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US(C OUTLINE

e Introduction to PWFA

e Long bunch PWFA results
e Short bunch production

» Short bunch PWFA results
e Conclusions

e Future
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USC ACCELERATING FIELDS

* Fields in rf cavities

» SLAC: =200, 70 MW Klystrons oo
~50 GeV e/e* in =3 km ooty ot
Average gradients =17 MV/m ... g4m

Skm

e Limited by rf breakdown =200 MV/m(?)
* Next linear collider (ILC): =35 MV/m(?)

* Relativistic Plasma Wave:

~ 0]
0V°E=£ ka= peE=ne€ y & &
€y c &, E,
)\ 172
E = (mec ) n'’ = 100\/ne(cm"3) =1GV/m LARGE
€9 Collective response!

@ n=10"cm= (f,,~=100 GHz)

e High gradient, high-energy plasma accelerator?
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1USC PLASMA WAKEFIELD (€")

Focusing (E))
Decelerating (E.)

electron
beam

* Plasma wave/wake excited by a relativistic particle bunch

* Plasma e expelled by space charge forces => energy loss

(ion channel formation r =(n,/n,)"0o, + focusing
* Plasma e rush back on axis => energy gain
10
* Linear scaling: E_ =110(MeV/m) N/2x10 = =1/0,?
((7Z /O.6mm)

@ kpeazz\/2 or n=10"* cm~

e Plasma Wakefield Accelerator (PWFA) = Transformer
Booster for high energy accelerator

Patric Mugali. DESY, 10/12/04 4 X CLA




S PLASMA WAKEFIELD FIELDS (E-162, &) (4%

2-D PIC Simulation OSIRIS

Typical parameters: n,=1.5x10'%cm-3

e - beam: 0y Blovlv—Out/. Focusling .

E 28.5 GeV e _

N 2x1010 e SN o

o, 0.63 mm (2.1 ps) © - @

0=0, 70 ym % 0 I 1'% B

n, 4x10" cm é o1l Energy Q

ey  9x107 m-rad m _ Loss =

gy  0.5x10° m-rad g 02} B {-200 =
g i nergy /;;

Plasma: 2 03 Gain <

n,  0-2x10%em? W i FONE

L 1.4m,laserionized 55 0 5 o0 s '1110' a '15'300

T (ps)
* Experiment: n,>n_=>non linear, blow-out regime
* Uniform focusing field (r,2)
 Large decelerating/accelerating fields
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US(C SLICE ANALYSIS RESULTS 0
SINGLE EVENT, LONG BUNCH (06,2730 um)&=2
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* Time resolution needed, but shows the physics
* Energy gain smaller than, hidden by, incoming energy spread

* Peak energy gain: 279 MeV, L=1.4 m, =200 MeV/m
e”: P. Muggli et al., PRL 2004 .
e*: B. Blue et al., PRL 2003 o E
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S NUMERICAL SIMULATIONS: E-164/X .« 4%

Gradient=1/0,2? (N=cst)

1000 E AccDeccFidlds(sigmaz) - T ' oA
- ® Accel. (Useful) o =20 (um)
I o Accel. (Useful)o =10 (um) L [~ ' =
—~ 100 o m Deccel. 0=20 (um) E ; ;
§ g ; O Deccel. 6 =10 (um) o { - B
S Ll . N=10"¢" | ¢ =  4—E yseful -
s . B i _
i | 1 0 E spike i
Q 1E " E ; — l( —
g b 106443 «—— 4.3 « 0.2 GeV/m; NETRIN L.« SV P ATV AT EN A A e
W o1l °
- L] L L]
3 2 Location Within the Bunch [a.u,
0.01 Ll U:l L ...Lul L L .ul'.”P..
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o, (um)
* E-164X: 0,=20-10 ym: >100GV/m gradient!

