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Existing theory is developed further for description of transition radiation (TR)
emitted by low-energy storage-ring synchrotrons. It takes into account the fact
that the dielectric constant of the TR target material is a complex function,
introduces an expression for the number of passes of an injected electron
through the target, and accounts more precisely for the absorption of TR. It is
shown that the consideration of the complexity of the dielectric constant results
in notable changes of the TR spectrum for emitted photons with energies close
to the ionization energies of the target material. Since such TR is used mostly for
performing X-ray lithography (XRL), the sensitivity of the photoresist used in
XRL is formulated. Maximization of this resist sensitivity can be used for
designing optimum targets for XRL. Study of the transmission of TR through a
commonly used XRL mask, and its partial absorption in a common photoresist,
illustrates that TR emission with E = [490, 1860] eV is most useful for
performing such XRL, while £ =2 1 keV is best. It is shown that, for a particular
target material, a target consisting of only one foil emits the most TR energy.
Optimization of an Al target, based on maximization of the resist sensitivity,
indicates that a target containing one Al foil with a thickness of about 200 nm
would be best for performing XRL by our low-energy storage-ring synchrotron

MIRRORCLE-20SX.

© 2006 International Union of Crystallography
Printed in Great Britain — all rights reserved

1. Introduction

Transition radiation (TR) is emitted when a relativistic
particle passes through the interface between two different
materials (Ter-Mikaelyan, 1961; Garibyan, 1961). The main
sources of TR are electron synchrotrons (SR), in which TR is
emitted by passing relativistic electrons through appropriate
material targets (TR targets).

Linear accelerators (LINACs) operate at very high electron
energies E. >~ GeV, and their relativistic electrons move along
linear trajectories. Such LINACs have been mostly used for
emission of TR (Piestrup et al, 1985). The targets have
consisted of several foils made of the same material and
having the same foil thickness (Ebert et al., 1985; Pianetta et
al., 1985). Thus there is a well developed theory of emission of
TR by LINAC:S for targets consisting of several foils (Piestrup,
Boyers, Pincus, Harris, Maruyama et al., 1991).

The main disadvantages of using LINACs for TR emission
is that their sizes are large, of the order of hundreds of metres,

Keywords: transition radiation; low-energy storage-ring synchrotron; target; dielectric
constant; X-ray lithography.

they are expensive facilities, and the number of LINACs in the
world is limited. Correspondingly, users cannot have their own
LINACs. Another main disadvantage is that the electrons pass
only once along their trajectory, limiting the beam current and
therefore the emitted TR power since the TR power is
proportional to the beam current.

More recently, low-energy storage-ring SRs have been used
for TR emission. They operate at lower electron energies,
E. =~ several tens of MeV, and their relativistic electrons
rotate many times along orbits that are close to circular. Such
storage-ring SRs are smaller, their sizes are of the order of
several metres, they are cheaper and can generate larger beam
currents. TR emitted from a low-energy storage-ring SR could
be used for performing X-ray lithography (XRL) (Piestrup,
Powell et al., 1998; Yamada, 1990).

The necessity of many SR customers to have their own
small SR with large electron beam current has resulted in a
pursuit for development of even smaller storage-ring SRs, with
E. >~ 10 MeV. Our group utilizes and produces the table-top
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storage-ring SR MIRRORCLE-20SX, with a relativistic
electron energy of E. = 20 MeV (http://www.ppl-xray.com).
MIRRORCLE-20SX is the most powerful table-top SR in the
world that can be used for XRL.

