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Fundamental Physics During Violent Accelerations

AIP Conf. Proc. 130, 23 (1985)

When a powerful laser beam is focused on a free electron the acceleration of the latter
IS 50 violent that the interaction is nonlinear.

A rather fundamental aside:

An important qualitative feature distinguishes our understanding of the
electromagnetic interaction from that of the strong, weak and gravitational interactions.
Namely that the latter are fundamentally non-linear, meaning that the bosonic quanta
which mediate these interactions can couple to themselves.

As a step towards the elucidation of fundamental non-linear phenomena one could
consider the unusual case of very strong electromagnetic fields, in which non-linear
effects can be induced.

These have been very old speculations, for example:
J.S. Toll, Princeton PhD thesis (1952)

Birefringence of the vacuum. Adviser: J.A. Wheeler



http://physics.princeton.edu/~mcdonald/examples/QED/mcdonald_aipcp_130_23_85.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/toll_thesis_52.pdf

Hawking Radiation

An appropriate point of departure is the work of Hawking, in which he associated a temperature
T with a black hole:

__Nhg
27ck
Here, 7 is Planck’s (reduced) constant, g IS the acceleration due to gravity measured by an

observer at rest with respect to the black hole, c is the speed of light in vacuum, and Kk is
Boltzmann's constant.

The significance of this temperature is that the observer will consider himself to be in a bath of
black-body radiation of characteristic temperature T.

S.W. Hawking, Nature 248, 30 (1974)
Comm. Math. Phys. 43, 199 (1975)



http://physics.princeton.edu/~mcdonald/examples/GR/hawking_nature_248_30_74.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/hawking_cmp_43_199_75.pdf

The Unruh Effect

Contemporaneous with the work of Hawking, several people considered quantum field theory
according to accelerated observers.

By the equivalence principle, we might expect accelerated observers to experience much the same
thermal bath as Hawking's observer at rest near a black hole.

If a” is the acceleration as measured in the instantaneous rest frame of an observer, then (s)he is
surrounded by an apparent bath of radiation of temperature,

_ ha

T .
2rck

S.A. Fulling, Phys. Rev. D 7, 2850 (1973)
P.C.W. Davies, J. Phys. A 8, 609 (1975)
W.G. Unruh, Phys. Rev D 14, 870 (1976)



http://physics.princeton.edu/~mcdonald/examples/QED/fulling_prd_7_2850_73.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/davies_jpa_8_609_75.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/unruh_prd_14_870_76.pdf

The Unruh Radiation

Of experimental interest is the case when the observer is an electron.

Then, the electron could scatter off the bath of radiation, producing photons which could be detected by
Inertial observers in the laboratory.

This new form of radiation, which we call Unruh radiation, is (hopefully) to be distinguished from the
ordinary (Larmor) radiation of an accelerated electron.

In particular, the intensity of radiation in the thermal bath varies as T4. Hence we expect the intensity of
the Unruh radiation to vary as T4 c @™,  dUy,,, _8z°ar; (ij har’a™

~y
~

dt 45¢° \ h 907¢c®
This contrasts with the a* dependence of the intensity of Larmor radiation,
dULarmor _ 2@2 B 607[ ( Ecrit jz dUUnruh _ (16OEcrit JZ dUUnruh r. = e2 o = i
dt 3c? a \ E dt E’ dt ° mc?’ hc’
2.3 *
where E_, = % is the QED critical field strength, and a” = E s the acceleration.
m

The QED critical field was introduced by Sauter (1931), following suggestions of Bohr and Heisenberg

as to the resolution of Klein's paradox, i.e., the production of e*e  pairs in a strong electric field.

O. Klein, Z. Phys. 53, 127 (1929)
F. Sauter, Z. Phys. 69, 742 (1931)



http://physics.princeton.edu/~mcdonald/examples/QED/klein_zp_53_157_29.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/sauter_zp_69_742_31_english.pdf

The Unruh Effect

The Unruh radiation effect is a QED correction to Larmor radiation, and is not likely to be directly
observed.

Strictly, the Unruh effect, in which an accelerated observer detects a blackbody spectrum in what an
Inertial observer considers to be empty space, holds only for uniform, linear acceleration.

However, the Unruh effect has been observed in the broader sense of excitations, by a quasi-thermal
virtual-photon bath, of electrons in storage rings related to their centripetal acceleration.

Bell and Leinaas noted the Unruh effect gives a qualitative explanation of the limit of 92% of the
transverse polarization of electrons in storage rings, ordinarily considered as due to quantum
fluctuations in their synchrotron radiation.

J.S. Bell and J.M. Leinaas, Nucl. Phys. B 212, 131 (1983)

For the Unruh effect on damping of transverse oscillations in a linear focusing channel, see
KTMcDonald, linearchannel.pdf (1998)



http://physics.princeton.edu/~mcdonald/examples/QED/bell_np_b212_131_83.pdf
http://physics.princeton.edu/~mcdonald/accel/linearchannel.pdf

Strong-Field QED

For high acceleration, need strong electromagnetic fields.

The strongest macroscopic electromagnetic fields on Earth are in lasers.

