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,\“ . Motivation: e-beam Diagnostics for

[Laser Plasma Accelerators

Applications (e.g. TeV Colliders, FELs, Coherent Radiation Sources) require:

High brightness beams

Electron Spectra

Charge
* ICT
e Scintillating Screen
* Nuclear Activation

Emittance Energy

* Undulator Radiation Electron * Magnetic Spectrometer

Electron Beam
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Source Size Properties Energy Spread

e Betatron Radiation ¢ Undulator Radiation

Bunch Length

* THz Electro-Optic Sampling

Large Energy Spread &
Variability
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3 Methods to Measure Charge

Warning:
Integrating Current Transformer beam divergence
. ] strongly energy o
Pros: ICTs are useful charge diagnostic 7 dependent . N
* Nondestructive R \
* Easy to use N | .
* Work over broad range of energies Reliability questioned by: Higheerey %
and bunch durations Glinec et al, RSI 77, 103301 (2006)
Cons: none Reliability confirmed

Nakamura et al, in preparation

Scintillating Screen (e.g. Lanex)
Pros:

® Can be used real time

* Provide spatial information

* Work over broad range of energies

and bunch durations %
Cons:

® Destructive
* Calibration requires several steps

Nuclear Activation |
Pros: 4mm

* Reliable Lanex . Al housing
Cons: %

* Destructive TATEY

* Not single-shot Lead:

* Requires Monte Carlo Analysis = &3>0



ﬁ\l ,  ICT Charge Measurements Agree
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with Lanex

Nakamura et al, in preparation

ICT, Lanex & Activation measurements agree!!
16

12

y =1.0662x + 2.2676
R? = 0.95575

Charge from ICT [pC]
co
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Measurement of Energy, E.
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’\l A Application: Laser — Plasma FEL
(tunable, coherent, ultrashort source)

VIEELQLE \{UV

. |lena ési 1

. A | i Undulator also an excellent single-shot,
SR R Y non-destructive e-beam diagnostic

Wavedenglh frem)

Schlenvoigt et al, Nature Phys 4, 130 (2008) Fuchs et al, Nature Phys 5, 826 (2009)

Capillary

{

Magnetic
ICT Undulator Spectrometer

Single-shot Xjray Spectrometer LOASIS X[JC
_ | ‘ollabor 0

: Engineering Div., CBP (A
Center for X-Ray Optics
ALS (LBNL),
MPQ (Germany)

Also supported b

L1

Defense Th
Reduction A
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http://en.wikipedia.org/wiki/File:US-DefenseThreatReductionAgency-Seal.svg�
http://en.wikipedia.org/wiki/File:US-DefenseThreatReductionAgency-Logo.svg�

”””\I' ‘"AI Undulator Diagnostic Provides Energy-
Spread, Emittance Measurement

Calculated using Synchrotron Radiation Code “SPECTRA”
Tanaka et al. J. Synchrotron Radiation, 8, 1221 (2001)

Line Width vs. Energy Spread

Flux Ratio vs. Emittance

30 §
T ! ! ! ! --2nd/1st
25 7 —4-1stHarmonic <~ 200000 Gy/’Y - ° 0.35 - ©2nd/3rd
9 20 - - 3rd Harmonic % O 250/ % 0.3 A
> —-5th Harmonic — X 150000 ' 0 ox 025
S 15 = B 1 377
= e pay 1 mm-mrad T o2
= 10 / = 2 015 ]
o |- 'S 100000 - - o
i .
51 = 2 E
= 0.05
0 : : : : : S 50000 | *
0 05 1 15 2 25 2 A ,] 2 . 6
A
Energy Spread (%) e 0 N _'II I "I ll_"l __ /I""\_ h_r__r _ Emittance [nm-rad]
0 80 160 240 320 400
Photon energy (eV)
Energy spread x10
T T T T T T T T T T
50000 q oly=2.5% S 100000 — oy = m
e}
1 mm-mrad - 0.25% |
S 40000/ 5, 80000
m o S 10 mm-
0, = "
S 30000 <1% resolution g 6000 mrad
5 %
< 20000 A — & 40000 ’
2 | g
é 10000 f 5\ . — § 20000 — , } o, ;
S | l N R VAVA VS, } .f\ \ / k ,f\ 'J\ A A -
E 0 S - o /L L LS S
e 0 80 160 240 320 400 0 30 760 240 320 400
Photon energy (eV) Photon energy (eV)

June 16 Nicholas Matl



A

(0o er ‘m

BERKELEY LAB

)

BETATRO
DIAGNO

Measurement of Source siz
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cerceer ‘.ﬁ Production of Betatron X-rays

Esarey et al Phys Rev E 65, 056505 (2002)

YV

. Magnetic

LOASIS Experiment Spectrrmets.-r

; X-ra

Laser X-hairs ] cE[‘;
| I _ X-rays
o
Gas Jet I Andor
Stainless 1024 x 256

Collaborators: CH Steel
 D.B. Thorn (GSI) Shielding Beampipe

e M. Battaglia (LBNL)

