High Field Electrodynamics with X-ray
FELs

• D. Cocco1, A. Halavanau2 and C. Pellegrini2
• 1Lawrence Berkeley National Laboratory
• 2SLAC National Accelerator Laboratory

8/8/2019

C. Pellegrini

1

We discuss the possibility of using X-ray FELs to explore
electrodynamics at “High Fields”, an almost unexplored area of
physics. We consider an experimental program that could be carried
out at LCLS-II, and the most critical R&D needed for its success.
Outline
1. Status of the field and opportunities
2. What is “High Fields”?
3. Basic estimated of main parameters and
power density for X-ray lasers and LCLS-II
4. Discussion of some old and recent
experiments
5. An experimental program at LCLS-II:
Radiation reaction, Unruh radiation,
electron positron pairs, non linear
Compton scattering ….
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A report on new scientific opportunities provided by
very high power, ultrafast, lasers has been published
recently by the National Academy of Sciences.

Opportunities in the Science,
Applications, and Technology of
Intense Ultrafast Lasers
A study under the auspices of the
U.S. National Academy of Sciences, Engineering, and
Medicine
•
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A map of ultra high power lasers

FROM: Opportunities in Intense Ultrafast Lasers: Reaching for the Brightest Light, NAS 2018
8/8/2019

C. Pellegrini

4

From the same National Academy of Sciences Report
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X-ray FELs today …
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.. and

more to
come:
LCLS-II,
China.
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X-ray FELs today …
Only hard X-ray FELs provide the peak power need for studying High Field QED, because
they have a large peak power in the electron bunch, high beam energy and large peak
current.
For LCLS the peak power in the electron bunch is about 30 to 50 TW.
In typical operation today about 0.1% of the power is transferred to the X-ray pulse.
With the next generation of undulators the efficiency of energy transfer can be increased
to about 10% bringing us to peak power in the TW region.

Hard X-ray Pulse Characteristics today
Peak power>50 GW
Pulse duration, few to 100 fs
Pulse intensity, 1mJ or larger
Focused to about 100nm radius
Repetition rate, from 120 HZ to hundred kHz
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LCLS-II focused

High intensity phenomena that lie outside the regimes of validity for conventional
perturbation theories occur when the force exerted by the laser field exceeds the binding
forces. For atomic binding energies this regime is at 1 TV/m. Deeply bound electrons reach
this regime at higher fields. Ultimately the vacuum itself is unstable to stimulated creation of
matter from light for fields of about or larger one thousand TV/m.
FROM: Opportunities in Intense Ultrafast Lasers: Reaching for the Brightest Light, NAS 2018
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X-ray FELs can generate simultaneously high energy electrons and
photons. LCLS-II effective power density for γ-γ and e-γ interactions.
We assume 1 TW, 10 nm spot size.
LCLS-II e-γ ≈1033 W/cm2
LCLS-II ≈3×1023 W/cm2
• New strong-field and
collective phenomena
only accessible above
QED critical
intensity/field
• Current and future light
sources far from this
limit.
• Only possible by
combining high energy
particles with laser
(relativistic boost)
• 4γ2 intensity
• 2γ field

High Field Electrodynamics
The physics case for QED experiments using intense lasers has two general
justifications. First, many basic QED processes have not yet been observed or have
not been observed in sufficiently clean experiments to allow for detailed
comparison with QED predictions. Second, many extensions of the standard model
predict as yet unobserved particles/fields. If such particles exist, they typically
modify the vacuum polarizability and can therefore have observable consequences
on QED processes. Therefore, measurement of fundamental QED processes can,
when carefully compared to theory, constitute a search for physics beyond the
standard model.