The cut-off energy of the emitted TR, above which it
quickly decreases with decreasing E.;, and of LINACs with
E, =1GeV,is E., > 59 keV, while, for storage-ring SRs with
E. =20MeV, it is E., >~ 1.2 keV. For all materials used for
preparation of TR targets there are no absorption edges for
photon energies above 10 keV, but there are many absorption
edges around and below 1.2 keV (National Institute of Stan-
dards and Technology, http://physics.nist.gov/PhysRefData/
FFast/html/form.html). Therefore, the dielectric constant of
the target material should be considered to be a complex
number (Attwood, 1999) for low-energy storage-ring SRs,
although in the existing theory of TR the dielectric constant is
a real number. Also, there is no formula describing the
number of passes N, through a TR target of a relativistic
electron injected in the storage ring, and therefore the beam
current is unknown analytically. Furthermore, there is no
theoretical approach for quantification of the XRL efficiency
of a TR target. Correspondingly, optimization of TR targets
for storage-ring SRs has not been carried out.

In this paper a theory of emission of TR from low-energy
electron storage-ring SRs is proposed. It takes into account
the fact that the dielectric constant of the TR target material is
a complex number, proposes an analytical expression for N,
and an approach for determining the XRL efficiency of a
TR target. This theory can be used for designing TR targets
for XRL.

According to the existing theory, for emission of TR by
LINACs the following results are valid for one relativistic
electron which is incident perpendicular to a foil TR target,
and passes once through it:

(i) The boundary conditions of the wavevector of the
emitted TR at the interface between foil and vacuum are
(Durand, 1975)

w ~ w .
k, = 81/2 ?kl, ki, = z(e;1 — sin® 9)1/2,

kuzgsinexl}u, k, =—k;, M
I C

1) w . ~
kzZZZCOSQ, ku:;smexku,

where the electron moves along the z-axis which is perpen-
dicular to the foil surface, k;, and k;, are the components of
the wavevector k; at the foil surface along that surface and the
z-axis, respectively, k,, and k,, are the components of the
wavevector k; at the vacuum surface along that surface and
the z-axis, respectively, &; is the dielectric constant of the
foil, the energy of an emitted TR photon of frequency w is
E (eV) = ha(1/s) where h = h/2m = 6.5825 x 107 "° eV s, and 0
is the emission angle with respect to the direction of the
incident electron.

(ii) The dielectric constant of the foil has been approxi-
mated as (Durand, 1975; Piestrup et al., 1985)

e,(E) =1—(E,/E), )

where E, is the plasma energy of the foil. This approximation
is valid when E > E, , where E,,, is the maximum
electron ionization energyk for the chemical elements of the
target.

(iii) The pass of one relativistic electron through a foil
induces electronic polarization of the foil material, and
emission of TR which can be expressed using its vector
potential. The vector potential of the emitted TR by one foil in
a vacuum (Durand, 1975),

i, ew k| exp(ik,r) & —1
A(r, w): [ 03/2__ 2 : 2 2 : _k
M2 ekl + (/) 1 o/v—k,
X {l — exp[i(klz - a)/v)d]}
=A, xC, 3)

describes the TR at a point determined by the vector r starting
at the emission point, where d is the foil thickness, e and v are
the charge and the speed of the relativistic electron, respec-
tively, y = (1 — v¥c?) "% = EJ/E,, ., where E, is the rest
electron energy, A, is the vector potential due to the emission
from one foil/vacuum interface, and C; formulates the TR
interference between the two emitting interfaces of the foil.

(iv) Since a target for one electron pass should contain a
large number of foils M, it is considered that TR photons,
emitted around the foil’s first emitting interface, are not
absorbed while these photons pass through that foil (Durand,
1975; Piestrup et al., 1985).

(v) The differential photon efficiency for emission from one
foil (Piestrup et al., 1985; Garibyan et al., 1974),

&N, (L) C[sel? ik, x APP

dQdE \eV h 24 h
. 2
— LM |C-|2: F F.
2“() h i st
asin® 0 ) . 5
= W(Ll — L,)’ |[4sin’(d/Ly)]. (4

represents the probability of emitting a photon, within the
energy range [h(w — dw/2, ® + dw/2)], and the spatial angle
dQ2 = 27sinfd6, as a result of one pass of one relativistic
electron through one foil, and ! = 4#Ac/E. This probability is
determined by the Poynting vector Sp, and it contains a
multiplier F; giving the contribution of one foil/vacuum
interface, and a multiplier F; formulating the TR interference
between the two emitting interfaces of the foil. The formation
lengths L, and L, which depend on the plasma energies E; and
E, are (Piestrup et al., 1985)

