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SLAC-FFTB IR 800 0.5 1,504 451 0.53 3.01 56.9 9.36.E+17 1,053 1.18 1.88.E+10 0.61 1.46.E-15

SLAC-FFTB Green 500 0.5 1,504 451 0.33 2.2 30.7 1.08.E+18 527 2.35 2.02.E+10 0.33 1.69.E-15

BNL 4,000 30,000 9000 0.13 27 4578.1 2.91.E+15 10,600 0.12 1.05.E+09 0.35 4.56.E-18

ATF2-IPBSM(Shintake M.) 1,500 10 8,000,000 2,400,000 0.00019 15 1413.0 1.33.E+13 532 2.33 7.07.E+07 0.0012 2.08.E-20

ATF2-200TW-a60 6,000 10 25 7.5 240 0.50 1.6 1.52.E+22 800 1.55 2.39.E+12 59.53 2.38.E-11

ATF2-200TW-a10 6,000 10 25 7.5 240 3.01 56.9 4.22.E+20 800 1.55 3.99.E+11 9.92 6.61.E-13

ATF2-20TW-a2 600 10 25 7.5 24 4.51 127.9 1.88.E+19 800 1.55 8.41.E+10 2.09 2.94.E-14

J-KAREN 5,000 0.00056 40 12 125 3.75 88.3 1.42.E+20 800 1.55 2.31.E+11 5.75 2.21.E-13

Schwinger field 4.65.E+29 1.55 1.32.E+16 3.3.E+05 7.28.E-04

ELI-goal 3,000,000 0.017 30 9 100,000 5 157.0 1.00.E+26 1.55 1.94.E+14 4.8.E+03 1.56.E-07

PFS@MPI 5,000 10 5 1.5 1,000 3.01 56.9 3.00.E+23 1,035 1.20 1.06.E+13 342.21 4.69.E-10

HERCULES, Michigan 9,000 0.1 30 9 300 0.5 1.6 1.91.E+22 800 1.55 2.68.E+12 66.76 2.99.E-11

Astra Gemini@RAL.uk 15,000 0.05 30 9 500 0.9 5.1 9.83.E+21 800 1.55 1.93.E+12 47.88 1.54.E-11

POLARIS@Jena.de 150,000 0.1 150 45 1,000 3.01 56.9 1.76.E+21 1,035 1.20 8.14.E+11 26.20 2.75.E-12

Osaka-ILE-LFEX 10,000,000 3.472E-05 1,000 300 10,000 10 628.0 1.59.E+21 1,050 1.18 7.75.E+11 25.29 2.49.E-12

AIST@Tsukuba 135 10 135 41 1 12 904.3 1.11.E+17 800 1.55 6.46.E+09 0.16 1.73.E-16

BNL - stage-2 30,000 30,000 9000 1.00 27 4578.1 2.18.E+16 10,600 0.12 2.87.E+09 0.95 3.42.E-17

Present/previous and future Lasers  
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this study, which was conducted within a strong brems-
strahlung environment caused by a relativistic e-beam.
Also, we could not investigate polarization-dependent an-
gular distributions in nonlinear Thomson scattering, one of
the main motivations for this experiment, with a conven-
tional spectrometer.

To accurately and quantitatively predict and process the
experimental results, we undertook Monte Carlo simula-
tions using the computer code CAIN [26] based on the
Volkov solutions to the Dirac equation. This code allows
calculating the quantum transition rate of photon emission
from electrons in a high EM field assuming Gaussian
temporal and spatial distributions of the focused electron
and laser beams.

Figure 2 shows the x-ray spectra simulated for our
experimental conditions. The black line is the radiation
spectrum at the interaction point. The energy of photons
produced by the linear Thomson scattering process is
limited to 4!2@!L  6:5 keV, but the nonlinear process
extends the spectrum into the hard–x-ray region. The solid
red line shows the x-ray spectrum at the detector’s location
outside the vacuum beam line and after attenuation in air
and at the Be window. The solid blue line shows the x-ray
spectrum filtered by the 10 "m Ag foil. Bulk x rays pro-
duced in the linear Thomson scattering are stopped on the
foil, and the nonlinear contribution is highlighted. Dashed
lines in Fig. 2 show x-ray transmission of the Be window
and air (red line) and the Ag foil (blue line) used in the
simulation.

The total x-ray flux is measured with the Si diode and
compared with the number of photons evaluated from the
computer simulation. We found that the maximum depos-
ited x-ray dose in a single shot was 1:1  1011 eV.

Notably, the obtained x-ray yield of 2  107 photons is
among the highest ever reported from laser-driven
Thomson scattering experiments. Blocked with the Ag
filter, the signal dropped to 2:6  109 eV. This reduction,
by a factor of 40, corresponds to the ratio of the energy
integrals under the simulated red and blue curves in Fig. 2.
We note that tuning the laser pulse to 200 ps with the
resulting 10 times reduction in the peak intensity at the
same laser energy does not greatly affect the fundamental
signal but completely washes out the filtered signal
(>6:5 keV). This finding confirms the nonlinear depen-
dence of the high-energy component in the x-ray spectrum
upon the laser intensity. Note that background due to
bremsstrahlung photons from the e-beam was detected
with the laser beam off. Typical bremsstrahlung energy de-
posit on the Si detector was 1:3  109 eV and is subtracted
to measure Thomson scattering signals shown above.

Figure 3 displays the transverse profiles of Thomson
x rays observed on a luminescent screen. A two-peak
pattern clearly had developed after spectral filtering and
was oriented along the axis of the laser polarization. The
distance measured across the screen between the peaks
corresponds to 6 mrad in the polar-angle distribution; this
value is consistent with the 1=! estimate and, especially,
with more comprehensive CAIN simulations that account
for the narrowing of the transverse profile due to prefer-
ential filtering of the low-energy peripheral x rays. We also
experimentally confirmed a similar 1=! divergence for the
single-lobe fundamental x-ray beam. Figure 4 gives a
comparison between the experimental and simulated polar
distributions plotted in the plane of the laser polarization.

Finally, we took images of the transverse x-ray profiles
for different polarizations of the CO2 laser. We rotated the
linear polarization through 90  , and then converted it to a
circular one by inserting a half-wave plate and a quarter-
wave plate into the laser beam, respectively. Figure 5(a)
shows the clear 90  rotation of the azimuthal distribution
of the filtered high-energy x rays for a linearly polarized
laser. Similarly, converting the CO2 laser beam to a circular
polarization results in an azimuthally symmetric circular
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FIG. 2 (color). Simulated energy spectra of Thomson x rays.
Solid lines: (black line) at the interaction point; (red line) on the
detector after attenuation in the Be window and air; (blue line)
filtered by a 10 "m Ag foil. Dashed lines show combined
spectral transmission of the Be window with air (red line) and
Ag foil (blue line). A green line shows the high-energy edge
(6.5 keV) for the linear Thomson scattering.

FIG. 3 (color). X-ray images observed on a luminescent
screen: (a) without the Ag foil, and (b) with the 10 "m Ag
foil filter.
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tering of electromagnetic (EM) radiation lacked experi-
mental verification in the x-ray domain attainable with
relativistic e-beams.

In the present experiment, the counterpropagation of a
60 MeV e-beam and a subterawatt CO2 laser beam of a0 !
0:35 allowed us to take single-shot measurements of the
angular distribution of intensity in the second harmonic of
Thomson scattered x rays above 6.5 keV energy and at
various laser polarizations.

Let us look at a physical origin of the fundamental and
the second-harmonic components of EM radiation back-
scattered from a relativistic free electron. For this purpose,
the classical picture of Thomson scattering [11–16] is
suitable. In the electron rest frame moving at velocity !c
inside a counterpropagating laser EM field with a wave
number k " 2"c=!L, the EM wave appears at a double
frequency, 2!L. This forces the electron to oscillate along
the electric field ~E and emit synchrotron radiation at the
same basic frequency, 2!L. A two-lobe sin2# polar angular
distribution of the resulting dipole radiation is oriented
symmetrically along the ~k vector. However, an ‘‘observer’’
positioned in the laboratory frame detects backscattered
radiation at the frequency ! " 2!L=#1$ !% ! 4$2!L
(the Doppler blueshift). Hence, starting with a 60 MeV
e-beam ($ " 120) and a CO2 laser beam of wavelength
%L " 10:6 &m, we obtain backscattered photons in the
x-ray region with % " %L=4$2 " 1:7 !A, corresponding
to 6.5 keV. This observer can see backscattered light only
when a projection of the phase velocity onto the direction
of the electron propagation is larger than !c, i.e., when it is
within the apex angle # & cos$1!. Using the expansions
cos# ! 1$ 1

2#
2 and !"

!!!!!!!!!!!!!!!!!!!
1$1=$2

p
!1$1=2$2, the an-

gular divergence of the backscattered radiation is # " 1=$.
The second-order correction to the electron’s motion is

due to the ~'' ~B coupling that forces the electron to oscil-
late along the ~k vector at the double basic frequency 4!L.
Therefore, it produces the cos2# intensity distribution ori-
ented perpendicular to ~k. The combined electron trajectory
in the relativistic frame forms a figure-of-eight pattern
[12,25]. In the laboratory frame, the cos2# distribution
appears tipped forward and develops two maxima oriented

along the laser polarization axis with an angular separation
1=$. Lorentz transformation results in 13 keV x-ray
energy.

Still higher order perturbations of the electron’s orbit
must be considered as the laser intensity becomes ultra-
relativistic (a0 ( 1). Then, there is a more complex radia-
tion distribution consisting of multiple harmonics along
with spectral expansion into the hard–x-ray region.
However, under our experimental condition a0 ! 0:35,
only the fundamental- and the second-harmonic contribu-
tions are important.

