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Abstract

We summarize the status and plans for the future for the CERN NA63 collaboration.
Our results for the quantum synchrotron radiation emission, measured in 2009, have been published
[1]. Owing to the close relation between the strong field radiation emission in crystals and beam-
strahlung emission at the interaction point of a linear collider, we have in essence tested the approach
to calculating the effective luminosity decrease from radiation loss in such machines.
A systematic study of the structured target ’resonance’ appearing from radiation emission by elec-
trons passing two amorphous foils positioned with separations in the range 10 − 20000 µm was
performed in september 2012. Preliminary results confirm a previously obtained result [2] that by
this method, the formation length - of macroscopic dimensions up to 0.5 mm - for the generation of
MeV-GeV radiation from multi-hundred GeV electrons can be directly measured. In fact the results
obtained allow a distinction between competing theories [3, 4], showing the need for a correction-
term introduced by Blankenbecler [5].
With a substantially improved setup compared to the run in 2010 (where the deconvolution of syn-
chrotron radiation prevented results in the most interesting regime below 0.5 GeV), we investigated
again the impact of the Landau-Pomeranchuk-Migdal (LPM) effect with 178 GeV electrons, in par-
ticular for low-Z targets where a discrepancy between experiment and theory might turn up. Fur-
thermore, measurements with 20 GeV electrons in a Cu target shows no indication of the ’kink-like’
structure seen in Migdal’s theory (the most widely used) for photon energies around 300 MeV.
A proof-of-principle measurement of the efficiency of production for positrons originating from elec-
trons impinging on an axially aligned diamond crystal was also performed, where the production an-
gles and energies can be measured by means of so-called MIMOSA detectors arranged in a magnetic
spectrometer configuration with a permanent-magnet-based magnetic dipole.

1) On behalf of the collaboration.
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The classical description of synchrotron radiation fails at large Lorentz factors, !, for relativistic

electrons crossing strong transverse magnetic fields B. In the rest frame of the electron this field is

comparable to the so-called critical field B0 ¼ 4:414" 109 T. For " ¼ !B=B0 ’ 1 quantum corrections

are essential for the description of synchrotron radiation to conserve energy. With electrons of energies

10–150 GeV penetrating a germanium single crystal along the h110i axis, we have experimentally

investigated the transition from the regime where classical synchrotron radiation is an adequate

description, to the regime where the emission drastically changes character; not only in magnitude, but

also in spectral shape. The spectrum can only be described by quantum synchrotron radiation formulas.

Apart from being a test of strong-field quantum electrodynamics, the experimental results are also relevant

for the design of future linear colliders where beamstrahlung—a closely related process—may limit the

achievable luminosity.

DOI: 10.1103/PhysRevD.86.072001 PACS numbers: 12.20.Fv, 41.60.#m, 41.75.Ht

I. INTRODUCTION

In the seminal paper by Schwinger on the emission of
synchrotron radiation [1], the classical treatment is shown
to be invalid once the momentum of the emitted quantum
becomes comparable to the electron momentum, i.e., the
condition for validity is ℏ! $ E, !%!c where E ¼
!mc2 is the energy of the electron, ! the Lorentz factor
of the electron, ℏ! the energy of the photon and !c the
critical frequency of the emitted synchrotron radiation.
This condition—not included in his original manuscript
[2]—he wrote as a function of the magnetic field B
as E=mc2 $ mc2=ððeℏ=mcÞBÞ, which translates into
" ( !B=B0 $ 1 where B0 is the critical magnetic field,
B0 ¼ m2c2=eℏ ¼ 4:414" 109 T. The equivalent electric
field is E0 ¼ m2c3=eℏ ¼ 1:32" 1016 V=cm. As also re-
marked by Schwinger, with a normally obtainable field of
up to 1 T, classical theory is adequate up to energies of
1015 eV, even nowadays an extreme energy. However,
since " is a relativistic invariant, the combination of strong
fields and high Lorentz factors may give rise to synchrotron
radiation in the quantum regime where " * 1.

In crystals, electric fields of the order 1011 V=cm, cor-
responding to magnetic fields of a few 104 T and originat-
ing from the screened nuclear fields, are achievable along
crystallographic axes (see below). Thus, using particles
with !% 105 as, e.g., the 100 GeV electrons obtainable

at the CERN SPS, experimental investigations of synchro-
tron radiation in the quantum regime become possible.

