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Soft-x-ray Kossel structures from W/C multilayers under various electron ionization conditions
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The intensity of the WM « line emitted by tungsten present in W/C multilayer interferential mir(bv )
under electron excitation is studied as a function of the detection angle of the photons. The measurements are
performed for various incident-electron energies and several numbers of bilayers constituting the MIM. A
spatial modulation of the x-ray intensity is observed in a domain of detection angle around the Bragg angle of
the W/C multilayer for the WM a emission. The experimental results are compared to a model based on the
reciprocity theorem using nonuniform ionization distributions. We suggest that the intensity modulation is due
to the interferences between the forward and backward traveling waves inside the MIM.

DOI: 10.1103/PhysRevA.68.032505 PACS nuntder32.30.Rj, 78.70.En, 42.25p, 42.60.Da

I. INTRODUCTION Consequently, possibility of obtaining Bragg x-ray laser ac-
tion in artificial periodic stratified media has been considered

When a crystal is irradiated by a beam of sufficiently by Yariv and Yeh8], which have shown that the quasitrans-
energetic particles, such as x-ray photons or charged paRarency of the medium in the vicinity of the Bragg condi-
ticles, atomic inner-shell ionization is achieved and radiativdoNS, Similar to Borrman effect in crystals, should reduce

recombination of the atoms within the crystal gives rise toSi9nificantly the pumping threshold requirement.
characteristic x-ray emissions of wavelengthlf the emis- The advent of synthetic multilayer interferential mirrors

sion takes place in the Bragg direction for a set of atomic(MlM) for which thed spacing and the nature of the mate-

planes bikl) of the crystal, it will be reflected at the lattice flals can be arbitrarily chosgi] has opened an opportunity

g . S in the soft x-ray domain, i.e., for radiation with wavelength
planes. The reflected radiation is spatially distributed on th‘Farger than 1 nm. Initially the Kossel structures from MIM

surface of a cone of semiangie#2— 6, whered is the Bragg  haye been investigated under grazing conditions in the x-ray
angle, and on the axis normal to th&l planes. This spatial gomain by means of an x-ray excitatioaray fluorescende
distribution of the x-ray emission is known as Kossel structhe FeK « emission from a Fe/C multilaydd.0] and the Ni
tures[1,2]. Ka from a Ni/C multilayer[11] have been observed. The
The enhancement of x-ray radiation produced within aechnique has been found to be sensitive to the interface
crystal, in Bragg emission directions, has attracted the interguality, thus providing a method to investigate the MIM per-
est of researchers involved in the development of x-rayformances. Theoretical models based on the reciprocity theo-
sources. The basic idea is to use the phase-matched regimem[10] or on a matrix treatment of the wave scalar propa-
which takes place in the Bragg diffraction to realize agation in a periodic structurfel1] have been used to account
distributed-feedback las¢B], similar to the ones proposed for the experimental results.
developed in the long-wavelength domaiusible or IR do- Recently, we have reported the first observations of oscil-
main). Indeed, the periodic structure of the crystal provideslations in the spatial distribution of the x-ray intensity
feedback by Bragg coupling between the forward- and12,13, when a characteristic emission is produced by elec-
backward-traveling waves and the crystal behaves as a spten excitation in MIM and the detection is made in a Bragg
tially distributed resonator. direction for the MIM. Experimental results have been ac-
Yariv [4] has developed a simple model to calculate thecounted for by a simple model using the reciprocity theorem
threshold gain of an x-ray distributed-feedback |a3épFL) and assuming the excitation uniform in depth.
in a single crystal. Coherent emission of characteristic lines Contributions of the various parameters involved in these
on the passage of charged particles through a single crystal &xperiments have to be investigated. We present here a study
connection with the quasi-Cherenkov emission was considef the spatial distribution of the VW« line emitted from
ered by Akhmanov and GrishanjB]. Das Gupte6,7] has ~ W/C MIM as a function of the number of MIM periods and
observed th& « , lines induced in copper crystals by elec- of the energy of the exciting electron beam, i.e., of the thick-
trons and detected a nonlinear rise of the intensity and aess in which the inner-shell ionizations take place. A model
narrowing of the Ka; width, suggesting these changes taking into account the in-depth distribution of the excitation
should be due to coherent Kossel emission. The realizatioprobability by the electrons has been developed. Our main
of a XDFL from a crystal seems difficult because it is nec-objective is to study, both experimentally and theoretically,
essary to have a natural crystal witldgeriod fulfilling the  the role of the in-depth ionization distribution and of the
Bragg condition for a wavelength emitted by the crystal.number of bilayers on the shape of the oscillations.
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TABLE |. For the various MIM, comparison of the experimen- (@
tal, Agypt, and theoreticalA o, Widths of the reflectivity curves
obtained at the CK« and CuL a wavelengths.