Figure 1 depicts a principle diagram of the present
experiment. The typical input parameters for the electron
and CO2 laser beams are as follows: Electron beam energy
60 MeV, bunch charge 0.5 nC, duration 3.5 psec (FWHM),
transverse dimensions at the interaction point 45 &m'
80 &m (rms); laser pulse energy 4 J, duration 30 psec
(FWHM), and focal spot size 30 &m (rms). The laser pulse
introduced into the e-beam line through a salt (KCl) win-
dow is reflected along the e-beam direction by a flat Cu
mirror tilted at a 45) angle, and is focused head-on to the
e-beam with a normal-incidence parabolic mirror with the
ratio of the equivalent focal length to the diameter f=# "
1. Both mirrors have central holes drilled along the e-beam
axis to transmit the e-beam and the generated x rays.

A narrow cone of x rays generated from the interaction
area passes through the 2 mm hole in the parabolic mirror
and is extracted from the e-beam line through a 250 &m
thick beryllium (Be) vacuum window. Spent electrons,
deflected by the 90) dipole magnet, do not reach the Be
window. This allows one to minimize parasitic bremsstrah-
lung noise on x-ray detectors positioned behind the win-
dow. To image the transverse intensity profile of the x-ray
beam, we used a luminescent screen (Kodak-2854) viewed
with a CCD camera, along with a wide-aperture silicon (Si)
diode for measuring the integral x-ray yield. Inserting the
10 &m thick Ag foil in front of the detector allowed us to
cut off low-energy x rays produced in the linear (single
photon) process and visualize the nonlinear component in
the Thomson scattering.

Note that a conventional x-ray spectrometer based on the
Bragg reflection from a crystal proved to be unsuitable for
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FIG. 1. A diagram of the experiment.
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60MeV
σz(FWHM)=1.1 mm
3.1x109(0.5nC)/bunch
45μm x 80μm(rms)

a0=0.35,  λ=10.6μm
4J in 30psec (FWHM)
27μm(rms)deposit/shot  in Si diode

1.1x1011 eV ( 2x107 photons)
2.6x109 eV w/ Ag foil
1.3x109 eV bremsstrahlung

2nd stage :
a0=0.95,  λ=10.6μm
30J in 30psec (FWHM)
27μm(rms)
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CAIN results
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CAIN results of BNL 2nd stage
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smax !!!s"m̄ "2. !59"

A calculation comparing the rate of positron production
from the trident process according to Eq. !57" and the rate
from the two step process !1" followed by !2" is shown in
Fig. 10. Since a minimum of 5 laser photons are required, the
rates vary roughly as the 5th power of the laser intensity, and
hence as the 10th power of the laser field strength. We esti-
mate that the rate for trident pair production is less than 1%
that from the multiphoton Breit-Wheeler process.

III. EXPERIMENTAL ARRANGEMENT

The experiment was designed to study reactions !1" and
!2", each of which contains two GeV-energy particles in the
final state resulting from the collision of a picosecond pulse
from a terawatt laser #45–48$ with high-energy electrons and
photons in the Final Focus Test Beam !FFTB" #49$. The rate
of reaction !1" was up to 107 scatters during each laser pulse,
which precluded a coincidence measurement of the two final
state particles from a single interaction. The final-state elec-
trons and positrons were dispersed by the FFTB dump mag-

netics, permitting measurements of their inclusive !singles"
rates as a function of momentum in segmented calorimeters
labeled ECAL and PCAL in Fig. 11. Scattered electrons with
Ee#28GeV and positrons with Ee#20GeV were deflected
out of the vacuum pipe and could reach the detectors. There
is no efficient spectrometer for high-energy photons, and
during most of our experiment only the total energy of all
photons scattered during a laser pulse was recorded in a calo-
rimeter, GCAL, which provided a measure of the total rate of
reaction !1". For a small portion of the running, some of the
scattered photons were converted to electron-positron pairs
in a thin foil, and those charged particles were analyzed in a
spectrometer containing charged-coupled-device !CCD"
pixel detectors and SCAL calorimeters downstream of a
5D36 magnet.

A. Laser system

The laser was a 0.5-Hz-repetition-rate, tabletop terawatt
(T3) laser that operated at 1053 nm wavelength !IR", or at
527 nm !green" after efficient (%45%) frequency doubling.
The laser was based on the technique of chirped pulse am-
plification #50$, and it consisted of a mode-locked Nd:YLF
oscillator, Nd:glass regenerative amplifier, a two-pass
Nd:glass rod amplifier and a flashlamp-pumped Nd:glass
slab amplifier, as shown schematically in Fig. 12.
The laser system delivered up to 2.4 J in the IR at the

interaction point, but typically it was operated only up to 800
mJ of IR and 500 mJ of green. The laser has been focused to
better than 2 times the diffraction-limited area. The shortest
pulse width achieved during the running period was 1.5 ps
full width at half maximum !FWHM" (&laser'0.6 ps). Inten-
sities above 1018W/cm2 at the laser focus have been pro-
duced.
The relatively high repetition rate of 0.5 Hz was achieved

via the use of a slab amplifier #51$, which had highly effi-
cient cooling as compared to large-diameter rod amplifiers.
Small-signal gain of 600 was achieved with three passes at 6
kJ of flashlamp energy. The elliptical beam size in the slab
was 1 cm$4 cm. After recircularization, spatial filtering, and
further expansion, the beam was directed to the compression
stage, which consisted of two 1760-lines/mm, gold-coated,
160mm$220mm holographic gratings used in the near-
Littrow, double-pass configuration with a separation distance
of 164 cm #52$.

FIG. 10. The calculated rates for pair production from the mul-
tiphoton Breit-Wheeler process !2" and from trident production !53"
as a function of () at the laser focus. In the present experiment, the
maximum value of () was about 0.16.

FIG. 11. Schematic of the experimental setup: The laser pulses crossed through the electron beam at the interaction point, IP1. The
scattered electrons were deflected by the dump magnets into the electron calorimeter !ECAL". Positrons were deflected into the positron
calorimeter !PCAL". The scattered photons were detected in a Čerenkov counter !not shown", or converted to e%

e
" pairs which could be

detected by the pair spectrometer.

STUDIES OF NONLINEAR QED IN COLLISIONS OF . . . PHYSICAL REVIEW D 60 092004

092004-11

SLAC experiment,  PR D60, 092004(1999), PRL 76, 3116 (1996) 
a0=0.61,  λ=1.053μm
0.8J in 1.5psec 
3μm(rms) , 0.5Hz

a0=0.33,  λ=527nm,
0.5J in 1.5psec 
2.2μm(rms), 0.5Hz

46.6 GeV
σz =870 μm
5x109/bunch
60μm x 60μm(rms)
17o crossing

Compton scattering with Infrared laser e + nω → e′ + γ
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The data are the solid circles with vertical error bars corresponding to the statistical and 
reconstruction errors added in quadrature.  The open circles are the simulation.  The dashed 
line is the simulation of n=m plural scattering.

The yield of nonlinearly scattered electrons vs momentum P
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The scattered electron yield

The simulation for each data set is shown as bands 
representing the 30% uncertainty in the IR laser 
intensity.

The simulation for each data set is shown as bands 
including the +50%, -30% uncertainty in the laser 
intensity.
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CAIN results for the IR laser,  0.8J/pulse
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CAIN results for the green laser,  0.5J/pulse
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46.6GV electron beams and a  linearly polarized 
green laser (0.5J),  about 22,000 laser-on electron 
pulses, (b) 106±14 positrons

Positron productions 

CAIN calculations with the circular polarized 
laser : 303 positrons generated with 22,000 
pulses (1.38E-2/shot, a0=0.33)

FIG. 8. Calculated energy spectra of positrons 
produced in the interaction of a 30 GeV photon 
with a 527 nm laser beam. (a) Parallel polarization. 
(b) Perpendicular polarization. The curves are 
labeled by the number of laser photons involved

FIG. 44. The dependence of the positron rate 
per laser shot on the laser field-strength 
parameter η. The line shows a power law fit
to the data. The shaded distribution is the 95% 
confidence limit on the residual background 
from showers of lost beam particles after
subtracting the laser-off positron rate.

γ + nω → e+e−
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Brilliant hard γ-production and e+e−-creation in vacuum with ultra-high

laser fields: Testing theoretical predictions at ELI-NP

Dietrich Habs, Peter Thirolf, Nina Elkina and Hartmut Ruhl

Fakultät für Physik, Ludwig-Maximilians-UniversitätMünchen, D-85748 Garching, Germany

Abstract

We want to measure the hard-γ production, when a

brilliant bunch of 600 MeV electrons is injected into

the intense focus of two counter-propagating lasers with

1024W/cm2 in vacuum. In a second step these hard-γ pho-
tons can produce e+e− pairs in the same laser field in

vacuum. We describe an experiment planned for ELI-NP,

where we want to test for the first time non-perturbative

high-field QED effects.

