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We report on the intensity modulation of a characteristic x-ray line emitted by a periodic structure,
as a function of the observation angle. This intensity variation takes place around the Bragg
direction corresponding to the diffraction of the x-ray line by the emitting structure. An
enhancement of the emitted radiation is observed and interpreted on the basis of the reciprocity
theorem. The enhancement remains unchanged by varying the number of emitting periods.
Following Yariv and Yeh@J. Opt. Soc. Am.67, 438~1977!#, a possible application as x-ray resonator
to achieve a distributed feedback soft x-ray laser is envisaged. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1502189#
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According to the dynamical theory of x-ray diffraction,
characteristic x-ray line emitted from an element inside
periodic structure can be diffracted by the same emitt
structure under Bragg conditions.1 Interferences due to th
diffraction process cause a modulation of the x-ray line
tensity as a function of the exit angle in the narrow angu
range satisfying the Bragg condition.

Variation as a function of the exit angle has already be
observed and interpreted theoretically for the case of x r
emitted by a multilayer system irradiated by photons~fluo-
rescence!. This process was used to obtain information a
the interfacial roughness.2 Analogy can also be made wit
the intensity variations of the x-ray fluorescence obser
under grazing exit condition.3,4 These variations had bee
interpreted in a coupled wave analysis by assuming that
field in the device consisted of two counter-running wave5

These waves feed energy into each other due to the sp
modulation of the material. At the endpoints of the device
wave starts with zero amplitude receiving its initial ener
through feedback from the other wave.

In order to study the dependence of the x-ray intens
emitted around the Bragg direction on the thickness of
emitter, we have analyzed the intensity of a characteri
line emitted by a periodic system as a function of the obs
vation direction and of the energy of incident electrons.
deed, because the electrons gradually lose their energy in
matter, it is possible to generate the x rays in the first peri
or in all the periods of the multilayer.

We report here our results on the intensity variation
the SiKa doublet emitted by a Mo/Si multilayer. The Mo/S
multilayer is made of 40 Mo/Si bilayers deposited by ele
tron beam evaporation on a Si substrate. The thicknesse
the Mo and Si layers are 1.6 and 3.2 nm, respectively, le
ing to a superlattice period of 4.8 nm.
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An electron beam produced by a Pierce gun~0–10 keV,
0–10 mA! is used to ionize the Si 1s core shell of the silicon
atoms present in the sample. The irradiated surface is abo
cm2. The experimental setup is such that the directions of
incident electrons and the detected photons are perpend
lar. Then, the anglea between the sample surface and t
direction of the detected photons is equal to the incide
angle of the electrons on the sample~Fig. 1!. The Mo/Si
multilayer is glued with a silver paint on a rotary samp
holder. Its rotation axis is perpendicular to the plane defin
by the electron and photon directions~Fig. 1!. This device
enables us to vary the anglea around the Bragg angle of th
Mo/Si multilayer for the SiKa emission~76.8 mrad!with a
relative precision of61.5 mrad. The Bragg angle is calcu
lated by taking into account the refraction index correctio
The Si Ka emission~2p– 1s transition at 0.713 nm!from
the Mo/Si multilayer is analyzed with a high-resolutio
Johann-type x-ray spectrometer6 using an InSb~111! crystal
(d50.374 nm) at the first reflection order. The acceptan
angle by the spectrometer is 0.4 mrad.

The spectrometer is positioned at the peak of the SiKa

il:
FIG. 1. Geometry of the experimental setup.
4 © 2002 American Institute of Physics
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emission and the intensity is measured as a function of
exit anglea. This measurement is performed for 4 keV inc
dent electron energy, i.e., higher than the Si 1s ionization
threshold~1.84 keV!. A semiempirical model is used to es
mate the depth distribution of the ionization for a bulk h
mogeneous material.7,8 The calculations are performed b
simulating the multilayer structure with a 196-nm-thic
MoSi2 film on a Si substrate. The ionizations are produced
the first 140 nm, i.e., in the 30 first bilayers. Then, the s
cone substrate is not involved in the x-ray emission sp
trum.

