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USCO OUTLINE

=) Motivation

m) Introduction to plasma wakefield accelerator (PWFA)
=) Experimental setup

) e energy gain

=) Summary/Conclusions
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US(CO MOTIVATION

=) Could an accelerating structure with a gradient significantly
larger (x10, ..., x1000) than that reached in present rf cavities

(<200 MV/m) be created and can it lead to large energy gain
(1-100 GeV)?

=) Plasmas can sustain very large electric fields (10-100 GV/m)

 Relativistic plasma waves or wakes: E//k, electrostatic
* No fabricated structure
* Operation a very high frequency (THz), high gradient

=) Laser-driven plasma accelerator: high charge, control and
stability (V. Malka, Monday)

m) beam-driven, plasma wakefield accelerator or PWFA

Patric Muggli,EPAC’06 06/28/06



1S(CPLASMA WAKEFIELD ACCELERTAOR (e %%

PWFA = beam-driven plasma accelerator

Focusing (E))
Decelerating (E.)

Defocusing Accelerati

- =4 + + F + +?+ ek
B i —— ()=
. + + + + + +]+ + —‘ D
“ e b+ + =T + VW + +-1 Relativistic
s S electron
bunch

* Plasma wave/wake excited by a relativistic particle bunch

* Plasma e expelled by space charge forces => energy loss + focusing
* Plasma e rush back on axis => energy gain

* Extract energy from the front, transfer to the back

* Focusing + acceleration = large energy gain

* Single bunch => particles at all phases
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USG PWFA SCALING

PWFA = beam-driven plasma accelerator
Focusing (E))

Defocusing Accel eratl Decelerating (E)

é
Relativistic
electron
bunch
: .
e Linear theory (n,<<n,) scaling: N=1.8x10" | “Long” | “Short’
When k,,0,=(27/A, )azz\/Z (with k,,0, <<1I) o, (um) | =730 | 20-40
(cm?3) | 1.0x10' | 0.7x10'7
N/2x10" e
E . =110(MeV /m) / - =1/0,> |[e . (Gvm)| =01
| (0, (um) /600) f (GHz) 90
* Focusing strength: (nn,) Ay (um) 3333

B,/r (KT/m) 3
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USC PWFA @ SLAC
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South Damping Ring

> 3 km

Final Focus Test Beam (FFTB) parameters:
E,=28.5 or 42 GeV
N=1.6-1.8x1010 e-/bunch
0,=14-40 ym (ultra-short bunches)
o, =10 ym
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USC EXPERIMENTAL SET UP (GENERIC)

Energy |P(Q: LiPlasma IP2:
Spectrum n~0-3x10'7 cm3
“X -ray” [~10-90 cm X-Ray
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E=28.5 GeV Radiation and $ .y Radiators (OTR) Spectrometer Radiator
Interferometer 25m
® X-ray ® Coherent Transition °* OTR ® Cherenkov (aerogel)
Chicane  Radiation (CTR) - Spatial resolution =100 ym
i - CIR Energy=l,;=l/0, - Energy resolution =30 MeV
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-Spatial
-resolution =9 ym
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USCO “PLASMA SOURCE”

e Lithium vapor in a heat-pipe oven
Plasma Light

ok Diagnostic

Heaters

n,=0.5-3.5x10'7 cm-3
» [=700-1050°C
[=13-22-31-90 cm

: A\ 4 P.=1-40 T
Window Cooling Jackets e
o ,Boundary Layers P. Muggli et al., IEEE TPS (1999)
i —_— A TR —
(
! :
cu m__; m ~ 20| Li Vapor
0 T S
* Tunnel-ionization: Q‘

- Lithium: low Z, low IP (5.4 eV)
- Ultra-short bunch E, field > 6GV/m

— 20t
- Ng=N, |

- Plasma very “reproducible” 2 -1.0 1 2
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_ 0
N=1.8x10" Coherent

0,~20-12um  Transition
E—28 5 GeV

® X-ray
Chicane

50 100 150 2

-Energy
resolution =60 MeV
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Li Plasma
n~0-3x10'7 cm-3
[~10-20 cm

