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Abstract 

In QED photons interact - very weakly - with a magnetic field. This paper summarizes the 

physics motivations for trying to detect this minute effect, and prescnts a set-up to measure it with high 

energy photons obtained by Compton backscattering an intense visible laser beam off an electron 

beam. Such a set-up might eventually be used in a machine like the proposed EEF. 



1. Introduction and theoretical overview. 

The linearity of the Maxwell equations of classical electrodynamics implies that 

in vacuum there is no light-light interaction, and similarly there is no interaction 

between light and field (be it electric or magnetic) . However it was shown long ago 

by Euler and Heisenberg [1] and by Weisskopf [2], that the electromagnetic field 

lagrangian is modified by the vacuum fluctuations of the electronic field (and other 

matter fields) so that these interactions may actually take place. It is also quite 

noteworthy that this is one of the very few non perturbative results of quantum 

electrodynamics as it uses the exact solution of the Dirac equation in an external 

almost constant electromagnetic field. In the modern language of Feynman diagrams 

this means that the Euler-Heisenberg-Weisskopf (EHW) result for the propagation of 

a photon in an external almost constant field takes into account all the diagrams 

shown in figure 1. The "classical" nature of the external field appears from the 

absence of diagrams with internal virtual photon lines. 

+ 

+ 

+ ... 

Figure 1: The diagrammatic perturbative expansion equivalent to the EHW result 

(the crosses denote interactions with the external field and the permutations of the 

vertices are implicitly assumed). 
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Notice that according to Furry's theorem the only non vanishing diagrams have 

an even number of photon lines attached to the electron loop, thus the lowest order 

interaction has four vertices on the loop and this helps to account for the smallness of 

the effect. Besides this there are other kinematical restrictions (see [3,4] for a 

complete account of the underlying theory). 

The EHW effective lagrangian (in the form rederived later by Schwinger [5]) is 

'F I 1- ds 2 {2 2 2} L = -- - - -exp(-m s) (es) L-I--(es) 'F 
47t 87t2 

0 S3 3 
(I) 

where the usual convention h = c = 1 has been used and 

. cosh {es[2('F + i(j)]!!2} + cosh{es[2('F - i(j)]!!2} 
L=l(j . 

cosh{es[2('F +i(j)]!!2 }-cosh{es[2('F -i(j)t2} , 

(j=B·E. 

Then the electromagnetic field lagrangian that includes the lowest order 

diagram in figure 1 can be found expanding (I) through fourth order 

L = _I (E2 _ B2) + 2a
2

2 
4 [(E2 - B2) + 7(E· B)], 

87t 45( 47t) m 

and the fields D and H are 

D= 47t dL 
dE 

and 
dL 

H=-47t-. 
dB 

(2) 

(3) 

This lowest order diagram appears in physical processes other than light-field 

scattering, e.g. as a radiative correction to the g-2 diagrams and as a correction to 

Compton scattering off nuclei (and in that case it is known as Delbriick scattering). 

However in the case of the correction to g-2 all the photon lines are virtual. In 

addition to this the g-2 vertex must be renormalized to prevent a logarithmic 

divergence even at its lowest perlurbative order [6]. 
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a. b. 

Figure 2: The lowest order diagram as a radiative correction to g-2 (a.) and as 

Delbriick scattering of light off nuclei (b.). 

On the other hand Delbriick scattering seems to be a genuine light-field 

scattering in the same sense implied by figure 1, and indeed it is, but the point is that 

it cannot be described by the lagrangian (1). Remember that (1) was derived with the 

assumption of almost constant field, and this is not the case for the electric field of a 

nucleus. Moreover experimentally it appears as a radiative correction to Compton 

scattering. These facts make both the calculation of Delbrlick scattering and its 

observation very difficult [7]. 

To summarize, the point that we wish to make is that the observation of light

field scattering amounts to a direct observation of vacuum polarization, without the 

theoretical or practical difficulties that are present in other processes. 

