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ABSTRACT: The power density of synchrotron radiation emitted by the electron storage ring 
BESSY (755 MeV) in the soft X-ray range was measured in an exposure chamber used for the 
irradiation of polymer films with the aid of a calorimeter. The experimental data were compared 
with data calculated with the aid of the Schwinger equation. According to the emittance of the 
storage ring the electron beam has a finite vertical and horizontal extension and an angular 
divergence. The broadening effect can be accounted for by a smearing parameters. Compared with 
theoretical data obtained on the basis of s = 0 (point source), the maxima of the experimental data 
were lower by a few percent, typically: 5.2% when the beam passed a filter combination (3.611m 
Al+ 7.511m Kapton). Excellent agreement between experiment and theory was found by assuming 
s=0.4. With respect to "homogeneous" irradiations of polymer films which were scanned 
continuously up and down through the beam, it was concluded that fairly correct values of the 
power density were calculated with s = 0, if the vertical amplitude was larger than± 4 mm at a 
distance between radiation source and polymer film of 10.67 m. 
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One of the important applications of syn
chrotron radiation is the transfer of struc
tures in the submicron range by means of X
ray lithography,1- 3 which uses the soft X-ray 
part of the white synchrotron light spectrum. 
This method permits a one-to-one shadow 
projection of a mask with absorbing struc
tures on a transparent membrane onto a 
silicon wafer coated with an X-ray sensitive 
resist. Polymer resists4 operate on the basis, 
that structure and solubility of polymers are 
changed under the influence of soft X-ray 
radiation. Main chain scissions or crosslink
ing are induced by the absorption of ener-

getic photons by the polymer resists. The 
sensitivity of the polymer resist can be in
fluenced by choice and by chemical modifi
cation of the polymer material. 

The radiation sensitivity is usually measured 
in terms of the 100 eV-yield (G-value) which is 
equivalent to the number of bonds produced 
or decomposed per lOOeV of the absorbed 
energy. Therefore, the radiation dose absorbed 
by the polymer has to be determined. 

In principle, the absorbed dose can be calcu
lated from the incident synchrotron radiation 
power using known spectral absorption data.5 

For this calculation detailed knowledge of the 
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characteristics of the radiation source and the 
absorption data of the vacuum windows are 
needed (unless the irradiation is performed in 
the ultra high vacuum section of the beam line 
without using windows). Whereas spectral ab
sorption data can be obtained from published 
data tables,6 the synchrotron radiation char
acteristics can be calculated according to the 
Schwinger theory7 only on the limited basis of 
a single electron orbiting in the storage ring. In 
order to obtain realistic values of the power 
density, the real size of the electron beam, its 
angular divergence and the geometrical ar
rangement of the polymer film during the 
exposure have to be taken into account. In the 
present paper various aspects concerning the 
calculation of the power density of synchro
tron radiation emitted from the BESSY stor
age ring will be considered. Emphasis will 
be given to a system consisting of several 
absorber foils (filters) placed in front of a 
polymer film. In addition, the experimental 
determination of the power density with the 
aid of a calorimeter will be reported. 

X-RAY EXPOSURE SYSTEM 

White synchrotron light from the electron 
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storage ring BESSY, operated at the electron 
energy of755 MeV, was filtered by two window 
foils, WI (2-3 µm Si or Al) and W2 (7.5 µm 
Kapton), before entering the exposure cham
ber at a distance of approximately 10 m from 
the source as shown in Figure 1. The windows 
separated the ultra high vacuum section of the 
beam line ( < 10-s mbar) from the exposure 
chamber ( 0.02 mbar). Several valves and by
passes were tnstalled so that the exposure 
chamber could be flooded with nitrogen to 
atmospheric pressure and that the pressure in 
the section between the windows could be 
controlled. 

BESSY 

LW 

D 

SR C 

\.I 1 \.12 P E I 
10. 67 m 

Figure 1. Schematic diagram showing the experimen
tal arrangement at BESSY. D, delay line, aperture 
60 x 10mm2; WI, Si or Al window foil; W2, 7.5 pm
Kapton window foil; E, exposure chamber. A, slit, 
aperture 4.98 x 0.55 mm2; C, calorimeter; P, polymer 
resist; S, substrate foil (Al). 

o• 
Pressure (mba.r) 

Figure 2. Calorimeter reading as a function of pressure. 
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CALORIMETER 

The radiant power of the synchrotron ra
diation was measured with a calorimeter 
(Model l 54BT MKII, Laser Instrumentation 
Ltd.) which had been calibrated against a 
transfer standard (UK National Physical 
Laboratory) under atmospheric pressure. 
Because the exposure chamber was operated at 
approximately 0.02 mbar, the reading of the 
calorimeter as a function of pressure in the 
range from 103 to 10-2 mbar had to be 
measured. 

