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1. Introduction

One of the fundamental electromagnetic interaction processes,
little studied experimentally, is the conversion of light to
matter. Particle production from the e.m. field, one of the
amazing predictions of the QED, is possible, at least in principle,

In connection with the vacuum particle pair production:

> In a static electric field — Schwinger effect [1].
> In a photon field — Breit-Wheeler production [2], or

> In a combination of the two — Bethe-Heitler production [6].



1. Schwinger effect

Under normal conditions, the physical vacuum, due to the
quantum fluctuations, is in a permanent "boiling", with local
production and annihilation of virtual particle-antiparticle pairs.

The existence of virtual particle-antiparticle pairs in QED tell
the vacuum can be described as a polarizable medium, with
possibility to observe some nuclear or atomic behaviors (Lamb
shift or electron and muon anomalous magnetic moment).

the characteristic range | the electric field act to produce
e*e pairs is given by electron Compton wavelength A

The critical value of the electric field E_, (Schwinger field)
I.e. starting value for spontaneously production of real e*e
pairs from laser field - vacuum interaction:

Some quantum interactions can transfer enough energy to trans-
form the virtual pair into a real pair. The pair is no more locally
confined and can be detected and measured at large distance.
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1. QED Processes under study

So far, the current theoretical and experimental works with high-power lasers have highlighted a
series of QED processes and confirmed the possibility to approach them experimentally.

The linear Breit-Wheeler (BW) process [2] y+y—oe +et

has been studied in the theoretical framework of quantum electrodynamics
(QED) [24]. To date, the linear BW process has not been observed in the
laboratory with real photons due to the lack of suitably bright sources of
photons with sufficient energy.

Nonlinear (multiphoton) inverse Compton scattering e+ny, 2> e+7y

where the electron, e, absorbs multiple, n laser photons vy, , and radiates
hard photons y. Up to 40% of the energy of the laser accelerated electrons
Is re-radiated as gamma photons in the presence of the laser field [26]

Nonlinear (multiphoton) Breit—-Wheeler process: y+ny 2>e+e*

where the electron - positron pair is generated. Hence for the energy of
multiple laser photons, pure energy is transformed into the mass of the
particles: electrons and positrons. Light is transformed into matter [27]

Bethe-Heitler (BH) interaction process with nuclei [28] ny +y, 2 e + e

where the multiple laser photons in interaction with the virtual photon of
the nucleus field, transfer energy to e* e- production process.
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O
1. E-144 SLLAC Exgeriment ‘electron — laser collision)

SLAC E-144 experiment:
first sign of positron production in light-by-light scattering

e— o
2 i Multi-photon
; : : Breit-Wheeler process
Y _

L
Y+npo—+ete

[0'®Wem ™ laser

Non-linear
Compton scattering

........... : + Approx. |00 positrons
detected in 20,000 shots.

46.6 GeV electrons

7-10° electrons/shot
7 ps (FWHM)

e

Yo 527 nm (2.35 eV)
n>4

Y — 29 GeV (10%/shot)

Non-linear QED

+ Energy threshold required the absorption of n > 4
laser photons. (Not sufficient energy for two-photon
interaction.)

* Recently shown that, on average, n = 6.44 laser

photons were absorbed.
Burke et al, PRL 79, 1626 (1997)

Hu & Maller, PRL 107, 090402 (2010)
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2. Goal of the Project

In 2009 G. V. Dunne (University of Connecticut) in the paper “New strong-field QED effects at extreme light
infrastructure” in Eur. Phys. J. D 55, 327-340 (2009) remarked “the ELI project open up an entirely new non-
perturbative regime of QED, and of quantum field theories in general. There are many experimental and
theoretical challenges ahead. Theoretically, the biggest challenge in the non-perturbative arena is to develop
efficient techniques, both analytical and numerical, for computing the effective action and related quantities, in
external fields that realistically represent the experimental laser configurations. A lot of progress has been made in
this direction, but new ideas and methods are still needed”.

On the other hand, production of large numbers of MeV positrons in the laboratory opens the door to new avenues
of antimatter research, including an understanding of the physics underlying various astrophysical phenomena such
as black holes and gamma ray bursts [45,46], pair plasma physics [47,48], positronium production.

