:

—_ ' ! n =13x10"" (cm™) ]
§ 0.1 Head_ ; 150 b +n(=l_7x|()“(cm';) -‘
O - S RCTRT ) S " g :
= = : n =(1.9£0.1)x10™ (cm™) :
5z 0 17100 5 T sk k,0,~V2 ]
> - E A = E E
= -0.1F nergy | = 2 0F :
- : Loss o = f 5
— = L =50 - B
g 02¢f 1200 2 > : :
E - nergy S = -100f ]
2 03} Gain Z 2 e :_Head _5
m~ | ElectronFieldsChenKun kg ! F 20 -0 +0 +20 430 ]
_0.4 N N T I elctrlonlle sI eln Iunl. _300 -2()() o 7 [ ] z Z Z 1

-15 -10 -5 0 5 10 15 ‘,llul,Allvllllllllll,Jjj.LJ.IL'

6 4 2 0 2 4 6 3

T (ps)
ﬂ Energy gain measured with ps-resolution streak camera
ﬂ Time resolution needed, but shows the physics

‘ Peak energy gain: 279 MeV, L=1.4 m, =200 MeV/m
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Werner- -

e PRE-IONIZED, LONG BUNCH

100 N=1.2x1010 e*t, n.=1 .8x10'4cm 100 () I C : 100
Direction of /
80 | Propagation 60 I Direction of ¢
60 |- 20 Propagation ,' \ R0
40 ® 0
—_ u — @)
% 20 —60 g E 20 60 E"
= B e - e
- 0F /(D\ = 0 ¢
& 440 > =Y 40 3
3 -20 |- c &8 -
5 = 20 N
-40 |- 420 20
-4()
-60 . /
Head K i Tail Head - *  Tail
-80 ' ' ' ' 0 -60 S 1 — 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 ~e3%2
ﬂ Good agreement with numerical simulations '\%ﬂ/l
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(Werner-Heisenberg -nstitut) N /

— 10 — 14~m-3
N=1.2x10'0 e*, n_=1.8x10'*cm 100

100
Direction of ' - i . I
80 |- Propagation 200 T L.no.'..«...k.rm-u_%
60 |- 80 = 150 —*—n =1.7x10" (cm”) “
; 40 |- @) ﬁ 100 +nc:.;l.t):(:.lyxm“mn‘) *
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5 N 5 -100f :
-40 - 420 & sof
-60 Head i i Tail -200 :—, _3
-80 | | | | 0 6 8
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Position in Bunch (ps)
Blue, Phys. Rev. Lett. 90, 214801 (20083). Muggli, Phys. Rev. Lett. 93, 014802 (2004).

ﬂ Similar ... of course ...
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<e* bunches in plasmas/wakefields driven by a e* bunch

<Experiments with long e* bunch (700um) and low plasma density (<10'3cm-3)
<Experiments with long e* bunch (700um) and high plasma density (<5x10'%cm)
< Thin passive plasma lens

< Acceleration

<-Conclusions

Comparisons/analogies with e~ bunch results
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<-Focusing of e* bunches by a (thick, passive) plasma is
qualitatively different from that of e bunches (n,~>n,)

<-e": uniform density, heavy plasma ions (n~<n,;)

<-e*: non-uniform density, light plasma e (n.>>n, )
<-e* and plasma are a fully self-consistent state
<A thin passive plasma lens may be interesting for a collider
<>Acceleration of e* by plasma wakefields is (of course) possible

<»Challenge: combining transverse dynamics (emittance
preservation) and longitudinal dynamics (energy gain andusss
energy spread) over long propagation distances o

+See next talks ... e
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http://www.mpp.mpg.de/~muggli
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