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Main theme: electromagnetism (EM) is a testing ground.

I Building Maxwell’s theory so that it relies on a minimum
of experiments. Non-essential assumptions removed.

I Well defined core of experiments used to conclusively
refute/test new theoretical ideas, with full generality.

To be discussed in this talk.

I Today, many theories of spacetime. EM testing ground
for multiple theories, as little assumed about spacetime.

I Charge conservation experiments ⇒ inhomogeneous
Maxwell’s equations. Closed magnetic lines experiments
⇒ homogeneous Maxwell’s equations.

I EM response of spacetime: linearity, zero birefringence,
electric-magnetic duality measurements.
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I Various structures on spacetime (Figure).

Build EM so
that based on experiments, not on above structures.

I Make EM independent of spacetime curvature, torsion,
etc. Roughly, only need continuous, smooth spacetime.

I This approach: Kottler (1922), Cartan (’23), van
Dantzig (’34). Related: Einstein, Mie, Sommerfeld.

Figure: Hehl and Obukhov (Birkhäuser, 2003).
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I EM needs ∼ continuity and smoothness only. Not
distance, curvature, etc. If spacetime was a globe, we
would not care about distances, or the curvature.

I We would only demand a continuous, smooth surface
(smooth transition between the pages of an atlas).

Figure: Charlie Chaplin, “The Great Dictator”, 1940.
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Towards the experiment side of things.

New York Times
November 10

1919

A warning (but Nobody Need Worry).

Lack of assumptions: the EM response of vacuum is general
(not specified until late); It’s a bit like a general material.

Maxwell’s equations divided in two sets.

I Inhomogeneous Maxwell equations, contain reference to
the electric charge (charge density or current density).

I Homogeneous Maxwell equations, the other equations.
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Inhomogeneous Maxwell’s Eqs., Experiment 1.

I Inhomogeneous Maxwell’s Eqs.⇐ Charge conservation.

I Look for charge non-conservation like e → νe + γ.

I Table: Klapdor-Kleingrothaus et al. (PLB, 2006).

I Multiple high-purity 76Ge detectors at Gran Sasso, IT.

I Mean electron lifetime is measured (> 1026 years).

I Compare with age of universe ∼ 1010 years. Conserved?
110 H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 644 (2007) 109–118

Table 1
The present limits for the mean life time τ (till 2006) for the electron decay for the decay mode e− → νe + γ . Presented are all experiments from 1959 which
measured this mode. The energy resolution is given for the case without and with Doppler-broadening in keV. Indicated is also the structure of the analysed
data—raw data or after background subtraction

Type of
the detector

Mass
(kg)

Resolution
(keV)

Backgr.
(keV kg yr)−1

Raw
data

Limits τ (yr)
(c.l.) mode:
e− → νe + γ

Ref.,
Year

NaI 5 – – – > 1.0 × 1019 (68%) [4], 1959
NaI 1.4 44 (–) ∼ 21020 No > 4.0 × 1022 (68%) [5], 1965
NaI 6 43 (–) ∼ 3 × 105 Yes > 3.5 × 1023 (68%) [6], 1979
Ge (Li) 0.69 ∼ 1.5 1500 Yes > 3 × 1023 (68%) [17], 1983
HPGe 0.71 1.9 (5.13) 240 Yes > 1.5 × 1025 (68%) [7], 1986
HPGe 3.1 2.5 (7.6) 25.8 Yes > 2.4 × 1025 (68%) [8], 1993
HPGe 2.2 1.8 (5.3) 10–80 Yes > 3.7 × 1025 (68%) [9], 1995
LXe (DAMA) 6.5 – – Yes > 1.0 × 1025 (90%) [23], 1996
LXe (DAMA) 6.5 78 (80) 0.04 Yes > 3.4 × 1026 (68%) [24], 2000
CTF (C16H18) 4170 72 (–) 0.06 No > 4.6 × 1026 (90%) [10], 2002
(Borexino)
HPGeII 10.96 2.3 (7.7) 25 Yes > 1.93 × 1026 (68%) This work, 2006

Fig. 1. Geometry of the setup 1 of the Heidelberg–Moscow experiment, con-
taining four of five enriched detectors (detectors 1, 2, 3, 5). The germanium
detectors (grey) are mounted in copper cryostats (red). The detector holder sys-
tem consists of teflon (green) and vespel (yellow). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this Letter.)

lier searches for electron decay have been performed with
NaI detectors [4–6], Ge detectors [17,7–9], liquid Xe [23,24]
and C16H18 [10], yielding lower half-life limits in the range
1023–1026 yr (see Table 1).

The sharpest limit is given according to Table 1 by Borex-
ino [10]. However, in deduction of the life time limit from the
Borexino data some major uncertainties may have entered into
the analysis, since 1. The background whose origin seems not to
be fully known has been parameterized by six parameters—and
it has to be assumed to behave linearly down to low energies 2.
Strong and perhaps not unique cuts have been applied to re-
duce the contamination of the spectrum in the range of interest
by betas and gammas from 40K and from 14C 3. It is not clear
that threshold effects on the spectrum in the range of interest
are really excluded 4. There do not exist direct measurements

Table 2
Main parameters of the 76Ge detectors in the Heidelberg–Moscow experiment
(November 1995 till May 2003)

ANG1 ANG2 ANG3 ANG4 ANG5

Active mass, kg 0.920 2.657 2.324 2.295 2.666
Measurement times, days 2090.61 1894.11 2079.46 1384.69 2076.34
76Ge content, % 85.9 86.6 88.3 86.3 85.6

of the dependence between light yield of the electrons and their
energy for the scintillator used in Borexino 5. The energy res-
olution in the Borexino experiment is by a factor of 30 worse
than that of the present Ge experiment. These points may make
it useful to have an independent experiment, as presented in this
Letter, not suffering from all these potential drawbacks.

2. Experimental setup

The search for the rare electron decay requires a detector
with ultralow background, not to loose the expected weak sig-
nal of the expected ∼ 255.5 keV γ -line of the decay in the
background radiation. The enriched germanium detectors of
the Heidelberg–Moscow ββ experiment [11,13,1,2] which has
been used for search for neutrinoless double-beta decay give
such possibility as byproduct.

The experiment operated in the Gran Sasso underground lab-
oratory five p-type high-purity enriched 76Ge detectors (Fig. 1)
with total active mass of 10.96 kg, corresponding to 125.5 mol
of 76Ge in the period August 1990–November 2003. The exper-
iment and its shielding have been described in detail in [12,13,
1–3,14], to which we refer for experimental details.

For the analysis with respect to electron decay we use the
data taken in the period November 1995 till May 2003 (see Ta-
ble 2).

3. Data analysis and results

The idea of the present work is to search for γ rays with
∼ 255.5 keV energy which could accompany the possible de-
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Table 1
The present limits for the mean life time τ (till 2006) for the electron decay for the decay mode e− → νe + γ . Presented are all experiments from 1959 which
measured this mode. The energy resolution is given for the case without and with Doppler-broadening in keV. Indicated is also the structure of the analysed
data—raw data or after background subtraction

Type of
the detector

Mass
(kg)

Resolution
(keV)

Backgr.
(keV kg yr)−1

Raw
data

Limits τ (yr)
(c.l.) mode:
e− → νe + γ

Ref.,
Year

NaI 5 – – – > 1.0 × 1019 (68%) [4], 1959
NaI 1.4 44 (–) ∼ 21020 No > 4.0 × 1022 (68%) [5], 1965
NaI 6 43 (–) ∼ 3 × 105 Yes > 3.5 × 1023 (68%) [6], 1979
Ge (Li) 0.69 ∼ 1.5 1500 Yes > 3 × 1023 (68%) [17], 1983
HPGe 0.71 1.9 (5.13) 240 Yes > 1.5 × 1025 (68%) [7], 1986
HPGe 3.1 2.5 (7.6) 25.8 Yes > 2.4 × 1025 (68%) [8], 1993
HPGe 2.2 1.8 (5.3) 10–80 Yes > 3.7 × 1025 (68%) [9], 1995
LXe (DAMA) 6.5 – – Yes > 1.0 × 1025 (90%) [23], 1996
LXe (DAMA) 6.5 78 (80) 0.04 Yes > 3.4 × 1026 (68%) [24], 2000
CTF (C16H18) 4170 72 (–) 0.06 No > 4.6 × 1026 (90%) [10], 2002
(Borexino)
HPGeII 10.96 2.3 (7.7) 25 Yes > 1.93 × 1026 (68%) This work, 2006

Fig. 1. Geometry of the setup 1 of the Heidelberg–Moscow experiment, con-
taining four of five enriched detectors (detectors 1, 2, 3, 5). The germanium
detectors (grey) are mounted in copper cryostats (red). The detector holder sys-
tem consists of teflon (green) and vespel (yellow). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this Letter.)

lier searches for electron decay have been performed with
NaI detectors [4–6], Ge detectors [17,7–9], liquid Xe [23,24]
and C16H18 [10], yielding lower half-life limits in the range
1023–1026 yr (see Table 1).

