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Introduction

The advent of quantum mechanics in the 1920s marked an important step in the development
of modern physics. In 1928, P.A.M. Dirac published his relativistic theory of the electron [1]
and offered an interpration of the occurring negative energy states of the particles. In his “hole
theory”, he identified the vacuum as an infinite sea of occupied negative energy states, which
is stable due to the Pauli exclusion principle. Electrons which are removed from this sea by
means of a sufficient energy transfer leave behind “holes”, which he associated with positively
charged electrons, i.e. positrons, for the first time at the Solvay conference in 1933 [2]. Owing
to the uncertainty principle of quantum mechanics, energy fluctuations are always present and
therefore the vacuum constantly produces (virtual) electron-positron pairs which have the ability
to modify the propagation of (real) light fields through vacuum. In 1936, W. Heisenberg and
his PhD student H. Euler published a generalization of the Maxwell Lagrangian which is now
known as the Heisenberg-Euler Lagrangian [3]|. It describes the nonlinear dynamics of slowly
varying electromagnetic fields at one loop order, taking into account couplings to all orders. The
resulting equations of motion for the photon fields are similar to those known from nonlinear
optics and thus, one can adopt the viewpoint that the vaccuum exhibits medium-like properties.
Dirac’s theory was eventually developed further and culminated in the formulation of quantum
electrodynamics (QED), which constitutes the basic theory for the fundamental interaction of
light and matter. In the context of QED, J. Schwinger rederived the results of Euler and Heisen-
berg, employing proper-time methods and effective action approaches, and hence put the results
on firmer theoretical grounds [4].

The signatures of the quantum vacuum nonlinearity, as described by the Heisenberg-Euler
Lagrangian, are manifold (for a recent overview see for example [5]). One of the earliest dis-
cussed effects on the vacuum is the acquisition of a dielectric constant differing from unity.
Hence, real probe photons subject to a strong magnetic background field will experience vac-
uum magnetic birefringence [6, 7] as well as vacuum dichroism [8]. Other effects resulting from
the self-interactions of electromagnetic fields by means of induced electron-positron pairs are,
for example, light-by-light scattering [9] and photon splitting [10]. Conceptionally, all of these
signatures differ in the order to which the microscopic photon field f#** couples to the virtual
electron-positron pair, whose dynamics itself are modified by the coupling to the macroscopic
background field F*¥ (to all orders). Photon splitting as a higher order process has already been
observed experimentally [11], albeit by employing atomic fields as background fields and only for
hard photons, i.e. with frequency w > m, where m denotes the electron mass. In contrast, light-
by-light scattering and magnetic birefringence still await their experimental verification. To this
end, several experiments such as PVLAS [12] and BMV [13] are currently underway and results
should be expected in the upcoming years. Further consequences of the structure of the QED
vacuum are the well studied and established Casimir effect [14] as well as the Schwinger effect,
describing electron-positron pair production in strong electric fields £. The Schwinger effect is a
representative of a process which cannot be treated perturbatively since the pair production rate
for weak fields is suppressed exponentially in the parameter E./E, where E, = e¢/m? denotes
the Schwinger limit of the electric field strength.



Introduction

The present work aims at introducing and investigating the effect of quantum reflection as
a new means of probing the quantum vacuum nonlinearity. The term quantum reflection is
commonly employed to describe the reflection of atoms, quantum mechanically regarded as mat-
ter waves, from attractive potentials [15]. This effect can be used to investigate the surface of
condensed matter by shining probe particles onto it at grazing incident angles. The reflected
particles are then a superposition of both atoms reflected classically at the repulsive surface of
the condensed matter as well as atoms subjected to quantum reflection due to the attractive long
range potential.

This work now suggests to carry over this mechanism to the purely optical case by employing
a highly sensitive “pump-probe” setup. A strong magnetic background field, created by a pump
laser, modifies the QED vacuum to act as an effective potential for traversing probe photons.
Since the magnetic field exhibits a spatial (as well as temporal) inhomogeneity, we expect the
incoming probe photons to be partially reflected from the region of the inhomogeneity. In our
analogy the probe photons play the role of the atoms, while the magnetized quantum vacuum
plays the role of the attractive potential created by the condensed matter surface. However, probe
photons unaffected by the vacuum fluctuations simply pass the entire region of inhomogeneity.
This is in contrast to quantum reflection in the atomic case, where the repulsive potential of
the condensed matter gives rise to a large background. We therefore end up with a highly
sensitive setup possessing an inherent signal-background separation, which should prove to be
an important advantage compared to other experiments aiming to probe fluctuation-induced
nonlinearities of the quantum vacuum. Owing to the smallness of the nonlinear effects, one of
the biggest challenges for such standard experiments is usually given by the separation of photons
carrying the optical signatures from such photons which were unaffected by the fluctuations.

The first chapter of this work is devoted to outline the quantum electrodynamical foundations.
We derive an equation of motion (“Quantum Maxwell equation”) to one loop order for photons
traveling through a slowly varying magnetic background field. The central quantity of interest is
the photon polarization tensor, whose derivation is outlined very briefly and which is expanded in
terms of the field strength ratio eB/m?. The second chapter then treats the specific phenomenon
of optical quantum reflection in the limit of small background field strengths. We show two
different ways to derive a closed-form formula for the reflection coefficient for the case of time
independent magnetic fields. By employing this formula, the reflection for various field profiles
is investigated and numerical values based on the soon-to-be available laser facilities POLARIS
and JETI200 in Jena are calculated. The goal is to maximize the effect by suitably shaping
the background laser profile to yield a measurable rate of reflection. The third chapter then
gives a first overview and introduction to space as well as time dependent magnetic background
fields. The formulae complicate noticeably, and final results for the reflection have not yet been
obtained. The last chapter concludes with a summary and prospects for further investigations.



1. Quantum electrodynamical fundamentals

The first chapter intends to give a brief overview of the quantum electrodynamical fundamen-
tals. In the first section we use the effective action approach to derive the equation of motion,
which describes the propagation of photons in an electromagnetic background field. The central
quantity of interest is the photon polarization tensor in a constant magnetic background field,
whose derivation we outline very briefly and which is evaluated perturbatively for magnetic fields
which are small compared to a critical magnetic field strength B, = m?/e.

1.1. Effective action and equation of motion

Our goal is to derive the equation of motion (“Quantum Maxwell equation”) of the photons from
an effective action, which includes the full information about the propagation in an external
magnetic background field at one-loop accuracy. The derivation closely follows [16]. The starting
point is the usual “bare” QED action

S, 1, A] = /d4x LoD = /d% ( i IPh — mapth — leWF’“’) , (1.1)

where ) = YuDF = v, (0" — ie A*) denotes the contracted gauge covariant derivative and F),, =
ie [Dy, D] the field strength tensor. The 4-component Dirac spinors 3 and ¥ = 1pT~Y represent
fermionic particles and anti-particles respectively. Switching to the Euclidean formulation of
QFT, connected correlation functions, or n-point functions (x(z1)...x(z,)), can be obtained
from the generating functional

Z[] = V) = / DS IX Z (0)0), )
A
via the relation
DX x(@) . ox(@p)e SN 5
{(x(@1) - x(xa)) = [ 7% e 5N = 5@ sy 1)

As a shorthand notation, the so-called “super-vector” y = (1,4, A) has been introduced and the
product x.J is understood to be over all possible field components. Z[J] is the vaccuum-vacuum
transition amplitude in the presence of an external source field J, W[J] is called “Schwinger
functional” and presents a more effective way of storing the relevant information by generating
the connected n-point functions. A lower integration bound A (UV cut-off) has been introduced,
since the occurring integrals formally diverge and have to be properly renormalized. We can now
introduce the effective action I'[¢] by means of a Legendre transformation

rlo] =sup (- Wl + [ 79) (1.4

J



CHAPTER 1. QUANTUM ELECTRODYNAMICAL FUNDAMENTALS

where the classical field ¢(x) is defined by

o) = 005 = (@) (15)

and represents the vacuum expectation value of the quantum field x in the presence of a source
term J. I'[¢] is the generating functional of the 1PI-irreducible correlation functions and governs
the dynamics of the “classical fields” by means of the “quantum equation of motion”

oT'[¢]
¢ ()

much in the same way in which real classical fields are governed by the classical action S.

Employing a coordinate shift x — x + ¢, we can derive from Eq. (1.2) a relation to determine
I, ie.,

= J(z), (1.6)

(4]
T8 _ /A N Y (1.7)

Since Eq. (1.7) is rather hard to solve for any interacting theory, we perform an expansion of
the right-hand-side exponent

o (S-S 0wy s

We note that in a perturbative expansion in the parameter A, the order of i counts the numbers
of loops of a graph [17]. The explanation can be given as follows: Reinstating & for the time
being, it only enters as a factor 1/h in front of the action S and T' in Eq. (1.7). Since the
propagator corresponding to a line in a graph is given by the inverse of the differential operator
in the interaction-free Lagrangian, each internal line I has a factor of h. Furthermore, each
vertex V' introduces a factor of 1/A, so that the power of & is given by

P=1I-V (1.9)
and with the known relation L = I — V + 1, where L denotes the number of loops, we get
P=L-1. (1.10)

Note, that L — 1 includes the overall factor of 1/hA and therefore /i on the right-hand-side indeed
counts the number of loops. With a substitution y' = v/Ax and realizing that the term in
brackets in Eq. (1.8) must be at least of the order i, we obtain to the lowest order the general
equation for the one-loop effective action

L[¢] = S[g] + TV [g] = S[¢] + %Tr In (512[?]) . (1.11)

The trace “Ir” denotes integration in momentum or position space as well as summation over
Dirac-indices. Using the QED-Lagrangian (1.1) and setting 1,1 = 0 after the differentiation (we
are only interested in light propagation in a fermionic vacuum), we obtain

T[A] = S[A] — iTrIn(—ilp + m). (1.12)

Here, we have switched back to the usual Minkowski space (hence the factor of i) and the
“—"is due to the Grassmann integration when evaluating the Gaussian integral. Note, that I" is
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equivalent to an action where the fermionic contributions have been integrated out [18]. Equation
(1.12) is the starting point to obtain the famous Euler-Heisenberg action, which for the first time
allowed the investigation of quantum vacuum effects like birefringence, light-by-light scattering
and electron-positron pair production in strong electric fields. In light of the physical situation
under consideration, we now split the vector potential A*(x) = A*(z) + a*(z) into the vector
potential of the background field A* and the potential of the probe photon field a*. We then
perform an expansion in the number of photon fields a* which couple to the loop, while at the
same time retain the coupling of the background field A* to all orders. The intention of this
splitting is to later regard the background field as constant or at most “slowly” varying. To this
end, we make use of the free additive constant to rewrite 'V, i.e.,

T, A] = —iTrIn [1+ (p — eA +m) " (—ed)] (1.13)
and use the expansion of the logarithm In(1 + z) = z — (1/2)2? + O(23) to obtain

rV[a, A] = —iTr (—ed)

+IT (~ed)

1 1 1
p—eA—i—m p—eA—i—m p—eA+m(_e¢)]

1 3
(6¢)] (1.14)

_ @ i O e ! <—e¢>r

P— ed +m
The doubled fermion lines in the Feynman diagrams represent the coupling of the fermions to
the external field to all orders.

The individual terms occurring in Eq. (1.14) can be directly interpreted. The first sum term,
which is of first order in ¢, corresponds to a tadpole-like diagram: The incoming probe photon
field is absorbed by the magnetic background field. For constant background fields, this process
can be neglected due to the requirement of energy and momentum conservation at the single
vertex. This still holds true for background fields varying slowly in time and space, if only lower
order couplings to the external field are considered. However, an infinite number of couplings
should result in a non-perturbative effect of photon absorption even for slowly varying fields.

We can identify the second order term with photon propagation in a magnetic background
field. The imaginary part of this diagram corresponds to mode specific photon losses by virtue
of electron-positron pair creation. Higher order terms correspond to photon splitting and light-
by-light scattering. Note that terms involving an odd number of a* and A* vanish identically,
which is known as Furry’s theorem: Only an even number of fields can couple to a closed fermion
loop. This is a direct consequence of the charge conjugation symmetry of QED.

Here, we are solely interested in effects related to photon propagation in at most slowly varying
magnetic background fields and furthermore, we will only consider lowest order couplings. This
allows us to only keep the second order term and discard the rest. The second term can be
evaluated explicitly to yield

62
iz/d49€ d'y a*(z)tr, [%(95’%@%@\%@] a”(y)
e? 1 1
=5 [ate dy o, [ 362 i Gatal ) @), (115)
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where

7
P— ed+m
denotes the dressed electron-propagator in position space, which describes electron propagation
in a background field involving couplings to all orders. We now define the photon polarization

tensor Hl(f,,) (z,y|A) in an electromagnetic background field at one loop order by

G (z,y[A) = (2] y) = T =—=1Y (1.16)

) (2, y|A) = —ie*try [, G (2, 9| A)7, G (y, ] A)] (1.17)

and hence we arrive at the effective action

1
Tla, A] = = / d*zF,, F"

- % /d4x dty a“(x)HLQV)(:U,yM)a”(y). (1.18)
a+A

We now obtain the equations of motion for the probe field a* from Equation (1.18). The field
strength tensor Fj,,|4 is considered constant and we can therefore neglect the contribution of
A in the first integral of (1.18) in the following calculation. Switching to momentum space by
means of the Fourier transformations (A.11) and evaluation of the emerging delta-functions leads
to

4 4
ol = [ s [ e [ 300+ ) (00 O — pr o)’ ()

1 74
(@ (=¢, —plA)ay(p)| . (1.19)
The corresponding Lagrange equations can be obtained from the variational principle

oI [a)
daq (k)

=0 (1.20)

and are given by

4
K2 (—k) — hyk®a” (—k) = —;/ (37:;4 [T (—k, —plA)a (p) + TF(—p, —k|A)ay(p)]. (1.21)

The polarization tensor is symmetric in the indices, and hence we arrive at the equations of
motion

d*E -

(2" — Kk Y (k) = — / Gyt U = ) (). (1.22)
7

Here, the symmetrized polarization tensor " (k, k'|A) = J [T (k, k'|A) + II** (K, k| A)], which

generally mediates between two distinct momenta k and —&’, has been introduced. For the case

of a constant background field, momentum conservation dictates the polarization tensor to be of

the form

" (k, kK'|A) = 2md(k + K')TTI* (k| A), (1.23)
and the equations of motion simplify to
[k*g" — kFEY + 11" (k| A)] ay (k) = 0. (1.24)

In our case, however, Eq. (1.22) serves as the starting point for the calculation of the reflected
field. As a simplification, we neglect the effect, which the induced field aj,q(k) will have on its
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own further propagation and on the magnetic field. Therefore, we regard the right-hand side of
Eq. (1.22) as a current j(k), which is solely generated by the incoming beam a;, (k'), i.e.

) K -~

(k) = / Tk, — K A) (a30)o (). (1.25)
(2m)

This current in turn is being interpreted as the source for the induced photon beam, and the

equations of motion take on the form

(K2g"" — EFEY ) (aing)u (k) = —j# (k). (1.26)

Eq. (1.26) is a tensor equation of rather complicated structure, since the interaction with elec-
tromagnetic fields generally mixes different polarization modes of the photon field. Later on we
will see, how this equation can be cast into a simpler one with trivial tensor structure for certain
polarization modes.

1.2. The photon polarization tensor in a constant magnetic field

This section is devoted to giving an overview of the vacuum photon polarization tensor IT#¥.
This quantity, also known as the “photon self energy”, describes the modified propagation of
photons in vacuum due to QED effects and plays a similar role for the photon as does the “mass
operator” X for the electron. At the lowest loop order, the photon propagation is modified by the
creation and subsequent annihilation of virtual electron-positron pairs, which now induce non-
linear interactions between electromagnetic fields. Hence, the superposition principle of classical
electromagnetism is no longer valid and effects, which should not exist classically, are predicted
by QED. The vacuum therefore possesses the ability to modify photon propagation through
external electromagnetic fields and acquire medium-like properties.