For this purpose the light of a UV lamp, 
operated at constant voltage, was directed 
through a quartz glass window flange onto the 
calorimeter in the exposure chamber. Figure 2 
depicts the results. As can be seen from Figure 
2 heat transport and convection decrease con
siderably below l mbar, so that increasing 
calorimeter readings are obtained in this pres
sure range. This curve was used for correcting 
the calibration of the calorimeter. 

The calorimeter was mounted on a drive 
unit with a pulse counter permitting a varia
tion of its height by ± 30 mm. Its vertical 
position was determined with an accuracy of 
±0.02mm. In order to measure the vertical 
distribution of the synchrotron radiation a 
diaphragm of 4.98 mm horizontal and 0.55 
mm vertical opening was placed at some dis
tance from the active area (7 mm diameter) of 
the calorimeter, which had a distance of 
10.67 m from the source. 

RADIANT POWER FROM 
A POINT SOURCE 

The Schwinger formula 7 was used to cal
culate the spectral power of the radiation 1 
emitted by a single electron of energy E on 
full orbit of radius R under the azimuth angle 
tf; at the wavelength Jc: 
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(1) 

with 

A. ~=21 {l+(ytf;)2}3/2 (2) 

where y is the energy parameter: 

E 
y= mc2 (3) 

and A.c is the characteristic wavelength 

A. = 4nR (4) 
C 3y3 

K213 and K113 are modified Bessel functions of 
the second kind. e denotes the charge and m 
the mass of the electron. 

Part of the radiation was absorbed by the 
window foils according to Lambert-Beer's law: 

l=l0 ·exp(-µd· p) (5) 

where 10 and I denote the spectral power 
before and after passage of an absorbing layer 
of thickness d. p is the density and µ the mass 
absorption coefficient of the material. The 
mass absorption coefficient µ depends strongly 
on the wavelength ), of the radiation and the 
atomic number Z of the absorbing material. 
Therefore, for a compourtd consisting of i 
elements, the resulting mass absorption coef
ficient at the wavelength l is given by 

(6) 

with the individual mass absorption coef
ficien~s µ;(),) and the atomic weights A; of the 
constituents. 

For a given angular aperture of the calo
rimeter, ll<p in horizontal and /ltf; in vertical 
direction of the calorimeter, the total radiation 
power PO from a point source is then obtained 
by integration over A. and tf;: 
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JR= 400 mA to 150 mA within 2 h. In order to 
compare data taken with the calorimeter at 
different currents JR they had to be normalized 
according to P0/ JR. The normalized power 
density quoted in units of mW mA- 1 cm- 2 

was obtained by multiplication with the ap
propriate factor (36.5 for the diaphragm of 
4.98 x 0.55 mm2). Whereas the radiation 
power P0 is distributed uniformly in hori-
zontal direction, its distribution in vertical 
direction has a steep narrow peak in the in-

ro 

0 tersection with the plane of the electron orbit. 
J,,.__-+-+-+-+-~f--4--+--+--+-+--+--+--=-+-+-+--1 This becomes obvious by concidering a 

.6 .8 1.0 1.2 1.4 1.6 1.8 .o .2 .4 
Uavelenglh 1nm) typical Case, Where the synchrotron radiation 

Figure 3. Calculated spectral power density of syn
chrotron radiation after passage through a couple 
of window foils (2.05 /Im-silicon and 7.5 Jlm-Kapton). 

P0 = ~: J f !(Jc, t/l)dJcdt/1 (7) 

The spectral power density of the synchro
tron radiation from BESSY in the exposure 
chamber (after passing through a 2.05 µm 

silicon and a 7.5 µm Kapton foil) has been 
calculated numerically.8 It is plotted in Figure 
3 in units of mW per cm2 per A stored current 
per nanometer wavelength. This corresponds 
to an integral over the azimuth angle t/1 from 
-0.47 to +0.47 mrad. The silicon edge can be 
seen clearly at ,;,~o.7nm. 

