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Frequency-Resolved Optical Gating

delay line

From
Ti:Sapphire
oscillator

Probe

: ‘ BS ¢
i Gate  Lens

Irroc(w, T) =‘f dt Egg(t, 7)exp(iw?)

Doubling Spegtrometer

Crystal

Esig(t, 7) = EQ)E( — 7)

2

= |Esig(a’p 7')]2-



Reconstruction Algorithm

Apply
Constraint
E,;ig(t,'l:) EE— E(t) — Es:’g(tsT)
A
Inverse Fourier
Fourier Transform
Transform
v
Esig(,T) < Esig(®,T)
Apply Experimental

Data

constraint: minimizing Z

Z= 5 |Ea't, 7) - EQE® — )

tr=1



Frequency-Domain Shear Interferometry

W

delay by 1 spectrometer /

\ \ %

detector array

frequency shift by -Q

S(wcaT): |E(wc)|2 + |E(wc + Q)lz + 2|E(wc)E(wc + Q)l

X cos[d,(w. + Q) — P, (w.) + w.7]



Frequency-Domain Shear Interferometry

dispersive medium
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nonlinear crystal
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Acousto-optic programmable dispersive filter

Eout(w) * Ein(0)S(aw) a = An(V/c)

speed of sound

Fast Ordinary Axis

A :
(mode 1) cnus_tl wave

Compressed pulse

......

L IR £
B L N
» L "‘-.Il-a.' A S B
Chirped pulse g N
. - LI Tk, T y
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’ Slow Extraordinary Axis
(mode 2)




P R0V L F b

" b= : 500 md, 40 fs—2 ps, 10 Hz
"% : 400 md, 80 ps, 10 Hz

R R 1.2 B EfEER
vEEM 1.2 2 ¥R
X BAE  4x10"° W/ecm?

Hiv g o TR -
—10 ns: 5x10°8 g 1.3%
—200 ps: 1.5x10 h5 0 <2.4%
—40 ps: 2x10° :}% et ¢ 13 urad
—1 ps: 1x107

Appl. Phys. B 79, 193 (2004)



























—
o
I

o
o)
|

o
o))

o
~

intensity (a.u.)

o
(V)

0.0
-150

-100

time (fs)

1.212 & = ¥ #3451

0.8

0.2

(ped) aseyd



intensity (a.u.)

"UF/3.8¥¢% w 4

‘\\\ ‘

HEE

10 . -
4.3 um
05 r — .
0.0 i ' '
20 -10 0 10 20

position (um)

3k R G

WFT7¥2 4 o R E

—_
o

intensity (a.u.)
o
o

0.0
20 -10 O 10 20

position (um)

1.212 Y544, '



ERLCY

7 % © 500 mJ/50 fs =103 W (1000 % +% 5t T Ax)

BE - 4x10" W/iem? (& = (7% 1 = 0.1 W/em?)

23 2x10" Viem (301 & 3 p Rehd B

BH- . 6.7x10%tesla (10 2 ¥ % £ & B23)

KR D 1.4x1010 % F R (1105 BB ¥ iR+ )
BEHELG A2 ER D107 R (ZHBP i R)
$HTIFEAPeE B 3x10°g (g=F 2 E 4 ek B )



d k4 B 00 E T

3 4

, pulse pulse | 8-pass R _ pulse
Bl selector shaper stretcher amplifier spatial filter —», cleaner
|
energy vacuum
T00-TW tuner delay compressor| |
_>
4-pass amp. energy | [ Goav || vacUUM
5 tuner y compressor| ]
-pass vacuum |
- amplifier > spatial filter
energy vacuum
50-TW tuner delay compressor| |
—>
4-pass amp. energy | [ jolav Lol vECHUM ] f
tuner y compressor| | &
<
5| compressor | white light tretch 900-nm
gain ~| generation streteher 4-pass amp.
module l
energy d vacuum
elay =
vacuum 900-nm tuner compressor
module 4-pass amp. energy dela vacuum
tuner y compressor >

computer control



Current Status

COMCICHRNEFA | energy | duration | peak power | contrast | stability | focusibility*
100-TW beamline | 3.3J 30 fs 110 TW > 108 2.1% 72%
(800 nm)
20-TW beamline | 600 mJ 30 fs 20 TW > 108 1.9% 86%
(800 nm)
5-TW beamline 200 mJ 40 fs 5TW > 10 3.4% 72%
(900 nm)