To elucidate the concept of the polarization tensor, we first consider photon propagation in a
vacuum without external fields. The vacuum photon polarization tensor I1#” (k) is defined as the
sum of all one-particle irreducible diagrams (1PI) without external legs, which contribute to the
full photon propagator G4’ (k), i.e.

uu = xv o+ nSx v o+ omALF v

+ 0 v+ 0O (1.27)
=: i1 (k).

The direction of the momentum is omitted for the sake of clarity. The full photon propagator is
given by the geometric series

v +M"-@~V + MV + (1.28)

= D" + DIIT*A DY + DETT DT DY + .

GY (k)= n

where

DI (k) = - (W + (o - 1)’“2’5) (1.29)
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denotes the photon propagator for the non-interacting theory for various Lorenz gauges (o — 0:
Landau-gauge, & — 1: Feynman-gauge). The “Ward identity” now implies that the polarization
tensor possesses no longitudinal components, i.e.

" (k) = (k*g" — kMEV)TI(K), (1.30)

with a scalar function II(k). The polarization tensor can be calculated explicitly to one loop order,
see for instance [18]. The calculation becomes more involved, if we consider photon propagation
in an constant, external electromagnetic field. An explicit derivation is given in [19] for the case
of a constant magnetic field, which shall be very briefly outlined here.

As a first step, the electron propagator GG in a constant, external magnetic field B, satisfying

[7“ Ga; —e Au(a?/)> + m} Gi(2, 2" A) =6(z' — "), (1.31)

has to be calculated. To simplify the computation, the magnetic field is chosen to point in
the z-direction and equation (1.31) is solved employing the Schwinger-Fock gauge A'#(z') =
—1/2 F* (2! — 2),. At the end, we multiply the “holonomy factor”

:El

day { A (2) - AV (@)} (1.32)

®(2', 2", A) == exp ie/

x/
to “transport” the gauge back from A’ to any arbitrary gauge A. Furthermore, the magnetic field
sets an external reference direction and Lorentz vectors as well as tensors can be decomposed in
directions parallel and perpendicular to the magnetic field B = Be,, i.e.

a = (a®,0,0,a®), ay :=(0,a',a*0) and (ab)| = —a? +a%?®,  (ab), := a'b! 4 a?b?
(1.33)
as well as
-1 0 0 0 0 00O
0O 0 0 O 01 0 0
I=10 000 and 9L =14 0 1 o (1.34)
0O 0 0 1 0 0 0O

The result for the electron propagator g(k) in momentum space, defined by

d4k k(! —z!
Gy(2, 2" A) = Cb(a:’,x”,A)/ (2@46 K Vg(k), (1.35)
reads
. 00 ) 9 . 5 tan z 9 eiamz efiomz
g(k) =1 ; ds exp § —is |m” —ie + ki + . k| ¢ p— m — (vk)| — p— (k)L |,

(1.36)
where z := eBs.
Employing the usual Feynman rules, the polarization tensor in an external magnetic field to
the lowest order is given by

4

, d*p
2 2
2 (k|B) = —ie’tr, / G PP =k + et (1.37)

10



1.2. THE PHOTON POLARIZATION TENSOR IN A CONSTANT MAGNETIC FIELD

and corresponds to the Feynman graph
u v . (1.38)

The coupling of the electron-positron pair to the external magnetic field to all orders is accounted
for by means of the dressed electron propagator g(p). The additional contact terms (c.t.) renor-
malize the expression and can be chosen in such a way that the polarization tensor vanishes for
the combined limit of vanishing momentum k and magnetic field B, i.e. HEZ,) (k—0,B—0)=0.
Such a choice relates the QED coupling a to the cross section of Thomson scattering. The ~
traces and the momentum integration can be evaluated explicitly and the polarization tensor be
expressed in terms of a double parameter integral. The end result reads (omitting the label (2)
from here on)

I (k|B) = Py"1lo(k|B) + P11 (k[B) + P{"IL. (k|B) (1.39)
with
1_[0 e ) 1 - kQ NO
m b= 204/ ds/ CL; emist0 § Nok? + Nik? b — emim*s2(1 — ) | | (1.40)
I, TJo 8 /-1 Nak? + Nokj|
where

Ny = cosvz — vsinvzcot z,

N = (1 —v?)cosz,

Ny = 20081/,.2 g COSs 2 and (1_41)
sin” z
~ 1—12 1 cosvz — cos z
2 2 2
= k - k5.
o =m"+ 4 | + 2 zsin z L

The contour of the s integration is implicitly understood to lie slightly below the real positive
s-axis, i.e. m? — m? — ie. Furthermore, we introduced the projectors

uv uv ﬁ |l|/ uv uv kiki uv v kHEY v %
P|| (k):gH — kﬁ , PU(k)=4)"— W2 and Pj" (k) = ¢"" — 12 —P” (k) =P (k),
(1.42)
which span the transverse subspace, i.e. the subspace defined by the projector
L kMEY
Pr(k) =g — 2 (1.43)

They fulfill the usual projector identities ( p € {||, L,0,k})
()" (Pp)y = (Pp)*?,
(Bp)" (Py)i, =0 for p # p/, (1.44)

g = P+ P £ P P,

where the remaining projector P,éb Y = kMkY /k? spans the longitudinal eigenspace. The result Eq.
(1.39) still fulfills the Ward identity, which requires k,II*” (k) = 0. For the case of e }f k and the

11



CHAPTER 1. QUANTUM ELECTRODYNAMICAL FUNDAMENTALS

magnetic field pointing into the z-direction, explicit representations of the first two projectors
defined by (1.42) are given by

—k2 0 0 —wk, 0 0 0 0
1 0 00 O 110 k2 —kyk, O
uy T v T Yy vy
DTl o 00 o | Pr=wlo bk, 1 of O
—wk, 0 0 —w? 0 0 0 0

In the presence of an external magnetic field, there hence exist three independent photon prop-
agation modes onto which the quantities (1.42) project. For k j B, P and P, refer to photon
polarization modes parallel and perpendicular to the plane spanned by k and B. These modes
can be continuously related to the corresponding ones in the limit of a vanishing external field.
In the case of k || B, only one externally set direction is left. Now the projectors Py and P;
correspond to the two photon modes in the limit of a vanishing magnetic field (see [20]).

For the sake of completeness, let us give the result for a vanishing magnetic field. In the limit
B — 0, the quantities N; — (1 — v2) as well as ¢g — m? + (1 — v?)/4 k? simplify and the
polarization tensor can be written as

a [®ds [Ydv im2s | g1zt g2
I, (kB = 0) = (g k* — kukl,)zw/o 5/1 - (1= v?)e [e g 1} . (1.46)

This result naturally complies with Eq. (1.30).

A derivation of the photon polarization tensor to the lowest order for the case of arbitrary
constant magnetic and electric fields was first obtained in 1971 [21|. A nice presentation of
the derivation can be found in [22]. There, use has been made of the fact that an explicit
representation of the polarization tensor was obtained in [23] for the case of parallel magnetic
and electric fields. Employing the knowledge, that the final Lorentz and gauge invariant solution
for an arbitrary field configuration may only depend on Lorentz and gauge invariants, which are
made up of the basic building blocks F* *F'* and k", a one-to-one correspondence between
those invariants and the dynamical variables F, B, ki and k:2| of the special polarization tensor
can be established. Furthermore, the tensor structure can as well be related unambiguously to
the appropriate one in a general, arbitrary Lorentz frame. The obtained general result then
reduces to Eq. (1.39) in the case of vanishing electric fields.

Another convenient representation of the projectors P and P, is given by

U“UV 17
PMV = 7” ” and ij = ULUL’ (147)
Il 2 1 2
Y vl
where
UiLlL: |k| [ek-eB,ﬁeB] and ’Uﬁl'_ — |k’ [07ek XeB], (148)

and the phase velocity is defined by v = w/|k|. The equivalence with (1.45) can be quickly
verified.
Perturbative treatment: The weak field limit

In this section, we give expressions for a Taylor expansion of the photon polarization tensor in
terms of eB/m? = B/B.,. For any present and near future laser facility, attainable magnetic
fields strengths are well below the critical field strength Be,;, as will be discussed in more detail

12



1.2. THE PHOTON POLARIZATION TENSOR IN A CONSTANT MAGNETIC FIELD

later. Hence, to simplify the computation and obtain analytical insights into the processes related
to quantum reflection, an inspection of only the lowest orders seems justified. This expansion
corresponds to neglecting higher order couplings of the external magnetic field to the virtual
electron-position pairs. Hence, the polarization tensor can be written as

1" (k|B) = Z I (k eB)™
(1.49)

= Ty (k) + T3 (k) (eB)? + O [ (eB)"]
which, as a consequence of Furry’s theorem, is in even powers of eB only. The calculation of
the expansion coefficients is straightforward and shall not be demonstrated here. The (n = 0) -
coefficient is already given by Eq. (1.46). The s integration can be performed using proper-time

integration techniques, keeping in mind the actual contour of integration (m? — m?2 — ie). The
result in its most compact form reads

1 2 2
L, o) (k) = (k%) 40;/0 dv (1’3 - 1) ;’)O (1.50)

with

1
b0 = m? —ie + k2. (1.51)

4

The label p shall henceforth refer to the three different polarization modes p = 0,]|, L. The
second order can be calculated analogously and is given by (see also [24])

1 1

1 2\2
_ (1—v%) 2 - 2
L o) (k) = =5 i dv 2 1 ¢ ki + 5_1V2 el LA (1.52)

1 31=17)

The polarization tensor in this form will constitute the basis of our further studies. It is im-
portant to note, that each coefficient still contains the complete information about the entire
momentum dependence. This fact is of great importance, since the upcoming considerations
require a representation of the polarization tensor in position space by means of Fourier trans-
formations in order to properly deal with the boundary conditions inherent to our problem.
Concerning this aspect, the treatment shows some similarity with the theoretical treatment of
axion-like-particle searches, where the proper inclusion of boundary conditions requires Fourier
transformations to position space as well [25]. On the contrary, many signatures of the quantum
electrodynamical nonlinearity of the vacuum can properly be dealt with theoretically by means
of “on the light-cone dynamics”, i.e. by treating the problem exclusively in momentum space and
imposing the vacuum light-cone condition k> = 0. The most prominent example is the calcula-
tion of the vacuum refractive indices in the presence of strong electromagnetic fields, which leads
to the effect of vacuum birefringence (see also [26]).
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2. Reflection at static magnetic fields

Having derived an expression for the photon polarization tensor in a constant magnetic field, this
chapter now deals with the specific phenomenon of quantum reflection. Since reflection manifestly
requires the inhomogeneity of the background potential, we have to alter the expression for the
photon polarization tensor to include position dependent magnetic fields. We will neglect a
possible time dependency of the magnetic field to gain some first insights into the structure of
the equations and magnitude of the effects. The subsequent chapter will extend the treatment
to time dependent magnetic field backgrounds.

In the first section, we specify the setup and derive an expression for the reflection coefficient R.
The second section shows an alternative derivation similar to ordinary, one dimensional quantum
mechanics. In the third section, we investigate some specific beam profiles and compute numerical
values of R in order to get a notion of the magnitude of the effect.

2.1. The derivation of the reflection coefficient

The effect of quantum reflection describes the reflection of atoms off an attractive potential,
which is a direct consequence of the quantum mechanical nature of particles. Atoms must be
regarded as matter waves and therefore exhibit wave-like behavior. Partial reflection of light
waves at both positive and negative refractive index steps are well known phenomena, which
from a quantum mechanical viewpoint must also arise for matter waves. A massive particle with
the energy Fiip, traveling in a potential V' (x) with maximum Vj,ax, will therefore experience
scattering even if Fyj, > Viax. Such “above-the-barrier” scattering depends on the spatial
variation of the potential. Particles with Fy;, < Vinax on the other hand will experience reflection
at the potential barrier in both the classical and quantum mechanical theory, although the latter
allows for classically forbidden processes like “tunneling”, depending on the specific shape of
the potential. Quantum reflection is currently put to use to very accurately measure the surface
properties of condensed-matter specimens, since reflection is very sensitive to the spatial profile of
the potential generated by the surface atoms. To this end, polarizable probe atoms hit the surface
at a grazing angle of incidence and are reflected both “classically” by the repulsive potential of
the surface as well as “quantum mechanically” by the attractive long range potential owing to
the Casimir-Polder and Van der Waals force. The discrete surface potential usually produces
diffuse reflection, while quantum reflection generates a specular reflection which can then be
investigated accordingly [27]|. Usually, the separation of these two signals of different origin may
provide a big challenge depending upon the specific experiment.

Carrying over the scenario of quantum reflection to the purely optical case, we now aim to
investigate how a strong, inhomogeneous magnetic background field, which acts as an effective
potential for traversing probe photons, will alter the propagation of these probe photons. In
analogy to the case of atomic quantum reflection, we expect a part of these probe photons to be
reflected by the inhomogeneity and the rate of the reflection to depend on the spatial shape of
background field. However, in contrast to the aforementioned surface experiments, there exists
no optical analogon of a repulsive potential and therefore very little background noise can be

14



2.1. THE DERIVATION OF THE REFLECTION COEFFICIENT

Field Inhomogeneity

/TN
Y Reflection -/ \ Transmission

k/

Figure 2.1.: A basic visualization of the effect of quantum reflection from [28]. Roman letters x and y
denote the spatial components of the spatio-temporal four-vector x, see appendix A. The static, one
dimensional field inhomogeneity of amplitude B(x) is infinitely extended in the transversal directions,
but falls off to zero asymptotically for large values of |[x|. The probe photons with wave vector k’ hit
the inhomogeneity under an angle 3, which denotes the direction of k’ with respect to the x axis. The
reflected photons with wave vector k are measured by a suitably placed detector spanning the y-z plane.

expected. This should allow for a clear signal-background separation and facilitate the use of
very sensitive methods of measurement such as single photon detection techniques.

To investigate the phenomenon of quantum reflection, we consider the following setup (see
Fig. 2.1, [28]): Let the spatial inhomogeneity of the magnetic field be centered around the origin
x = 0 and directed along the x axis, while the field is homogeneous along the y and z direction.
Furthermore, it is assumed that the magnetic field decreases rapidly enough along the x direction
for |x| — oco. Here, Roman letters are used to denote spatial components of the spatio-temporal
four-vector z, for more detail see the appendix A. The spatial extension of the inhomogeneous
magnetic field is assumed to be of the order of width w. Additionally, the direction of the magnetic
field B = B(x)ep is fixed and only its amplitude varies. Then, the magnetic field still defines a
global reference direction, according to which the polarization tensor can be decomposed along
the lines of the last chapter. Without loss of generality, the incident probe beam is considered
to travel within the x-y-plane, having the momentum vector k' = k;, e, + k;e,. The direction of
the probe beam is described by the incidence angle g = arctan(k:; /k.). The asymptotic decline
of the magnetic field implies that the light-cone condition k% = 0 has to be fulfilled far from the
origin.