Number of CuKa CulLa
bilayers Aexpt (de@ Atheor (de@ Aexpt (de@ Atheor (deg

10 0.12 0.13 1.00 0.98
30 0.04 0.05 0.41 0.40
120 0.033 0.029 0.26 0.28

Intensity (arb. units)
W
=]

10

log

Il. EXPERIMENT I Tr

The various W/C MIM were prepared by using a triode dc 0 1 3 3 4
sputtering technique under a 200 Pa argon pressure. They Angle (degree)
were designed to obtaia 3 nmperiod, with the thickness of
the W and C layers equal to 1 and 2 nm, respectively. They
were deposited on silicon substrates. Several MIM having
10, 30, and 120 bilayers were prepared. These samples are
called WC10, WC30, and WC120, respectively.

Measurements by x-ray reflectometry at thekCu and at
the CuLa wavelengths indicate a period close to 3.3 nm.
The comparison of the widths of the experimental reflection
curves with the theoretical ones calculated for perfect MIM
is shown in the Table |. Experimental and theoretical values
are in agreement, but it is not possible to obtain a good fit of
the experimental reflectivity curves by using the refraction
indices of pure tungsten and carbon. In fact, the theoretical
reflectivity is obtained by using for each layer a weighted
sum of the W and C indices. This corresponds to 55% W and
45% C(at % for the heavy layers, and 95% C and 5% W for
the light layers. Moreover, a 0.3 nm roughness is added at Angle (degree)
each interface. In addition, for the Kl wavelength, a
+0.2 nm random variation of the thickness of the layers is FIG. 1. (Color onling Comparison of the experimentédots
introduced, but limited so that the period variation is re-and theoreticalline) reflectivities, obtained on the WC30 MIM, at
stricted to=0.1 nm. In these conditions, experimental andthe CuKa wavelength(a) and at the ClLa wavelength(b).
theoretical curves are close. As an example, we present in
Fig. 1 for WC30, the reflectivity measurements performed a6.1°) with an uncertainty of-0.1° and the intensity is mea-
the CuKa and CuLa wavelengths, compared to the theo- sured as a function of.

Absolute reflectivity

retical reflectivities. For the Cua wavelength, the second-  The W Ma emission is analyzed with a high-resolution
ary structures at both sides of the main peak are not reprgjohann-type x-ray spectrometgt4], using an InSb(111)
duced by the calculation. crystal d=0.374 nm) at the first reflection order. The spec-

We study the angular distribution of the intensity of the W trometer is positioned at the peak of the Mia emission.

Ma emission (4— 3ds, transition at about 1775 eVThe  Because of the finite height of the irradiation area on the
W 3ds,, core shell of the tungsten atoms present in the

samples are ionized by an electron beam produced from a

Pierce gun(0—10 keV, 0—10 mA The irradiated surface is towards poctometer

about 1 cnf, leading to a current density of a few tenths of oy (@)
mA/cn?. The measurements are performed for 2.5, 4.0, and exit

6.0 keV incident-electron energies. angle

rotation

The W/C multilayers are fixed with a silver glue on the y pn
rotary sample holder. The experimental setup is such that the MIM\

incident
electrons

directions of the incident electrons and the detected photons
are perpendicular. The rotation axis of the sample holder is
perpendicular to the plane defined by the electron and photon
directions, Fig. 2a). This device enables the variation of the

«a angle between the sample surface and the direction of the
detected photons. The exit angle is varied around the FIG. 2. (a) Geometry of the experimental setip) Effect of the
Bragg angle of the W/C MIM for the VM « emission(about finite height of the sample on the detection angté> o> «’.