A. Spin-flip transitions

Not only does the total radiated energy differ substan-
tially between the classical and quantum regimes, the spec-
tral composition becomes drastically different once the
energy of the impinging particle gets sufficiently high.
Part of the explanation for this comes from the increasing
relevance of spin-flip processes in the quantum regime.
Spin-flip processes are slow and of low energy for " $ 1,
but become fast and extremely energetic for " comparable
to or beyond 1. In a simple classical picture, one can explain
why the energy of a spin-flip transition becomes compa-
rable to the electron energy for "% 1. Due to the Lorentz
transformation to the rest frame of the penetrating electron,
the strong electric field in the crystal appears as a strong
magnetic field B ¼ !#Elab, in which the magnetic moment
of the electron achieves an energy of E$ ¼ # ~$ ) ~B, giving
rise to emission connected to a spin-flip transition. In an
‘‘elementary treatment’’, which is not completely correct
but ‘‘has direct intuitive appeal and works surprisingly well
for electrons’’ [3], the spin-flip transitions of electrons with
$ ¼ eℏ=2mc have an energy !E$ ¼ eℏB=mc in the rest
system [4]. Transformation back to the laboratory yields a
factor ! such that the result is
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of the distance to the crystal axis in units of as. It is clear
from Eq. (5) that ! is proportional to !s. For a uniform
particle distribution one can find the fraction of particles
that experience a ! value of y¼!=!s or above. This is
plotted in Fig. 3. It can be seen that only about 10% of the
particles travel in ! " 0:5!s.

III. EXPERIMENTAL SETUP

The experiment was carried out using a tertiary beam of
electrons from the CERN SPS at the H4 beamline in the
North Area. The energy of the beam was varied from
10 GeV to 150 GeV. The experimental setup is shown in
Fig. 4 (the figure is not to scale). The beam is defined by
hits in scintillators Sc1 and Sc2 and no hit in ScH which
has a !12 mm hole. The position of the beam is determined
with drift chambers 1–3 (DC1-DC3) with a resolution of
approximately 0.17 mm (FWHM). The distance from DC1
to DC2 is 29 m, giving an entrance angle sensitivity of
#20 "rad, which is significantly smaller than the deflec-
tion caused by multiple Coulomb scattering (MCS) which
is of the order #180 "rad. This is mainly caused by two
scintillators used for beam control (not shown in Fig. 4).
DC2 and DC3 are used to measure the direction of the
electron after passing the 200 "m Ge crystal Xtal
(0:87%X0). We assume that this is the direction of the
emitted photon, correct up to an angle#1=#. With electron
energies from 10 GeV to 150 GeV this corresponds to

angles from 50 "rad to 3 "rad, which is comparable to
or less than the detection resolution.

Pair spectrometer

Downstream of DC3, the electron beam is deflected by a
dipole magnet (MBPL). After the deflection, photons and
electrons travel 10 m in a helium bag for the beam to be
sufficiently separated from the photons. A copper target is
inserted after the helium bag. This is part of the pair
spectrometer (PS) and has the purpose of converting pho-
tons to electron-positron pairs. The thickness of the con-
verter is 14%X0 which is a compromise between getting
good statistics and avoiding events where two or more
photons convert. The pair-conversion probability is con-
stant for the relevant photon energies. Hence, the spectrum
measured with the pair spectrometer corresponds to a pile-
up free photon spectrum scaled by a conversion factor. A
solid-state detector (called SSD, !5 cm) is inserted after
the Cu converter. It can be used to check if any pairs were
created in the converter or further upstream. All pairs
created in the converter and with energies above
100 MeV will be detected by the SSD detector since the
Borsellino angle [13] (the angle between the electron and

the positron of the created pair) is given by $ ¼ 4mc2

ℏ! ,

which is 20 mrad for a 100 MeV photon, and the distance
from the converter to the detector is #1 m.
An MDX dipole magnet deflects pairs generated be-

tween the MBPL and the MDX. The deflection of the
pair is measured by DC5 and DC6, from which the mo-
menta of the particles can be found. The PS is described in
detail below. Downstream of DC6 are three lead glass
calorimeters (LG). These are used to detect the energetic
pairs (deflected less than 26 mrad) and the majority of the
photons (#89%) which do not convert and hit the central
lead glass calorimeter (LgC).
With the pair spectrometer we can remove pile-up from

the photon spectrum, which is not possible with the lead
glass calorimeter. Pile-up changes the shape of the true
radiation spectrum mainly by decreasing the low-energy
part, but also by slightly increasing the high-energy
part. The disadvantage of the pair spectrometer is lower
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FIG. 3. For a uniform particle distribution traversing a Ge
crystal along the h110i axis is shown the fraction of particles
that experience a field !=!s or above.