To simplify Eq. (1.26), we can make use of the fact that the inhomogeneity only affects
momentum components along its direction. Therefore, the y and z components of the momentum
remain unaffected throughout the whole process, i.e. k; = ky and k., = k.. The reflected beam
then has the momentum vector k = ke, + kye, = kye; + k‘z’/ey. These assumptions effectively
reduce the problem under consideration to a one dimensional problem. If only special photon
polarization modes are considered, we can furthermore rid ourselves of the rather complicated
tensor structure of Eq. (1.26). These two situations can be identified as follows:
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CHAPTER 2. REFLECTION AT STATIC MAGNETIC FIELDS

Parallel case: For the case of the direction of the magnetic field inhomogeneity e, and the
direction of the magnetic field ep being orthogonal to each other, i.e. e, -ep = 0, the
||-component of the photon momentum k\ll remains unaffected by the inhomogeneity. Thus,
the projectors

R0 = W) = B
/

are the same for k and k’. The same holds especially true for kH = 0, i.e. the direction
of photon momentum and magnetic field are orthogonal to each other. In view of our
two dimensional discussion, the only fixed direction of the magnetic field to fulfill this
requirement for arbitrary angles g is given by ep = e,. Note that the energy-component
of ¥ = (w,k’) remains naturally unaffected for time-independent magnetic fields. This
fact also implies |k’| = |k| at asymptotically large distances from the inhomogeneity, since
k? = 0 and no frequency conversion can take place.

Perpendicular case: For the case of the inhomogeneity and the perpendicular momentum com-
ponent of the photon &/, being orthogonal to each other, i.e. k' -e, = 0, the L-component
of the photon momentum is not affected by the inhomogeneity and analogously

P (k) = P (K') = P

are the same for k and k’. A closer examination shows that only one direction e of the
magnetic field fulfills the requirement for arbitrary angles of incidence . Since k', =
k' — (k' - ep)ep and we demand K| - e, = 0, the following condition

k' -e,= (k' -eg)(ep-e;) (2.1)
has to hold. Employing the two dimensional treatment
k' = ke, + ke, = [k|(cos S e, +sinfe,)
as well as B = B,e; + Bye, + B.e; leads us to the requirement of
(B} + B?) = tan 8 B, B, (2.2)

For a fixed direction of B, Eq. (2.2) can only be satisfied for arbitrary angles g < 7/2 if
B, = B, =0, i.e. the magnetic field points into the direction of the inhomogeneity. Other
directions of B fulfill Eq. (2.2) only for certain specific angles 3, as can be seen in Fig. 2.2.

The invariance of the projectors can now be used to simplify Eq. (1.26) by simply contracting
it with either projector. The resulting scalar equation of motion for the induced photon beam
ind p(k) is given by (cf Eq. (1.39))

d*k -
Bt (0) = = [ 5y 0y, [B)ain (1), (23)
(2m)
where the index p =||, L represents exactly those field configurations described in the parallel

and perpendicular case respectively. The incoming photon beam ai, p(k’) can be chosen freely.
Limiting ourselves to the two-dimensional case as described above, Eq. (2.3) reduces to

dk!,

21

T, (ks — kL, ky|B)ain (W, K., ky), (2.4)

y Va

(k‘i - (DZ) aind,p(wa k:m ky) = _/
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2.1. THE DERIVATION OF THE REFLECTION COEFFICIENT

By
—1.5-11.0-0.5, o/\ 0.5 1.0 [1.5
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0.6

Figure 2.2.: The left figure shows a plot in arbitrary units of the possible values B,, By, B, > 0 of the
magnetic field B for a given incident photon wave vector k’ in the perpendicular case. The angle was
chosen as § = 7/5. The magnetic field has to satisfy Eq. (2.2), which defines an area of possible magnetic
field directions. Note, however, that the absolute value of the magnetic field is not restricted. The figure
on the right side shows a plot of all possible values of the magnetic field components B, and B, for a
fixed value B, = 2, again choosing 8 = /5.

where the reduced frequency @? = w? — kz has been introduced. To increase the clarity of
notation, references to the conserved quantities w and k, as well as the magnetic field B will be
mostly omitted in the future. We can now solve the remaining equation with the help of the
corresponding Green’s function G(x,x’) for the equation

(=02 — &% —i€) G(x,X) = 6(x — X), (2.5)

or in momentum space
(k2 — &% —i€) G(ky, k) = 210 (ky + k). (2.6)
Hence,
27T5(k$ + k;c) eik;x/
(ky — @ —i€) (kg + @ + i€)

(2.7)

dky [ dK, ;. .
G(z,2") :/27r o € ke
dk the (x—x")

e
_/%(kz—&—ie)(/ﬂz—l—@j%e)’

and the integral can be solved by closing the contour in the upper plane for x — x’ > 0 and in
the lower plane for x — x’ < 0. Consequently,

G(x,X) (2.8)

T 20 | e @) for x—x' <0.

i {e’w(x_x/) for x—x'>0,

The solution of Eq. (2.4) in position space is given by

Qind p(x) = —/dx’ G(x,x) jp(x') = —/dX//dX” G(x,x) l:[p(x/,xﬂ) ainp(x"), (2.9)
where the symmetrized polarization tensor in position space,

il (x,x') = % [T, (x, x') + T,(x, x)] | (2.10)
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CHAPTER 2. REFLECTION AT STATIC MAGNETIC FIELDS

has been introduced. Since the background field is time independent, it is sufficient to deal
exclusively with plane waves of fixed frequency w and corresponding amplitude Aj, ,. We now
restrict ourselves to incoming photons that are purely right-moving, i.e.

Qinp(x") = Ainp(@)e* " = Ain p (@)™, (2.11)

where we have made use of the light-cone condition k%2 = 0, which has to hold far from the
inhomogeneity. Furthermore, we assume the probe photons to be emitted from the source at large
negative distances —L, where the magnetic field vanishes. As can be read off from the Green’s
function (2.8), the induced beam will consist of parts which are right-moving, i.e. transmitted,
and left-moving, i.e. reflected. At asymptotic distances, these will be the parts proportional to
glwx —iWX respectively.

The reflected photons are assumed to be registered by a suitably placed detector spanning a
part of the y-z plane, which is located at a large negative distance x” < —L from the inhomogene-
ity. With regard to an actual experimental realization we have to bear in mind that an actual
detector must be of the same length scale as the inhomogeneity w. More precisely, for an incident
beam with angle 3, the detector size in the y direction must be of the order of 2w tan 5. Here,
the inherent signal-background separation of the setup becomes obvious and thus the particular
suitability for experiments concerning QED effects, where only very small effects compared to
the classical behavior are expected. The separation is maintained, if the incidence angle remains
sufficiently small, i.e. 5 < 7/2.

Implementing the above statements, the amplitude for the reflected photons is given by

and e

y oo
aref,p(X < —L) = —% 5 dx’ jp(xl)e—zw(x—x’)
i [ o0 - o (2.12)
=—— dX// dx" 1L, (x', x") aimp(x”)e*““(xfx)7
20 J_p, .

where we have chosen the lower line of the Green’s function (2.8). Specifying the incoming beam
to (2.11), the solution can be written as

1

aref’p(x < —L) = —2@

oo o0
Ay p (@)™ / dx’ / dx e T, (!, ") e = Ao (@03 L)e ™™
—L —00

(2.13)
We define the reflection coefficient R in analogy to the static, quantum mechanical case as
the squared ratio of the photon amplitudes of the reflected and incoming beam at asymptotic
distances, i.e.

R, = lim (2.14)

L—oo

~ 2

’ Aref,p(w; L) ‘
Ain,p(‘:’)

In our case, using the inverse Fourier transformation, we end up with the elegant and concise

expression

- 2

II,(-@, —@)
20

R, = (2.15)

The label p should remind us of the fact that the reflection coefficient will in general differ for the
different polarization modes and scenarios under consideration. Thus, the general formula for
the reflection coefficient is given by the photon polarization tensor in momentum space evaluated
on the light-cone, i.e. k; = —& and k), = —& and thus accounting for the transferred momentum
of 20 between reflected and incoming beam.
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2.1. THE DERIVATION OF THE REFLECTION COEFFICIENT

Transformation of the polarization tensor

The general strategy to include a one dimensional spatial dependence, which we choose w.l.o.g.
to be along the x direction, into (1.49) is illustrated by the following scheme,

B—B(x)
-/

I (kL) (27) 8 (ks + k) —5 TIM(x — X) T (x, ) BT [0k, k). (2.16)

The polarization tensor for constant magnetic fields is momentum conserving. After a first partial
Fourier transformation (A.12) into position space it naturally depends only on the difference x—x’
due to the translational invariance of the considered problem. Now we substitute the constant
magnetic field B by a spatially inhomogeneous field B(x) and therefore translational invariance
is broken. Performing the inverse Fourier transformation, we end up with a polarization tensor
of the kind required in (1.22), which mediates between two distinct momenta k, and k. The
following argument motivates the simple substitution of B — B(x). First we note that in position
space the polarization tensor probes distances of about the Compton wavelength A, = 1/m of
the virtual particles. In our context, m ~ 511keV corresponds to the electron mass and therefore
Ae ~1.96-107%V ™! ~ 3.9-10®m. The magnetic field can be assumed to be locally constant
if the typical scale of variation w of the inhomogeneity is much larger than the virtual particles’
Compton wavelength. For strong laser fields in the optical region, w = O(1eV) and therefore
this approximation is well justified.

Let us now implement the steps (2.16) outlined above. A partial Fourier transformation to
position space of (1.49) results in

I (x —x') =Y (eB)™ / %H’{” (=g et ), (2.17)
n=0

Substitution B — B(x) and subsequent transformation back to momentum space yields
T (e, K. = Z () / da =ik (0 B(7))20. (2.18)

Finally, we need to symmetrize in order to arrive at

oo

v 1 v v —3 /)% n
0y ) = 5 D [ () + T (k)] [ et x(eBEoy™, (2.9
n=0

Up to this point, no approximation (other than the one-loop-approximation) has been employed.
It is worth mentioning that the entire complication of the calculation of the reflection coefficient is
shifted to the evaluation of the photon polarization tensor in momentum space. There are certain
field inhomogeneities for which the procedure sketched in (2.16) can be performed explicitly. The
one-loop polarization tensor (1.40) carries its entire field strength dependence in the phase and
the Fourier transformation can, for instance, be expressed in terms of Gaussian integrals for an
inhomogeneity of the special form B(z) = 1/(1 4 x?). However, a perturbative treatment as will
be performed in this work offers the possibility to study the effect of quantum reflection for a
wide range of different field profiles due to the simplicity of the resulting formulae, as will be
seen later.

We now have to evaluate the symmetrized polarization tensor (2.19) on the light-cone, i.e.

I (~@, —@) = ;;} Tty (K, = @) + 0 (ke = —3)| / dx e (eB(x))%",  (2.20)
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CHAPTER 2. REFLECTION AT STATIC MAGNETIC FIELDS

for the lowest orders. As can be seen from Eq. (1.50), the polarization tensor vanishes on the
light-cone for the lowest order n = 0. To evaluate the second order, n = 1, we rewrite (1.52).
Setting k? = 0, the second order simplifies to

« 1 (1 o V2)2 2 1
—_ A 1—v2 2 2
Hp,(Z)(k) = 127[_ o dV m4 { 1 } kH -+ 2{517_1;22) kL s (221)

where we only concentrate on the relevant polarization modes p =||, L. Note that no reflection
takes place for the zero-mode, since the polarization tensor is proportional to k2 at all orders (cf.
Eq. (1.40)). Now the angle 6 = < (ep, k) is introduced, which puts the magnetic field direction
and the direction of photon propagation in relation. Then, kﬁ = k% cos? 0 — w?, ki = k2sin’ 6
and evaluation of the v-integral leads to

o . 7 o . 7
I, (k* = 0) = _45m47rk2 sin’ 6 {4} = _45m47rCU2 sin’ 6 {4} . (2.22)

Inserting this result into Eq. (2.20) and (2.15), the final result for the reflection coefficient to

lowest order is given by
¢ oo [€B(x))?
25 / dx e 5
0 m

()=t lmeoantor (2) {1} o2

The angles 6’ and 6 refer to the angles between the magnetic field and the incoming and reflected
beam respectively. They can be related to each other in both the || and L setting by means of
momentum conservation. In the former case, it turns out that both angles coincide, i.e. § = €',
since the magnetic field may only have y and z components and hence

2
+0((52)°), (2.23)

m

R, =

with

k-B = k,B, = |k||B|cosf = kB, = |K'||B| cos ¢ = |k||B|cost'. (2.25)

In contrast, the perpendicular case k, - e, = 0 differs and the angles can be expressed by the
formulae (recall k!, = —k;)

“Bika t Byky o Bike t Bk,

(2.26)
B[] Bk

cosf =

Remarkably, the magnetic field directions are not fixed in both the parallel setting as well as the
perpendicular setting. For the former setting there exists a configuration where the angles 6 and
0" are independent of the incidence angle 3. This is given if the magnetic field points into the z
direction.

The perpendicular case permits no such setups and the angles 6 and ¢’ are always dependent
upon the direction of incidence of the probe photons. For the special setting of eg = e, 6 and 6’
in the perpendicular case can be easily related to the angle 3, in fact 6 = Sand ¢ = 7—0 = 7—f3.
Therefore the terms sinf = sin @’ coincide and we can write

2c w

cL=F sin’ 8 (5>2 . (2.27)
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2.2. QUANTUM MECHANICAL ANALOGY

From the constraint (2.2) we observe that for § — 0 the only non-trivial case (i.e. B # 0)
fulfilling the requirement of the perpendicular case is exactly given for ep = e,.

Equation (2.23) can now be evaluated for different magnetic field inhomogeneities B(x). It
is particularly simple to calculate the reflection coefficient in our case as it only requires a
Fourier transformation of the squared magnetic field. However, the first contributing term to
R, is already of the order of (B/Be)* and thus expected to be rather small. A major task will
consist of finding suitable and experimentally feasible beam profiles, which maximize the effect
of reflection.

The derivation of R as performed in this chapter is not valid for arbitrary incidence angles 3,
but must be restricted to angles § < 7/2. First of all, the case 8 = 7/2 obviously does not make
sense in our treatment. However, one even has to be careful for angles 5 — 7/2. The physical
intuitive reason can be given by the fact that, for such angles, the incident photon beam is
exposed to the inhomogeneity over a large distance. The artificial splitting, as it was performed
in our derivation, of the photon vector field a(k) into an independent incoming field a;, (k') and
an induced field ainq(k) cannot be performed anymore (cf. the step from Eq. (1.22) to (1.26) ).
Such a splitting corresponds to neglecting the field’s own back reaction. As a result, the reflection
coefficient as derived in Eq. (2.15) is not valid anymore for @ — 0 and will eventually diverge
for w = 0. The quantum mechanical derivation in the next section will offer a more quantitative
treatment of this limitation.

2.2. Quantum mechanical analogy

There exists an alternative way to derive the formula for the reflection coefficient (2.23) which
employs the similarity to one dimensional scattering problems in ordinary quantum mechanics.
A first hint that such a derivation might be possible is given by the similarity of Eq. (2.23)
with scattering formulae derived within the Born approximation. As a first step, we derive a
Schrédinger-like equation of motion for photons in the presence of a weak magnetic field, spe-
cializing to “on the light-cone” dynamics. We perform a Fourier transformation of this equation
into position space and solve the resulting one dimensional scattering problem in the transfer
matrix formalism. The specialization to the light-cone is permissible since we have seen in the
last section that basically the entire dynamics of the problem are described by the evaluation of
the polarization tensor for k2 = 0. Note, however, that if we did not have any knowledge about
the true solution, there would be no striking reason to make such an assumption beforehand.
Still, it seems quite enlightening to show this alternative derivation nonetheless.