Nonperturbative, strong-field QED is described by two dimensionless measures, » and Y, of the
strength of a plane wave with angular frequency «,, and 4-potential A, = (0, A).
e(AA) eE  eE 1,
1. 7= ;= = 5
mc Mmo,C  mc

governs the importance of multiple photons in the initial state, and characterizes the “mass shift”,

'ms

M = my/1477°,

of a (quasi)electron 1n a “background “ electromagnetic wave (laser beam).
D.M. Volkov, Z. Phys. 94, 250 (1935), T.W.B. Kibble, Phys. Rev. 150, 1060 (1966)
[For electrons in metals, R. Peierls, Z. Phys. 80, 762 (1933),]
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2. Y=

crit crit

governs the rate of “spontaneous” e*e” pair creation (“sparking the vacuum”) in a wave probed by an
electron with 4-momentum p, =(p,,P).

NOTE: modern notationis naéand Yoy


http://physics.princeton.edu/~mcdonald/examples/QED/wolkow_zp_94_250_35.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/kibble_pr_150_1060_66.pdf
http://physics.princeton.edu/~mcdonald/examples/QM/peierls_zp_80_763_33.pdf

Quantum Vacuum and Critical Fields

 Virtual particles are present

 They live for a very short time (t = 5/mc?) and cover a very short distance (A.= >/mc)
 For electrons and positrons: A.~10-t'cm and t ~10-?s

Critical Electric Field - physical meaning

The electric field strength for which the energy gain of an electron accelerated over
one Compton length equals the electron rest energy:

h
E X eECT o 7’TlC2 =~ 1016V/cm

Available in highly charged ions but not feasible with current

laser technology

2
cr

81

The acceleration of a free electron in this case is so violent
that the interaction is nonlinear.

=46x102W/

Iy =

Probing E, tests QED in a completely different non-perturbative regime
A regime not covered by Standard Model
The strong-field QED regime is largely unexplored




Where to Find Critical Fields

The magnetic field at the surface of a neutron star (magnetar) can exceed the critical field
Bt = 4.4 x 103 Gauss. KTMcDonald, magnetars.pdf (1998)

During heavy-ion collisions where the critical field can be exceeded, and e*e- production is expected,

Z %>ZZaE

max
C

G. Taubes, The One That Got Away? Science, 275, 148 (1997)

crit*

The Earth’s magnetic field appears to be of critical strength as seen by a cosmic-ray electron with
>10%eV. LY. Pomeranchuk, J. Phys. USSR 2, 65 (1940) b

The electric field of a bunch at a future e*e- linear collider approaches the critical field in the frame of

the oncoming bunch = “Beamstrahlung” limit.
M. Jacob & T.T. Wu, Phys. Lett. B 197, 253 (1987)



http://physics.princeton.edu/~mcdonald/examples/magnetar.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/taubes_science_275_148_97.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/pomeranchuk_jpussr_2_65_40.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/jacob_pl_b197_253_87.pdf

Strong Fields in Astrophysics
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Ultra-strong electromagnetic fields + highly energetic particles — strong-field QED
* Interior of neutron stars

« Magnetospheres of magnetars:
» Vacuum birefringence, electromagnetic cascades

 Central engines of supernovae and y-ray bursts
« Black holes: energy extraction via the Blandford-Znajek process



Strong Fields in Future Colliders

Lepton collider (electron-positron) Stochastic beamstrahlung

L em” BX")

[

e

III.':-

1~

Luminesity | -
E

-\.l

T

-

L . - T
:_'| CLIC nominal luminosity spectrum 3
bl 5 5 055 i il i i i i

11 S(H1 JEMa0 | S} 20K 250N e ]
JF [GeV]

SFQED determines energy/luminosity
Esberg et al., PRSTAB 17, 051003 (2014)

ILC E*/E,=0.1-03 (0.25—0.5TeV)
CLIC E*/E,=15-12 (0.2—1.5TeV)

Problems of future Linear Electron-Positron Collider: — strong-field QED

* High luminosity — high charge density — strong fields — beamstrahlung

 Stochastic photon emission + large recoil: non-trivial energy distribution,
modified transverse beam structure (beam broadening — focusing quality)



Can this be done in the lab?

In vacuum I, = 4.6 X 1029% is not achievable in the near future

But the field intensity I is not a Lorentz scalar (I'~y2I,y = €/m)

The critical intensity could be reached in a boosted frame for which
y~103 — 104

", -

Electrons with energy ¢ = 15 GeV are
available at SLAC

This still requires a laboratory frame intensity
I1~10%*W /cm?




Chirped-pulse amplification-key enabling technology

Initial short pulse

A pair of gratings disperses
the spectrum and stretches
the pulse by a factor

of a thousand

The pulse is now long l

and low power, safe
for amplification

.

4

e
Power amplifiers
— o d L

Resulting high-energy,
ultrashort pulse

High energy pulse after amplification n

Need/lqube,g‘ré?t'iﬁgs'!‘

(R =

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

D. Strickland and 6. Mourou,
"Compression of amplified chirped optical pulses”,
Opt. Commun. 56, 219 (1985)

b




Focused Intensity (W/em?)

QED critical field:
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OPTICS COMMUNICATIONS 1 December 1985

COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES &
Donna STRICKLAND and Gerard MOUROU

We have demonstrated the amplification and subsequent recompression of optical chirped pulses. A system which produces
1.06 wm laser pulses with pulse widths of 2 ps and energies at the millijoule level 1s presented.