032505-2



SOFT-X-RAY KOSSEL STRUCTURES FROM.. ..

TABLE Il. For the various incident-electron energies, number of
bilayers in which 90% of the W &, ionizations are produced.

Electron energykeV) WC10 WC30 WC120

2.5 6 6 6
4.0 10 15 18
6.0 10 25 37

MIM (about 1 cmpand the acceptance angle of the spectrom-
eter, there is about 0.2° between the detection angleand

a” measured at the ends of the MIM, when=6.1°, Fig.

2(b). This spread of thex angle leads to a instrumental
broadening of the angular distributions. A misorientation of
the sample during the rotation could lead to an extra instru-
mental broadening, whose determination is cumbersome and
not yet evaluated.

Ill. CALCULATIONS

Due to the slowing down of the electrons in solids, the
in-depth distribution of the ionization$(z), is not homoge-
neous inside the MIM. A semiempirical moddl5] IntriX is
used to estimate the depth profile of the \W;3 ionizations
inside the W/C MIM. The model takes into account the en-
ergy and angular distributions of the transmitted and back-
scattered electrons, and their ionization cross sections. For
the calculations, the multilayer structure is simulated by a
W, C, homogeneous compound having numbers of W and C
atoms equivalent to that of the considered MIM.

The number of bilayers in which 90% of the ionizations
are produced is indicated in Table Il. For WC10 at 4 and 6
keV, the ionizations are almost uniformly distributed inside
the sample. When the thickness of the sample increases, the
ionization distribution is not uniform in depth. As an ex-
ample, the ionization distributions inside the equivalent MIM

Equivalent number of W/C bilayers
0 10 20 30

Number of ionizations (arb. units)

Depth (nm)

FIG. 3. (Color onling Depth distributions of the W &, ion-
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FIG. 4. (Color online Simulated WM « intensity as a function

of the detection angle obtained at 6.0 k&, 4.0 keV (b) and 2.5
keV (c). Thin solid line: WC10; dotted line: WC30; thick solid line:
WC120. The W/C MIM are perfect.

WC30 is shown in Fig. 3. It can be seen that at 4 and 6 keV
the electrons produce the ionizations within the whole MIM,

but that the major part comes from the 15 and 25 first bilay-
ers, respectively. The ionization distributions have been cal-
culated for each MIM and each incident energy.

The angular distribution of the Wl « emission is calcu-

izations inside a WC compound having the same number of atomtated with the help of a model similar to that used to describe
than the MIM WC30: 2.5 keMdashed ling 4.0 keV (dotted ling, the Bragg diffraction of the fluorescence emission in a
and 6.0 keV(solid line) electron energies. multilayer [10]. The incident electromagnetic field is re-
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FIG. 5. (Color online Simulations of the angular distributions (b)
of the W M« emission for the MIM WC120 at 6 keV electron
energy, as a function of the distribution of the W53 ionizations
inside the sample. Dashed line: uniform distribution in the whole
120 hilayers; solid line: uniform distribution in the first 34 bilayers;
dotted line: nonuniform distribution obtained from the IntriX semi-
empirical model.

Intensity (arb. units)

placed by the square root of the in-depth distribution of the
electron ionizationsl (z).

The electrical fieldE,, created at each point of the W\_\/»\__\_\
multilayer and arising on the detector, is calculated by using
the reciprocity theorem, i.e., by considering a fictive source
situated at infinity in the direction of the detector and emit-
ting the characteristic wavelength This field depends on

the depth and the emergence angle The emission inten- @
sity in the directiond,, is proportional to

%] -1 0 1 2
Angle/Bragg (degree)

1(2)|Ee( 0e,2)|%.