The sharpest limit is given according to Table 1 by Borex-
ino [10]. However, in deduction of the life time limit from the
Borexino data some major uncertainties may have entered into
the analysis, since 1. The background whose origin seems not to
be fully known has been parameterized by six parameters—and
it has to be assumed to behave linearly down to low energies 2.
Strong and perhaps not unique cuts have been applied to re-
duce the contamination of the spectrum in the range of interest
by betas and gammas from 40K and from 14C 3. It is not clear
that threshold effects on the spectrum in the range of interest
are really excluded 4. There do not exist direct measurements

Table 2
Main parameters of the 76Ge detectors in the Heidelberg–Moscow experiment
(November 1995 till May 2003)

ANG1 ANG2 ANG3 ANG4 ANG5

Active mass, kg 0.920 2.657 2.324 2.295 2.666
Measurement times, days 2090.61 1894.11 2079.46 1384.69 2076.34
76Ge content, % 85.9 86.6 88.3 86.3 85.6

of the dependence between light yield of the electrons and their
energy for the scintillator used in Borexino 5. The energy res-
olution in the Borexino experiment is by a factor of 30 worse
than that of the present Ge experiment. These points may make
it useful to have an independent experiment, as presented in this
Letter, not suffering from all these potential drawbacks.

2. Experimental setup

The search for the rare electron decay requires a detector
with ultralow background, not to loose the expected weak sig-
nal of the expected ∼ 255.5 keV γ -line of the decay in the
background radiation. The enriched germanium detectors of
the Heidelberg–Moscow ββ experiment [11,13,1,2] which has
been used for search for neutrinoless double-beta decay give
such possibility as byproduct.

The experiment operated in the Gran Sasso underground lab-
oratory five p-type high-purity enriched 76Ge detectors (Fig. 1)
with total active mass of 10.96 kg, corresponding to 125.5 mol
of 76Ge in the period August 1990–November 2003. The exper-
iment and its shielding have been described in detail in [12,13,
1–3,14], to which we refer for experimental details.

For the analysis with respect to electron decay we use the
data taken in the period November 1995 till May 2003 (see Ta-
ble 2).

3. Data analysis and results

The idea of the present work is to search for γ rays with
∼ 255.5 keV energy which could accompany the possible de-
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NaI 6 43 (–) ∼ 3 × 105 Yes > 3.5 × 1023 (68%) [6], 1979
Ge (Li) 0.69 ∼ 1.5 1500 Yes > 3 × 1023 (68%) [17], 1983
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LXe (DAMA) 6.5 78 (80) 0.04 Yes > 3.4 × 1026 (68%) [24], 2000
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(Borexino)
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Fig. 1. Geometry of the setup 1 of the Heidelberg–Moscow experiment, con-
taining four of five enriched detectors (detectors 1, 2, 3, 5). The germanium
detectors (grey) are mounted in copper cryostats (red). The detector holder sys-
tem consists of teflon (green) and vespel (yellow). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
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lier searches for electron decay have been performed with
NaI detectors [4–6], Ge detectors [17,7–9], liquid Xe [23,24]
and C16H18 [10], yielding lower half-life limits in the range
1023–1026 yr (see Table 1).

The sharpest limit is given according to Table 1 by Borex-
ino [10]. However, in deduction of the life time limit from the
Borexino data some major uncertainties may have entered into
the analysis, since 1. The background whose origin seems not to
be fully known has been parameterized by six parameters—and
it has to be assumed to behave linearly down to low energies 2.
Strong and perhaps not unique cuts have been applied to re-
duce the contamination of the spectrum in the range of interest
by betas and gammas from 40K and from 14C 3. It is not clear
that threshold effects on the spectrum in the range of interest
are really excluded 4. There do not exist direct measurements

Table 2
Main parameters of the 76Ge detectors in the Heidelberg–Moscow experiment
(November 1995 till May 2003)

ANG1 ANG2 ANG3 ANG4 ANG5

Active mass, kg 0.920 2.657 2.324 2.295 2.666
Measurement times, days 2090.61 1894.11 2079.46 1384.69 2076.34
76Ge content, % 85.9 86.6 88.3 86.3 85.6

of the dependence between light yield of the electrons and their
energy for the scintillator used in Borexino 5. The energy res-
olution in the Borexino experiment is by a factor of 30 worse
than that of the present Ge experiment. These points may make
it useful to have an independent experiment, as presented in this
Letter, not suffering from all these potential drawbacks.

2. Experimental setup

The search for the rare electron decay requires a detector
with ultralow background, not to loose the expected weak sig-
nal of the expected ∼ 255.5 keV γ -line of the decay in the
background radiation. The enriched germanium detectors of
the Heidelberg–Moscow ββ experiment [11,13,1,2] which has
been used for search for neutrinoless double-beta decay give
such possibility as byproduct.

The experiment operated in the Gran Sasso underground lab-
oratory five p-type high-purity enriched 76Ge detectors (Fig. 1)
with total active mass of 10.96 kg, corresponding to 125.5 mol
of 76Ge in the period August 1990–November 2003. The exper-
iment and its shielding have been described in detail in [12,13,
1–3,14], to which we refer for experimental details.

For the analysis with respect to electron decay we use the
data taken in the period November 1995 till May 2003 (see Ta-
ble 2).

3. Data analysis and results

The idea of the present work is to search for γ rays with
∼ 255.5 keV energy which could accompany the possible de-
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NaI 6 43 (–) ∼ 3 × 105 Yes > 3.5 × 1023 (68%) [6], 1979
Ge (Li) 0.69 ∼ 1.5 1500 Yes > 3 × 1023 (68%) [17], 1983
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HPGe 3.1 2.5 (7.6) 25.8 Yes > 2.4 × 1025 (68%) [8], 1993
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CTF (C16H18) 4170 72 (–) 0.06 No > 4.6 × 1026 (90%) [10], 2002
(Borexino)
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Fig. 1. Geometry of the setup 1 of the Heidelberg–Moscow experiment, con-
taining four of five enriched detectors (detectors 1, 2, 3, 5). The germanium
detectors (grey) are mounted in copper cryostats (red). The detector holder sys-
tem consists of teflon (green) and vespel (yellow). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
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lier searches for electron decay have been performed with
NaI detectors [4–6], Ge detectors [17,7–9], liquid Xe [23,24]
and C16H18 [10], yielding lower half-life limits in the range
1023–1026 yr (see Table 1).

The sharpest limit is given according to Table 1 by Borex-
ino [10]. However, in deduction of the life time limit from the
Borexino data some major uncertainties may have entered into
the analysis, since 1. The background whose origin seems not to
be fully known has been parameterized by six parameters—and
it has to be assumed to behave linearly down to low energies 2.
Strong and perhaps not unique cuts have been applied to re-
duce the contamination of the spectrum in the range of interest
by betas and gammas from 40K and from 14C 3. It is not clear
that threshold effects on the spectrum in the range of interest
are really excluded 4. There do not exist direct measurements

Table 2
Main parameters of the 76Ge detectors in the Heidelberg–Moscow experiment
(November 1995 till May 2003)

ANG1 ANG2 ANG3 ANG4 ANG5

Active mass, kg 0.920 2.657 2.324 2.295 2.666
Measurement times, days 2090.61 1894.11 2079.46 1384.69 2076.34
76Ge content, % 85.9 86.6 88.3 86.3 85.6

of the dependence between light yield of the electrons and their
energy for the scintillator used in Borexino 5. The energy res-
olution in the Borexino experiment is by a factor of 30 worse
than that of the present Ge experiment. These points may make
it useful to have an independent experiment, as presented in this
Letter, not suffering from all these potential drawbacks.