In the past other authors that have presented similar experiments have argued 

that the observation of light-field scattering "is well worth the effort on aesthetic, if 

no other, grounds" [8]. On the contrary, we want to stress here that the non linearity 

of the EHW lagrangian opens the door to very interesting and fundamental 

speculations: consider for instance the following argument. It is well known that on 

sheer dimensional grounds it can be conjectured that there is a "critical" magnetic 
2 3 

(and electric) field strength In,,1 ~ ~: ~ 4.4 .1013 gauss , so that something should 

happen at high field strengths, and indeed using the lagrangian (1) one finds that the 
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effective fields D and H reach maximal values [9]. So, if one takes the limit (j -> 0, 

:r -, i 8 2, one finds 

L= -- - __ r -exp --I tcotht-l--t 8
2 a2

8
2 -dl (m2){ 1 2} 

81t 81t2 Jo t3 eB 3 
(4) 

2 
then for fields B »BeT (= ~ in h = c = I units) the expression (4) of the lagrangian e 

approaches the asymptotic value: 

8
2

( a ICB) L--- l--log-
81t 31t m2 

(5) 

where IC is a constant of order 1. Thus the effective field strength is: 

(6) 

The same can be done for the electric field, taking the limit 

-i E2, so that for fields much larger than the critical field 

(j - , 0, and :r -> 

dL ( a a KE) D=41t--E l----log- . 
dE 61t 31t m2 (7) 

The new, striking feature introduced by the non linearity of the lagrangian is 

that now the effective field strength D (or H) does not grow indefinitely, but attains a 

maximum value when E (or B) is equal to m
2 

exp(31t _l). But D = e2, therefore if 
IC a 2 r 

D has a maximum then r has a minimum. 

So one could only approach a charge up to a minimum distance, which might 

be taken as a charge radius for the electron, and quantum electrodynamics would self

heal its ultraviolet divergences by introducing a natural "minimal length". This 

electron radius is actually so small as to be inaccessible to direct observation: taking IC 
= lone finds r min ~ X, . 10-281 

• 

The arguments given above are not "proofs" (especially because it is hard to see 

how the lagrangian (1) could still hold for lengths shorter than the electron Compton 

wavelength), but just hints that it is quite important to test experimentally the non 

linearity of the lagrangian (1). For a full discussion of these conjectures we refer the 
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reader to [9], and we turn now to the problem of the experimental detection of light

field scattering. 

2. Short review of previous and planned experiment.s. 

Previous attempts to detect light-field scattering have always used intense visible 

laser beams and large magnetic fields (up to a few Tesla). From equations (2) and (3) 

it is fairly easy to see that the refractive index of vacuum changes when the magnetic 

field is present, and that it depends on the mutual orientation of light polarization and 

magnetic field, so that (with CGS system definitions [4]) 

4e
4 /i 2' 2 l) 

11,,=1+ 47 BsInu 
90m c 

(8) 

7e
4 /i 2· 2 

1l.L=1+ 4 7 B sm e 
90m c 

(here e is the angle between the laser beam direction and the magnetic field). The 

arrangement of the region where the laser beam and the magnetic field interact is 

shown in figure 3. There e = 0, so that after one passage in the interaction region the 

phase shift between the II and the .L components is 

~~ 
~~tB~~ 

~~ • • 
L 

Figure 3: Typical layout of the interaction region for an experiment with xisible 

photons. The polarized laser beam enters a Fabry-Perot cavity (or a multipass cavity) 

from the left. The thick lines represent the cavity mirrors, while the hatched regions 

are the polar expansions of the large magnet that provides the high magnetic field B. 

