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Abstract. Coherent radiation in the range from soft X-rays up to hard X-rays, produced by the low-
emittance electron beam of MAMI, can be used for various applications. Novel types of interferometers
have been developed for the measurement of the complex index of refraction of thin self-supporting foils.
For the vacuum ultraviolet and soft X-ray region the interferometer consists of two collinear undulators,
and a grating spectrometer. A foil placed between the undulators causes a phase shift and an attenuation of
the oscillation amplitude. The complex index of refraction has been measured at the L2,3-absorption edges
of nickel. A novel method is described for the measurement of the X-ray magnetic circular birefringence.
For the hard X-ray region the interferometer consists of two foils at which the 855MeV electron beam
produces transition radiation. Distinct interference oscillations have been observed as a function of both,
the photon emission angle and the distance between the foils. The refractive index decrement δ(ω) of a
2µm thick nickel sample foil has been measured at X-ray energies around the K absorption edge at 8333 eV
and at 9930 eV with an accuracy of better than 1.5 %. The line width of parametric X radiation (PXR) was
measured in backward geometry with a Si single-crystal monochromator. Upper limits of the line width of
42meV, 50meV, and 44meV, have been determined for the (333), (444) and (555) reflections at photon
energies of 5932 eV, 7909 eV, and 9887 eV, respectively. Small angle scattering of the electrons in the crystal
leads to a stochastic frequency modulation of the exponentially damped wave train which results in the
line broadening. To elucidate the quest if the production of PXR is a kinematical or a dynamical process
the radiation from silicon single-crystal targets, emitted close to the electron direction, has been studied.
The observed interference structures and the narrow-band radiation in forward direction shows that PXR
is produced in a dynamical process.

PACS. 07.60.Ly Interferometers – 78.20.Ci Optical constants (including refractive index, complex di-
electric constant, absorption, reflection and transmission coefficients, emissivity) – 41.60.-m Radiation by
moving charges – 41.50.+h X-ray beams and X-ray optics

1 Introduction

Immediately after MAMI B became fully operational for
nuclear physics experiments, in the early nineties also a
research program was launched to explore the potential of
the high-quality, low-emittance electron beam for applica-
tions. It was our conviction that it ought to be possible
to use X-rays produced with the 855 MeV beam of MAMI
in various fields of physics, material science, medicine and
biology. Of course, attention focused at that time on the
third-generation synchrotron radiation sources like ESRF,
APS and Spring8 which were on the horizon and, in par-
ticular, on the production of brilliant soft X-ray flashes
in a single pass of high-current electron bunches through
an undulator by the process of self-amplified spontaneous
emission (SASE). However, various other processes were
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also considered at that time to be of interest for the
production of soft and hard X-ray beams with external
high-quality electron beams. The most important ones
are schematically depicted in fig. 1. These are transition
radiation (TR), channeling radiation (CR), parametric
X-radiation (PXR), undulator radiation (UR), and Smith-
Purcell radiation (SPR). There are potential advantages
of such X-ray sources over synchrotron radiation sources
or free electron lasers on the basis of SASE. First of all,
since accelerators may become relatively inexpensive in
the future, they could meet the radiation requirements of
research laboratories or hospitals on the spot. Secondly,
the X-ray beam can be triggered and its time structure
adapted to nearly any experimental requirement. In par-
ticular, the electron beam can easily be turned off if the
X-ray beam is not used minimizing power consumption
and radiation production in the beam dump.

At MAMI with UR and TR brilliant photon beams
can be produced with energies covering the range between
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Fig. 1. Processes for the generation of coherent radiation with
relativistic electrons.

some 100 eV and up to about 50 keV. Brilliance means
that a large number of photons from a small source spot
size down to the µm range are emitted with high direc-
tionality in space. In particular, the hard TR X-ray beam
turned out to be comparable in photon flux and brilliance
with second-generation synchrotron radiation sources [1].
Taking advantage of this fact a novel K-edge imaging sys-
tem [2] was developed. In addition, X-ray phase contrast
imaging has been accomplished. For the latter we refer to
the contribution ref. [3] in this issue.

SPR is generated when a beam of charged particles
passes close to the surface of a periodic structure. This
type of radiation has been investigated in the optical spec-
tral range with the 855 MeV beam of MAMI [4]. A detailed
discussion of the emitted photon number per electron led
to the conclusion that a SPR source is not advantageous in
comparison with an UR source for ultrarelativistic beam
energies. At present experiments are being performed at
the 3.4 MeV injector LINAC of MAMI to explore the gen-
eration of intense SPR in the THz region of the electro-
magnetic spectrum [5].