2. Experimental setup

The search for the rare electron decay requires a detector
with ultralow background, not to loose the expected weak sig-
nal of the expected ∼ 255.5 keV γ -line of the decay in the
background radiation. The enriched germanium detectors of
the Heidelberg–Moscow ββ experiment [11,13,1,2] which has
been used for search for neutrinoless double-beta decay give
such possibility as byproduct.

The experiment operated in the Gran Sasso underground lab-
oratory five p-type high-purity enriched 76Ge detectors (Fig. 1)
with total active mass of 10.96 kg, corresponding to 125.5 mol
of 76Ge in the period August 1990–November 2003. The exper-
iment and its shielding have been described in detail in [12,13,
1–3,14], to which we refer for experimental details.

For the analysis with respect to electron decay we use the
data taken in the period November 1995 till May 2003 (see Ta-
ble 2).

3. Data analysis and results

The idea of the present work is to search for γ rays with
∼ 255.5 keV energy which could accompany the possible de-
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taining four of five enriched detectors (detectors 1, 2, 3, 5). The germanium
detectors (grey) are mounted in copper cryostats (red). The detector holder sys-
tem consists of teflon (green) and vespel (yellow). (For interpretation of the
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lier searches for electron decay have been performed with
NaI detectors [4–6], Ge detectors [17,7–9], liquid Xe [23,24]
and C16H18 [10], yielding lower half-life limits in the range
1023–1026 yr (see Table 1).

The sharpest limit is given according to Table 1 by Borex-
ino [10]. However, in deduction of the life time limit from the
Borexino data some major uncertainties may have entered into
the analysis, since 1. The background whose origin seems not to
be fully known has been parameterized by six parameters—and
it has to be assumed to behave linearly down to low energies 2.
Strong and perhaps not unique cuts have been applied to re-
duce the contamination of the spectrum in the range of interest
by betas and gammas from 40K and from 14C 3. It is not clear
that threshold effects on the spectrum in the range of interest
are really excluded 4. There do not exist direct measurements

Table 2
Main parameters of the 76Ge detectors in the Heidelberg–Moscow experiment
(November 1995 till May 2003)

ANG1 ANG2 ANG3 ANG4 ANG5

Active mass, kg 0.920 2.657 2.324 2.295 2.666
Measurement times, days 2090.61 1894.11 2079.46 1384.69 2076.34
76Ge content, % 85.9 86.6 88.3 86.3 85.6

of the dependence between light yield of the electrons and their
energy for the scintillator used in Borexino 5. The energy res-
olution in the Borexino experiment is by a factor of 30 worse
than that of the present Ge experiment. These points may make
it useful to have an independent experiment, as presented in this
Letter, not suffering from all these potential drawbacks.

2. Experimental setup

The search for the rare electron decay requires a detector
with ultralow background, not to loose the expected weak sig-
nal of the expected ∼ 255.5 keV γ -line of the decay in the
background radiation. The enriched germanium detectors of
the Heidelberg–Moscow ββ experiment [11,13,1,2] which has
been used for search for neutrinoless double-beta decay give
such possibility as byproduct.

The experiment operated in the Gran Sasso underground lab-
oratory five p-type high-purity enriched 76Ge detectors (Fig. 1)
with total active mass of 10.96 kg, corresponding to 125.5 mol
of 76Ge in the period August 1990–November 2003. The exper-
iment and its shielding have been described in detail in [12,13,
1–3,14], to which we refer for experimental details.

For the analysis with respect to electron decay we use the
data taken in the period November 1995 till May 2003 (see Ta-
ble 2).

3. Data analysis and results

The idea of the present work is to search for γ rays with
∼ 255.5 keV energy which could accompany the possible de-
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lier searches for electron decay have been performed with
NaI detectors [4–6], Ge detectors [17,7–9], liquid Xe [23,24]
and C16H18 [10], yielding lower half-life limits in the range
1023–1026 yr (see Table 1).

The sharpest limit is given according to Table 1 by Borex-
ino [10]. However, in deduction of the life time limit from the
Borexino data some major uncertainties may have entered into
the analysis, since 1. The background whose origin seems not to
be fully known has been parameterized by six parameters—and
it has to be assumed to behave linearly down to low energies 2.
Strong and perhaps not unique cuts have been applied to re-
duce the contamination of the spectrum in the range of interest
by betas and gammas from 40K and from 14C 3. It is not clear
that threshold effects on the spectrum in the range of interest
are really excluded 4. There do not exist direct measurements
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Main parameters of the 76Ge detectors in the Heidelberg–Moscow experiment
(November 1995 till May 2003)

ANG1 ANG2 ANG3 ANG4 ANG5

Active mass, kg 0.920 2.657 2.324 2.295 2.666
Measurement times, days 2090.61 1894.11 2079.46 1384.69 2076.34
76Ge content, % 85.9 86.6 88.3 86.3 85.6

of the dependence between light yield of the electrons and their
energy for the scintillator used in Borexino 5. The energy res-
olution in the Borexino experiment is by a factor of 30 worse
than that of the present Ge experiment. These points may make
it useful to have an independent experiment, as presented in this
Letter, not suffering from all these potential drawbacks.

2. Experimental setup

The search for the rare electron decay requires a detector
with ultralow background, not to loose the expected weak sig-
nal of the expected ∼ 255.5 keV γ -line of the decay in the
background radiation. The enriched germanium detectors of
the Heidelberg–Moscow ββ experiment [11,13,1,2] which has
been used for search for neutrinoless double-beta decay give
such possibility as byproduct.

The experiment operated in the Gran Sasso underground lab-
oratory five p-type high-purity enriched 76Ge detectors (Fig. 1)
with total active mass of 10.96 kg, corresponding to 125.5 mol
of 76Ge in the period August 1990–November 2003. The exper-
iment and its shielding have been described in detail in [12,13,
1–3,14], to which we refer for experimental details.

For the analysis with respect to electron decay we use the
data taken in the period November 1995 till May 2003 (see Ta-
ble 2).

3. Data analysis and results

The idea of the present work is to search for γ rays with
∼ 255.5 keV energy which could accompany the possible de-



Electromagnetism
is still fundamental

science.

Outline.

Less is more.

Experiments

Maxwell’s Eqs.

Vac. response.

Conclusions.

Thank-you.

Inhomogeneous Maxwell’s Eqs., Experiment 2.
I Inhomogeneous Maxwell’s Eqs.⇐ Charge conservation.

I Charge conserved in n→ p + e + ν̄e? Charges of p and
e equal? Measure neutrality of gases (e.g. nitrogen).

I Dylla and King (PRA, 1972). Record sound in
electrically-driven gas-filled chamber. Get force at
electrical drive, thus |(qe − qp)/qe | ≤ 2× 10−19.
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Inhomogeneous Maxwell’s Eqs., Experiment 3.

I Time variations of fine structure α, if measured, could
imply variable e-charge: Bekenstein (PRD 2002).

I However, variable α need not imply variable e-charge.
See Hehl, Itin, Obukhov, arXiv:0610221.

I Measurements by Marion et al. (PRL, 2003) show that
potentially |q̇e/qe | ≤ 3.6× 10−16(years)−1.
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Homogeneous Maxwell’s Eqs., Experiment 1.

I Homogeneous Maxw’s Eqs ⇐ No magnetic monopoles.
Check that magnetic B-field lines are always closed.

I Figure: Aharonov/Bohm (PRL, 1959). Interference
measures B-field in area enclosed by e-trajectories.

I “Step” in zero B-signal can be used to detect magnetic
monopoles. (Proposed, Lämmerzahl et al., PRD 2005).
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Homogeneous Maxwell’s Eqs., Experiment 2.
I Homogeneous Maxw’s Eqs ⇐ No magnetic monopoles.

