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The	Challenge

• Aim:	Measure	Critical	Field	of	QED
– Exact	knowledge	of	absolute	intensity	required
– Exact	knowledge	of	relative intensity	required
– Large	range	of	Intensity	required
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It is a long-standing non-trivial prediction of quantum electrodynamics that its vacuum is unstable
in the background of a static, spatially uniform electric field and, in principle, sparks with sponta-
neous emission of electron-positron pairs. However, an experimental verification of this prediction
seems out of reach because a sizeable rate for spontaneous pair production requires an extraordinar-
ily strong electric field strength |E| of order the Schwinger critical field, Ec = m2

e/e ' 1.3⇥1018 V/m,
where me is the electron mass and e is its charge. Here, we show that the measurement of the rate
of pair production due to the decays of high-energy bremsstrahlung photons in a high-intensity laser
field allows for the experimental determination of the Schwinger critical field and thus the boiling
point of the vacuum of quantum electrodynamics.

PACS numbers: 12.20.-m, 12.20.Ds, 12.20.Fv

Quantum Electrodynamics (QED) is one of the most
successful theories in physics. Its predictions for observ-
ables accessible by an ordinary perturbative expansion in
the electromagnetic coupling e, such as for example for
the anomalous magnetic moment of the electron, have
been verified experimentally to a very high accuracy.

There are, however, also observables which are inacces-
sible by ordinary perturbation theory and whose predic-
tion lacks an experimental verification. Among them,
the most famous is the rate (per unit volume V ) of
spontaneous electron-positron pair production (SPP) in
a strong static electric field E [1–3] ,
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is the so-called Schwinger critical field. Clearly, this rate
is non-perturbative in e,
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as typical for a process which can occur, for |E| . Ec,
only via quantum tunnelling. This so-called Schwinger
e↵ect and its analogues have been suggested to play a role
in many problems of phenomenological and cosmologi-
cal interest, ranging from black hole quantum evapora-
tion [4–7] to particle production in hadronic collisions [8–
10] and in the early universe [11–13], to mention only a
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FIG. 1. Leading order Furry picture [19] Feynman diagram
for OPPP. The double line pointing forward (backward) in
time represents an electron (a positron) in the background of
the electromagnetic field of the laser.

few. Unfortunately, there is no practical way to produce
a static electric field of this strength in the foreseeable
future1. Therefore, a direct laboratory test of prediction
(1) seems utopic.
As an alternative to spontaneous pair production in a

strong static electric field, we consider here laser-assisted
one photon pair production (OPPP) – the decay of a
high energy photon in the overlap with an intense opti-
cal laser beam into an electron-positron pair, cf. Fig.
1. This process is kinematically possible because the
electron-positron pair can pick up momentum from the
laser photons. Already in the 1960‘s, when first lasers
where developed, this process has been identified as an
opportunity to study the transition from stimulated to
spontaneous pair production in an external electromag-

1 One possibility considered was the field at the crossing of two
intense laser beams [14–17]. However, the required laser peak
power is in the hundreds of exawatt range (for a laser operating
in the optical range, focussed to the di↵raction limit) [18] and
thus still far beyond the present technology.
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FIG. 4. Number of e+e� pairs produced per electron bunch
(6⇥109 electrons of energy Ee = 17.5GeV) impinging on the
converter target (thickness X/X0 = 0.01) and per laser shot
(duration 50 fs) crossed with the bremsstrahlung photons, as a
function of the laser intensity parameter ⇠, for di↵erent values
of �e. The dashed line shows the analytic prediction resulting
from (14), valid at ⇠ & 1/

p
�e � 1.

The high energy electrons will impinge in bunches
onto the target. The electron beam of the European
XFEL, for example, contains 6 ⇥ 109 electrons of en-
ergy Ee = 17.5GeV, with small energy spread and a
good emittance [30]. The high intensities of the laser are
reached conceivably in laser pulses of duration around
50 fs. In Fig. 4, we show the number of pairs produced
per electron bunch and per laser shot expected in this
case. The solid lines are obtained from the numerical so-
lution of Eqs. (6) and (12), while the dashed lines exploit
the analytic asymptotics 14. Importantly, the latter ap-
proaches the former already at ⇠ & 1 and �e . 1. More-
over, the number of produced pairs is favorably high,
even for the most interesting parameter range of large ⇠
and small �e. From this we conclude that it should be
easy to measure the Schwinger critical field in this type
of experiment.