In channeling, the charged particle directions are
closely aligned with an atomic row or with crystal planes,
and their motion is governed by many correlated collisions
with crystal atoms. As a result, the particles are steered
along strings or planes and CR is emitted. Channeling
experiments have been taken up at MAMI only very re-
cently, see ref. [6]. They are connected with the feasibility
of a crystalline undulator with positrons which was inves-
tigated recently in great detail [7].

In sect. 2 of this contribution our results obtained with
a novel interferometry principle will be reviewed. The in-
terferometer consists of two spatially separated, phase-
correlated radiation sources in the soft and hard X-ray
ranges. For soft X-rays the radiation sources are undula-
tors with small period length, for hard X-rays they are
foils in which the electron beam produces TR. It will be
shown in this section 2 that the optical properties of foils
can be determined in the soft and hard X-ray region.

If the electron beam strikes a crystal, it emits quasi-
monochromatic PXR close to a Bragg angle. This kind
of radiation source is amazing for its compactness, since

production and monochromatisation of the radiation take
place in the same crystal. The expected small spectral
line width of PXR would promise an abundance of ap-
plication possibilities, e.g. within the field of solid-state
physics. However, line broadening by multiple scattering
of the electrons in the crystal may spoil the superb line
width. In sect. 3 our experiments addressing this question
are reviewed, including fundamental aspects like the ques-
tion whether the process of PXR production is of kinemat-
ical or of dynamical nature.

The paper closes with a conclusion and an outlook.

2 X-Ray interferometry

Resonant anomalous X-ray scattering plays an increas-
ingly important role in many disciplines of physics, biol-
ogy, and material sciences. Using the brilliant and tune-
able X-ray beams from modern synchrotron radiation
sources, it is now possible to fully exploit the informa-
tion in the strong energy and polarisation dependence
of the atomic scattering amplitude f(ω, q) = f0(q) +
f ′(ω) + if ′′(ω) near absorption edges [8,9]. This micro-
scopic description can be translated into a macroscopic
description with the complex index of refraction n(ω) =
1 − δ(ω) + iβ(ω) by the relations for the refractive index
decrement δ(ω) = (1/2) (ωp/ω)2(f0(0)+f ′(ω))/Z and the
absorption index β(ω) = (1/2) (ωp/ω)2f ′′(ω)/Z. In these
expressions Z is the atomic number, ωp the plasma fre-
quency with ωp

2 = 4πr0c2naZ, r0 the classical electron
radius, na the number of atoms per volume, and f0(0) = Z
neglecting relativistic corrections.

The imaginary part of the scattering amplitude f ′′
can be directly determined from the total photon cross
section σ(ω) by employing the optical theorem: f ′′(ω) =
ω σ(ω)/(4πr0c). The total cross section is well approxi-
mated by the absorption cross section which can be mea-
sured by a transmission experiment. The real part f ′ can
be calculated from f ′′ by means of Kramers-Kronig disper-
sion relations. However, this method is suited for a relative
comparison only, since it requires precise absorption data
for all frequencies from zero to infinity [10]. If precise ab-
solute values are needed, a direct measurement of f ′(ω) is
required. Direct measurements are based on X-ray inter-
ferometry with the Bonse Hard-X-ray interferometer [11],
refraction through a prism [12,13], diffraction from perfect
crystals and pendellösung fringes [14,15], determination of
the angle of total reflection [10,16], and Fresnel bi-mirror
interferometry [17]. Whereas most of these methods are
based on splitting of either wave amplitudes or wave fronts
the novel type of interferometer which is described here
uses two spatially separated coherent X-ray emitters.

The basic idea of the interferometer will be explained
by means of the schematic experimental setup shown in
fig. 2. Relativistic electrons create two wave trains in
source 1 and source 2, the relative distance ∆ of which
is given in leading order by ∆(θ, d) = 1

2 (γ−2 + θ2)d. Here
d is the distance between the sources, γ the Lorentz factor
of the electron, and θ the observation angle with respect
to the electron beam direction. The monochromator serves
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Fig. 2. Interferometry with spatially separated coherent X-ray
emitters.

as a Fourier analyser of the wave trains. The two result-
ing plane waves have a phase difference of Φ = ω

v∆(θ, d)
(v is the velocity of the electron) and interfere in the de-
tector, resulting in oscillations of the intensity I(d), if the
distance d is varied. A sample foil placed between the two
sources produces an additional phase shift and attenuation
of wave 2. Consequently, both quantities, i.e. the refrac-
tive index decrement δ and the absorption index β, can
be extracted from the measured interference oscillations
I(d) with and without the foil between the sources. This
holds independently of the nature of the emission process,
provided that the produced X-rays remain coherent.