I Measure B-field “step” due to monopoles, use SQUIDs.
I Screening current against external B-field yields

accurate measurement of B-field. Search for “steps”.
I Experiment of Kalbfleisch et al. (PRL, 2000). Masses

of (Abelian) monopoles > 295− 420 GeV/c2.
I Scale: Higgs boson 114GeV/c2 < mH < 200GeV/c2.

Fig.: Barron/Maguire-Boyle, “Nanothechnology for the Oil and Gas Industry” (Online Collection, 2011).
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Summary: 150 years after Maxwell’s equations.

Inhomogeneous Mawell’s equation, tested via:

I Charge conservation forbidding decay e → νe + γ.

I Equality qe = qp ⇒ charge conserved in neutron decay.

Homogeneous Maxwell equations, tested via:

I B-field steps detected by Aharonov-Bohm or SQUID.

Fig.: Engraving of James Clerk Maxwell by G. J. Stodart from a photograph by Fergus of Greenack.
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Nonlinear vacuum response.
Nothing assumed so far about the response of vacuum. Not
specified yet how E and B determine D and H in vacuum.

Perhaps a non-linear vacuum?

I QED: photons scatter photons. Self-effect, nonlinear.

I Self-effect seen in high energy γ (NOT macroscopic).

I Left: Burke et al. (PRL, 1997), increased positron
production due to multiphoton light-by-light scattering.

I Right: Akhmadaliev (PRC, 1998), γ turned into virtual
e−e+ pair, and scattered off nucleus to get new γ.
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static electric field would spontaneously break down into

electron-positron pairs. Indeed, the predicted rates [3–5]

for reaction (2) become large only when k approaches

unity, and not necessarily when h becomes large.

When a photon of energy h̄v collides head-on with

a wave of laboratory field strength Erms and invariant

strength h, the invariant k ! !2h̄v"mc2# !Erms"Ecrit# !
!2h̄v"mc2# !l-C"l-0#h may be large. For example, in a

head-on collision of a photon of energy 29 GeV with a

527 nm laser pulse !l-0 ! 84 nm#, k ! 0.52h.
Likewise, in reaction (3), or other e-laser interactions

involving vacuum polarization, the relevant invariant is

Y ! E !"Ecrit, where E ! ! 2gErms is the laser field

strength as viewed in the rest frame of an electron beam

with laboratory energy E and Lorentz factor g ! E"mc2.

For a 46.6 GeV electron beam colliding head-on with a

527 nm laser, Y ! 0.84h.
We have performed an experimental study of strong-

field QED in the collision of a 46.6 GeV electron beam,

the Final Focus Test Beam (FFTB) at SLAC [10], with

terawatt pulses from a frequency doubled Nd:glass laser

with a repetition rate of 0.5 Hz achieved by a final

laser amplifier with slab geometry [11–14]. A schematic

diagram of the experiment is shown in Fig. 1. The

apparatus was designed to detect electrons that undergo

nonlinear Compton scattering,

e 1 nv0 ! e0 1 v , (4)

as well as positrons produced in e-laser interactions.
Measurements of reaction (4) have been reported else-

where [11,15].

The peak focused laser intensity was obtained for

linearly polarized green (527 nm) pulses of energy U !
650 mJ, focal area A $ 2psxsy ! 30 mm2, and width

Dt ! 1.6 ps (FWHM), for which I ! U"ADt % 1.3 3
1018 W"cm2, h ! 0.36, k ! 0.2, and Y ! 0.3.
The electron beam was operated at 10–30 Hz and was

tuned to a focus with sx ! 25 mm and sy ! 40 mm at

the laser-electron interaction point. Typical bunches were

7 ps long (FWHM) and contained 7 3 109 electrons.

A string of permanent magnets after the collision

point deflected the electron beam downwards by 20 mrad.

Electrons and positrons of momenta less than 20 GeV

were deflected by the magnets into two Si-W calorimeters

(ECAL and PCAL) with energy resolution sE"E %
19%"

p
E&GeV ' and position resolution of 2 mm. The Si-

W calorimeters were calibrated in parasitic running of the

FIG. 1. Schematic layout of the experiment.

FFTB in which linac-halo electrons of energies between 5

and 25 GeV were transmitted by the FFTB when the latter

was tuned to a lower energy.

Electrons scattered via reaction (4) for n ! 1, 2,
and 3 laser photons were measured in gas C̆erenkov

counters labeled EC37, N2, and N3 in Fig. 1. We used

detectors based on C̆erenkov radiation because of their

insensitivity to major sources of low-energy background.

EC37 was calibrated by inserting a thin foil in the electron

beam at IP1. The momentum acceptance and efficiency

of the counters N2 and N3 were measured with the

parasitic electron beam by comparison with the previously

calibrated ECAL.

The spatial and temporal overlap of the electron and

laser beams was optimized by observing the Compton

scattering rate of up to 107"pulse in the EC37, N2, N3,
and ECAL detectors during horizontal, vertical, and time

scans of one beam across the other.

We used the PCAL calorimeter to search for positrons

produced at IP1. Because of the high rate of electrons

in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
inserted at IP1. The solid line shows the signal region for
positron candidates. (a) Ratio of cluster energy to momentum
vs vertical impact position above the lower edge of PCAL. The
banding in Ypos is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
the clusters with Eclu"Pclu ( 2. (b) Cluster position in PCAL.
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The differential cross section of Delbrück scattering is measured on a bismuth germanate (Bi4Ge3O12) target

at photon energies 140–450 MeV and scattering angles 2.6–16.6 mrad. A good agreement with the theoretical

results, obtained exactly in a Coulomb field, is found. #S0556-2813!98"02411-X$

PACS number!s": 13.60.Fz, 12.20.Fv, 25.20.Dc

I. INTRODUCTION

Delbrück scattering #1$ is a process in which the initial
photon turns into a virtual electron-positron pair, is scattered

in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
The interest in the experimental study of Delbrück scat-

tering has the following motivations. First, it is one of the

nonlinear quantum electrodynamic processes accessible at

the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-

ity:

!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
The numerical results for the Delbrück scattering ampli-

tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
the conditions of our experiment.
In the experimental investigations of Delbrück scattering

carried out earlier, three different photon sources have been
used:

!1" Photons from the radioactive sources, for instance
24Mg ('!2.75 MeV) #10,11$.

!2" Photons from the nuclear-reactions-like capture of
thermal neutrons in the energy range '!4–12 MeV
#12,13$.

!3" In the energy range 20–100 MeV the experiment has
been carried out with tagged bremsstrahlung photons #14$. In
the experiment #15$ Delbrück scattering above 1 GeV has
been investigated using bremsstrahlung photons without tag-
ging.
The accuracy of photon scattering cross-section measure-

FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the

perturbation theory. The double line denotes the electron Green

function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.
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scattering rate of up to 107"pulse in the EC37, N2, N3,
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in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
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The differential cross section of Delbrück scattering is measured on a bismuth germanate (Bi4Ge3O12) target

at photon energies 140–450 MeV and scattering angles 2.6–16.6 mrad. A good agreement with the theoretical

results, obtained exactly in a Coulomb field, is found. #S0556-2813!98"02411-X$

PACS number!s": 13.60.Fz, 12.20.Fv, 25.20.Dc

I. INTRODUCTION

Delbrück scattering #1$ is a process in which the initial
photon turns into a virtual electron-positron pair, is scattered

in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
The interest in the experimental study of Delbrück scat-

tering has the following motivations. First, it is one of the

nonlinear quantum electrodynamic processes accessible at

the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-

ity:

!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
The numerical results for the Delbrück scattering ampli-

tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
the conditions of our experiment.
In the experimental investigations of Delbrück scattering

carried out earlier, three different photon sources have been
used:

!1" Photons from the radioactive sources, for instance
24Mg ('!2.75 MeV) #10,11$.

!2" Photons from the nuclear-reactions-like capture of
thermal neutrons in the energy range '!4–12 MeV
#12,13$.

!3" In the energy range 20–100 MeV the experiment has
been carried out with tagged bremsstrahlung photons #14$. In
the experiment #15$ Delbrück scattering above 1 GeV has
been investigated using bremsstrahlung photons without tag-
ging.
The accuracy of photon scattering cross-section measure-

FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the

perturbation theory. The double line denotes the electron Green

function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.
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static electric field would spontaneously break down into

electron-positron pairs. Indeed, the predicted rates [3–5]

for reaction (2) become large only when k approaches

unity, and not necessarily when h becomes large.