In Fig. 2, we plot the distribution of the SiKa radiation
between 35 and 105 mrad, emitted by the multilayer a
keV. It presents a maximum at an exit angle taken as zer
Fig. 2. This angle is near the Bragg angle of the Mo
multilayer for the SiKa emission. A dip appears towards th
larger angles of the maximum. A similar experiment p
formed at the same incident electron energy on a sili
single crystal only shows a monotonous behavior as a fu
tion of the exit angle. The observed intensity, normalized
take into account the number of emitting atoms, is plotted
Fig. 2. The relative intensity of the maximum with respect
the background has been estimated. This quantity, called
enhancement factor, is about 1.1360.02. The intensity
modulation observed for the multilayer spreads over an an
range of about 30 mrad. By using the optical model p
sented in Ref. 9, we have estimated the angular width of
multilayer reflection curve to be of the same order. Then,
intensity modulation extends over the entire Bragg reflect
range. One expects an increase of the enhancement f
with the narrowing of the multilayer reflection curve.

A calculated angular distribution is derived from a mod
similar to that previously implemented to describe the Bra
diffraction of the fluorescence emission in the multilaye2

We consider that the excitation created by the incident e
trons is independent of the depth, the slowing down of
electrons being neglected. To calculate the detected ele
magnetic intensityI d , the sample is supposed to be stratifie
so that the concentrationCj of the elementj depends only on
the depthz. ThenI d depends onz and the directionud of the
emitted beam. Its value is determined by using the Helm
reciprocity theorem,10,11which specifies that the electric fiel
on the detector can be deduced linearly from the fieldEd

produced at the point of the source by a fictitious dip

FIG. 2. Intensity of the SiKa emission measured as a function of the e
angle of the photons: for the Mo/Si multilayer~dashed-dotted line!and for
the Si crystal~solid line!. The ordinates are the number of counts for
acquisition time of 10 s and an electron current density of 0.4 mA/cm2.
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situated at the position of the detector. The calculation
performed by using the standard matrix formalism suited
the optics of a multilayer medium.9,12 It results in the inten-
sity emitted by the elementj, measured in the directionud ,
being proportional toCj uEd(ud ,z)u2.

The simulated intensity distribution is plotted in Fig.
and compared to the experimental one. In Fig. 3, the z
angle is the Bragg angle of the theoretical curve. The exp
mental curve is adjusted at the intensity jump of the theo
ical curve, i.e., very close to the Bragg angle. The agreem
between both curves is satisfactory in the modulation reg
From the lower exit angles, the intensity increases up t
maximum for ana angle very near to the Bragg angle. B
yond, the outgoing intensity decreases rapidly and a dip
observed.

Observations for lower incident electron energy~2.1
keV!, i.e., for only four emitting bilayers, show an intensi
modulation in the same angular range with the same
hancement factor. However, a change of the shape is
served, making the dip disappear. Such a modification of
shape would not be expected under x-ray excitation beca
no depth selectivity is observed with photons. From our
sults, a few periods are sufficient to provide the buildup
the enhancement. It can also be noticed that the maximu
located towards higher or lower angles according to whet
the studied element is heavy or light.

An important point must be underlined: it concerns t
possibility of using a periodic system simultaneously
emitter and resonator in the x-ray range to achieve a dist
uted feedback laser, as suggested by Yariv13 and Yariv and
Yeh.14 Up to now, experiments developed with the aim
amplifying the soft x-ray emissions have been performed
subjecting the x-ray laser beam to one, or more, reflecti
on an independent optical system in the Fabry–Pe´rot optical
scheme.15 Then, in this configuration the emitting and amp
fying media were not the same.

To build a distributed feedback soft x-ray laser, the a
vantage of a multilayer-based device over the crystal-ba
proposed by Yariv,13 is that the superlattice period can b
adapted to any wavelength in the soft x-ray range. The p
sibility of implementing a multilayer structure as an efficie
resonator is practically evidenced by our experiment. T

FIG. 3. Intensity of the SiKa emission as a function of the exit angle fo
the Mo/Si multilayer: experiment~dashed-dotted line!and simulation~solid
line!.
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next step consists in using as a lasing medium a multila
structure, in which one of the two types of layer behaves
an amplifying medium with respect to the lasing waveleng
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