Now the 2 x 10 PW laser beams of the ELI-NP laser facility has the interaction chambers dedicated to QED
experiments [42-44]. So, we can move on to fruition this possibility to in-depth study of nonlinear QED
processes with such laser beams to perform the following steps:

» Systematic studies of the dynamics of fundamental QED processes possible to approach with high power lasers.
They refer to the fundamental QED processes in order to experimentally reveal the characteristic properties of
the processes. We have in view: Dirac e*e- pair annihilation, Breit-Wheeler e*e- pair production, Bethe-Heitler
e*e” pair production, e'e- Moller Scattering, e'e* Bhabha Scattering, Electron Self Energy, Photon Self Energy,
Vacuum Energy.

» Proposal of experimental arrangements for measuring physical properties related to the production of e*e- pairs
(Schwinger mechanism) in photon-multiphoton interaction (Breit-Wheeler), photon-electron or photon-nucleus
(Bethe-Heitler) interaction and/or production and measurement of QED bound states (positronium).

« At the same time, we aim to create a well-qualified team for the preparation of proposals for specific
experimental works and their implementation at the ELI-NP facility.

Final goal: Elaboration of a "Letter of Intent" for testing and experimental measurement of some fundamental QED
processes with High Power Lasers at ELI-NP facility.



2. Study of QED interaction processes

Illustrative slide
The simplest QED interaction processes between light and matter possible

to be measured at ELI-NP Facility. Feynman diagrams evaluations.

Fundamental Interactions : Light & Matter

I 4 /A
o=
Photo Electric Effect Bremsstrahlung Compton Scattering
1887 Hertz, Ann Phys 1895 Rontgen, Ann Phys 1906 Thomson, Conduction of
(Leipzig) 31, 983 (Leipzig) 300, 1 Electricity through Gases

ethe-Heitler Pair Single Photon

Dirac Annihilation Breit-Wheeler

Production Annihilation 1934, Klemperer, pair production
1932, Anderson, 1933, Blackett & Proc Camb Phil Predicted 1934
Science 76,238 Occhialini, Proc R Soc 30, 347

Soc Lond A 139, 699
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2. Particular interest - multiphoton Breit-Wheeler pair production

Wakefield acceleration
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2. Particular interest - multiphoton Bethe-Heitler pair production

Bethe-Heitler pair production by laser beam interaction

with nuclel - special interest for ELI-NP
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3. Works done up to June 2022 (lectures)

(illustrative slide)

The works performed according to the project can be seen at https://indico.eli-np.ro/event/90/

1. Strong QED field in intense laser fields
a) High Power Laser System ELI-NP (https://indico.eli-np.ro/event/90/attachments/256/528/35-Pro-QED-
HPLS.pdf)
b) Intense laser fields (https://indico.eli-np.ro/event/90/attachments/256/489/23-ProQED-L aser-physics.pdf )
c) Teraand Petawatt Puls Generation (https://indico.eli-np.ro/event/90/attachments/256/494/29-Pro-QED-
Generare-pulsuri-laser-PW.pdf )
d) Electron — Gamma interaction in QED (https://indico.eli-np.ro/event/90/attachments/256/575/26-ProQED-el-
gama-interact-Mandelstam.pdf )
2. Strong-field quantum effects and pair production by Breit-Wheeler process

a) Photon-photon scattering - zero momentum frame (https://indico.eli-np.ro/event/90/attachments/256/490/25-
ProQED-photon-photon-scatt.pdf )

b) Dominance of y-y electron-positron pair creation in a plasma driven by high-intensity lasers (https://indico.eli-
np.ro/event/90/attachments/256/520/33-Pro-QED-g-g-e-e%2Bpair-creation.pdf )

c) Compton scattering (https://indico.eli-np.ro/event/90/attachments/256/493/28-ProQED-Coulomb-
Scattering.pdf)

d) QED Feynman Diagrams (https://indico.eli-np.ro/event/90/attachments/256/477/20-Pro-QED-Diag-
Feynman.pdf )

e) Cross Section based on Feynman amplitude (https://indico.eli-np.ro/event/90/attachments/256/487/24-
ProQED-Sect-efic-diag-Feynman.pdf )

f) Particle Real and Virtual States (https://indico.eli-np.ro/event/90/attachments/256/574/36-Pro-QED-curenti-si-
propagatori.pdf)

g) Propagator Evaluation for Feynman Diagrams (https://indico.eli-np.ro/event/90/attachments/256/618/47-Pro-
QED-calc-propagator-Feynman.pdf )
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3. Works done up to June 2022 (lectures)

(illustrative slide)