Present Electron and Laser Technology

Optical laser technology Energy Pulse Spot radius Intensity
( how, =1 eV) 4) duration (fs) (tm) (W/cm?)
State-of-art (Yanovsky et al., Opt. 10 30 1 2x1022
Express (2008))
Recent/soon (APOLLON, Vulcan, 10-100 10-100 1 1022-1023
Astra-Gemini, BELLA, CoReLS etc...)
Near future (2020) (ELI, XCELS) 104 10 1 102>-1026
Electron accelerator Energy Beam Spot radius Number of
technology (GeV) | duration (fs) (um) electrons
Conventional accelerators (PDG) 10-50 103-104 10-100 1010-1011
Laser-plasma accelerators (e.g. 0.1-5 50 5 10°-1010
Leemans et al,, PRL 2013)

¢ = 7.5V LI1020W/cm?] The electric field of a focused TeraWatt laser appears critical
hwleV] to a counterpropagating 50 GeV electron
SLAC Experiment E-144

X =59 x 1072 £[GeV] v/1,[1020 W/cm?] d

NOTE: modern notationis n a&and Yo y



Physics Motivation for E-144

I P 11 PCAL Gamma photon Lessy
: N2, N3 ’
positrons / 4 -
laser -
e = /) /{\ F phOtoan; Electron !“’/ Electron-
\_— pulse B Eca7 —-° N —
scattered 46.6 GeV e- <
electrons / ECAL | -
dump magnet

D. Pugh, Science 277, 1202 (1997)

* QED has been tested extensively in the weak field regime:
* Perturbative methods are applicable and theory agrees extremely well with the experiment
* In the case of strong fields perturbative techniques are of limited applicability
* Processes can be treated within a semi-classical theoretical frame
* Theory not tested against experimental measurements
* In fields of this strength various non-linear effects become prominent
* In this context the Breit-Wheeler process can be revisited
« A multi-photon version of it could provide the necessary CM-energy to produce a e*e pair

* A two-step process in this approach using a laser induced external field:
* A'high energy electron scatters simultaneously off n laser photons, producing a high energy v: nw + e~ — gy +e€”

* The vy scatters again off n laser photons, while in the laser field, to produce a pair: nw 4y — et +e”


http://physics.princeton.edu/~mcdonald/e144/science1202.html

From Virtual to Real Pair Production

% * The quantum field ground state is characterized by “quantum” fluctuations
: 2

me * Short lived virtual e*e- pairs are created and then annihilated again
R * In the presence of a strong external field the_vacuum can become unstable
S DS « Short-lived e*e” pairs can then become physically separated
9 « Transformed into real particles
7 : a -mc « At the expense of some energy provided by the external field_
Vacuum fluctuation .  Pair creation * For this to happen the work done by such a field over the distance of one
Dira;: — electron Compton length should be the mass of the e*e- pair
At the high frequency limit: P~ 9—6:exp --;2) %1 (tunneling result)
T — Essentially described in terms of
At the low frequency limit: P gg_ (m) , 1K1 Quantum Mechanical Tunneling Effect

where the exponent can be interpreted as the minimum number of laser photons
required to produce a pair

Three main mechanisms of pair production

A ) A o A A




The Electron Beam
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Beam Dump
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Spot sizes of 20-30um delivered at the interaction point

Electron beam carefully tuned and a series
* Located at the end of the 2-mile long linac of active feedbacks were introduced to
* Line designed for focusing electron beams to sub-pm levels ensure extremely low positron backgrounds
» No acceleration m_volved, pure beam optics line ~1 positron every 20 minutes!
» Small focal areas increase the number of e~ through the laser beam and hence event rates
 Bunch lengths of <1 mm and beam charges of 5-7x10° have been delivered
* Normalized emittance of 3x10-°,3x10% in X,y transverse dimensions respectively
» A measure of the electron beam size and divergence delivered at the FFTB line

* The experiment was installed in the FFTB line:



The Laser Beam

476MHz from linac

Phase sfobllzocﬂ 1km optical fiber

: : 10nJ,50ps
Grating pair: cw Nd:YLF _TTW—“—"" 858080 l
Pulse stretcher oacmcfor
¥ 1nJd, 200pa
i 700ps
Short pulse lm ln &‘
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amplifier amplifier
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J Amplifier 10mJ filters .’r‘\gg?‘grg c
/

_ | W
2% 3J
Amplified Stretched pulse ———-Dﬂ—————m———\ Nd:glass
stretched pulse S %

LA
4x cylindrical t== amplifier

|

spatial fiiter

> B> -—-.-< E ST ! ’l_
Amplified 1.25x%
: short pulse
Grating pair: 24,1.5ps,1.053,m

’ & — Pulse compressor 2 raigra " :gggrosslon
1""'50"3‘3,‘,527’""':[:1 electron beam
* Delivers both IR (1054 nm) and Green (527nm) pulse
Table Top Terawatt laser system (T3): Chirped-Pulse * Maximum energies of 2J (for the IR) and 1J (for the green)
Amplification (CPA) in a “slab” amplifier. * Focal points were 2-4 times the diffraction limited ones
E144 laser system: C. Bamber et al., Laser Phys. 7, 135 (1997) * The pulse time widths were 1.5 ps for both wavelengths