INTRODUCTION

One of the main goals of the project Extreme Light In-

frastructure (ELI) [1] is to study the “boiling of the vac-

uum” [2], i.e. the electron-positron pair creation in the vac-

uum and photon production with ultra-high laser fields. At

the Extreme Light Infrastructure - Nuclear Physics (ELI-

NP) facility [3] we presently plan for laser intensities of

1024W/cm2, equivalent to an electric field strength E =
4.7 · 1015V/m, or normalized vector potentials a = 103,
which are still much too small to produce directly pairs

from the vacuum. Here the laser field is characterized by

the Lorentz invariant dimensionless normalized vector po-

tential a:

a =
eEλL

me2πc2
=

e
√

AµAµ

mec2
, (1)

where λL is the laser wavelength andAµ is the laser vector

potential. In comparison to the Schwinger intensity of Is =
5 · 1029W/cm2, or the Schwinger field ES :

Es =
m2

ec
3

eh̄
= 1.3 · 1018V/m (2)

the extremely strong suppression by the exponential factor

exp[−π · (Es/E)] ≈ 10−1000 (3)

prevents the observation of pair creation, when focusing

the high-power lasers of ELI-NP into vacuum. Thus we

need some kind of seeding. The special feature of ELI-

NP is, that at the same time a Compton-backscattering γ-
beam facility [5] will be installed, where a very brilliant,

intense, classical electron beam is produced in a warm elec-

tron linac with up to 600 MeV and is used to produce γ-
quanta with maximum energiesEγ = 19MeV by backscat-
tering laser light. This γ-facility can be operated in coinci-
dence with the high-intensity laser pulses with a repetition

rate of 1/min. Here one first might think of “dynamically

assisted pair creation” [6], injecting into the intense low-

frequency laser focus at the same time the weak-intensity,

high-frequency γ-quanta, resulting in a new strongly re-

duced exponential suppression factor:

exp[−(π − 2) · (Es/E)] ≈ 10−350 . (4)

Though this is a largely reduced hindrance factor, it is still

much too small to generate for the given repetition rates and

γ-intensities any observable effects. Narozhnyi [15, 16]
predicted for an additional injection of very high-energy

γ-quanta with energyEγ an exponential hindrance factor:

exp[−(8/3) · (Es/E) · (mec
2/Eγ)] ≈ 10−1 . (5)

So, if we would inject γ-quanta with much higher en-
ergy Eγ = 1000 · mec2=500 MeV, the exponential sup-
pression would basically vanish and we could observe pair

creation. However, it would be extremely difficult to pro-

duce such high-energy γ-quanta by Compton backscatter-
ing with high harmonic laser pulses from the 600 MeV

electron beam with sufficient intensity. Is there another

way to inject γ-quanta of up to 500 MeV into the high-

intensity laser focus at ELI-NP with sufficient intensity?

If one looks at the Compton backscattering of laser pho-

tons of energy EL and an intensity (characterized by a)
from the classical electron beam with energy Ee = γe ·

mec2, one obtains for the γ-energyEγ :

Eγ = n ·
4γ2

eEL

1 + a2
(6)

with the harmonic number n. While one obtains for the

600 MeV electron beam with γe = 1200 and small values
of the normalized laser vector potential a γ-energies of a
few MeV, one finds that for increasing a ≈ γe the Doppler
boost for the γ-energy or the factors γ2

e and a
2 cancel out

and Eγ ≈ n · 4 ·EL drops to the optical regime. However,

for such large values of γe and a, new high-field effects

come into play and Eq. (6) is no longer valid.

If large external electromagnetic fields are present elec-

trons can gain large energies. In that case any field in their

rest frame can be considered as constant and crossed due

to the transformation properties

$E
′

||

= $E
||
, $E

′

⊥
= γ

(

$E
⊥
+ $v × $B

)

, (7)

$B
′

||

= $B
||
, $B

′

⊥
= γ

(

$B
⊥
−

1

c2
$v × $E

)

. (8)

This implies that E2 − c2 B2 ≈ 0 and !E · !B ≈ 0. Any
constant crossed field can be transformed into a pure mag-

netic field in an appropriate reference frame. Radiation

emission by electrons or positrons in a constant magnetic

field is naturally controled by the dimensionless parame-

ter B
⊥
ε/(mEs), where B⊥

is the magnitude of the exter-

nal magnetic field normal to the particle momentum, ε is
the energy of the particle and m is the mass. This can be

understood by observing that the peak of the emitted ra-

diation energy of an energetic electron in a constant mag-

netic field versus its kinetic energy is approximately given

by (h̄ω0/ε) (ε/m)3 = B
⊥
ε/(mEs), where ω0 = eB

⊥
/ε.

In the lab frame this parameter becomes the quantum effi-

ciency parameters χ

χ =
eh̄

√

− (Fµν pν)
2

m3 c4 , (9)

where pν is the electron or positron 4-momentum. The
total transition rate for radiation in strong external fields

scales likem2 χ2/3/ε, where the spectrum of the emitted γ-
radiation now extends to ever larger energies the larger the

parameter χ is [7, 9]. If this Lorentz invariant χ gets close
to unity, intense γ emission with 108 times higher γ ener-
gies compared to Eq. (6) sets in and a significant fraction of

the electron energy is emitted over small radiation lengths

with high energy γ-quanta [9, 7]. We will focus the 600
MeV classical electron beam directly into the high-power

laser focus and produce an intense, brilliant high-energy γ
beam directly inside the high intensity laser focus. Thus at

ELI-NP we will pursue a two-fold strategy: (1) we want

to study the high field processes to produce new brilliant,

high-energy γ-beams as a function of a and γe and then (2)
the new γ-beam will cause pair creation in the vacuum in
the same intense laser focus.

One could also think of producing the high-energy elec-

tron beam by laser acceleration, but considering the fluc-

tuations in presently produced laser-accelerated electron

beams (e.g. pointing variations), it appears much more re-

liable to explore these new high-field forces and the pro-

duction of high-energy γ-quanta with a very brilliant, very
stable, classical high-energy electron beam.

With these high-energy quanta γh and the laser photons
γL even hadronic QCD processes like γh+n ·γL  π0  
γ1 + γ2 are energetically allowed, and we may learn some-

thing about the hadronic QCD content of the vacuum with

strong laser-dressed processes.

In the following we will first decribe the experimental

setup at ELI-NP to explore these new high-field processes,

and then we show the theoretically predicted rates of γ pro-
duction and e + e− pair creation.

EXPERIMENTAL SETUP AT ELI-NP FOR

DETECTING HARD γ-PRODUCTION

AND PAIR CREATION

In Fig. 1 we show in a schematic way the experimental

setup. We focus the electron beam with a triplet lens into

1 m

Figure 1: Experimental setup, showing the two focusing

mirrors with the high-field focus and the triplet lense which

focusses the electron beam (red) into the laser focus. Be-

hind the laser focus, a dipole magnet deflects the electron

beam, while the γ beam (green) continues straight on.

Figure 2: Extended view of the experimental setup, show-

ing the sampling measurements on the γ beam, where in
thin foils γ-quanta are converted to e + e− pairs, which then
are deflected in small magnets and measured in calorime-

ters.

the laser focus. The electron bunches have a maximum en-

ergy of 600 MeV, corresponding to γe ≈ 1200, a maximum
charge of 250 pC (≈ 109 e/s) with a typical bunch length

of 1.5 ps or 450 µm , a diameter of 5µm and a normal-

ized emittance of εn = 0.2 mm mrad. We use two coun-

terpropagating laser pulses from two synchronized APOL-

LON lasers [11] with 15 fs FWHM, where we can realize

different Lorentz-invariant intensity parameters F and G
from the field tensor Fµ,ν in the focus
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Especially interesting is a configuration, where the elec-

tric E fields of both oppositely circular polarized lasers are

added in the focal plane, while the magnetic B fields cancel

This implies that E2 − c2 B2 ≈ 0 and !E · !B ≈ 0. Any
constant crossed field can be transformed into a pure mag-

netic field in an appropriate reference frame. Radiation

emission by electrons or positrons in a constant magnetic

field is naturally controled by the dimensionless parame-

ter B
⊥
ε/(mEs), where B⊥

is the magnitude of the exter-

nal magnetic field normal to the particle momentum, ε is
the energy of the particle and m is the mass. This can be

understood by observing that the peak of the emitted ra-

diation energy of an energetic electron in a constant mag-

netic field versus its kinetic energy is approximately given
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⊥
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scales likem2 χ2/3/ε, where the spectrum of the emitted γ-
radiation now extends to ever larger energies the larger the

parameter χ is [7, 9]. If this Lorentz invariant χ gets close
to unity, intense γ emission with 108 times higher γ ener-
gies compared to Eq. (6) sets in and a significant fraction of

the electron energy is emitted over small radiation lengths

with high energy γ-quanta [9, 7]. We will focus the 600
MeV classical electron beam directly into the high-power

laser focus and produce an intense, brilliant high-energy γ
beam directly inside the high intensity laser focus. Thus at

ELI-NP we will pursue a two-fold strategy: (1) we want

to study the high field processes to produce new brilliant,

high-energy γ-beams as a function of a and γe and then (2)
the new γ-beam will cause pair creation in the vacuum in
the same intense laser focus.

One could also think of producing the high-energy elec-

tron beam by laser acceleration, but considering the fluc-

tuations in presently produced laser-accelerated electron

beams (e.g. pointing variations), it appears much more re-

liable to explore these new high-field forces and the pro-

duction of high-energy γ-quanta with a very brilliant, very
stable, classical high-energy electron beam.