[
1/y2 4+ @ + (E,/E)

2N 172 N2
E,-=( ¢ A) <—"lp’) for i=1,2,
gym A,

1

L,(E,0) ~
®)

where m is the rest mass of the electron, A; is the atomic
weight, n; = Z; is the number of free electrons per atom =
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atomic number, p; is the density of the material (i = 1 for the
foil, i = 2 and E, = 0 for a vacuum) and N, is Avogadro’s
constant. L; and L, represent the distances on both sides of
the foil/vacuum interface, correspondingly in the foil and the
vacuum, within which the TR is emitted.

(vi) The differential photon efficiency of a TR target
consisting of M identical foils (Piestrup et al., 1985),

&EN  EN;
=—LF
dQdE ~ dQdE M

B asin® 0 ) .o d 1 — exp(—Mo)
[ o ()|
(6)

represents the probability of emitting a photon, within the
energy range [i(w — dw/2, ® + dw/2)], and the spatial angle
dQ2 = 2msinfd6, as a result of one pass of one relativistic
electron through the target. Here, o(E) = u(E)d + (o(E)d,,
p1 and p, = 0 are the linear absorption coefficients of the foil
and vacuum, and d, is the distance between each two adjacent
foils of the target. F), formulates the contribution of the M
foils of the target to the emitted TR.

= F,F,Fy

2. Theory

2.1. Emission of TR from the interface between two materials
in a low-energy SR

The above theory of TR emission by high-electron-energy
LINAG: is modified to describe TR emission by low-energy
storage-ring SRs, as follows.

(i) In the more general case of a solid-state target rather
than a target of foils in a vacuum, the boundary conditions of
the wavevectors of TR at the interface between a solid layer
and its surrounding solid are (Jackson, 1999)

W~ 1) .
k, = 81/2 ;kl, ki, = ;(sl — sin® 9)1/2,

o . A
ki, :;sm@xku,

™
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where k|, and k, refer to the solid layer, k,, and k,, refer to
its surrounding solid, ¢; is the dielectric constant of the solid
layer, and ¢, is the dielectric constant of its surrounding solid
(Fig. 1).

(i) The cut-off energy, above which the emitted TR is
negligible, for a multi-foil target is E., >~ yE; (Cherry et al.,
1974). Therefore, lower energy of the injected electrons
results in lower energy of the emitted TR photons. For
MIRRORCLE-20SX, y = 39.2, for most foil materials E; =~
30 eV (Piestrup, Boyers, Pincus, Harris, Maruyama et al.,
1991), and therefore E., ~ 1176 eV. Correspondingly, E., is
quite small, the condition E >> E,,, is not satisfied (http:/
physics.nist.gov/PhysRefData/FFast/himl/form.html), and the
approximations &(E) = 1 — (Ey/E)* and &,(E) = 1 — (E,/E)*
are not valid. Instead, for low-energy SR,

TR
i 5y .
| 1 -~
T i
Relativistic electron | _ =TT Omax=lY
"""""""" i e Y Bl
I‘ i \)I\ emaxEl/Y
1 L Ly v >«
Material 1 Material 2 S
Interface TR

Figure 1

Emission of TR as a result of a relativistic electron passing through the
interface between two different materials. The emission occurs on both
sides of the interface, within the formation lengths L; and L,. The
emission has a conical shape with maximum emission at 6 = 6,,,,, = 1/y.

g,(E) =1 —2[8,(E) — iB,(E)],

. ®)
&y(E) = 1 = 2[8,(E) — iB,(E)],

where 8(E) = (nl’reNapil8ANf(E), BAE) = (ml’reNapil
8ANUE), r. is the classical electron radius, and f°(E) =
fU(E) — if)(E) is the complex atomic scattering factor which is
known, for the foil materials of interest for us, in the investi-
gated spectral region of photon energies (Attwood, 1999).