FIG. 4. Experimental setup (not to scale). An electron beam enters from the left. DC refers to drift chambers and Sc to scintillators.
Xtal is the Ge crystal (0:87%X0), ScH a hole scintillator (!12 mm), MBPL the deflection magnet, Cu a copper converter, SSD a solid-
state detector, MDX the second deflection magnet and Lg refers to lead glass calorimeters (J for Jura and S for Salève—landmarks near
Geneva—and C for center). Dashed boxes indicate vacuum pipes. The overall length is around 60 meters from the first scintillator to
the lead glass detectors. All distances on the figure are between adjacent DCs.
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measurements in Fig. 11. One cannot directly compare the
two data sets, since the enhancement not only depends on
!s but also on the crystal structure.

We wish to model the !s dependence of the enhance-
ment with expressions calculated for single-field radiation.
This is not strictly correct but may give an approximate
relation between !, !s, and the quantum suppression.
Baier et al. [9] have found approximate expressions for
the quantum suppression of synchroton radiation as a
function of !:

Ie
Icl

¼ ð1þ 4:8ð1þ !Þ lnð1þ 1:7!Þ þ 2:44!2Þ%2=3: (7)

Since Icl / !2 and IBH / E / ! the radiation enhancement
is given by "ð!Þ ¼ Ie=IBH / !Ie. Equation (5) shows that
the local ! is proportional to !s. We have therefore fitted
"ðA!sÞ ¼ B!sIeðA!sÞ where A and B are fitting parame-
ters. The results are shown in Fig. 11.

Baier et al. have also made a calculation that includes
energy loss during the passage of the W crystal (blue line),

[15] which is plotted. Such calculations have not been
made for the Ge crystal.
As mentioned at the beginning of the article one of the

central objectives of this experiment was to observe the
change in radiation spectrum when quantum recoil and
spin-flip transitions affect the process. In Fig. 12 we com-
pare the 100 GeV PS data to several theoretical calcula-
tions. Besides the curve from Fig. 8, we have fitted a CFA
calculation to the data. The fit parameters are the strong-
field parameter ! and a scaling factor. We find ! ¼ 0:68&
0:16. With this field we plot the CFA theory without the
spin-flip contribution and the classical radiation spectrum.
Spin-flip transitions are only a small contribution at this
field but the difference between the classical spectrum and
the measurements is drastic and the classical formula is
clearly inadequate at these fields.

V. CONCLUSION

This is the first experiment to probe the associated
strong-field parameter interval from !s ¼ 0:048 to !s ¼
0:723 and measure pile-up free photon spectra from chan-
neled electrons. We have compared theoretical calculations
based on the constant field approximation to measurements
of the differential radiation spectra from an aligned germa-
nium crystal. With the electron energies used in this ex-
periment we investigated the onset of quantum suppression
of synchroton radiation. This is relevant for possible future
electron-positron colliders. The present experimental re-
sults are in agreement with theories.
Finally, we note that our previous experiment on ‘‘tri-

dents’’ [16], where a factor 2–3 disagreement with theory
was found, was performed with a setup very similar to that
presented here, and with the same type of target crystal.
The present findings support our interpretation that the
explanation for the disagreement reported there is likely
to be due to effects not included in the theory.
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FIG. 12 (color online). 100 GeV PS data with theoretical
calculations. The CFA has been fitted to the data (black solid
line) and we find ! ¼ 0:68& 0:16. The CFA without the spin
contribution has been plotted with the parameters found from the
CFA fit (black dotted) and the classical synchroton radiation
spectrum has been plotted for the same field (blue dash-dotted).
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measurements in Fig. 11. One cannot directly compare the
two data sets, since the enhancement not only depends on
!s but also on the crystal structure.