* Intensities >10'8 W/cm? have been achieved at the focal point


http://physics.princeton.edu/~mcdonald/examples/optics/bamber_lp_7_135_97.pdf

Temporal/Spatial Beam Overlap

* Ensure timing of 7 ps electron to 1.5 ps laser pulse
« Laser pulse train at sub-multiple of accelerator RF (476 MHz)
« Sets the time of the laser pulse launching

* Fine tuning achieved by modulating the length of the laser beam path

» Collected light leakage before IP provides the laser time reference

» Compared to an electron beam based signal from a ringing cavity
* The optical delay line provides the remaining fine tuning down to ps precision
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* The electron beam is steered on the wire cross-hair using dither correctors

* Due to thermal effects, long term drifts will appear

« Perform X, Y- scans by moving the IP region (essentially laser focus) with respect to electron beam
* There is a strong correlation between the x-position and the time overlap of the two beams



Calorimeters — Cherenkov Monitors

E-cal, P-cal: Si-Tungsten * Two calorl_meters used to measure the energy of electrons (ECAL) and positrons (PCAL)
E-cal: 3 towers » Both calorimeters are of similar design: | |
P-cal: 4 towers P * Made of alternating layers of S1(300um thick) and Tungsten (1 X0 thick)

1 tower = J L « Each is divided in 12 rows and 4 columns resulting in 1.6x1.6cm? pads

4x4 pads « Groups of 4 rows per column make a tower; longitudinal layers arranged in segments

1 pad = » Only middle columns record signal; outer columns used for background subtraction
16216/ cai? « Calibration is done using e beams of variable yet known momenta
23 layers o2 E_ ! S V2T ,‘//::::
of 1 X, .k c =
AT
o ? 3 wll] = = A\{ Converter
ol 0 I y
 Cherenkov monitors used to establish quality of interactions at IP gfﬁ?élég;
» Several types of Cherenkov monitors are used: .
« 1 air Cherenkov counter that intercepts y’s from the linear Compton scattering (CCM1) Pb_Shield

» 2 air Cherenkov counters that look at linear Compton scattered e~ of 37 and 31 GeV (EC37, EC31)
« Also used non-linear monitors intercepting 2" and 3" order Compton e- respectively

* Air Cherenkov counters using ethylene instead of air

» Cross-calibrated using ECAL and a test e- beam of variable momentum PMUT.




Non-Linear Compton Scattering

e+nNw, >e+y C. Bula et al. Phys. Rev. Lett. 76, 3116 (1996)

Rate (@ order n) oc | ™1,
when normalized to
total scattered photon rate.

Tosaw] B

18.0GeV|, A

10

UNyedN/dp [1/GeVie]
Ny o dN/idp [1/GeVie]

10

Rate

10

16.5 GeV

10 10"
laser intensity [W/cmz] laser intensity [W/cmz]

Theory based on Volkov states of a (dressed) Dirac electron in a plane wave.

A.I. Nikishov & V.I. Ritus, Sov. Phys. JETP 19, 529 (1964)
N.B. Narozhny, A.I. Nikishov & V.I. Ritus, Sov. Phys. JETP 20, 22 (1965)



http://physics.princeton.edu/~mcdonald/examples/QED/bula_prl_76_3116_96.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/narozhny_spjetp_20_622_65.pdf

Pair Creation by Inelastic Light Scattering

Two-step process: €+ @, — €'+ @, then @+ Nw, — e"e". 106 + 14 signal positrons.
D. Burke et al., Phys. Rev. Lett. 79, 1626 (1997), C. Bamber et al., Phys. Rev. D 60, 092004 (1999)

Rate oc 12", where
n=>5:1+0.2 (stat.) £ 0.7 (syst.)

;f* dato

N o
0= Bte't Wheeler = 5 laser photons
S trident (process is below threshold
T for 1 photon).
o
L S

no of positrons / no of Compton scatters

P I 728 | E— trident = €+ Ny, —>e'+e’e”.
E S | e _~C. Bula & KTMcDonald, trident.pdf (1998)
-11 I | : Lo
10 | |
0.09 0.1 0.2 03

1 at laser focus

Nonlinear Breit-Wheeler scattering,
G. Breit and J.A. Wheeler, Phys. Rev. 47, 1087 (1934)



http://physics.princeton.edu/~mcdonald/examples/trident.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/burke_prl_79_1626_97.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/bamber_prd_60_092004_99.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/breit_pr_46_1087_34.pdf

Pair Creation as Barrier Penetration

For a virtual e*e" pair to materialize in a field E, the electron and positron must separate by distance d

sufficient to extract energy 2mc? from the field:

eEd > 2mc”.
The probability P of a separation d arising as a quantum fluctuation is related to penetration through a

barrier of thickness d:

d 2m?c® 2E .. 2
P oc exp N =exp| — v =exp g =exp T /'\
C

- . i
5 - -
= 0L F. Sauter, Z. Phys. 69, 742 (1931) \&
= W. Heisenberg and H. Euler, Z. Phys. 98, 714 (1936)
g 10—
2, — -
S —
5107 -
S
§ J. Schwinger, Phys. Rev. 82, 664 (1951) |
10 - SRR T

"
Rate,, ocexp{[-1.8 £ 0.2 (stat.) + 0.2 (syst.)]/Y}.


http://physics.princeton.edu/~mcdonald/examples/QED/sauter_zp_69_742_31_english.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/heisenberg_zp_98_714_36_english.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/schwinger_pr_82_664_51.pdf

Focused Intensity (W/cm?)