2.2.1. Equation of motion

In order to derive a Schrédinger-type equation of a propagating photon, we start with Eq. (2.3),
where we do not distinguish between incoming and induced photon. We now impose momentum
conservation (27)%0(k + k') on the photon polarization tensor and evaluate it on the light cone
by employing the representation (2.22). Only keeping terms to the lowest non-trivial order
(eB/m?)%, we arrive at the equation of motion in momentum space,

2
K2 o2 (B
™ \m2

ay(k) =0, (2.28)

21



CHAPTER 2. REFLECTION AT STATIC MAGNETIC FIELDS

and, following the above mentioned reasoning, a Fourier transformation to position space results

in
d? 9 ¢y (B2
%1+ =
[ dx? ( T <m2> )

We now perform the replacement to an inhomogeneous magnetic field B — B(x). Then Equation
(2.29) can be interpreted as a Schrédinger equation for the photon wave function a,(x, ky,w) in
the spatially localized potential

ap(x, ky,w) = 0. (2.29)

T m2

Vix) = —22? <eB(X))2 (2.30)

with the corresponding energy eigenvalue £ = 2. Note that the ambiguity of @? = k2, which
arises when writing down the polarization tensor (2.22) and transforming Eq. (2.28) into position

space, does not affect the result Eq. (2.29) due to our weak field approximation.

2.2.2. The quantum mechanical reflection coefficient for a smooth potential

tneiknx tn+1€ikn+1x
kX teikzx - .
e ,rne—zknx rn+1€—zkn+1x
—AAAAAAAS —AAAAAAAA —
Tefikzx
X Vn+1
€
V() Vn
Xn+l  Xpd42
Figure 2.3.: One-dimensional above-barrier scattering in Figure 2.4.: Discretization  of  the
ordinary quantum mechanics for a smooth, spatially local- smooth potential V' (x) into segments of
ized potential V(x). The incident, normalized plane wave even length € with a constant value of
is given by exp(ik,x) for asymptotic distances x — —oo. the potential V;, = V(x,). The problem
The reflected part of the wave is asymptotically given by reduces to the case of determining the
r exp(—ik,;x), where r = r(x — —o0) denotes the reflec- reflection and transition amplitudes r,,
tion amplitude. The transmission amplitude is given by and t,, for a step potential.

t =t(x — 00).

We derive a formula for the calculation of the quantum mechanical reflection coefficient for above-
barrier scattering in one dimension. The strategy is to first substitute the smooth, but otherwise
arbitrary potential V' (x) by a piecewise continuous potential V;, for x € (ne, (n+1)e) and compute
the reflection for the potential step V,, — V41 up to the first order in € (cf. Figs. 2.3 and 2.4).
At the end we retrieve our original problem by considering the limit ¢ — 0. This method is
completely analogous to the transfer matrix approach known from optics. Using the plane wave
solutions of the Schrédinger equation in a constant potential and furthermore employing the
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2.2. QUANTUM MECHANICAL ANALOGY

matching conditions concerning the field and its first derivative, the following equations have to
hold,
tneik‘nxn+1 + Tne_iknxn+1 — tn+1eik‘n+lxn+1 + rn+1€_ikn+lxn+1’

, 4 . . (2.31)

kn(tnezknxm_l + Tneizknxnﬁ_l) = kn—l—l(tn-‘rlffll%-H}(7l-~_1 + Tn+1€72kn+lxn+1)'
The coefficients t,, and r, represent the amplitude for transmission and reflection respectively
at the corresponding n-th potential step and k, = /€ — V,, is the constant wave vector for the
propagation from x, = ne to x,+1 = (n + 1)e. Equation (2.31) can be cast into the following

form,
(1 _ kz+1 )e_i(kn+1+kn)xn+1 tn+1
(1 + kz+1)€_i(kn+1_kn)x”‘+1 (,r.n+1> ) (232)

th _ %(1 + kzi:l)ei(knﬁ-l_kn))(n#-l
Tn 1(1 _ kzzl )ei(kn+1+k’n)xn+1

DI DO

2
and taking the limit ¢ — 0 we get
. 1 1 g o —i2kx 1 1.1
<t(x)> ~ (1 + (Z?Qix—ii 21?147 )e e / 2kk16 / ) <t(x+ e)) ’ (2.33)
r(x) —e ke L+ (—ixk' + 55k )e ) \r(x +¢)
where k = k(x) = /€ — V(x) and k¥’ = (d/dx)k(x). Here, the limitation to smooth potentials
ensures that k" is finite. Due to the special structure of the matrix in Eq. (2.33), the relation
14+ae  be 14+de Ve \ (l+(a+d)e (b+V)e (2.34)
ce 1+de de 1+de) (c+d)e 1+ (d+d)e '
holds and thus we arrive at
Y gz k! -~ 70 Y g5, —i2kx K
()= (AL TR E () e
r(x) — fx dx e" " 5 1+ fx dx(5p — iXk') r(y)
Now we make use of the requirement that the potential has to vanish quickly enough at |x| — oco.

Then we can assume that there will not be any reflected part to the right of the inhomogeneity,
i.e. r(y = o0) = 0. The amplitude for the reflection then reduces to

r(x) = — [/:o dx e”ki;];] t(y — 00). (2.36)

The first line of Eq. (2.35) reduces to
oo k/
t(x = —00) = [1 —|—/ d}?(ﬁ + Zf{k')] t(y — 00). (2.37)

For a normalized incident wave, i.e. ¢(x — —o0) = 1, we can eliminate ¢(y — oo) from Eq.
(2.36) to arrive at

0o K 0o K -1
The reflection coefficient R = |r(x — —o0)|? relates the intensities and is therefore given by
% gy p2ikx K 2
o = (2.39)
1+f_oodX(ﬂ +ZX]€)
The transmission coefficient 7" reads
2
T = ! (2.40)
1+ffooodx(%+ixkz’) ‘ .
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CHAPTER 2. REFLECTION AT STATIC MAGNETIC FIELDS

Weak field approximation

The quantum mechanical reflection coefficient can now be brought in direct agreement with Eq.
(2.23). First, we note that in the case of small magnetic fields

T m2 m m?
and
K =20 p e —B(x)-B'(x) + 0 ((£)%) L ‘:)c*peiB(X)‘B/(X) +0 ()" (242)
s m4 m? ’ 2%k T m4 m AT

Plugging these formulae into the reflection coefficient R and performing the same weak field
expansion, i.e. keeping only terms up to (eB/m?)?, the denominator simplifies to 1 and we
arrive at

2

ne| [ e S B| +0(GH)

"

2
Cpa)/dxen@x (€B(2X)>
T m

where a partial integration has been performed and the boundary term vanishes due to the
requirement B(|x| — oo) = 0. The derivation is only valid for smooth, localized beam profiles
which, however, is completely compatible with our requirement that the inhomogeneity may
only vary on length scales much larger than the Compton wavelength. Furthermore, the weak
field expansions (2.41), (2.42) and the subsequent simplification of the Eq. (2.39) can only be
performed for

(2.43)

2
+0((£)%),

2
22 <€B> <1 < Ry<L (2.44)
7T

m2

This condition, however, is violated for incidence angles 5 — 7/2, since @ — 0 and consequently
¢p — 00. Equation (2.44) may thus be regarded as a subsequent quantification of the validity
range of R as a function of the angle 8 and therefore also serves as a measure of when the
splitting, as it was performed in Eq. (1.26), of the photon vector field into incoming and induced
beam fails. It becomes apparent that such a splitting corresponds to a loop expansion as well
and since we are only interested in lowest order effects, we have to neglect back reactions of the
photon field onto itself.

2.3. Evaluation of R for different beam profiles

In this section, we take a closer look at some special beam profiles in order to obtain first
magnitude estimates for the effect of quantum reflection and secondly to enhance the effect by a
suitable choice of magnetic beam profiles.

2.3.1. Experimental setup

The experimental setup is given by an all optics pump-probe setup, whose basics were already
described by Fig. 2.1. The lowest order of the reflection coefficient scales with (B/Bc;)*, which
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2.3. EVALUATION OF R FOR DIFFERENT BEAM PROFILES

leads us to turn our attention to high intensity laser systems. These are at present the only
systems capable of achieving field strengths which are sufficiently large for our purposes. Thus,
we consider the background magnetic field B(x) = B(x)ep to be generated in the focal spot of a
pump-laser with wavelength Apump. A purely magnetic field in the focal spot could be generated
at least to a good approximation by superimposing two counter-propagating laser beams [29].
The probe laser with wavelength Ajone hits the focal spot at an angle 8 and the amount of
reflected photons is measured by a suitably placed detector.

Laser beams are usually characterized by the beam parameters A, £ and 7. The laser wave-
length A corresponds to the photon energy w via w = 27/A. & denotes the pulse energy of
the laser pulse and 7 its duration. The maximum field strength in the focus-cross section area
o = m(d/2)? is related to the intensity I = £/(70) via B = v/2I. Laser beams are usually well
described by Gaussian beams and therefore the effective focus cross section area ¢ is assumed
to contain 86% of the beam energy. The waist spot size wg = d/2 characterizes the distance
from the focal spot where the intensity dropped to 1/e? of its maximum value. Since we are only
interested in obtaining first estimates, we will also apply this rule for shapes of the inhomogeneity
which differ from the Gaussian transverse profile and will be examined later. Laser beams cannot
be focused down to an arbitrary small focal spot, but are restricted by the diffraction limit. The
minimal beam diameter is given by d = 2f# X, where f# denotes the so called f-number which
can be as low as f# = 1, see [30] and [25]. Hence, for given laser parameters, the maximum field
strength B can be approximated according to

2 £ 2 &
B~ /0.86——— =~ /0.86———. 2.45
\/ T WE \/ T f#N2 (245)

In all future discussions we will assume f# = 1. The number of photons Ny, contained in the
laser pulse can be approximated by

&
Nip = —. 2.46
= (2.46)

The number of reflected photons per shot can be calculated according to

Np,ref = RpfintNin- (247)

We introduced a factor fiy = Min {1, :’;:ﬁ} being a first estimate of the fraction of incident
probe photons interacting with the magnetic background field for the case of Tpump < Tprobe-

To calculate explicit numerical values, we adopt the design parameters of the two high-intensity
laser systems POLARIS and JETI200 currently under development and soon-to-be available in
Jena [31]. The list below gives an overview of the important parameters:

Design Parameters POLARIS @ Jena

A = wp = 1035nm =5.25eV! (2.48)
B=146-10°T =2.86-10%eV? (2.49)

w = 1.821 PHz =1.20eV (2.50)
=150 =9.36- 102V (2.51)

Nin = 7.8 - 10% Photons per shot (2.52)

7 =150 fs =228eV! (2.53)
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Design Parameters JETI200 @ Jena

A = wp = 800 nm = 4.06eV™! (2.54)
B=0.84-10°T =1.65-10%eV? (2.55)

w = 2.36 PHz = 1.55eV (2.56)
E=4J =2.50-10%eV (2.57)

Nin = 1.61 - 10! Photons per shot (2.58)

T =20fs =30.4eV1 (2.59)

Let us mention that although neither of these two laser systems has currently reached its re-
spective stage of completion, similar systems have been realized experimentally. As an example,
let us take the BERKELEY LAB LASER ACCELERATOR (BELLA), a petawatt laser system
which, as of August 2012, achieved to generate 40 fs-pulses with a compressed energy of £ = 42 ]
at a repetition rate of 1 Hz (see [32] and [33]). A long term prospect for future examinations
of quantum vacuum effects is given by the “Extreme light infrastructure” (ELI) currently in its
planning stage, which aspires to achieve laser powers of P = 200 PW (cf. [34]).

The experimental setting, as described in this section, of course clearly violates both the re-
quirement of time independency as well as homogeneity of the magnetic field in the longitudinal
direction, i.e. the y-direction. The time scale of the temporal variation of the magnetic field is of
approximately the same order as the time needed for the probe beam to cross the region of the
inhomogeneity. More precisely, the probe beam needs about t ~ 2wg/c &~ 2A/c to traverse the
inhomogeneity, which already corresponds to two temporal cycles of the pump laser field. The
only scenario where the assumption of stationarity could be considered a valid approximation
is the case of focusing far below the diffraction limit, i.e. f# < 1. A special setup, where such
strong focussing is at least theoretically conceivable, will be examined in more detail below. In
any case, the longitudinal profile for generic laser beams can generally not be considered to be
constant either, which plays a role for probe beams with k, # 0. These remarks should make
it clear that any results obtained in this chapter have to be regarded as first estimates and that
for properly investigating realistic laser scenarios, the temporal dependency has to be taken into
account as well. One might wonder whether a setup similar to the PVLAS experiment (|12] and
[35]), aimed at detecting magnetic vacuum birefringence, could be feasible. Here, a static mag-
netic field of about B = 5T, shining through a 1m Fabry-Perot cavity of high finesse, is generated
by rotating dipole magnets. The photon probe laser beam runs through the cavity about 10°
times and thus the nonlinear effects are increased by this factor. Such a setup is arguably closer
to our theoretical treatment. However, due to the extremely small factor of (B/Be;)?*, the effect
of reflection will be magnitudes smaller than with a laser-laser setting. Furthermore, the inherent
signal-background separation is lost and the induced quantum vacuum signature, in this case
reflected photons which are of same frequency as the ingoing probe photons, would have to be
isolated from the comparatively enormous background signal. A last point which argues against
such a setting is given by the rather large length scale of the field strength variation, which can
be realized in static configurations. Reflection inherently requires inhomogeneous profiles and
shorter scales of spatial variation likely increase the effect, as is known from ordinary quantum
mechanics.

We can now combine the two lasers POLARIS and JETI200 in several ways according to our
experimental layout: The POLARIS laser is employed as the pump laser and the JETI200 laser
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serves as the probe beam (Setup (a)) or vice versa (Setup (b)). To relate the laser parameters
for the different setups to the quantities contained in the formula for the reflection coefficient R,
Eq. (2.23), they are listed below:

Setup (a) POLARIS: Background beam, JETI200: Probe beam
B = 2.86-10%V?,

wo = 5.25eV 1,

w = 1.55eV, (2.60)
Nin = 1,61 - 10! Photons per shot,
fint = 1,

Setup (b) POLARIS: Probe beam, JETI200: Background beam
B =1.65-10%V?,

wo = 4.06eV 1,

w = 1.20eV, (2.61)
Nin = 7.8 -10%° Photons per shot,
fint = 0.13 .

It is already safe to assume that in most cases Setup (a) will yield higher reflection rates due to
the greater maximum field amplitude B. For the sake of completeness, let us state the numerical
value for the remaining constant C, := e?/(rm%)c, occurring in Eq. (2.23) as well. With the
fine structure constant o = 1/137, the electron charge e = v4ra = 0.303, the electron mass
m = 5.11-10° eV and the reduced frequency

o =w? - ki = w? — w?sin? B = w? cos? B, (2.62)
C) evaluates to

o of _a e2 [sin2 6 + sin2 6'} 7 _ [sin2 6 + sin? 0’] 174 10-2 7 oV,
o 180 mm* cos? 8 4 cos? (3 4
(2.63)

which stills depends on the angles 6, 6’ and 3. The reflection coefficient can then be written to
the lowest order as

2

no_ (2.64)

o0 ey~
Cpw / dx e”?** B?(x)

—00

Finally, the restriction on the incidence angle 5, Eq. (2.44), evaluates for the different setups to

Setup (a): {7 V.85 10712 « 5P s 63107 < cos 3
' 4 ' [sin2 6 + sin® 9’] ’ ’ (2.65)
7 cos? 3 '

Setup (a): { A } 9471078 « —  3.6-107% <« cos 3.