We wish to model the !s dependence of the enhance-
ment with expressions calculated for single-field radiation.
This is not strictly correct but may give an approximate
relation between !, !s, and the quantum suppression.
Baier et al. [9] have found approximate expressions for
the quantum suppression of synchroton radiation as a
function of !:
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Since Icl / !2 and IBH / E / ! the radiation enhancement
is given by "ð!Þ ¼ Ie=IBH / !Ie. Equation (5) shows that
the local ! is proportional to !s. We have therefore fitted
"ðA!sÞ ¼ B!sIeðA!sÞ where A and B are fitting parame-
ters. The results are shown in Fig. 11.

Baier et al. have also made a calculation that includes
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[15] which is plotted. Such calculations have not been
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As mentioned at the beginning of the article one of the

central objectives of this experiment was to observe the
change in radiation spectrum when quantum recoil and
spin-flip transitions affect the process. In Fig. 12 we com-
pare the 100 GeV PS data to several theoretical calcula-
tions. Besides the curve from Fig. 8, we have fitted a CFA
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spin-flip contribution and the classical radiation spectrum.
Spin-flip transitions are only a small contribution at this
field but the difference between the classical spectrum and
the measurements is drastic and the classical formula is
clearly inadequate at these fields.

V. CONCLUSION

This is the first experiment to probe the associated
strong-field parameter interval from !s ¼ 0:048 to !s ¼
0:723 and measure pile-up free photon spectra from chan-
neled electrons. We have compared theoretical calculations
based on the constant field approximation to measurements
of the differential radiation spectra from an aligned germa-
nium crystal. With the electron energies used in this ex-
periment we investigated the onset of quantum suppression
of synchroton radiation. This is relevant for possible future
electron-positron colliders. The present experimental re-
sults are in agreement with theories.
Finally, we note that our previous experiment on ‘‘tri-

dents’’ [16], where a factor 2–3 disagreement with theory
was found, was performed with a setup very similar to that
presented here, and with the same type of target crystal.
The present findings support our interpretation that the
explanation for the disagreement reported there is likely
to be due to effects not included in the theory.
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!E! ¼ "2#
E
E0

mc2 ¼ $#"mc2; (1)

so the electron radiates a significant fraction of its energy,
E, when $# ’ 1. This simple estimate shows why spin-flip
radiation transfers large fractions of the kinetic energy
when $" 1 is reached. However, the model has obvious
limitations since it predicts energy transfers larger than the
electron energy for $ ’ 1.

The time scale of spin-flip transitions, %sf , that lead to
polarization of the electron is given by [5–7]

%sf ¼
8ℏ

5
ffiffiffi
3

p
&mc2

"

$3 ; (2)

which may be rewritten as c%sf ¼ "sf"a0=$
3 where "sf ¼

8=5
ffiffiffi
3

p
’ 92:4% is the maximum polarization degree due

to spin-flip transitions and a0 is the Bohr radius. For a
100 GeVelectron in a $ ¼ 1 field, c%sf becomes 10 !m or
%sf ¼ 32 fs. For the more usual situation of a 1 GeV elec-
tron in a 1 T field, c%sf is 7.3 astronomical units and %sf is
61 minutes—a typical polarization time in an accelerator.
Therefore a substantial fraction of the radiation events
originate from spin-flip transitions as one gets to and
beyond $ ’ 1, even in a target as thin as 0.1 mm.
Theoretical studies [8] point to the possibility of obtaining
polarized positrons in a similar manner, by planar channel-
ing through bent crystals of lengths about 1 mm.

Ultrarelativistic leptons with " * 105 that penetrate a
crystal where they are exposed to fields E ’ 1011 V=cm
may therefore probe the quantum regime $ * 1 where
spin-flip transitions and recoil becomes decisive for the
intensity and shape of the radiation spectrum. See, e.g.,
Ref. [9,10] for reviews on such strong-field effects in
crystals.

B. Beamstrahlung

Synchrotron radiation in the quantum regime is of great
importance to the design of the collision point and a
potentially serious limitation for the next-generation linear
colliders based on lepton beams. The crucial phenomenon
here is the emission of intense radiation due to the inter-
action of one bunch with the electromagnetic field from the
opposing bunch. The particle deflection imposed by the
field of the oncoming bunch leads to an emission process
very similar to synchrotron radiation: beamstrahlung. As
the emission of beamstrahlung has a direct and significant
impact on the energy of the colliding particles, it is a
decisive factor for, e.g., the energy-weighted luminosity.
Conversely, beamstrahlung emission may provide a
method for luminosity measurement. It is therefore impor-
tant to know if beamstrahlung theory is correct, for the
conceptual and technical design of the collision region—
the interaction center about which the rest of the machine is
based.