3. Spontaneous pair production via Schwinger mechanism
a) Feynman Propagators (https://indico.eli-np.ro/event/90/attachments/256/611/45-Pro-QED-Propagatori-
Feynman.pdf )
b) Moller Scattering (https://indico.eli-np.ro/event/90/attachments/256/576/32-Pro-QED-el-scatt.pdf )
c) Wick Theorem (https://indico.eli-np.ro/event/90/attachments/256/612/46-Pro-QED-Teorema-Wick.pdf )
d) Reflecting Petawatt lasers off relativistic plasma mirrors: a realistic path to the Schwinger limit
(https://indico.eli-np.ro/event/90/attachments/256/492/27-PeoQED-Relativistic-Plasma-Mirrors.pdf)

4. Laser strong field - matter interactions

a) Field Quantization (https://indico.eli-np.ro/event/90/attachments/256/577/37-Pro-QED-Cuantificare-
Campuri.pdf, https://indico.eli-np.ro/event/90/attachments/256/586/38-Pro-QED-Cuantif-camp-
Dirac.pdf, https://indico.eli-np.ro/event/90/attachments/256/588/39-Pro-QED-Cuantif-energie-camp-
Dirac.pdf, https://indico.eli-np.ro/event/90/attachments/256/590/40-Pro-QED-Cuantificare-Camp-
KG.pdf, https://indico.eli-np.ro/event/90/attachments/256/592/41-Pro-QED-Rel-comutare-camp-
EM.pdf, https://indico.eli-np.ro/event/90/attachments/256/593/42-Pro-QED-Cuantif-camp-
EM%28Coulomb%29.pdf)

b) Gauge Theories (https://indico.eli-np.ro/event/90/attachments/256/597/43-Pro-QED-Gauge-Theory.pdf

c) Evolution Operator — S-Matrix (https://indico.eli-np.ro/event/90/attachments/256/608/44-Pro-QED-Op-
evol-interact-picture.pdf )

d) Classical charged particle in strong plane wave (https://indico.eli-
np.ro/event/90/attachments/256/474/19-Pro-QED-particle-in-strong-EM.pdf )

e) Peak Laser Intensity — Nonideal Vacuum Role

(https://indico.eli-np.ro/event/90/attachments/256/479/21 ProQED-Peak-Intensity.pdf )
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3. Works done up to June 2022 (publication)

(illustrative slide)

5.  Lectures on specific topics for collaborators to create a strong theoretical and experimental team
(https://indico.eli-np.ro/event/90/ )

6. Lectures for young people and high school students "Saturday Morning Physics"
(https://indico.eli-np.ro/event/74/)

7. Experimental possibilities for detection and measurement of particle pairs:

“Investigation of K*K- pairs in the effective mass region near 2m,“  B. Adeva ... M. Pentia et al. (DIRAC
Collaboration)

Corresponding Author: M. Pentia pentia@nipne.ro
published in Phys. Rev. D 106, 032006 (2022)
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.032006
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https://indico.eli-np.ro/event/90/
https://indico.eli-np.ro/event/74/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.032006

3. Feynman diagrams evaluation (example - Coulomb Scattering)
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3. Feynman diagrams evaluation (example - Moller e-e- Scattering)
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3. Works done up to June 2022 — Saturday Morning Physics at ELI-NP

(illustrative slide)
https://indico.eli-np.ro/event/74/

s ) i s UNIVERSITALEA DIN - 7
N e » Radio
Nel qmE . @& BUCUNSTLLLTV [f,"ia  ER Edupedu

https://indico.eli-np.ro/event/74/
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Saturday Morning Physics topics

(illustrative slide)

https://indico.eli-np.ro/event/74/

» 2 Mai: Introducere in fizica de la ELI
Dr. Daniel Ursescu. ELI-NP

» 9 Mai: Lumina — unda electromagnetica
(ecuatiile luminii)
Dr. Mircea Pentia. IFIN-HH

» 16 Mai: Teoria Relativitatii speciala
Dr. Mircea Pentia, IFIN-HH

» 23 Mai: Mecanica cuantica - teoria proceselor
subatomice
Dr. Mircea Pentia. IFIN-HH

» 30 Mai: Campuri de particule
Dr. Mircea Pentia. IFIN-HH

» 6 Iunie: Campul electromagnetic si
cuantificarea campului
Dr. Mircea Pentia. IFIN-HH

» 13 Iunie: Simetrie si antimaterie
Dr. Adriana Raduta. IFIN-HH

» 20 Tunie: Caramizile universului si fortele
fundamentale de interactie
Dr. Mircea Pentia. IFIN-HH