VERTICAL DISTRIBUTION OF THE 
RADIATION POWER 

Synchrotron radiation is emitted from the 
storage ring by a large number of electrons (up 
to 1012 at BESSY). These electrons form a 
beam current JR according to their charge e, 
number n and time r = 2.08 ns for one full 
orbit: 

(8) 

The current JR steadily decreased according to 
the life time of the stored beam, typically from 
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penetrated two absorber foils (1.8 µm Si 
+ 7.5 µm Kapton). Here, at a vertical shift 
from the center (plane of the electron orbit) of 
± 3 mm, the decrease in the power density of 
the radiation amounted to more than 50% of 
the maximum value. 

The effects of various absorber foils on the 
power density of the radiation was studied 
with three systems. In these cases, the foils 
were placed perpendicular to the beam in series 
as indicated in Table I (from left to right). 

The normalized radiation power density in
cident into the opening of the diaphragm of 
the calorimeter was calculated as a function of 
the vertical distance from the orbital plane. 
The calculated data pertaining to a theoretical 
point source for all three systems were plotted 
in Figure 4. 

System ( c) is an example of the arrangement 
of foils which can be used for the experimental 
determination of the radiation absorbed in a 
thin polymer film. 

Table I. Combination of absorber foils 
(WI, W2, S, and P see Figure I) 

First foil 

System __ (_W_I_) __ 

Si Al 

Second Third 
foil foil 

(W2) (S) 
Kapton Al 

(a) 1.8 Jlm 7.5 /lm 

(b) 3.6 jlm 7.5 jlm 

Resist 
(P) 

PMMA 

(c) 3.6 Jlm 7.5 Jlm 3.411m 3.811m 
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Figure 4. Calculated vertical distribution of the nor
malized radiation power density pertaining to a point 
source as a function of the vertical distance r from the 
orbital plane. Electron energy, £=755 MeV; opening of 
diaphragm, 4.98 mm horizontally, 0.55 mm vertically. 
Systems (see Table!): (a)(-); (b) (----); (c) (-·-·-). 

FINITE SOURCE SIZE AND 
ANGULAR DIVERGENCE 

According to the emittance of the storage 
ring, the electron beam has a finite vertical and 
horizontal extension and angular divergence. 
The vertical distribution of the electrons in the 
beam can be approximated by a Gaussian 
distribution with a full width-half maximum 
(FWHM) value A/ The angular distribution 
in azimuthal direction can be characterized by 
a FWHM value Ai/I in a similar way. Both these 
distributions lead to a broadening of the syn
chrotron radiation beam and to a broadening 
of the experimental curves as compared with 
the calculated curves shown in Figure 4. The 
horizontal broadening of the beam becomes 
effective only in the case of narrow horizon
tal apertures which generate rather broad 
shadow fringes. 

The broadening effect is accounted for by 
the "smearing" parameter s. s=0.2 corre
sponds to a source size value Ay=0.94mm 
or to an angular divergence Ai/1=0.088 mrad. 
The contributions of these effects add qua
dratically. 
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Figure 5. Vertical distribution of normalized radiation 
power density as a function of the vertical distance r 
from the orbital plane in three systems (see Table I). 
Electron energy, E=755MeV; opening of diaphragm, 
4.98 mm horizontally; 0.55 mi;n vertically. Calculated 
curves: s=0 (--); s=0.2 ( · · · · ); s=0.4 (----); s=0.6 
(-·-·-). Experimental values, (0); (a), 1.8 µm Si and 
7.5 µm Kapton foils; (b), 3.6 µm Al and 7.5 µm Kapton 
foils; (c), window, 3.6 µm and 7.5 µm Kapton foils; 
substrate, 3.4 µm Al foil; polymer resist, 3.8 µm PMMA. 
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In Figure 5 experimental data of the vertical 
distribution are compared with data calculated 
for s=0, 0.2, 0.4, and 0.6 for the systems (a), 
(b), and (c) as denoted in Table I. As can be 
seen, the curve calculated with s = 0.4 yields an 
excellent fit with the experimental curve for 
systems (a) and (b). Taking into account that, 
for system (c), the normalized power density is 
lower than for system (a) by a factor of 5, the 
scatter of the data and the deviation to s 0.35 
do not contradict this statement. As compared 
with data pertaining to a theoretical point 
source (s = 0), the maxima of the experimental 
data are lower by the following percentages: 
(a) -5.2%; (b) -6.6%; (c) -4.0%. 

