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Photon-photon	scattering	was	one	of	the	early	predictions	of	QED	and	the	first	
searches	started	around	1930

In	that	year,	Hughes	and	Jauncey tried	to	detect	photon-photon	scattering,	in	an	attempt	that	
was	totally	disconnected	from	the	positron	theory	of	Dirac	(1928)
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In	another	early	effort	(Proc.	Royal	Soc.	London.	Series	A,	125,	(1929),	345-351.)	William	
H.	Watson	proposed	to	measure	the	effect	of	a	transverse	magnetic	field	on	the	
propagation	of	light,	and	therefore	the	scattering	between	real	and	virtual	photons,	on	
the	basis	that	

... The simplest particle properties which one can postulate are those of electric moment 
and magnetic moment; free electric charge is excluded by the fact that light is not deflected 
in a uniform electric or magnetic field ...

and	he	set	out

... with the object of detecting, if possible, the existence of the magnetic moment of a photon 

... 
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Already	in	these	very	early	experiments	we	notice	a	branching	of	
two	different	experimental	lines:	

• optical	tests	at	very	low	energy
• photon-photon	scattering

This	branching	shows up	in	theory	as	well,	with	different	
formalisms	at	very	low	and	at	not-so-low	energy

• effective	Lagrangians	
• calculation	of	scattering	amplitudes	and	cross-sections
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• 1936:	Heisenberg	and	Euler	give	the	full	closed-form	expression	of	the	nonlinear	correction	to	
the	Maxwell	EM	field	Lagrangian	that	takes	into	account	the	fluctuations	of	a	spin	½	fermion	
field

• 1936:	Weisskopf presents	a	similar	computation	that	takes	into	account	the	the	fluctuations	of	
a	spin	0	scalar	field.	Both	HE	and	W	note	that	the	fluctuations	of	the	background	field	are	
expected	to	influence	the	propagation	of	light.	

• 1942:	Schrödinger	studies	nonlinear	optics	and	photon	splitting	associated	with	the	Born-
Infeld	Lagrangian

• 1950-51:	Schwinger	formalizes	the	HE	Lagrangian	in	the	language	of	QED;
• 1966:	Erber	considers	photon	splitting	with	an	approach	that	is	partly	based	on	the	Lagrangian	

formulation
• 1970-1:	Bialinicka-Birula	&	Bialinicki-Birula,	and	Adler,	study	the	interaction	of	photons	with	

external	magnetic	fields	and	cast	photon	dispersion	and	photon	splitting	in	the	same	
framework;

• 1986:	Maiani,	Petronzio	&	Zavattini	consider	the	effect	of	axion-like	particles	on	the	
propagation	of	light	in	a	magnetic	field	

optical	methods	(Lagrangian	formulation)
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The	calculations	of	Heisenberg	and	Euler,	and	of	Weisskopf	are	slightly	different	in	
scope

• Heisenberg	and	Euler	consider	spin	1/2	particles
• Weisskopf	mostly	considers	spin	0	particles

However,	they	have	many	points	in	common	

• Both	HE	and	W	calculate	corrections	to	the	classical	Maxwell	Lagrangian
• They	compute	one-loop	corrections	to	all	orders

• The	resulting	Lagrangians	are	“effective	Lagrangians”;	this	means	that	in	a	theory	of	
charged	particles	AND	electromagnetic	fields	– where	we	assume	that	the	energy	of	EM	
quanta	is	much	less	than	the	rest	energy	of	the	particles	– the	particle	degrees	of	freedom	
are	eliminated,	and	the	originally	linear	theory	acquires	an	“effective”	nonlinear	
character
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Dedicated to the memory of Ian Kogan, a great physicist and friend,
whose enthusiasm for life and science is sorely missed.

1. Introduction: the Heisenberg–Euler Effective Lagrangian

1.1. The Spinor and Scalar QED one loop results

In classical field theory the Lagrangian encapsulates the relevant classical
equations of motion and the symmetries of the system. In quantum field
theory the effective Lagrangian encodes quantum corrections to the classical
Lagrangian, corrections that are induced by quantum effects such as vac-
uum polarization. This can be used as a semi-phenomenological device, as
in effective field theory, or as a fundamental approach in which one uses
an external classical field as a direct probe of the vacuum structure of the
quantum theory. The seminal work of Heisenberg and Euler [1], and Weis-
skopf [2] produced the paradigm for the entire field of effective Lagrangians
by computing the nonperturbative, renormalized, one-loop effective action
for quantum electrodynamics (QED) in a classical electromagnetic back-
ground of constant field strength. This special soluble case of a constant
field strength leads immediately to several important insights and applica-
tions.

In spinor QED, the one-loop effective action for electrons in the presence
of a background electromagnetic field is

S(1) = −i ln det(iD/ − m) = − i

2
ln det(D/2 + m2) , (1.1)

where the Dirac operator is D/ = γν (∂ν + ieAν), Aν is a fixed classical gauge
potential with field strength tensor Fµν = ∂µAν−∂νAµ, and m is the electron
mass. This one-loop effective action has a natural perturbative expansion
in powers of the external photon field Aµ, as illustrated diagrammatically in
Figure 1. By Furry’s theorem (charge conjugation symmetry of QED), the
expansion is in terms of even numbers of external photon lines. Heisenberg

+ + + . . .