(0, dependent! k,0~1)

= — —1017 -3 =
Patric Mucali DESY. 10r120a =2 -8 THZ, W=3MT/m @ n_=10"" cm? 7



US(’ PLASMA WAKEFIELD FIELDS (e)

3-D PIC Simulation OSIRIS
N=101¢", n.=2.1x10"7cm=3, [=3 cm

Focusing(r=0,)

Typical parameters:

€ - beam: 40 / L5
E  285GeV | :
N  18x100¢ ] 14
0. 20 um (70 fs) g 20} L 5
0,=0, 15 pm 5 : 13 g
n,  2.5x10"7cm? - ol ®
ey  9x107 m-rad 'I.'x : I, =
gy  0.5x10” m-rad LL ; S
N =20 j ~
Plasma: o - _ 11
n,=n, 0-3.5x10'7cm : Front:
~ -4 N L L L PWFAfieldsSuhzi] O
L =10cm %0050 0 B0 100

* Much larger accelerating field
* Reach kpa,z‘l, (="linear” theory)
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USC Short Bunch Generation Courtesy of SPPS
In The SLAC Linac

50 ps amping Ring
RTL—> SLAC Linac
o I\

FFTB

1GeV 9 ps T 0.4 ps 20-50 GeV

<100fs
Add 12-meter chicane compressor

in linac at 1/3-point (9 GeV)

oM EFL.31% (FWHR: 433%)

g£}= 28493 eV, N_= 2133x10" pph

(3]

Existing bends compress to <100 fsec

ﬁE.I'{E} I
=

1.5%

.2 _OA\O\V—O- 1A
0.5 1 15 2 0.1 0z 03

o’

AEICE I

'
2]

=

30 kA — = rmarw | © Bunch length/current profile is the
. - convolution of an incoming energy
80 fsec FWHM: . spectrum and the magnetic compression
28 GeV

* Dial FFTB R;,, measure incoming
Y energy spectrum.
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energy

phase

temporal

Particle tracking in 2D...

profile space profile
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USC e BUNCH MANIPULATION

LiTrack Phase Ramp Scan 1 LiTrack Phase Ramp Scan
. _ —l.o =24uym Front -1, 0 =24um
LiTrack: : :
. o L ﬂ~cjj=32,um o ﬂ..(.'i!=32lum
K. Bane, % 2 __ Lo =5%m % 21 I, =59%m
P.Emma £, E ol ~'«—__ Accelerated
- -
5 4 «—  electrons
=1y B2t
3] &3]
Back
- - - ; —4 - - -
{ 1000 2000 3000 4000 =5 (0 0.5 l
Number of Particles [a.u.] Position Along Bunch [mm]

I LiTrack Phase Ramp Scan

H.
Charge in NDR : 1.9E+10 Front [—-To=24m
o, g = 32pm

| L0 = 3um

o8l  Compressor : 0042355

Li02-06 Phase : —19.25

RTL R36: 0.6

FFTB R56 : 0.001

NR into NRTL Timing Jitter : 0

(=)

0.6
Accelerated

Bunch Current [kAmps]
o

04t . .

RTL High E Acceptance : 0.02

RTL Low E Acceptance : =002 ol eleCtronS
0.2} Chicane Notch Collimator Center ;0

Chicane Notch Collimator Width ;0 aCk

0 : :
0 0.2 0.4 0.6 0.8 1 -0.5 0 0.5 I

Bunch Profile [mm]

=) Energy spectrum <-> phase space <-> current profile
=) PWFA: accelerate e- in the back of the bunch
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USC ACCELERATED €°

Charge in NDR : 1 9E+10
Compressor : 0.042335

4 F LiTrack Phase Rdmp Scan Li02—06 Phase - —19.25
[ RTL R36: 0.6
ront —-1,0 =24um FFTB R56 : 0.001
f T 0o = 32}”1‘1 NE into NETL Timing Titter: 0
—_ E ! & RTL High E Acceptance : 0.02
~1.4 GeV it E . '-'J; =3%m RTL Low E Acceptance : —0.02
- .
~0.9 GeV §
| = ol et
v % 0 ——_  Accelerated
v : electrons
52
Back
-4 : : :
—{1.5 () 0.5 I

Fosition Along Bunch [mm)]

=) PWFA: accelerate e- in the back of the bunch

m) Accelerated e originate from 0.9-1.4 GeV below the bunch
max. energy!