In practice, in an experiment as sketched in Fig. 3, it
will be easiest to change the intensity of the laser and the
energy Ee of the electron beam. In this case, the electron
recoil parameter can be expressed as

�e = 0.22 (1 + cos ✓)
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Figure 5 shows that the number of produced pairs per
electron bunch and laser shot rapidly grows with increas-
ing intensity to values above one already at laser intensi-
ties ⇠ 2 ⇥ 1019 W/cm2. Therefore, with relative modest
parameters for a focussed intense laser to ensure stable
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FIG. 5. Top panel: Number of e+e� pairs produced per
electron bunch (6 ⇥ 109 electrons of energy Ee = 17.5GeV)
impinging on the bremsstrahlung target (thickness X/X0 =
0.01) and per laser shot (duration 50 fs, laser frequency
! = 1.053 eV) crossed with the bremsstrahlung photons at
an angle of ✓ = ⇡/12, as a function of the laser intensity.
The dashed line shows the analytic prediction resulting from
(14), exploiting the relations (11) and (16). The dotted (dot-
dashed) line shows the same analytic prediction, but for the
case where the value of the Schwinger critical field Ec deviates
by a multiplicative factor of  = 0.9 ( = 1.1) from its nom-
inal value (2). Bottom panel: The laser intensity parameter
⇠ (dotted) and the electron recoil parameter (dashed), as a
function of the intensity, cf. Eqs. (11) and (16).

operation at a strong field experimental interaction point,
the asymptotic regime for the BPPP process should be
experimentally accessible with reasonable accuracy. This
will allow a precision comparison with the asymptotic re-
sult according to Eq. (14), which sensitively depends on
the value of Ec, cf. the top panel in Fig. 5: A varia-
tion of Ec around its nominal value (2) by 10% results
in a change in the predicted rate by nearly an order of
magnitude, in the intensity range of interest.

Design studies are under way to plan for such an exper-
iment [36]. By removing the target in the experimental
setup of Fig. 3, the strong-field trident process can be
studied in addition. In its two-step variant, it occurs via

Ec=kESchwinger
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What	laser	do	we	need?

Figure 8. Cartoon depiction of the Chirped pulse Amplification technique.

4 Laser
Responsible: Matt Zepf, Ingmar Hartl, Andreas Maier, Gianluca Sarri
Laser description and properties, optical layout and components, steering, focusing and diagnostics.
It should become apparent from this Section that the laser parameters needed to achieve the ultimate goals of the project are
ambitious, but well within today’s feasibility limits; the areas where R&D efforts are needed should be highlighted. The two
stages of project implementation (first stage: “commercial” laser, second stage: advanced laser) should be discussed.

4.1 High power laser technology
The high-power laser system (HPLS) will utilize the Chirped Pulse Amplification (CPA) technique [37], which is illustrated in
Fig. 8. An ultrashort, low-energy laser pulse is stretched in time, amplified up to the required energy, and then compressed
back. This way, light level is kept below the amplifying media’s damage threshold. The result is high-peak power, fs-scale
duration laser pulses.

A typical optical layout of a high contrast HPLS is shown in Fig. 9, which includes the following components:

• Front end
The laser chain starts with a commercial femtosecond oscillator which delivers a ⇡ 75 MHz pulse train. Each of these
pulses is a few-fs long with a few-nJ in energy. The system picks one of these pulses at a rate of 5�10 Hz, and amplifies
it to about 1 mJ. This part of the system is known as the “Front-end”. Different amplification technologies may be
employed here. They differ in their cost, reliability, and achievable “pulse contrast”; i.e. the light intensity level which
precedes the main laser pulse. Our front-end will be based on either “Non-linear pulse cleaning” [38], or on “Short-pulse
optical parametric chirped pulse amplification” [39], both of which have proven to provide excellent contrast. A low
contrast system can result in significant fraction of the pulse energy being outside the main pulse temporally, which is
undesirable in the context of precision experiments

• Optical Pulse stretcher
Following the front-end, the pulses are sent into a grating-based pulse stretcher. There they are steered to hit an all-
reflective 1500 lines/mm grating four times. The stretcher bandpass is set to about 100 nm to avoid clipping effects that
would reduce pulse contrast.