2.1 The soft X-ray interferometer

For photon energies in the range of about 100 eV up to
2 keV we use two identical undulators (period length LU =
12 mm, number of periods 10, undulator parameter K =
1.1) and a grating spectrometer. The recorded intensity
with a foil between the undulators is given by

I(d) = |A1|2 + |A2|2e−2 ω
c β(ω)t0 + 2|A1| |A2|e−ω

c β(ω)t0

× cos
{
ω

c

[
∆(θ, d) + δ(ω)t0 +

K2

4γ2
LU

]}
(1)

with A2 being the amplitude of the upstream undulator,
A1 that of the downstream one and t0 the thickness of the
foil.

The interferometer has been developed at the Mainz
Microtron MAMI and its performance was demonstrated
with measurements at the K absorption edge of carbon
at 284 eV. Details of this experiment can be found else-
where [18]. The visibility (coherence), defined by C =
(Imax − Imin)/(Imax + Imin) without sample foil, is close
to its maximum value C = 1. No loss of coherence was
observed over the scanning distance of 15 cm. Therefore,
the optical constants δ and β could be extracted by a fit
with simple cosine functions.

Measurements were also performed at the L2-
absorption and L3-absorption edges of nickel at 871 eV
and 855 eV, respectively. The experimental setup was sim-
ilar with that described in ref. [18] with the following
modifications: the third harmonics of the undulator was
chosen as radiation, which was generated at an electron
energy of 766.3 MeV. The radiation was analyzed with a
variable line spacing (VLS) grating [19] with an energy
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Fig. 3. Intensity oscillations as a function of the distance d
between the undulators with and without the self-supporting
83.2µg/cm2 nickel sample foil at three different photon ener-
gies at the L2,3 absorption edges. Note the change of sign of
the phase shift at the photon energy of 854.3 eV.

resolution of 0.44 eV. Typical measured intensity oscilla-
tions are shown in fig. 3. The extracted optical constants
at the Ni L2,3 are shown in fig. 4. A high accuracy has
been reached, even in the region where β ≥ δ in which the
optical constants can be determined from reflectivity mea-
surements only with large uncertainties [20]. The remark-
able fact about this measurement is the hight of the L3

resonance with its maximum value β = (5.64±0.24)·10−3.
This value corresponds to an imaginary scattering factor
f ′′ = 65.7± 2.8. In ref. [21] a mass attenuation coefficient
µ = 2 · 104 cm2/g was determined from which, with the
relation µ = (4π) ·β, an f ′′ = 24 can be calculated with an
estimated uncertainty of 10 %. The difference may orig-
inate from the better resolution in our experiment. Cor-
related with this L3 absorption resonance is a change of
sign of the refractive index decrement δ(ω). It is interest-
ing to notice that for δ(ω) < 0 the real part of the refrac-
tive index 1 − δ(ω) is larger than 1 and a monochromatic
Cherenkov radiation with an energy of 855 eV will be emit-
ted. This fact has been pointed out in the literature.

The strong absorbtion line at the L3 edge of Ni is
the result of an allowed dipole transition between the
2p3/2 core state and empty 3d valence states above the
Fermi energy. This transition exhibits a strong X-ray
Magnetic Circular Dichroisim (XMCD) effect which can
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Fig. 4. Absorption index β and refraction index decrement δ
of an 83µg/cm2 Ni sample foil as obtained from the analysis of
the intensity oscillation measurements as shown in fig. 3. The
photon energy resolution was 0.44 eV.

be used to probe the magnetic properties of the mate-
rial [22]. With XMCD spectroscopy, pioniered by Schütz
and coworkers [23], the difference in the absorption of left
and right circular polarized light is measured. Connected
with the XMCD is the X-ray Magnetic Circular Birefrin-
gence (XMCB) also known as Faraday Magneto-Optical
Rotation (MOR). Both effects can be described with the
complex index of refraction n±(ω) = 1 − δ±(ω) + iβ±(ω)
for the two ± helicity states of the radiation. Thickness
variation in the transmission measurements hampered the
accuracy in the determination of β±(ω) with the XMCD
spectroscopy, especially near the strong-absorption lines
where the XMCD effect is the largest. It has been shown
in ref. [24], that such thickness effects are less important
for the measurement of the refractive index δ±(ω). How-
ever, this measurement is difficult because of the lack of
polarization analyzers in the soft X-ray region.