Photons bounce back and forth in the cavity before leaving from the mirror on the 

right. 
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Even with large magnets (L - 10 m) and high fields (B - 10 T) the phase shift 

tHP is quite small for visible lasers (A, - 500 nm), so that for one pass inside the 

cavity 1'>.f{J - 10-13 radians. Even with an optical cavity which "folds" the light beam 

and yields many passes inside the optical cavity, the total phase shift cannot be made 

larger than about 10-9 radians. This phase shift is much smaller than the random phase 

shifts introduced by environmental and instrumental noise, and one must resort to 

sophisticated optical and signal analysis techniques to detect it [10). The last attempt 

to detect it fell short of its goal, while another ongoing attempt is expected to reach 

the required signal-to-noise ratio [11). The overall experimental layout is shown in 

figure 4 [10). 

Polarizer Faraday cell 

LASER f---N 
Quarter wave ....-_Op..:..-ti_ca_1 c_a_vi..;..ty __ -, 

.'~ 1 ~ M'_ 'Mo'.'" --{}-- -0--( 
z 

x 

)-.y 

Main clock Signal analysis 
generator 

Figure 4: Typical experimental apparatus (simplified) for the experiment with visible 

photons (adapted from [10)). 

3. An experiment with high energy photons. 

Equations (8) are approximate, but they hold over a very wide photon energy 
2.1019 

range [4), as the photon energy must be Iiw(eV)« . Since the phase shift 
B(gauss) 

(9) is inversely proportional to the photon wavelength, it can be made larger using 

higher energy photons, so that one might achieve a measurable effect with just one 

pass in the magnetic field region, and avoid several systematic errors and much of the 
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environmental and experimental noise that appears in the experiments described in 

section 2. 

As a source of high energy polarized photons we propose to use the Compton 

backscattering of a polarized laser beam on a high energy electron beam. At high 

photon energy one may use oriented crystals as polarization analyzers [12,13]. In 

these crystals the absorption rates for the high energy photons depend on the 

orientation of the polarization axis with respect to the crystal symmetry axes due to 

the interference effects observed in the high energy production of the electron pairs. 

) r·········1 ~ 
--'-'- .. --/~------:~~ .. ~D 

I I ' . , ' , ' . ' . ' , 'I I . :' : • : I : ' : ' : Crystal PhOton 

t 
-; . ; , ; , ; . : ' : '0 Counter 

M2Qnet 

= I 
I 

= 
I 
I 

= • I 
I 

OWP 

P<lckels 
Cell 

PolarI zer 

Laser 

i , , I , , Ii 

Sweeoing 
magnet 

Figure 5: Layout of the experiment with high energy photons. 

The layout of the apparatus is shown in figure 5: a continuous-wave laser beam 

is linearly polarized and then crosses a quarter-wave plate so that it becomes 

circularly polarized; it is deflected by a thin mirror into a straight section of the 

electron machine. The optical photons are backscattered into high energy photons by 

the electrons: if the electron energy is not very high ( < 40-50 Ge V), the electrons act 

as "mirrors", and preserve the initial photon polarization [14] . The high energy 

electrons are bent away by the dipole magnets in the machine, while the high energy 

circularly polarized photons pass through a high magnetic field region, which acts as 

a birefringent medium, and are eventually analyzed by an oriented crystal - which is 

the final polarizer - and by a photon counter. The polarizing action of the oriented 

crystal is due to different pair-production cross-sections for different polarization 

states: therefore the pair-produced electrons must be swept away by a small magnet. 

The phase shift after the traversal of the magnetic field is small (see figure 6), but still 
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a few orders of magnitude above the corresponding phase shift acquired by visible 

photons as in [10,11]. 
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0.0025 

10 20 30 40 50 

Electron energy (GeV) 

Figure 6: Phase shift induced by a strong magnet (Bo = 10 Tesla, L = 10m), for a 

green laser (Ar laser, hw = 2.5 e V) 

It turns out that the evolution of the photon polarization, including the Compton 

scattering step, can be completely described with the Muller matrix formalism (see 

[15] for a description of the formalism applied to Compton scattering, and [16] for the 

details of the calculation). 

