Experimental Study on Strong-Field QED

by collisions between electron beam and high intensity laser

QED is the most precise theory tested in the perturbation regime but very
few in the Strong field; GRB, magnetar, Lepton epoch in the Universe.
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multiple Observables :
photon Energy distribution of electron beam,
generation’s i.e. Halo measurement by OTRs
and a halo monitor
Total energy of photons

X rays in very forward angular region
Positrons (pairs)



| Gamma-Ray Bursts gamma-rays are produced when Observer
the jet (close to the light speed) breaks
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the early universe
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ATF2 : 1.3 GeV Electron Beam

In-vacuum 300TW
laser pulse compressor
Reconfiguration of extraction line

Final Focus System ;ﬁrﬁ?r?gt;[)iagﬂostii for reduction of dispersion
57000 41179.42

R N N S—

IP:focal point oy=37/nm, ox=2.8uMm
A d il NiddddNddddlddilddildd.4d “‘4"“‘4““‘.““": :

&

4 2] ] R A ' e

an

g v

EX)T

JA 4
44
-
r
A4
Addd i dd]ddddddddad.

1T |

-
.

Present
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Proposed 300TW
Laser facility
(~7x10m)
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Experimental Setup

Halo
Steering :
magnet Q(focus) Pair detector (Non—llnea.r) Compton
Strong-Field QED
total photon
energy detector
photons
--------------------------------------- >/|
Xray detector
—— “Unruh radiation”
%
Bend ~
(dump magnet)
Beam Dump

sensor
(electrons)

Halo monitor
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1. Present laser systems
(1) Titanium-Sapphire Laser :0.45TW, 800nm, 16mJ/pulse, 35fs, 10Hz

800 nm
1ps
150mW

Pulse 210 | Regenerative

EEE—

Stretcher Amplifier
800 nm
17?]‘38 T l 800 nm 8%(33fnm
- ~1ps ms
Femtosecond Multi-pass |“™|  Pulse | ™"
Oscillator Ti:Sa Amplifier| |Compressor

(2) LW system : 1.3GW, 532nm, 0.4J/pulse, 0.3ns, 10Hz
Appropriate size hut.
1.5 x 6.0 m Optical table with supporting system

Nd:VAN seed laser, Nd:YAG RGA, Nd:YAG flash lamp Amplifier

(3) Shintake monitor : 0.19GW, 532nm, 1.5J/pulse, 8ns, 10Hz
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2. Upgrade plan to 300TW laser system

| T |
'First stage - 20TW(0.6J/pulse, 30fs) + vacuum '} Second stage - 100TW 34/
| d t tat i X pulse, 30fs) 100/300TW multi-pass |
compressor and laser transportation lines '} amplifier and 4 pump lasers (~2J, 7ns)
I T =, T T T I 1| I
! Pulse 1| |
! Booster -+—— ' ¥
| ' “Stretcher Pump Laser #]1 X e a
L orethiel , |
| I 2 | X ' Multi-pass |
. I |
| === —-—— I I . po
I Femtosecond ! ' 1egenerative , M - -pass | i {Amplifier #2 :
| | Amplifier + pre-— 7 T L. i
.1 Oscillator || , - [Amplifier #1 | 1] | l
T T . amplifier : N | A S I S S S
G T T T 1! I I!-:_ __-i___ _|
: :: — — e -
' -~ Existing parts with no modification ¥ AIRARR AR A
i - - Existing parts after modification HIMEIREE R IEIRIR
e | v N P o P T Y A e g e Yo
20TW (0.6J/pulse, 30f ! . o O+ H
(0-5)/pulse, SOT) < | VacuumPulse | ' ||E| €| E|gT||E|E|E| E
100TW (3J/pulse, 30fs) <— : Samitd=I =R NI
300TW (9J/pulse, 30fs) < : Compressor ' a QA a
| 1l | | |

Parallel development
of high power laser beam
diagnostics (duration,
position, profile)
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uThlrd stage - 300TW (9J/pulse,30fs) modification of
.I\/Iultl -pass amplifier, 4 additional pump lasers (~2J, 7ns)



3. Upgrade plan to larger ao

Base plan : 800nm, O rjaser=3um (f#=6) and 30fs : a0=2.9/6.4/11@20/100/300TW
(1) 300TW, ao=67 with orjaser=0.5um

A strong focus system (f#=2) will be developed;
with a final lens of larger diameter for smaller f

(2) 300TW, ao=100 with Orlaser=0.5um

More compression to 15fs with the strong focus system

4. Collisions with a femtosecond laser

A timing distribution system with femtosecond stability has recently been developed at KEK.
Present stability is 40(160) fs at 2.856(1.3)GHz. Stabilization of 10fs will be developed.

. ~ WDM Timing distribution system with
N E0 II“"L’\.. PSOF =y= .
r— ¢ —— femtosecond stability at KEK :

fiber stretcher

Overall Layout of the distribution system. E/
O:electrical/optical converter, O/E:optical/
electrical converter, WDM: wavelength
division multiplexing, PSOF: phase stabilized
. optical fiber, T. Naito et al., MOPC146,
TS el | proceedings of IPAC2012.

mstabﬁnlizatrion crnrcuirt 7
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Our proposal and high intensity lasers in the world

Schwinger Field : Vacuum Breakdown,e*e-pairs
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Perturbative QED experiment

Non-linear Compton scattering (head-on); simulation by CAIN

< ao=5 J '
C  1x10° -
3 ] Beam intensity = 1x 10'°/bunch :
S~
& -
®)
= Average energy loss of [ [, to be measured
@ {x10° - an electron =14.9MeV L by total photon
qg ] . energy detector
-
O
©)
=
§ 1X107': _ -
51 L_[ Energy spectrum
- ]ﬁ can be measured |
' ”ﬂ by “Halo” monitor |
1x10° - i
x10 - - - —T - - - - I - - - - I - - - - r # of macro particled
1.10 1.16 1.20 1.26 1.30 in bin range 9230
out of range 770
# of real particleg
. in 7.962D+09
2011/12/10 Yokoya Final Electron Energy (GeV) oul 6.642D+08
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“Strong-Field” QED experiment (1)