Figure 1. The diagrammatic perturbative expansion of the one loop effective action (1.1).
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Nonlinear	one-loop	correction	term	obtained	by	Heisenberg	and	Euler	for	spin	1/2	particles

Nonlinear	one-loop	correction	term	obtained	by	Weisskopf	for	spin	0	particles

(notation	as	in	G.	V.	Dunne,	“Heisenberg–Euler	Effective	Lagrangians:	Basics	and	Extensions”,	in	“From	Fields	to	
Strings:	Circumnavigating	Theoretical	Physics	- Ian	Kogan	Memorial	Collection”	(World	Scientific,	2005)	445-552.)
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Interestingly,	the	different	terms	can	be	related	to	specific	features	
of	the	theory
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subtraction	of	the	infinite	
free-field	effective	action

this	corresponds	to	a	log	term	in	the	integrated	
Lagrangian:	it	is	an	embryonic	form	of	charge	
renormalization

the	integration	variable	is	the	“proper	time”	
variable	(fully	developed	later	by	Stückelberg,	
Feynman	and	Schwinger)



Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017 9

The	Lagrangian	correction	terms	can	be	expanded	as	follows,	up	to	
second	order	(natural	units	throughout)

Using	the	equations	of	motion	of	the	fields	one	finds	the	D and	H fields	

and	the	corresponding	effective	values	for	the	electric	and	magnetic	polarizabilities	(using	
the	first	term	of	the	expansion	only,	for	spin	½	particles)	
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As	noted	both	by	Heisenberg	and	Euler,	and	by	Weisskopf,	the	
modified	polarizabilities	describe	a	QED	vacuum	that	behaves	as	a	
dielectric	medium.

For	instance,	Weisskopf	wrote:	

“Under these circumstances, the electromagnetic properties of the vacuum can be 
represented by a field-dependent electric and magnetic polarizability of empty space which 
leads, for example, to the refraction of light in electric fields or to the scattering of light 
from light.”

These	dielectric	properties	imply	the	birefringence	of	vacuum.
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Assuming	that	light	propagates	in	a	uniform,	dipolar	magnetic	field	B0,	we	find

and	eventually

where	

so	that	the	magnetized	vacuum	of	QED	is	birefringent.
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Notice	that

i.e.,	the	Ae coefficient	can	be	written	as	a	function	of	the	critical	magnetic	field
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It	is	interesting	to	note	that	the	QED	Lagrangian	is	only	one	of	a	class.	Another	one	is the	
Born-Infeld Lagrangian (originally	introduced	to	solve	the	divergence	of	electron	EM	self-
energy)

Notably,	the	BI	Lagrangian surfaces	in	low-energy	extrapolations	of	string	theories.

An	important	and	unique	feature	of	the	BI	Lagrangian is	that	magnetized	
vacuum	DOES	NOT become	birefringent.
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2
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1 = c(BI)

2 = 1/2b2
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The	generic	Lagrangian

satisfies	the	requirements	of	Lorentz	invariance	and	P-invariance.	

The	Chern-Simons	Lagrangian does	not	belong	to	this	class	of	Lagrangians

where	the	k four-vector	is	fixed,	it	corresponds	to	a	preferred	direction	in	space,	and	this	
Lagrangian	is	not	Lorentz-invariant.	

It	is	interesting	to	notice	that	the	CS	Lagrangian	leads	to	a	birefringence	of	vacuum	even	
in	the	absence	of	background	fields.

L = �F + c1F2 + c2G2

LMCS = �F + kµA⌫ F̃
µ⌫
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The	PVLAS	experiment:		started	back	at	CERN	in	the	’80’s
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After	the	initial	CERN	proposal,	the	
experiment	has	moved,	to	BNL	first	(BFRT	
collaboration),	then	to	LNL	(PVLAS	
collaboration),	and	now	it	is	located	in	a	
clean	room	inside	the	Physics	Dept.	of	the	
University	of	Ferrara		

the	PVLAS	collaboration	

• F.	Della	Valle,	University	of	Trieste	and	INFN-Trieste,	
• A.	Ejlli,	University	of	Ferrara	and	INFN-Ferrara,	
• U.	Gastaldi,	University	of	Ferrara	and	INFN-Ferrara,	
• E.	Milotti,	University	of	Trieste	and	INFN-Trieste,	
• R.	Pengo,	Laboratori Nazionali di	Legnaro – INFN	
• G.	Ruoso,	Laboratori Nazionali di	Legnaro – INFN	
• G.	Zavattini,	University	of	Ferrara	and	INFN-Ferrara

The	Physics	Department	in	Ferrara,	the	present	
site	of	the	PVLAS	experiment.
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The	predicted	QED	effect	is	exceedingly	small	and	in	its	effort	to	
detect	it	PVLAS	uses	the	following	strategies

• increase	the	magnetic	field	as	much	as	possible	(the	physical	effect is	
proportional	to	B2)

• increase	the	optical	path	length	as	much	as	possible	(you	fold	the	light	path	–
and	here	you	have	the	choice	between	a	non	resonant	multipass cavity	and	a	
resonant	cavity,	a	Fabry-Perot	interferometer)

• modulate	the	physical	signal	to	linearize	the	system’s	response	and	beat	noise
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• Single	pass	ellipticity	

• Photons	traverse	a	magnetic	field	region	of	length	L and	

• We	desire	to	determine	the	optical	path	difference																															between	the	
two	orthogonal	polarisation	states	by	measuring	the	induced	ellipticity

• The	Fabry-Perot	cavity	amplifies						by	a	factor	
• Heterodyne	detection	linearizes	the	ellipticity	to	be	measured	and	allows	

distinction	between	a	rotation	and	an	ellipticity	(the	apparatus	is	capable	of	
detecting	dichroism	as	well	as	ellipticity)