§ I Optical Transmon

Radiation and @_y_

Interferometer

Radiators (OTR)

IP2:
-Ray
JCdt Diagnostic,
X -/et
oduction

_.. ‘

Imaging  Cherenkov —a
Spectrometer Radiator
25m

Compare events
with similar
incoming
longitudinal
characteristics

® Cherenkov (aerogel)

- Spatial resolution =100 ym
- Energy resolution =30 MeV




USC ENERGY GAIN VS. PLASMA LENGTH

E,=28.5 GeV, n,=2.7x10""cm™
L,=0 13 22 31 cm
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Position (cm)
=) Energy gain increases with plasma length (L)

=) Energy gain reaches 13.6 GeV with L ;=31 cm!
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USC ENERGY GAIN VS. PLASMA LENGTH
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m) Largest gain with n=2.6x1017cm (v L, for 5,220 um)

m) Accelerating gradient of 36 GV/m over L,=31cm
(unloaded: 7% accelerated charge)
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USCO EXPERIMENTAL SET UP

Energy Li Plasma
Spectrum n~0-3x10'7 cm3
SXray” L~60-90-120 cm Loss

/\ ' Il" _A

~ * N 1l

N=1 8X1O1O Coherent = #'J
0,=20-12um  Transition | Optical Transmon Spectrometer Cherenkov *
£=28.5 GeV padiation and {==—  Radiators (OTR) Radiators
Interferometer 3m >|
® X-ray ® Cherenkov (air)
Chicane Loss Gain
{ 4 E
| High Energy Gain-Loss
Measurements
FOV =3 GeV to >100 GeV

50 100 150 2

-Energy
resolution =60 MeV
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ENERGY GAIN

X (mm) . ":: N ) o j < g3
=) Energy gain 38 GeV over ~90 cm of plasma! or 42GV/m! _
=) PWFA = extremely simple and compact accelerator
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USC FUTURE EXPERIMENT

e 2-Bunch PWFA

Focusing (E))
Defocusing Accel eratl Decelerating (E,)

Wltness Bunch: Driver Bunch:

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

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

=) Typical 2- bunch PWFA parameters:
n~10"° cm=, f,~900 GHz, A,,~300 ym
G =10-20 GeV/m
N =0.5x1010 e-

o=60 ym, 0,~30 ym, At=150 ym
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US(CO SUMMARY / CONCLUSIONS

m) % First plasma accelerator with >1GeV energy gain
“ Energy gain up to 38 GeV in =90 cm, 42 GV/m over 90 cm

“* Measured important scalings:
Bunch length: 0,=730 ym W=200 MV/m, 0,20 ym W=42 GV/m

Optimum plasma density: n,=1.8x10'* cm™ n,=2.6x10" cm3
Plasma length: 13.6 GeV 31 cm (E,=28.5 GeV), 38 GeV, 85 cm, (E,=42 GeV)

“* Energy gain increases linearly with plasma length
*» Stable and reproducible acceleration

=) Next steps:

» Two-bunch experiment (AE/E<1) 'SABERV
G0N

» High-gradient positrons acceleration  souarcsenespeinesiregor
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USC FUTURE RESEARCH?
PLASMA AFTERBURNER

S. Lee et al., PRST-AB (2001)

Large Gradient
Plasma
Accelerators

DR Electron / \ Positron
Und o ' S )

1st stage 2nd stage 2nd stage 1st stage
Main Linac Main Linac

5GeV
Llnac

< > « —>
—10s km =100sm Plasma Lenses

Double the gradient and reduce size?
Double the energy and extend the energy frontier?
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USC

Patric Muggli,EPAC’06 06/28/06



USC ENERGY GAIN VS. PLASMA LENGTH
3-D Simulations using QuickPIC

E,=28.5 GeV, N=1.8x10"e", n,=2.7x10"7cm™3
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=) Energy gain increases with plasma length (L)
=) Gradient =53 GV/m
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USG FUTURE RESEARCH

m) o+ wake gradient, emittance growth in plasma

K e Hollow plasma channel
=\ » More stringent beam
% o parameters

[ ]
SABER:
0,~730 um, N=1.2x1010 e+ K AN

South Arc Beam Experimental Region
Plasma Off n,=1.8x10"cm™ 180

} 1160 ¢ LOSS ~ 70 MeV
* | P (over 1.4 m)