Can we reach the Schwinger field at LCLS? Yes, but:
a. We need more peak power;
b. We need the capability of focusing to a small spot size.
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What power density can we reach in X-ray FELs?
Two issues:
a. What peak power can we obtain in an X-ray FEL
b. How well can we focus the X-ray pulse to a small spot
size to increase the electric field at the focus, knowing
that the diffraction limit is in the angstrom region
In the following we will discuss these two points.
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X-ray FEL power and brightness
• We consider using LCLS with the copper, room temperature linac,
a novel Advanced Gradient Undulator (AGU) and the Hard X-ray
Undulator (HXR).
• We assume electron beam parameters based on our experience
in the operation of the copper linac and shown in the Table.
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Toward High Power and Brightness: The Double Bunch XFEL
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High efficiency tapered amplifier
Monochromator
and X-ray delay

The DBFEL increases the XFEL peak power and the efficiency of energy transfer
from the electron beam to the X-ray pulse.
C. Emma, Y. Feng, D. Nguyen, A. Ratti, and C. Pellegrini, Phys. Rev. Acc. and Beams 20, 030701 (2017).
A. Halavanau, F.-J. Decker, C. Emma, J. Sheppard and C. Pellegrini, J. Synchrotron Rad. 26, 635-646 (2019)
Characterization of the LCLS “nanosecond two-bunch” mode for X-ray Speckle Visibility Spectroscopy
experiments, Y. Suna et al., SPIE 10237, 102370N-1-10 (2017).
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Results with HXR undulator
For HXR 𝜆) =2.7 cm, 𝛽 = 10𝑚.

Amplifier undulator peak power output at 4 keV as a
function of z compared to different seed power
signals: 10 kW corresponds to the SASE noise case, 5
MW is the single bunch seed power, and 150MW is the
seed power for the double bunch case.
8/8/2019
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Assuming the 650
MW case at 4 kev
the power density
is 2×10%& W/cm2
when focusing at
100nm spot size and
2×10%' W/cm2 at
10 nm spot size.
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Spectral properties

Power spectrum at 4 keV for the case of single bunch (left panel) and the DBFEL
(right panel). In the second case 92% of the photons are in the central line.

Pulse profile at 4 keV and two
different seed input power.
8/8/2019
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Results with an AGU undulator
AGU is a proposed helical undulator based on superconductor magnet technology
and specifically designed for high X-ray power outputs. It is designed to have
short drifts between undulator sections and provide strong electron beam focusing.
For AGU: 𝜆) =2 cm; section length, 1m, distributed focusing, 𝛽 =2m.

AGU undulator peak power output at 8 keV as a function of
distance z compared to different seed power signals: 5 MW
is the resulting four crystal monochromator seed power at
U24 and 150 MW signal for the four crystal monochromator
at U27.
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Assuming the 650
MW case at 4 kev
the power density
is 1.2×10%% W/cm2
when focusing at
100nm spot size and
1.2×10%. W/cm2 at
10 nm spot size.
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AGU Magnet Modeling
Gradient (45 T/m)
Vertical field By vs. X
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Basic numbers for LCLS
LCLS X-ray pulse power density and electric field at focal point.
Assume P0=1TW, pulse duration 10 fs, energy/pulse=10 mJ.
Assume that we can focus to σ0 =10 nm (done in Japan)

P
P / P0
23
2
=
3×10
W
/
cm
πσ 2
π(σ / σ0 )2
PZ o
15
Ef =
=1.1×10
(σ0 / σ) P / P0 V / m
2
πσ
eE f λ
a0 =
<1
Normalized laser amplitude
2
2π mc
W=

Ratio of field to the Schwinger
critical field
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ϒ = E f / Ec <1 in lab frame,
ϒ = γE f / Ec >1 in electron rest frame
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TW beamline Layout 4 mirrors @ 8 keV
Undulator

flat mirror

z

Distance from undulator end

H-KB

V-KB

3 mrad / 800 mm

V-KB H-KB

17 mrad / 120 mm

Vertical

Horizontal

Source-IP (m)
Demag 2nd set
q1=
Demag 1st set
p1=
p2=
q2 (focal distance)=
Absolute M1 position
focus 1 position
M2 position
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Horizontal

Vertical

360
20
3.540
100
354.045
2.3
0.115
354.045
357.585
359.885

360
10
1.777
200
355.363
2.6
0.26
355.363
357.14
359.74
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Spot properties @ 8 keV
12.2 X 12.9 nm FWHM

