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Observation of narrow-band Si L-edge C " erenkov radiation generated
by 5 MeV electrons
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The Netherlands

J. Verhoeven
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

(Received 31 May 2001; accepted for publication 20 August 2001

Narrow-band @renkov radiation at 99.7 eV has been generated by 5 MeV electrons in a silicon fail,
with a yield ~1x 103 photon/electron. These measurements demonstrate the feasibility of a
compact, narrow-band, and intense soft x-ray source based on small electron accelerators. The
observed yield and dependence of the photon spectrum on emission angle are in agreement with
theoretical predictions for &€enkov radiation based on refractive index data of silicon.2@1
American Institute of Physics[DOI: 10.1063/1.1415049

Radiation sources based on relativistic electtdmsve  stant: n(w)’=¢(w)=1+ x'(w)+ix"(»), where the real
been investigated since the first accelerators were builpart of the susceptibilityy’, describes the dispersion and the
Among effects to generate soft x-ray radiation by interactionmaginary part,y’, the absorption. Typically, the values of
of electrons with a medium, e.g., coherent bremsstrahlungdx’| and " are of the same order of magnitude and much
channeling radiation, parametric x rays, and transition radiasmaller than unity [(y'|,x"<1). In the approximation of
tion, until now the well known @renkov effect has received small x’ and relativistic electrongLorentz factor y=[1
little attention. —(v/c)?]"Y?>1} the well-known @renkov condition, i.e.,

Cerenkov radiation is emitted by a charged particle if itsv >¢/n(w), is given byy'(w)>y~2. It turns out that in the
velocity (v) exceeds the phase velocity of ligh'n) and is ~ Soft x-ray regiony’ can be larger than zero only in narrow
therefore limited to the wavelength regions where the reayavelength regions around atomic absorption edges, owing
part of the refractive index exceeds unity1). Since gen- 0 resonance effects. In Fig(d the real and imaginary parts
erally n<1 for ultraviolet and shorter wavelengths, soft of the susceptibility of silicon are plotted as a function of
x-ray Cerenkov radiationXCR) was excluded for a long Photon energy around the L ed¢ew=99.7 V). The sus-
time. Bazylevet al? realized that XCR is possible in the CePtibility data are taken from the Henke databiaBeom the
narrow regions of resonant anomalous dispersion at atomi@@Ximum value ofy’ (x’=0.043 athw=99.7 eV follows
absorption edges, where the refractive index may inghtIJhat Cerenkov radiation is generated for electron energies

exceed unity. This was experimentally confirmed by Bazyle\)arger than 2.0 MeV, which implies that small accel_erators
et al® using 1.2 GeV electrons and by Morahal? using 75~ &" be used. Figure(d shows that for the 5-MeV-linear
MeV electrons accelerator ¢~11), which is used in our experimentselc

enkov radiation is generated frofrw~97 eV to 118 eV.

In this letter we report on the observation of narrow band The calculation of the &renkov vield from an absorbin
silicon L edge @renkov radiation generated by 5 MeV elec- y 9

trons, with a yieldN~1x 10~ 3 photon/electron. We show, in
contrast to earlier observation$that efficient generation of
XCR is possible with moderate electron energies, which can
be produced by small accelerators. Using a table-top accel-
erator to generate éenkov radiation a potentially high
brightness, nondebris, narrow-band, and compact source in
the soft x-ray region may therefore be realized. Since XCR is
generated within the wavelength regions where high-
reflectivity soft x-ray multilayer(e.g., Mo/S) mirrors oper-

0.04

0.02

susceptibility

*8

I
T

ate, such a source is perfectly matched to applications using - i
multilayer mirrors(e.g., EUV laboratory lithographyOther ) _ ]
interesting potential applications are x-ray microscopy in the

so-called water window v =284-543 eV and x-ray fluo- 0 h

spectral yield
(10”«photon/eVelectron)_

90 g5 100 105— 110 1156 120 125 130

rescence analysis of low Z elements.
photon energy (eV)

In the soft x-ray region all materials are highly absorb-
ing, which is taken into account by a complex dielectric con-FIG. 1. () Real part(y’, circles and imaginary party”, diamonds of the
susceptibility of silicon as a function of photon energy around the L edge.
The_Cerenkov threshold for 5 MeV electrons is indicated by a dashed line.
¥Electronic mail: w.knulst@tue.nl (b) Cerenkov spectral yield for 5 MeV electrons in a Aén silicon foil.
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foil much thicker than the absorption lengthyec/wx”)
requires the Ginzburg—Frank equafiomith a complex di-
electric constant. The Ginzburg—Frank equation gives the
spectral angular yield?N/Jdwd(), i.e., the number of pho-
tons per frequency interval and per unit solid angle, emitted
from the surface of a semi-infinite medium by an electron
passing through with uniform velocity. Figuréh) shows the
spectral yielddN/dw as a function of frequency, obtained by

o[ . v ; T . ]

spectral yield
(10™*sphoton/eV+eleciron)

integrating the spectral angular yielifN/dwaQ over all E?