E-144 was Ahead of its Time
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. US Natl. Acad. Sci., p. 15
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https://www.nap.edu/catalog/24939/opportunities-in-intense-ultrafast-lasers-reaching-for-the-brightest-light
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The technology now exists to have laser fields with Y [J 1 when probed by GeV electrons.

Is new physics accessible in this regime?

A difficulty is that the interaction length of an electron in a strong wave field is about

|~ /102 X /102 . for optical fields and GeV electrons.
an® aYf

Hence, for Y >12, an electron will scatter in less than one wavelength, losing energy, and
reducing its Y value (and leading to an electromagnetic “shower”).  [Beamstrahlung!]

That is, high-energy electrons have low probability to reach a region of Y [1 1,and the physics
of the few unscattered electrons that reach such a region will have a huge background associated

with the majority of electrons that scattered on the way in.

There is some interest in the details of the electromagnetic cascades of electron in strong wave
fields. |

P. Chen and R.B. Palmer, AIP Conf. Proc. 279, 888 (1992)

P. Chen and C. Pellegrini, QAPB, 1 (1998)

A fundamental limit to laser field strength: AIP Conf. Proc. 130, 23 (1985)
E... = E.. /6 foralaser beam focused to angle &, above which “sparking the vacuum”.

crit


http://physics.princeton.edu/~mcdonald/examples/accel/chen_aipcp_279_888_92.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/chen_qabp_571_98.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/mcdonald_aipcp_130_23_85.pdf

Potential Effects in Plain Vacuum

Laser 1

Harmonic generation in vacuum in the
collision of two strong laser beams

Laser 2

Vacuum refractive indices with phase shifts C
In the presence of a strong standing wave m




Photon-Photon Scattering

» Electron-positron fluctuations can mediate a pure quantum #
Interaction among laser beams in the vacuum in many ways

« Multi-PW laser systems may open the possibility of observing [T
for the first time direct photon-photon scattering in vacuum

« Three colliding laser pulses stimulate emission in a fourth
direction with a new frequency

Lundstroem et al., Phys. Rev. Lett. 2006

A matterless double-slit setup has been put forward

« Photons are created by virtual pair annihilation

« After head-on collision of a probe laser field and two
ultra-intense laser beams

« Form double-slit interference pattern
* Predicted to induce material-like behavior in vacuum

LIGHT BULLETS ' « Support elastic scattering between photons
ACTIVE PLASMONICS Ben King et al., Nature Photonics 2010




Induced Light-by-Light Scattering

PHYSICAL REVIEW VOLUME 127, NUMBER 4 AUGUST t5, 1962
' f Parametric Amplification in Spatially Extended Media and Application to the
1 Design of Tuneable Oscillators at Optical Frequencies
NorMax M. KroLi
1' * a)l y a)Z University of California, San Diego, La Jolla, California

Fy = . (Received March 28, 1962)
é a & In this connection one might suggest that the study
- = = rl [E of three-beam interaction in such material could yield
0 g useful information about the size of the quadratic terms.
; % (ON Three beams at frequencies wy,we,w;s with wave vectors
’ 11; , , {1,42,(3 can interact to produce an output at ws=w;+ws

—w; and qs= q1+q2— g3 provided ¢2= k2K 4. The con-
ditions are identical with those involved in amplifica-
tion, regarding w; and ws as the pumps, w; as the signal,

W, + W, —> Wy + @y, where final-state w; as the idler, the only difference being that production
: : of the idler wave rather than gain of the signal is the
PRoton s goes Into an intense cffect of interest.! Vacuum should have less than
I beam = amplitude gets boson . .
aser p g ® The author has estimated the size of this effect for the quant .
enhancement electrodynamical nonlinearities of the vacuum, based on/the 1 atom In the |aser focal VOlume’

Lagrangian of Euler and Heisenberg. The method offers #everal
advantages over others one might consider. The pho
detected ha\ée a frequency different tfrom those in the )
are produced in a well collimated beam. Furthermére, the beam -
polagizations can be selected so as to minimizg/he effect from 10 “m —> < 10 9 mm.
residual gas atoms (a vacuum of the order of 1070 mm would still
be required). While the result still appears to be undetectably
small, it may be of sufficient interest to be noted, if only to
emphasize how linear the vacuum actually is.

We consider three high-energy pulses of duration 7, containing

. . h 3
energy &, each, in a plane at relative angles appropriate to coherent — ElJoules ]
[ 1] A. Var'fo/omee Vv, Sov. P hYS. JETP 23, 681 ( 1 966) production of a fourth frequency interacting simultaneously in a Rate =~ 1 0 6 ( [] )

stobe —, Separation of atoms

urces, and

[2] N. Kroll, Phys. Rev. 127, 1207 (1962), footnote 9 fgon bl thickness d normal o the propagation plane. The number (t[psec])?
No=T (& heY(6/me P (h/ma)e (1 ndr), Extremely small, can reach

where T' is a geometrical factor of order three. In order to get even : —_ —

a single photon per burst, it is necessary to make very extreme 1 SCatter per pu |Se |f g —10\.], T—BOfS
assumptions about the variables. As an example we mention

E=1k]J, r==1/c, d==x.


http://physics.princeton.edu/~mcdonald/examples/QED/varfolomeev_spjetp_23_681_66.pdf
http://physics.princeton.edu/~mcdonald/examples/QED/kroll_pr_127_1207_62.pdf