With these high-energy quanta γh and the laser photons
γL even hadronic QCD processes like γh+n ·γL → π0 →

γ1 + γ2 are energetically allowed, and we may learn some-
thing about the hadronic QCD content of the vacuum with
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ing the sampling measurements on the γ beam, where in
thin foils γ-quanta are converted to e+e− pairs, which then
are deflected in small magnets and measured in calorime-

ters.
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charge of 250 pC (≈ 109 e/s) with a typical bunch length
of 1.5 ps or 450 µm , a diameter of 5µm and a normal-

ized emittance of εn = 0.2 mm mrad. We use two coun-

terpropagating laser pulses from two synchronized APOL-
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This implies that E2 − c2 B2 ≈ 0 and !E · !B ≈ 0. Any
constant crossed field can be transformed into a pure mag-

netic field in an appropriate reference frame. Radiation

emission by electrons or positrons in a constant magnetic

field is naturally controled by the dimensionless parame-

ter B
⊥
ε/(mEs), where B⊥

is the magnitude of the exter-

nal magnetic field normal to the particle momentum, ε is
the energy of the particle and m is the mass. This can be

understood by observing that the peak of the emitted ra-

diation energy of an energetic electron in a constant mag-

netic field versus its kinetic energy is approximately given

by (h̄ω0/ε) (ε/m)3 = B
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ε/(mEs), where ω0 = eB

⊥
/ε.
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where pν is the electron or positron 4-momentum. The
total transition rate for radiation in strong external fields

scales likem2 χ2/3/ε, where the spectrum of the emitted γ-
radiation now extends to ever larger energies the larger the

parameter χ is [7, 9]. If this Lorentz invariant χ gets close
to unity, intense γ emission with 108 times higher γ ener-
gies compared to Eq. (6) sets in and a significant fraction of

the electron energy is emitted over small radiation lengths

with high energy γ-quanta [9, 7]. We will focus the 600
MeV classical electron beam directly into the high-power

laser focus and produce an intense, brilliant high-energy γ
beam directly inside the high intensity laser focus. Thus at

ELI-NP we will pursue a two-fold strategy: (1) we want

to study the high field processes to produce new brilliant,

high-energy γ-beams as a function of a and γe and then (2)
the new γ-beam will cause pair creation in the vacuum in
the same intense laser focus.

One could also think of producing the high-energy elec-

tron beam by laser acceleration, but considering the fluc-

tuations in presently produced laser-accelerated electron

beams (e.g. pointing variations), it appears much more re-

liable to explore these new high-field forces and the pro-

duction of high-energy γ-quanta with a very brilliant, very
stable, classical high-energy electron beam.

With these high-energy quanta γh and the laser photons
γL even hadronic QCD processes like γh+n ·γL → π0 →

γ1 + γ2 are energetically allowed, and we may learn some-
thing about the hadronic QCD content of the vacuum with

strong laser-dressed processes.

In the following we will first decribe the experimental

setup at ELI-NP to explore these new high-field processes,

and then we show the theoretically predicted rates of γ pro-
duction and e+e− pair creation.

EXPERIMENTAL SETUP AT ELI-NP FOR

DETECTING HARD γ-PRODUCTION

AND PAIR CREATION

In Fig. 1 we show in a schematic way the experimental

setup. We focus the electron beam with a triplet lens into

1 m

Figure 1: Experimental setup, showing the two focusing

mirrors with the high-field focus and the triplet lense which

focusses the electron beam (red) into the laser focus. Be-

hind the laser focus, a dipole magnet deflects the electron

beam, while the γ beam (green) continues straight on.

Figure 2: Extended view of the experimental setup, show-

ing the sampling measurements on the γ beam, where in
thin foils γ-quanta are converted to e+e− pairs, which then
are deflected in small magnets and measured in calorime-

ters.

the laser focus. The electron bunches have a maximum en-

ergy of 600 MeV, corresponding to γe ≈ 1200, a maximum
charge of 250 pC (≈ 109 e/s) with a typical bunch length
of 1.5 ps or 450 µm , a diameter of 5µm and a normal-

ized emittance of εn = 0.2 mm mrad. We use two coun-

terpropagating laser pulses from two synchronized APOL-

LON lasers [11] with 15 fs FWHM, where we can realize

different Lorentz-invariant intensity parameters F and G
from the field tensor Fµ,ν in the focus

F = −
FµνFµν

2E2
s

=
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(10)

G =
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=
c !E · !B

E2
S

(11)

Especially interesting is a configuration, where the elec-

tric E fields of both oppositely circular polarized lasers are

added in the focal plane, while the magnetic B fields cancel

Two oppositely circular polarized lasers can 
create  B=0, .e. only E field at crossing point

each other. Thus the E field rotates around the laser axis

and its amplitude varies slowly with the envelope of the

laser pulse. The two parabolic mirrors focus the two lasers

to a radius of about 1 µm, and we have a maximum field

strength characterized by a normalized vector potential a≈

1000. Thus within the high-field volume of the laser pulse

about ≈ 105 electrons are contained. In the simulations
(discussed below) we obtain, that each electron in the high-

field regime produces about 20 high-energy γ-quanta with
an exponential spectrum, reaching up to about 600 MeV

with the special quantal γ emission processes [7]:

e + n · γL → e′+ γh (12)

These γ-quanta γh exhibit the very small opening angle of
the electron beam of ≈ 1/(2γ) ≈ 10µrad and a diameter
of the laser focus of about≈ 2µm.
The process is controlled by the relativistic invariant pa-

rameters
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ec4

√

−(Fµνpνe)2 =
E

ES
·

Ee

mec2
(13)

and
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where Fµν is the four-tensor of the laser field, pνe is the
four-momentum of the high energy electron and kνγ is the
four-momentum of the γ quantum.
The duration of the γ-pulse is about 15 fs, like the laser

pulse. In Fig. 1 and Fig. 2 we show how the primary elec-

tron bunch is deflected by a dipole magnet behind the laser

focus and then propagates straight to the electron beam

dump. The high-energy γ-pulse traverses several identi-
cal detector units before it is stopped in the γ-beam dump.
Each detector unit consists of a thin foil, which converts

about one γ-quantum into an electron-positron pair. In this
way we can sample the spectrum of the intense, 15 fs γ-
bunch containing about 106 γ-quanta. The forward-going
e+e− pairs are opened up by a local magnetic field. Thus
the positron hits the calorimeter array on the lift side of the

γ-beam, while the electron hits the calorimeter array on the
right side. From the deposited energy, the position of the

shower in the calorimeter and the vertex in the thin foil we

can reconstruct the γ-ray spectrum and determine the spot
size of the γ beam. By this sampling technique we avoid
a pile-up of the γ-pulses in the detectors. When reducing
the field strength of the laser pulse or reducing the electron

energy, we obtain from simulations a fast decrease of these

high field processes. Also a strong dependence on the laser

pulse duration is predicted. This will allow us for the first

time to test the assumed physical processes of this high-

field regime. At the same time we will be able to predict the

properties of the brilliant, intense γ beams for other laser
and electron beam parameters. These γ-beams have typical
peak brilliances of≈ 1024/[(mm ·mrad)2 · s · 0.1%BW ].

Figure 3: Simulated yield of electron positron pairs as a

function of time for different values of the dimensionless

field amplitude a = 103, 1.2× 103, 1.5× 103. The energy
of the primary electron beam is 600MeV .

The polarisation of the brilliant γ-beam is determined by

the polarisation of the laser beams.

Furthermore, we show in Fig. 2 the broad-acceptance

magnetic spectrometers with which we want to measure

the energies and spatial distribution of the electrons and

positrons. We expect for our parameters only a few e+e−

pairs per shot produced in the multiphoton Breit-Wheeler

reaction

γh + n · γL → e+e− (15)

For our field strength characterized by a≈1000 and elec-

tron energies with γe ≈1200, the pair creation is still

marginal. Exponentially increasing QED cascades [14] are

expected only for higher laser field strengths. Still these

measurements will present a strong test of the new high-

field pair creation simulations.

The spectra of the electrons may also be used to align the

two laser pulses and the electron bunch properly in space

and time, because the deflection, acceleration or deceler-

ation of the electrons depend sensitively on the combined

fields of the two lasers. The electrons also probe the outer

fringe fields of the lasers.

Thus we hereby use the high-field laser focus in two

functions at the same time: (1) to generate the high-energy

γ-quanta and (2) to induce their pair decay.

SIMULATIONS

For the final comparison between experiment and simu-

lation we need the precise parameters of the laser focus and

the electron bunch. We not only have to describe the high-

field laser interaction for the production of high-energy γ-
quanta and e+e− pairs properly, but also the dynamics of
the electrons in the laser field like acceleration, deceler-

ation and the motion in the ponderomotive potential. At

Figure 4: Simulated spectra of generated γ-quanta,
positrons and electrons for a focus with a rotating E field

and 1024W/cm2 and a 600 MeV electron bunch.

present we performed first order calculations, which give

us the main spectra of the high energy γ-quanta, electrons
and positrons to design the spectrometers. In Monte Carlo

computer simulations, solving the transport equations for

the high-field laser interaction using Landau-Lifshitz-like

forces or quantal interactions [7, 10, 9], we obtained our

predictions. We estimate about 2 electron-positron pairs

per laser shot and about Nγ=20 high-energy photons per

shot. Fig. 3 shows the strong exponential increase of the

numbers of pairs with the normalized vector potential a and
the duration of the laser pulse. It demonstrates that we are

just starting to see positrons and that a small improvement

of the parameters will lead us in the QED cascade regime.

In Fig. 4 on sees the exponentially decreasing γ-spectrum,
reaching up to 600 MeV. The high-energy γ-quanta then
lead to the e+e− production. The electron and positron

spectra show, that they are accelerated in the rotating field,

but at the same time γ-emission results in lower energies.