Ideal spot / no slope/shape errors

14.4 X 13.9 nm FWHM

Using 0.3 nm rms on the 800 mm mirror (the
best value we have measured so far) and 1
nm rms on the 130 mm mirrors (estimated
from polishing and metrology limits)

Peak Power density starting with 1 TW at the source (8 mJ)
2 x10+23 W/cm2
(including reflectivity and elongation)
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1.8 x10+23 W/cm2
(including reflectivity and elongation)
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Electric field at the focal point as a function of the spot size for the HXR
and AGU undulator.
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Turning around the X-ray pulse
To study experimentally QED with X-rays-electron collisions we need to turn around the
X-ray pulse, to realize a nearly head-on collision with another photon pulse or an
electron bunch. The turning around can be realized with small losses using two
diamond crystals with a Bragg angle >450, bending the photons more than 900 per
mirror. This can be done for photons of 4.2keV and diamond (1,1,1) crystals.
The KB mirrors for focusing are inserted in the return leg.

A

θ

B

α

C
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LCLS-II 3 bunches radiation reaction
and other high field experiment
e

e e

LCLS copper linac

X-rays

Focusing X-ray
mirror

Electron
focusing lenses

The first two electron bunches generate a high power X-ray pulse which is
reflected back, focused and interacts with the third electron bunch. An
additional electron focusing lens is used to reduce the electron beam
radius at the collision point.
The third bunch delay is about one hundred nanosecond.
With four bunches we can generate two X-ray pulses and do photon-photon
scattering. Very hard.
8/8/2019
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Background: Single Experiment to date (SLAC E144)

•

•
•

Near head-on collisions of TW laser (ħω = 2.34
eV) with backscattered photons, ħω ~ 28 GeV,
from 46.6 GeV SLAC beam.
Need ≥ 4 photons to produce a pair (1.02 MeV in
COM)
Intensity in COM frame approaching Schwinger
limit (~1029 W/cm2) and QED critical field.
8/8/2019
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In our case the photon
energy is 4 keV in the lab.
In the electron at rest
system, or very nearly in
the COM system, the
photon energy is
𝐸/12 ~48𝑀𝑒𝑉 , one
photon is enough to
generate a pair.
The intensity for 10 nm
focus is W~2𝑥1032 𝑊/
𝑐𝑚2. The electric field on
the electron is ~1019V/m,
about ten times the
Schwinger field.
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Background:
E144 transition from multi-photon to tunneling limits
Tunneling Picture (Schwinger)

Υ = E/Ec
Multi-photon picture
8/8/2019
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A new E144 experiment
In its current configuration, the SLAC linear accelerator in Menlo Park,
California, operates as three 1-km linear accelerators, two of which are capable of
producing ~ 15GeV electrons (γ = 30,000). If one of these relativistic electron
beams collides with a focused laser with peak intensity in the range of 1021W/cm2,
this is sufficient to exceed the Schwinger limit by more than an order of magnitude
and produce copious amounts of matter in the laser focus. The committee stresses
that this field will not be achieved at ELI, since none of the ELI sites is collocated
with a GeV-scale linear accelerator, and without it the laser must supply 1 billion
times more intensity, e.g., 1 Exawatt focused to a 20 nm focal spot.
The laser field distorts the vacuum, here
depicted schematically as a bound state
potential with well depth 2mc2. At
sufficient levels of distortion, pairs can
tunnel out of the vacuum.
FROM: Opportunities in Intense Ultrafast Lasers: Reaching for the Brightest Light, NAS 2018
8/8/2019
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Radiation reaction
From Phys. Viewpoint, A. Macchi
Physics, 11,13 (2018).

•
•
•
•

Important at high field intensity, 1022W/cm2, grows like E2γ2.
R. T. Hammond, Radiation Reaction at Ultrahigh Intensities, Phys. Rev. A
81, 062104 (2010).
G. W. Ford and R. F. O’Connell, Phys. Lett. A 174, 182 (1993)
J.D. Jackson, Classical Electrodynamics, 2nd ed. (John Wiley& Sons, New
York, 1975), the 3rd ed. contains the Ford O’Connell equation.