= Quote energy above the bunch head/front energy,
analysis will reveal real energy gain
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1S PLASMA WAKEFIELD EXPERIMENT
@ SLAC PEF I SSAL PEF I

Low Energy SPEAR IR-2
Ring {LER} Detacior

Maorth Damping Ring

Baam
Switch
Positron II=IE1un'| Lime F"-::lsllmln Source Yard
-gun W
E i 5 2t Final Focus SLD
: . Tesl B
2000 MoV Linac _ esl Beam
injector —
PEP I f
- High Enerigy :
South Damping Ring Ring (HER) oB
- 3 km - R
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USC

EXPERIMENTAL SET UP

Energy IPO: LiPlasma IP2:
Spectrum Gas Cell: H,, Xe, NO
“X -ray” n~0-1018 cm3
Z~2 5-20 cm JCdt  x-Ray
Af asma g N, T
\ > ui!i:l“ >..‘\\ ] » Production
N=1 8X1010 Coherent H 7 : o %
0,~20-12um  Trapsition Optlcal Transition Imaging  Cherenkov
E=28.5 GeV  Radiation and ([ Radiators Spectrometer Radiator
Interferometer ]z 25m
e X-ray e Optical Transition  Cherenkov (aerogel) ® Plasma Light
Chicane Radiation (OTR) Since E-162
E Upstream Downstream ,
i ), AR
) o : =

-1:1 1imaging,
spatial resolution =9 ym

-Energy
resolution =60 MeV
Patric Muqqli, DESY, 10/12/04

- Spatial resolution =100 ym

- Energy resolution =30 MeV jaRlRAA
L, £




USC ENERGY SPECTROMETER
(NON-INVASIVE, UPSTREAM OF PLASMA)

SLC ENERGY SPECTRUM MONITOR USING SYNCHROTRON RADIATION®

J. SEEMAN, W. BRUNK, R. EARLY, M. Ross, E. TILLMANN and D. WaLzZ

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

SLAC~-PUB ~ 3945
April 1986

Scintillator
Detector

* Measure incoming bunch

spectrum

C.D. Barnes
PhD. Thesis
Stanford 2004
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USC

EXPERIMENTAL SET UP

Energy IPO: LiPlasma IP2:
Spectrum Gas Cell: H,, Xe, NO
“X -ray” n~0-1018 cm3
Z~2 5-20 cm JCdt  x-Ray
Af asma g N, T
\ > ui!i:l“ >..‘\\ ] » Production
N=1 8X1010 Coherent H 7 : o %
0,~20-12um  Trapsition Optlcal Transition Imaging  Cherenkov
E=28.5 GeV  Radiation and ([ Radiators Spectrometer Radiator
Interferometer ]z 25m
e X-ray e Optical Transition  Cherenkov (aerogel) ® Plasma Light
Chicane Radiation (OTR) Since E-162
E Upstream Downstream ,
i ), AR
) o : =

-1:1 1imaging,
spatial resolution =9 ym

-Energy
resolution =60 MeV
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- Spatial resolution =100 ym