Head-on collision with the high intensity laser ;
-

An electron will loose its energy by radiating many photons. Ny =~ - Qa0
This interaction is called as “Radiation Damping”. A, = 1.2a07v8 Awg
ao= 10 ao= 60
a 1.3GeV electron - 1.2GeV a 1.3GeV electron > 0.325GeV
—~J_
2500
/4 ao Ae. Z‘r’ 2200 r ao Xe, Xy
7 v y
Ay
ao 0.5 0.5
1000 100 1000 100
Xe k
Xe a0 ao
0 Xr A 0 0 AT 0
‘5 0 5 t/ths _5 O 5 t/
B (t/tas=woT, T =30 fs) Uas
Time dependence of the electron and photon parameters for a 1.3 GeV )
electron beam interacting with a 30 fs laser pulse '
( @0=9.9 in left and ao=60 in right ): x

the electron energy 7 (black); xe (blue); laser intensity ao (red), x y(green). electron trajectory for ao=60

Xe =2vrao/agep, X r =2 WyM*/me * ao/aqep, aqep=mMe c2 /hwo

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., NIM A660 (2011) 31-42
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Number of electrons /bunch

2011/

Simulation by Large ao Formula

Preliminary results by K.Yokoya

“Strong-Field” QED experiment (2)

1x10° -

1x10* -

1000~

100~

ao= 62

Beam intensity = 1x 10'9/bunch

Average number of absorbed
photons = 0.97 x 10°

Average energy loss of

an electron =83.7MeV

Energy spectrum
can be measured
by “Halo” monitor

0

12/10 Yokoya

02 04 08 08 10

Final Electron Energy (GeV)

1.2

to be measured

oy total photon

= energy detector
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“Strong-Field” QED experiment (3)

ao= 100
a 1.25GeV electron > 0.25GeV
2500 Y a Ze, Zy
/4

Xe Xe= 27 ao/aqeo
Ay X r=2 WwyM*ao/aqep
do 0.5

1000 100

aqep=me c2 /hwo
0 0
-5 0 5

t (=woT,T=15"s)
Figure 5. Time dependence of the electron and photon parameters for a 1.25 GeV electron
beam interacting with a 15 fs PW laser pulse (a,=100): the electron energy - black;

parameter y, - blue; laser pulse profile — red, parameter y, - green. X+ = 270aohwo /m.ec?
Note : ete- pairs will be created for x » =0.3 in collisions
between a 1.25GeV electron and laser with ao=100.

l.e. we would probe physics in the Schwinger field.

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., NIM A660 (2011) 31-42

20134 28 13H /KIEH



Hawking Radiation in Black Hole EvSAGkIGHEOn

(1) Photon production
In vacuum near the horizon
(2) The energy spectrum

Stationary
Observer

=
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o »g Black Hole
in the Planck distribution
“Vacuum polarization near
. ’ Hawkin _E
Event Horizon Radiatiog / e 27tC

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

Unruh Radiation in Acceleration

expect the interaction of electrons in Uncub
ultra-intense fields, Radiation

l.e. electron beams and the lasers

Fig. 11: Analogy between Hawking and Unruh effects.

Event Horizon

' Accelerating
| Observer
in Vacuum

%y

| _ ha
M =7
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Experimental test of Unruh radiation
These have been many debates on reality of the radiation.

Nanometer electron beam at ATF2

1.3GeV energy
37nm vertical beam size at IP

\ ;Excce.ratmg / in 900 collision with the intense Laser
lectron
Background interference as Shintake monitor
adiation
A = 800nm
Unruh
-~— Radiation ao=606, 300TW laser, 0=0.5um
o intensity =1.9 x 1022W/cm?
— /‘\\_ P)Iarization y /
iter

n\ e Unruh radiation « ac3
|

Acceleration (a=aowc)=4.7x102°m/s?

| Temperature(kT = ha/2mc) = 16eV
Fig. 12: A conceptual design of an experiment for detecting ) )
the Unruh effect. X rays in the blind spot expected !

Schematic Diagram for Detecting Unruh Radiation

Do electrons have enough time to be accelerated close to the event horizon?
Is full thermalization needed for Unruh radiation ?
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Summary

1. Test of Strong-Field QED can be executed with;
Non-linear Compton scattering
Radiation damping
Schwinger field is closely approached with the ao=100 laser.

2. Unruh radiation will be tested.

So, we could probe physics at the event horizon.
3. Schedule

H25 H26 H27 H28 H29
2013 2014 2015 2016 2017
1|2(3]|4|5]|6[7]|8[9]10[11]|12 3la|s|6|7|8|9f1011{12]1[2]|3|4|5|6]|7|8]|9|10{11|12[1|2[3]|4|5]|6|7|8|9]|10[11|12[1|2|3|4|5|6]|7|8]|9[10/11[12] 1|2
. 20TW Laser to 100TW to 300TW
Laser : power
laser test laser test laser test
, more
Laser focus : Laser focus: Laser interference )
. compression
Laser : focus 0 =3um 0 =0.5um system >
30fs to 15fs
y detectors, setup of Xray
Detecters . e*epair detector
Halo monitor magnets detector
Non-linear Non-linear Strong-field QED: ap=11 to 67,
Compton: Compton: radiation damping, Unruh radiation ;
Experlments ap=2.9 ap=6.4 e+e- pair production @ a,=100
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