*energy enclosed in an F/7.7 Gaussian focal spot
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Rev. Sci. Instrum. 74, 2300 (2003)
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Nova laser in Lawrence Livermore National Laboratory
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Phys. Rev. Lett. 84, 5564 (2000)



A BB R 3 ki

Vulcan laser in Rutherford Appleton Laboratory

B EE ~34x104T

Nature 415, 280 (2002)
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Positron Production in Multiphoton Light-by-Light Scattering

D. L. Burke, R. C. Field, G. Horton-Smith, J. E. Spencer, and D. Walz
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

S. C. Berridge, W. M. Bugg, K. Shmakov, and A. W. Weidemann

Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996

C. Bula, K. T. McDonald, and E.J. Prebys

Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544

C. Bamber,* S.J. Boege, T. Koffas, T. Kotseroglou,* A. C. Melissinos, D. D. Meyerhofer,® D. A. Reis, and W. Raggll
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 2 June 1997)

A signal of 106 = 14 positrons above background has been observed in collisions of a low-emittance
46.6 GeV electron beam with terawatt pulses from a Nd:glass laser at 527 nm wavelength in an
experiment at the Final Focus Test Beam at SLAC. The positrons are interpreted as arising from a two-
step process in which laser photons are backscattered to GeV energies by the electron beam followed
by a collision between the high-energy photon and several laser photons to produce an electron-positron
pair. These results are the first laboratory evidence for inelastic light-by-light scattering involving only
real photons. [S0031-9007(97)04008-8]

PACS numbers: 13.40.—1, 12.20.Fv, 14.70.Bh
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PRL 98, 251803 (2007) PHYSICAL REVIEW LETTERS 22 JUNE 2007

Laser-Assisted Muon Decay

Ai-Hua Liu

Department of Modern Physics, University of Science and Technology of China,
P.O. Box 4, Hefei, Anhui 230020, People’s Republic of China

Shu-Min Li
Department of Modern Physics, University of Science and Technology of China,
P.O. Box 4, Hefei, Anhui 230020, People’s Republic of China
and China Center of Advanced Science and Technology (World Laboratory),
P.O. Box 8730, Beijing 100080, People’s Republic of China

Jamal Berakdar™
Institut fiir Physik, Martin-Luther-Universitit Halle-Wittenberg, Nanotechnikum-Weinberg,
Heinrich-Damerow-Strasse 4, 06120 Halle, Germany
(Received 2 February 2007; published 20 June 2007)

We show theoretically that the muon lifetime can be changed dramatically by embeddine the decaying
muon _in_a strong linearly polarized laser field. Evaluating the S-matrix elements taking all electronic
multiphoton processes into account we find that a CQO, laser with an electric field amplitude of
10° Vem ™! results in an order of magnitude shorter lifetime of the muon. We also analyze the
dependencies of the decay rate on the laser frequency and intensity.

DOI: 10.1103/PhysRevLett.98.251803 PACS numbers: 13.35.Bv, 13.40.Ks, 14.60.Ef, 42.62.—b
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Energy levels of soft x-ray lasers

Ni-like Kr .
A
30.1eV | 9
: 3d” 4d (upper)
1 A
B 32.8-nm
: :
4096V | i lasing
v I 3d° 4p (lower)
i
I
1456V | fast
© ! decay
|V

3d" (ground)

—» radiative transition
—==» collisional transition

Ne-like Ar
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19.1 eV T ;
1 2p3p(upper)
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Longitudinally pumped optical-field-ionization x-ray lasers

ating advantages:

high efficiency
excellent beam profile
no debris

problem:
ionization defocusing h|gher refractive index

pumppulse—>f K § § § “ <— lower refractive index

defocusing quickly reduces intensity
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AL TRER Phys. Plasmas 11, L21 (2004)