Recent measurements of the source size at 
this white light beam line of BESSY10 have 
shown that the vertical source size is of the 
order of L1r 0.2 mm so that the broadening 
parameter of s = 0.4 can almost completely be 
attributed to the angular divergence L1,i, of the 
electron beam. This value corresponds to a 
standard deviation of a,i, = 0.075 mrad which is 
in accordance with the performance data of 
BESSY. 11 

The source size of the small emittance 
source of BESSY used at present remains 
almost constant with decreasing electron cur
rent JR, 10 whereas it used to decrease consid
erably during the life time of each storage 
ring filling, while BESSY was still operated 
as a source of larger emittance.9 The latter 
effect had caused a steady increase of the 
normalized power density of the radiation 
in the center of the radiation fan (close to 
the orbital plane) with the consequence of a 
steady decrease of the broadening parameter 
s. 

A plot of the normalized power density 
incident to the opening of the calorimeter at 
the position of maximum power (r 0) during 
the lifetime of two different fillings of the 
storage ring is shown in Figure 6. Apart from 
the values recorded at /R>450mA, where in
stabilities of the electron beam were observed, 
all data points could be fitted by a straight line 
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Figure 6. Dependence of the normalized power density 
at r=O on the storage ring current JR for two different 
fillings ( + and x). 

exhibiting an increase of 0.6% for JR de
creasing from 400 to 150 mA. This means that 
a constant value s=0.4 can be used for the 
range JR~ 400 mA in order to calculate the 
radiation power density. 

"HOMOGENEOUS" EXPOSURE WITH 
EXTENDED VERTICAL APERTURE 

In order to perform "homogeneous" ex
posures of polymer resist samples, the sample 
holder was moved up and down steadily by a 
drive unit. Thereby the power density was 
integrated according to the curves shown in 
Figure 5 and averaged over the vertical range 
between the turning points of the drive unit ( or 
between the edges of a diaphragm in the beam 
line). From Figure 5 it becomes evident that, 
for a given value of the broadening parameter 
s, the deviation from the integral over the 
theoretical curve calculated with s = 0 de
creases with increasing vertical aperture r. 

This deviation, in percent, obtained for sys
tem ( c) for vertical apertures up to r = 
±5.0mm and with the parameters s=0.4 and 
0.6 has been plotted in Figure 7. For a vertical 
amplitude of ± 5 mm the deviation is reduced 
to I% (for s =0.4). Figure 7; therefore, repre
sents the limits of accuracy for calculations of 
the power density using the Schwinger theory 
without taking into consideration broadening 
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Figure 7. Deviation of the integrated power density at s = 0 from the integrated power density obtained 
for s=0.4 (-) and s=0.6 (----) as a function of the vertical amplitude± r (evaluated for system (c), see 
Figure 5 (c)). 

effects caused by the vertical size and the 
angular dispersion of the source. 

The deviations become smaller for larger 
amplitude values, ± r, of the driving unit. The 
latter transports the sample vertically through 
the synchrotron radiation fan. The average 
power density of the radiation incident to the 
sample decreases strongly on extending the 
aperture to higher values. Going from small 
emittance storage ring optics (small s values) 
to larger emittance optics, the deviations in
crease. Provided the angular dispersion A,i, is 
the predominant contribution to s (as in the 
case of BESSY, at present), an increase in the 
distance of the exposure chamber from the 
source in the storage ring would also enlarge 
the deviation. 

CONCLUSION 

With respect to the irradiation of polymers 
with the soft X-ray range of synchrotron ra
diation it was shown that the power density of 
the radiation at the polymer film can be calcu
lated on the basis of the Schwinger theory 
which pertains to single orbiting electrons. It 
turned out that a correction for the broadening 
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of the synchrotron radiation beam due to the 
finite vertical (and horizontal) extension and 
the angular divergence of the electron beam is 
not necessary if an error in the power density 
of a few percent can be considered negligible. 
This treatment was found to be applicable for 
polymer films being scanned through the X
ray beam with a vertical amplitude larger than 
± 4 mm at a distance between radiation source 
and polymer film of 10.67 m. 
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