The Lorentz factor " in the case of a collider is under-
stood as the Lorentz factor of each of the oppositely
directed beams, measured in the laboratory system. Then
relativistic velocity addition yields the Lorentz factor "0—
responsible for length contraction or time dilation—
of one beam seen from a particle in the other beam of
"0 ¼ 2"2 # 1, usually shortened to 2"2 in the ultrarelativ-
istic limit. Thus, in the rest frame of one bunch the field of
the other bunch is boosted by a factor ’ 2"2 and may
approach or even exceed critical field values.
The emission of beamstrahlung can be expressed as a

function of $ (often called " in the accelerator physics
community) which is of the order of unity for the next
generation linear colliders [11]. For the planned Compact
Linear Collider (CLIC) at CERN, the collision point is
designed such that the average value of the strong-field

parameter is #" ’ 4 and for the International Linear

Collider (ILC) with 500 GeV center-of-mass energy #" ¼
0:045. For CLIC, due to the emission of beamstrahlung, the
peak luminosityL1 (whereL1 is defined as the luminosity
for that part of the beam where the energy is still at least
99% of the initial value) becomes only about 34% of the
nominal. Simulations show that if the radiation probability
was not suppressed by quantum effects, the peak luminos-
ity L1 would be further reduced to 17% of the nominal
value. This illustrates the importance of the inclusion and
understanding of strong-field effects in the design of a
future collider. For these future colliders, ""-collisions,
resulting in, e.g., hadronic interactions, may be generated
from the beams themselves and the advantage of using
leptonic beams—which give ‘‘clean’’ collisions—is
abated. The beamstrahlung problem is unavoidable since
small beam cross sections are needed to give high lumi-
nosity for single passage machines (as opposed to circular
machines). Since " / N" $ 'z=ð'x þ 'yÞ, with N the
number of particles in each bunch and ' denoting the
beam size, with high energies and high luminosity a high
value of " is obtained. However, the problem may be
partly alleviated by applying special bunch structures
(ribbon pulses) to avoid rapid beam deterioration from
strong-field effects [12].
Thus, design schemes for the next-generation colliders

rely heavily on calculations of synchrotron radiation in the
transition region from the classical to the quantum regime,
$ ’ 1. However, apart from a previous study performed
with a tungsten target without the ability to measure the
spectral composition of the emitted photons [4], such
calculations have hitherto not been experimentally tested
in the relevant region of values of $.
In the following, we show experimentally that when

exposed to the strong, pseudocontinuous field in a crystal,
the radiation changes character, with the intensity going
from the classical "2 dependence towards a much weaker
dependency, consistent with a theory predicting that even-

tually it becomes proportional to "2=3. The field, in this
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!E! ¼ "2#
E
E0

mc2 ¼ $#"mc2; (1)

so the electron radiates a significant fraction of its energy,
E, when $# ’ 1. This simple estimate shows why spin-flip
radiation transfers large fractions of the kinetic energy
when $" 1 is reached. However, the model has obvious
limitations since it predicts energy transfers larger than the
electron energy for $ ’ 1.

The time scale of spin-flip transitions, %sf , that lead to
polarization of the electron is given by [5–7]

%sf ¼
8ℏ

5
ffiffiffi
3

p
&mc2

"

$3 ; (2)

which may be rewritten as c%sf ¼ "sf"a0=$
3 where "sf ¼

8=5
ffiffiffi
3

p
’ 92:4% is the maximum polarization degree due

to spin-flip transitions and a0 is the Bohr radius. For a
100 GeVelectron in a $ ¼ 1 field, c%sf becomes 10 !m or
%sf ¼ 32 fs. For the more usual situation of a 1 GeV elec-
tron in a 1 T field, c%sf is 7.3 astronomical units and %sf is
61 minutes—a typical polarization time in an accelerator.
Therefore a substantial fraction of the radiation events
originate from spin-flip transitions as one gets to and
beyond $ ’ 1, even in a target as thin as 0.1 mm.
Theoretical studies [8] point to the possibility of obtaining
polarized positrons in a similar manner, by planar channel-
ing through bent crystals of lengths about 1 mm.