Laser drilled plasma waveguide

— length > 1.2 cm

density variation < 20%

electron density profile
ignitor: 15 mJ, 55 fs

@
o
I

heater: 85 mJ, 80 ps (1.1 ns delay)

n
o
—

probe: 1.2 ns after heater

N
o
—

Phys. of Plasma 11, L21 (2004)

electron density (><1019 cm's)

40

radius (um)



Unexpected immunity to ionization defocusing

laser propagation ignor+ heatr pulses I 1.4 mm I
| '! Iil ;

J ) /) 11 )

I m'ulnn\hl .nnnmtnw m‘ M)

Iflfi

laser propagation pump pulse in waveguide 1.4 mm

;;;;;;;;;;;;;;;;;

............

radial electron/é‘ensity profile

pump pulse: 45 fs, 235 mJ S parrior = 2
ignitor: 45 fs, 45 mJ

heater: 80 ps, 225 mJ
ignitor-heater separation: 200 ps
hearer-pump delay: 2.5 ns

atom density: 1.6x10"° cm™

w

\S]

Zbarrier =1

—h
T

Zon—axis =3

electron density (10" cm®)

o
o

Zon—axis = 2.5
40 80 120
radius (p1m)
A uniform plasma waveguide of 9-mm length is produced with the axicon-
ignitor-heater scheme. The guided beam size is smaller than 15 um.




Atom density dependence for Ni-like Kr lasing at 32.8 nm

400-fold enhancement by waveguide

linear growth (reaching saturation)

11 I
10°¢ l " g ] without waveguide
2 - pump pulse: 45 fs, 235 mJ
3 o0l ™ with waveguide o ] | focal position: 2.75 mm
B o without waveguide ] pump polarization: circular
C 3
% 10° 3 E pure Kr waveguide
£ 5 - 1 | pump pulse: 45 fs, 235 mJ
“— ol 0Q o 1 pump polarization: circular
° 10°¢ ° % \ 3 | focal position: 500 um
o) F . ] ignitor: 45 fs, 45 mJ
o) 3
= A = % exponential ] heater: 80 ps, 225 mJ
g 10 growth ignitor-heater separation: 200 ps
f T ] heater-pump delay: 2.5 ns
6 MR | N N PP |
e 10 - 100

atom density (10" cm™)

trade-off between larger gain coefficient

and more severe ionization defocusing
Phys. Rev. Lett. 99, 063904 (2007)



Pump power dependence for Ni-like Kr lasing at 32.8 nm

linear growth (reaching saturation)

: pure Kr waveguide
v ] pump pulse: 45 fs, 235 mJ

o i pump polarization: circular

| focal position: 500 pm

] I ignitor: 45 fs, 45 mJ

L heater: 80 ps, 225 mJ
ignitor-heater separation: 200 ps
heater-pump delay: 2.5 ns

—

o
T

|

=
—
T
1

-
o
4
=)
—

«—  exponential growth !

number of photons / pulse

—
o
©
———t

100 150 200 250
pump energy (mJ)

Phys. Rev. Lett. 99, 063904 (2007)
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spectral brightness (photon/sec/mm?/mrad?) for AA 10~*

NSRRC (Taiwan)

A

X-ray laser

pulse duration

repetition rate

wavelength

average spectral
brightness at 32.8 nm

peak spectral
brightness at 32.8 nm

100 ps

106 Hz

tunable

9.8x1012

7.9x1014

100 fs (with HHG seeding)

10 Hz

discrete set

2.0x1013

3.9x102%
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Nature 431, 541 (2004)
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without B field

20 30 40 50 60 80

electron energy (MeV)
> 109r | T | T | T
o F
= s AE/E < 3%
< H
cu B
o10°
&
-
- %
O 10’ h
© M
L :
()] [ .ﬂ

| " | " | " o
20 40 60 80

electron energy (MeV)

plasma density:
4x10'° cm3

pump pulse:
230 md, 45 fs,
focused to 8-um diameter



B=32mT: 2mm
50 60 7080 100 140

electron energy (MeV)
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up slope  uniform density region  down slope

< »la »le >
< Ll

50 | : I 1 I | I ] "‘ I 'I I I

machining beam off

30|

[
) measured with 2-mm jet and
10} imaging spectrometer

electron central energy (MeV)

0 400 800 1200 1600 2000 2400
position (um)

Saturation of electron energy occurs after about 200-um
acceleration distance.
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electrons

monoenergetic
electrons

detection limit

M It takes a finite distance for the pump beam to evolve into the
condition for injection.