° Gain ~ /5 |V|eV
1905« Plasmas do accelerate et

100

N
o

[Energy (MeV)
o

N
(=]

* Excellent agreement

140 with simulations!
-60

Front b Back~*°
-80 ' '

-6 -4 2 0 2 4 6
Position in Bunch (ps) PRL 90, 214801, (2003)
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USC FUTURE RESEARCH

ﬂ Plasma ions motion (. B. Rosenzweig, et al. PRL. 95, 195002 (2005))

e Significant when n,/n_>>1
e Degrades beam emittace

—>» and focusing
e Improves with: larger o,

higher ¢, higher A, etc.

ﬂSyn:chrotron radiation, beam plasma matching
ﬂPreservation of emittance and polarization (<<X,)
=) Evolution, stability of the bunch/wake over long plasma lengths

) Real accelerator: beam loading, optimization, ...
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USC ACCELERATING GRADIENT SCALING

Linear
Theory: E . =110(MeV/m)

N/2x10"
(GZ /O.6mm)2

~1/0?
@ k,, azz\/Z (with k,,0, <<1)

SimU|ation USing 1000 EA;:CD'ec'cféiélds(sigmaz)I ! rrrrTT ! ! ! Tt
OSIRIS, for non-linear : ® Accel. (Useful) 6,=20 (um)
regime: nb>no I o Accel. (Useful) 6 =10 (um)
—~ 100 ¢ O m Deccel. =20 (um)
§ n o O Deccel. 0=10 (um)
- &
g 10 2 | E
© :
F.) ®
i.l__ i
O 3 - 3
5 L 106443 «—— 4.3 « 0.2GeV/m |
D [ ]
W o1t °
S 1 2
001 Lwerr ol o b
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* Measure energy gain! o_ (um)
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USC ENERGY GAIN vS. BUNCH LENGTH

n,=2.6x10cm-

Al prrmmen s e pa s AL A A AN
%\ 40 _ ﬂ ++}+++}}1L | Lp=31 (?m
Q) - o -
NG H | S
o - + ], [P
s e B geent
5 S fot L =13cm |
S af it
A [ E=285GeV

o5 Lo |

0O 560 100 150 200 250 300 350 400

CTR EnergyzlpeakzwoZ (a.u.)

=) Energy gain increases bunch peak current or o,

=) Energy gain reaches 13? GeV with L =31 cm!
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USC FUTURE RESEARCH

=) Synchrotron radiation

K=ﬂr = f(\fnery) =94

X-rays
—o- ;00— ~
e” beam 3 ‘ @ g >
a) — 16 om-3
B 2 n=2x10"° cm
W, = > v, = f(ne,ro,)/ )= 64 MeV =10 ym
JE 1 E=125 GeV

2 ..2121-2 2 .2 .2
d_Z=§remec Y kﬁK =f(ne,r0,y )=334M€V/m

e Decreases with beam radius r, (compromise with ions motion)
* Negligible when compared to accelerating gradient (=10 Gv/m)

° Interestlng as a source of gamma rays for posﬂron pI’OdUC’[IOﬂ?
(D.K. Johnson, PAC’05 and PRL to come)
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USC
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* Gain=280 MeV, L=1.4m ° Gain=4 GeV, L=10cm ° Gain=14 GeV, L,=32cm

Gradient=200 MV/m
 Scaling with bunch length and plasma length

PRL 93, 014802 (2004)
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Gradient=40 GV/m
PRL 95, 054802 (2005)




1USC e ENERGY DOUBLING EXPERIMENT

L ~60cm, n,=2.6x10"" cm?, 6,~20-30 ym

High-dispersion Image Low-dispersion Image
for Energy for Energy
Gain Measurement Loss Measurement |

 Large energy loss and gain, as expected
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US(O CONCLUSIONS

=) Next E-167 run:
- Double the energy of 43GeV e-
- Beyond energy doubling?
- Two-bunch experiment

=) SABER will be a great facility to study:
- et-peam-plasma physics
- lonization/wake excitation by e*, hollow plasmas
- y-ray source/e* source, polarized?