• The	rotating	magnetic	field	modulates	the	desired	signal

University of Ferrara

• We desire to determine the optical path difference between 
the two orthogonal polarisation states by measuring the induced ellipticity

• The Fabry-Perot cavity will amplify    by a factor 

• Heterodyne detection linearizes the ellipticity to be measured and allows 
distinction between a rotation and an ellipticity

• The rotating magnetic field will modulate the desired signal

General scheme
• Single pass ellipticity:

• L is the length of the magnetic field and 

Guido	Zavattini – Physics	Beyond	Colliders	– CERN,	21-22	November	2017

F.	Della Valle et	al.	Eur.	Phys.	J.	C	(2016)	76:24
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• We desire to determine the optical path difference between 
the two orthogonal polarisation states by measuring the induced ellipticity

• The Fabry-Perot cavity will amplify    by a factor 

• Heterodyne detection linearizes the ellipticity to be measured and allows 
distinction between a rotation and an ellipticity

• The rotating magnetic field will modulate the desired signal

General scheme
• Single pass ellipticity:

• L is the length of the magnetic field and 
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modulator																	signal noise rotation

Iout ⇡ I0
�
⌘2(t) + 2⌘(t)N 0 sin 2✓(t) + 2⌘(t)N↵(t) + '2(t) + . . .

 

• Ellipticity	signals	beat	with	the	modulator
• Rotation	signals	do	not	beat	(they	do	when	QWP	is	inserted)
• After	demodulation	at	the	demodulator	frequency:	

• A	pure	sinusoidal	signal	appears	at	frequency	
• Need	to	understand	noise	contribution	at	
• We	are	now	convinced	that	mirrors	are	an	important	origin	of	noise

2⌫B
2⌫B
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3.3	m	long	Fabry	Perot	cavity
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PVLAS	@	Ferrara

Fig. 3. Decay of the light transmitted from the cavity after switching off the laser frequency
locking system. The decay is fitted with the exponential function a+be−t/τd , and gives for
the decay time τd = 2.70±0.02 ms.

using full power we observe amplitude instabilities in the cavity output, and also a smaller ratio
Pt
Pin

= 0.21. By reducing the input power the output becomes stable and we obtain a higher
coupling. This behavior can probably be explained with thermal lensing effects on the mirrors
[16, 17]: when using 1.2 W as input, the power circulating in the cavity is Pc ≃ 100 kW, and
the average intensity on each of the mirrors is Pc/πw2m = 2.7 MW/cm2. This value is below the
damage threshold for the mirrors, but it can cause lensing deformation of the reflecting surface.
With a lower input, the power on each mirror surface is reduced to 1.85 MW/cm2, and this is
sufficient to avoid instabilities and obtain a better geometrical coupling.

Table 1. Summary of a few Fabry Perot cavities with longest decay time ever realized,
together with the highest finesse for λ = 1064 nm and the highest finesse in absolute. The
coherence length is defined as ℓc = cτd .

Cavity Length (m) τd (ms) Finesse δνc (Hz) λ (nm) ℓc/103 m
VIRGO [18] 3000 0.16 50 1000 1064 48
PVLAS [19] 6.4 0.905 144 000 176 1064 272
LIGO [20] 4000 0.975 220 163 1064 293
BMV [10] 2.27 1.28 530 000 125 1064 384
This work 3.303 2.7 770 000 59 1064 810
This work 0.017 0.0143 789 000 11 100 1064 5.1

J. Millo et al.[21] 0.1 ≈ 800 000 1064
G. Rempe et al.[12] 0.004 0.008 1 900 000 20 000 850 2.4

Table 1 lists some of the most performing cavities ever realized. Our work represents an
improvement of a factor larger than two with respect to previous results, and it is the biggest

#206039 - $15.00 USD Received 11 Feb 2014; revised 27 Mar 2014; accepted 27 Mar 2014; published 6 May 2014
(C) 2014 OSA 19 May 2014 | Vol. 22,  No. 10 | DOI:10.1364/OE.22.011570 | OPTICS EXPRESS  11575

⌧ ⇡ 2.70 ms

c⌧ ⇡ 810 km

N ⇡ 490000

⌫FSR =
c

2L
⇡ 45.5 MHz

finesse ⇡ 770000
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4.8 m

0.9 m

The	heart	of	the	PVLAS	apparatus	is	the delicate	Fabry-Perot	interferometer.

The	FP	interferometer	is	here
Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017



The	PVLAS	experiment	has record	breaking	FP	resonator,	and	has achieved	the	best	
bounds	on	the	magnetic	birefringence	of	vacuum
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�n = (�1.5± 3.0)⇥ 10�22

University of Ferrara
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Sensitivity	in	optical	path	difference	between	two	perpendicular	polarisations
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University of Ferrara

Intrinsic noise?
Sensitivity in optical path difference       between two perpendicular polarisations

Sensitivity in    does not depend on finesse

Dn

Dn
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Extrapolating	this	to	the	field	produced	by	LHC	magnets	and	using	a	fast	
modulation	method,	one	finds	that	vacuum	polarization	could	be	detected	in	
about	one	day
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When	the	IRIDE	project	was	first	proposed,	the	first	detection	of	the	photon-
photon	elastic	scattering	process	seemed	to	make	a	strong	scientific	case,	but	

if very-low-energy,	optical	experiments	successfully	carry	out	the	first	
detection	of	the	birefringence	of	vacuum	in	a	laboratory	environment,	and	
have	the	additional	potential	of	discovering	low-mass	axion-like	particles,	
what	is	left	for	a	gamma-gamma	low-energy	collider	to	do	(no	first	detection,	
not	suited	for	very	light	particles)?		