The intensity distribution of the VW « emission maxi-
mum, as a function of the exit angle= 6., is plotted in Fig.
4 for the three incident-electron energies and three perfect
MIMs, i.e., without mixing, roughness, or random variation
of the thickness. With thex angle increasing, the curves
present an intensity dip, followed by a large jump, then a
decrease down to the background. The rolé(aj on these \/\P—_’\
angular distributions have been determined. As an example, L . v
the angular distributions observed from the perfect WC120 2 1 0 1 2
MIM at 6 keV have been calculated for three different ion- Angle/Bragg (degree)
ization distributions: that given by the IntriX model, a con-
stant one in all the MIM and a distribution constant only in  FIG. 6. (Color onling Experimental WM a intensity as a func-
the 34 first bilayers, then null in the rest of the MIM. The tion of the detection angle obtained at 6.0 kigy, 4.0 keV(b), and
corresponding distributions are plotted Fig. 5. Noticeable?-2 keV (c). Thin solid line: WC10; dotted line: WC30; thick solid

changes are seen between the three curves and will be dilgle: WC120. The curves are adjusted on the angular scale with
cussed hereafter respect to the inflexion point of the intensity offset.

Intensity (arb. units)

MIM are not identical because the MIM do not have exactly
IV. RESULTS the same period and the experimental setup does not give an
o ) ) o absolute measurement of the exit angle. Each curve is plotted
We present in Fig. 6 the intensity variation of theM& o an arbitrary intensity scale and has its own origin. As a
emission as a function of the exit angle for WC10, WC30, consequence, the exact intensity and its variation with the
and WC120 samples. The curves have been adjusted witklectron energy or the number of bilayers are not considered
respect to the angle corresponding to the inflexion point ohere.
the intensity jump. Indeed, the Bragg angles of the various A clear modulation of the intensity is observed in all the
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TABLE lIl. Relative amplitude, or contrasin %), of the intensity jump of the simulated and experimen-
tal curves as a function of the detection angle, for various electron energies and for various numbers of
bilayers in the MIM. The values correspond to simulated {RA simulated and broadened by 0.2° to take
into account the experimental function, (R4), and experimental (R4 ), measurements.

Electron energy WC10 WC30 WC120

(ke\/) RAsim RAbro RAexpt RAsim RAbro RAexpt RAsim RAbro RAexpt
2.5 175 175 47.2 26.4 22.6 89.0 35.7 25.9
4.0 12.9 12.9 7.8 40.4 25.6 17.4 71.7 27.0 21.8
6.0 12.0 12.0 8.3 34.1 23.6 16.6 72.0 26.5 20.5

experiments. Its shape is characteristic of a resonant effedarger. This is discussed in the next paragraph. As an ex-
with the exit angle increasing, the intensity decreases, theample, the comparison between the experimental and simu-
increases by presenting a large intensity jump, and decreasgsed angular distributions of the Wl « intensity is shown in
again to get back to the background. Similar experiment perFig. 7 for WC30 at 2.5 keV.

formed on a thick W target shows a monotonous variation of Another important parameter is the angular extension of

the intensity. The inflexion point of the intensity edge is the intensity modulation. To determine it, we have fitted the
close to the Bragg angle of the W/C multilayer for the W eyperimental curves by the derivatives of Gaussian or Lor-
M« emission. The general shape of experimental curves is intz functions plus a linear background. As an example, the
agreement with the simulated curves. fit of the curve obtained at 4 keV from WC30 is presented in

We characterize e‘?‘Ch osci!lation by its "relative.ampli- Fig. 8. The best agreement is obtained for the Lorentz de-
tude,” or contrast, defined as its peak-to-peak amplitude "Chivative; it is specially satisfactory in the tails before and

ferred to the intensity at the inflexion point. The contrasts are . L : )
estimated with an error of 0.5%. We give in Table Il their after the intensity jump. The full widths at half maximum

(FWHM) of the Lorentz curves are indicated in Table IV.