COMPARISONWITH THE E144 SLAC

EXPERIMENT ON HIGH γ-PRODUCTION

AND PAIR CREATION

The high-field theory will be tested in the ELI-NP ex-

periment, which is very different from the E144 SLAC ex-

periment [12, 13]. In both experiments the dominant pro-

cess for pair creation is a two-step process, where an elec-

tron first produces a high-energy γ-quantum in the laser

field and in the second step via a Breit-Wheeler reaction

the high energy γ-quantum is converted into an e+e− pair.
In Table 1 we compare the parameters of the two experi-

ments. While the laser intensity in the SLAC experiment

was 1.3 · 1018W/cm2, we expect to have ≈ 1024W/cm2

and corespondingly the normalized vector amplitude in the

SLAC experiment was a = 0.36, while we will have a
much larger value of a = 1000. Our laser field config-

uration can be chosen very flexibly with the two Lorentz

invariants F and G, while in the SLAC case only one laser
beam with crossed E and B fields and F=0 was used. On

the other hand, in the SLAC experiment much more high-

energetic electrons of 46.6 GeV were used, while we will

have only 0.6 GeV. For many considerations again only

the Lorentz-invariant quantities χe and χγ are important.

While in the SLAC experiment the produced high-energy

γ-quanta had about 30 GeV, in the ELI-NP case we will
have only quanta below 600 MeV. The χ values of the ELI-
NP experiment are larger and thus the creation times for

new particles are shorter. While the number of electrons

in the accelerated bunch is similar, the number of electrons

reaching the high-field laser interaction in the ELI-NP ex-

periment will be a factor of 104 smaller.

Table 1: Comparison of the parameters of the ELI-NP and

E144 SLAC experiments [12]

parameter ELI-NP E144 SLAC

norm. vec. potent. a 1000 0.36

laser intensity ≈ 1024W/cm2 1.3 · 1018W/cm2

laser width 15 fs 1600 fs

σx ≈ 1µm 25µm
σy ≈ 1µm 40µm
Ee 0.6 GeV 46.6 GeV

Ne 1.5·109e 7·109

repetition rate 0.02 Hz 10-20 Hz

χe 1.7 0.3

χγ ≈1 0.2

photons absorbed

in pair cr. npair ≈ 109 ≈ 5

CONCLUSIONS AND OUTLOOK

We are preparing for a very intense laser focus in vac-

uum at ELI-NP with a large freedom to choose the invari-

ant field parameters. Furthermore, we require very good

vacum in the surrounding of the laser focus using cryo-

pumping. Thus this setup will represent an ideal labora-

tory for probing the real and imaginary part of the vacuum

in high laser fields. In addition, we will add a very bril-

liant, intense high-energy electron beam and a brilliant po-

larized high-energyγ-beam for seeding the high-field laser-
vacuum interaction. Thus all components of QED cascades

[14] can be probed individually in order to test theoretical

predictions. We may even improve the high-energy γ spec-
trum from its exponential shape to a spectrumwith more in-

tensity at higher energies, by modulating the electron den-

sity and electron energy of the large bunch in the 100 fs

range, before the 15 fs high field interaction occurs.

Figure 4: Simulated spectra of generated γ-quanta,
positrons and electrons for a focus with a rotating E field

and 1024W/cm2 and a 600 MeV electron bunch.

present we performed first order calculations, which give

us the main spectra of the high energy γ-quanta, electrons
and positrons to design the spectrometers. In Monte Carlo

computer simulations, solving the transport equations for

the high-field laser interaction using Landau-Lifshitz-like

forces or quantal interactions [7, 10, 9], we obtained our

predictions. We estimate about 2 electron-positron pairs

per laser shot and about Nγ=20 high-energy photons per

shot. Fig. 3 shows the strong exponential increase of the

numbers of pairs with the normalized vector potential a and
the duration of the laser pulse. It demonstrates that we are

just starting to see positrons and that a small improvement

of the parameters will lead us in the QED cascade regime.

In Fig. 4 on sees the exponentially decreasing γ-spectrum,
reaching up to 600 MeV. The high-energy γ-quanta then
lead to the e + e− production. The electron and positron

spectra show, that they are accelerated in the rotating field,

but at the same time γ-emission results in lower energies.
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The high-field theory will be tested in the ELI-NP ex-

periment, which is very different from the E144 SLAC ex-

periment [12, 13]. In both experiments the dominant pro-

cess for pair creation is a two-step process, where an elec-

tron first produces a high-energy γ-quantum in the laser

field and in the second step via a Breit-Wheeler reaction

the high energy γ-quantum is converted into an e + e− pair.
In Table 1 we compare the parameters of the two experi-

ments. While the laser intensity in the SLAC experiment

was 1.3 · 1018W/cm2, we expect to have ≈ 1024W/cm2

and corespondingly the normalized vector amplitude in the

SLAC experiment was a = 0.36, while we will have a
much larger value of a = 1000. Our laser field config-

uration can be chosen very flexibly with the two Lorentz

invariants F and G, while in the SLAC case only one laser
beam with crossed E and B fields and F=0 was used. On

the other hand, in the SLAC experiment much more high-

energetic electrons of 46.6 GeV were used, while we will

have only 0.6 GeV. For many considerations again only

the Lorentz-invariant quantities χe and χγ are important.

While in the SLAC experiment the produced high-energy

γ-quanta had about 30 GeV, in the ELI-NP case we will
have only quanta below 600 MeV. The χ values of the ELI-
NP experiment are larger and thus the creation times for

new particles are shorter. While the number of electrons

in the accelerated bunch is similar, the number of electrons

reaching the high-field laser interaction in the ELI-NP ex-

periment will be a factor of 104 smaller.

Table 1: Comparison of the parameters of the ELI-NP and

E144 SLAC experiments [12]
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laser intensity ≈ 1024W/cm2 1.3 · 1018W/cm2
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We are preparing for a very intense laser focus in vac-

uum at ELI-NP with a large freedom to choose the invari-

ant field parameters. Furthermore, we require very good

vacum in the surrounding of the laser focus using cryo-

pumping. Thus this setup will represent an ideal labora-

tory for probing the real and imaginary part of the vacuum

in high laser fields. In addition, we will add a very bril-

liant, intense high-energy electron beam and a brilliant po-

larized high-energyγ-beam for seeding the high-field laser-
vacuum interaction. Thus all components of QED cascades

[14] can be probed individually in order to test theoretical

predictions. We may even improve the high-energy γ spec-
trum from its exponential shape to a spectrumwith more in-

tensity at higher energies, by modulating the electron den-

sity and electron energy of the large bunch in the 100 fs

range, before the 15 fs high field interaction occurs.

about 20 γ’s and about 2 e+e- pairs/shot

each other. Thus the E field rotates around the laser axis

and its amplitude varies slowly with the envelope of the

laser pulse. The two parabolic mirrors focus the two lasers

to a radius of about 1 µm, and we have a maximum field

strength characterized by a normalized vector potential a≈

1000. Thus within the high-field volume of the laser pulse

about ≈ 105 electrons are contained. In the simulations
(discussed below) we obtain, that each electron in the high-

field regime produces about 20 high-energy γ-quanta with
an exponential spectrum, reaching up to about 600 MeV

with the special quantal γ emission processes [7]:

e + n · γL → e′+ γh (12)

These γ-quanta γh exhibit the very small opening angle of
the electron beam of ≈ 1/(2γ) ≈ 10µrad and a diameter
of the laser focus of about≈ 2µm.
The process is controlled by the relativistic invariant pa-

rameters
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where Fµν is the four-tensor of the laser field, pνe is the
four-momentum of the high energy electron and kνγ is the
four-momentum of the γ quantum.
The duration of the γ-pulse is about 15 fs, like the laser

pulse. In Fig. 1 and Fig. 2 we show how the primary elec-

tron bunch is deflected by a dipole magnet behind the laser

focus and then propagates straight to the electron beam

dump. The high-energy γ-pulse traverses several identi-
cal detector units before it is stopped in the γ-beam dump.
Each detector unit consists of a thin foil, which converts

about one γ-quantum into an electron-positron pair. In this
way we can sample the spectrum of the intense, 15 fs γ-
bunch containing about 106 γ-quanta. The forward-going
e+e− pairs are opened up by a local magnetic field. Thus
the positron hits the calorimeter array on the lift side of the

γ-beam, while the electron hits the calorimeter array on the
right side. From the deposited energy, the position of the

shower in the calorimeter and the vertex in the thin foil we

can reconstruct the γ-ray spectrum and determine the spot
size of the γ beam. By this sampling technique we avoid
a pile-up of the γ-pulses in the detectors. When reducing
the field strength of the laser pulse or reducing the electron

energy, we obtain from simulations a fast decrease of these

high field processes. Also a strong dependence on the laser

pulse duration is predicted. This will allow us for the first

time to test the assumed physical processes of this high-

field regime. At the same time we will be able to predict the

properties of the brilliant, intense γ beams for other laser
and electron beam parameters. These γ-beams have typical
peak brilliances of≈ 1024/[(mm ·mrad)2 · s · 0.1%BW ].

Figure 3: Simulated yield of electron positron pairs as a

function of time for different values of the dimensionless

field amplitude a = 103, 1.2× 103, 1.5× 103. The energy
of the primary electron beam is 600MeV .

The polarisation of the brilliant γ-beam is determined by

the polarisation of the laser beams.

Furthermore, we show in Fig. 2 the broad-acceptance

magnetic spectrometers with which we want to measure

the energies and spatial distribution of the electrons and

positrons. We expect for our parameters only a few e+e−

pairs per shot produced in the multiphoton Breit-Wheeler

reaction

γh + n · γL → e+e− (15)

For our field strength characterized by a≈1000 and elec-

tron energies with γe ≈1200, the pair creation is still

marginal. Exponentially increasing QED cascades [14] are

expected only for higher laser field strengths. Still these

measurements will present a strong test of the new high-

field pair creation simulations.