The result of the detailed calculation is that the total cross-section for the 

detection of high energy half of the photon spectrum in the ' electromagnetic 

calorimeter after the analyzer (which has its axis at a 45° angle with respect to B) is 

(10) 

where crT is the classical Thomson cross-section crT = 8
3
1t r02, T is the transmittivity 

of the polarizer and £2 is its extinction coefficient, and A and D are given by (8) and 

(9) in [16], and are shown in figure 7 as functions of the electron energy. The ± sign 

refers to left and right circular polarizations, so that one can detect an asymmetry in 

the photon count after switchil)g the photon polarization state. 
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Figure 7: The coefficients A and D vs. the electron energy. 

The number of detected photons per unit time is proportional to T A (1 +E2) , 

while in order to have a signal-to-noise ratio = lone needs 

{ 
D (l-E2) }-2 

NTOT - !lip A (1 +E2) (11) 

photons, therefore the total measurement time is inversely proportional to 

(12) 

Since T and E2 are functions of the crystal thickness, one can optimize the 

crystal so that it has the highest analyzing power and the highest transmittivity. 

The machine background can also be easily accounted for; it cannot depend on 

the field B, and therefore it modifies only the A constant in (10): it amounts to a 

constant "noise", and just raises the number of photon counts needed to carry out a 

measurement. Thus (10) is changed to 

cr ~ 136 crT T [A (I+E2) ± D (1-E2) !lip ] + C (13) 
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where C is the I;onstant background!. 

We carried out these calculations for a machine like the EEF, and we assumed 

the characteristics a graphite crystal polarizer as that described in [13]. At an electron 

energy of 15 GeV, the maximum signal-lo-noise ratio is found for a crystal thickness 

of approximately 48 em, so that T ~ 0.148 and £2 ~ 0.18, and then cr ~ 30 mbarn. The 

number of photons analyzed per unit time is 

2{ u 
N·N .-.-
ere S 

(14) 

where Nc, Ny are the electron and photon currents, {is the length of the straight 

section where the electron beam interacts with the laser beam, and s is the beam 

cross-section (assumed equal for both the electron and the laser beam). 

Then, if 

B~IOT 

L~lOm 

Ne ~ 3 1O!4 electrons/s 

Ny ~ 1.3 1O!9 photons/s 

(~ IO()() m 

s ~ 310-6 m2 

( ~ 50 )J.A) 

( this corresponds to a 5W CW Ar laser, for 

which hw ~ 2.5 eV) 

it takes - 1.7 107 high energy photons to reach a signal-to-background ratio ~ 1, and 

(14) gives 25000 analyzed photons/so Thus it takes - 6.8 102 seconds to see the effect, 

and including another factor 2 to account for background, this would give - 1.4 103 

seconds. 

4. Conclusions. 

Taking the advertised machine parameters it is possible to detect light-field 

scattering at the EEF, using a set-up like the one described here. We wish to remark 

that the thick graphite crystal that has been proposed as analyzer of polarization at 

high energy might be substituted by a thin crystal where the pair-produced electrons -

rather than the photons that have not been absorbed - are observed. Such a scheme has 

already been proposed to observe the longitudinal electron polarization in machines 

1 We cannot es timate the background in the EEF at the moment of writing, but the background for 
other machines such as LEP can be easily estimated from measurements like those in [17) 
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such as LEP [18]. Actually, the apparatus that we propose, is almost the same as the 

longitudinal polarization monitors that have been planned for LEP and other 

machines. The only difference is that we should have a high field magnet in the 

photon path. Thus one might carry out this experiment in "parasitic" mode along with 

polarization monitoring. Figure 8 shows how a polarization monitor might fit into a 

CEBAF-like EEF, out of the way of the experimental areas. 

Experimental areas 

Figure 8: General layout. 

IOGeV 

PolarizaLion monitor + 
proposed experimenl 

Given the short time it would take to achieve a signal-to-noise ratio of 1, and 

taken for granted the parasitic mode, this set-up would contribute a high accuracy test 

of lagrangian (1). 
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