values for each experiment, except for WC10 at 2.5 keV. | . . )
this case, the large slope of the background and the pogli]hey are compared to the theoretical widths, determined as

statistics do not allow a good measurement. The jump amine angular distance between the extrema of the curves simu-

plitude increases with the number of bilayers and decrease@t€d With MIM presenting mixing and convoluted by the

with increasing electron energy. The amplitude of the curveeXPerimental function. The theoretical values are clearly

above the backgroundg, varies like the relative amplitude Smaller than the experimental ones but their variations as a

of the jump, whereas the amplitude of the curve below thdunction of the incident-electron energy and the bilayer num-

background, is almost constant when the number of bilay- ber of the MIM are analogous.

ers and the electron energy vary. In Table V, we indicate the experimental and theoretical
The contrasts deduced from the curves simulated by takwidths of the reflection curves at the W« wavelength for

ing into account the atomic mixing of the MIM and by con- the three MIM. For each number of multilayer, the experi-
Vo|uting by the 0.2° experimenta| function, cf. Sec. I, are mental value is the mean of the different widths obtained

given in Table IIl. Their variation is analogous to that of the With the three incident-electron energies. The simulation has
experimental contrasts but their absolute values remaiR€en performed for perfect MIM, and for the MIM with mix-

6400
% 6000
s o
= 2
£ i
8 g 5600
= RS
5200 . ; :
‘ : 2 = 0 1 2
-2 -1 0 1 2 Angle/Bragg (degree)

Angle/Bragg (degree) ) ) o ) )
FIG. 8. (Color onling Fit of the angular distribution intensity

FIG. 7. Comparison of the angular distributions of theN\k curve obtained on WC30 and 4 keV electron energy. Dots: experi-
emission for the MIM WC30 at 2.5 keV electron energy, obtainedment; solid line: fit by a derivative of a Lorentz curve plus a linear
from the experimentdoty and after the broadening by 0.2° of the background; dotted line: fit by a derivative of a Gaussian curve plus
simulation obtained from the MIM with mixingline). a linear background.
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TABLE IV. Full width at half maximum of the Lorentz deriva- sources are then mainly located at the top of the MIM and
tive function (A¢,,y), used to fit the angular distribution curves, for the forward traveling waves from these sources are reflected
various electron energies and for various numbers of bilayers of thby the large number of bilayers situated below them. When
MIM, and full width at half maximum of the simulatedj¢ir), and  the electron energy increases, the emission is produced

simulated and broadened\;,), angular distributions. deeper and deeper and the number of bilayers contributing to
the reflection if the forward wave decreases. These argu-
Number of Electron energy ments explain the changes of the relative amplitiiaVe
bilayers (keV) Aexpr (deg Agim (deg Apro (89 geduce that the amplitude of the intensity jump strongly de-
25 0.49 0.49 pends on the path length of the waves in the periodic me-
10 4.0 1.22 0.57 057  dium. _ L _
As already underlined, the variations of the experimental
6.0 1.34 0.58 0.58 . .
and theoretical contrasts are in agreement. However, the the-
2.5 0.74 0.15 0.23 oretical values remain larger than the experimental ones. On
30 4.0 0.66 0.18 0.23 the other hand, the absolute values of the theoretical ampli-
6.0 0.88 0.19 0.25 tudes decrease when the broadening effects are taken into

account in the simulations. As expected, the contrasts depend

2.5 0.66 0.06 0.22 on the broadening effects.
120 4.0 0.64 0.05 0.22 Let us now consider the experimental FWHMs deter-
6.0 0.62 0.06 0.21 mined as being the widths of the Lorentz curves whose the

derivative fits the intensity oscillation. These widths weakly
depend on the incident-electron energy and decrease with the
umber of bilayergTable 1V). They are compared in Table

V to the theoretical widths, determined as the jump extension
of the simulated curves, and to the widths of the reflection
curves of the MIMs. All the widths vary in the same manner