B Mono-energetic electrons are injected at a localized location.

low-energy background



variable position
of knife edge

machining-pulse
Intensity

o

PR ionization o

ionized gas

heatin
m e neutral gas

M hydrodynamic
- cxpansion ot
nanoseconds later

neutral density profile
after laser machining

- pump ~ variable
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Setup of the machining beam for tomographic measurements

function of the knife-edge: setting the interaction length

pump pulse

focal spot: Py
20 umx1.3 mm

N

variable position

. knife-edge
S T
----- | ’j _/
gas jet cylindrical
lens pair

machining pulse

Phys. Rev. Lett. 96, 095001 (2006)



Y (um)

Y (um)

Evolution of the laser field and the wakefield

E, (102 \//m) E. (10" V/m)
N - N i
-7.0 -3.5 0.0 3.5 -5.0 -2.5 0.0 2.5 5.0
U VAU § "‘ 1 05 ps 1.05 ps
30 i
| : l\ 'l'm'l'. ‘ || “
20.;: | | ‘l 1
I |nJect|on I injection
| 2.03 ps 2.03 ps
30 o\ !
| !' " |
20 . | -
saturation saturation

5 10 15 20 25
X (um)

0

5 10 15 20 25
X (um)

simulation by Prof. Shih-Hung Chen (f# i+ %)
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plasma waveguide

reversing the direction of some electrons by
a transverse ponderomotive potential
(extremely tight focusing is required)

I & A

reversing the direction of some electrons by a beat
wave between 900-nm and-800 nm pulses

plasma waveguide

Phys. Rev. Lett. 79, 2682 (1997)
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Theoretical estimation:

With 500-MeV 1-nC input electron beam, 1-uW 10-KeV x-ray can be produced.

Phys. Rev. Lett. 93, 135005 (2004)
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Dose Localization
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Fig. 1. Curve I is the range-energy relation in tissue.
a function of the residual range of

Range straggling ~ 1%

Radiology 47, 487 (1946)

2.4

2.0

®

IONS PER CM. (II)

0.8

04

Beam spread ~ 5%
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Curve II shows the specific ionization as
a proton in tissue.



Comparison with other radiation sources

(D-‘
S 8
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B O O ~ @
o o o

Percent Depth dose
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Depth in water (cm)

Figure 1. Depth dose distributions of gamma quanta, electron and proton beams.
Curve 1, 140 kV x-rays; curve 2, 1.17 MeV gamma radiation (**Co); curve 3, 25 MeV
electron beam; curve 4, 25 MeV gamma radiation; curve 5, monochromatic 160 MeV
proton beam (Bragg curve); curve 6, spread out Bragg peak (the energy spectrum
optimized for the irradiation of a target spreading from 9 cm to 16 cm deep).

Eur. J. Phys 19, 523 (1998)
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Laboratory soft x-ray emission due to the
Hawking—-Unruh effect?

G Brodin', M Marklund'?, R Bingham?, J Collier* and R G Evans*>

I Department of Physics, Umea University, SE-901 87 Umed, Sweden

2 Centre for Fundamental Physics, Rutherford Appleton Laboratory, Chilton, Didcot,

Oxon OX11 0OQX, UK

3 Space Science & Technology Department, Rutherford Appleton Laboratory, Chilton, Didcot,
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Abstract

The structure of spacetime, quantum field theOry, and thermodynamics are
all connected through the concepts of the-Hawking and Unruh temperatures.
The possible detection of the related-fadiation constitutes a fundamental test
of such subtle connections. Hex€ a scheme is presented for the detection of
Unruh radiation based on cufrently available laser systems. By separating the
classical radiation froat the Unruh response in frequency space, it is found
that the detectio Unruh radiation is possible in terms of soft x-ray photons
using current Taser-electron beam technology. The experimental constraints
are discussed and a proposal for an experimental design is given.
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