• Multi-pass 10 Hz Ti:Sapphire Power Amplifier
Following the stretcher, the pulses have approximately 0.3 mJ of energy. These pulses are spatially filtered and amplified
in 3-5 amplification stages. Each stage consists of a Ti:Sapphire crystal pumped with ns-long green (532 nm) laser pulses.
Following each stage, the beam is expanded to remain below the damage threshold of the following optics in the optical
chain.

• Optical pulse compressor
The fully amplified pulses will be expanded and sent through a window into an optical pulse compressor which operates
under vacuum. The compressor design is based on two large gold-coated diffraction gratings. The compressor design
will also set the practical repetition rate. Thermal aberrations limit the practical repetition rate to 1 Hz in the absence of
grating cooling or active compensation.

The laser performance required to achieve the goals of the LUXE experiment are defined by reaching a range of the quantum
parameter ce = g

eL
ecr

(1+ cos(q))
to values > 1 (where J is the collision angle between the laser and the electron beam). For a typical electron beam at XFEL

with g = 3 ⇥ 104 achieving a target c ⇡ 6 requires a peak intensity of I = 1 ⇥ 1021Wcm�2. Such intensities are achievable

16/39
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Standard	CPA	laser	– commercial	architecture.
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Standard	Layout	

23.07.19LUXE	Meeting 4

Figure 9. : A typical optical layout of a high contrast HPLS.

with the high-end of commercially available lasers, which can deliver peak power of PW and in some cases beyond. However,
increasing the scale of the laser system not only increases cost but also the effort required to run and optimise the laser on
a daily basis. Commercial lasers in this class are currently not ‘turnkey’ and require an experienced laser operator to reach
nominal performance. It is therefore essential to define the minimum scale of laser to reach the experimental goals and therefore
optimise both capital and staff resources required for a successful execution of the project. A further important consideration
is therefore to have high precision diagnostics to control the effects of shot-to-shot fluctuations and long-term drifts on the
precision of the data. High-power, femtosecond laser systems are precision tools and respond with significant performance
changes to relatively small drifts in alignment. This is because small variations of spatial and spectral phase have noticeable
effects on the peak intensity. Such variation can be caused by thermal effects, air currents and mechanical vibrations and drift.
Current commercial systems are engineered to consist of distinct mechanical components set out on a conventional optical
table – and must therefore be re-aligned routinely and are open to variety of effects varying performance. This contrasts with
sealed, turnkey systems which exist in different parameter ranges in industry. However, we believe that this will not limit the
ultimate precision and reproducibility we can achieve. In the following we will discuss the considerations setting out the laser
requirements and interaction geometry.

4.2 Interaction geometry considerations
Figure: Interaction Geometry

The dependence of c on the interaction angle implies that head-on collisions with q = 0 are optimal in terms of the required
laser power. Similarly, the required laser power is minimised if the laser spot radius w0 is minimised and the pulse duration
made as short as is reasonably possible (currently around 17fs for high power commercial systems). For a Gaussian beam in
space and time the peak intensity I0 = EL(

R •
�• exp(�4ln2 t2

t

)dt
R •

0 2pr exp(� 2r2

w2
0
)dr)�1. A simple formula can be derived from

this expression with I0 = 0.83 EL
t(FWHM2)

, t(FWHM) are the full width at half-maximum in time and space respectively. Based
on a focal spot of 3µ m FWHM a 100 TW should be sufficient to reach the goal of an interaction at c = 6. Taking transport
losses and beam phase aberrations into account, we expect to achieve around than 30-50% of this theoretical value, implying
200-300 TW laser to cover the full parameter range.

The goal of LUXE is to perform precision experiments and this places a number of constraints on the choice of laser
interaction geometry and parameters, thus requiring a noticeably larger laser systems with a peak power of ideally approaching
300 TW.