The spectra of the electrons may also be used to align the

two laser pulses and the electron bunch properly in space

and time, because the deflection, acceleration or deceler-

ation of the electrons depend sensitively on the combined

fields of the two lasers. The electrons also probe the outer

fringe fields of the lasers.

Thus we hereby use the high-field laser focus in two

functions at the same time: (1) to generate the high-energy

γ-quanta and (2) to induce their pair decay.

SIMULATIONS

For the final comparison between experiment and simu-

lation we need the precise parameters of the laser focus and

the electron bunch. We not only have to describe the high-

field laser interaction for the production of high-energy γ-
quanta and e+e− pairs properly, but also the dynamics of
the electrons in the laser field like acceleration, deceler-

ation and the motion in the ponderomotive potential. At

QED cascades
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Time dependence of the electron and photon parameters for a 1.3 GeV electron beam
interacting with a 30 fs laser pulse ( a0=9.9): the electron energy - black; parameter e -
blue; laser pulse profile ‒ red, parameter γ- green.

Ref :  ON THE DESIGN OF EXPERIMENTS FOR THE STUDY OF EXTREME FIELD LIMITS IN THE INTERACTION OF 
LASER WITH ULTRA RELATIVISTIC ELECTRON BEAM,  S.V.Bulanov et al., eprint arXiv:1101.2501

1.3GeV
1.2GeV

“Radiation damping” experiment at ATF2
    door to the regimes of dominant radiation reaction

2011年 12月 9日 金曜日



Time dependence of the electron and photon parameters for a 
1.3 GeV electron beam interac8ng with a 30 fs laser pulse 
(a0=60): the electron energy ‐ black; parameter  ‐ blue; laser 
pulse profile – red, parameter  ‐ green.  by S. Bulazov, Dec 2010

γ

χe

χγ
a

S.V.Bulanov et al., eprint arXiv:1101.2501

electron trajectory for a0=60

1.3GeV

325MeV
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in accordance with the theory formulated in Refs. [13, 33] and numerical solution of the 

equations of the electron motion in the laser field with the radiation friction effects taken into 

account [39]. For  and  the electron momentum is about . 
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F igure 5. Time dependence of the electron and photon parameters for a 1.25 GeV electron 

beam interacting with a 15 fs PW laser pulse ( 0 100a # ): the electron energy - black; 

parameter e!  - blue; laser pulse profile ! red, parameter "!  - green. 

 

In F ig. 5 we present the time dependence of the electron and photon parameters for a 

GeV electron beam interaction with the Gaussian PW ( ,  fs) laser pulse, when 

the ponderomotive force and radiation friction effects are incorporated into the electron 

equation of motion. The electron energy before and after the interaction with the laser pulse 

equals 1.25 GeV and 0.25 GeV, respectively. The parameter  

reaches the maximum value of 0.3 inside the laser pulse. The parameter 

 with  reaches the maximum value of 

about 0.3.  

4.4. Gamma-ray generation via the multi-photon Compton scattering  

For multi petawatt lasers with larger laser amplitudes of the focused light, 

, the gamma rays are generated in the multiphoton Compton 

scattering of ultrarelativistic electrons,  

.               (62) 

S.V.Bulanov et al., eprint arXiv:1101.2501

1.25 GeV

250 MeV

Note :  e+e- pairs will be created for  χ γ  =0.3 in collisions between 1.25GeV 
electron and laser with a0=100. 
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Study of visibility of Compton recoil 

electrons in the presence of halo after the 

IP of ATF2

July 2011 By C. CHAO

2011年 12月 3日 土曜日

Illustrative layout

2011年 12月 3日 土曜日

Without quad

Comptons

Comptons are difficult to 

detect without quad (unless 

tighter collimation is used)

halo

x

X distribution

2011年 12月 3日 土曜日

With quad (QM7R)

Comptons

For quad strength of 0,5m-1, 

we could detect Comptonshalo

X distribution

2011年 12月 3日 土曜日

• Shape of x’ and y’ 
distribution▪:

      2.2 × 109 × x-3.5 
 from 3σ  to  6σ

      3.7 × 108 × x-2.5   outside 6σ
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Credit: Jörn Wilms (Tübingen) et al.; ESA

Black Hole Evaporation  ?
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Hawking Radiation in Black Hole

Pisin Chen,  AAPPS  Bulletin February 2003

(1) Photon production  
          in vacuum near the horizon
(2) The energy spectrum 
          in the Planck distribution

Unruh Radiation in Acceleration

The same phenomenon would be 
realized in an accelerated system by 
Principle of Equivalence between 
gravitational and inertial forces .

expect the interaction of electrons in 
ultra-intense fields, 
i.e.  electron beams and the lasers

“Vacuum polarization near 
Event Horizon”

, but Thermal radiation
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Alternative Set-up
http://www.extreme-light-infrastructure.eu/
Lowest-order Feynman diagrams

+q
qE

k

!

k
qE

q
!

+ ...

! !

q q
qE qE

k k’

→ ω = k → classical (Larmor, Thomson) radiation

+ ...

!

q q
qE

k k’However, further diagrams, e.g.:
yield ω = k + k′ and can not
be explained within classical
electrodynamics. . .
→ Unruh effect

Signatures of the Unruh effectin strong lasers? – p.11/22

Constant Electric Field (ȧ = 0)
R. S., G. Schaller, and D. Habs, Phys. Rev. Lett. 97, 121302 (2006).

Unruh radiation Larmor radiation

→ blind spot: quantum (Unruh) radiation dominates
within small forward cone with angle

ϑ = O

(

1

γ

√

E

ES

)

, PUnruh(ϑ) = O
(

E4

E4
S

)

" 1

Schwinger limit ES = m2
e/qe = O(1018 V/m)

Signatures of the Unruh effectin strong lasers? – p.9/22

Signatures of the Unruh effect
in strong lasers?

Ralf Schützhold

Fachbereich Physik

Universität Duisburg-Essen

Signatures of the Unruh effectin strong lasers? – p.1/22

Differences
• angular dependence

(blind spot)

• photon statistics
Unruh: squeezed state (pairs)
Larmor: coherent state (Poisson)

• polarization
→ vacuum entanglement

e!

Larmor

Unruh

• spectral dependence (k < kcut)

Unruh: 1/k2 vs Larmor: 1/k3
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• detectable in future facilities?
Schwinger: ES = O(1018 V/m)

• Schwinger effect, back-reaction?
R. S., G. Schaller, and D. Habs, Phys. Rev. Lett. 97, 121302 (2006).
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Summary
• signatures of Unruh effect detectable
in near-future facilities?!?

disconnected
causally

region x

ct

horizon
future

past
horizon

trajectory

horizond

• vacuum entanglement→ entangled pairs
polarization, energy, and possibly momentum

• source for entangled photon pairs
quantum-optics applications in the keV regime

• relation to Hawking and Schwinger effect
→ talk by G. Dunne

R. S., G. Schaller, and D. Habs, Phys. Rev. Lett. 97, 121302 (2006);

Phys. Rev. Lett. 100, 091301 (2008).
Signatures of the Unruh effectin strong lasers? – p.18/22

Distinguishability

+
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qE

k

!

k

qE
q

!

+ ...

!

q q
qE

k k’
e!

Larmor

Unruh

2"! E

Unruh
Larmor

"#

Larmor (classical) ↔ Unruh (quantum)

→ energy, polarization, coincidence
R. S., G. Schaller, and D. Habs, Phys. Rev. Lett. 100, 091301 (2008).

Signatures of the Unruh effectin strong lasers? – p.13/22

Lowest-order Scaling
Quantum (Unruh) radiation (cf. E4/E4

S)

PUnruh =
α2

QED

4π

[

E

ES

]2

×O
(

ωT

30

)

Classical (Larmor) counterpart (i.e., background)

P1γ
Larmor = αQED

[

qE

mω

]2

×O
(

ωT

2

)

One electron with γ = 300 after 100 cycles

in Laser field with 1018W/cm2 yields

PUnruh = 4 × 10−11 and P1γ
Larmor = O(10−1)

e.g., Ne = 6 × 109 . . .
Signatures of the Unruh effectin strong lasers? – p.12/22

Beyond Perturbation Theory. . .

Coherent state (Larmor radiation)

|α〉 = exp{αâ† − α∗â} |0〉 ! 〈α| n̂ |α〉 = |α|2 ∝ N2
e

Squeezed state (Unruh signatures)

|ξ〉 = exp

{

ξ

2
â2 − h.c.

}

|0〉 ! 〈ξ| n̂ |ξ〉 = sinh2(|ξ|)

→ exponential growth above threshold

Nbunch
e = O

(

ES

αQEDE

)

Photon-pair laser?!?
Signatures of the Unruh effectin strong lasers? – p.17/22
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Table 1. Correlation between laser intensity, electric field, electron acceleration, resulting Unruh temperatures and event horizon
distances.

method I [W/cm2] E [V/m] h̄ω [eV] a [g] kTUnruh [keV] horizon distance d

laser focus 1023 1015 1 2· 1025 8 · 10−2 0.5 nm
coherent harmonic focussing 5· 1029 1.3· 1018 1 2· 1028 80 0.5 pm
Lorentz boost (γ = 103) 2· 1036 3·1021 1 4· 1031 1.6· 105 0.3 fm

aE

Q

Larmor

Unruh

!