When a photon of energy h̄v collides head-on with

a wave of laboratory field strength Erms and invariant

strength h, the invariant k ! !2h̄v"mc2# !Erms"Ecrit# !
!2h̄v"mc2# !l-C"l-0#h may be large. For example, in a

head-on collision of a photon of energy 29 GeV with a

527 nm laser pulse !l-0 ! 84 nm#, k ! 0.52h.
Likewise, in reaction (3), or other e-laser interactions

involving vacuum polarization, the relevant invariant is

Y ! E !"Ecrit, where E ! ! 2gErms is the laser field

strength as viewed in the rest frame of an electron beam

with laboratory energy E and Lorentz factor g ! E"mc2.

For a 46.6 GeV electron beam colliding head-on with a

527 nm laser, Y ! 0.84h.
We have performed an experimental study of strong-

field QED in the collision of a 46.6 GeV electron beam,

the Final Focus Test Beam (FFTB) at SLAC [10], with

terawatt pulses from a frequency doubled Nd:glass laser

with a repetition rate of 0.5 Hz achieved by a final

laser amplifier with slab geometry [11–14]. A schematic

diagram of the experiment is shown in Fig. 1. The

apparatus was designed to detect electrons that undergo

nonlinear Compton scattering,

e 1 nv0 ! e0 1 v , (4)

as well as positrons produced in e-laser interactions.
Measurements of reaction (4) have been reported else-

where [11,15].

The peak focused laser intensity was obtained for

linearly polarized green (527 nm) pulses of energy U !
650 mJ, focal area A $ 2psxsy ! 30 mm2, and width

Dt ! 1.6 ps (FWHM), for which I ! U"ADt % 1.3 3
1018 W"cm2, h ! 0.36, k ! 0.2, and Y ! 0.3.
The electron beam was operated at 10–30 Hz and was

tuned to a focus with sx ! 25 mm and sy ! 40 mm at

the laser-electron interaction point. Typical bunches were

7 ps long (FWHM) and contained 7 3 109 electrons.

A string of permanent magnets after the collision

point deflected the electron beam downwards by 20 mrad.

Electrons and positrons of momenta less than 20 GeV

were deflected by the magnets into two Si-W calorimeters

(ECAL and PCAL) with energy resolution sE"E %
19%"

p
E&GeV ' and position resolution of 2 mm. The Si-

W calorimeters were calibrated in parasitic running of the

FIG. 1. Schematic layout of the experiment.

FFTB in which linac-halo electrons of energies between 5

and 25 GeV were transmitted by the FFTB when the latter

was tuned to a lower energy.

Electrons scattered via reaction (4) for n ! 1, 2,
and 3 laser photons were measured in gas C̆erenkov

counters labeled EC37, N2, and N3 in Fig. 1. We used

detectors based on C̆erenkov radiation because of their

insensitivity to major sources of low-energy background.

EC37 was calibrated by inserting a thin foil in the electron

beam at IP1. The momentum acceptance and efficiency

of the counters N2 and N3 were measured with the

parasitic electron beam by comparison with the previously

calibrated ECAL.

The spatial and temporal overlap of the electron and

laser beams was optimized by observing the Compton

scattering rate of up to 107"pulse in the EC37, N2, N3,
and ECAL detectors during horizontal, vertical, and time

scans of one beam across the other.

We used the PCAL calorimeter to search for positrons

produced at IP1. Because of the high rate of electrons

in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
inserted at IP1. The solid line shows the signal region for
positron candidates. (a) Ratio of cluster energy to momentum
vs vertical impact position above the lower edge of PCAL. The
banding in Ypos is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
the clusters with Eclu"Pclu ( 2. (b) Cluster position in PCAL.
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I. INTRODUCTION

Delbrück scattering #1$ is a process in which the initial
photon turns into a virtual electron-positron pair, is scattered

in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
The interest in the experimental study of Delbrück scat-

tering has the following motivations. First, it is one of the

nonlinear quantum electrodynamic processes accessible at

the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-

ity:

!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
The numerical results for the Delbrück scattering ampli-

tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
the conditions of our experiment.
In the experimental investigations of Delbrück scattering

carried out earlier, three different photon sources have been
used:

!1" Photons from the radioactive sources, for instance
24Mg ('!2.75 MeV) #10,11$.

!2" Photons from the nuclear-reactions-like capture of
thermal neutrons in the energy range '!4–12 MeV
#12,13$.

!3" In the energy range 20–100 MeV the experiment has
been carried out with tagged bremsstrahlung photons #14$. In
the experiment #15$ Delbrück scattering above 1 GeV has
been investigated using bremsstrahlung photons without tag-
ging.
The accuracy of photon scattering cross-section measure-

FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the

perturbation theory. The double line denotes the electron Green

function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.
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static electric field would spontaneously break down into

electron-positron pairs. Indeed, the predicted rates [3–5]

for reaction (2) become large only when k approaches

unity, and not necessarily when h becomes large.

When a photon of energy h̄v collides head-on with

a wave of laboratory field strength Erms and invariant

strength h, the invariant k ! !2h̄v"mc2# !Erms"Ecrit# !
!2h̄v"mc2# !l-C"l-0#h may be large. For example, in a

head-on collision of a photon of energy 29 GeV with a

527 nm laser pulse !l-0 ! 84 nm#, k ! 0.52h.
Likewise, in reaction (3), or other e-laser interactions

involving vacuum polarization, the relevant invariant is

Y ! E !"Ecrit, where E ! ! 2gErms is the laser field

strength as viewed in the rest frame of an electron beam

with laboratory energy E and Lorentz factor g ! E"mc2.

For a 46.6 GeV electron beam colliding head-on with a

527 nm laser, Y ! 0.84h.
We have performed an experimental study of strong-

field QED in the collision of a 46.6 GeV electron beam,

the Final Focus Test Beam (FFTB) at SLAC [10], with

terawatt pulses from a frequency doubled Nd:glass laser

with a repetition rate of 0.5 Hz achieved by a final

laser amplifier with slab geometry [11–14]. A schematic

diagram of the experiment is shown in Fig. 1. The

apparatus was designed to detect electrons that undergo

nonlinear Compton scattering,

e 1 nv0 ! e0 1 v , (4)

as well as positrons produced in e-laser interactions.
Measurements of reaction (4) have been reported else-

where [11,15].

The peak focused laser intensity was obtained for

linearly polarized green (527 nm) pulses of energy U !
650 mJ, focal area A $ 2psxsy ! 30 mm2, and width

Dt ! 1.6 ps (FWHM), for which I ! U"ADt % 1.3 3
1018 W"cm2, h ! 0.36, k ! 0.2, and Y ! 0.3.
The electron beam was operated at 10–30 Hz and was

tuned to a focus with sx ! 25 mm and sy ! 40 mm at

the laser-electron interaction point. Typical bunches were

7 ps long (FWHM) and contained 7 3 109 electrons.

A string of permanent magnets after the collision

point deflected the electron beam downwards by 20 mrad.

Electrons and positrons of momenta less than 20 GeV

were deflected by the magnets into two Si-W calorimeters

(ECAL and PCAL) with energy resolution sE"E %
19%"

p
E&GeV ' and position resolution of 2 mm. The Si-

W calorimeters were calibrated in parasitic running of the

FIG. 1. Schematic layout of the experiment.

FFTB in which linac-halo electrons of energies between 5

and 25 GeV were transmitted by the FFTB when the latter

was tuned to a lower energy.

Electrons scattered via reaction (4) for n ! 1, 2,
and 3 laser photons were measured in gas C̆erenkov

counters labeled EC37, N2, and N3 in Fig. 1. We used

detectors based on C̆erenkov radiation because of their

insensitivity to major sources of low-energy background.

EC37 was calibrated by inserting a thin foil in the electron

beam at IP1. The momentum acceptance and efficiency

of the counters N2 and N3 were measured with the

parasitic electron beam by comparison with the previously

calibrated ECAL.

The spatial and temporal overlap of the electron and

laser beams was optimized by observing the Compton

scattering rate of up to 107"pulse in the EC37, N2, N3,
and ECAL detectors during horizontal, vertical, and time

scans of one beam across the other.