Ultrarelativistic leptons with " * 105 that penetrate a
crystal where they are exposed to fields E ’ 1011 V=cm
may therefore probe the quantum regime $ * 1 where
spin-flip transitions and recoil becomes decisive for the
intensity and shape of the radiation spectrum. See, e.g.,
Ref. [9,10] for reviews on such strong-field effects in
crystals.

B. Beamstrahlung

Synchrotron radiation in the quantum regime is of great
importance to the design of the collision point and a
potentially serious limitation for the next-generation linear
colliders based on lepton beams. The crucial phenomenon
here is the emission of intense radiation due to the inter-
action of one bunch with the electromagnetic field from the
opposing bunch. The particle deflection imposed by the
field of the oncoming bunch leads to an emission process
very similar to synchrotron radiation: beamstrahlung. As
the emission of beamstrahlung has a direct and significant
impact on the energy of the colliding particles, it is a
decisive factor for, e.g., the energy-weighted luminosity.
Conversely, beamstrahlung emission may provide a
method for luminosity measurement. It is therefore impor-
tant to know if beamstrahlung theory is correct, for the
conceptual and technical design of the collision region—
the interaction center about which the rest of the machine is
based.

The Lorentz factor " in the case of a collider is under-
stood as the Lorentz factor of each of the oppositely
directed beams, measured in the laboratory system. Then
relativistic velocity addition yields the Lorentz factor "0—
responsible for length contraction or time dilation—
of one beam seen from a particle in the other beam of
"0 ¼ 2"2 # 1, usually shortened to 2"2 in the ultrarelativ-
istic limit. Thus, in the rest frame of one bunch the field of
the other bunch is boosted by a factor ’ 2"2 and may
approach or even exceed critical field values.
The emission of beamstrahlung can be expressed as a

function of $ (often called " in the accelerator physics
community) which is of the order of unity for the next
generation linear colliders [11]. For the planned Compact
Linear Collider (CLIC) at CERN, the collision point is
designed such that the average value of the strong-field
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Collider (ILC) with 500 GeV center-of-mass energy #" ¼
0:045. For CLIC, due to the emission of beamstrahlung, the
peak luminosityL1 (whereL1 is defined as the luminosity
for that part of the beam where the energy is still at least
99% of the initial value) becomes only about 34% of the
nominal. Simulations show that if the radiation probability
was not suppressed by quantum effects, the peak luminos-
ity L1 would be further reduced to 17% of the nominal
value. This illustrates the importance of the inclusion and
understanding of strong-field effects in the design of a
future collider. For these future colliders, ""-collisions,
resulting in, e.g., hadronic interactions, may be generated
from the beams themselves and the advantage of using
leptonic beams—which give ‘‘clean’’ collisions—is
abated. The beamstrahlung problem is unavoidable since
small beam cross sections are needed to give high lumi-
nosity for single passage machines (as opposed to circular
machines). Since " / N" $ 'z=ð'x þ 'yÞ, with N the
number of particles in each bunch and ' denoting the
beam size, with high energies and high luminosity a high
value of " is obtained. However, the problem may be
partly alleviated by applying special bunch structures
(ribbon pulses) to avoid rapid beam deterioration from
strong-field effects [12].
Thus, design schemes for the next-generation colliders

rely heavily on calculations of synchrotron radiation in the
transition region from the classical to the quantum regime,
$ ’ 1. However, apart from a previous study performed
with a tungsten target without the ability to measure the
spectral composition of the emitted photons [4], such
calculations have hitherto not been experimentally tested
in the relevant region of values of $.
In the following, we show experimentally that when

exposed to the strong, pseudocontinuous field in a crystal,
the radiation changes character, with the intensity going
from the classical "2 dependence towards a much weaker
dependency, consistent with a theory predicting that even-