1

"2
!max=

boost

"
Q

Larmor

a
E

Unruh

Fig. 3. Angular characteristics for Larmor and Unruh radi-
ation before (left) and after the Lorentz boost (right). The
acceleration direction by the electric field is indicated by aE.

Fig. 4. Phase space for Larmor (left) and Unruh radiation
(left) as calculated in the framework of non-linear QED [26].

relaxed experimental conditions. In this scenario relativis-
tic electrons will be injected into the strong periodic field
of an undulator or a laser. The resulting Lorentz-boost
of the transversal field in the electron rest frame leads
to an amplification of the electron acceleration. Whereas
monoenergetic classical Larmor radiation with fixed polar-
ization will be produced that exhibits a blind spot in ac-
celeration direction, due to the Unruh effect photon pairs
with opposite spin but arbitray spin direction will be cre-
ated, obeying the resonance condition k1 +k2 = ω = 2γω0

(k1, k2: wave numbers of Unruh photons, ω: boosted opti-
cal frequency in the electron rest frame). Thus Larmor and
Unruh radiation can be distinguished according to their
different energy and angular characteristics, as illustrated
by the schematical picture of the angular characteristics
shown in Fig. 3 and by Fig. 4, where the full phase space
of Larmor (left) and Unruh radiation (right) is displayed
as calculated in Ref. [26] in the framework of non-linear
QED.

It should be mentioned that in addition to the back-
ground component originating from single-photon (clas-
sical) Larmor radiation another background contribution

will arise from inverse incoherent double Compton scatter-
ing [29], also able to produce entangled photon pairs. Nev-
ertheless this process can be estimated to be suppressed
with respect to Larmor radiation by about 7 orders of
magnitude [30], so we will restrict our discussion of the
Unruh effect to a comparison of its probability relative
to the one from Larmor radiation of linearly accelerated
electrons.

2.3 Experimental Setup with an Optical Undulator

Fig. 5 illustrates a possible experimental setup designed
for the detection of Unruh photons generated in an ex-
periment with oscillating electron acceleration. Using a
TW (or PW) laser beam electrons can be accelerated in
a gas-filled capillary (or from a thin diamond-like carbon
foil) to energies around 150 MeV (γ =300) with about
1010 electrons/bunch. These electrons are then injected
into a counter-propagating linear or circular polarized sec-
ond laser (ps pulse length, 1018 W/cm2, h̄ωopt ∼ 2.5
eV). In the rest frame of the electrons this results for
E/ES = 10−3 in a boosted optical frequency of 1.5 keV.
As derived in Ref. [26], the emission probability for single
Larmor photons from one electron after 100 laser cycles
will result in PLarmor ∼ 10−1, while the corresponding
emission probability for Unruh photon pairs amounts to
PUnruh = 4 · 10−11. However, this at first glance rather
unfavourable signal/background ratio can be improved by
orders of magnitude when entering the regime of coher-
ent emission exploiting a relativistic mirror with high sur-
face harmonics. Moreover it should be noted that each
electron bunch will typically contain about 1010 electrons
which will be provided with the laser repetition frequency
of presently 10 Hz. In addition, as illustrated in Fig. 4,
Larmor and Unruh photons strongly differ in energy and
angular characteristics: while monoenergetic Larmor ra-
diation with ω = k will be produced with an intensity
minimum in acceleration direction (’blind spot’), Unruh
photons obey the resonance condition k1 + k2 ∼ 500 keV
for the above given parameters and can thus be distin-
guished by suitable energy and angular filters. The accel-
erated electrons will be deflected and detected in a mag-
netic spectrometer (already existing at the MPQ), while
photon detection will be performed in a position sensitive
Compton spectrometer (see Sect. 3.

European proposal titled “Studying the Unruh 
effect using high-power, short-pulse lasers

Experimental Scenarios

+
+

vacuum temperature

quark-gluon 
plasma transitionSchwinger field Extra dimensions

distance scale

"Tabletop Creation of Entangled Multi-keV Photon Pairs and the Unruh Effect", Ralf Schützhold et al.,  PRL 100, 091301 (2008)
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6 P.G. Thirolf et al.: Studying the Unruh effect using high-power, short-pulse lasers

Fig. 6. Schematical view of an experimental setup for the detection of Unruh radiation originating from laser-accelerated
low-energy electrons interacting with a brilliant X-ray beam produced from reflecting an optical laser beam off a relativistic
dense electron sheet (see text) used as undulator.

photon pairs. Therefore the final ratio between the emis-
sion probabilities for Unruh and Larmor pairs improves in
an optimistic scenario to the percent level of the Larmor
radiation. Thus we can conclude that the choice of an X-
ray undulator would drastically improve the possibility to
discriminate Unruh photons from Larmor radiation back-
ground.

Table 2 lists a comparison of the relevant parameters
for the two experimental scenarios discussed above. The
first row shows the situation for the interaction of a fast
electron beam (γ =300) with an optical undulator (2·1015

photons with energy h̄ω0 =2.5 eV in 10 fs bunches), re-
sulting in an Unruh temperature of 80 eV in the inner rest
frame of the electron, while in the laboratory frame Un-
ruh photon pairs will be detectable with a sum energy of
about 900 keV (h̄ωint = 2γh̄ω0). A comparable situation
can be realized using a 1 MeV electron beam interacting
with X-ray undulator bunches each containing 1013 pho-
tons of 20 keV, focussed to a diameter of 1 µm. In this
case the electrical field strength in the electron rest frame
will already amount to Eint/ES =0.027 while producing a
summed Unruh photon energy (in the laboratory frame)
of about 320 keV.

Moreover, there are yet more advantages of this exper-
imental scenario. Due to the small electron beam energy
with γ =2 the resulting Lorentz boost and hence the for-
ward focussing of the produced γ radiation will be signifi-
cantly reduced, ending in an emission cone of about 1/γ ≈

15o (compared to a much smaller angular segment with
an opening of about 0.1o in case of γ =300). Therefore
the different emission characteristics between Larmor and
Unruh radiation with the blind spot of Larmor radiation
in acceleration direction can be exploited much more effi-

ciently compared to the situation with γ =300. For small
values of γ the angular distribution of Larmor radiation
will vary much less with θ compared to the situation il-
lustrated in Fig. 4, thus facilitating their discrimination
from Unruh photons. Moreover, not only the spatial dis-
crimination of the two radiation components will benefit
from a lower electron beam energy, also the rather weak
angular dependence of the energy characteristics in view
of the broad emission cone of Unruh photons around the
acceleration axis adds to the efficiency of discrimination
from Larmor background.
From a practical point of view the photon detection in the
low-γ scenario does not require any longer a very distant
detector position because of the largely Lorentz-boosted
emission cone, but instead the photon detector can be
placed close to the interaction point, thus allowing for
a coincident detection of both Unruh photons. Applying
a polarization detection technique not only to individual
photons but simultaneously to photon pairs allows to ver-
ify the opposite polarization of both photons that indi-
cates their origin from the Unruh effect. In this way the
Compton polarimeter introduced in the following section
will be operated as a double-polarization spectrometer.
Focusing the 20 keV X-ray photons to about 1 µm, much
less than the diffraction limit, will consequently allow for
a large number of interactions with the 1 MeV electron
bunch, which itself could be compressed by a counter-
propagating laser beam used as electron bunch compressor
via the light pressure force.
The theoretical description of the Unruh effect occuring
as a result of non-uniform (here: periodic) acceleration as
outlined in Ref. [26] is based on a quasi-classical treat-
ment of the electrons. Hence the frequency ωint of the
external electromagnetic field E (measured in the rest
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Table 2. Comparison of relevant parameters given for the two experimental scenarios discussed in the text for the creation of
Unruh photon pairs with a summed energy of 900 keV (320 keV) for the scenario listed in the top (bottom) row.

Nγ Ekin,e γ Ilab Iint h̄ω0 (∗:h̄ω′) h̄ωint Elab Eint a kTU hor. dist. d
/bunch [MeV] [W /cm2] [W /cm2] [eV] [eV] [V /m] [V /m] [g] [eV] [m]

2· 1015 150 300 1018 3.6·1023 2.5 1.5 ·103 1.9· 1012 1.2· 1015 2.1·1025 80 4·10−10

1013 1 2 2 ·1025 3.2·1026 2·104 ∗ 8 ·104 8.7· 1015 3.5· 1016 6.2·1026 2.2·103 1.5·10−11

frame of the electrons) lies far below the electron rest
mass (mc2 >> h̄ωint) and its normalized amplitude a
is small (qE << mcωint). This corresponds to the situ-
ation of a large value of the Keldysh adiabaticity parame-
ter γ = mcωint/qE [28]. In our first experimental scenario
with an optical undulator (2.5 eV) interacting with a fast
electron beam (γ =300) the (inverse) Keldysh parameter
qE/mcωint amounts to 0.31, while for the second scenario
with 20 keV X rays a value of 0.17 is obtained, both stay-
ing below unity as required for the perturbative regime.
With the normalized laser amplitude (a = eA/mc2) be-
ing a Lorentz invariant, relating to the laser intensity I
and wavelength λ via a = I · λ2, a reduction of the wave-
length by a factor of about 2 · 104 (as in the case of the
20 keV X-ray beam compared to a 1 eV optical undula-
tor) while preserving a < 1 results in a drastic increase
of I by about 4 · 108. Thus the electric field in this sce-
nario will be very large (E =

√

I/(ε0 · c)), which in turn
results in an absolute increase of the emission probabil-
ity PUnruh ∝ (E/ES)2 besides the previously discussed
suppression of competing Larmor background. Thus a siz-
able production rate of Unruh events of several 103 Unruh
pairs per second could be achieved using electron bunches
containing about 1010 electrons.