Laser-Driven Seeded QED Cascades

 Seed electrons are violently accelerated by the laser
fields, emit large numbers of hard (high-energy)
Laserpulseg photons, which in turn convert in e*e- pairs
t * The generated e*e- pairs are then accelerated by

v \ " the laser fields and iInitiate a new generation of
‘/x particles

e’ pmrs r\y/\i:y\ QED cascades are predicted to be developed in

Seede: ' A collisions of two laser pulses each with an intensity
"*- 102 W/cm? (Bell PRL 2008, Kirk PPCF 2009,
v \/.44 ,,: 2~J\) } Bulanov PRL 2010, Nerush PRL 2011).
« Exponential increase of particles
At a certain point, electron-positron plasma is produced

/r) N\ Current understanding: QED-PIC (Particle-in-Cell) approach:
Classical propagation + QED process (Monte Carlo)

Semi-Classical Approach « Its validity has not been verified
» Exponential increase of particles?

* How is the laser field depleted?

Laser pulse




Multiple Photon Emissions

VA

FProbing nonperturbative QED with
radiation emitted by sectrans

v .
I}_'_""' :1:}—1—:"
[ Ja :'-
Interaction with many laser photons Successive emission of multiple photons

On average an electron emits ~on photons per laser cycle
* If anNo1, perturbation theory of the radiation field breaks down — never tested

Each emitted photon induces a large recoil if Y=1

»  Emission processes become correlated — qUaNtum radiation reaction
Attempt to find a consistent solution within classical electrodynamics

~ The Lorentz-Abraham-Dirac (LAD) equation Even with moderate (<200TW)

dut e 2 o [dQ s L du” du,,] laser field quantum effects can

e pv e
dr mF u,,—|—3m dr?2 tu dr dt be studied

« The LAD equation results in unphysical solutions
A fundamental question in physics not yet resolved!

V|




Quantum Radiation Reaction

PHYSICAL REVIEW X 8, 011020 (2018)

Experimental Evidence of Radiation Reaction in the Collision of a _ i _ i
High-Intensity Laser Pulse with a Laser-Wakefield Accelerated Electron Beam Recent a” Optlcal Laser Wakefleld ACCEIerated
I M. ColeI K. T. Behm E. Gerstm'lyr T.G. thkbum J.C. Wood C.D. Baird,' M 1. Duff,} EIeCtronS
C. H'lr\e) A liderton,™® A. S. Joglekar K. Kruchx.lmck S. Kuschel M. Marklund,”’ P. McKenm

C.D. Murphy,® K. Poder,' C.P. Rldg«,r\ G. M. Samarin,’ G. Sari,” D.R. Symes,"” A.G.R. Thomas,™"'
J. Warwick,” M. Zepf,*”'? Z. Najmudin,! and S. P.D. Mangles"’
We present evidence of radiation reaction in
the collision of an ultrarelativistic electron beam generated by laser-wakefield acceleration (e = 500 MeV)
with an intense laser pulse (a, > 10), We measure an energy loss in the posteollision electron spectrum that
is correlated with the detected signal of hard photons (y rays), consistent with a quantum description of

e ronroreAan xevicw X 8, 011020 (2018)

Featured in Physics

Experimental Evidence of Radiation Reaction in the Collision of a
High-Intensity Laser Pulse with a Laser-Wakefield Accelerated Electron Beam

J. M. Cole "K.T. Behm E. Gerstmayr T. G. Blackbum J.C, Wood C. D. Baird,’ MJ Duff,
C. H'm'e) A llderton,™ A.S. Joglekdr" K. Kruchulmck S. Kuschel M. Marklund P. McKenna
C.D. Murphy,’ K. Poder," C.P. RldELl’\ G. M. Samarin,” G Sarri,” D.R. Symes,"” A.G.R. Thomas,”

J. Warwick,” M. Zepf.*”'* Z. Najmudin.' and S. P.D. Mangles"’

We present evidence of radiation reaction in
the collision of an ultrarelativistic electron beam generated by laser-wakehield acceleration (¢ = 500 MeV)

with an intense laser pulse (a; = 10), We measure an energy loss in the postcollision electron spectrum that



Fully Non-Perturbative QED Regime

First breakdown of perturbation theory
nol: interaction with many laser photons are important:

I SR O S O O

Second breakdown of perturbation theory
anol: processes with many radiation vertices are important:

R

Full breakdown of perturbation theory

Higher order loop corrections are important if an?3c1:
QED becomes fully non-perturbative (like QCD?)
So far theoretical calculations are impossible

| —{z—} |
O(4X2/ 3) (42 4/ 3)




Recollisions of Laser-Generated e*e” Pairs

- JAN

7 7 v —|—mc2
== X = —mc?
: \/
Vacuum fluctuation Pair.creation Recollision
Dirac sea - Atomic physics
Semi-classical three-step process NPT
1) Pair creation, 2) Acceleration by laser field, 3) Recollision K

(S. Meuren et al., PRL 114, 143201 (2015)

Recollision processes in atoms
after tunnel ionization
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Vacuum Birefrigence

A strong laser field behaves like a birefringent medium:
» The polarization of a probe photon changes inside the strong field
* Probe photon can be from an x-ray photon beam