And	do	not	forget	the	LHC/Atlas	detection	and	the	astronomical		
measurements	of	the	Padova	group	...

It	is	important	to	note	that	the	two	approaches	are	not	really	equivalent,	
first,	a	gamma-gamma	collider	would	provide	a	QED	test	with	photons	that	
are	all	real	(two	virtual	photons	in	optical	measurements),	moreover,	in	the	
Lagrangian	approach	the	degrees	of	freedom	of	the	electronic	field	
disappear	and	give	rise	to	nonlinerity,	so	the	Lagrangian	approach	is	not	
suited	to	studies	that	involve	the	electronic	field	properties.	
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At GeV energies, the bremsstrahlung spectrum is fairly flat, with
about 40% of the energy loss from the electrons going into photons
with energy hv . E/2 (ref. 6). Once created, photons may produce
pairs in the nuclear field through the Bethe–Heitler process6, whose
cross-section (including the electron field contribution) is related to
equation (1) via20

dsgZ

dE+
(v, x) = − 1

h− x2

dseZ

dv
(−v, x) (2)

where x ; hv/Eþ (the ratio of the initial photon to the produced
positron energy). In a high-Z target, the cross-sections for other
processes, such as Compton scattering, are two orders of magnitude
smaller at GeV energies19 and can again be neglected.

The mean free path of the photons is (9/7)X0, where the radi-
ation length X0 is the distance over which the energy of the electrons
decreases by a factor of e (ref. 19)—Bethe–Heitler pair creation and
bremsstrahlung take place over comparable length scales. The con-
version efficiency of the electron beam into high-energy gamma rays
can therefore be maximized by adjusting the thickness of the target.
The optimal thickness is approximately X0, over which "1 × 108

photons with hv . E/2 are emitted. (X0 ≈ 3 mm for solid gold20.)
Using a thicker target would result in cascades and a reduction in
the number of hard photons.

For a distance from the gold target to the hohlraum of 10 cm and
a hohlraum diameter of 5 mm, a magnetic field of B " 1 T is suffi-
cient to deflect the electrons and positrons away from the hohlraum.
The probability of photon–photon interactions under the influence
of such a magnetic field is negligible21 and may be ignored.

The bremsstrahlung photons are emitted with an average angle
of "(mc2/E)ln(E/mc2) (ref. 22). For GeV energies, this is on the
order of mrad, and the photon beam is very narrowly collimated.
Multiple scattering will cause the electron beam to spread23,
although the resulting divergence of the gamma-ray beam is of
the same order as that from bremsstrahlung and is also neglected.
Over a distance of 10 cm, the beam diameter will be 0.1–1 mm,
which is smaller than typical hohlraum diameters15. We therefore
assume that all the photons will penetrate inside the hohlraum.

Through optimization of the hohlraum design and pulse length,
the ablation of the walls may be ignored on the timescales of interest
and, for a vacuum hohlraum, interactions between the high-energy
photons and radiation background take precedence. Blackbody

radiation fields24 at temperatures of kT¼ 100 eV and above
(where k is the Boltzmann constant) are routinely produced using
hohlraums of lengths up to l ≈ 1 cm (refs 25, 26). For kT "
100 eV, the normalized vector potential A0 ≪ 1 (ref. 27) and the
interaction of photons is well described in the linear regime. The
dominant channel is the two-photon Breit–Wheeler process, for
which the absorption probability per unit path length is given by9,28

dt
dx

= a2

pl!

kT
mc2

( )3

f n( ) (3)

where !l is the (reduced) Compton wavelength, n ; m2c4/(hvkT)
and the suppressing function

f (n) = 2n2

pr2
0

∫1

n

(ee − 1)−1de
∫e/n

1
ssgg(s)ds

with sgg given in terms of s¼ (E*/mc2)2, the square of the electron
energy in the CM frame. For a GeV photon propagating through the
hohlraum, v " 1 and the suppressing function is enhanced to f(v) " 1.
The probability that a photon will be absorbed in the case of l ¼ 1 cm
is t " 1 × 1026 at kT¼ 100 eV and t" 1 × 1024 at kT¼ 400 eV.
These, in combination with the estimate of 1 × 108 high-energy
photons from the bremsstrahlung source, lead to the production
on the order of 102 and 104 pairs per shot, respectively. From
equation (3) it is clear that the yields scale linearly with
hohlraum length.

To corroborate these estimates, we performed Monte Carlo
simulations that solve the exact cross-sections, equations (1) to
(3). These model the creation of the photon beam in the gold
target and its subsequent scattering in the hohlraum (see
Methods). Figure 2 shows that, for a 1 GeV electron beam and at
the optimal target width, each electron emits, on average, one
photon of energy hv . 100 MeV that will escape the target. The
number of hard photons produced is also of the same order for elec-
tron beams of energies 500 MeV and 2 GeV. The conversion effi-
ciency between the electron and photon beams is maximized for a
target thickness of between 4 and 5 mm, depending on the electron
energy, which is consistent with our previous estimate.