angles, for 5 MeV electrons passing through gutd silicon 3

foil. The spectrum is characterized by a sharply peaked, 2

asymmetric line, which is much narrower than the spectral

region defined by the &enkov condition97 eV<Aw<118 ’ 9% 98 100 102 104

eV), on top of a broad, low intensity background. The back- photon energy (eV)

ground is mainly due to transition radiation. Integratmg theFIG 2. (a) Theoretical spectral yield emitted within the angular ranges
spectral yield over the line, results in a_yié\d=0.8X 103 0°—15°(dashed ling 4.5°-5.5°(solid ling), and 9.5°~10.5¢solid line). (b)

photon/electron. The main features of therénkov line can  Reflectivity of the Mo/Si multilayer mirror as a function of photon energy
be explained in terms of a simple approximate expression fo;or various angles of incidence: 88.¢blid), 80° (dashegi 74° (dotted, and

° (dot-dasheq
optically thick foils, which neglects the contribution of tran-

sition radiation, and which holds foy” (w)<x'(w)— vy ? ] . ] ]
<1 andy>1 (Bazylevet al?): The detection section consists of two elements, a Mo/Si

multilayer mirror and a photodiode, in a9*~26¢" configura-
X' (w)—y? tion. The main purpose of this configuration is to prevent
W D) hard x rays from reaching the photodiode, because these may
lead to a spurious background signal. In addition, the limited
with « the fine structure constant. Since the absorptionyavelength dispersive capability of the multilayer mirror is
X" (o) is approximately constant in the frequency region besed to obtain crude spectral information. The multilayer
low the absorption edge where theer@€nkov condition  mirror’ (supplied by the FOM-Institute for Plasma Physics,
[x'(w)>v~?] holds[see Fig. 18], the Gerenkov spectral The Netherlandsconsists of 101 alternating layers of silicon
yield [Eq. (1)] as a function of frequency follows the real and molybdenum. The reflectivity is 68.2% fbiw=96.72
part of the susceptibility' (). The step iny"(w) (the ab- eV (i.e., A =12.82 nm at an angle of incidence of 88.5°. The
sorption edgg cuts off part of the spectrum generated atreflectivity is a strong function of frequency and angle of
higher frequencies, finally resulting in a narrow, asymmetricincidence, as shown in Fig.(1®. The typical width of the
line in front of the edge. reflection curve is 3 eV. The reflection curve shifts to higher
Cerenkov radiation is emitted in the forward direction in frequencies for a decreasing angle of incidence. The radia-

a cylindrical cone around the electron trajectory. The charaction reflected from the multilayer mirror is detected by an
teristic angle of emission is given by céstc/v-n, which  apsolutely calibrated XUV silicon photodiodéRD Inc.).

dN_a

do o

can be approximated by The diode is supplied with a thin film consisting of 100 nm
0(w)=x (0)—y 2, ) silicon and 200 nm zirconium, which acts as a bandpass filter

aroundzw=100 eV. This bandpass filter very efficiently
for x'<1 andy>1. For silicon[Fig. 1(a)] and 5 MeV elec-  blocks any visible or ultraviolet light that is reflected by the
trons thus follows a maximum emission angle of 10.6° atmultilayer mirror. In addition a 150 nm Zr foil bandpass filter
hw=99.7 eV. Figure @) shows, in addition to the full spec- (Luxel Corp) can be put into the beam to check whether

trum (dashed curve two partial spectrgsolid curveg ob-  visible and ultraviolet light are sufficiently suppressed.
tained by integrating the spectral angular yiekN/dwaQ

over two separate angular intervals of 1° width, arouhd \
=5° and§=10°. The central frequencies of the spectra as- multiayer S1Z
sociated with the two emission angles are given by &§.

In order to establish silicon L edge XCR, we have mea-

sured the yield at emission angles of 5° and 10°. Figure 3 bending bang;ass

shows a schematic overview of the experimental setup. Elec 0 mag\”e‘

trons from a 5-MeV linear accelerator pass through a foil 3 )

chamber. For our experiments we have used a0foil of silicon foil \

undoped single-crystal silicor{Virginia Semiconductors h

Inc.). After the foil chamber a 90° dipole magnet bends the & ..

electron beam into a dump, where the current is measurec,q.gierator _—\\

Part of the full Grenkov cone passes through the bending = Cherenkov

magnet vacuum chamber into the detection section. The ob light

servation angle of the detection section is fixed at either 5° or beamdump s

10°. The detector subtends an angle of 0.93° in the plane or

the electron beam. FIG. 3. Schematic overview of the experimental setup.
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R e S B B B 1x 102 photon/electron, roughly in agreement with the the-

.% oL o~ \o ] oretical expectation.

