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Copper RF accelerator Simulations show widely vary-
cavities must be Ing plasma wake structures...

precision-engineered Electron density
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Spherical “bubble”

...BUT we can’t even see them!
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d Overview on Frequency Domain Wakefield Diagnostic

O New Single-shot Wakefield Measurements
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FDI: Temporal Overlap in Spectrometer
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“Frequency Domain Interferometry” probes Wakefields one point at a time

Siders et al. Phys. Rev. Lett. 76, 3570 (1996)
Marques et al. Phys. Plasmas 10, 1124 (1998)

Intense Pump Pulse, 28l S Kotaki et al. Phys. Plasmas 9, 1392 (2002)
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C. W. Siders et al. Phys. Rev. Lett. 76, 3570 (1996) S. P. LeBlanc et al. Opt. Letters 25, 764 (2000)
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“Frequency Domain Holography” measures Wakefields in a Single-Shot

Ultra-intense Pump Pulse, 1Joule, 30 fs, 800nm

Wakefield n, = ngy + dn(t)
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“Reading” the Hologram

(Full Electric Field Reconstruction)

BASIC SCHEME

S ECONSTRUCTION 1. Reconstruct spectral E-field of probe pulse from holographic spectrum

Hologram

Read

TIME DOMAIN II- Eprobe((D) — |E((D)| e'i(l)(@)
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2. Fourier Transform to the time-domain to recover temporal phase

FFT

Eoope(®@) 1 E_ (1) = [E(t)] &40

3. Calculate electron density from extracted temporal phase

index
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Experimental Layout
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Holographic snapshot of an ionization front

LeBlanc, Matlis, MCD, Optics Letters 25, 764 (2000)
Kim, Alexeev, Milchberg, Appl. Phys. Lett. 81, 4124 (2002)
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Holographic snapshots of laser wakefields
P ~10 TW, |~ 10%8 W/cm?
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Radial Distance [um]

Strong wakes have curved wavefronts
P ~30 TW, |~ 3x 10 W/cm?

n,=2.17 x 108 cm-3

N — 2 17 % Jf)L8 ~m-3 Wy = [nee%/ &y M ]¥2
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Source of wavefront curvature: 11
* large wave amplitude - large Y € —|
» small wave amplitude - small Y

Ap (relativistic) > Ay (non-relativistic) )OC 1.0 =

Time §




Importance of Wavefront Curvature
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S. V. Bulanov et al, PRL 78, 4205 (1997)
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P. Tomassini et al, Phys Rev ST-AB, 6, 121301 (2003)

< relativistic dependence of o, on the
plasma wave amplitude

(yields estimate of y — factor of wave)

% Crossing of e- trajectories leads to
wavebreaking

s electron injection

s Curvature increases the overlap
between the accelerating and
focusing regions of the wave

s e —bunch can reach dephasing
without defocusing

(compresses bunch energy spectrum)



Electron Density [10'8 cm™3]
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O Group Velocity Dispersion: Vgroup (@, n,) # constant

= Pulse Walk-off: vp,m, (@ n,) # Vo, 2w, ) # Vit (2, vac)
= Density Dependent Velocity: vy (2o, peak) * v, (20, trough)

= VVelocity Dependent Index: m=mn(y)

d Longitudinal Averaging: dn, (¢, z) # constant
= Pump Evolution (i.e. focusing)
» Density Evolution (i.e. gas jet profile)

» \Wake Evolution (e.g. wave breaking & beam loading)
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Wakefield Photo Gallery

Density Graph 3D Map Density Graph 3D Map




Applying FDH to other accelerator issues

O Characterize Beam-driven Wakefields (WG4)

O Characterize Channeled Wakefields (WG6b)




(WG1) Comparing Simulation and Observation
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2.5 million hours on NERSC

(National Energy Research Scientific Computer)
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Estimated computing power
required for 3D PIC simulation of
1 GeV channel-guided LWFA



(WGD) Correlating Wakefield Morphology
to Electron Beam Characteristics
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Wake diagnostics will be critical in fine-tuning plasma afterburners
Goal: Energy Doubling

C. Joshi, Scientific American (Feb 2006)
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For optimized bunch length k o, =+/2, best PWFA is realized
In the nonlinear “blowout” regime: n,>>n, AND ko, <1

Rosenzweig et al., Phys. Rev. A 44, R6189 (1991)
Hemker et al., Phys. Rev. ST-AB 3, 061301 (2000)

3 Tt

e '«I\."z (nbi n°=4) o

—_ - Wr (nbf n0m4)

—— Wl (nbf n°=8)
- Wr (nh! n0=8)

n
Grmcwp' nbf b,max
N

4]

g‘ 0
= -1
;u
-2
1.5
1
Desirable properties: 05
 uniform accelerating field profile &,
: : : = :
e [inear focusing force, independent of z s |
= drive pulse & trailing accelerating bunch T

propagate stably, w/ low emittance growth .15 ¢

0 0.5 1 1.5 2 2.5



Proag.tir-?g%temc%(g g)
Cagatsel 2 BNYSREFHASs ]p%eﬂég"?z

Q17
R

Long Interaction Length -~ Severe walkoff - (®p,5pe ~ ®pump)

(@probe ~ ®pump) = CONtiNUUM generation more severe

Wake excitaftf . 800 nm

Wave breakin [T A0 [0

Beam loadinhgF &4
TN

Acceleration @r

R/ R/ )/
0’0 0’0 0’0

X3

*¢

380 390 400 410 420 430
A [nm]



Summary of Experiment Results

1. We have demonstrated the first real-time “snapshots” of laser wakefields
»  up to 15 oscillations with sub- A, spatial resolution
»  wavefront evolution and curvature

»  dependence of wake morphology on laser-plasma conditions

2. These features never previously observed, and determine key electron
bunch properties:

»  energy »  divergence
»  energy spread »  charge

Applying FDH to other accelerator issues

Beam Control Analysis (WG5)
Characterizing Beam-driven Wakefields (WG4)

Extending FDH to channeled wakefields (WG6b)
Application to exotic accelerator schemes (WG3)
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BASIC SCHEME

RECONSTRUCTION

TIME DOMAIN

“Reading” the Hologram

(Full Electric Field Reconstruction)
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“Reading” the Hologram

(Full Electric Field Reconstruction)

probe( ) = |Eprb(®)| I[(I)S'gnal @) < d)Ch'fp((D)]

RECONSTRUCTION

Time-Domain
TIME DOMAIN

probe(t) = |E(t | e1o¢()

Index of Refraction l

on(t) = o9(t)
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electron density 1
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