We used the PCAL calorimeter to search for positrons

produced at IP1. Because of the high rate of electrons

in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
inserted at IP1. The solid line shows the signal region for
positron candidates. (a) Ratio of cluster energy to momentum
vs vertical impact position above the lower edge of PCAL. The
banding in Ypos is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
the clusters with Eclu"Pclu ( 2. (b) Cluster position in PCAL.
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I. INTRODUCTION

Delbrück scattering #1$ is a process in which the initial
photon turns into a virtual electron-positron pair, is scattered

in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
The interest in the experimental study of Delbrück scat-

tering has the following motivations. First, it is one of the

nonlinear quantum electrodynamic processes accessible at

the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-

ity:

!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
The numerical results for the Delbrück scattering ampli-

tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
the conditions of our experiment.
In the experimental investigations of Delbrück scattering

carried out earlier, three different photon sources have been
used:

!1" Photons from the radioactive sources, for instance
24Mg ('!2.75 MeV) #10,11$.

!2" Photons from the nuclear-reactions-like capture of
thermal neutrons in the energy range '!4–12 MeV
#12,13$.

!3" In the energy range 20–100 MeV the experiment has
been carried out with tagged bremsstrahlung photons #14$. In
the experiment #15$ Delbrück scattering above 1 GeV has
been investigated using bremsstrahlung photons without tag-
ging.
The accuracy of photon scattering cross-section measure-

FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the

perturbation theory. The double line denotes the electron Green

function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.
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static electric field would spontaneously break down into

electron-positron pairs. Indeed, the predicted rates [3–5]

for reaction (2) become large only when k approaches

unity, and not necessarily when h becomes large.

When a photon of energy h̄v collides head-on with

a wave of laboratory field strength Erms and invariant

strength h, the invariant k ! !2h̄v"mc2# !Erms"Ecrit# !
!2h̄v"mc2# !l-C"l-0#h may be large. For example, in a

head-on collision of a photon of energy 29 GeV with a

527 nm laser pulse !l-0 ! 84 nm#, k ! 0.52h.
Likewise, in reaction (3), or other e-laser interactions

involving vacuum polarization, the relevant invariant is

Y ! E !"Ecrit, where E ! ! 2gErms is the laser field

strength as viewed in the rest frame of an electron beam

with laboratory energy E and Lorentz factor g ! E"mc2.

For a 46.6 GeV electron beam colliding head-on with a

527 nm laser, Y ! 0.84h.
We have performed an experimental study of strong-

field QED in the collision of a 46.6 GeV electron beam,

the Final Focus Test Beam (FFTB) at SLAC [10], with

terawatt pulses from a frequency doubled Nd:glass laser

with a repetition rate of 0.5 Hz achieved by a final

laser amplifier with slab geometry [11–14]. A schematic

diagram of the experiment is shown in Fig. 1. The

apparatus was designed to detect electrons that undergo

nonlinear Compton scattering,

e 1 nv0 ! e0 1 v , (4)

as well as positrons produced in e-laser interactions.
Measurements of reaction (4) have been reported else-

where [11,15].

The peak focused laser intensity was obtained for

linearly polarized green (527 nm) pulses of energy U !
650 mJ, focal area A $ 2psxsy ! 30 mm2, and width

Dt ! 1.6 ps (FWHM), for which I ! U"ADt % 1.3 3
1018 W"cm2, h ! 0.36, k ! 0.2, and Y ! 0.3.
The electron beam was operated at 10–30 Hz and was

tuned to a focus with sx ! 25 mm and sy ! 40 mm at

the laser-electron interaction point. Typical bunches were

7 ps long (FWHM) and contained 7 3 109 electrons.

A string of permanent magnets after the collision

point deflected the electron beam downwards by 20 mrad.

Electrons and positrons of momenta less than 20 GeV

were deflected by the magnets into two Si-W calorimeters

(ECAL and PCAL) with energy resolution sE"E %
19%"

p
E&GeV ' and position resolution of 2 mm. The Si-

W calorimeters were calibrated in parasitic running of the

FIG. 1. Schematic layout of the experiment.

FFTB in which linac-halo electrons of energies between 5

and 25 GeV were transmitted by the FFTB when the latter

was tuned to a lower energy.

Electrons scattered via reaction (4) for n ! 1, 2,
and 3 laser photons were measured in gas C̆erenkov

counters labeled EC37, N2, and N3 in Fig. 1. We used

detectors based on C̆erenkov radiation because of their

insensitivity to major sources of low-energy background.

EC37 was calibrated by inserting a thin foil in the electron

beam at IP1. The momentum acceptance and efficiency

of the counters N2 and N3 were measured with the

parasitic electron beam by comparison with the previously

calibrated ECAL.

The spatial and temporal overlap of the electron and

laser beams was optimized by observing the Compton

scattering rate of up to 107"pulse in the EC37, N2, N3,
and ECAL detectors during horizontal, vertical, and time

scans of one beam across the other.

We used the PCAL calorimeter to search for positrons

produced at IP1. Because of the high rate of electrons

in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
inserted at IP1. The solid line shows the signal region for
positron candidates. (a) Ratio of cluster energy to momentum
vs vertical impact position above the lower edge of PCAL. The
banding in Ypos is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
the clusters with Eclu"Pclu ( 2. (b) Cluster position in PCAL.
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The differential cross section of Delbrück scattering is measured on a bismuth germanate (Bi4Ge3O12) target

at photon energies 140–450 MeV and scattering angles 2.6–16.6 mrad. A good agreement with the theoretical

results, obtained exactly in a Coulomb field, is found. #S0556-2813!98"02411-X$

PACS number!s": 13.60.Fz, 12.20.Fv, 25.20.Dc

I. INTRODUCTION

Delbrück scattering #1$ is a process in which the initial
photon turns into a virtual electron-positron pair, is scattered

in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
The interest in the experimental study of Delbrück scat-

tering has the following motivations. First, it is one of the

nonlinear quantum electrodynamic processes accessible at

the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-

ity:

!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
The numerical results for the Delbrück scattering ampli-

tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
the conditions of our experiment.
In the experimental investigations of Delbrück scattering

carried out earlier, three different photon sources have been
used:

!1" Photons from the radioactive sources, for instance
24Mg ('!2.75 MeV) #10,11$.

!2" Photons from the nuclear-reactions-like capture of
thermal neutrons in the energy range '!4–12 MeV
#12,13$.

!3" In the energy range 20–100 MeV the experiment has
been carried out with tagged bremsstrahlung photons #14$. In
the experiment #15$ Delbrück scattering above 1 GeV has
been investigated using bremsstrahlung photons without tag-
ging.
The accuracy of photon scattering cross-section measure-

FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the

perturbation theory. The double line denotes the electron Green

function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.
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static electric field would spontaneously break down into

electron-positron pairs. Indeed, the predicted rates [3–5]

for reaction (2) become large only when k approaches

unity, and not necessarily when h becomes large.

When a photon of energy h̄v collides head-on with

a wave of laboratory field strength Erms and invariant

strength h, the invariant k ! !2h̄v"mc2# !Erms"Ecrit# !
!2h̄v"mc2# !l-C"l-0#h may be large. For example, in a

head-on collision of a photon of energy 29 GeV with a

527 nm laser pulse !l-0 ! 84 nm#, k ! 0.52h.
Likewise, in reaction (3), or other e-laser interactions

involving vacuum polarization, the relevant invariant is

Y ! E !"Ecrit, where E ! ! 2gErms is the laser field

strength as viewed in the rest frame of an electron beam

with laboratory energy E and Lorentz factor g ! E"mc2.

For a 46.6 GeV electron beam colliding head-on with a

527 nm laser, Y ! 0.84h.
We have performed an experimental study of strong-

field QED in the collision of a 46.6 GeV electron beam,

the Final Focus Test Beam (FFTB) at SLAC [10], with

terawatt pulses from a frequency doubled Nd:glass laser

with a repetition rate of 0.5 Hz achieved by a final

laser amplifier with slab geometry [11–14]. A schematic

diagram of the experiment is shown in Fig. 1. The

apparatus was designed to detect electrons that undergo

nonlinear Compton scattering,

e 1 nv0 ! e0 1 v , (4)

as well as positrons produced in e-laser interactions.
Measurements of reaction (4) have been reported else-

where [11,15].