Our interferometer has been developed further to mea-
sure δ±(ω) without any polarization filter. The magne-
tized sample foil with the magnetization direction par-
allel or antiparallel to the electron beam axis was po-
sitioned between the two undulators, see fig. 5. Due to
the XMCB and XMCD effect, the linear polarized light
from the first undulator suffers a helicity-dependent phase
shift and absorption resulting in elliptical polarized light.
The major semi-axis of the ellipse is rotated by an an-
gle ψ with respect to the plane in which the impinging
linear polarized E field vector oscillates. The second un-
dulator which can be rotated around the electron beam
axis acts as the analyzer. The maximum visibility deter-
mines the rotation angle ψ of the ellipse on which the

1 m 

3 mm
Beam tube

+/- 90°

e-

Undulator 2

Undulator 1

Movable Gap

Fig. 5. Experimental setup of the new undulator interferom-
eter. The undulator 2 can be both moved along and rotated
around the electron beam axis. These possibilities allow pro-
duction of radiation with a well-defined polarization state be-
tween linear and circular. In addition, the undulator gap can
be changed for an online variation of the photon energy via the
undulator parameter K. Note that the electron beam traverses
a vacuum tube of only 3mm in diameter over a length of about
1m.
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Fig. 6. Preliminary results of a measurement of the rotation
angle ψ of the ellipse on which the E field vector rotates behind
a 72.5 nm self-supporting Ni foil, which was illuminated with a
linear polarized undulator radiation. Shown are measurements
at the L3 and L2 absorption edges.

E field vector moves behind the foil. This angle is given
by ψ = ω

2c t0(δ+(ω) − δ−(ω)). The first measurements of
the angle ψ of a 72.5 nm magnetized Ni foil, placed in a
magnetic field of 1.0 T, are shown in fig. 6. In this ex-
periment the photons were detected in the energy disper-
sive plane of the grating spectrometer with a windowless
CCD-detector [25]. The visibility for rotation angles be-
tween −105◦ and +105◦ of the second undulator was ex-
tracted from the interference oscillation as a function of
the distance between the undulators. Furthermore, also
the refractive index decrement β±(ω) can be extracted si-
multaneously from this measurement which allows the full
determination of the helicity-dependent complex index of
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Fig. 7. Experimental setup of the transition radiation inter-
ferometer. The monochromator is a flat silicon single crystal,
cut with the (111) plane parallel to the surface, at a distance
of 5.5m from the foils. It acts as energy dispersive mirror. A
silicon 1× 3 cm2 pn CCD with active thickness of 300µm and
a pixel size of 150 × 150µm2 was used as detector [26]. The
CCD is located at a distance of 5.5m from the monochroma-
tor crystal.

refraction n±(ω) without knowledge of the degree of the
polarization of the light.

2.2 The hard X-ray interferometer

When a charged particle traverses the interface of two me-
dia with different dielectric polarizability, transition radi-
ation (TR) is emitted. The TR radiation is sharply peaked
into forward direction with a characteristic opening angle
of about 2/γ and features broadband characteristics with
a cut-off energy at about 40 keV. It is well known that the
TR amplitudes from two interfaces of a single foil inter-
fere coherently. The same holds for the amplitudes from
two or more foils (interfoil interference), see, e.g., ref. [27].
It was suggested more than fifteen years ago by Moran
et al. [28] that the interfoil coherence of TR, generated
by relativistic electrons, constitutes a new technique for
the measurement of the refractive index decrement δ(ω)
in the X-ray region. A number of experiments were per-
formed in the soft and hard X-ray region in which more
or less clear interference structures were observed [28,29,
30,31,32,1]. However, that δ(ω) really can be measured by
such a technique has been demonstrated first by the X-ray
interferometer described in this work. It consists of two
foils at which the 855 MeV MAMI beam produces tran-
sition radiation, a single crystal spectrometer with a flat
crystal in Bragg geometry, and a pn CCD X-ray detector,
see fig. 7. Details of the experiment have been reported
elsewhere [33,34,35].

Measurements have been performed on nickel around
the K absorption edge at 8333 eV as well as around
9930 eV, well above the K absorption edge, where ex-
tended diffraction anomalous fine structures (EDAFS) in
the dispersion spectra are supposed to be negligible. A
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Fig. 8. Measured interference pattern at a fixed foil distance
d = 475.0(2)µm. The central photon energy h̄ω = 9929 eV is
well above the K absorption edge of nickel. Grey levels indicate
the intensities.
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Fig. 9. Examples of interference oscillations as a function of
foil distance d at a fixed photon energy h̄ω and a fixed observa-
tion angle θ as indicated. The ordinates are counts/(msmrad2).
The measurements (dots) are well met by the simulation cal-
culation (full line).

typical example of a measured TR interference pattern is
shown in fig. 8.