tually it becomes proportional to "2=3. The field, in this
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polarized positrons in a similar manner, by planar channel-
ing through bent crystals of lengths about 1 mm.
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resulting in, e.g., hadronic interactions, may be generated
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small beam cross sections are needed to give high lumi-
nosity for single passage machines (as opposed to circular
machines). Since " / N" $ 'z=ð'x þ 'yÞ, with N the
number of particles in each bunch and ' denoting the
beam size, with high energies and high luminosity a high
value of " is obtained. However, the problem may be
partly alleviated by applying special bunch structures
(ribbon pulses) to avoid rapid beam deterioration from
strong-field effects [12].
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of one beam seen from a particle in the other beam of
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approach or even exceed critical field values.
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ity L1 would be further reduced to 17% of the nominal
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resulting in, e.g., hadronic interactions, may be generated
from the beams themselves and the advantage of using
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small beam cross sections are needed to give high lumi-
nosity for single passage machines (as opposed to circular
machines). Since " / N" $ 'z=ð'x þ 'yÞ, with N the
number of particles in each bunch and ' denoting the
beam size, with high energies and high luminosity a high
value of " is obtained. However, the problem may be
partly alleviated by applying special bunch structures
(ribbon pulses) to avoid rapid beam deterioration from
strong-field effects [12].
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be inaccurate for atoms of low nuclear charge [19, eq. (22)], and for several combinations of electron
energies and photon energies, the resulting spectra show what seems to be an unphysical ’kink’ in the
radiation spectrum. The aim of our measurements in 2012 was to address these questions.

Moreover, the more modern theory by Baier and Katkov which includes Coulomb corrections
and other fine details, is developed mainly for high-Z targets, and therefore does not include screening
adequately for low-Z targets. The accuracy of their theory is expected to be a few percent for high-Z
targets, whereas for low-Z targets the error may be as much as 10-15%.

Finally, the contribution from electrons may be influenced differently by the LPM effect than the
nuclear contribution, resulting in another potential difference between the true multiple scattering effects
in low-Z and high-Z targets.

3.1 Measurements with electrons of 178 GeV
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Figure 5: Preliminary results for the low-Z LPM measurement performed with electrons of 178 GeV in
! 2.5% X0 targets of LowDensityPolyEthylene (LDPE), Carbon, Aluminum, Titanium, Iron, Copper,
Molybdenum and Tantalum. For detector efficiency calibration purposes we measured also a ! 2.5% X0
target consisting of 80 foils of Al, each subtarget 25 microns thick, i.e. significantly thinner than lγ =
α/4πX0 = 52µm, thus ensuring single interaction conditions yielding a standard Bethe-Heitler spectrum.

As shown in figure 5, the general tendency is that the higher the nuclear charge of the target, the
stronger is the LPM suppression, exactly as expected. The possible presence of discrepancies with theory
cannot be concluded upon yet, but analysis is in fast progress and is expected to be finished by the end
of 2012.

3.2 Measurements with electrons of 20 GeV
In figure 6 is shown the preliminary results for the low-Z LPM measurement performed with

electrons of 20 GeV in a ! 2.5% X0 target of Copper. The presence of a ’kink’ in the radiation spectrum -
while clearly visible from the theory - is not apparent from the experimental data. A more firm conclusion
awaits further analysis.
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We report the first observation of a shoulder in the radiation spectrum from GeV electrons in a

structured target consisting of two thin and closely spaced foils. The position of the shoulder depends on

the target spacing and is directly connected to the finite formation length of a low-energy photon emitted

by an ultrarelativistic electron. With the present setup it is possible to control the separation of the foils on

a !m scale and hence measure interference effects caused by the macroscopic dimensions of the

formation length. Several theoretical groups have predicted this effect using different methods. Our

observations have a preference for the modified theory by Blankenbecler but disagree with the results of

Baier and Katkov.

DOI: 10.1103/PhysRevLett.108.071802 PACS numbers: 13.40.!f, 12.20.Fv, 41.60.!m

The well-known Landau-Pomeranchuk-Migdal (LPM)
[1,2] effect suppresses the low-energy part of the Bethe-
Heitler (BH) [3] bremsstrahlung spectrum from an
ultrarelativistic electron passing an amorphous material.
The suppression is caused by multiple Coulomb scattering
(MCS) within the formation length. For a photon
with energy @! emitted by an electron with energy E the
formation length is [4]

lf ¼ 2EðE! @!Þ
m2c3!

; (1)

where m is the electron mass, c the speed of light, and @
Planck’s constant divided by 2".