While the electron beam itself is highly collimated, with only a small halo, the bremsstrahlung beam is significantly more
extended. The bremsstrahlung cone angle is determined by the energy of the electron beam as 1/g with a slow fall off that can
be approximated by a Lorentzian distribution. The slow fall off of the Lorentzian implies that there is still substantial amounts
of signal at large angles. While pairs produced in the bremsstrahlung converter can be swept away by the subsequent dipole

17/39

High	Contrast	Front	End		eliminates	intensity	uncertainty	due	to	Spontaneous	Emission
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Different	interaction	geometries

23.07.19LUXE	Meeting 5

1)	Small	e-spot,	large	laser	spot	
=>	good	for	precision	measurments

2)	Large		laser	spot	,	large	gamma	laser	spot
=>simpler	set-up,	

2)	Large		laser	spot	,	large	gamma	laser	spot
=>	highest	chi
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System	requirments

• Initial	system	requirements	for	f/10	set-up
- 50TW	(reaches	c~1)	(Similar	to	facet)
- 250	TW	for	full	parameter	range	

23.07.19LUXE	Meeting 6

Geometry f/3, 17� f/10, 17�

FWHM (µm) 2.4 8
Laser Power (TW) 250 250
Repetion Rate [Hz] � 5 � 5
Peak Intensity Wcm�2 1.8⇥1021 1.6⇥1020

cMAX at 17 GeV 7 2

Table 3.
would be good to have a caption and also titles for the three columns. Could we also add other parameters, e.g. pulse
length, energy, wave length? And, maybe it would be nice to say the actual and effective (accounting for expected
losses) values?

5 Detectors, monitors and data acquisition aspects586

Responsible: Matthew Wing, Halina Abramowics, Sasha Borysov, Marina Borysova, Marius Hoffmann, Noam Hod, Aharon587

Levy, Jenny List, Gianluca Sarri.588

589

The overall experimental setup discussed in Section 2 highlighted the need for three detector subsystems in order to590

measure the gB +nw process: the region after photon production via Bremsstrahlung; electron–positron pair production after591

the interaction point (IP); and photons which continue downstream to the forward photon spectrometer. In the case of the592

e + nw process, only the final two detector subsystems are required, although the electron detector system after the IP will593

need to be modified as the rate of electrons will be high (see Table 1). The final-state particles that need to be measured are594

electrons, positrons or photons, with the major challenge arising from the potentially very large number of final-state electrons595

and photons and the backgrounds from secondary interactions.596

In the following sections, the three regions or detector subsystems are discussed on a global level and initial designs are597

presented. The detector technology solutions which can be common to more than one subsystem are then presented. Finally the598

data acquisition system is briefly discussed.599

5.1 Detector regions600

To provide precise counting and energy measurement of the e+e� pairs either from collisions at the interaction point or in the601

forward region, two complementary technologies are proposed. Namely, a few layers silicon pixel tracking detector followed602

by a few layers of calorimeter detector, placed downstream the beamline on its two sides. Since the photons which arrive at the603

forward region are converted to e+e� pairs for measurement, the same technologies can be used in both regions (depending on604

the rates). The detectors are to be triggered by the laser pulses which are expected to arrive at a maximum rate of 10 Hz, i.e. the605

time windows when the detectors are up registering data will be synchronised with arrival time of the laser pulses. With each606

such trigger, the detector is read out and the raw information is stored for later analysis. Not only can the proposed combination607

of a tracker and a calorimeter provide a precise measurement of the produced e+e� pairs, it can also enable a strong background608

suppression via coincidence and matching requirements, in and between the two subsystems. The two subsystems can also be609

used to cross-calibrate each other such as the energy scales and resolution. The calorimeters will also absorb all particles and so610

act as an effective dump. In principle, a given subsystem could be read out using one data acquisition computer. In regions of611

very high rates, Cherenkov detectors will be deployed. This is planned for the detectors of electrons and positrons behind the612

tungsten foil, and for the electron detector behind the IP in the e+nw setup.613

5.1.1 Photon production via Bremsstrahlung614

In order to study the process of electron–positron pair production via a photon absorbing multiple low energy photons, i.e.615

gB + nw ! e+e�, a beam of high energy photons is required. This is achieved using a photon converter which is placed616

in the path of the extracted EU.XFEL electron bunch yielding a broad-band spectrum of photons via Bremsstrahlung. The617

converter is a 35 µm thick tungsten target; the photon energy spectrum is shown in Figure 14. The expected spectrum from a618

GEANT4 [39, 44, 45] simulation and the empirical prediction [46] agree well. The final fraction of these photons that interacts619

with the laser beam, i.e. with a position in the transverse plane limited to ±25 µm, which matches the transverse size of the620