The peak focused laser intensity was obtained for

linearly polarized green (527 nm) pulses of energy U !
650 mJ, focal area A $ 2psxsy ! 30 mm2, and width

Dt ! 1.6 ps (FWHM), for which I ! U"ADt % 1.3 3
1018 W"cm2, h ! 0.36, k ! 0.2, and Y ! 0.3.
The electron beam was operated at 10–30 Hz and was

tuned to a focus with sx ! 25 mm and sy ! 40 mm at

the laser-electron interaction point. Typical bunches were

7 ps long (FWHM) and contained 7 3 109 electrons.

A string of permanent magnets after the collision

point deflected the electron beam downwards by 20 mrad.

Electrons and positrons of momenta less than 20 GeV

were deflected by the magnets into two Si-W calorimeters

(ECAL and PCAL) with energy resolution sE"E %
19%"

p
E&GeV ' and position resolution of 2 mm. The Si-

W calorimeters were calibrated in parasitic running of the

FIG. 1. Schematic layout of the experiment.

FFTB in which linac-halo electrons of energies between 5

and 25 GeV were transmitted by the FFTB when the latter

was tuned to a lower energy.

Electrons scattered via reaction (4) for n ! 1, 2,
and 3 laser photons were measured in gas C̆erenkov

counters labeled EC37, N2, and N3 in Fig. 1. We used

detectors based on C̆erenkov radiation because of their

insensitivity to major sources of low-energy background.

EC37 was calibrated by inserting a thin foil in the electron

beam at IP1. The momentum acceptance and efficiency

of the counters N2 and N3 were measured with the

parasitic electron beam by comparison with the previously

calibrated ECAL.

The spatial and temporal overlap of the electron and

laser beams was optimized by observing the Compton

scattering rate of up to 107"pulse in the EC37, N2, N3,
and ECAL detectors during horizontal, vertical, and time

scans of one beam across the other.

We used the PCAL calorimeter to search for positrons

produced at IP1. Because of the high rate of electrons

in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
inserted at IP1. The solid line shows the signal region for
positron candidates. (a) Ratio of cluster energy to momentum
vs vertical impact position above the lower edge of PCAL. The
banding in Ypos is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
the clusters with Eclu"Pclu ( 2. (b) Cluster position in PCAL.
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I. INTRODUCTION

Delbrück scattering #1$ is a process in which the initial
photon turns into a virtual electron-positron pair, is scattered

in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
The interest in the experimental study of Delbrück scat-

tering has the following motivations. First, it is one of the

nonlinear quantum electrodynamic processes accessible at

the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-

ity:

!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
The numerical results for the Delbrück scattering ampli-

tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
the conditions of our experiment.
In the experimental investigations of Delbrück scattering

carried out earlier, three different photon sources have been
used:

!1" Photons from the radioactive sources, for instance
24Mg ('!2.75 MeV) #10,11$.

!2" Photons from the nuclear-reactions-like capture of
thermal neutrons in the energy range '!4–12 MeV
#12,13$.

!3" In the energy range 20–100 MeV the experiment has
been carried out with tagged bremsstrahlung photons #14$. In
the experiment #15$ Delbrück scattering above 1 GeV has
been investigated using bremsstrahlung photons without tag-
ging.
The accuracy of photon scattering cross-section measure-

FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the

perturbation theory. The double line denotes the electron Green

function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.
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static electric field would spontaneously break down into

electron-positron pairs. Indeed, the predicted rates [3–5]

for reaction (2) become large only when k approaches

unity, and not necessarily when h becomes large.

When a photon of energy h̄v collides head-on with

a wave of laboratory field strength Erms and invariant

strength h, the invariant k ! !2h̄v"mc2# !Erms"Ecrit# !
!2h̄v"mc2# !l-C"l-0#h may be large. For example, in a

head-on collision of a photon of energy 29 GeV with a

527 nm laser pulse !l-0 ! 84 nm#, k ! 0.52h.
Likewise, in reaction (3), or other e-laser interactions

involving vacuum polarization, the relevant invariant is

Y ! E !"Ecrit, where E ! ! 2gErms is the laser field

strength as viewed in the rest frame of an electron beam

with laboratory energy E and Lorentz factor g ! E"mc2.

For a 46.6 GeV electron beam colliding head-on with a

527 nm laser, Y ! 0.84h.
We have performed an experimental study of strong-

field QED in the collision of a 46.6 GeV electron beam,

the Final Focus Test Beam (FFTB) at SLAC [10], with

terawatt pulses from a frequency doubled Nd:glass laser

with a repetition rate of 0.5 Hz achieved by a final

laser amplifier with slab geometry [11–14]. A schematic

diagram of the experiment is shown in Fig. 1. The

apparatus was designed to detect electrons that undergo

nonlinear Compton scattering,

e 1 nv0 ! e0 1 v , (4)

as well as positrons produced in e-laser interactions.
Measurements of reaction (4) have been reported else-

where [11,15].

The peak focused laser intensity was obtained for

linearly polarized green (527 nm) pulses of energy U !
650 mJ, focal area A $ 2psxsy ! 30 mm2, and width

Dt ! 1.6 ps (FWHM), for which I ! U"ADt % 1.3 3
1018 W"cm2, h ! 0.36, k ! 0.2, and Y ! 0.3.
The electron beam was operated at 10–30 Hz and was

tuned to a focus with sx ! 25 mm and sy ! 40 mm at

the laser-electron interaction point. Typical bunches were

7 ps long (FWHM) and contained 7 3 109 electrons.

A string of permanent magnets after the collision

point deflected the electron beam downwards by 20 mrad.

Electrons and positrons of momenta less than 20 GeV

were deflected by the magnets into two Si-W calorimeters

(ECAL and PCAL) with energy resolution sE"E %
19%"

p
E&GeV ' and position resolution of 2 mm. The Si-

W calorimeters were calibrated in parasitic running of the

FIG. 1. Schematic layout of the experiment.

FFTB in which linac-halo electrons of energies between 5

and 25 GeV were transmitted by the FFTB when the latter

was tuned to a lower energy.

Electrons scattered via reaction (4) for n ! 1, 2,
and 3 laser photons were measured in gas C̆erenkov

counters labeled EC37, N2, and N3 in Fig. 1. We used

detectors based on C̆erenkov radiation because of their

insensitivity to major sources of low-energy background.

EC37 was calibrated by inserting a thin foil in the electron

beam at IP1. The momentum acceptance and efficiency

of the counters N2 and N3 were measured with the

parasitic electron beam by comparison with the previously

calibrated ECAL.

The spatial and temporal overlap of the electron and

laser beams was optimized by observing the Compton

scattering rate of up to 107"pulse in the EC37, N2, N3,
and ECAL detectors during horizontal, vertical, and time

scans of one beam across the other.

We used the PCAL calorimeter to search for positrons

produced at IP1. Because of the high rate of electrons

in the ECAL calorimeter from Compton scattering, it

was not possible to identify the electron partners of the

positrons.

The response of PCAL to positrons originating at IP1

was studied by inserting a wire into the electron beam at

IP1 to produce e1e2 pairs by Bethe-Heitler conversion

of bremsstrahlung photons. These data were used to

develop an algorithm to group contiguous PCAL cells

containing energy deposits into “clusters” representing

positron candidates. The clusters were characterized by

their positions in the horizontal !Xpos# and vertical !Ypos#
direction and by their total energy deposit Eclu. Using the

field maps of the magnets downstream of IP1, the vertical

impact position was translated into the corresponding

momentum Pclu. Figure 2 shows the density of clusters

produced by the wire in the two planes Eclu"Pclu vs Ypos
and Ypos vs Xpos. Only clusters within the signal regions

bounded by solid lines in Fig. 2 were counted as positron

candidates. The efficiency of the cluster-finding algorithm

is estimated to be 93 6 1%.