3 Identification of Unruh Radiation via
Compton Polarimetry

Experimentally the generation of entangled photon pairs
can be identified via Compton polarimetry, where a mea-
surement of the azimuthal Compton scattering angle will
be sensitive to the polarization of the detected photons [31].

3.1 Characteristics of Compton Scattering

According to the kinematics of the Compton scattering
process, i.e. the scattering of photons on free or quasi-free
electrons, the energy of the scattered photon is given by

h̄ω′ =
h̄ω

1 + h̄ω
mec2 (1 − cosθ)

(4)

Here θ represents the Compton scattering angle, while
h̄ω and h̄ω′ correspond to the energy of the incident and
scattered photon, respectively. Fig. 7a) illustrates the cor-
responding kinematics of the Compton scattering process,
while in panel b) the azimuthal scattering angle φ relative

F ig. 7. a) Kinematics of Compton scattering, b) azimuthal
Compton scattering angle φ relative to the polarization plane
of the initial photon [31].

to the polarization plane of the incident photon is defined,
which is the key observable for Compton polarimetry.

The angular dependence of the Compton scattering
cross section is given by the Klein-Nishina equation [35]

dσ

dΩ
=

r2
0

2

h̄ω′2

h̄ω2

(

h̄ω′

h̄ω
+

h̄ω

h̄ω′
− 2sin2θcos2φ

)

(5)

with r0 being the classical electron radius (∼ 2.82 fm).
This equation describes the sensitivity of Compton scat-
tering to linear polarization.

As illustrated in Fig. 8, two interaction points for scat-
tering (X1, Y1) and absorption (X2, Y2) of the incoming γ
ray (Eγ = h̄ω) define the azimuthal Compton scattering
angle φ between the propagation direction of the scattered
photon and the polarization vector of the incident photon
(right panel). The differential Compton scattering cross
section exhibits a characteristic angular dependency on
φ with respect to the initial polarization vector E (left
panel).

The scattering of linear polarized photons results in an
azimuthal modulation of the detected photons, as seen in
the left panel of Fig. 8. The modulation fraction is defined
by [32]

M(φ) =
N(φ + 90o) − N(φ)

N(φ + 90o) + N(φ)
(6)

M reaches its maximum when φ is in the direction
of the incident polarization vector, while its minimum
appears in the perpendicular direction. The modulation
fraction is shown in Fig. 9 as a function of the Compton
scattering angle θ. Lower energies have a larger modula-
tion fraction. The maximum modulation fraction of about
90% is achieved for energies below 200 keV and occurs for
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Fig. 5. Schematical view of an experimental setup for the detection of Unruh radiation originating from laser-accelerated
energetic electrons interacting with the strong periodic field of a counter-propagating optical laser beam.

2.4 Experimental Setup using a Brilliant X-Ray
Undulator

Presently novel experimental concepts are studied, where
brilliant γ and X-ray beams can coherently be produced
via Compton backscattering off dense electron sheets used
as relativistic mirrors [36].
The experimental scenario for the production of Unruh
photons discussed above relied on relativistic electrons
with γ ∼300, interacting with an optical laser beam (h̄ω0,1 ∼

2.5 eV). In this situation the photon energy in the inner
rest frame amounts to h̄ωint,1 = 2γ ·h̄ω0,1= 1.5 keV. These
conditions result in the production of Unruh photons with
a summed energy of about 900 keV.
Let us discuss now a scenario, where we aim at achieving
a similar Unruh photon energy by using a significantly
lower electron beam energy of e.g. 1 MeV (γ =2). Such
low-energy, yet monochromatic laser-accelerated electron
beams can be realized using plasma density gradients in
a gas jet decreasing in the laser propagation direction
(’downramp’), thus allowing to control the wake phase
velocity and trapping threshold in laser wakefield acceler-
ation [27].
The resulting required primary photon energy h̄ω0,2 amounts
to about 20 keV. In this scenario an alternative experi-
mental setup compared to Fig. 5 could be realized by the
schematics shown in Fig. 6. Laser-accelerated low-energy
electrons (γ ∼2) interact with a brilliant X-ray beam pro-
duced from reflecting an optical laser beam off a relativis-
tic dense electron sheet created by a driver laser focussed
onto a thin diamond-like carbon foil (DLC) with a thick-
ness of typically 5 nm [36].

In the rest frame of the electron this energy corre-
sponds to h̄ωint,2 = 2γh̄ω0,2 = 80 keV. Thus the ratio
between the photon frequencies in the rest frame increases
by a factor of h̄ωint,2/h̄ωint,1 =53 when using the X-ray
beam instead of optical laser photons. Now we have to
remind that the probability for the emission of a (single)
Larmor photon can be expressed as [26]

P
1γ
Larmor = αQED

[

qE

mω

]2

O

(

ωT

2

)

(2)

while the corresponding probability for the creation of
a pair of Unruh photons is given by

P
2γ
Unruh =

α2
QED

4π

[

E

ES

]2

O

(

ωT

30

)

. (3)

Thus the ratio between the emission probability for
Unruh photon pairs and single Larmor photons is deter-
mined by the ratio (ω/m)2. Therefore it is evident that
by increasing the undulator frequency in the rest frame
of the electron from 1.5 keV to 80 keV the probability
for the emission of (single) Larmor photons will be re-
duced by a factor of about 2.8·103, while the probability
for the emission of Unruh photons remains unaffected. In
addition the ratio between the electrical field strengths
in the rest frame of the electron in both scenarios dif-
fers by about a factor of 30 in favour of the X-ray un-
dulator, therefore further increasing the gain factor by
(Eint

2 /Eint
1 )2 =∼ 850 to about 2.4· 106. Whereas in the

previous scenario with an optical undulator the resulting
ratio between the emission of Unruh and Larmor photons
resulted in PUnruh/PLarmor = 4 · 10−11/10−1 = 4 · 10−10,
this ratio now improves to about 9.6 · 10−4. Moreover, as
discussed earlier, Unruh photons will always be created as
(entangled) photon pairs, so for a realistic comparison of
the emission probabilities of Unruh and Larmor photons
also the two-photon Larmor emission probability has to be
taken into account, given by the square of Eq. 2. The latter
step strictly only holds for the case of a single accelerated
electron, since in the usual situation of a large number of
electrons per bunch the two Larmor photons will originate
from different electrons. However, due to the clear signa-
ture of Unruh and Larmor photons in view of their spatial
and energetic distribution as well as their polarization it
seems justified to expect a significant improvement of the
Unruh/Larmor ratio by detecting and analyzing Larmor

Method-1

Method-2

Method
1
2

1010/bunch

320keV

4γ22.5eV= 900keV

ao

0.3
0.2

(2γ)2 2γ 2γ2γ

20keV, 1013

2.5eV, 2 x 1015

preferable for less 
Larmor and larger 
Unruh radiation
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1.  Experiment for Unruh radiation

Facilities at KEK
Nanometer electron beam at ATF2

1.3GeV energy
37nm vertical beam size at IP

Ultra-intense Laser beam in future
λ = 0.8 um
intensity >1020W/cm2

Acceleration (aoωc)=3.4x1025m/s2
Unruh radiation ∝  ao3 

2011年 12月 9日 金曜日



2011年 12月 9日 金曜日



2011年 12月 9日 金曜日



!"##"$%#&'

!"##"$%#('

!"##"$%#)'

!"##"$%!#'

!"##"$%!!'

!"##"$%!*'

!"##"$%!+'

!"##"$%!,'

!"##"$%!-'

!"##"$%!.'

#"##!' #"#!' #"!' !' !#' !##' !###' !####' !#####'0.001         0.01          0.1             1             10            100         1000       10000      100000   

1E+16

1E+15

1E+14

1E+13

1E+12

1E+11

1E+10

1E+09

1E+08

1E+07

1.3GeV e-@
ATF2
2010

LW

46.6GeV e-@
FFTB/SLAC

1996

10KeV e-@
AIST
2007

10KeV e-@
Osaka, T6

2005

1.3GeV e-@
ATF2, 200TW 
laser, 2013?

POLARIS (Germany),2006
Osaka: ILE-LFEX 10PW laser, 2010

La
se
r E

le
ct
ric

 F
ie
ld
 : 
E r

m
s (

xγ
e       ) 
 V
/c
m
 

ELI (EU) 2015

PFS (MPI), 2010

e- in plasma@Michigan, 1998

2KeV e-@Wyoming
1983

HERCULES (Michigan),2008
ASTRA Gemini (RAL), 2008

BNL (λ=10μm)

FFTB/SLAC
AIST

ATF2

ATF2

J-KAREN

Schwinger Field : Vacuum Breakdown

co
llis

io
n 
w
/ 
el
ec
tr
on

 b
ea
m

Laser strong focus upgrade

60MeV 
e-@BNL
2006Bean size 

monitor

IPBSM

Dimensionless Laser Strength : a0  

Linear QED NonLinear QED Non Perturbative QED

2011年 12月 9日 金曜日



1. Strong QED : Non-linear Compton scattering,  
     and radiation damping  etc. 
    Experiments in unexplored region, a0 =10~60
    

2.  Unruh radiation, i.e. physics at the event horizon
   

3. Plasma focussing
     - measurement of beam size by Shintake monitor
    

4. Plasma acceleration ( 2.1TeV of energy gain in n=1018/cm3 )

     - 10GeV/cm   means  1TeV/m !
     - demonstration with energy spectrometer

Summary of Prospect at ATF2 
with 200TW laser
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