LUXE laser beam with a reasonable overlap, is about 5%.621

The expected average number of bremsstrahlung photons produced per bunch crossing (BX) is about 5.6⇥108, the number622

of positrons is about 1.6 ⇥ 106 and the total number of electrons with E < 16 GeV observed behind the target is 1.8 ⇥ 108,623

dominated by electrons from the beam which have lost some energy due to Bremsstrahlung. The positrons are coming from624

pair production of the Bremsstrahlung photons within the tungsten foil.625

22/45
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Measuring	Intensity

• PTB/NIST:	Candela	traceable	to	10-4
– 1cd:	radiant	intensity	of	(1/683)	W/sr @	550nm	(540×1012 Hz)
– At	other	frequencies	10-3

23.07.19 7
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High	Quality	Diagnostic	System

• Measure	Laser	Paramters to	infer	Intensity

• Eliminate	Shot	to	Shot	variations	
23.07.19 8
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Diagnostic	System

• Diagnostic	system
–Maintain	Vacuum	Propgation for	best	precision
– Careful	attenuation	to	avoid	non-linearity
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Figure 10. : Schematic of the proposed intensity tagging diagnostics. The laser beam will be transported and attenuated on
the path to the diagnostics.

4.3.1 Determining the peak electric field

The aim is to perform measurements with high absolute precision to allow accurate experimental determination of ecr and
comparison of experimental results to numerical simulations with high precision. In principle the tagging system outlined above
will provide an accurate measurement of the peak field in the interaction point. We aim to cross-calibrate our diagnostic suite
described above at the Light Intensity Unit of the PTB Braunschweig (https://www.ptb.de/cms/en/ptb/fachabteilungen/abt4/fb-
41/ag-412.html), which can provide traceable standards for CW sources to SI Units with 10�4 accuracy. This will provide tight
limits on the actual value of x .

Some systematic effects, such as transport losses, can be accounted for very accurately.
However, a systematic offset due to small imaging aberrations of the focal intensity distribution at the interaction point

and spectral phase errors in the transport will be unavoidable and is not easily accounted for. In particular, while flat mirrors
can produced to have extremely small residual errors, the recollimating parabola after the interaction point and subsequent
focusing optics in the diagnostic change can introduce phase aberrations due to manufacturing and also due to small angular
misalignment and are therefore a source of systematic error when inferring the intensity at the interaction point from the laser
diagnostics.

We will therefore develop approaches to cross-calibrate the intensity in the focus using interactions with relativistic electrons,
such as the relativistic mass shift in Compton scattering. As shown in figure 11 significant Compton edge shift for different
values of x an in particular in the theoretically very well understood regime of x < 1.

Using accurately calibrated attenuation mirrors with extremely high surface quality allows the laser energy (and therefore
x ) to be varied while keeping all other laser parameters identical to very high precision. We will have symmetrical attenuation
before and after the IP to allow the intensity in the diagnostics to be kept constant. This approach allows absolute calibration
over a large range of intensities to be achieved in the IP and cross-referenced with the laser diagnostics for different values of x

in the interaction point while keeping the intensity in the diagnostic chain identical.
In addition to Compton edge shift we will measure the scattering of electron initially at rest from a tenuous Helium target at

the IP (for these measurements the IP will be vacuum isolated from XFEL). As shown in figure 12 schematically these electrons
are scattered at well defined angles dependent on the laser intensity (fig. 13). These scattering angles are outside the beam cone
and can be detected without modifying the optical layout. We will investigate the use two complementary approaches to verify
the inferred intensity in the interaction point, ensuring high reliability of the absolute intensity calibration and allowing the both
the relative and absolute intensity of each shot to be tagged with high precision.

Based on our simulations of Compton shift and ponderomotive scattering we aim to achieve an absolute calibration of
better than 5% in the early phase of LUXE with continual improvements towards 0.1% absolute accuracy in the laser E-field
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FIG. 1: Distribution of particles scattered o� laser pulse in coordinate and momentum space. Laser parameters are

a0 = 10, duration � = 14 · T , here T = 2�/�0 and focal spot w = 5�.
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Here �p defines polarization, i.e. linear �p = 0 and circular if �p = �/2. This field is directly used to integrate

equations of particle motion. Symmetric implicit Gauss-Legendre-Runge-Kutta method of 4th and 6th order has been

adopted to preserve energy and momentum of particle over multiple times steps [? ]. The results of simulation for

a0 = 2, 10 is summarized in Figure 2 where we present the corresponding angular distribution of electrons compared

with a rough estimate 2. It is clear from picture that for chosen parameters estimates and simulations are in good

agreement. However we still have to check if electrons are not localized near focus and filling a volume of ⇠ z3
R.