There are two possibilities to extract δ1 of the down-
stream nickel foil from the TR interference patterns shown
in fig. 8. In the first one the information is obtained from
the interference oscillations as a function of the observa-
tion angle θ at fixed distance between the foils. Since the
pn CCD detector was arranged horizontally the interfer-
ence oscillations were observed essentially along the en-
ergy dispersive angular coordinate θx. Reliable results can
be obtained if δ1(ω) can be approximated with reasonable
accuracy by a linear expansion as a function of the photon
energy h̄ω. Close to an absorption edge such an approxi-
mation is not valid. In such a case, as a second possibility,
δ1(ω) can be extracted from the interference oscillations
observed as a function of foil distance d, as shown in fig. 9.
The rapid damping of the visibility after about three pe-
riods originates mainly from the small-angle scattering of
the electrons in the upstream foil which was made of the
low-Z element beryllium to minimize the effect. The re-
sults of the refractive index decrement δ1(ω) around the
K absorption edge of Ni are shown in fig. 10. Details of
the analysis procedure can be found in refs. [34,36].

The measured δ1(ω) agrees at the K absorption edge
within the total error of ∆δ1/δ1 ≤ 1.5%, with the
Kramers-Kronig transformation of β1(ω) of refs. [37,38].
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Fig. 10. Refractive index decrement δ1(h̄ω) at the K absorp-
tion edge as obtained from interference oscillations. The error
bars represent pure statistical errors of the experiment. The full
line is a Kramers-Kronig transform of the absorption data [37,
38].

In comparison, the measurements of δ1(ω) by Bonse and
co-workers [39,40] with Bonse-Hart interferometers [11]
are systematically too low by about 1.5%. This small de-
viation may originate from a systematical error in the foil
thickness measurements in those experiments.

3 Parametric X-radiation

Parametric X-radiation (PXR) or quasi-Cherenkov radi-
ation is produced when a relativistic electron traverses
a single crystal, and the wave vector kv of the virtual
photon associated with the electron field, the reciprocal
lattice vector H of a specific crystal plane and the wave
vector kr of the emitted X-ray nearly fulfil the well-known
diffraction condition kv + H ∼= kr. For ultra-relativistic
electrons the wave vector kv nearly coincides with the
electron velocity vector v and the emission process can
also be understood as diffraction of virtual photons by
the crystal. The production mechanism of PXR in such a
medium with three-dimensional periodic permittivity was
extensively studied both theoretically by Baryshevsky and
Feranchuk [41,42], Garibyan and Yang [43,44], and Ter-
Mikaelian [45] and experimentally by a large number of
researchers. For an overview of the theoretical and exper-
imental work up to the year 1997 see, e.g., ref. [46] and
also ref. [47,48,49,50] for the recent works.

PXR features a sharp quasi-monochromatic X-ray
beam close to the Bragg angle with a very narrow line
width. The angular distribution consists of one peak
above and one below the symmetry plane of the crys-
tal. Their spatial widths are characterized by the angle
θph = (1/γ2 + (ωp/ω)2)1/2, with γ the Lorentz factor of
the moving particle, ω the angular frequency of the emit-
ted photon, and ωp the plasma frequency of the crystal,
with h̄ω = 31 eV for Si. The theoretical description of
the intensity distribution of PXR [51,52,45,53,54], suit-
ably modified for self-absorption and multiple-scattering
effects, has been tested for a broad range of electron ener-
gies extending from 3.5 MeV [55,56] to about 1 GeV [46].
It was found to be accurate within 12%.

The line width Wnat of PXR is in essence determined
by the photo absorption in the crystal, if the electron beam

divergence, the small-angle electron scattering in the crys-
tal and the solid angle of the X-ray detector can all be
neglected, and the crystal has a perfect lattice structure.
An exponentially damped wave train is emitted of which
the Fourier transform is a Lorentzian with width [54]

Wnat = − χ′′
0

2 sin2 θ0
· h̄ω0. (2)

The quantity χ′′
0 is the imaginary part of the mean dielec-

tric susceptibility χ0 = χ′
0 + iχ′′

0 . This line width Wnat

is called “natural line width”. For example, the (444) re-
flection of silicon at h̄ω0 = 7908 eV yields χ′′

0 = −3.74 ·
10−7 [57]. With this value a natural line width Wnat =
1.48 meV results from eq. (2) for backward emission, i.e.
for θ0 	 π/2. It is interesting to note that the correspond-
ing Darwin-Prins curve has a width of WDP = 38.5 meV
and is a factor of 26 broader, see also fig. 13. In view of the
fact that such a narrow bandwidth source could be of ex-
treme interest for many applications, a number of experi-
ments were performed to determine the line width of PXR.
Measurements at the low electron beam energy of 6.8 MeV
result in a line width of 48 eV for a 55µm thick diamond
crystal at a photon energy of 8.98 keV [58]. This rather
large line width originates from the multiple scattering of
electrons in the crystal. With the critical absorber tech-
nique experiments have been performed at MAMI at an
electron beam energy of 855 MeV [59]. Upper limits of the
line width of 1.2 eV and 3.5 eV have been determined for
the (111) and (022) reflections of silicon single crystals
at photon energies of 4966 eV and 8332 eV. These limits
originate mainly from geometrical line broadening effects.