Thorn et al, submitted to RSI

Si K-edge

2000
Photon Energy (eV)

June 16 Nicholas Matlis:



A

(0o er ‘m

BERKELEY LAB

0.024

0.016

#/MeV

0.008

0.024

Shots

0.016

#/MeV

0.008

0.024

0.016

#/MeV

0.008

0

0.024

0.016

#/MeV

0.008

Low Group High

0

June 16

Single shot simultaneous measurement

Electron and Xray spectra

of

Ebeam spectra
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e Extraction of low-E spectrum wi
Nicholas Matlis: Advanced Accele

Xray spectra
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Measurement of electron b
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Electro—Opt1c Sampling Meth

Two halves of EO Sampling:

1. Configuration of the encoding
(setting up the E-fields)

1"(t)\
E-O Crystal

(e.g. GaP) /4 Plate e Coulomb E-fields of the bunch

Cavalieri et al, PRL 94, 114801 (2005)

Optical

Probe \

Time-Dependent
E-field E(t)

e Transition radiation from a foil

¢ Transition radiation from the

plasma-vacuum boundary
Leemans et al, PRL 91, 074802 (2003)

2. Method of retrieval of Information
(configuring the probes)

Probe transmission:

s () =5 (Lsin ()

where

()= i_” Ln’r, E(t) * Spectral Encoding

0
is the phase retardation

e Second-Harmonic
Cross-correlation

E-field
Induced
birefringence

e Temporal Electric-field
Cross-correlation (New)
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3 Encoding Configurations

1. Direct detection of bunch Coulomb fields 0

En=——#6#649497/—.
0 2w eyreo

Implemented at SLAC:
Cavalieri et al, PRL 94, 114801 (2005)

Pros:
* Measurement is direct

Cons:
* Working distance may cause resolution loss

aouelsig Sunjom

* Harsh environment (laser & plasma)
(measurement downstream of interaction)

* Sampling happens after propagation
(may have Coulombic & ballistic expansion)
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3 Encoding Configurations

2. Coherent transition radiation from a foil

Fiorito et al. NIMPR Sect. B 173, 67 (2001)
Debus et al. PRL 104, 084802 (2010)

10 fs N\
Pros: Coherent Transition Radiation 0 f: j

» Zero working distance { Spectrum is correlated to 100 :s %
. N - i 200 fs

* No interference from plasma emission bunch duration

* Detection can be outside of vacuum

Cons:

« Still have harsh environment (laser & plasma)
(can not put foil close to interaction)

* Still have bunch expansion
(may reduce coherence for high frequencies)

* Detection is indirect

(THz emission must be correlated to bunch properties)
* Bandwidth of Electro-optic detection is limited Frequency [THe]

June 16 Nicholas Matlis: Advanced Accelerator Concepts 201
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3 Encoding Configurations

3. Coherent transition radiation directly from the plasma boundary

Leemans et al., Phys. Rev. Lett. 91(7) 074802 (2003)
Schroeder et al., Phys. Rev. E 69, 016501 (2004)
van Tilborg et al., Phys. Rev. Lett. 96, 014801 (2006)

Must account for

f/# effects
] st N
1 V
Pros: - :

Y & 2 THz
* Zero working distance

* No harsh environment z : 4 THz
* Minimal propagation before detectioh ‘
* Detection outside of vacuum .~

Cons:

’

* Detection is still indirect <-.___

«Sharpness of boundary e
(plasma-vacuum boundary not as sharp as foil) "
* Bandwidth of Electro-optic detection is limited

June 16 Nicholas Matlis: Advanced Accelerator Conce;



cereced] o Detection Techniques
’ l

1. “Spectral Encoding”
Z. Jiang et al, Appl Phys Lett 72, 1945 (1998)

Chirped

Probe Pulse :
Polarizer
Modulated Pro

MAplate  E-field: E(t) EO Xtal
Pros: Cons:
* Simple to implement * Recovery is unreliable for short

o THz, 500 fs Signal THz Waveform [~ 0257 THz, 250 fs Signal THz Waveform [ 02575 THz, 125 fs Signal THz Waveform [

0.20- Reconstruction [~ 0-20- f Reconstruction |- 0.20+ Reconstruction [

0.15- 0.15- 0.15- ﬂ.
Z 0.10- Z 0.10- = I i
E 0.05- E 0.05- E
T 0.00- Z 0.00- 2
I -0.05- I -0.05- I-

-0.10- -0.10-

0.15- -0.15-

-0.20-} ! ! ! . -0.20-)

2 -1 0 1 2 2 1 0 1 2
Time [ps] Time [ps] Time [ps]
0.5 THz, 500 fs signal 1THz,
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% 3 Detection Techniques

BERKELEY LAB

2. Second-Harmonic Cross-correlation
S.P. Jamison et al, Opt Lett 28, 1710 (2003)

Chirped
Probe Pulse

EO Xtal Polarizer
E-field: E(t)