[sin2 6 + sin? ¢’ ]
Thus, practically all angles of physical relevance can be dealt with within our approximation. In
the investigations to follow, we always implicitly assume the “one” background beam to consist
of two superimposed counter-propagating laser beams which approximately cancel the electric

field.
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2.3.2. Case 1: Lorentz profile

To begin with, we investigate a symmetric Lorentz-shaped inhomogeneity of the form

B
- Ok (2.66)

whose profile is solely characterized by the full width at half maximum (FWHM) given by wq
(cf. the remark in the previous section) and the maximum field strength B. The Lorentz profile
is a representative of power-like decreasing fields for large values of |x|, in this case

B(x)

B(x)~ B (;‘0) R x| = oc. (2.67)

The reflection coefficient R according to Eq. (2.64) is then given by
_ E 2 ~ ~ —20wg 2
R, = 5 CpB* wo (1 + 20wp)e . (2.68)

We see that in addition to the smallness of the parameter C’pBQ, the coefficient is exponentially
suppressed with 20wg. Clearly, increasing the incidence angle 8 — 7/2 leads to a diverging
reflection coefficient, since the exponential suppression can be overcome and the overall factor of
1/ cos? 3 dominates. This agrees well with the discussion of the validity of R in the last sections.
The reflection coefficient increases monotonically for increasing angle 5. For a given angle of 3,
the maximum of R is given for (0wo)max = 1+T\/5. However, the values of wg and w are generally
fixed by the laser parameters. A plot of the profile and the wo& dependence is given in Fig. 2.5
and 2.6 respectively.

2.3.3. Case 2: Exponential profiles
Exponential profiles of the form
B B
_, B(x) = ———, ,
cosh <wi0) cosh? (%)

are as well characterized by the single parameter wg being a measure for its width. It is related
to the FWHM via wg arcosh {/2 for a given order n. The asymptotic behavior is exponential, i.e.

B(x) = (2.69)

_pdxl
B(z) ~ B2" "wo as x| — o0. (2.70)

The reflection coefficients for those field inhomogeneities are given by

2 5 @ w3 (1 + &?w3) 2

sinh(rwwy)

~2,,2
w wy

1
R, = |2rC,B? ?WCPB

R, =

. (2.71)

sinh(mwowy)

which again only depend on the quantity Wwy and are exponentially suppressed. Each order
of n results in one more quadratic polynomial factor to the polynomial in the numerator. The
dependence on the angle § and on wwy for each order is similar the behavior observed for the
Lorentz profile, as can be seen in Fig. 2.6.
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2.3.4. Case 3: Gaussian profile

Another example of an exponential profile characterized by a single parameter is given by the
Gaussian profile

Bx) = Be (@) ) (2.72)

The parameter wg describes the width at which the pulse has dropped to 1/€? of its peak intensity,
which is related to the FWHM via wg v/In 2. The reflection coefficient evaluates to

2
R, = ’\/chB%wOe%@wof : (2.73)

In contrast to the two previously treated examples, reflection is exponentially suppressed with
(1/2)(@wp)?. This time, the maximum of R for a given angle 3 is given by (Qwg)max = 1.

2.3.5. Plots of the cases and numerical values

We now numerically evaluate the three cases treated above in order to get first estimates of
the magnitude of the effect of quantum reflection. We make use of the two setups described in
Section 2.3.1. As was mentioned at the end of Sect. (2.1), the angles § and 6’ in the parallel
case can be independent of the incidence angle g for the special setting ep = e,. However, for
the perpendicular case we make the observation that (cf. Eq.(2.27) )

R, ~ (2 as 3 —0, (2.74)

i.e. the reflection coefficient always approaches zero.

1.0 —Lorentz
——Exponential n=1
—Exponential n=2
—Gauss

0.8

B(x)
B 0.6
0.4
0.2
—4 9 0 2 4
x/wo

Figure 2.5.: Plot of the normalized magnetic field strength B(x)/B for the cases 1 to 3 described above.

Figure 2.5 shows a plot of the four inhomogeneities for equal FWHM and Fig. 2.6 a plot
of the resulting reduced reflection coefficient R,/ (0571’234) for a fixed angle of 5. The field
profiles considered so far are very similar in shape and therefore it is not surprising that the
value of R, is of the same order and shows the same basic dependencies in all cases. Among
this class of profiles, the Gaussian type yields the highest reflection rate if the laser parameters
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0.06
—VLorentz
——Exponential n=1
0.05 —Exponential n=2
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P
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Figure 2.6.: Plot of the reduced (dimensionless) reflection coefficients R,,/(7*CzB*) for the different
inhomogeneity profiles of the cases 1 to 3. The angle § is considered fixed and the coefficient then
depends solely on the combination wwy.

match the maximum condition. The plot may be a little misleading due to the impression it
gives that by adjusting the incidence angle 5 to achieve Gwy = (@wg)max, We have reached the
highest possible reflection rate. However, it is important to remember that the reduced reflection
coefficient R,/ (C§W2B4) depends on 3 via C),. Instead, R, is a monotonically increasing function
of f =0...7/2 and eventually diverges, as was argued above. Figure 2.7 illustrates the point
by plotting R,/ (C§ﬂ2B4 cos? B) as a function of § for the different cases, choosing the value
wwy = 8.14, corresponding to the Setup (a). Keep in mind that in general the angles 6 and 6’
still depend on S and in particular the reflection approaches zero for the perpendicular case, as
was argued above.

The above plots already show that the effect of reflection is rather small. Let us exemplarily
calculate some values for 7, and the number of reflected photons IV, choosing rather high angles
of p = 82.9° (Setup a) and f = 78.2° (Setup b). Since the profiles are nearly identical, we
limit ourselves to the case of the Gaussian shape and then the chosen angles fulfill exactly the
matching condition. Employing Eq. (2.73) and (2.47), the result is given by

Setup (a): R, = [sin? 0 + sin® 9’]2 -5.1-1072 {4112} , (2.75)
N, = [sin2 6 + sin? 0']2 {11;} , (2.76)

.. 2 .22 —93 49
Setup (b): R, = [sin®# +sin”¢']" - 7.3 10 {16}’ (2.77)
N, = [sin2 6 + sin? 0']2 {8?2} . (2.78)

As expected, the reflection is lower for Setup (b) due to the lower magnetic field strength, al-
though in this case it is partly outweighed by the higher number of incoming photons Nj,. Those
reflection rates should be considered upper bounds, since an experimental realization is unlikely
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Figure 2.7.: Logarithmic plot of the reduced (dimensionless) reflection coefficients R,/(7*CyB* cos* )
as a function of £ for the different inhomogeneity profiles of the cases 1 to 3. All functions are monotonous
in § and at 8 = 7/2 the reflection coefficients diverge. The value of wwy = 8.14 was chosen according to

setup (a).

to achieve the assumed precision in superimposing the laser beams. Nevertheless, the number
of reflected photons is already quite sizable, especially if compared to other signatures of the
electrodynamic quantum vacuum.

2.3.6. Modulated Gaussian inhomogeneity

The first four magnetic fields under consideration were only dependent on wwy, and the angle
provided the only handle to increase the effect. Sizable effects, however, could only be achieved for
rather large angles, as was shown in Fig. 2.7. Such a setting, while theoretically devisable, leads
to complications on the experimental side. Generating a clear superposition of the laser beams
over a long longitudinal distance in order to cancel out the electric field is hardly possible and
furthermore, for very large angles the clear signal-background separation gets lost. Furthermore,
if the background beam is treated as a Gaussian beam, the assumption of a constant beam radius
in the longitudinal direction gradually looses validity for increasing angles. A more quantitative
discussion of this aspect is given in the appendix B.

In this section, we strive to achieve reflection effects of the same order, while requiring smaller
angles at the same time. The way to accomplish this goal is by introducing modulated inho-
mogeneities characterized by a modulation length A,,. In principle, we could use each of the
previous profiles to modify by the modulation. However, results can be expected to be quite
similar. Therefore, we only treat the Gaussian profile as a generic case in the upcoming ex-
amples. Laser beams are generally well described by Gaussian beams, whose transverse profile
in the focus is indeed given by a Gaussian envelope and therefore justifies our choice. A short
overview of Gaussian beams is given in appendix B.

The profile under investigation is given by

X

B(x) = Be_(Fo)2 cos(wmX + ), (2.79)
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with the modulation frequency w,,, = 2w /A, and an additional phase . The reflection coefficient
R, can be computed straightforwardly in terms of Gaussian integrals and is given by

2
Ry = ‘1\/?CpB2wwo (26_%“}8&2 + e 2wl (@twm)? 20 4 e_%wg(@_Wm)Z—m)

W3 (2.80)

For w,, = ¢ = 0 the equations (2.79) and (2.80) reduce to their respective forms of case 3. Again,
we encounter the exponential suppression already observed in the last cases. However, this time
the modulation frequency adds the possibility to overcome said suppression by matching & = wy,,
which can be achieved by combined means of adjusting the angle and the modulation. Realistic
laser parameters as given by our setups (a) and (b) yield rather large values for @wg and wy,wy
and for these instances R, is well approximated by

2
1 -
R, = ’4\/§Cp32wwoe%w3<wm>2 , (2.81)

which does not depend on the phase ¢ anymore. There are now several ways to experimentally
achieve such a transverse modulation within our stationary approximation.

Parallelly propagating laser beams

A first idea to realize such a modulation includes two identical Gaussian laser beams, which are
propagating parallelly in the y direction (see [28]). If their respective beam axes are, within their
focal parameters, a distance of Apump apart and they furthermore possess a relative phase shift of
Apump/2 leading to magnetic fields pointing in opposite directions in the focus, then the resulting
transverse profile will approximately exhibit a structure close to Eq. (2.79) with A, = 2Apump,
¢ = m/2 and a width of wg = 2 \pump. A plot of the magnetic field for the two setups (a) and (b)
is shown in Fig. 2.10 in Subsection 2.3.8. Given such a setup and fixed parameters, the function
R, (8) now shows a different behavior as can be observed in Fig. 2.8.

0.001 |
10—11 I
B
WQCZ%B‘l cos? 3 10 '
10727 | ——— Setup (a)
105 | Setup (b)
0.5 1.0 15
B

Figure 2.8.: Logarithmic plot of the normalized reflection coefficients R,/(7*C7B* cos* ) as a function
of 3 for the case of an exponential inhomogeneity with a modulation frequency w,,. The plot shows the two
different setups under investigation. One can see the respective maxima at Smax = arccos(0.49 A/Apump)
and the minima at By &~ arccos(0.013 A\/Apump). For 8 — /2, the reflection coefficient diverges.
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The extreme points of the function R,(5) as in Eq. (2.81) for 5 € [0,7/2) are given by

Wn 4 o1 4
(cosﬂ)1/2:2w<1j: 1—W>_Apump4<1i 1—(%)2), (2.82)

where A\ denotes the wave length of the probe beam. The positive sign corresponds to a local
maximum, while the negative sign denotes a local minimum. For § — 7/2, the coefficient is
again divergent. The modulation now permits us to achieve reflection rates of almost the same
order as in the previous cases, albeit at lower angles, by adjusting 8 = Bmax. The resulting,
maximizing angles for the setups are then given by

Setup (a): Pmax =~ 67.9° and Setup (b):  Bmax ~ 50.9°. (2.83)

Keep in mind that these angles are only estimates since the 6 and ¢ dependency on 3 has not
been taken into account. The reflection rates and the reflected number of photons are an order
lower than for the previously treated cases, i.e.

Setup (a): R, = [sin?0 +sin®@']” - 3.6- 10722 {112} ; (2.84)
N, = [sin®6 + sin ¢]” { 0%2993} , (2.85)

) .2 412 _94 |49
Setup (b): R, = [sin®f +sin” 0] - 5.2 10 160" (2.86)
N, = [Sin2 0 + sin? ¢'] 2 {00.6002864} . (2.87)

Crossed field configuration

Another way to achieve a modulating frequency w,, is illustrated in Fig. 2.9: The probe beam
travels strictly along the x axis. The background beam is split into two identical laser beams with
respective magnetic fields Bi(x,y) and Ba(x,y), which are restricted to the x-y plane and whose
focal points meet at the origin. Beam 1 is directed at an angle  with respect to the x axis, while
beam 2 is directed at an angle —§. Both laser beams are assumed to be standing plane waves
with wavelength A, along their respective directions e;, while their transversal shape (directions
e; 1) is again characterized by a Gaussian profile of width 2wg. Each beam thus has the form

B e \?
Bi(x,y) = —exp |— (w‘) ] cos(wmr - €; + ¢;) (2.88)
2 wo
with
e =cosde; +sinde,, e, = —sinde, +cosd ey, (2.89)
ey =cosde, —sindey, ey | =sinde; +cosdey, (2.90)

where ¢; denotes an arbitrary phase and r = xe, + ye,. The problem reduces to a one-
dimensional one and can be handled like before if we confine ourselves to the x axis. The
magnetic field then reduces to

—X—i sin? §

B(x,y=0) = 5¢ o [cos(wmx cosd + 1) + cos(wmx cosd + p2)] (2.91)
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Figure 2.9.: The setup of the crossed fields configuration. The background beam is split into two identical
beams in the x-y plane with angles +J with respect to the x axis. The problem is reduced to a one
dimensional task by considering only the x axis.

and the corresponding reflection coefficient is given by

1/« wwg 1
~./ZC. B2 2|z
1 \ECP sino {2 (o1 + 902)}

ww, 2 w 2 . w 2 .
[26—%(5i,,‘§) + e 2 (Gms) (wmwmeosd)?—ilorten) | o—3(5) <w+wmcosé>2+z<w+soz>}

R, =

2

(2.92)

The result resembles the one from Eq. (2.80), but this time the dependency on the angle § is
different than the one on 8 from the previous cases. First of all, let us note that for § = 90°
and @1 = 2 = 0, R, reduces to that of case 3, Eq. (2.71). Secondly, the reflection coefficient
depends of course on the relative phases of the background beams: A maximum is given for
©1 + w2 = 27k with k € Z and it is zero for ¢1 + @2 = (2k + 1), since destructive interference
causes the magnetic field to vanish. For our future discussion, we will assume the maximum
possible value, i.e. ¢1 4+ @2 = 0. For

W — W cosd << w, (2.93)
which is fulfilled for our laser parameters if the angle ¢ is sufficiently small, we can again simplify

Eq. (2.92) to yield
2

1 /m Wwo _1( wo \2(,,_ 52
R =\~ /" c B? 3 (5i5) (w—wmcosd)?| 2.94
4\f2 PP Sing (2:94)
The matching condition to achieve maximum reflection is given by the cubic equation in cos 9,
—cos6(1 — cos? §) = wi (1 — wp, cos8) (1 — weosd). (2.95)
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Since the LHS of (2.95) is smaller than zero, the maximum we are interested in must be located

in cosd € (Min (i, ‘%’l) , 1>. The real root of such cubic equations can be conveniently found

numerically. The result for the two setups under consideration reads
Setup (a):  Omax ~ 38.2° and Setup (b):  dmax ~ 37.5°. (2.96)

The result for the reflection coefficient and the number of reflected photons is

Setup (a): R, = [sin® 0 + sin® 0’]2 -1.0-1073 {112} ; (2.97)
N, = [sin?0 +sin?¢']* - 1074 {;2} : (2.98)
Setup (b): R, = [sin® @ + sin’ 0']2 1.4-107% {112} : (2.99)
N, = [sin? 6 + sin? ¢']? {8:88;2} : (2.100)

In this case, Setup (b) yields a higher reflection rate, since no angle ¢ can nullify the exponential
suppression for Setup (a). If Setup (a) could be modified in such a way that the frequency of
the background beam be doubled, then the exponent could be more or less matched to zero,
yielding a much higher reflection coefficient. This could be done in principle by creating SHG at
the cost of an intensity loss (the conversion efficiency @ ranges from 30% to 70%). Considering
a frequency doubled background beam and including the conversion efficiency @, the optimal
angle for Setup (a) changes to

Smax = 48.5°, (2.101)

Here it is assumed that the background beam can again be focused with an f-number of 1, which
leads to wy = 517.5nm = 2.63eV ™! and a doubled magnetic field of B = 5.72 - 108eV?2. The
reflection increases to

R, = Q*[sin? 0 +sin®@']” - 0.92- 10722 {leg} , (2.102)

N, = Q? [sin2 6 + sin® 0’]2 {0'073} .