Radiation reaction is small if the electric field acting on the particle is <Eschwinger/𝛾.
We can now violate this condition and enter an interesting regime of non-linear
electrodynamics.
8/8/2019
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ESchwinger = me2 c 3 / C.!ePellegrini
= 1.3 × 1018 V / m
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Experimental results with PWFA & PW laser

Two new experiments, led by Stuart Mangles from Imperial College London [1] and
by Matthew Zepf of Queen’s University Belfast [2]. (The same experimentalists but
different theorists contributed to the two papers.) Both teams made use of the
Astra Gemini laser at the Rutherford Appleton Laboratory in the UK. Even using the
same apparatus the two groups reach opposite conclusions: one claims support for
the Landau-Lifshitz model, the other for the quantum model of radiation reaction.

The experiment is Inverse Compton Scattering on a LWFA beam
[1] J.M. Cole et al., Experimental evidence of radiation reaction in the collision of a
high-intensity laser pulse with a LWFA electron beam, Phys. Rev. X 8, 011020 (2018)
[2] K. Poder et al., ``Evidence of Strong Radiation Reaction in the Field of an

Ultra-Intense Laser,'' arXiv:1709.01861.
8/8/2019
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The f/2 optics counter propagating beam has an energy/pulse of 10 J focused
to a spot size of 2.4X2.8 μm, peak intensity 1.3x10 21 W/cm-2. The electric
field at the focus (in the lab system) is 7x1013 V/m.
The field seen by the electron, with an energy of 500 MeV, in its own rest
frame, is 7x1016 V/m. The peak normalized amplitude is a0=20.
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Unruh radiation
John Bell and J. Leinaas analysis of the ultimate polarization in a storage ring
(1983). An accelerated electron sees the vacuum photons as a gas at a
temperature:

TUnruh = !a / 2π ck = 4 × 10 −21 × am/sec2 K

(Hawking, Unruh radiation), where k is Boltzman’s constant, and a is the
acceleration. The electron is shaken up by these photons and that limits the
polarization to less than 100%.

8/8/2019
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Unruh radiation
An accelerated electron sees the vacuum photons as a gas at a temperature
𝑇 = ℏ 𝑎 ⁄2 𝜋𝑐𝑘E
where kB is Boltzman’s constant, and a is the acceleration. The electron is shaken up by
these photons and that limits the polarization in a storage ring to less than 100%.
In its proper frame a 14 GeV electron in an undulator with a magnetic field of 1.4T has an
acceleration of 2x1024m/s2. in the focus of the X-ray pulse, the field is 1.1x1015 V/m and the
acceleration is ~1031m/s2. The corresponding temperatures are 8560 K , kBT=0.74 eV, in the
first case or 4x1010 K, kBT=2X106 eV
kB TU , MeV
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8
6
4
2
0
0
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Unruh radiation
In the electron rest frame the number of photons per unit volume and energy is
2

⎛ k BT ⎞
3
2
⎜
2⎟ ⎛
⎝ mc ⎠ α ⎞ ( !ω / k BT )
dn
= 2 2 ⎜ ⎟
!dω
π mc ⎝ re ⎠ e!ω /kBT − 1
In this frame the photon distribution is isotropic as it is for the scattered photons.

photon density*10-30 , m^-3 eV^-1
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Conclusions
• LCLS-II with the copper linac can provide interesting parameters for
a program to study High Field, nonlinear electrodynamics.
• The program is complementary to that based on PW optical
wavelength lasers. At LCLS-II the field seen by a highly relativistic
electron (E>5 GeV) at the X-ray pulse focus is much larger than the
Schwinger field, while the normalized intensity is less than one.
With PW laser the normalized intensity is always larger than one. A
comparison between the two cases is interesting.
• The possibility of observing phenomena like radiation reaction,
electron positron pair production, the Unruh radiation gives a good
scientific motivation and encourages work in this area.
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