In backward geometry geometrical line broadening
contributions, originating from the angular spread of the
electron beam and small-angle scattering of the electrons
in the crystal, minimize. To investigate whether under
these conditions line widths as small as the Darwin-Prins
values can be reached, experiments have been performed
at MAMI which will be described in the next subsection.

3.1 Measurements of the line width of PXR

Measurements of the line shape of PXR were done with the
855 MeV electron beam of MAMI [60]. The experimental
setup is shown in fig. 11. The backward-emitted radiation
of a reflection from an (nnn) plane was analyzed with a
silicon single-crystal monochromator in Bragg geometry at
the same (nnn) reflection. A vertical slit of 2 mm width in
front of the analyzer crystal reduces the divergence of the
X-rays to 0.07 mrad. The PXR radiation was separated
from the backward-diffracted transition radiation (DTR)
by tilting the target crystal to ψx/2 = 5 mrad for which
PXR emission dominates in comparison to DTR.

The measured line shapes are shown in fig. 12 for var-
ious reflections. The lines are convolutions of the PXR
emission spectra, which are broadened by multiple scatter-
ing of the electrons, and the response function of the ana-
lyzer crystal. The data were analyzed assuming a Gaussian
distribution for the broadened PXR line and the Darwin-
Prins curve of the analyzer crystal. The best fits are shown
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Fig. 11. Experimental setup. The target crystal was cooled
down to a temperature of T1 = 145K, while the analyzer
crystal was kept at room temperature T2 = 296K. Since the
lattice parameter a(T ) of the crystal diminishes by cooling,
an enlarged photon energy and an enlarged deflection angle
ψ2,x = 45.6mrad at ψ1,x = 0 result. The angle is large enough
for a lateral displacement of the Si-drift detector that it does
not shadow the radiation to be analyzed. A 1mm thick sili-
con single crystal with an area of 30mm ×20mm, cut with the
(111) plane parallel to the surface, was used as analyzer crystal.
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in fig. 12 by the full lines. The resulting PXR widths are
shown in fig. 13 together with the natural line width ac-
cording to eq. (2) and the width of the Darwin-Prins curve.
Only for the (333) reflex the observed line width is smaller
than the width of the Darwin-Prins curve. It could not be
excluded that imperfections of the analyzer crystal itself
broaden the higher reflections. Therefore, the real PXR
line could be somewhat smaller as the fit results shown in
fig. 13.

0 2 4 6 8 10

1

10

100

1000

(5
55

)

(4
44

)

(3
33

)(1
11

)

Li
ne

 W
id

th
 [m

eV
]

[keV]

Fig. 13. Measured and calculated line widths (FWHM) for
various (nnn) reflections for a silicon single crystal of 525µm
thickness. Open circles: measured PXR line width, full squares:
natural PXR line widths for straight electron trajectories, open
squares: Darwin-Prins width, triangles: line widths calculated
with the analytical model of ref. [48], and stars: Monte Carlo
simulations.

It has been discussed in ref. [48] that the small-angle
scattering of the electron in the Coulomb potential of the
crystal atoms results in a stochastic change of the electron
direction which leads to a stochastic frequency modula-
tion of the exponentially damped wave train of PXR. As
a consequence, the PXR line broadens. The scattering dis-
tribution function was approximated by a Gaussian. This
approximation may not be anymore valid if the electron
enters the crystal close to a channeling axis or a channeling
plane. In such cases Monte Carlo simulations of the scat-
tering process must be applied to obtain the PXR wave
train. However, it is interesting to notice that calculations
according to ref. [48] as well as also Monte Carlo simulated
line shapes, which are both shown also in fig. 13, are in
good agrement with the measurements.

3.2 Measurement of forward-diffracted PXR

Up to now it could not be decided experimentally whether
PXR emission is a kinematical or a dynamical process.
The reason has been discussed by Nitta in a recent pa-
per [61]. He showed that the first-order approximation
of the dynamical calculation gives the kinematical ex-
pression. Extremely accurate absolute intensity measure-
ments would be required to figure out a difference. Bary-
shevsky [62] proposed to search for the predicted forward-
diffracted wave (FDPXR) which is associated to PXR and
emitted close to the direction of the electron propagation.
Similar proposals have also been communicated by Na-
sonov [63,64]. In ref. [65] the observation of narrow FD-
PXR structures from a 410µm thick tungsten single crys-
tal at photon energies of 28.3 and 40 keV is reported.