0.024 (2.103)

Depending on the conversion efficiency @, the reflection for Setup (a) was increased by about 10
orders of magnitude and, as a result of the exact matching and higher focussing of the background
field, is now of the same order of magnitude as Setup (b).

2.3.7. Two Gaussian potentials a distance [ apart

The potential (2.79) is only an approximation to the field configuration generated by two par-
allelly propagating beams as described in the last section. Of course, we can also calculate the
exact expression for the reflection coefficient for such a configuration

B(x) = B <e‘<7~?)2 - e_<):”_f)l)2> , (2.104)

where [ denotes the distance of either beam axis from the origin. To compare it directly with
the experimental setup in the last section, we would have to choose | = A\pump = wo. However,
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we should rather make use of the additional free parameter [ and leave it unspecified for now.
The reflection coefficient evaluates to
2

. 22
R, = [V2rC, BXiwge 2% <cos(2d;l) —e w3> (2.105)

We can already see that the exponential suppression cannot be overcome by the modification of
the exponent with a modulating frequency of some kind. Instead, the behavior of R, is closer
to that of the very first examples where the exponential suppression can be overcome by simply
increasing the angle of incidence 5. However, the dependency on the angle § is not strictly
monotonous anymore owing to the possible cancelation of the terms in the brackets (...). For a
given angle 3, we can adjust the separation length [ according to

2wicos 3= (2k + 1) with k& € N (2.106)

We now choose angles of the same order as for the treatment of the pure modulation in the last
section, i.e.

Setup (a):  Pmax =~ 67.9° and Setup (b):  Bmax ~ 50.9°, (2.107)

and make use of the additional freedom by picking the smallest separation length [ fulfilling the
condition (2.106). The values are given by

Setup (a): Imax ~2.69eV1  and  Setup (b): lpax ~ 2.08eV 1L (2.108)

Plugging those values into the formula for the reflection coefficient Eq. (2.105), we find

Setup (a): R, = [sin? 0 + sin® 9']2 1.3-107% {112} , (2.109)
) .22 _3 1.0

Np = [sin® 0 +sin6]"- 10779 oo (2.110)

Setup (b): R, = [sin® @ + sin’ 9’]2 1.7-107% {112} , (2.111)

N, = [sin?6 + sin®@')* - 107° {g'g} . (2.112)

Employing the same angles as in the case with ideal modulation, the reflection for both setups
is about two orders of magnitude lower in the former case. Of course, higher reflection rates
are accessible by choosing higher angles § and adjusting the separation length [ accordingly.
However, the mechanism of circumventing the exponential suppression is then basically the same
as for the very first discussed beam profiles (Lorentz, pure Gaussian etc.) and leads again
to rather large angles to achieve a sizable rate of reflection. This discussion shows that the
parallelly propagating beam setup does not actually help to reduce the angle Bi,.x unless an
ideal modulation resembling Eq. (2.79) can be created.

2.3.8. 47 focussed pulses

We have seen in the last examples that, in order to maximize the effect of quantum reflection,
one first has to overcome the exponential suppression and secondly provide a focus wq as small
as possible, as this will lead via Eq. (2.45) to an increased amplitude of the magnetic background
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field. According to [36], 47 focused laser pulses provide the most efficient focus of all possible
configurations, even allowing to go lower than the diffraction limit. In their paper the authors
proposed an experimental setup which generates such dipole pulses by employing a parabolic
mirror. This section deals with calculating the reflection coefficient for such a setup, where
“quasi-Gaussian” pulses are used as input beams. First, let us review the most important points.

The starting point is a virtual electric dipole moment at the focus point r = 0, where the
singularities at the origin are eliminated by the addition of retarded and advanced potentials.
The corresponding exact, singularity free solution for the magnetic and electric fields is given by
(quoting the paper using Gaussian units)

H(r,t) = —(n x dg) 012@+(;R) + lg‘g;R)] , (2.113)
B(r,t) — —”(];‘;d(])g(t, R)+ ?’n(ndRog)_dO []:g'+(t, R)+g (LR)|.  (2114)

Here R = |r| and n = r/R. The quantity dg = const. denotes the virtual dipole moment and
g+(t,R) = g(t— R/c) £ g(t+ R/c), where g(#) is the dimensionless driving function of the dipole
moment, i.e. d(t £ R/c) = g(t £ R/c)dg. The virtual dipole moment can be approximately
related to the input energy of the laser pulse by means of the relation

2d2 [e’s) o
£ = 363/ G2 (t)dt, (2.115)

where the approximation of an infinitely large focusing system and dipole pulses of finite duration
was made. This setup maximizes the electric field at the time t = 0, while the magnetic field
at that moment vanishes. To switch to our case of a desirably strong magnetic field the electric

dipole has to be substituted by a magnetic dipole leading to a continued validity of the given
formulas provided one substitutes

HMP « —EEP EMD  _HEP, (2.116)

Furthermore, we consider a dipole moment dg = dge, and our probe beam will be traveling along
the z-axis meeting the focus point at time ¢ = 0. Therefore, the following field configurations
are the starting points of our considerations

E = (n x dg) Llf*(; R, ig‘g’gm} : (2.117)
H= —%g,(t,}z) _ % {fgm,R) —|—g(t,R)} . (2.118)
More specifically,
Ey(t,R) = —do [;M;é L (1;9%2}?)} : (2.119)
H0 1) =~ i (1,7 = 30 [ Ras(0.1) 4 9., 0) (2.120)

are the only non-vanishing components of the fields. The restriction to this setting implies
vanishing parallel components, i.e. k; = 0, and consequently the parallel case is the one under
consideration here. The perpendicular component, on the other hand, is not unaffected by the
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inhomogeneity and therefore this case must not be considered. Since k and B are perpendicular,
the angles evaluate to sinf = sinf’ = 1. To treat quasi-Gaussian pulses, we take the driving
function

g(@) = e sin(wpl). (2.121)
The quantities appearing in Eq. (2.121) can be related directly to the incoming laser pulse (the
background beam) because in the far field the field amplitudes are proportional to the second

derivative of ¢(t),
g(1) = e [—4a?wn,t cos(wint) + (4a*F? — w2, — 2a%) sin(wnt)] (2.122)

since in (2.118) the terms o< % dominate. This still has a “quasi-Gaussian” shape and hence wy,
can be related to the mean frequency of the background beam, while % = & corresponds to the
T

duration of the background beam pulse. Here, 5 is the time when the magnetic field envelope

decreases to % of its maximum value, 7 thus denotes the pulse length.

Calculation of the reflection coefficient

For the calculation of R we assume the probe beam to hit the “static” background field evaluated
at time ¢ = 0. Explicitly calculating (2.118) for the Gaussian driving function (2.121) at the
time ¢ = 0 and switching to SI-units leads to

_ _ _ d() —a?x? 2 Wm . W%ﬁb 4 1
B(x)=B.,(t=0,R) = ﬁe [cos(wmx) <4a W, + F) + sin(wm,Xx) (X —4a’*x — =PIk
(2.123)
where
do = 3Ea . (2.124)

9 (m\i a? a* a* iy %
wi, (5) <1+6E+3@> —dune
Figure 2.10 shows a plot of the resulting magnetic field (2.123) for the setups (a) and (b) and

compares them to the case modulated field of the parallelly propagating beams from Sec. (2.3.6).
Employing Eq. (2.64) for the reflection coefficient R,

0 2 42 2
Ry = ‘C”w/ XX B2(r)dx| = ‘C”wol(w,wm,a) , (2.125)
T
—00
we have to calculate the integral
OO 2iwx ,—2a%x? 2 4
I(w,wpm,a) = / dx e®Xe 2" [S1(x) + a®Sa2(x) + a*S3(x) + Sa(x)] (2.126)
—00
where
2 4 2 3
w . 9 w 1 w . w W
S1(x) = X—T + sin®(wmx) (XZL +6 3};) + 2 cos(wp,x) sin(wpm,x) <£ — X5> , o (2.127)
2 3
Sa(x) = 8(3052((,um><;)w—2 + 8 cos(wmX) sin(wp,x) <wm - w?) , (2.128)
X X X
1
S5(x) = 85in (W) = — 8 CO8(wmX) Sin(wnmx) 2, (2.129)
X X
S4(x) = 16 cos? (wmx)atw?, — 8sin?(wy,x)atw?
" " g 9 (2.130)

— 32 cos(wWmx) sin(wy,x)abw,x + 16 sin? (w,,x)a®x>.
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B [eV?]
2.0-10°
Setup (a): 4w dipole pulse
1.5-10° Setup (b): 47 dipole pulse
Setup (a): modulated B-field
L0109 Setup (b): modulated B-field
5.0 - 108

7T I

—5.0- 108

F—

Figure 2.10.: Plot of the magnetic field B(x) for the 47 dipole pulses and the approximated modulated
field from the last section for parallelly propagating beams employing values from setups (a) and (b). The
smaller focus area leads to an increased peak amplitude of the magnetic field for the 47 dipole pulses.

The terms S;(x) are regular, although the individual sum terms contained in them diverge for
x — 0. Therefore, the integral has to be handled with care. Dealing with each of the terms .5;
individually, the general strategy is to write the integrand as a divergent part x% times a regular
part and reduce the negative order by partial integration until only % factors remain. The only
difficulty left is to compute integrals of the kind

> d SINYY _a2yiagy _ 1 [ d 1 —aryryigeyy 1 [T d 1 —a2y2ria-yy
Yy € =5 y —¢€ ; y —e
o Ty 2 ) o "y 20 ) o "y (2.131)

=: f+ - f— y
where dimensionless units y have been introduced and «,v € R, 8 € C denote real and complex
constants respectively. These can be solved by introducing a parameter s via a proper-time

integral and solve the integrals by switching the order of integration. The calculation is performed
as follows,

fi :l. /OO dyl€*a2y2+i(ﬁiv)y lim ds/ dy e~y Hi(BErtis)y (2.132)
29 y 2 Asoo
211 ‘afA%O s e 7oz (s=i(BE)? (2.133)
g 1520 [erf <2;a (A—i(B+ 'y))) + erf < (8 + 7))} (2.134)
and in the limit A — oo the result reads
/Z dy Sinywe“f”ﬁy = g [erf <22(5 + 7)) — erf (210[(5 - v))] , (2.135)
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which is regular. The Gaussian error function erf(z) for arbitrary, complex arguments z is defined
as
erf(z / dte " (2.136)
f
Performing the outlined procedure, the final result for the Integral I is given by

2
30

+ = [R+erf (w:/g;m) + R_erf (“\;;;m> — (R4 + R_)erf (\/ga)] . (2.137)

where P, Ry and @ are polynomials in w, wy, and a given by

(wtwm)? (w—wm)? w?
Hw,wn,a) =

[P+e 28 4 P 2 —2Qe a2

Py = P(w, £wpm, a) =121a* + 33a%w? + 2wt 4 73a2w?, + 120202, + Twl
+ (76a%wwn, 4 Sww?, — 2w3wn),
Ry = R(w, +wm, a) =150a*w + 20a*w? + 2w° + 150a*ww?, + 10w3w?, + 150wy, (2.138)
+ (180a*wy, + 120a*w?w,, + 80a’wy, + 20w?w3, + Twd),
Q = Q(w,wm,a) =121a* + 33a%w? + 2w* + 110a*w?, + 10w w2, + 15w

Numerical results

We again evaluate the result for the two setups (a) and (b). The magnitude of the reflection
coefficient depends on the parameter a = 2/7, with shorter incoming pulses yielding a higher re-
flection. The 47 dipole pulses are of very little spatial extension, however, their time dependence
in the focal point R = 0 is given by (in Gaussian units)

H= ?)%a(t) (2.139)

and in our case possesses the same Gaussian envelope e~%°? as the far field. Therefore, the same
factor fint as in the previous examples can be employed. Note however, that since the temporal
dependence in the focus is basically given by the time derivative of the far field, very short
dipole pulses can be created by using input beams featuring sharp pulse fronts and therefore the
maximum field amplitude can be further increased. The reflection coefficients for our two setups

are given by

Setup (a): R =3.0- 10748, (2.140)
Nj=48-10"%, (2.141)
Setup (b): Ry =6.9-107%, (2.142)
N =638 (2.143)

The reflection for Setup (a) is negligible, which is a consequence of the special dependence of the
result (2.137) on w and wy,. Interestingly, the higher input power of the POLARIS laser does
little to outweigh the longer pulse duration. Setup (b) yields reflection rates of about 7 photons
per shot and is thus comparable to the very first cases considered, albeit there it always was
Setup (a) providing better results.
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2.4. Conclusions

In the previous section, we discussed a variety of beam profiles and calculated their respective
reflection coefficients and number of reflected photons per shot employing the laser parameters of
the Jena based laser facilities POLARIS and JETI200. By means of inducing a modulation of the
background field or by shining the probe beam under an angle 3, the effect could be maximized
to yield reflection rates of the order of 1 photon per shot. In principle, employing single photon
detection techniques ([37]) over a large number of repetitions should produce measurable results
and thus quantum reflection might turn out to be an interesting candidate for probing the
quantum vacuum nonlinearity. However, as was mentioned earlier, the temporal structure of the
background beams was completely neglected, which means that reliable quantitative predictions
are not yet possible. Rather, the present chapter provides first estimates and, more importantly,
insights into some of the effects and techniques related to the quantification of this phenomenon.
It is interesting to note that the formal analogy to atomic quantum reflection also persists on
the level of the resulting equations. As was shown in [15], the rate of reflection is exponentially
suppressed, i.e. R ~ exp(—Cwv;), where v, denotes the normal component of the velocity of the
incoming particles with respect to the surface. This fact necessitates the shining of the atomic
probe beams under a grazing angle of incidence in order to achieve a normal velocity component
as small as possible. It becomes clear that in our optical case @ plays exactly the same role as
v, and we were also forced to use grazing incidence to overcome the exponential suppression.
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fields

In the following chapter we now aim to extend the treatment to include time dependent magnetic
fields. The first section describes the setup and shows a derivation of the corresponding Green’s
function solving the equation of motion in analogy to the last chapter. In the second section we
suggest a definition of the reflection coefficient for the time dependent case. The third section
gives an expression of the Fourier transform of the photon polarization to the lowest orders. A
discussion of the calculation of the current j, concludes this chapter.

3.1. The Green’s function for the time dependent case

The general setting is again the same as for the static case, see Fig. 2.1. We especially consider
the probe photon beam to be restricted to the x-y plane as well as the background field to be
homogeneous in the y and z directions, but vary in the x direction with a maximum at x = 0 and
approaching zero asymptotically for |x| — oco. Additionally, the magnetic field now varies over
time. We demand this temporal variation to be well localized, i.e. to fall off sufficiently rapidly
for large times |t| — oo. The background field is defined to reach its peak intensity around the
time ¢t = 0. If a plane wave now travels through the origin and interacts with the background
field, the result will be an induced wave packet with finite spatial and temporal extension, since
the interaction can only take place for a finite amount of time. Furthermore, if the incoming
beam is already a wave packet of finite extent, it has to pass through the origin at times when
the magnetic field has its peak amplitude in order for notable interaction to occur.

Since we aim to utilize the same strategy as in the last chapter, i.e. employ the expression
for the photon polarization tensor in a constant magnetic field and substitute B — B(x,t) to
account for the inhomogeneity, we have to require the magnetic field to vary sufficiently slowly.
The time scale 7 for the existence of the virtual electron-positron pairs with energy E is given
by 7E ~ 1. Hence, the polarization tensor probes time scales of the order of the Compton time,
ie. 7~ 1/m~198-1075eV~! ~ 1.3-1072!'s. The approximation of a locally time independent
field should hold true as long as the temporal variation of the laser pulse is much larger than T,
which is the case for practically all viable setups.