- Radiation from et in plasmas?

=) Possible new experiments at SABER :
- Focusing/plasma lens
- lon channel laser
- lon motion in PWFA
- Beam loading (¢?, AE/E?, ...)
- ... and much more

(to be discussed in the WG)
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USC e & €* ASYMMETRY IN PLASMAS

3-D QuickPIC simulations, plasma e- density:

e O
... N Gr=35 ],tm ..

e- 0,=700 ym e

'Vz’. N=1.8x1010 % o
° d=2 mm

et: n,=2x101%2 cm=, c¢/w

QEP-XZ_0000
Time= 000[1/@,]

QEP-XZ 0000
Time= 000[1/ a:u,]

 Uniform focusing force (r,z) * Non-uniform focusing for ,?4[,2)
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USC e+ PLASMA FOCUSING
E-150: J.S.T Ng et al., PRL 2001

?Jn{:h. Radiation Monitor/ Dipole Plasma Lens Steerilkng dipole = 12
ire scanner Detector | \ \ E [
.fI II \ \ =101
Photon beam line . . + el
-t
we c e
Toroid oed™ / | =il | @
\ o'a.'\“on .-"II I'| N ;. ;Hﬁ 3
\ v ,|"II III (/3] e
‘___ . Lo E 4 o Exp. Data:
~Beam dump Wire scanner Final Quads O AN mp .
B lasma-o
. . D B
FIG. 1. Schematic layout of the SLAC Plasma Lens experi- o [ = ®FPlasmaon

ment at the FFTB. “Final Quads™ are conventional focusing o b b b b b by
quadrupole magnets. The positron beam is deflected towards 2D PIC Simulation:

the dump by the magnetic dipole. g_ " % === No plasma
— Ez‘&'{ Fre-formead plasma
. A
* Plasmas lens experiment £ I
N kg
X: By/r=0.7T/um, f=34mm 2\
y: By/r=4T/um, f=1.6mm T N
Lp=3mm mﬂgfl..l....h...l....u.... il
0 5 10 15 20 25 30 35
n,=5x10"" cm=>n_=2x10'® cm™ Downstream distance z (mm)

FIG. 3. Measured beam envelope Gaussian widths in the x
and v dimensions, with and without plasma focusing. Inner er
ror bars indicate the statistical uncertainty, and outer error bars
indicate the gquadrature sum of statistical and systematic uncer

o Plasmas dO fOCUS e+ taintics. The curves represent the particle-in-cell simulations.
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Downstream OTR
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—E Iqut Ft’

n_(x10'* cm™)

Plasma Density (x10" cm®)

Excellent experimental/simulation results agreement!




SO FOCUSING OF e/et

* OTR images =~1m from plasma exit (¢,z¢,)

n=0 n=~10"4 cm=

 |[deal Plasma Lens
in Blow-Out
Regime

* Plasma Lens
with Aberrations

=) Qualitative differences
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US(O ENERGY LOSS/GAIN e+t

o,~730 pym
N=1.2x10"0 g*
Plasma Off n,=1.8x10"*cm?

2-D Simulation

n=1.8x10"cm>

Experiment

100 180 80 T o G 140
60" 140
40 1100
%‘40- —1205 = =)
= 20} 1002 520 80 <
% 0 80 E’ UE"J'N 0 160 E
20 60 © 20 H40 .
40" 40
-40} 120
-60 20
Front + ! - Back™ > orontg” . | Sgback
80, v r 0 2 4 0 %% 3 % 4 2 0 2 4 6 8 10
Position in Bunch (ps) Position in Bunch (ps)
e Loss = 70 MeV * Loss =45 MeV/m x 1.4 m=63 MeV
_ (over 1.4 m)
e Gain = 75 MeV e Gain = 60 MeV/m x 1.4 m=84 MeV

m) Excellent agreement!

m) Plasmas do accelerate e*
Patric Muggli, EPAC’06 06/28/06 PRL 907 21 48017 (2003)