- Energy resolution =30 MeV jaRlRAA
o £




US(C e -BEAM FIELD-IONIZATION

N L | -
Er eak(r ~ 1.60r,Z — 0) ~ 5.2 xlo 10 v |Onlzat|0n rate (ADK mOdel) — /2
! 0,0, n*g 53/2 20 -1 (—6.83%)
N=1.8x1010, =10 ym, 0,=20 pm in Li W[S‘l] =1.52 x 1015*—"*(20.5 " )
E. . ~47 GV/m n'T(2n") E
1.2 1015 GasVaporionization | ' ] T
I ;E - = _ ] &= ionization potential = 5.45 eV for Li
110'® ‘Daaox T T 7 E= electric field in GV/m
. ) > = ><P<||' .; : ;o n*=effective quantum number =3.68Z/§,”2
e o O, - H to ] i |
N—" | , H i u
g °" R W=0
g I HE B -
610" 1! | .
S : N N 2
— | I .
N o4t0mf il ri o
c - ¥ P! < 0
O : 1"t 1 17 N
210" [ Wi 1] 5
L H [ g -/
[ j j i | b | W=1
oL 4. 4., |
10° 10'° 10" 10'? -4} P|a ma
E-Field (V/m) 30 20 -10 0 10 20 30
* Threshold process
rl'o,

* Short bunches can field-ionize their own plasma
and create their own accelerating structure (E-164X, after-burner?

see for example D. Bruhweiler et al., Phys. of Plasmas to be published,
and P.Muggli et al, AAC-2002 Proceedings 17
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USC

EXPERIMENTAL SET UP

Energy IPO: LiPlasma IP2:
Spectrum Gas Cell: H,, Xe, NO
“X -ray” n~0-1018 cm3
Z~2 5-20 cm JCdt  x-Ray
Af asma g N, T
\ > ui!i:l“ >..‘\\ ] » Production
N=1 8X1010 Coherent H 7 : o %
0,~20-12um  Trapsition Optlcal Transition Imaging  Cherenkov
E=28.5 GeV  Radiation and ([ Radiators Spectrometer Radiator
Interferometer ]z 25m
e X-ray e Optical Transition  Cherenkov (aerogel) ® Plasma Light
Chicane Radiation (OTR) Since E-162
E Upstream Downstream ,
i ), AR
) o : =

-1:1 1imaging,
spatial resolution =9 ym

-Energy
resolution =60 MeV
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- Spatial resolution =100 ym

- Energy resolution =30 MeV jaRlRAA
¢ £




USCO N.~2.55x1017 cm® RESULTS

L=10 cm, N=1.8x1010

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Relative Energy (GeV)

5 0
X (mm)

-5 0 45 - 0 +5
X (mm) X (mm)
m) Energy gain reaches =~3+1 GeV
=) Energy gain depends on the details of the incoming _
Patric Muagali, DESY, 10/12/04 beam (X,y,z)1 =




US(C n=2.55x10'7cm? ENERGY LOSS

L=10 cm, N= 1.8x1010

- S
% I T T L T T 8 O-""|"l'|l'll|llll|llll|llll|llll
O o} 13
i > I
> S -
p - C L
o - 1 o I
c - L ] L
L 0.5 - v ] _ (_3 -
ax. LOSS: 3 2+
5 1 5 GoV P [ Max. Loss:
g I : ?2 I =3.4 GeV
o8 -1+ 7 (@] -
% I S '3 -— -
()] o i
= sl o i 5 [
. al ]
2 ' 2 ?, ] o - o
= | o Plasma OFF > - o Plasma OFF
o | e Plasma ON & | e Plasma ON
c _2....|....|....|....|....|.M‘?"’".E"’.SS(IP".“’)?'5:591.7 E _5-....l....|....|....|....|.95‘:/°E.‘OS.S(P|W°.)2'.55?17.
0 100 200 300 400 500 600 700 CC 0 100 200 300 400 500 600 700

CTR Pyro Amplitude (a.u.) CTR Pyro Amplitude (a.u.)
=1/o, =1/o,

=) Mean energy loss is linear with bunch length
=) Peak energy gradient =3.4 GeV/10 cm!
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US(C n.=2.55x10'7 cm INCOMING SPECTRA (.