For the calculation of the reflected field, we again make use of the equation of motion (1.26)
which also served as a starting point in the static case. Using the same strategy as in Sec. (2.1),
we strive to rid ourselves of the complicated tensor structure, but at the same time still try
to consider cases as general as possible. In analogy to the last chapter, we can again identify
settings || and L with the potential to simplify the equations of motion. However, keeping in
mind that this time we will have to apply Fourier transformations (A.13) acting on space as
well as time coordinates, it becomes clear that the parallel setting has to be dropped from our
discussion. The projector Pj(k) does not remain unaffected anymore by the inhomogeneity, as
k| = (w, k) possesses a k9-component which will be affected by the temporal variation. Hence,
B (k) # B (k"). We furthermore see that the temporal inhomogeneity will likely induce frequency
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conversions between incoming and induced photon beam in the general case.

The above consideration leaves us only with the perpendicular component to apply on a
similar procedure as in the last chapter. For the remainder of this work we shall only consider
this component. The equation of motion for this particular case again simplifies to the scalar
equation

d4k’
oL nalk) = = [ gl (k. —kB)aL (k) (31)

and, limiting ourselves to the two-dimensional case, we arrive at

dk,
(kzi —w? 4+ k2 )(IJ_ ind (kz, ky, w) = / /HJ_ —kl,w, —w' ky|B)ay i (kL ky,w').
(3.2)
A transformation to position space employing (A.13) results in

82 82 ~ .
~ o2 8t2 + k al ind(X, ky, t) = —/dx’ 0, (x,x',t, ¢, ky) CLJ_’in(X,, k:y,t') =j1(x,ky,t),
(3.3)
with the symmetrized polarization tensor in position space
- 1
H(x,x', t,t') = 5 [H(X,X/,t,t/, ky) + I0(x', x, ', ¢, ky)] : (3.4)
We now calculate the corresponding Green’s function solving
82 82 2 ! ! ! !
—@—i-w—l—ky G(x,x,t,t' ky) =0(x —x)o(t — 1), (3.5)
or in position space
(k3 — w® + k) Gk, Ky, w,w') = 216 (kg + K),) 276 (w + ). (3.6)

In order to maintain causality, we have to use the integration prescription which produces the
retarded Green’s function, reading

ik (x—x") ,—iw(t—t')
(x,x',t,t") / / dky dw ¢ ¢ . (3.7)

21 2” ,/kzg+k§+z‘e> (w—kﬂk%—i—k%—kie)

The contour of the w integration is such that it circumvents the poles in clockwise half circles.
Closing the integration path below for ¢ — ¢’ > 0 picks up both poles, while for ¢t — ¢ < 0 and a
path in the upper half plane picks up none. Therefore we arrive at

o) ) ) sin k% +k2(t_t/)
G(X, X/7t7t/) — _e(t _ t/)/ %ezkz(xfx) (\/7?/ )
oo 2T \/m
(3.8)
* sin (/k2Z + k2(t —
_H(t—t’)/ %cos(kﬂx—x <\/7 >

The solution to this Fourier cosine transformation is given in [38], page 26 and reads

Gx, X', 1,1) = —%G(t Y x—x)) Jo (|ky|\/(t 2 — (x— x/)2) : (3.9)
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where

Jo(z) == — /07r cos(zsin ¢) d¢ (3.10)

defines the Bessel function of the first kind. The condition for the non-vanishing of the Green’s
function can be rewritten to read

x+t—t'>x >x—(t—t) (3.11)

and is exactly the condition of causality: points outside the past light-cone cannot influence the
value of the field at the point (x,t). From Eq. (3.10) we see right away that Jy(0) = 1. The
result for the special case of k, = 0 consequently takes on a quite simple form, i.e.

. 1 for —(t—-t)<x—-x'<t-"t,
Gl X t,t) = =50t =) 4 3 for |x—x|=t—1|, (3.12)
0 otherwise.

The general result for the induced field a ;nq is given by

x+t—t'
a1 ima(x, b, ky) / dt / da’ Jo (g V/(E =02 = (x = X)2) j1 (< Ky, )

(t—t")

1 x+t—t’
— / at’ / dx’ / dx" / at”
2 t t/

% Jo <|k:y|\/ t— )2 — (x— x/)2) Ty (% 8 ky) agan (5 Ky ).
(3.13)

We can now implement the spatially and temporally inhomogeneous magnetic field B(x, t) in the
polarization tensor in analogy to the last chapter. The general procedure is outlined as follows,

9 (K, ') (2) 8(ks + K.) (27) 6(w + o) ET T (x — /1 — 1) 2200,

I (x, %', ¢, 1) .
(3.14)
A Fourier transformation on the x component of the momentum vector and on the energy com-
ponent according to A.13 results in a polarization tensor solely depending on the differences
x —x' and t — #/, since translational and temporal invariance must hold. Inserting the space and
time dependence of the magnetic field, i.e. B — B(x,t), breaks both invariances and we arrive
at the required expression IT* (x,x/,t,t"). An inverse Fourier transformation would result in a
polarization tensor II* (k,, k., w,w') mediating between two distinct momenta k, and &’ as well

as two distinct photon energies w and w’'.

3.2. Definition of the reflection coefficient

In the last chapter, the reflection coefficient for the one-dimensional static case was defined as
the ratio of the squared amplitude | A,e¢|? of the reflected beam to the squared amplitude |Aj;|?
of the incoming beam. In the static case this is equal to the ratio of intensities, which is also
the physical quantity a measuring device registers at a given moment of time (i.e. a photo-
diode measures the number of photons hitting its area). Therefore, a reasonable definition of
the reflection coefficient for the time dependent case is given by the ratio of the time integrated
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intensities of the incoming and reflected beams, which suitably placed detectors with a certain
area measure. This quantity characterizes the total energy ., which gets reflected and passes
the area of the detector, set in relation to the incoming beam energy &,. We set the maximum
of interaction at time t = 0 and place x = 0. The incoming beam starts at a time ¢t = —oo and
at position x = —oo and travels in positive x direction. The detector is appropriately set up at
a large negative position x = —L and is assumed to span an area Age. in the y-z plane. Hence,
the majority of the reflected beam photons will have passed the detector at some large, positive
time. We define the intensity of the photon beam at a certain spatial point x and time ¢ as
I(x,t) = energy density - group velocity

= w(x,t) - ce(x,1), (8.15)

where the energy in a given volume V' can be obtained from

£(t) = /V dx w(x,t):% /V P ((x, ) + b2(x, ). (3.16)

In our case, the position of measurement is already far outside the interaction region and therefore
the beam travels with group velocity cgr = 1. The electric field e(x,t) and the magnetic field
b(x,t) of the photon beam are related to the vector potential a(x, t) by means of the field strength
tensor F),, = d,a, — 0ya,, see the appendix A. More specifically, the electric and magnetic field
components are given by

¢; = F% = 9%" — 9'a’ — ¢ = —da(x,t) — grad a®(x, 1), (3.17)
1 .
b; = §eiij]k — b =rot a(x,t). (3.18)

We can now derive an expression for the reflection coefficient R;. This will be done only for
the perpendicular component and the justification was given in the last section. Consulting Eq.
(1.47), the corresponding photon polarization mode for the perpendicular case is given by

ep X e ep X e
a (x,t) = a1 (x,t) [o, M} =ay (x,1) [o, knﬂ =:ay(x,1)[0,e4]. (3.19)
The electric field then simplifies to
e(x,t) = — 0y (x,1) eq, .
0 3.20

and the magnetic field can be simplified by using an identity from vector analysis, in which case
we obtain
b(x,t) =rot (aL(x,t)e,) = —e, x grad a  (x,1). (3.21)

In the last section we saw that the y and z components of the probe photon momentum k are
not affected by the inhomogeneity and we obtained an expression for the potential a (x, ky,t)
as a function of x, ¢t and k,. This quantity can be related to a (x,y,t) by means of the partial
Fourier transformations (A.12), i.e.

dk |
0L (x,y,1) = / a1 (3.22)

We now put the time and area integrated intensity of the reflected beam a yef(x,y, t) in relation
to the incoming beam a | jn(x,y,t) and define this quantity as the reflection coefficient, i.e.

ffooo dt L”Adec dy dz [(%2 eJ_,ref)Q(Xa Yy, t) + (%e bJ_,ref)2(X7 y, t)]

R = —
STt f,, dyda[(Reer )2 (x,y.t) + (Rebl )2 (x,y.1)]

(3.23)
=L
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The reflection coefficient thus measures the energy which hits a detector with area Age. positioned
at a large negative distance —L and puts it in relation to the incoming beam energy. The latter
we formally assume to be measured by another detector with the same area Agec, but put into
such a position that it registers the incoming beam. Since our problem is z independent, the
z integrals in the numerator and denominator cancel out. One requirement for the use of this
formula is that both the incoming and the reflected beam are wave packets localized in time
and x direction. If the wave packet is furthermore localized in the y direction and we assume
the detector’s area large enough to pick up the bulk of the energy of the reflected beam, we can
formally extend the integration limits in the y direction to £oo. Keep in mind that Eq. (3.23)
requires the evaluation of the real parts of the electric and magnetic field components if we are
dealing with complex quantities. For beams with such properties, the reflection coefficient takes
the form

o odt [, [ (Re et rer)2(x,y, ) + (Re b i rer)2(x,, 1))
f dtf me eJ— IH) (X7Y>t) + (me bL,in)2(X7Y7t)]
where the electric and magnetic fields have to be evaluated according to Egs. (3.20) and (3.21).

As shown in the last chapter, the perpendicular setting restricts the possible directions of the
magnetic field. If the magnetic field points into the direction of the inhomogeneity, i.e. e = e,

R, =

| , (3.24)
x=—L

the equations for the field components simplify substantially, since e, = —e,. The reflection
coefficient can then be written as
R, = Joodt [20, dy [(Redral rer)® + (Re Dxa rer)? + (Redyal rer)?] ‘ (3.25)
x=—L

f dt f dy 2)% 8taL m) (9% OxaL,in)Q + (iRe 8yaj_7in)2]

In most cases, it will be easier to evaluate incoming plane waves in the x and y direction
and use these to approximately describe the incoming probe laser pulse, as was already done
in the last chapter. Under these circumstances, Eq. (3.23) cannot be used to calculate the
fraction of reflected photons since the numerator and denominator diverge. However, then one
can substitute the denominator by the total pulse energy &y, of the incoming probe laser pulse.
We therefore define the reflection coefficient in the case of an incoming plane wave with specific
k; and k, as

f dt JTA dy dz [ %2 eJ_7ref)2(X7Yat) + (9% bJ_,ref)Q(vaat)}
2&in

Ry (kg ky) = (3.26)

x=—L
The amplitude A | i, of the incoming beam a | in(x,t) has to be matched to correspond to a given
energy &, of the incoming probe beam, when the area of the detector Agec is taken into account.
This can be done easily for the special case of eg = e, as is demonstrated now. The incoming
plane wave a jn(x,t) = —e, A iy expli(kyx + kyy — wt)] with a constant and real amplitude
A in has an energy density of

w(x,t) = szi’in sin? [kyx + k,y — wt], (3.27)

where w? = k2 + kzg We can now choose the area of the detector to be of following extent in
y and z directions: Agec = (y = 0...27/ky,z = 0...27w/ky). Furthermore, choosing the temporal
integration to be of the order of the incoming pulse length 7 and demanding that this corresponds
to 86% of the energy contained within the pulse, we obtain the formula

k2Em

27727w2

Al i~ 1/0.86 (3.28)
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3.3. FOURIER TRANSFORM OF THE POLARIZATION TENSOR

Equation (3.28) approximately relates the amplitude Aj, to the incoming beam energy for the
case of plane waves, if k, # 0. For the case of k, = 0 the only length scale left is given by k.,
so we choose a detector area Agec = (v = 0...27/ky,z = 0...27/k,). The integrations will be
independent of y and the energy relates to the amplitude by

k2Ein

o2m2rw?’

AL~ 1/0.86 (3.29)

Such a plane wave approximation as done here should comply well with the Setup (b) described
in the last chapter, since the pulse duration of the POLARIS probe laser is about eight times
longer than that of the JETI200 pump laser.

3.3. Fourier transform of the polarization tensor

In this section, we perform a partial Fourier transformation (A.13) on the perpendicular com-
ponent of the weak field photon polarization tensor (1.49). Again, we only consider the lowest
orders (1.50) and (1.52). The perpendicular component of the photon momentum k; = kye,
can be identified with the y component in our case of two dimensions.

Order n=0

Starting with 2md(ks + k)27 (w + w')I1y (0)(k) according to our procedure (3.14), we must
evaluate the expression

1 2
T oy (x — Xt — ko) = 40‘/0 dv <”3 -1

w )
/ dky / dw (k2 — w? + K2 ) gike () mieo(i=t)) 50
T m? —ie+ (k2 —w? +k?) 1_4”2 '

Substituting

m2 — ie

u=ky—w, v=kytw, xy:=x-xFx(t—-t) and n:=4

the expression can be cast into

! (%-1%2 du dv (w+%k2)%
m Xt -tk :O‘/d/”<+“/L 5x-v (3.32
Lo =xt=tk) =50 | dv==—7s 27" druv+n+ k2 (3:32)

Let us first compute the innermost integral, i.e.

v (uv + k2 2,
I, ::/ l(Qii)eEM. (3.33)

— 0 2T 77+kL + v

u

Depending on the sign of u, the poles of v lie in the upper (u > 0) or lower (v < 0) complex
plane. The contour has to be closed in the upper plane for x_ > 0 and in the lower plane for
x_ < 0. Hence, I, evaluates to

i X

I, =i [O(u)O(x_) — O(—u)O(—x_)] nle 2w (1TK1) (3.34)
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CHAPTER 3. REFLECTION AT TIME DEPENDENT MAGNETIC FIELDS

and therefore

1 (? — 1) 14
i (x—x',t—t’,kl):“/ dv~"
Ho 2m Jo 12 (3.35)

[@<X_)/ Ayl 5 (it >y<+)+@(_x_>/ dy 1 (a2 |
0

27ry 0 27Ty

where the substitution v = 1/y has been performed. The y-integral can be solved in terms of
modified Bessel functions by employing formula 3.3241 from [39],

/ dpets—7 = \/§K1 (\/ ﬁ’Y) for Re S >0, Rey > 0. (3.36)
0

Differentiating with respect to the parameter 5 to generate the inverse powers of x and employing
the recurrence relation 9.6.26 from [40],

KL(2) = Ky (2) = ZKo(2), (3.37)
z
we arrive at the formula
oo 1
/ do —e~ 4% = —2Kj (x/ﬁfy) for Res >0, Rey > 0. (3.38)
0 X
Hence, the solution for the lowest order is given by
/ / oy ! (? B 1) v 2 2
HL7(0)<X—X,t—t ,kJ_) = —272 dyﬁn KO X+X_<77+kJ_) . (339)
™ 0 — UV
Order n=1
The first nontrivial order is given by n = 1. Again, we compute the Fourier transform of
2100 (kg + kf)2m6(w + w)IL| (9)(k) along the same lines as in the last section, i.e.
/ /1,2 dw zk:x —x')—iw(t—t")
Oy g)(x—x,t -t ki) =— dl/l—l/
1 1 m?
2{(k§—w2)(1—u2)+ <1+ v (1 )kQ}. (3.40)
oy 2 3
Performing the same substitutions as in the last section, we arrive at
200 (1 1 du i dv i
/ / 2\ =X Lx_
HL7(2)(X_Xat_t7kJ_)__§ 0 yl_VZ % 27 %EQ !