Short Reader Pulse

Pros:
* High temporal resolution

Cons:

* Susceptible to phase in the reader
* Requires high-intensities for second harmonic
* Does not provide imaging

June 16 Nicholas Matlis: Advanced Ac



,_\‘“ 3 Detection Techniques

BERKELEY LAB

3. Temporal Electric-field Cross-correlation (TEX)

M4plate E-field: E(t) EO Xtal
Pros: Cons:
* High temporal resolution * Susceptible to phase in the

June 1

0.5 THe, 500 fs Signal THz Waveform ™ 1 THe, 250 fs Signal THz Waveform [ 2 THe, 125 fs Signal THz Waveform |
0.20- Reconstruction | Reconstruction |- 0.20- Reconstruction [

E-field [MV¥/cm]

-0.15- 0.5 THz, 500 fs signal

-0.20-, 1 ! 1 !

Matlis et al, Submitted to JOSA B TEX-ogram

Chirped
Probe Pulse

Short
Reader

Polarizer
Pulse

* Provides imaging
* Linear in probe intensity

0.25-

E-field [MV¥/cm]
E-field [M¥/cm]

1 THz, 250 fs signal

-0.20-, 1 | 1
-2 -1 1] 1 2
Time [ps]

2 THz, 125 fs signal

-0.20-) | | |
-2 -1 0 1 2
Time [ps]

-2 -1 0 1 2
Time [ps]
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How TEX works

TEX Interferogram without TH. TEX FFT{t) without THz

760 770 780 780 800 810 820 830 840
Wavelength [nm] time [ps]

TEX Interferogram with THz TEX FFT(t) with THz

760 770 780 780 800 810 820 830 840
Wavelength [nm]

time [ps]
fwe [ba]

S(0) =[E, (@) +[E (@) ct)=[" E,(E; (r -ty
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e B TEX can be used for Amplitude or

Phase encoding
E Amplitude Encoding m Phase Encoding

/17N oA

i >
[1!["’| rObe
> A A
ETHz Sp -k-S'
RTHI probe
Probe polarization inbetween
birefringence axes

* Phase encoding does is not restric

E [k¥/cm]
) -250-400

2D Spatial profile of THz slice at t=0
showing “over-rotation” at center,
measured with amplitude encoding

% [mm]
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)’\I . THz resolves variation in accelerator

performance during parameter scans

Geddes et al. PRL (2008)

Leemans et al. Phys Plasmas (2001) Example: scan of gas-jet position

2

gll

1-
0.8- ' {i
0.7 -

Bunch Charge [nC]
=]
L]

'
0.2

Focus on Gas Jet Leading Edge

* higher energy e-bunches
* higher n,y production

* less Coulombic expansion

* expect higher THz frequencies

June 16 Nicholas Matlis: Advanced A

0:6: ‘

z [mm]

Bunch Charge

Neutron Yield —— 55

PlIBA UoNaN

Ul
2LVE

ll Focus on inside Gas Jet

* lower energy e-bunches
* lower n,y production

* more Coulombic expansion

 expect lower THz frequencie



. Bunch properties can be inferred from

(0o er ‘m

spatio-temporal model

r THz Spectral Image (Data)
Spatio-temporal Waveform o [

-

Two-Bunch Model

y=0mm

Waveform Lineout

= = = 1-Bunch Model Lineout
——— 2-Bunch Model Lineout

H lqﬂa --------- Data Lineout at y=0 mm

e  Physics of THz emission is elucidated

e Spatio-spectral analysis of THz wav
two bunch structure (90% at 420 f

Matlis et al, submitted to JOS
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Measurement of electron
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Evidence for Coherent OTR

at 3m

Glinec et al, PRL 98, 194801 (2007)

AW §, faul

20 II_I_ o
- llmnhch-ml:l:l’ﬂ'ﬂ‘m————- i

il AN SO0 i) Ll s

Coherent OTR at
1.5 -140 mm

June 16

800

C. Lin et al, in preparation

& poster session AAC2010 . .
¢ First observation of Coherent

OTR at meter distances

100+

o, g@.}z ent

e Laser comple

Detected OTR Signal /ITR Signal

1 (\O\'
*°
\Y Incoherent
0'1-0 20 40 60 80 100 120 140 160 180 200 220 240 260

Phosphor Charge (PC)

Magnetic
. Spectrometer
Capillary
|

ICT

=3 OTR === Phosphor light
~—~  Electron ﬁ Laser

LOASIS
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Summary

1. ICTs functionality for fs beams confirmed

2. Non-invasive, single-shot radiation-based diagnostics have

developed
*  Energy, energy spread & emittance (Undulator)
e Bunch source size (Betatron)
e Bunch temporal structure (THz CTR)

3. Temporal Electric-field Cross-correlati
* TEX provides high-resolution spatial & t
measurements of THz waveforms for

e TEX used to determine 2-componen

4. Coherent Optical Transition Ra
* indicating micron-scale structur
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