° o/ To explain the remaining discrepancy between theory

E 4+ E’E 1\ . and experiment, we would like to point out that the calcula-

% oL *® E ] tion of the Gerenkov spectral yield requires detailed knowl-

o I \i_\i. J edge of the optical constants in a very small frequency range
o=t %’i‘i_ in front of the L edge. Our calculation is based on only four

< s T T T T data points available from the Henke datab#Bay. 1),

*§ 20 t\t . which are subject to large uncertaintfestinor adjustments

g \ 1 of the optical data are sufficient to explain the observed dis-

% 10F O=—0o \ - crepancies. In fact, the sensitivity of thee@nkov yield to

s \:ob -_ J the exact values of the optical constants suggests an interest-

= ol o 9 ing new tool to determine optical constants at absorption

80

60 edges.

_In conclusion, we have shown that narrow band 99.7 eV
funcion of angle of incdence on the mllayer mirror at an obsenation _C! <OV radiation can be generated by 5 MeV electrons in a
aungle of 10° a%d 5°. The dashed curve is thg theoretical cisoié line) single-crystal Slllcon_ fQIl Wlth a yield .Of about 10 3.
multiplied by a factor of 2.4 at 5° and by a factor of 0.6 at 10°. photon/electron. This implies that using a commercially

available 5 MeV, 1-mA linear accelerator a total output

_ _ _ power of 0.1 mW(6x 10'? photon/3 can be produced. The

Figure 4_shows the expenm_ental data. The detector Si9Cerenkov effect may thus be employed for the development
nal, from which a background signal has been subtracted, i§f compact, narrow-band, high-brightness soft x-ray sources.

plotted as a function of angle of incidence on the multilayer;, addition, the @renkov effect may be used to probe optical

mirror for observation angles of 5° and 10°. The signal cantonstants in the frequency regions just below absorption
not be measured for angles of incidence higher than 80°edges.

because then the photodiode blocks the light path from the
foil to the multilayer mirror. The maximum of the 10° detec- The authors thank Leo de Folter for expert technical as-
tor signal curve occurs at a smaller angle of incidence thasistance and Boris Lastdrager for supplying the code to
the maximum of the 5° detector signal curve. This impliesevaluate the Ginzburg—Frank equation. This work was made
that higher photon energies are emitted at 10° than at 5fQossible by financial support from the Technology Founda-
which is in agreement with the theoretical expectations ofion STW (The Netherlandsand is part of the research pro-
Cerenkov radiationfFig. 2(a)]. gram of the Foundation for Fundamental Research on Matter
To enable an accurate comparison of theory and experiFOM, The Netherlands
mental data, we have calculated the detector signal as a func-
tlpn of apgle Of mudence by usmg'the thepretlcal SpectrallP. Rullhusen, X. Artru, and P. DhelXpvel Radiation Sources Using Rela-
yield emitted within the detector solid andlEig. 2@)], the tivistic Electrons(World Scientific, Singapore, 1998
accelerator currenttypically 8.2 uA average curreft the 2V. A. Bazylev, V. I Glebov, E. I. Denisov, N. K. Zhevago, and A. S.
complete solid anglé1.0 cn? photodiode area at 62 grand ~,Khlebnikov, JETP Lett24, 371(1976.
h flectivity curves of the multilayer mirrdiFig. 2(b)] V. A. Bazylev, V. |. Glebov, E. I. Denisov, N. K. Zhevago, M. A. Kuma-
the re Yy yer mi 9. * khov, A. S. Khlebnikov, and V. G. Tsinoev, Sov. Phys. JE3#® 884
Figure 4 shows the calculated detector signal curves, indi- (1981).
cated by solid lines. There is a very good agreement betweefM. J. Moran, B. Chang, M. B. Schnt(aideréand X. K. Maruyama, Nucl.
; strum. Methods Phys. Res. 48, 287 (1990.

the shapes_ Of. th_e calculated and the measured detect.or S|gn§3E'!‘_ L. Henke, E. M. Gullikson, and J. C. Davis, At. Data Nucl. Data Tables
curves. This is |I_Iust.rated by the dashed curves, which are 54 181 (1993; www-cxro.lbl.gov.
obtained by multiplying the calculated detector signal curvesém. L. Ter-Mikaelian, High-Energy Electromagnetic Processes in Con-
by a factor 0.6 at 10° and by a factor 2.4 at 5°. The total7der£56{j MAedEiéi\é\/ilsyH_TorF?néoyalgﬂé %hap- 4_1-h N SukE L G

: H . Louis, A. E. Yakshin, P. C. Gts, S. Oestreich, R. Stuik, E. L. G. Maas,
yield, integrated over all an_gles_, has not been measured_. Theﬁ 3. H. Kessels, F. Bijkerk, M. Haidl. S. Miander, M. Mertin, D.
measurements of the partial yields around 5° and 10° indi- schmitz, F. Scholze, and G. Ulm, Proc. SFS97 406 (2000.
cate however that the total yield should be of the order of®R. Soufli and E. M. Gullikson, Appl. Op86, 5499 (1997).
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