The Breit–Wheeler positron yield is presented in Fig. 3 for
various beam energies and hohlraum temperatures. This number

e−

e+

e−

e+

Electron beam

Gold target

Gamma-ray
photons

Hohlraum

Blackbody
radiation field

Figure 1 | Schematic of the photon–photon collider. Bremsstrahlung
emission of ultra-relativistic electrons passing through a solid gold target is
used to create a high-energy photon beam. This is fired into a vacuum
hohlraum, where it interacts with a high-temperature thermal radiation field.
Electrons and positrons emerging from the back surface of the gold target
are deflected away from the hohlraum using a magnetic field. Breit–Wheeler
pairs produced in the hohlraum are both narrowly collimated and highly
energetic (Supplementary Fig. 2). On exiting the hohlraum, the positrons
may be separated using a magnetic field and detected using, for example,
Čerenkov radiation. The electron beam is generated and the hohlraum
heated using high-intensity and high-energy lasers, respectively.
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Figure 2 | High-energy photons emitted from the back surface of the gold
target. Photons emitted above 100 MeV as a function of target width, for
1 × 109 incident electrons of energy 500 MeV (blue), 1 GeV (black) and
2 GeV (red).
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A photon–photon collider in a vacuum hohlraum
O. J. Pike1*, F. Mackenroth1,2, E. G. Hill1 and S. J. Rose1

The ability to create matter from light is amongst the
most striking predictions of quantum electrodynamics.
Experimental signatures of this have been reported in the scat-
tering of ultra-relativistic electron beams with laser beams1,2,
intense laser–plasma interactions3 and laser-driven solid
target scattering4. However, all such routes involve massive
particles. The simplest mechanism by which pure light can be
transformed into matter, Breit–Wheeler pair production (gg′

" e1e2)5, has never been observed in the laboratory. Here,
we present the design of a new class of photon–photon collider
in which a gamma-ray beam is fired into the high-temperature
radiation field of a laser-heated hohlraum. Matching exper-
imental parameters to current-generation facilities, Monte
Carlo simulations suggest that this scheme is capable of
producing of the order of 105 Breit–Wheeler pairs in a single
shot. This would provide the first realization of a pure
photon–photon collider, representing the advent of a new
type of high-energy physics experiment.

For electron–positron pairs to be created from a photon field, the
centre-of-momentum (CM) energy must exceed 2mc2, where m is
the electron rest mass and c the speed of light in vacuum. This pre-
vents pair formation from a single photon (or plane wave)—to
transform light into matter, an additional energy source is required.

In previous experiments, this has typically been provided by a
nuclear field3,4, resulting in Bethe–Heitler pair production (gZ "
eþe2Z)6. However, the simplest source of energy is a second
photon. Breit and Wheeler were first to calculate the cross-section
for the formation of an electron–positron pair in the collision of
two photons5, the inverse process of Dirac annihilation (eþe2 "
gg′)7. At its peak, the Breit–Wheeler cross-section is of the same
order as those of readily observable interactions: sgg#1 ×
10229 m2 for photons of energy hv#mc2, where h is the reduced
Planck constant. Unfortunately, the high photon densities required
have previously precluded the observation of Breit–Wheeler pair
production. Accordingly, there has never been an experimental
verification of this most elementary of quantum electrodynamical
(QED) processes, which is of fundamental importance in high-
energy astrophysics8–10.

Although this process has never been observed, the formation of
electron–positron pairs via the multi-photon Breit–Wheeler process
(gþ ng′ " eþe2)11 has been detected at the Stanford Linear
Accelerator Center (SLAC)1,2. This was achieved by the injection
of 46.6 GeV electrons into an intense laser beam and proceeded
by a two-step process: laser photons were first Compton-backscat-
tered to GeV energies by the electrons and then interacted nonli-
nearly with the laser field, producing about 100 positrons in over
20,000 laser shots1. In this case, the absorption of n ≥ 4 laser
photons was necessary to overcome the energy threshold for pair
creation. (In fact, on average, n¼ 6.44 laser photons were absorbed
in this experiment12.)

The two-photon process was inaccessible at SLAC, as its detec-
tion would have required a 200 GeV electron beam (a factor of 4

higher than was available) due to the low energy of the optical
laser photons (on the scale of eV). By contrast, in this work we
present the first experimental scheme capable of detecting this
process through the use of a macroscopic X-ray radiation field
(#0.1 keV). The implementation of this scheme, which is possible
using existing technology, would also provide the first proof of prin-
ciple of a pure photon–photon collider, as the scattering takes place
in vacuum. There has long been considerable interest in the prospect
of creating a photon–photon collider13, as this would offer a particu-
larly clean route to experiments in high-energy physics, providing
access to the plethora of effects that arise in the interaction
of photons.

Figure 1 presents a schematic of the experimental set-up, in
which a high-energy photon beam, generated via the bremsstrah-
lung emission of a GeV electron beam in a solid gold target, is
fired into a vacuum hohlraum. By removing electrons and positrons
emerging from the back surface of the target14 using a magnetic
field, the photon–photon scattering takes place in a region devoid
of massive particles. The scheme takes advantage of the high
photon energies and densities that are characteristic of the
thermal radiation fields produced in a laser-heated hohlraum15.

Laser–wakefield acceleration has been shown to be a suitable
mechanism for creating narrowly collimated GeV electron beams,
which contain on the order of 109 particles16–18. We do not consider
the acceleration mechanism further here, but take these figures as
representative of what current lasers may produce.

Post-acceleration, the dynamics of the system are very well
approximated by just three QED processes, as explained in the fol-
lowing. We discuss these in turn to form an order-of-magnitude
estimate for the number of Breit–Wheeler pairs produced in
the hohlraum.