W:W—I—%@M

1 kx

Cbic;"j-‘(x) = € exp [ —igx — i% . d¢’ pj(¢')]

>

Laser pulse
« The laser pulse induces the phase shift s®d~aYnN if Y < 1 ‘
e Limitinthe range of Y < 0.1 to avoid real pair production

« Using very long laser pulses a significant phase shift could be induced .
 Diffraction effects may decrease the overall effect parabolic parabalc

Heinzl et al., Opt. Commun. (2006) Kyl
(S. Meuren et al., PRD 91, 013009 (2015) ; ,N I ey .
Polarizer :




Cosmology & Astrophysics

005~

Hints of vacuum birefringence in optical :
polarimetry of neutron stars i
R. P. Mignani et al. MNRAS, 465, 2017. ;
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Emission of coherent radio waves in pulsars/ X

Afterglow Light

380,000 yrs.

e owcages  poemenar O\ rays in magnetars, gamma ray bursts...

Electron-photon decoupling primordial
nucleosynthesis

. Sin Schwinger fields existed 100s after the Big
i Bang, when T~101°K




Laboratory Astrophysics:
Generation of Electron-Positron Pair Plasmas

 30fs positron jets recorded
 Scaling with charge number Z

 Consistent with two-step process
* Brem + Bethe-Heitler

Emitted as collimated jets by energetic objects in the Universe
« Black holes, pulsars, quasars
These plasmas play a fundamental role in the dynamics of ultra-massive astrophysical objects
« Strongly believed to be associated with the emission of ultra-bright gamma-ray bursts
Poorly understood despite extensive theoretical modelling
* Primarily due to difficulty in creating matter-antimatter plasmas in the laboratory
Non-linear processes present in strong-field environments could allow for table-top experiments



Laboratory Astrophysics

Parameters not as in astrophysical jets but
with scaling results may become relevant

Gamma ray b&:s, black holes

5
Follow-up experiment in Astra-Gemini produced neutral Z
electron-positron beam, &. Sarri et al., Nat. Comm. (2015)
05k .................. ;...;;t_;._._..i._._.___.___g.._._- E
o s ~TX |
= 04 b D Kf‘f ................... ................... ........ - ) i ) ) i
+ x ¢ 5 g Generation of electron-positron jets with variable %
50_3 ____________________ f,? ________ e T of positrons from 0-50%
202} | —
N Ve s Experimental (E >120 MeV’ Plasma dynamics much more
Toqf- /r ------ e o FLUKA (E >120 MeV . appropriate and comparable to that observed
ole? | X FLUKA(E>1MeV in astrophysical jets
0 1 2 3 4

Pb thickness (cm)



Many Science Opportunities

* Intensity roadmap to scientific
discovery

« Attosecond science

High energy density science
Planetary physics

Laser-driven particle acceleration

Laser-driven neutron, proton, and
positron sources

* Nuclear physics

« Schwinger physics and the
ultimate intensity

 Beyond the standard model

" Laser-driven
» e+e- collider

Phase diagram for
hydrogen relevant to
Jupiter

log p (g cm3)



High-Intensity/Strong-Field Science opportunities have

been recognized in previous reports

 Developed largely in the US

Connecting

In the 20th century Quarks ¥

with the Cosmos

« Emerging European and
Asian dominance in
the 21st century

 Continuing need for laser
technology

« Commercial involvement
« Workforce development




AGHNH

Opportunities in Intense Ultrafast Lasers;
Reaching for the Brightest Light

U.S. National Academy of Sciences, December 2017

http://nap.edu/24939
The study is supported by funding from the DOE Office of Science, NNSA, ONR, and AFOSR.




15t International Strong-Field QED Workshop

.
21-23 August 2018
)ESY, Hamburg
HELMHOLTZ &t ce E
Stanford.

MOORE PULSE nnstitute

FOUNDATION

Link: https://indico.desy.de/indico/event/19493/overview

A report is in preparation to provide input for the European Strategy deliberations


https://indico.desy.de/indico/event/19493/overview

The E-144 Collaboration

Dave Meyerhofer Bill Bugg Achim Weidemann Dave Burke Christian Bula  Adrian Melissinos
Kostya Shmakov Charles Bamber Uli Haug Dieter Walz Jim Spencer KTMcDonald
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Bonus Slides




What's one Petawatt, after all?

What is a
petawatt
laser pulse?

100 J 1n 100 fs, at A=800 nm, focused to
10m

 The total energy, 100 Joules, is about the
Kinetic energy of a pitched baseball, or a
kicked soccer football.

...................... »-
* The peak power is nearly 100x the ’
world’s power consumption rate. A~ -

* The focused intensity is ten trillion
trillion W/m?, greater than the center of
the sun. The rms electric field i1s 100
trillion VV/m.

ENERGY




First PW laser at LLNL used Nd:glass, large gratings

1.5 PW (1998)

660 J in 440 ps

M. D. Perry, D. Pennington, B. C. Stuart,

G. Tietbohl, J. A. Britten, C. Brown, S. Herman, B. Golick, M. Kartz, J. Miller, H. T. Powell, M. Vergino, and
V. Yanovsky, “Petawatt laser pulses,” Opt. Lett. 24, 160 (1999).

\ e W = .
Figure 1. With the Petawatt laser in the background, Livermore’s Michael Perry (left)

shows how far the technology has come to UC Berkeley Professor Charles Townes,
who co-invented the laser.