The LPM effect is mainly important for high-energy
electrons emitting low-energy photons since the formation
length is longest in that case. A simple estimate of when
MCS within the formation length is important can be given
by comparing the root mean square MCS angle over the
formation length #MCS to the typical photon emission angle
[5] #$ ¼ 1=$ % mc2=E. When #MCS > #$ suppression is
significant. This happens for photons with @!< @!LPM ¼
E2=ðEþ ELPMÞ [4], where ELPM ¼ 7:7 TeV=cm' X0 and
X0 is the radiation length of the material. When the LPM
effect is present, the almost constant BH radiation
intensity, @! dN

d@! , is changed to a
ffiffiffiffiffiffiffi@!p

behavior.
For a thin target the suppression effect is modified for

photon energies low enough for the formation length to
extend out of the target[6,7]. This so-called Ternovskii-
Shul’ga-Fomin (TSF) effect has been investigated in recent
years [8]. It was found that for a fixed photon energy, the

decrease of the radiation intensity from the BH level to the
LPM level for increasing target thickness, !t, could be
described by a simple logarithmic function of!t. A simple
estimate of the onset energy of this effect can be found by
setting the formation length equal to the target thickness
and isolating the photon energy. This is given by

@!TSF ¼
E

1þ mc!t
2@$ : (2)

In the TSF regime the LPM suppression is lifted and the
radiation intensity below @!TSF is again almost indepen-
dent of the photon energy. However, the intensity is
reduced in magnitude compared to the BH level.
The successful measurements by the SLAC E-146

[9–11] collaboration of the LPM effect initiated consider-
able activity on the theory side. This also led to the
investigation of a structured target consisting of two thin
foils separated by a small gap. Three independent theoreti-
cal groups found a maximum in the calculated radiation
spectrum from such a structured target [12–15]. The posi-
tion of the maximum is directly connected to the formation
length of photons at that energy. Since the formation length
of a 1 GeV photon emitted by a 200GeVelectron is 60 !m,
one can basically measure interference effects caused by
the finite formation length with a micrometer screw.
An alternative way of understanding the appearance of

the maximum in the radiation spectrum from a structured
target is the following: consider first a target of a certain
thickness where the LPM effect is important. If the target is
cut into three pieces and the central part removed one also
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Figure 3: Preliminary results for one of the measurements of the structured target ’resonances’. Shown
with crosses is the ratio between the radiation spectra (after background subtraction) obtained with 178
GeV electrons passing 2 foils of each 26 micron thick gold, at separations of nominally 60 microns and
20 mm. In the latter case, there should be no ’resonance’, the formation length being much too short to
extend across the gap between the foils, whereas for the 60 micron separation the ’resonance’ appears.
Thus the ratio of the two spectra shows the ’resonance’ in units of a normal bremsstrahlung (including
LPM and TSF effects, see [13]) reference.

Figure 4: A photograph of one of the gold foils, mounted in the holder. The foil is glued to the edges and
subsequently the central part of the holder is tightened against it such that the central part protrudes and
is kept flat.

3 Landau-Pomeranchuk-Migdal effect for low-Z targets
The Landau-Pomeranchuk-Migdal (LPM) effect was investigated experimentally in the mid-90s

with 25 GeV electrons at SLAC [15] and later with up to 287 GeV electrons at CERN [16, 17]. These
investigations - combined with relevant theoretical developments - have shown that the theory of multiple
scattering dominated radiation emission is describing experiment very well, at least for high-Z targets.

In his review paper on the LPM effect from 1999 [18], Spencer Klein stated among the explana-
tions for a small, but significant discrepancy found for carbon with electrons at 25 GeV that ”‘it is also
possible that Migdals theory may be inadequate for lighter targets.”’. Likewise, in the CERN experiments
[17], where carbon was used as a calibration target, the systematic deviations from the expected values
for ELPM could possibly be explained by an insufficient theoretical description of carbon.

As described in [14], the most widely used theory for the LPM effect, developed by Migdal [19],
potentially has at least two shortcomings: It is based on the Thomas-Fermi approximation, known to
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MIMOSA	
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Figure 7: A ’screen-shot’ of the 4 MIMOSA detectors, showing the beam-profiles observed at the 4
locations, 2 upstream the spectrometer permanent magnet and 2 downstream.

Figure 8: MIMOSA-setup

is smaller than for other crystals, and fairly rapidly approaches one, with increasing thickness. It must be
emphasized, though, that the actual phase-space density has not been measured, the enhancement thus
likely being a pessimistic number.
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