All the essential features of the experimental angular disWith the number of bilayers and a good agreement exists
tributions observed for the W/C MIM are well reproduced in P€tween the widths of the reflection curves and those de-
the calculations. The in-depth ionization distribution, used tgiuced from the simulated curves. In contrast, the experimen-
simulate the intensity of the characteristic x-ray emission, ig&! FWHMs are clearly broader than the theoretical width,
an important parameter in the determination of the radiatioftnd the decrease of the relative amplitude can be associated
angular distribution. Various ionization distributions have With this broadening. These results suggest that supplemen-
been used, and we have shown that the use of the IntriJéry experimental broademng_ eX|s_ts: It must be underlined
model to account for the creation of the incident radiationthat the control of the broadenings is important because these
allows to correctly describe the shape of the angular distri€ffects determine the amplitude of the oscillations.
butions and their variation as a function of the electron en-
ergy. In contrast, a constant ionization distribution does not
reproduce in a satisfactory manner the experiméfi. 5. Spatial oscillations of characteristic x-ray emission inten-

Let us consider the results obtained concerning the corsity are observed when the radiation is emitted in a periodic
trasts of the intensity jump. As can be seen from Table Ill,medium and satisfies the Bragg condition in this medium.
the contrasts change with the electron energy and the totdlhe path length in which takes place the forward and back-
number of bilayers. The most important intensity modulationward traveling of the waves in the medium determines the
is obtained for WC120 at 2.5 keV. At this energy, only theimportance of the oscillations. They also depend on the spec-
first six bilayers contribute efficiently to the Wia emis-  tral resolution, i.e., on intrinsic and instrumental broadening
sion, whatever the total number of bilayers. The radiatiorfactors, and a decrease of these factors produces an increase

of the oscillation amplitude. The intensity modulation is in-

TABLE V. Experimental Q) and simulated and broadened quced in the Bragg diffraction range of the medium and the
(Apo) widths of the apgt_JIar distributions obtained at the wave-intrinsic broadening is given by the width of the Bragg re-
length of the WMa emission. Thede,, values are the means of fjaction curve. An efficient means to enhance the importance
the values obtained for the three electron energies indicated in Tab@r the intensity oscillation is to increase the resolution limit
V. C_omparison with the theoretical widths of the reflectivity curves of the experiment.
gg;a'fg?(:hzt ;;iﬂmﬁhwni\;ﬁ!ength_ f)or the perfect MIMSXineor) Another characteristic of the Bragg reflection is the inte-

9 Bmixd - grated intensity, i.e., the spectral intensity of the reflection
range. One of the advantages of the MIM, with respect to the
natural or artificial crystals, is their large integrated intensity
in the soft x-ray range. That makes easier the observation of

ing. As expected, they decrease when the number of bilaye
increases.

V. DISCUSSION

VI. CONCLUSION

Number of Angular distribution Reflectivity curve
bilayers Aexpt (de@ Abro (deg Atheor (de@ Amix (de@

10 1.28 0.55 0.50 0.46 the intensity oscillations.
30 0.76 0.24 0.18 0.16 The primary ionization process is different depending on
120 0.64 0.22 0.08 0.05 whether the incident particles are electrons or x-ray photons.

In the case of incident photons, whose energy is constant
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along the path, the ionization cross section is the same wha&mple, conditions such that the maxima of the incident field
ever the depth, whereas the electron ionization cross sectida in the emitted layers, could be researcf@dThis effect is
varies with the electron energy, thus with the depth. If theabsent in the case of the ionization by an electron beam.
absorption of the incident photons is weak, the radiation is In summary, a careful study of the various parameters
emitted by the whole sample. On the other hand, the relativeeading to an increase of the oscillation amplitude is neces-
amplitude depends on the orientation of the incident photonsary to expect the achievement of an x-ray resonator in
with respect to the Bragg direction of the MIM for the inci- MIMs.

dent wavelength. When the Bragg condition is satisfied, a

regime of standing waves is set up in the MIM, and gener- ACKNOWLEDGMENTS

ally, each node and each antinode are located around an in-
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