First, the slowing of the electrons in the gold target is due almost
exclusively to bremsstrahlung. Other loss mechanisms, such as
ionization and Møller scattering, are strongly suppressed at GeV
energies19 and may safely be neglected. Trident pair production
can also be ignored14. In the extreme relativistic limit, the total
cross-section for bremsstrahlung is given by6,20

dseZ

dv
(v, y) = ar2

0

v

4
3
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3
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( ){
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[ ]
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(1)

where y ; hv/E (the ratio of the emitted photon to the initial elec-
tron energy), Z is the atomic number of the background, a is the
fine-structure constant, and r0 is the classical electron radius. The
functions w1,2 and c1,2 account for the screening of the potential
by atomic electrons, and f is the Coulomb correction term20.
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target scattering4. However, all such routes involve massive
particles. The simplest mechanism by which pure light can be
transformed into matter, Breit–Wheeler pair production (gg′

" e1e2)5, has never been observed in the laboratory. Here,
we present the design of a new class of photon–photon collider
in which a gamma-ray beam is fired into the high-temperature
radiation field of a laser-heated hohlraum. Matching exper-
imental parameters to current-generation facilities, Monte
Carlo simulations suggest that this scheme is capable of
producing of the order of 105 Breit–Wheeler pairs in a single
shot. This would provide the first realization of a pure
photon–photon collider, representing the advent of a new
type of high-energy physics experiment.

For electron–positron pairs to be created from a photon field, the
centre-of-momentum (CM) energy must exceed 2mc2, where m is
the electron rest mass and c the speed of light in vacuum. This pre-
vents pair formation from a single photon (or plane wave)—to
transform light into matter, an additional energy source is required.

In previous experiments, this has typically been provided by a
nuclear field3,4, resulting in Bethe–Heitler pair production (gZ "
eþe2Z)6. However, the simplest source of energy is a second
photon. Breit and Wheeler were first to calculate the cross-section
for the formation of an electron–positron pair in the collision of
two photons5, the inverse process of Dirac annihilation (eþe2 "
gg′)7. At its peak, the Breit–Wheeler cross-section is of the same
order as those of readily observable interactions: sgg#1 ×
10229 m2 for photons of energy hv#mc2, where h is the reduced
Planck constant. Unfortunately, the high photon densities required
have previously precluded the observation of Breit–Wheeler pair
production. Accordingly, there has never been an experimental
verification of this most elementary of quantum electrodynamical
(QED) processes, which is of fundamental importance in high-
energy astrophysics8–10.

Although this process has never been observed, the formation of
electron–positron pairs via the multi-photon Breit–Wheeler process
(gþ ng′ " eþe2)11 has been detected at the Stanford Linear
Accelerator Center (SLAC)1,2. This was achieved by the injection
of 46.6 GeV electrons into an intense laser beam and proceeded
by a two-step process: laser photons were first Compton-backscat-
tered to GeV energies by the electrons and then interacted nonli-
nearly with the laser field, producing about 100 positrons in over
20,000 laser shots1. In this case, the absorption of n ≥ 4 laser
photons was necessary to overcome the energy threshold for pair
creation. (In fact, on average, n¼ 6.44 laser photons were absorbed
in this experiment12.)

The two-photon process was inaccessible at SLAC, as its detec-
tion would have required a 200 GeV electron beam (a factor of 4

higher than was available) due to the low energy of the optical
laser photons (on the scale of eV). By contrast, in this work we
present the first experimental scheme capable of detecting this
process through the use of a macroscopic X-ray radiation field
(#0.1 keV). The implementation of this scheme, which is possible
using existing technology, would also provide the first proof of prin-
ciple of a pure photon–photon collider, as the scattering takes place
in vacuum. There has long been considerable interest in the prospect
of creating a photon–photon collider13, as this would offer a particu-
larly clean route to experiments in high-energy physics, providing
access to the plethora of effects that arise in the interaction
of photons.

Figure 1 presents a schematic of the experimental set-up, in
which a high-energy photon beam, generated via the bremsstrah-
lung emission of a GeV electron beam in a solid gold target, is
fired into a vacuum hohlraum. By removing electrons and positrons
emerging from the back surface of the target14 using a magnetic
field, the photon–photon scattering takes place in a region devoid
of massive particles. The scheme takes advantage of the high
photon energies and densities that are characteristic of the
thermal radiation fields produced in a laser-heated hohlraum15.

Laser–wakefield acceleration has been shown to be a suitable
mechanism for creating narrowly collimated GeV electron beams,
which contain on the order of 109 particles16–18. We do not consider
the acceleration mechanism further here, but take these figures as
representative of what current lasers may produce.

Post-acceleration, the dynamics of the system are very well
approximated by just three QED processes, as explained in the fol-
lowing. We discuss these in turn to form an order-of-magnitude
estimate for the number of Breit–Wheeler pairs produced in
the hohlraum.