» 27 Iunie: Stari entangled in mecanica cuantica:
de la disputele Einstein-Bohr la aplicatii in
tehnologiile cuantice

Dr. Stefan Ataman. ELI-NP

» 9 Mai: Experimentele de la ELI-NP cu sisteme
laser de putere inalta
Dr. Andi Cucoanes. ELI-NP
Dr. Stefan Ataman. ELI-NP

» 4 Tulie: Experimente de spectroscopie nucleara
si astrofizica cu fascicule y
Dr. Catalin Matei. ELI-NP
Dr. Paul Constantin. ELI-NP

» 11 Tulie: Aplicatii si dezvoltari industriale
relevante la ELI-NP
Dr. Violeta Iancu. ELI-NP
Dr. Mihail Cernaianu, ELI-NP



4. Future Plans - QED elementary processes

(illustrative slide)

QED PROCESS INTERACTION S MATRIX ELEMENT

Compton Scattering ey

Compton Scattering e*y

Pair annihilation e*e-
Pair production e*e-

Moller Scattering e-e

Moller Scattering e*e*

Bhabha Scattering
Electron Self Energy
Positron Self Energy
Photon Self Energy

Vacuum Energy
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4, Future Plans - QED elementary processes

(illustrative slide)

QED PROCESS INTERACTION S MATRIX ELEMENT

Y Y
Compton Scattering ey }L{ <7,e"8‘ y,e'> <}/,e+ ‘S‘}/,e+>

Dirac
pair annihilation e*e

Breit-Wheeler
pair production e*e-

ke
)

<e‘,e“8‘e‘,e‘> <e+,e+‘8‘e+,e+>

Moller Scattering e-e-

<e‘,e+‘8‘e‘,e+>

X<

Bhabha Scattering >wwmw

19-Jan-23 M. Pentia 19



4. Future Plans - QED processes

(illustrative slide)

QED PROCESS INTERACTION S MATRIX ELEMENT

Electron Self Energy _“53\1‘\% _ <e“8‘e‘> <e+ ‘S‘e+>

- e-
Y Y
Photon Self Energy JUVAVIVAY <7‘S‘7>
Vacuum Energy @ (0[s]o)
b
Bremsstrahlung v e <y,e“8‘7v,e‘>
e é _
¥ e~ e
Bethe-Heitler <6‘,e+ ‘5‘7,7v>
—Ze & —Ze *
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4. Future Plans - ELI-NP possibilities (K.Seto 2021)

Nonlinearity by /N Quantumness by X
1023 ; x = 043 N =108
NE1021 ‘
O
; 1020 Astra Gemini = 100 N =102
— % FACET-I 5
: x =10 (SLAC E-320)— |
19
10 7 ¢ —=iney
5_ x=1 N = 10"
' SLAC E-144
18|
10770 =198 oo
[ N = 100 1
17
10 n " 1 i i i | I I L el M A% ol | L L n P '
102 103 10* 10°

E [MeV] (electron)

The physical regime diagram of RR. The curves at given N and y are shown in the
diagram. N is the number of absorbed laser photon and y is intensity parameter.
Here, an emitted photon energy 4w’ is selected as aw’ = E/2 for an electron energy
E, 6., = 155% and 2w = 1.5 eV are taken into account to estimate where the
proposed experiment at ELI-NP is. The pink ribbon represents the domain as y €
[0.2, 0.5]. We consider “linear” Compton scattering in the area where N<1 (a
single laser photon absorption) by given #®’ and E. The star symbol shows the
parameter set at ELI-NP. (K. Seto, Seminar 2021)

Before collision (e + laser)

[E ] (ho) (E" (ho'
+ N x - -5
p hk p') \hk'

After collision (e + gamma)

y o« hxelectron energy (E)

X \/ laser mtensity (7).

N o X—. ho'=
E-ho' E

ho' I/ E
5
So. consider the uses of
photons from 10 keV to
GeV-class !
(K. Seto, Seminar 2021)



4. Future Plans - ELI-NP possibilities

(LUXE remark)

2 2

2
Dimensionless Intensity parameter 52 _ ek, _ m,E, . E = m, c=f=1
- - y cr
(field energy density) & m,w, w E

cr

n
For 5 << 1 probability of net absorption of n laser photons oC (52) —a”

. . . ) E
Dimensionless Intensity guantum parameter Ko = [27/6 _Lj 95 — 27/e —L
(quantumness) m, E.
%. accounts of the quantum nonlinear Ratio of the laser RMS field E, (in the
eﬂ:ect |n e_y |aser CO||ISIOn e rest framG) to the critical field ECI’

laser power to reach the Schwinger field (y ~ 1)