FIG. 2. Cluster densities from positrons produced by a wire
inserted at IP1. The solid line shows the signal region for
positron candidates. (a) Ratio of cluster energy to momentum
vs vertical impact position above the lower edge of PCAL. The
banding in Ypos is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
the clusters with Eclu"Pclu ( 2. (b) Cluster position in PCAL.
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in a Coulomb field of a nucleus, and then transforms into the

final photon #Fig. 1!a"$. Thus, the final photon energy is
equal to the energy of the initial photon !elastic scattering".
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the present time to direct observation. Another such process

is photon splitting in a Coulomb field #Fig. 1!b"$. For these
processes the contribution of higher orders of the perturba-

tion theory with respect to the parameter Z% !Z!e! is the
charge of the nucleus, %!e2!1/137 is the fine-structure
constant, e is the electron charge, &!c!1) at large Z es-
sentially modifies the cross section. Therefore, the investiga-

tion of these processes can be used as a good test of quantum

electrodynamics in a strong electromagnetic field. Second,

Delbrück scattering is the background process to the nuclear

Compton scattering, which is an effective experimental tool

to study mesonic and nucleon internal degrees of freedom of

nucleus #2$.
At present, four methods of Delbrück scattering amplitude

calculation are used, possessing different areas of applicabil-
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!I" The amplitude is calculated in the lowest in Z% order

of the perturbation theory, but for an arbitrary photon energy

' and scattering angle (. The review of numerous results,

obtained in this approximation, can be found in #3,4$. These
results are applicable only at small Z , when the parameter

Z%"1.
!II" At high photon energies '#m (m is the electron

mass" and small scattering angles ("1 the amplitude is ob-
tained by summing in a definite approximation of Feynman

diagrams with an arbitrary number of photons exchanged

with a Coulomb center #5$.
!III" At '#m and ("1 it is possible to use also the

quasiclassical approach #6$, since in this case the momentum
transfer )!!k2$k1!!'( (k1 and k2 being the momenta of
the initial and final photons, respectively", and the character-
istic angular momentum l*'/)!1/(#1. Numerically, ap-
proaches II and III lead to the same results, as they should,
and show the significant difference between the cross section

calculated exactly in Z% and the cross section obtained in the
lowest order of the perturbation theory.

!IV" At '#m and (*1 the amplitude is calculated ex-
actly in Z% but neglecting the electron mass as compared to
' and ) #7,8$. The approach is based on the use of the
relativistic electron Green function in a Coulomb field. In
this case the Coulomb effects are also significant.
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tudes obtained with the use of all four methods at different
', (, and Z can be found in Ref. #9$. In our work we use the
results obtained with method III, which is applicable under
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used:
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FIG. 1. !a" Feynman diagrams for Delbrück scattering: the Furry
representation and the representation via the usual diagrams of the
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function in the Coulomb field, crosses denote the Coulomb field. !b"
Feynman diagrams in the Furry representation for photon splitting.

PHYSICAL REVIEW C NOVEMBER 1998VOLUME 58, NUMBER 5

PRC 580556-2813/98/58!5"/2844!7"/$15.00 2844 ©1998 The American Physical Society



Electromagnetism
is still fundamental

science.

Outline.

Less is more.

Experiments

Maxwell’s Eqs.

Vac. response.

Conclusions.

Thank-you.

Nonlinear Vacuum for Macroscopic Fields.

Macroscopic: nonlinear vacuum effects not detected yet.

Heisenberg and Euler (Z. Phys., 1935).

I QED induced nonlinear effect for macroscopic fields.

I Prescribes birefringent propagation in external B-field.

Born and Infeld (Proc. R. Soc. Lond. A, 1934).

I Classical correction, avoid divergence in Coulomb field.

I Also an effective model in quantum string theory.

I Not birefringent, predicts speed of light ≤ c.

In recent years, growing number of experiments. . .
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PVLAS Collaboration, (arXiv:0805.3036v1).
I Measures birefringence ψ = π(n‖ − n⊥)L/λ.

I Heisenberg-Euler: sensitivity not enough by factor 4800.

other hand direct photon-photon scattering with defined polarization states can. It is clear

how both techniques are complementary.

Assuming the Euler-Heisenberg Lagrangian density, in this paper we will present the best

limits on σγγ at low energy available today.

II. APPARATUS AND METHOD

The general scheme of a sensitive ellipsometer searching for magnetically induced bire-

fringence is presented in Figure 2. A polarizer defines the polarization of the beam, of power

Figure 2: Schematic layout of a sensitive ellipsometer. See text for description.

Iin, before it enters the magnetic field region where it acquires an ellipticity ψ. The ellipticity

is made time dependent by modulating the magnetic field with angular frequency ΩMag (see

text below). Two mirrors compose either a multi-pass or a Fabry-Perot cavity to increase

the optical path within the magnetic field region. The beam then passes first through a

modulator, where it acquires a known ellipticity ζ modulated at frequency ωMod, and then

through an analyzer. The transmitted power Iout is then detected and analysed.

A. Heterodyne technique

For the purpose of our discussion let a laser beam propagate along the Z axis and let the

incoming (linear) polarization define the X axis (Figure 3). Considering the coherence of

our light source, the Jones matrix formalism will be used. The Jones matrix for a uniaxial

birefringent element is given by

BF(ϑ) =


 1 + ıψ cos 2ϑ ıψ sin 2ϑ

ıψ sin 2ϑ 1 − ıψ cos 2ϑ


 (14)

6

Table I: Intensity of the frequency components of the signal after the analyzer A.

Frequency Fourier component Intensity/I0 Phase

DC IDC σ2 + α2
DC + ζ2

0/2 −

ωMod IωMod
2αDCζ0 θMod

ωMod ± 2ΩMag IωMod±2ΩMag
ζ0

2F
π ψ θMod ± 2θMag

2ωMod I2ωMod
ζ2
0/2 2θMod

The presence of a component at ωMod±2ΩMag in the signal identifies an induced ellipticity

within the Fabry-Perot cavity. Furthermore the phase of this component must satisfy the

value in table I.

C. PVLAS Apparatus

Figure 4: Schematic layout of the PVLAS apparatus. See text for description.

A description of the PVLAS apparatus, shown schematically in Figure 4, can be found

in [13, 14, 15]. The magnetic field is provided by a superconducting dipole magnet which is

placed vertically and rotates around its axis, at a typical frequency of 0.3 Hz. The magnetic

10
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Detection by Michelson interferometry (TO DO).

I Large coil installed on one arm, modifies speed of light.

I Test will work for Heisenberg-Euler and Born-Infeld.

I Döbrich/Gies (EPL, 2009): “For our quantitative
estimates, we have concentrated on the advanced LIGO,
as its sensitivity goal matches with currently available
field strengths”. (Figure: taken from LIGO website.)
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Other requirements for vacuum response*.

Zero-Birefringence

I Largely confirmed by astronomical observations
(Kostelecky/Mewes, PRD 2002).

I Very restrictive, ∼ implies spacetime with usual
distance (metric).

I Lämmerzahl/Hehl (PRD, 2004).
I Itin (PRD, 2005).
I Favaro/Bergamin (Annalen der Physik, 2011).

Invariance under EM duality (quite restrictive too).

(H,D)→ a(−E,B) & (−E,B)→ −1

a
(H;D).

I Hehl/Obukhov (Birkhäuser, 2003), Delphenich (Annalen
der Physik, 2007), Lindell (Metamaterials, 2008),
Obukhov/Favaro/Lindell/Bergamin (in progress).
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Requirements for a general material*.

The requirements constraining a general vacuum can be
interpreted as requirements on a general laboratory material.
Actually, talking of materials. . .

General material to allow TE/TM decomposition.

I Lindell/Bergamin/Favaro (IEEE, submitted).

I Lindell/Bergamin/Favaro (PIER, 2011).

Other metamaterials stuff. . .
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Conclusions.

I Maxwell’s equations only require spacetime ∼
continuous and smooth. Nothing more.

I Eliminating unnecessary assumptions puts the focus on
a ∼ minimal set of experiments.

I Charge conservation ⇒ Inhomogeneous Maxwell’s Eqs.

I No mag. monopoles ⇒ Homogeneous Maxwell’s Eqs.

I Vacuum response assumed late: after Maxwell’s Eqs.

I Maybe nonlinear? Remember, QED says so. . .

I Maxwell’s theory is still fundamental science.
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