First, the slowing of the electrons in the gold target is due almost
exclusively to bremsstrahlung. Other loss mechanisms, such as
ionization and Møller scattering, are strongly suppressed at GeV
energies19 and may safely be neglected. Trident pair production
can also be ignored14. In the extreme relativistic limit, the total
cross-section for bremsstrahlung is given by6,20
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where y ; hv/E (the ratio of the emitted photon to the initial elec-
tron energy), Z is the atomic number of the background, a is the
fine-structure constant, and r0 is the classical electron radius. The
functions w1,2 and c1,2 account for the screening of the potential
by atomic electrons, and f is the Coulomb correction term20.
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• 1935:	Euler	and	Kochel provide	a	first	general	formula	for	the	photon-photon	scattering	
cross-section	also	for	energies	lower	than	the	2me threshold;

• 1936:	Euler	provides	the	details	of	the	cross-section	formula	(work	done	by	Euler	for	his	
PhD	thesis	in	Leipzig);

• 1936-37:	Akhiezer,	Landau	and	Pomerancuk generalize	the	cross-section	formula	to	
high	energies;	

• 1950-51:	Karplus and	Neuman carry	out	a	thorough	analysis	using	Feynman	diagrams;	
• 1964-65:	DeTollis utilizes	dispersion	relation	techniques	to	give	compact	formulas	for	

the	scattering	amplitudes;

scattering�� ! ��
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from	Bern	&	al.,	JHEP	11	(2001)	031



Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017 29

0.1 1 10 100 100010-7

10-5

0.001

0.1

  

� 

σ ≈ 0.13 ω
mec

2

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 
6

µbarn
  

� 

σ ≈ 20 mec
2

ω
⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 
2

µbarn
peak	cross	section,	≈1.6	µbarn	at	

 ω ≈1.5mec
2

cross-section	for	unpolarized initial	state	
(average	over	initial	polarizations)

ECM  (MeV)

σ  (µbarn)

very	low	energy	region:	cross	section	is	extremely	small,	but	photon	numbers	
can	be	very	large,	there	is	no	background	from	other	QED	processes

background	from	other	
QED	processes



Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017 30

1.0 10.05.02.0 3.01.5 7.0
0.02

0.05

0.10

0.20

0.50

1.00

2.00

Unpolarized	and	(circularly)	polarized	initial	photons

CM energy (MeV)

σγγ µbarn( )
+	+	and	- -

+	- and	- +



Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017 31

0.1 1 10 100 100010-7

10-5

0.001

0.1

ECM MeV( )

σ u µbarn( )

threshold	of	the
Breit-Wheeler	
process

1	nb-1

10	pb-1

integrated	luminosity	corresponding	
to	a	bare	minimum	of	about	100	
scattering	events	(total).

ECM ≈	
630	keV

ECM ≈	
880	keV

ECM ≈	
13	MeV

ECM ≈	
140	MeV

threshold	of	the
Bethe-Heitler
process eγ → ee+e−

σγγ

σ BW ·10
−6



Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017 32

45 PHOTON-PHOTON RESONANCES IN QUANTUM ELECTRODYNAMICS 679

80 I I I I I I I I I ( I I I I I I I I I ( I I I I I I I I I
1: t I ~ I I I I I I

0&& — cx = 0 2
10

6.0

4.0

2.0

00
1.985 1.990

I

I

I

I

I

I

I

I

I

I

I

I

I

I
I I I I I I I I I I I I I

1.995 2.000

0 2

10

1P

1P -5

10

10
0. 1

FIG. 1. Photon-photon scattering cross section in units of
1/m 2 as a function of total energy for a QED coupling constant
of a=0.2. Solid line: calculated with kernel (30), dashed line:
no transverse-photon exchange in Eq. (29) included; see text.

FIG. 3. Width of the ground-state resonance as a function of
the QED coupling constant. Solid line: lowest-order perturba-
tive result (33), circles: present result with Coulomb-photon ex-
change only, squares: present results including transverse-
photon exchange (30).

resonance positions are shifted.
We have fitted a Breit-Wigner form to the resonance

peaks and extracted the widths. A plot of these widths
for the lowest-energy resonance (n = 1) is given in Fig. 3.
We find that these widths follow the perturbative result
[g]

I'/m =—,'a', (33)

quite closely, even up to relative large values of a, beyond
which our results begin to deviate upwards from the per-
turbative values. For n & 1 the widths are reduced by the
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FIG. 2. Same as in Fig. 1 for a =0.5. The strong deviation in
the ground-state resonance position from the nonrelativistic
value of E/m =2—a /4= 1.9375 is obvious.

well-known (1/n ) factor.
In principle there are infinitely many resonances, that

crowd up against the "dissociation limit" at E =2m. In
practice we are able to resolve only a few of the lower
ones, due to the approximate numerical method we em-
ploy in solving Eq. (29).
For small values of a, o8' resonance, where perturba-

tion theory would be expected to hold, our predicted o rr
elastic cross section behaves as a E, which is consider-
ably larger than the familiar perturbative result a E [Eq.
(1)]. This is because our ansatz (9) does not contain all
the Fock-space states needed to reproduce perturbation
theory at low order in a. We could add these states, at
considerable expense in complexity, but this would not
change the results near resonance significantly. The reso-
nance results are completely dominated by the channels
which we have included in (9), and attain the "unitary
limit" value of cr =2m /qo independent of a.
In Fig. 4 results are shown for cr with the correctrr

value of the fine-structure constant a= 1/137 in the vi-
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the cross section rises by about ten orders of magnitude
at the resonance, the width is also very small. Whether
this resonance (or the sequence for n =1,2, 3, ... ) can be
observed experimentally, given the energy resolution of
currently available photon sources at these energies, is
under investigation [9]. It should be noted that one does
not require an energy resolution of the order of the width
(33), i.e., bE =10 eV, but that one has to discriminate—5
energies on an interval where the cross section falls by
many orders of magnitude. As is apparent from Fig. 4 a
relative energy resolution of the order of 10 or
DE=0. 1 eV is required in order to detect the Breit-
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Our calculation predicts structure in the cross section