@ non-relativistic photons : I = 2-10*? W/cm? (beyond currently achievable values)
@ EU-XFEL: E,, = 10 GeV: I = 10*° W/cm? (well-tested laser technology)
@ ELI-NP: E, ~ 1 GeV: I = 10** W/ecm? (state-of-the-art laser needed)

G. Grzelak, LUXE slides, 2020
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4. Future Plans - ELI-NP possibilities — no any proposal
S (LUXE remark)

Strong-field QED parameter space

t

cn

B T T T LI I ] -
@ [ 350 TW, 3umg] 10 |~€'/xy i Xy ?
w [ — £.=16.5 GeV Linear i Fully nonperturbative ?
i‘ [ £,=14.0 GeV
R | g=11.0 GeV
= \ = :
C ; LR NP %‘ s . | R ——— HARETNIRERTRRSSIRIS < SI—
E 40TW, 8um & . X :
- E144 4 0.50
E & i
I Astra-Gemini ) Multiphoton Tunneling
107 0.10 |~&™ w8 X
| . it » :
0.5 1 5 10

; =10
laser intensity parameter §

* E144: SLAC experiment in 1990s used 46.6 GeV electron beam.
= \alues up to ¥ ~ 0.3, § ~ 0.4, observed e~ + n y. — e~ + e* + e~ and power law.
* Astra-Gemini: laser-wake field experiment in RAL with ~1 GeV electrons.
* E320: new experiment at SLAC.
* ELI-NP: in the future ... 5

* LUXE: to cover broad parameter space and be the first to investigate high x and high &.
To measure collisions of real GeV photons and laser photons. Wing (LUXE) slide 2020



4. DESY project: electron - laser interaction studies

LUXE: electron—-laser collisions

High-energy electrons
(16.5 GeV XFEL beam)

Lorentz boost:
electrons “see” larger

High-intensity LASER
(Tera-Watt, 800nm)
— large E-field

note: in reality, LASER
crossing angle 8=17.2°

E-field of the LASER

in thei tf : electron-positron
in their rest frame: pair production

E* =y,&,(1 +cos0)

Physics processes: T

0 Non-linear Compton Scattering: ¢ +ny; > e +y

- -
------

v
e Non-linear Breit-Wheeler pair production: y +ny; — e + e~
 LUXE main goals:

= Measure Compton scattering (and edge position) versus laser intensity.

= \leasure positron rate versus laser intensity.




4. DESY project: photon - laser interaction studies
LUXE: photon-laser collisions

High-intensity LASER
(Tera-Watt, 800nm)

=

— large E-field
High-energy electrons '\
(16.5 GeV XFEL beam)
Target: electron-positron
electrons produce GeV pair production
Bremsstrahlung photons
[ ¢ Y & +
Physics process: 5
B3 e

Non-linear Breit-Wheeler pair production : yz+ny;, — e™ + e~

« LUXE: directly measure photon—photon collisions in strong fields.



4. Simulation laser - laser interaction studies

Charged particle motion and radiation in strong
electromagnetic fields
A. Gonoskov, T. G. Blackburn, M. Marklund, S. S. Bulanov
Rev. Mod. Phys., 94, Oct-Dec 2022

laser wakefield acceleration

electron

laser pulse
P bunch

o ¢
A '€
e=
e+ (;-

laser pulse

laser pulse

Multiphoton Breit-Wheeler Process:
ytny — e'e”
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4. National Ignition Facility: Bethe — Heitler interaction

So far, relatively simple experimental works have been done.

Hui Chen et al. in “Relativistic Positron Creation Using Ultraintense Short Pulse Lasers” [28] with the Titan laser, one
of the two lasers in the Jupiter facility at the National Ignition Facility (USA), with an energy of 250 J, by irradiating a
high-Z target (Au ~1 mm) with laser pulses of 1054 nm, duration ~1 ps, intensity ~1 x 102 W/cm? (see Fig.), 2 x 101°
positrons/sr were obtained, with energy < 20 MeV, with an anisotropic angular distribution, where the number of
positrons recorded in the -77° direction being 10 times higher than the one on the 28° direction from the normal on the

surface of the target.