L=10 cm, N= 1.8x1010
Energy Spectra before the Plasma (@ x-ray chicane)

5104 4XProfiles2.55617 ' — 1 ‘* ‘v . T T r r rt T 1 ‘' T T T T 1 ————————
S ——Plasma ON | 1
——Plasma ON | ]
I ——Plasma ON ||
410 ——Plasma OFF}]
S avt | Front |
L 3107 + ]
o I
©
2 [
S 210° - ]
-
<C
110* | ;
- Back
O i L L L L | L — L | L L L L | L L L L | L L L L | L L L L | L L L L
-2.5 -2 -1.5 -1 -0.5 0 0.5 1

Relative Energy (GeV)
) Details of the incoming energy spectra are visible

=) Matching of incoming energy spectra with LITrack will
allow for the unfolding of the effects
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1SC SIMILAR IN,

5 104 —— L T T T T T T T Ty tertcaixsprotra o0 2
Plasma ON A g
Plasma ON | 200 it
: 104 | Plasma ON ] 25( E
— ' ' 300
3 [ ] i
S 310t [ i 350 M ] . :
o ‘ ] 400 § : = (. W
2 o [ oo T -
= I ] 500 A ' el s
< : 1 50 100 150
4
1107 r \ ) 1.210° e e ——
L ] - Plasma ON
L i - Plasma ON
L i L Plasma ON
ol T 110° -
25 -2 15 -1 05 0 05 1 '
Relative Energy (GeV) ; 8 10* |
©
Identical incoming 8 e
S
energy spectra/events s , .1
<

. B

“Identical” outgoing
energy spectra/events

Patric Muqgli, DESY, 10/12/04
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=) Very consistent acceleration, varies with incoming

parameters

n~2.11x10'7 cm-3
L~1O cm, N= 1.8x1010

E-164X
Run XII
g
Field

Io_nlzat-lﬂn _-

@hugah

Patric Muqgli, DESY, 10/12/04
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USC  ORIGIN OF ACCELERATED €&

n,=2.51x10"7cm=3 L=10 cm, N=1.8x1010

OFF ON 510% e
. || ——Plasma ON
T l| —— Plasma OFF
410 [| ——Plasma ON
= [
8 310*
o I
: -
(—3_2104_-
=
< [
110* [
i H X 0||||||

Relative Energy (GeV)

) Confirm: e* gain energy from below the head energy

) Retrieve energy of accelerated e+ from incoming
spectra and LITrack simulations

Patric Muqgli, DESY, 10/12/04




USC N.~3.5x1017 cm3 RESULTS

L=10 cm, N= 1.8x1010

+4— { Pyro=427. _Pyro=484 ;

Relative Energy (GeV)
+
N
|

5 0 456 -5 0 +%5 -5 0 45 -5 0 +5
X (mm)
=) Many similar events in a data set
m) Acceleration with significant charge: =1.5+1 GeV
Lower gain than @ 3.5x107" cm3

Patric Muqgli, DESY, 10/12/04




US(C n_~3.5x10'7 cm ENERGY SPECTRA

L=10 cm, N= 1.8x1010

Energy Spectra after the Plasma (@ Cherenkov)

12 105 l T T 94CSpectra2.55e17
'[—PlasmaON] [ > ]
. |——Plasma ON ]
110° }||——Plasma ON .
- |——Plasma ON ]
- \ | | ——Plasma OFF ]
S5 810% | i
< _ Energy Energy ]
S 610t | Loss Gain
'?;3_ ; - I
410* | -
< | 4
il LNMA‘L‘
O I e - 1 1 1 -‘

-6 0 2

Relative Energy (GeV)

=) Variations from Incoming energy spectrum variations

) Charge Fraction at E>0: 6.8-7.9% of total charge or ~220 pC'

=) Peak energy gain above the beam head: =1.5 GeV .
Patric Mugali, DESY, 10/12/04 total gain: =2.5 GeV 26 =