Predicted	positions	of	resonances	close	to	the	e+e- production	
threshold	
(Darewych	&	al.,	PRD	45	(1992)	675	)
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FIG. 4. Photon-photon scattering cross section for a= 1/137
in the vicinity of the ground-state resonance. Solid line: present
result with kernel (30), short dashed line: present result with
kernel set equal to zero (no photon exchanges in virtual e+e
channel), long dashed line: perturbative result [3]. On the ener-
gy scale 1.9999 has been subtracted to facilitate the display of
labels.

beyond the Breit-Wigner shape. We observe that the
phase shift bio rises by n radians at the (n =1)-resonance
energy. The crossing of go=a gives rise to a drop of the
partial cross section to zero and can be interpreted as a
destructive interference between the resonating and back-
ground scattering contributions. We cannot be certain
that the broad feature predicted by our calculation in the
vicinity of the resonance is entirely correct. Due to the
limited nature of our Fock-space ansatz (9) our calcula-
tion does not yield the results of covariant perturbation
theory to order a off resonance and is guaranteed to be
exact only at resonance. In order to compare our calcu-
lation to the covariant perturbation theory result, which
ignores the bound virtual positronium formation, but in-
cludes virtual formation of free e+e pairs [4] and which
rises steeply as the energy approaches 2m, we have car-
ried out a solution of Eqs. (28) and (29) with the photon
exchange kernel (30) set equal to zero. This result is seen
to be free of resonances. How real the enhancement of
the cross section near the resonance is, will be the subject
of a subsequent (much more complicated) calculation
with enough Fock space included to ensure covariance at
the required order of a. The background scattering cross
section from this calculation will agree with the covariant
calculation not only in its energy dependence, but also in
the absolute height of the cross section near E =2m.
Figure 5 shows our results for the n =2 resonance. As

expected the width is reduced by a factor of 8 compared
to Eq. (33). The interference between the resonating and

9.66xt 0 9.67 x10
E/m —1.9999

I I I I

9.68X10

FIG. 5. Same as in Fig. 4, but for the n =2 resonance. Note
that the energy scale is stretched by a factor of 4 compared to
Fig. 4.

continuous background part of the elastic photon-photon
cross section happens closer to the resonance position.
From this one can conclude a similar behavior for the
higher-n resonances of which there are infinitely many in
between the position of the n =2 resonance and the
threshold for the creation of free e+e pairs.

IV. CONCLUDING REMARKS
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We have used a variational method in the Hamiltonian
formalism of QED to derive coupled integral equations
that describe unstable fermion-antifermion bound states
as resonances in elastic photon-photon scattering. These
equations were solved approximately for the J =0
case, to yield the photon-photon cross section, for various
values of the coupling constant a. The cross section is
dominated by resonance peaks that occur at values of the
energy which are very close to the eigenenergies obtained
in a traditional bound-state formalism. The width of the
lowest-lying resonance is found to be close to the predic-
tion of perturbation theory, I =—,'ma, even for relatively
large values of a. The photon-photon elastic cross sec-
tion reaches a peak value of o. =2m. /m =10 cm on
resonance, which is many orders of magnitude above
nonresonant perturbative values [Eq. (1)] and hence may
be amenable to experimental observation.
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Peak	resonant	cross-section

Peak	is	extremely	narrow,	but	the	
peak	value	is	about	10	orders	of	
magnitude	larger	than	the	peak	
nonresonant	cross-section
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The	positron	resonances	are	extremely	narrow,	however:

• resonant	amplification	is	extremely	large

• Compton	backscattering	offers	the	possibility	of	using	optical	
methods	in	a	particle	physics	context.	For	example,	by	modulating	
the	laser	beam	energy,	then	the	backscattered	photon	is	energy-
modulated	as	well	

Beam	energy	spread	would	act	as	an	effective	noise:	maybe	laser	
modulation	could	help	detection.	

• Access	to	positronium	resonances	could	also	mean	access	to	the	
physics	of	the	“mirror	world”	(Lee	and	Yang,	1956),	i.e.,	to	the	
world	of	“millicharged	particles”	and	“dark	photons”.	

~!BS ⇡ 4�2~!



Edoardo	Milotti	– Photon	Beams	Workshop,	Padova	– Nov.	27th	2017 35

My	conclusions

a	low-energy	gamma-gamma	collider	in	the	MeV	region	may	not	be	able	to	achieve	the	
first	laboratory	detection	of	photon-photon	elastic	scattering,	but

• it	could	actually	produce	e+e- pairs	with	the	Breit–Wheeler	process
• it	could	achieve	the	first	ever	lab	detection	of	photon-photon	elastic	scattering	with	

photons	that	are	all	real
• it	would	have	the	potential	to	study	higher	order	in-loop	corrections	(inaccessible	to	

effective	Lagrangian	methods	and	probably	also	to	optical	experiments)
• a	gamma-gamma	collider	with	polarized	beams	has	the	potential	to	study	Born-

Infeld	corrections	to	photon-photon	elastic	scattering
• it	could	open	up	a	new	field	of	study	of	positron	resonances,	if	

• beam	energy	spread	is	sufficiently	small	
• optical	modulation	helps	in	detection/measurements

• the	Ps	system	has	long	been	studied	because	of	the	– now	vanished	–
orthopositronium	decay	time	anomaly,	however	it	could	still	be	an	interesting	
playground	for	searches	related	to	the	“mirror	world”

On	the	whole,	the	long-term usefulness	of	such	a	machine	(for	fundamental	physics)	
lies	on	precision	...