2.2. Emission of TR from one layer surrounded by other
material in a low-energy SR

(i) The pass of one relativistic electron through a layer
results in electronic polarization of both the layer and its
surrounding solid. This results in a dependence of the vector
potential on ¢&,, which leads to a decrease of its amplitude.
Following the approach described by Durand (1975), the
following expression for the vector potential of the emitted
TR by one layer is derived,

Alr a)):[ iy ew k| exp(ik,r)
R P =Ty E e

g —1 g—1
x <CU/V - k1z B w/v — k2z)i|
X {1 — expli(k,, — w/v)d]}[exp<—%),32r)]
= A, x C; X D,, ©)

where D, describes the decay of the vector potential in its
surrounding solid.

(ii) Lower-energy TR photons are absorbed more in solids
than higher-energy TR photons (http:/physics.nist.gov/Phys
RefData/FFast/html/form.html). Correspondingly, the low-
energy TR photons, emitted around the layer’s first emitting
interface, are considered to be partially absorbed while these
photons pass through that layer.

(iii) The differential photon efficiency for emission from
one layer surrounded by other material becomes
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where the formation lengths are complex,
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In the case of one foil in a vacuum, 6, = 0, 8, = 0 and
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dQdE m2El?

2
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2.3. Emission of TR by a low-energy storage-ring SR

When a TR target is located in a storage-ring SR, experi-
mental studies (Piestrup, Lombardo et al., 1998; Kaplin et al.,
2002) show that an injected electron passes more than once
through the target before its dissipation. There is no analytical
expression though for the number of passes N,, of an injected
electron through a TR target. There are three main mechan-
isms of energy loss in the target which determine this dissi-
pation, and correspondingly N, of an injected electron,
namely bremsstrahlung, TR and electrostatic scattering from
the nucleus of the atoms of the target material (Yamada,
1996).

The contribution of bremsstrahlung, however, decreases
when decreasing the thickness of a one-foil TR target, and for
submicrometre foils the ratio of the emitted bremsstrahlung
photon energy to the emitted TR energy does not exceed
0.5% (Piestrup, Boyers, Pincus, Harris, Maruyama et al., 1991;
Piestrup, Boyers, Pincus, Harris, Caplan et al, 1991).
Furthermore, the emitted TR energy does not exceed 0.1% of
the injected electron energy (Piestrup, Boyers, Pincus, Harris,

Maruyama et al., 1991; Piestrup, Boyers, Pincus, Harris, Caplan
et al., 1991). Therefore, the number of passes N, of an injected
electron is determined by its electrostatic scattering from the
target.

According to the experimental study (Piestrup, Lombardo
et al., 1998) of TR from a one-foil target, N, > 1/d. Further-
more, the cross section of electrostatic scattering is propor-
tional to p;Z2/(A,F%) (Yamada, 2003; Yavosky & Detlaf,
1977). Correspondingly, the number of passes N, of an
injected electron through a TR target of M identical foils can
be represented as

N, = C(AEQ)/(p ZiMd), (13)

where C is a constant for a given storage-ring SR. Indeed,
analysis of the experimental results about N, (Piestrup,
Lombardo et al., 1998; Kaplin et al., 2002) obtained for a one-
foil target made of different chemical elements, in several
storage-ring SRs, shows that those N, are described well by
(13).

Consequently, the differential photon efficiency of a TR
target, consisting of M identical foils, inserted in a low-energy
storage-ring SR is

&N =FFF, N

dQdgE ~ T MTY
B {405 sin® 6 (87 + B }
| PE [+ +28) + BN/ + )

x {(1 — exp[—(E/hc)p,d])’ + 4 exp[—(E/hc)p,d]

.TEd 1 — exp(—Mo)
X sin? |:m(1/)/2 +6+ 261)1| } [m]

2
% CAE, ] (14)
0, Z2Md

2.4. Sensitivity of XRL photoresist to TR emitted by a storage-
ring SR

A simplified illustration of performing XRL by a storage-
ring SR is shown in Fig. 2. The emitted TR passes through a