USC ANALYSIS EXAMPLE

PLASMA ON PLASMA OFF

Event with Gain Incoming Spectrum
' i 100

Incoming Spectrum

|

rrent Profils

*Phase Snace

,'.‘.'“"-;-‘ |ncoming Incomlng
] o | _
| = - ' Energy h
. t ¢ Energy - |
g gl b | . . . .
. ' iDistribution| 3 istribution, 2
34 .Distribution| 3 stributio i
g P 5 28.5] | :
g ar % : s |
8] & E
2r 28
‘l -
1,
Bo 0T so 10 150 200 280 300 350 S0 S0 00 IS0 w0 0 w00 a0 foo E N 250

Fogition Along Bunch [pm]

m) Retrieve bunch energy distribution/current profile for
energy gain events 27

Patric Muggli, DESY, 10/12/04



US(C CONCLUSIONS

= For the 15! time: gain > 1 GeV in a plasma accelerator!

=) Maximum energy gain observed: =4 GeV over 10 cm!

m) Accelerating gradient =40 GeV/m over =10 cm!

m) Acceleration very consistent and repeatable

=) Maximum energy gain limited by the energy acceptance
of the FFTB!

) Energy gain trends: largest at =2.55x107 cm3, more
charge at higher densities.

m) Data collected is being analyzed in detail to unfold connection
between observed energy gain and incoming bunch

Patric Mugqli, DESY, 10/12/04 28



USC

PLAS

100+ GeV, e/e* Collider

MNarih Damping Hing

MA AFTERBURNER ExAvPLE)

5

PEF II

FEF Il SSRL
Low Energy SPEAR IR-2
Ring {LER} ! Dietaciorn

p\ Positron Retumn Li Pasiiron S SEEIEE' End
oEatron | urm Ling 05 r'-:.ln olrca [E'?S'fj bt " Stalion A
E-gun . (ESA)
I—*L . e k_(l‘j 4 Final Focus %ELD_
200 haV Linac : ) Tnaln:?llflril.a]lm
injactor T
South Cramping Hing ﬂ%fﬂ%ﬁf (ESB)
B 3 km > '
50 GeV €~ LENSES 50 GeV €*
AA—> N — o "PWFE /L 4—“
_ «—7m —> p «—2Im >
e and e*:
Driver bunches: 0,=63 um, 0=5 pym, N=3x10'%e"/e*, 50 -> 0 GeV

Witness bunches:
Delay:

Plasma:

Accelerating gradient:

0,=32 ym, 0=5 pm, N=1x10"19e"/e*, 50 -> 100+ GeV
d=200 ym

n=1.8 x10® cm3, [=7, 21 m
8, 3 GV/m, AE/E <10%

Patric Muggli, DESY, 10/12/04
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US(C NEAR FUTURE

L1Track. Fhase Ramp Scan L1Trar:1< Phase Ramp Scan

Energy Spread [%]

Energy Spread [%]

! I I i
4] 500 1000 1500 -0,
Number of Particles [a.u.] Position Along Bunch [mm]
: c L1Track FPhase Ramp Scan
Charge in DR @ 1.9E+10 2 o = >lpm

n
o]
I
[
3
=
=

gl  Compressor: 00418

Li02-06 Phase : -18.5

RTL R5&: 0.59

FFTE R56: 0.002

NE into NETL Timing Jitter: O

04F  RTL HighE Acceptance : 0.02

ETL Low E Acceptance : -0.02

02r  Chicane Notch Collimator Center @ -0.01

Chicans Notch Collimator Width @ 0,025 :

0 L 1 L 1 I 0 i __.-’thuh""—-"—

0 0.2 0.4 0.6 0.3 1 0.5 0 0.5 1
Bunch Frofile [mim]

=) Notch in the LI10 chicane => 2-bunch experiment!?!

m) Beam acceleration with finite energy spectrum
(XFEL beams? SLAC, DESY?)
=) Long plasma => Large energy gain (2xE, in 70 cm?)

=) Short positron bunches?

Patric Muggli, DESY, 10/12/04 30
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US(C SIMULATION CHALLENGE

50 Gev energy gain in 3 meters !
Courtesy of C. Huang, UCLA
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