Short-pulse beam

! \ >100 J focused
: laser pulse
Rear spectrometer Front spectrometer Gold disk
spectrometer O.'1‘-3_r.nm
Positrons are produced predominately by the Bethe-Heitler process and have A L0 -—
an effective energy of 2—4 MeV, with the distribution peaking at 4-7 MeV [28]. %
In this process the electrons, resulting from the interaction of the laser pulse ; o
with the target, produces bremsstrahlung gamma radiation of the order of MeV, A
which in turn, in the interaction with the electric field of the nucleus, generates KJJ\;J"
electron-positron pairs. Such studies were further carried out with ultra-intense H\H\ﬂ e
laser [35-41]. 12 :



5. Summary

Pro-QED project - study of fundamental QED processes in an unexplored
region of QED into the non-perturbative regime, possible to search at ELI-NP.

Presented the state of the art and current results of experimental searches for
particle production in light — matter interactions.

Have intensive lectures on fundamental QED processes.

Evaluation of the ELI-NP possibility to be used in the unexplored QED non-
perturbative processes studies.

A strong team must be prepared as to deliver a Letter of Intent for an
experimental setup and finally the ability to perform the experiment leading
to exciting physics results

(conditioned by an adequate funding for manpower, equipment and materials).

Outreach program “Saturday Morning Physics at ELI-NP”
(no financial support till now).



Financial Report

Group members (table):

First Name. Last Name Academic Realized Realized Realized FTE
’ Degree FTE2020 FTE 2021 2022 (30 June)

PENTIA MIRCEA
PETRASCU HORIA
DUMITRIU DANA ELENA
IONESCU REMUS
AMILCAR

SUVAILA ANDREEA

Full Time Equivalent (FTE) time in project. The FTE formula to be used is:
FTE = Total number of worked hours /Total number of hours per reporting period;

Financial Report Oct. 2020 —30 June 2022

RON
TOTAL 2020 2021 2022*
Allocated budget: SRSy H 150.465,00 225.696,00 225.696,00
Realized budget: 470.655,00 150.465,00 225.696,00 94.494,00

*) Realized value for 2022: 1 January 2022 - 30 June 2022
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Financial Report

Oct. 2020 —30 June 2022

according to the regulations from H.G. 134/2011

lei
TOTAL
2020 2021 2022
2020 - 2022
Type of expenditures
. . . Realized
Planned Realized Planned Realized Planned Realized Planned
(30 June)

PERSONNEL EXPENDITURES,
from which:

371.238,00 313.279,00 100.310,00 100.099,00 135.464,00 149.284,00 135.464,00 62.996,00

LOGISTICS EXPENDITURES: 40.000,00 1.391,25 0,00 211,00  20.000,00 1.180,25  20.000,00 0,00
- 2.1. capital expenditures 30.000,00 0,00 15.000,00 15.000,00 0,00

1.1. wages and similar income,

) 363.069,00 305.506,00 98.103,00 97.897,00 132.483,00 145.999,00 132.483,00 61.610,00
according to the law

1.2. contributions related to wages and

o . 8.169,00 6.873,00 2.207,00 2.202,00 2.981,00 3.285,00 2.981,00 1.386,00
assimilated incomes

- 2.2. stocks expenditures 10.000,00 1.391,25 0,00 211,00 5.000,00 1.180,25 5.000,00 0,00
2.3. expenditures on services

. performed by third parties, including:

TRAVEL EXPENDITURES 0,00 000 000 0,00 0,00 0,00 000 000

INDIRECT EXPENDITURES —
/88 (OVERHEADS) * 50% of the direct 190.619,00 156.884,75 50.155,00 50.155,00 70.232,00 75.231,75 70.232,00 31.498,00
cost excluding capital expenditures

TOTAL EXPENDITURES (1+2+3+4) 601.857,00 470.655,00 150.465,00 150.465,00 225.696,00 225.696,00 225.696,00 94.494,00
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2. Light — Matter interaction processes

Compton* scattering Photoelectric effect (Einstein®) Bremsstrahlung
Thomson* %{ ;m<
Dirac* Breit-Wheeler Single-photon Bethe*-Heitler
annihilation pair production annihilation pair production

Blackett* &
Oasc:ialini l 932 Anderson*

I%}é«er 20{ 1933

Space
—_— Th *
ANS\, Phot 58@" $ Nuceus eory Nobel
. ————— Positron Experiment Laureate
ime

———  This chart shows Feynman diagrams that describe the interaction of matter
and light. Breit-Wheeler pair production has not yet been demonstrated experimentally.
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Feynman Diagram - Moller Scattering

Feynman diagrams

t-channel
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