IV. MASS SHIFTED COMPTON EDGE

Figure 12. : Distribution of particles scattered by a laser pulse in real and momentum space. Laser parameters are x = 10,
t = 14 cycles and focal spot w = 4µm.

3

FIG. 2: Angular distribution of electrons which are initially at rest for a0 = 2, 10. Blue line shows energy of an

averaged number of particles scattered under given angle. In average most of particles scattered outside of the cone

defined by ponderomotive angle.

insert picture with kinematics of the Compton scattering and explanations. Energy of scattered photon �� is fully

defined by energy of parent electron, angle , a0 and number of absorbed laser photons
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The spectra of scattered photons is continuous in interval 0 < �� < ��
max with sharp peak at �max, known as the

Compton Edge (CE). The own width of CE is negligibly small and can be safely neglected. Photons scattered with

maximum energy �max propagate strictly along direction of emitting electron � = 0. The scheme of how to deduce

a0 from electron energy distribution is sketched in Figure 4. This is heavily based on precise knowledge of electron

bunch propertied, i.e. energy distribution. With these data we can analyze deflection angles of particles rotated in

magnet as function of their energy at the measurement site. Thus electron which did not interact will arrive at point

Xb while those experience linear Compton scattering, i.e. a0 << 1 described by the Klein-Nishina formula will be

deflected most and arrived at Xe point. Electrons which scattered at di�erent local a0 will land in between these

points. Deflection angles can be calculated as following. Magnet turns particles on angle �k

�k = ekc

R
Bdl
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where
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Bdl is the integral of magnetic field along particle trajectory. Thus thetak for di�erent particles are given
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Figure 13. : Angular distribution of electrons initially at rest for x = 2,10. The blue line shows the energy of the averaged
number of electrons scattered under a given angle. A well defined edge depending on x is visible allowing the effective peak
field strength to be cross-calibrated in the focus of the laser.
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FIG. 1: Distribution of particles scattered o� laser pulse in coordinate and momentum space. Laser parameters are

a0 = 10, duration � = 14 · T , here T = 2�/�0 and focal spot w = 5�.
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equations of particle motion. Symmetric implicit Gauss-Legendre-Runge-Kutta method of 4th and 6th order has been

adopted to preserve energy and momentum of particle over multiple times steps [? ]. The results of simulation for

a0 = 2, 10 is summarized in Figure 2 where we present the corresponding angular distribution of electrons compared

with a rough estimate 2. It is clear from picture that for chosen parameters estimates and simulations are in good

agreement. However we still have to check if electrons are not localized near focus and filling a volume of ⇠ z3
R.
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t = 14 cycles and focal spot w = 4µm.
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FIG. 2: Angular distribution of electrons which are initially at rest for a0 = 2, 10. Blue line shows energy of an

averaged number of particles scattered under given angle. In average most of particles scattered outside of the cone

defined by ponderomotive angle.
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The spectra of scattered photons is continuous in interval 0 < �� < ��
max with sharp peak at �max, known as the

Compton Edge (CE). The own width of CE is negligibly small and can be safely neglected. Photons scattered with

maximum energy �max propagate strictly along direction of emitting electron � = 0. The scheme of how to deduce

a0 from electron energy distribution is sketched in Figure 4. This is heavily based on precise knowledge of electron

bunch propertied, i.e. energy distribution. With these data we can analyze deflection angles of particles rotated in

magnet as function of their energy at the measurement site. Thus electron which did not interact will arrive at point

Xb while those experience linear Compton scattering, i.e. a0 << 1 described by the Klein-Nishina formula will be

deflected most and arrived at Xe point. Electrons which scattered at di�erent local a0 will land in between these
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Figure 13. : Angular distribution of electrons initially at rest for x = 2,10. The blue line shows the energy of the averaged
number of electrons scattered under a given angle. A well defined edge depending on x is visible allowing the effective peak
field strength to be cross-calibrated in the focus of the laser.
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Compton	Edge	Shift

• More	difficult	measurement	for	peak	a0
• May	get	washed	out	by	averaging
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Costs

• Ballpark	3M	for	system	+	transport.
• Need	enough	space
– Small	existing	labs	do	not	look	sufficient.
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