+° Electronorbit %,

’ Y
]

Y
[} '
v %
' 1

Lithography Photoresist

target mask

Figure 2
Simplified illustration of performing XRL by a storage-ring SR.
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lithography mask and is partially absorbed in the photoresist.
The resist sensitivity Sg for one injected electron passing
through a multi-foil TR target is approximated as

Sg =N, / / [F,(E, Q) F(E, Q)dQ|F\(E) F(E)dE, (15)

where F.(E) = exp (—Umask@mask) Mresist, Mmask(E) 18 the linear
absorption coefficient of the mask, d,,,s is the mask thickness,
and U,.ss(E) is the linear absorption coefficient of the resist.
F, is a function representing the transmission of TR through
the lithography mask, and its partial absorption in the
photoresist. Its formulation is in accordance with the experi-
mental result (Seligson et al., 1988) that the sensitivity of some
XRL photoresists depends uniquely on the absorbed dose
density (mJ cm™?) of TR, independent of the photon energy.
Since Sk should be as large as possible, designing TR targets
for XRL can be based on maximization of Sg. In such a design,
the thicknesses and the number of layers of the TR target are
chosen to provide a maximum of Sk from (15).

3. Calculated results and their analysis

To determine the characteristics of TR emitted by a low-
energy SR, calculations have been performed to emulate TR
targets in our storage-ring SR MIRRORCLE-20SX, with
y = Ea/Ey =20 (MeV)/0.511 (MeV) = 39.139. Taking into
account the known characteristics of the angular distribution
of TR emission, as well as the fact that it has a maximum
emission at 0 = 0,,,,, = 1/y = 25.55 mrad, the integrations over
the spatial angle are performed for 6 = [0,500] mrad. The
presented results refer to only one relativistic electron.

The spectral dependence of the emission of TR by one
material/vacuum interface is characterized by the function

d’N.
S dQ ) dE
dQdE )

E+0.5eV

sem=t [ (/

E—05eV

= E[[F,(Q, E)dQ] x (1eV), (16)

which represents the energy of the emitted TR photons, with
energy within 1 eV around the photon energy E = hw, for one
pass of one relativistic electron through that interface. The
dependence AE((E) is shown in Fig. 3 for the materials Be, C,
Ti and Au. The results obtained under the simplified
assumption &,(E) = 1 — (E,/E)* are calculated from (4) and
(5), and are shown by dotted lines. The corresponding results
obtained under the precise assumption &,(E) =1 — 2[§;(E) —
iB1(E)] are calculated from (12) and are shown by solid lines.

Be is known to have electron ionization energy at E;,,(Be)
= 111 eV, while E;,,(C) = 248 eV, E;,(Ti) = 564 ¢V and
Eion(Au) = [334,762] eV as well as E;,,(Au) = [2005,2291] eV.
Fig. 3 shows that the precise assumption that &;(FE) is complex
leads to a notable change of the TR emission spectrum around
the ionization energies of the atom. The behaviour of the
above TR emission spectra can be explained by an analysis of
the known spectral dependencies of the real and imaginary
part of the atomic scattering factor f(E) = f)(E) — if)(E),

according to (8). Therefore, the increase of AE (E) just above
E;i,, compared with just below FE;,,, is due to stronger
absorption of TR emission just above E,,,, which leads to
additional ionization of the atoms, larger electronic polariza-
tion of the material and larger TR emission.

The function F.(E) = eXp (— U mask@mask ) Kresist Fepresents the
transmission of TR through the XRL lithography mask, and
its partial absorption in the XRL photoresist. The function
F.(E), normalized to unity, is presented in Fig. 4 for a SiC mask
of thickness 2 um, and PMMA photoresist, which are typically
used for XRL. It is seen that TR emitted within the photon
energy range E = [490,1860] eV is most useful for performing
XRL with such a mask and resist. TR photons with energy

10 10
Be C
s
L]
Es
0
0 1000 2000 3000 0 1000 2000 3000
E (eV) E (eV)

0

0 1000 2000 3000 0 1000 2000 3000

E(eV) E (eV)
Figure 3
Spectral dependence of the emitted TR energy, (16), from one interface
between material (Be, C, Ti and Au) and vacuum, for one pass of one
relativistic electron through that interface. The results calculated
assuming that the dielectric constant is a real function are shown by
dotted lines, and those calculated assuming that the dielectric constant is
a complex function are shown by solid lines.

