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e--BEAM-DRIVEN PWFA

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

Plasma Wakefield Accelerator (PWFA) = Energy Transformer

Booster for high energy accelerator?
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SLAC Beam:
E0=28.5 GeV
σz≈20 µm
N=1.8x1010 e-

ne=2.7x1017 cm-3

L=90 cm

100% ∆E/E

42 to 84 GeV in 90 cm
Energy Doubling
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PREVIOUS PWFA AT BNL-ATF

ATF 300 pC, 1.3 ps: gain 0.6 MeV over 17 mm plasma at ne≈5x1016 cm-3

Accelerating gradient: 35 MV/m
Continuous energy spread
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MULTI-BUNCH PWFA

Bunch spacing/plasma density condition:
 ∆z=λp (resonance) σz<< λp
 ∆z’≈λp/2

Wake fields add up (linear theory):

Maximize transformer ratio with “shaping”€ 

λp =
2πc
ωpe
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ωpe =
nee
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Plasma wavelength: Plasma angular

frequency, density ne:

Ez N bunches=N×Ez 1 bunch

Finite energy spread, beam acceleration

(beyond energy doubling!)

∆z’
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Ablative
Capillary Discharge

Plasma

Wiggler

Energy

Diagnostic

n0=1019  cm-3

Resonant for
λp=10.6μm

Ppeak≈1-2GW

CO2: λ0=10.6μm, 200 ps

Multi-bunchesIpeak≈100A

1500 μm

σr=25μm

E0=45 MeV

∆z=10.6μm

Electron Beam

Laser Beam

EXPERIMENT OVERVIEW
10µm
IFEL

Pre-buncher
⇒Velocity modulation

⇒∆E/E≈1%

Components available on ATF beam line 1

Ipeak≈600A

for

Bunching

and PWFA

2.5 m
Drift

Q=300 pC

σz≈1μm

N=100-150

€ 

Δne
2ne

=
Δω pe

ω pe

∝
1
N

ne=1019 cm-3 ± a few %
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Resonant plasma density: n0=1.0x1019 cm-3 over 1 mm plasma,
10.6 µm bunch spacing.          [0.01 e/(mcωp)  = 3GV/m], σr=25µm

WAKEFIELD: THEORY-SIMULATIONS

≈6.5 GeV/m with good agreement between theory and simulation

Theory: non-linear equations for Ewake, pz, ne

Front BackATF Bunch
(nbx100)

Ewake theory

EWAKE OSIRIS
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Time/ωp

1-D wake evolution

≈7GV/m

≈0.8GV/m
for

σr=75 µm
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SOLUTIONS

Larger bunch spacing ∆z <=> lower ne

This morning, W. Kimura: “Generation of Tunable Micro-bunch Train”

Choice of ∆z <=> choice of ne
Choice of number of bunches
Generation of witness bunch
Beyond energy doubling (application to high energy accelerator, ILC?)  

Two-bunch experiment
Two-bunch parameters fixed (length, delay, charge, …)

Vary plasma density ne to vary relative phase of witness bunch in the accelerating
structure

Accelerating gradient varies with  ne

Difficult to reach 1019 cm-3 in capillary (D. Stolyarov, yesterday)

Narrow energy spread?
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MULTI-BUNCH PWFA

Bunch spacing/plasma density condition:
 ∆z=λp (resonance) σz<< λp
 ∆z=λp/2

Wake fields add up (linear theory):

Maximize transformer ratio with “shaping”€ 
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1 2
Plasma wavelength: Plasma angular

frequency, density ne:

Ez N bunches=N×Ez 1 bunch

Finite energy spread, beam acceleration

2-bunch

(beyond energy doubling!)
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TWO-BUNCH GENERATION

W. Kimura et al.,
AAC’06 Proceedings

x

E

I)

I)

II)

II) III)

III)

Two-bunch
Parameters:

E0≈60 MeV
∆E≈1.8 MeV
QHigh=300 pC
QLow=200 pC

z
z

z

2 MeV

HL
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TWO BUNCHES IN TIME
Coherent Transition Radiation (CTR) Interferometry

Bunch Auto-correlation Trace

Single Bunch Double Bunch
στ≈144 fs στ High≈144 fs στ Low≈  90 fs

QHigh=300 pC Qlow=200 pC
∆τ≈500 fs

Use PWFA interaction to determine time sequence! (High=Driver, Low=Witness)

Bandwidth limitations
0.5ps

Gaussian

High Q High+Low Q
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PLASMA

Kaganovich et al., APL 1997

Plasma Density from Hα Stark Broadening

α=3 µs-1

α=1.7 µs-1

Time (µs)

n e
 (c

m
-3

)

€ 

ne = ne0e
−αtAfter I=0:

Vary discharge-beam delay to vary the plasma density

Ablative Capillary Discharge

≈6 mm

1 mm

30 kV

16.5 kV

C=1.6 nF

α=3.5 µs-1

Gas-filled
Capillary
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ENERGY LOSS / GAIN
2-bunch
ne=4x1015 cm-3, L=6 mm
λp=530 µm > ∆z
∆ED≈-1.1 MeV
∆EW≈-1.3 MeV
G≈-200 MeV/m (L=6 mm)P l
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ENERGY LOSS / GAIN

2-bunch
ne=1x1016 cm-3, L=6 mm
λp=334 µm≈ ∆z
∆ED≈-0.9 MeV
∆EW≈+0.9 MeV
G≈+150 MeV/m (L=6 mm)
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ENERGY LOSS / GAIN
1-bunch (Low)
ne=1x1016 cm-3, L=6 mm
∆EW≈-1.0 MeV
G≈-165 MeV/m (L=6 mm)

Low energy is 2nd in time: Loses by itself
            Gains with other bunch
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EXPERIMENT / THEORY

Agreement with 2D model
Maximum accelerating gradient (0.9+1.0)MeV/6mm=316MeV/m 

Accel.
λp≈∆z/2

Decelleration
λp<∆z/2

Decelleration
λp>∆z

α=1.7 µs-1
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SUMMARY / CONCLUSION

Used beam break-up for two-bunch PWFA experiment at ATF

Varied ne to vary the wakefield “phase” between the 2 bunches

Measured peak energy gain of 1 MeV over 6 mm

Unloaded wakefield ≈316 MV/m (unloaded)

Energy gain/loss in good agreement with theory

Reach ne=1019 cm-3 for multi-bunch PWFA experiment (N≈150)

Multi-bunch (N=1, …, 5) mask PWFA experimental program
(∆E/E<1, and important for > energy doubling!)

PWFA as beam/plasma diagnostic
More to come …
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MOST IMPORTANTLY

Thank you
to the ATF staff

for making this possible!