1 1+ 12 4m?
Suw -0+ (14 T K2, (341)
[uv +n + K3 ] 2 [uv + 1+ k2]

and the innermost integral is given by

1402

dv i )1 v(1=1?) 1 (1+ ”) 1 4m? )
L= [ o e s+ 3 5 | KL
2 u[mk I } U [nJrk _H)} U |:77+kj_+v:|

u
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3.3. FOURIER TRANSFORM OF THE POLARIZATION TENSOR

Now the poles are of higher order, but they still have the same location in the complex plane as
for the zero-th order. The integral evaluates to

I, = i[0(u)O(x_) — O(—u)O(—x_)| e+ (k)
x {(1 —v?) <i - %%X_(Tl-i‘ ki)) - ((1 ;1 +2V2> %%x_ + Z;XQ) ki} (3.43)

and Eq. (3.41) therefore becomes

2iac (1 1
/ /I 1,2\ __
HJ"(Q)(X_X’t_tka‘)__gﬂ'/O dyl—VQ

x [@<x_> / & 3 (- trvid==7)

et () b o)

~6(x) [ eletran)

2

X {(1 —?) (—; - ;X(’f}-Fki)) — <<1 + 1—;y2> %X, - Trjx{y) ki}] .

(3.44)

The y integrals can again be evaluated according to the procedure of the last section. The one
missing integral is generated from the integral (3.36) by differentiation with respect to v and its
solution therefore given by

/000 doz e 0% = [\/gfﬁ (\/ﬁ?) + ;fKo (\/%ﬂ for ReB >0, Rey > 0.

(3.45)
Keeping in mind that the square root in Eq. (3.36) has to be taken using the positive solution,
the result for the second order Fourier transformed polarization tensor can be conveniently stated
as follows,

. 1 21,2
ixe% 2m ks xyx_
HL,(Q) (X — X,’t - t,, ki) = _Q /0 dv { |:—4 — 1 i ij_ 1t1/2:| KO ( X+X7(T] + ki))

+[O(xix-) +iO(—xx )] V[xx-[y/n + kT

4m? 1 3+ 1 )
2 — ki | K _ k2 . (3.46
x[ <(77+k2L)21—V2+1—V277+k2l> 4 1( xyx—(n+ ﬂ)} ( )

Note that the result is invariant with respect to translations as it only depends on the quantities
x —x' and t — /. More specifically, the photon polarization tensor in position space is a pure
function of x,x_ = (x — x/)? — (t — t')?, since the polarization tensor in momentum space, Eq.
(1.50) and (1.52), depends solely on combinations uv = k2 — w?. The full solution up to the
second order is therefore given by

I, (x—x,t—t' k?2) = I, (o) (x—x',t—t, k?)+(eB)? I, o) (x—x',t =1/, k2)+0 ((63)4) , (3.47)

together with Eqgs. (3.39) and (3.46).
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CHAPTER 3. REFLECTION AT TIME DEPENDENT MAGNETIC FIELDS

3.4. Calculation of the current j,

The current j, (x/, ¢, k) as the source of the induced photon field can be expanded in powers of
(eB)?, i.e.

jJ— (Xl? tl? ky) = jJ_,(O) (Xla t/7 ky) + (eB)Q jJ_,(Z) (Xl7 t/7 ky) + o (<€B)4) ’ (348)

where the expansion coefficients are given by

Jio (k) = / dx" / AT ) (X — X"t — " k) a (kg ), (3.49)
IRCIC A /dx”/dt" L, o) (X, x" 81" y) a in(x", Ky, t7). (3.50)

The polarization tensor at the lowest order n = 0 is still invariant with respect to translations,
since it does not depend on the magnetic field. We thus expect this order to vanish, which is
confirmed by an explicit calculation. It is advantageous to not employ the special representation
of the polarization tensor Eq. (3.46), but instead leave the evaluation of the momentum integrals
for a later stage. Furthermore, we only consider an ingoing plane wave

in (x", oy, ) = e/~ (3.51)

with photon energy wi, = 4 /k?n + k; The lowest order of the current is then given by

710X Ey, t) ——/dx”/dt”/ (—1) /
]{2

—w —|—k2)
%o

Switching the order of integration, i.e. first performing the x”- and t"-integrals, yields delta-
functions

zlcz (x'—x")—iw(t' —t"") ei(kinx”fwmt//) . (352)

27 §(ky — kin) 27 0(w — win) (3.53)
and, upon evaluation,
2 2 2)2
y / k t, — ig ! d ﬁ —1 2 (kin — win + ky) 7:(kinx/_(")int/)
J1,(0) (X y oy ) - v v 2 . 2 2 2\ 1—12 €
Am 0 3 ms — i€+ (kin — Wip + ky) T4 (354)
= 0,
because w? = k2, +k2 Since we can generate wave packets of arbitrary shape by the superposition

of plane waves, this rebult also holds for the general case of arbitrary incoming photon beams. As
expected, the effect of quantum reflection manifests itself again as an effect which is suppressed
by at least B2/B2, on the level of the reflected field a,et. The second order current j | @)@ ky, 1)
cannot be evaluated easily, since the inclusion of an inhomogeneous magnetic field breaks the
translational invariance. Furthermore, it does not seem possible to reach a closed expression for
the reflection coefficient for arbitrary magnetic fields as was done in the last chapter. Rather,
one has to specify the spatial and temporal variation B(x,t) early in order to solve the remaining
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3.4. CALCULATION OF THE CURRENT J .

integrals. A promising generic shape, which is sufficiently close to experimental reality, might be
given by a Gaussian spatial and temporal profile exhibiting a temporal modulation, i.e.

t

2 2
B%(x,1) :BQe’%) e’(ﬂ ewmt, (3.55)

Especially the inclusion of the temporal modulation, which is an inherent property of laser beams,
might give an extra handle to increase the effect of reflection in analogy to the static case. The
computation of the current for such a profile is still under investigation.

Once the current is calculated, one still has to find an expression for the induced field by
means of the equation (3.13). The integrals are not easy to evaluate due to the Bessel-function
contained in them. However, physical results for the induced field should exhibit some basic
properties, which are a direct consequence of the spatial and temporal locality of the inhomo-
geneity. For asymptotic times ¢ — oo, the induced wave should reduce to basically two parts,
which correspond to reflected and induced contributions. These should only depend on the rel-
ative coordinates x 4+ ¢t and x — ¢t respectively, where ¢ = ¢(k,) > 0 denotes a constant. By
means of singling out these contributions, one can therefore in principle compute the reflection
coefficient via Eq. (3.23), which in the end should not depend on the position x = —L of the
detector and, formally, the limit L — oo can be taken as was done in the static case.
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4. Conclusion and outlook

This work dealt with the investigation of quantum reflection as a new means to probe the QED
quantum vacuum nonlinearity. The main body of this thesis examined this phenomenon for the
case of static magnetic background fields and the obtained results can be considered as first
estimates for the effects expected to be observed in feasible high intensity laser experiments.
Naturally, the treatment has to be extended to involve the time dependency as well. Spatial
and temporal variations of the field strength were required to be large compared with Compton
wavelength of the involved virtual particles. In the context of QED, practically all available high
intensity laser systems in the optical region comply easily with this restriction. Contrary to the
traditional signatures of the QED vacuum, which were briefly outlined in the introduction, quan-
tum reflection manifestly requires an inhomogeneous background field. This fact necessitated the
treatment of the problem in position space and hence information about the entire momentum
dependence of the photon polarization tensor had to be maintained. In particular, no a priori
approximation to on the light-cone dynamics can be applied, which considerably complicates the
calculation for the time dependent case.

In the second chapter, two different strategies of deriving the reflection coefficient were pre-
sented. Especially the second derivation via the quantum mechanical analogy highlights the
close connection of optical quantum reflection with the case of atomic quantum reflection, as was
already mentioned in the introduction. The resulting equation for the reflection coefficient in the
static case turned out to be particularly simple and allowed the study of a plethora of different
beam profiles in order to maximize the effect. The exploitation of this freedom, while inter-
esting and enlightening, is also highly necessary, since in addition to the suppression stemming
from the fourth order coupling (B/Bc)?, reflection is usually further suppressed exponentially
in the reduced frequency w. However, sizable rates of reflection for current laser systems could
already be achieved by considering varying angles of incidence 8 as well as utilizing modulated
as well as 47 focused laser pulses. Near-future laser facilities such as ELI will provide additional
improvement by drastically increasing the maximum field strength available.

The last chapter depicted a first attempt to generalize the treatment to space and time depen-
dent background fields. While the calculation of the Green’s function as well as the zeroth-order
current for this case could be achieved in a straightforward manner, the inclusion of generic
background beam shapes is still not completed. Additionally, a possible definition of the reflec-
tion coefficient for the time dependent case was given. It seems rather challenging to estimate
the effect of temporal variation on quantum reflection. However, since we have observed that
a modulated inhomogeneity can help to overcome the exponential suppression, and that such a
modulation w,, will likely be induced by the temporal oscillation of the background field, the
prospect seems promising at first sight. Hence, it might not even be necessary to experimentally
realize very complicated field profiles in order to yield measurable reflection rates.

Of course, solving the time dependent case is the most pressing issue at the moment, since it
would allow for solid quantitative predictions with regard to a possible experimental realization.
However, there are many alternative aspects which deserve attention. First of all, in contrast to
this work which dealt within a weak field approximation one can also investigate the strong field
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limit B/B¢; > 1. Although such a treatment does not possess any connection to currently feasible
experiments, it opens up the possibility to study manifestly non-perturbative effects. A deeper
investigation of the Lorentz potential 1/(1+2?) also falls under this category. Secondly, a further
generalization and a way to ease the not to be underestimated experimental confinement to purely
magnetic background beams is given by the investigation of crossed field configurations with non-
vanishing electric and magnetic field components. Exact solutions of the photon polarization
tensor in such backgrounds to one loop order have been obtained, as was already mentioned
at the end of chapter 1. However, it is not certain that such a setup would permit the simple
treatment of the tensor structure of the equations of motion, as was possible in the present work
for the case of a purely magnetic background field. Consequently, this necessitates a detailed
inspection of how specific photon polarization modes are affected and mixed by inhomogeneous
magnetic and electric background fields, which also constitutes an interesting effect in its own
regard.

All of the aforementioned aspects eventually deserve attention on the path to a more accurate
description of the phenomenon of optical quantum reflection and its subsequent utilization as a
means to probe the QED vacuum. Hopefully, this work was able to give first insights into the
effect of quantum vacuum reflection and help establish its feasibility as a possible complementary
signature of the quantum vacuum nonlinearity.
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A. Notation and conventions

Throughout this work we work in the Heaviside-Lorentz system and use natural units, i.e.

h=c=1. (A1)
In this system, the unit of electric charge e is related to the fine structure a by
e = Vira =~ 0.303 . (A.2)
As a convention for the flat Minkowski metric, we choose
g = g'" = diag (—1,1,1,1). (A.3)
Greek indices run from p = 0,...,3, while Latin indices run from ¢ = 1,...,3. Indices, which

occur twice in a single term, are being summed over in accordance with the Einstein summation
convention. The components of the momentum four-vectors k£ in Minkowski space are given by
k' = (w, kg, ky, k) = (w, k). The spatio-temporal four-vector = uses Roman letters to denote its
spatial components, i.e. =¥ = (t,x,y,z) = (t,x). Bold quantities represent ordinary Euclidean
vectors in three-space, the corresponding unit vectors are given by e,, e, and e,. The only
exception was made in chapter 3. There, ¢ and b denote the Euclidean electric and magnetic
field strength vectors respectively and e¢;, b; their components. The product of two four-vectors
is given by

kr = —wt+ k- -x=—wt+ kyx+ kyy + k2. (A.4)

The ~-matrices in their standard representation

o (1 0 i (0 o
vy _<O _1) and _<—ai 0> (A.5)

satisfy by definition the anti-commutation relations

{¥*,7"} = —2¢". (A.6)

The Pauli matrices are given by

R ) N

and the matrices o*¥ are defined by

i
ot = 5 [, 7] (A.8)
The Feynman slash denotes a contraction of a four-vector with y-matrices, i.e.
§ = pa = %’ 4 ~d" (A9)

In our metric, the electromagnetic field strength tensor F** = 9Ha” — 0”a* is given by

0 E FE, E;
-F, 0 By —Bs
~By -B; 0 B
"By By -B; 0

FH = (A.10)
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Since many results involve the evaluation of numerical values, let us give the conversion factors
between Sl-units and natural units:

Quantity SI-unit Natural unit
Length Im 5.07-100 eV~!
Time 1s 1.52-101 eV~1
Mass 1kg 5.61-10%° eV
Energy 1J 6.24 - 10'8 eV
Intensity 1W/ecm? | 1.59-1076 eV*?
Power 1W 4.11-10% eV?
Magnetic field strength 1T 195.5 eV?
Electric field strength 1V/m 6.5-1077 eV?

Fourier transformations

We switch between position and momentum space by means of the Fourier transformations

_ d'k a etk an Vip. 2') = ﬁ d'K’ etk ik’
) = | Gyt ) = [ | G e A

Furthermore, throughout the paper there are performed partial Fourier transformations on either

only one spatial component, i.e.

dk, '
ay(x, ky, k2, w) :/%ay(k)e’kzx,

(A.12)
v dky dk$ zkxx v ikl x’
™ (x, % k:y,k:;,k:z,k;,w W' = /271_/ o " (k, ke ,
or on one spatial and the temporal component, i.e.
X k:‘/?kzvt /dk /dwal’ i(hax—- wt)’
(A.13)

dkl, [ dwdw' R sl
HMV(X %! ky,kly,kz,k;7t t / / %%ez(kzxfwt)nuy(ky k/)ez(kz 7wt).
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B. Gaussian beams

A short overview of the properties of Gaussian beams, propagating along the z-axis, is given (see
for example [41]). The Gaussian beam is a special solution of the paraxial approximation to the
Helmholtz equation. The amplitude B(r,z), where r denotes the radial coordinate, is given by

r 2 . ’7‘2 .
B(r,z) = By—2 () e arEm) ¢i(C(2)—hz) (B.1)
w(z)
with
2\ 2
w(z) = woy/1+ () , beam radius, (B.2)
20
2
R(z) ==z <1 + <Z—O> ) , radius of curvature, (B.3)
z
z
((z) = arctan—, Gouy phase shift, (B.4)
20
2
70 = %, Rayleigh length. (B.5)

The beam radius w(z) indicates the radial position at which the field declined to 1/e of its
maximum value at » = 0. It is characterized by the waist 2wy, which denotes the smallest
extension of the laser beam. The Rayleigh zone extends from —zy to zg and marks the region
of the biggest change of the laser beam, i.e. the transition from a plane wave for z ~ 0 to an
approximate spherical wave for z > zg. The beam radius in the focus z = 0 is almost constant,
while it increases linearly for large z. The radius of curvature R(z) near the focus resembles that
of a plane wave, i.e. R(z — 0) — 0, while in the far field it increases linearly with z as well. The
Gouy phase shift accounts for an extra phase shift near the focus compared with plane waves.
In the center of the beam, i.e. z = 0, the transversal profile is given by a Gaussian profile

B(r,0) = By () (B.6)

For the specific case of quantum reflection, we consider the background beam radius in the focal
spot as constant and furthermore assume f-numbers of f# = 1. Therefore, the beam radius
is given by wy = A and the Rayleigh length by zg = wA. At the Rayleigh length, the waist of
the Gaussian beam increases to w(zg) = v/2wg. If the probe beam hits the background beam
under an angle of 3, it traverses the background beam in the longitudinal direction on a scale
(2tan $2)). For our assumption of a nearly constant waist size in the interaction region to be
valid, we require the longitudinal distance to be of not more than twice the Rayleigh length.
This leads to an upper limit on the angle 3, which is given by

tan 8 < g B <58 (B.7)

Hence, we should strive to achieve incidence angles 5 below this maximum value as such setups
comply better with the approximation of a nearly constant background beam radius wy.
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