1.0

0.8
=
(]
N 0.6
g
=
o
£ 04
-~

0.2

0 1000 2000 3000 4000
. E(eV)
Figure 4

Dependence of the function F. on the energy E of the emitted TR
photons. F.(E) is normalized to unity for a SiC mask of thickness 2 pm
and PMMA photoresist
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Table 1

Emitted TR energy E (E,, E,) = fEE: E [f F,(2, E)dQ2] dE from the interface between several pairs of materials, for one pass of one relativistic electron

though that interface.

Interface Al/Si Al/Au Be/Si Be/Au Al/vacuum Be/vacuum Au/vacuum
E, (eV) for [E,, E.] = [490, 1860] eV 0.00287 0.700 0.0103 0.903 0.544 0.382 2228
E, (eV) for [Ey, E.] = [80, 4000] eV 0.1121 1117 0.1846 1.478 2277 1.724 4.888
E <490 eV are absorbed in the mask, while the vast majority One-foil TR
of photons with energy E > 1860 eV are not absorbed in the target - ): PRl
resist but pass through it. It is also seen that TR emission with ‘ Prastad
E =~ 1 keV is most suitable for performing such XRL. Relativistic electron — -7 Np
The presence of the function F.(E) as a multiplier in (15) ~""==""========" K‘;f ST >
nullifies the contribution of the emitted TR with E <490 eV to | SN~
the resist sensitivity Sg, although the spectral dependence of o SN~
the TR emission increases strongly for smaller E (see Fig. 3). b TR*
Correspondingly, TR targets can be optimized, for the first
time, and this can be done by maximization of Sg. Two-foil TR
Taking into account the characteristics of both the function target P S 4
F.(E) and the TR emission spectra from Fig. 3, most of the PRt
following integrations over the photon energy are performed Relativistic electron - B " - Ly )
within the energy interval [Ey, E.] = [80,4000] eV. To compare = ==============-=-- < - < - - | 2
the TR energy emitted from different interfaces, the following ~o~21~ : ~So
. . ~
function is used, = ::::\ : S o
h YR b S N
E TR
. Figure 5
E(E,, E,) = / E |: / F(Q,E) dQ] dE, Schematical illustration of TR emission from a one-foil target and two-
J foil target as a result of the injection of one relativistic electron into a
b

and its values are calculated from (10) and (11). Results for
E((E,, E.) are included in Table 1 for several different inter-
faces.

These results confirm that the material/vacuum interface
emits more TR than the material/(lighter material) interface
(Chu et al., 1980). Indeed, analysis of (10) and (11) shows that
this is so because the numerator of the expression for
|L1 - L2| has a larger value for the material/vacuum interface.
The reason for the above is that TR is generated as a result of
the difference between the electronic polarizations of the
materials on the two sides of the interface, and this difference
is larger for the material/vacuum interface. Correspondingly,
TR targets should be made of foils rather than of solid-state
multilayer targets. Therefore, from now on we will discuss only
multi-foil TR targets.

A schematic drawing of TR emission from a one-foil target
and two-foil target in a storage-ring SR is illustrated in Fig. 5.
These foils are assumed to be identical. In the case of a two-
foil target, TR is emitted from twice as many foil/vacuum
interfaces (four foil/vacuum interfaces) compared with a one-
foil target. For the two-foil target though, one injected elec-
tron passes half as many times though the target compared
with a one-foil target, according to (13). Consequently, the
product MN, is the same for a two-foil target and one-foil
target. For the two-foil target, however, TR emitted from the
first foil (on the left in Fig. 5) passes through the second foil
and is partially absorbed there. Therefore, the one-foil target
should emit more TR energy than the two-foil target. Corre-

storage-ring SR. These foils are assumed to be identical.