USC
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USC ENERGY GAIN VS. PLASMA LENGTH
E,=28.5 GeV, n=2.7x10""cm-3

=) Energy gain increases with plasma length (L)
=) Energy gain reaches 13.6 GeV with L ;=31 cm!
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USC TRAPPING OF PLASMA €-

. x10° | x 10" |
12 a 2.6°
g :
19 © 2.4
E Lo | S
o : o
8t : — 676 644 613 581 550 SI8 486 455 423 392
% ] % 2.2 E A (nm)
'é g’ b z x10° bt
[«D] L 1 Fy
fu 6 ! et g 10
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= i 2 ) S 8- 1
O : = = 6 ;
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E Lo M!% ‘ L9 ‘ . 50 » (am)
2 4 6 w8 2 4 8 TAw = 27
Average Decgkxgtmg Field, W{GV/m) .
Bunch Spacing =ct = 70 u,
Clear threshold plasma wavelength, A, = 64 u.
at ~7 GV/m

» Trapping above a threshold wake amplitude =7GV/m
» Excess charge of the order of the beam incoming charge (1.6x101° e)
» Evidence for two (or more) short bunches of trapped particles

Patric Muaali, EPAC’06 06/28/06 Courtesy Erdem Oz, USC UCLA
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* High-energy, narrow AE/E trapped particle bunches
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UUS(’ SCIENCE TOPICS FOR SABER

SABER: - Short (0,<30pum) e and e* bunches
- High peak current (>10kA, N=2x101%bunch)
- Small (o, ,<10pm) transverse size
Topics: - e*-beam/plasma physics
- Beyond energy doubling?
- lonization/wake excitation by e*, hollow plasmas
- Transport/acceleration in long plasmas (e/e*)
- Beam quality (¢?, AE/E?, ...), ion motion
- Beam/plasma matching
- y-ray source/e* source
- Radiation from e* in plasmas
- Focusing/plasma lens
- 2-bunch experiments/head erosion/stability
- Hollow plasmas for e* beams
- Experiments fo early SABER?

Patric Muggli,EPAC’06 06/28/06



e* PLASMA FOCUSING

E-150: J.S.T Ng et al., PRL 2001
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FIG. 3. Measured beam envelope Gaussian widths in the x
and v dimensions, with and without plasma focusing. Inner er-
ror bars indicate the statistical uncertainty, and outer error bars
indicate the gquadrature sum of statistical and systematic uncer-
taintics. The curves represent the particle-in-cell simulations.
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M.J. Hogan et al., PRL 2006
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FIG. 1 (color). Time-integrated measurements of the positron
beam spot size in the x direction vs n, from the two profile
monitors downstream of the plasma exit. The symbols at zero
density are the mean no-plasma spot sizes at the Cherenkov
radiator (/) and OTR (V) for 50 pulses. The bars indicate the
error of the mean.

* Plasmas do focus e*




US(O PROPAGATION OF €-

OTR Images =1m downstream from plasma
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‘ Focusing of the beam well described by a simple model (n,>n,): Plasma
ﬂ No emittance growth observed as n, is increased deal Thick Lens

ﬂ Stable propagation over L=1.4 m up to as n,=1.8x10"4cm3

‘ Channeling of the beam over 1.4 m or >12p,
=> Matched Propagation over long distance!
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USC
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USC MOTIVATION / QUESTIONS

=) Could an accelerating structure with a gradient significantly
larger (x10, ..., x1000) than that reached in present rf cavities

be created and can it lead to large energy gain (1-100 GeV)?

e ILC: 35-45 MV/m — 28-23 km for 1 TeV!
e CLIC: 150 MV/m — 7 km for 1 TeV!

m) Could such a structure be used to produce high-quality e-/e*
beams?

« ExGeV/TeV, AE/E<<1, €<<1, ...

=) Could such a structure be made of PLASMA?

Patric Muggli,EPAC’06 06/28/06



USC WHY PLASMA?