At the Mainz Microtron MAMI experiments were per-
formed for the search of the forward-diffracted wave (FD-
PXR) in single silicon crystals of various thicknesses [66].
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Fig. 14. Schematic experimental setup for the search of FD-
PXR.

0 50 100 150 200
0

5000

 E
ve

nt
s

Column

0

5000

0

5000

0 50 100 150 200
0

500

1000

Column

0

500

1000
0

500

1000

Fig. 15. Measurements at photon energy of 10.554 keV and
target thickness of 58µm (left) and 1000µm (right). Shown
are intensity distributions summed over all 64 rows of the
pn CCD detector as a function of the column number. From
the upper to the lower panel the rotation angle ψx of the
target crystal was varied in steps δψx = 0.5894mrad. Beam
current: 53.5 nA, exposure time: 600 s. Left panel: Beam spot
size about 500µm (FWHM) horizontally and 434µm (FWHM)
vertically. The destructive interference fringes can clearly be
recognized. Right panel, upper curves: Beam spot size about
500µm (FWHM) horizontally and 434µm (FWHM) vertically.
Right panel, lower curves: Reduced beam spot size 114µm
(FWHM) horizontally and 200µm (FWHM) vertically.

The basic idea of the experiment will be explained by
means of fig. 14. A silicon single-crystal target was po-
sitioned in such a way that the PXR reflex at a photon
energy h̄ω0 = 10.554 keV is located at twice the Bragg
angle θ0 = 10.797◦ in the horizontal plane of drawing.
The radiation in forward direction close to the electron
direction was analyzed with a flat silicon single-crystal
monochromator in combination with a pn CCD camera as
a position-sensitive and energy-resolving photon detector.
The quasi-monochromatic FDPXR peak energy matches
with the energy of the analyzer crystal at only one specific

0 50 100 150 200
Column Number

0

0.5

1

1.5

2

�
N
��

e�
pi

xe
l�
�1

0�
12
�

0 50 100 150 200
Column Number

0

0.1

0.2

�
N
��

e�
pi

xe
l�
�1

0�
12
�

0 50 100 150 200
Column Number

0

0.5

1

1.5

2

�
N
��

e�
pi

xe
l�
�1

0�
12
�

0 50 100 150 200
Column Number

0

0.1

0.2

�
N
��

e�
pi

xe
l�
�1

0�
12
�

0 50 100 150 200
Column Number

0

0.5

1

1.5

2

�
N
��

e�
pi

xe
l�
�1

0�
12
�

0 50 100 150 200
Column Number

0

0.1

0.2

�
N
��

e�
pi

xe
l�
�1

0�
12
�

Fig. 16. Results of simulation at photon energy of 10.554 keV
and target thickness of 58µm (left) and 1000µm (right). Shown
are the number of photons ∆N per pixel and electron for one
row of the pn CCD detector as a function of the column num-
ber. From the upper to the lower panel the rotation angle of the
target crystal ψx was varied in steps of ∆ψx = 0.5894mrad.
The beam spot sizes of the experiment and scattering of the
electron beam were taken into account. The residual interfer-
ence oscillations originate from the interference of the remain-
ing 4% amplitude created at the entrance interface with the
amplitude at the exit interface of the crystal. However, these
oscillations are smoothed out in a real experiment in which
summation is made over several or all rows of the pn CCD
detector.

observation angle θx. Since its reflecting power of the crys-
tal monochromator exhibits energetically a narrow-band
characteristics, quasi-monochromatic intensity structures
emitted from the target crystal can be detected by this
experimental arrangement.

Experiments were performed with target crystals of
varying thickness and for different photon energies. As an
example the intensity distributions of the experiment with
58µm and 1 mm crystal thicknesses are shown in fig. 15.
The most striking features are the structures which move
across the pn CCD detector if the rotation angle ψx of the
target crystal around the vertical y-axis is varied. These
structures are for the thin targets interferences of the ra-
diation amplitudes created at the entrance and exit inter-
faces of the crystal which originate from a resonance in
the dispersion surface of the electron in the crystal. The
pronounced peak structures observed for the thick target
which are clearly correlated to the interference structures
of the thin targets are interpreted as FDPXR contribu-
tions to the smooth transition radiation background from
the downstream interface of the target crystal.

The interference structures can quantitatively be ex-
plained in the framework of the well-known TR production
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mechanism utilizing a generalized formation length for
crystalline matter [66]. Within this model, which is based
on the formalism described in ref. [67], the resonance is
connected to forward-diffracted PXR (FDPXR). Calcu-
lated emission spectra of this model, including multiple
scattering of the electrons, are displayed in fig. 16. The
simulations are in good agreement with the experimental
observation.