New technologies have enabled shorter pulses

 Ti:sapphire
« Pumped by another laser, typically with 10-20-
ns pulses

 Large gain bandwidth allows amplification of
20-30-fs pulses

» Much better thermal properties than Nd:glass
allows higher pulse rates

» Can combine energy from multlple pump Iasers
for scaling e N

* OPCPA (Optical Chirped Pulse Parametric
Amplifier)

Not a laser, a nonlinear optical device

Pumped by another laser, typically with ns-duration
pulses and good beam quality

To date, 30-70 fs pulses for PW-class sources, lower
conversion than Ti:sapphire




The possible future

Higher-pulse rate, PW-class, conventional sources
» Flashlamps replaced by diode lasers

 Allow optimized focusing from active feedback, improved productivity and statistics in
experimental work

Directly diode-pumped amplifiers, for higher pulse rates, efficiency
* Yb-doped, broad-bandwidth media, optimized for efficiency
» Green-diode-pumped Ti:sapphire

Beam-combined fiber lasers
 Substantial challenges in scaling to PW class

Shorter-pulse OPCPA systems
 Spectral combination to produce 1-fs-duration pulses

« X-ray Free-Electron Lasers (FELS)
e Present cost an obstacle




Active international competition; greatest
concentration in Europe; rapid growth in China

UEC

- The pursuit of ultrahigh intensity laser science & applications is now a world wide activity

- Capabilities have evolved beyond the single Pl scale to that of international user facilities
- Ultrahigh intensity laser projects now total more than $4B and involve > 1500 FTE's




Dates PW systems come on line

Europe & Asia will dominate

7
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ELI Facilities built or under construction

2 key lasers from US,
Ti:sapphire (LLNL)
and
Nd:glass (National Energetics)

]

beamlines

Two 10-PW Ti:sapphire
lasers from Thales

=
™,
T~

Assorted lasers from EU

= i eli

attosecond !




Quantum Radiation Reaction

(maximum energy exceeding 2 GeV) through the field of an ultraintense laser (peak intensity of
4% 10°° W/em?).
Csl Lanex

Array

electron beam f/2 Y f/40
focussing Gas focussing

Magnet

Cell
&
Y-ray beam
S i D | , .
R Gkl Recent all-optical Laser-Wakefield
200cm 120 cm 15 cm 30 cm 30 cm 1 cm
Accelerated Electrons

—~ 12 i 1.2 - _
l Cﬂrvan * M. Duff.” E. G::rn-.lma}rr C.H. Kr:ulel K. Krushelnick,” 5. P. D. Ma les,' P. ML.KJ:‘:HHHI C.|
Najmudin,' C.P. Ridgers.” G. M. Samarin,” D. R. Symes,'” A. G.R. Thomas,”'' J. Warwick,” and M

We report here on the expernimental evidence of strong
radiation reaction, in an all-optical experiment, dunng the propagation of highly relativistic electrons
(maximum energy exceeding 2 GeV) through the held of an ultrmintense laser (peak intensity of
4 10°° W fem?).

Csl Lanex
il #Z  _electron beam f/2 f/40

PHYSICAL REVIEW X 8, 031004 (2018)

Experimental Signatures of the Quantum Nature of Radiation Reaction in the
Field of an Ultraintense Laser

Poder."" M. Tamburini.” G. Sarri,"” A. Di Piazza,” S. Kuschel,*” C. D. Baird.” K. thm’ S. Bohlen." J. M. Col
J. Corvan,’ M Duff,” E. Gus(mdyr C.H. Kuu.l K. Krushclnuk S.P.D. Man_glu P. MLKLI‘IIIJ "C.D. Murpt
Z. Najmudin,' C.P. Ridgers.” G. M. Samarin,” D.R. Symes.'"” A. G.R. Thomas,”'" J. Warwick.” and M. Zepf™™

We report here on the experimental evidence of strong
radiation reaction, in an all-optical experiment, during the propagation of highly relativistic electrons
(maximum energy exceeding 2 GeV) through the field of an ultraintense laser (peak intensity of
4 x 10°° Wjien?).

Csl Lanex
Bazeny /  _electron beam f/2 f/40




PetaWatt Laser-driven Acccelerators

10,000

LPA concept
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Livingston plot (Moore's Law for
accleleratoris)
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1970 1980 19% 2000 2010 BELLA 9cm plasma accelerator channel

YEAR OF COMPLETION

Lo

At I =~ 10%2W /m? laser pulses propagate through a plasma
Generate longitudinal plasma wave which trails the laser pulse

=10 (pC Gey =" 5r7)

O3 015 0975 03 0.4 i1

« Similar to a wake that follows a boat travelling across water. 6o
In a plasma wave € =~ 100 kV/,um Magnetic spectrometer data showing the production of high

. 1000 the accelerating fields used in the LHC at CERN. quality electron beam at 1 GeV from a 3 cm plasma structure

Could result in first table-top particle collider!



A TeV collider would use a lot of lasers...




Intense Beam Therapies

Petawatt lasers can produce intense 10-
100 MeV proton beams for tumor
therapy

Target Normal Sheath Acceleration is a

Target Normal Sheath Acceleration

Laser
beam

/

Laminar
beam
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)
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!
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O OO ©O

mechanism for high intensity pulsed
beams.
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