=) Plasmas can sustain very large eleciric fields (10-100 GV/m)
 Relativistic plasma waves or wakes: E//k, electrostatic

 Exist for a a short time (few wave periods)
 Already ionized (H I: 13.6 eV, Lil: 5.4 eV, Li ll: 75 eV)

m) Accelerating “structure” or wake is sustained by the plasma

* No fabricated structure
» Operation a very high frequency (THz)
* No damage to the structure

=) m)beam-driven, plasma wakefield accelerator or PWFA

Patric Muggli,EPAC’06 06/28/06



1SC PLASMA AFTERBURNER

(SLC EXAMPLE) PEPIl  SSAL

100* GeV, e/e* Collider A (20—

PEF I
IH-2
Dalacior

MNarih Damping Hing

p\ Switch ¥ e
Positron Return Line Pasiiron Source r;%rﬁj it ~* Station A
o L . ([ESA)
|_: — ! Final Facus % sLo
200 MV Linao |
injactor )
FEF Il
, . High Ena
South Damping Ring le;ri*ng n:HEr'ngi!::f
< 3 km > '
B +
50 GeV € PLASMA LENSES 50 GeV €

AA" o D\A/EA ‘—AA

«—m —> |p «—2Im

e and e*:

Driver bunches: 0,=63 um, 0=5 pym, N=3x10'%e"/e*, 50 -> 0 GeV <
Witness bunches: 0,=32 uym, 0=5 pym, N=1x10"0¢e"/e*, 50 -> 100+ GeV

Delay: d=200 ym

Plasma: n=1.8 x10'® cm3, [=7, 21 m

Accelerating gradient: 8, 3 GV/m

Patric Mugali, EPAC'06 06/28/06 S. Lee et al., PRST-AB (2001)



USCO PROPAGATION OF €

Beam Envelope Model for Plasma Focusing

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

Bream=1K> Byiasma) J’o Ko - &
200 — s 97 o’
p — No Plasma 1 In an ion channel:

| n =0.03x10'* cm™ Plasma Lens i
150 [ ne:1.5><1014 cm™ 3" Betatron Pinch /_- 0y 1/2
uE | K=—F=o(n)
100 [ « Plasma _>/OTR : | V2yc |
- : with a focusing strength
50 L

O (um)

o Lne

: BeamFocusing(z).graph - r C r 2 8 OC
1 l 1 1 1 1 Il l 1 1 1 1

0o 1 2 3 14 5 B ]
| | =6 MT/m @ n_=2x10"" cm’3

=) Multiple foci (betatron oscillation) within the plasma
m) Synchroton “betatron” radiation
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USCO PROPAGATION OF €-

OTR Images =1m downstream from plasma
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ey 2e
‘ Focusing of the beam well described by a simple model (n,>n,): Plasma
ﬂ No emittance growth observed as n, is increased deal Thick Lens

ﬂ Stable propagation over L=1.4 m up to as n,=1.8x10"4cm3

‘ Channeling of the beam over 1.4 m or >12p,
=> Matched Propagation over long distance!
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USC Positron Production

from Betatron X-rays

« Plasma ion column acts as a “Plasma Wiggler” lead to X-ray synchrotron

radiation.
- X-ray synchrotron radiation from electrons betatron oscillations.

% a @ X-rays >
DO o -

N Figure 1: Measured vs. Computed e*
N =3el7 cm3,y=56000, r,=10 um g P
p 7= 700 P, Spectra: N =1E17, R,=7um and R,=5um

Byr=9 MT/m, )‘/3: 2em with N,=7.2E9 electrons in the ion column
1) Wiggler strength: /\ Measured e* Spectrum
K = ﬂ r, = 173 ?— Computed e* Spectrum
2) Crztwa(i frequency on-axis (K>>1): E I
3w’ > St
o, =27 _ 49 6Mev o 2
2C D |
3) Particle energy loss: = m: 3
de 1 2,212 2 2 2 E- F | | | - 2
E = gremec 14 kﬁK =4.3GeV /m =l }/Zne lu 5 10 15 20 L

Patric Muggli, EPAC’06 06/28/06 Courtesy of Devon Johnson, UCLA Positron Energy (MeV) A



Notch Collimator

LiTrack Phase Ramp Scan LiTrack Phase Eamp Scan
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* Work in progress, transferred to SABER?
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