1.0

0.8

0.6

0.4

Sg (normalized)

0.2

0 1000 2000 3000
d (nm)

Figure 6

Dependence of the XRL resist sensitivity Sg as a function of the foil
thickness for identical Al foil TR target in MIRRORCLE-20SX. XRL is
assumed to be performed using a SiC mask of thickness 2 pm, and
PMMA resist. Sk is normalized to unity for the one-foil target, and results
are presented for targets containing one, two and three foils.

spondingly, the fewer foils the TR target contains, the more
TR energy it should emit.

To determine the optimum foil thickness for a foil target,
the dependence of the resist sensitivity Sg (15) on the foil
thickness d is shown in Fig. 6 for an Al foil target in
MIRRORCLE-20SX. XRL is assumed to be performed using
a SiC mask of thickness 2 pm, and PMMA resist. Sk is
normalized to unity for the one-foil target, and the results are
presented for M =1, 2 and 3.
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It is seen that the dependence Sg(d) has a relatively sharp
maximum at d = 200 nm. Furthermore, it is confirmed that a
one-foil target emits most TR energy, while a two-foil target
emits more energy than a three-foil target. Therefore, the best
Al-based TR target for MIRRORCLE-20SX is a one-foil Al
target with an optimum foil thickness of d,, = 200 nm.

In the existing theory of TR emission, developed for one
pass of the injected relativistic electrons through identical foil
targets in high-energy SR (Piestrup et al., 1985; Piestrup,
Boyers, Pincus, Harris, Maruyama et al., 1991), the optimum
foil thickness has been determined from the condition d, =
L1 (Emax> Omax)/2, which ensures a maximum of the function
F; = 4sin’[d/L,(Emay, Omay)] in (6). For MIRRORCLE-20SX,
Li(Emax Omax) = Li(1 keV, 25.5 mrad) =2 331.6 nm, and the
above condition gives d,, = mwL(1kev,25.5 mrad)2 =
520.9 nm.

Apparently, for a target with a fixed number of foils M,
dyp, Which we obtain by maximization of the dependence
Sr(d) using (14) and (15), is smaller than the formation
length L (Eax, Gmax) for the foil, and much smaller than
dpy,, determined by maximization of the function F; = 4sin’[d/
Li(Emax> Omax)] in (6). Correspondingly, dope < L1(Emaxs Omax) <
dop,, - The relation dope K dp, 1s due to the fact that, in the
presented theory, the number of passes N, of the injected
electron increases for thinner foils, according to (13). Utili-
zation of foils with dop < L1(Emax, Omax) does not contradict
the theory of TR emission because, according to Durand
(1975), there is still some TR emission when the above
condition is satisfied. In this case, however, the emitted TR
energy from a foil is relatively small, and E ~ d>.

4. Discussion

In this paper a theory of emission of TR by low-energy elec-
tron storage-ring SRs is proposed. It takes into account the
fact that the dielectric constant of the target material is a
complex number as a result of the low energy of the emitted
TR. An analytical expression is presented for the number of
passes N, through a TR target of a relativistic electron
injected in the storage ring. This represents a basis for
analytical determination of the beam current, and the emitted
TR power from the target.

TR emitted by a low-energy storage-ring SR can be used for
performing XRL. Therefore, an analytical expression is
introduced for the photoresist sensitivity Sg obtained for one
injected electron passing through a multi-foil TR target.
Maximization of Sg with respect to the number of foils of the

target, their thicknesses and material could be used for finding
out an optimum design of the TR target for XRL.

Analysis of the calculated results indicates that, for a
particular target material, most TR power is emitted from a
target containing only one foil of that material. It is shown that
for an Al target, in a storage-ring SR with E,. = 20 MeV, a
target containing only one Al foil of thickness about 200 nm
would be best for performing XRL.
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