4 Conclusion and outlook

A novel interferometer for soft X-rays has been developed.
Intensity oscillations with a high degree of coherence have
been observed, not only at the K absorption edge of car-
bon as described in ref. [18] but with the third harmonics
of the undulator radiation also at the L absorption edge of
Ni around 865 eV. The polarized undulator radiation can
be used to investigate the magneto-optical properties of
3d transition metals. First experiments to determine the
X-ray magnetic circular circular dichroism look promis-
ing. The energy band between 50 eV and about 1500 eV,
which can be covered with the interferometer at MAMI,
allows the investigation of many elements throughout the
periodic table with samples of masses as low as 10 ng.

A novel X-ray interferometer has been developed for
hard X-rays. The good agreement within experimental er-
rors of our measurements with that of Bonse et al. [39,40]
proves that it is fully operational. A simultaneous preci-
sion measurement of both, δ1(ω) and β1(ω) of the sample
foil, should be possible if the foil thicknesses are optimized
properly. A possible application of this type of interferom-
eter originates from the transient state of matter which
can be produced by multi GeV bunches of about 1 nC
charge and a duration in the 400 fs range. Quite unusual
properties are connected with such bunches if focused to
a radius $ of a few µm, e.g. [68]. A strong static electric
field of E0

∼= 16/($µm) V/Å is present at the periphery
of the charge distribution. In addition, the high electrical
current of 2500 A produces a strong magnetic field B ∼=
540/($µm) T. During the passage of such a bunch through
a thin foil the matter is put in a transient state which is
characterized by a high dielectric polarization in the pres-
ence of a strong magnetic field at probably a rather large
non-equilibrium electron temperature. This state can, in
principle, be investigated by our novel interferometer.

PXR emission from silicon single crystal slabs has been
investigated with the electron beam of MAMI. The re-
sults of the line width measurements in backward geom-
etry shows that the PXR line widths in Si crystals are
superior to the Darwin-Prins widths only for the (111)
and (333) reflections. Line broadening effects due to mul-
tiple scattering spoil the predicted outstanding resolution
for higher-order reflections. With crystals from low-Z ma-
terials, like diamond or LiH, the small-angle scattering is
reduced and much narrower lines may be expected as for
silicon single crystals.

The radiation from silicon single crystals, emitted close
to the electron beam direction, has been studied to eluci-
date the discussion of kinematical versus dynamical pro-

duction of PXR. For thin crystals pronounced interference
structures in forward direction have been observed when
about a Bragg condition was fulfilled. This interference is
corroborated by the narrow FDPXR lines observed with a
thick Si crystal for which essentially only the exit interface
of the target crystal contributes to the observed intensity.
Our experimental results show that PXR production is a
dynamical rather than a kinematical process.
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design and reconstruction of the undulator interferometer and
N. Clawiter, S. Dambach, Th. Doerk, M. El-Ghazaly, F. Hagen-
buck, G. Kube, A. Rueda and D. Schroff for their help during
the course of the experiments described in this contribution.
This work has been supported by Deutsche Forschungsgemein-
schaft DFG under contract BA 1336/1-4.
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G. Kube, W. Lauth, H. Schöpe, A. Steinhof, Th. Tonn, Th.
Walcher, Phys. Rev. Lett. 80, 5473 (1998).

19. M. Itou, T. Harada, T. Kita, Appl. Optics 28, 146 (1989).
20. R. Soufli, E.M. Gullikson, Appl. Opt. 36, 5499 (1997).
21. N. Kerr Del Grande, Physica Scripta 41, 110 (1990).
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Krämer, Nucl. Instrum. Methods A 377, 340 (1996).

27. M.L. Cherry, G. Hartmann, D. Müller, T.A. Prince, Phys.
Rev. D 10, 3594 (1974).

28. M.J. Moran, B.A. Dahling, P.J. Ebert, M.A. Piestrup, B.L.
Bergman, J.O. Kephart, Phys. Rev. Lett. 57, 1223 (1986).

29. P. Goedtkind, J.-M. Salomé, X. Atru, P. Dhez, M.
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Southworth, L. Young (Editors) X-ray and Inner-Shell
Processes: 18th International Conference, AIP Conf. Proc.
506 (AIP Press, Melville, New York, 2000).

34. O. Kettig, Dissertation, Institut für Kernphysik, Univer-
sität Mainz, 2000 (in German).

35. H. Backe, N. Clawiter, S. Dambach, H. Euteneuer, F. Ha-
genbuck, K.-H. Kaiser, O. Kettig, G. Kube, W. Lauth, Th.

Walcher, in Proceedings of the International Conference
on Fundamenttal and Applied Aspects of Modern Physics,
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