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We propose a general correction method for the efficiency measurement of optical components in the 45—
110 nm range to eliminate the contamination of higher-order harmonics at beamline U27 of the Hefei
Light Source (HLS). The influence of harmonics can be deducted effectively from the initial measurement
results through the analysis of the proportion of harmonics with a transmission grating and the efficiency
measurement of optical elements at the harmonics wavelengths. The reflectivity measurement of a gold
film is performed at the beamline to verify its validity. Results indicate that the corrected reflectivity is
in good agreement with the theoretical value. The maximal deviation amounts to 1.93% at a wavelength

of 85 nm and an incident angle of 5°.
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The spherical grating monochromator (SGM) branch of
beamline U27 at the Hefei Light Source (HLS) is the
first and only setup in China that can measure the op-
tical component efficiency in the wavelength range of 5
140 nm['~4. However, the SGM output usually contains
significant amount of higher-order harmonics that wors-
ens the validity of the measurement dramatically. Har-
monics contamination is a common problem of SGMs in
synchrotron radiation facilities® 8!, particularly in the
45-110 nm wavelength range because there is no suitable
filter that can suppress the higher-order harmonics due
to the strong energy absorption characteristics of mate-
rials. Neither the differentially pumped absorption gas
cell nor multiple mirror reflections®=1% can be applied
in short-term to the beamline U27 due to spatial con-
straints. Hence, the efficiency measurement of optical
components in the 45-110 nm range is still infeasible at
this beamline, seriously limiting the corresponding devel-
opment of domestic research in such spectrum.

To solve the harmonic contamination, we present a cor-
rection method of optical component measurement in the
vacuum ultraviolet (VUV) spectrum at beamline U27,
HLS. The formula derivation of the correction method
for typical optical elements is presented. We conduct
an experiment measuring gold film reflectivity, and the
results indicate that a comparatively accurate measure-
ment can be obtained with the current device using this
correction method.

Figure 1 illustrates the layout of the SGM branch
equipped with a reflectometer(!':1? located behind the
monochromator. Optical elements to be measured are
placed on the sample stage. When the incident light in-
tensity Io(A) contains a large number of higher-order har-
monics, the emergent light intensity () of the sample
will also contain harmonics. Thus, the proposed measure-
ment procedure involves the following steps: quantitative
analysis of the higher-order harmonics using an ampli-
tude transmission grating['3—1%) efficiency measurement
of optical components at the corresponding harmonic
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wavelengths, and deduction of harmonic contributions
from the original measurement results.

An amplitude transmission grating is employed and in-
stalled at normal incidence on the sample stage of the
reflectometer. The first-order diffraction angles 6 of the
fundamental wave and higher-order harmonics can be dis-
persed by the transmission grating and calculated as

dsinf = \/n, (1)

where d is the grating period, A is the fundamental wave-
length with |n|=1, and A/n describes the harmonics with
[n|=2,34,- .

The first-order diffraction efficiency of the amplitude
transmission grating does not change with wavelengths
and is described as[1%l

Ara (A/n) 2
nrT,1 AO ()\/n) 0.6 1/7T 5 (2)
where Ag(A/n) is the n-order harmonic intensity con-
tained in the incident light intensity Io(A\), and At
(A/n) is the first-order diffraction intensity of the n-
order harmonic, n=1,2,3,--- . The subscript “T” de-
notes transmission. Therefore, the ratio of the n-order
harmonic to the fundamental in the incident light, &,
(n=2,3,4,-- ), can be calculated by integrating the corre-
sponding diffraction peak:

_ Ao(M\/n)  Ari(\/n)
o Ao(A)  Apa(N) (3)
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Fig. 1.  Sketch of the spherical grating monochromator

branch.
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Reflection film is selected as an example to expound
the correction method. Its reflectivity at the wavelength
A is defined as

_ I
R(\) = TN’ (4)

where Io(\) and I(X) are the intensities of the incident
and reflected light, respectively, and they are loch dis-
turbed by harmonics. Hence, Eq. (4) can be resolved
as

RO\ =

o) = 2 An (/) / S A/, )

where A, (A\/n) is the reflected light intensity of the n-
order harmonic. It can be decomposed as

An(Mn) = Ao(A/n) X Ry (A/n), (6)

where R, (A/n) is the reflectivity of the n-order harmonic
that must be measured first to determine the numerator.
The harmonics can be suppressed by filters in the 545
nm rangel®4); hence the reflectivity of the n-order har-
monics in this band can be measured accurately. Divid-
ing the numerator and the denominator in Eq. (5) by Ao
(A), and substituting Egs. (3) and (6) to Eq. (5) gives

R () + 3 & x Ra (An)
R(\) = =2 : (7)
14y 6
n=2

where R'(A)=A1(\)/Ap(A\) in the numerator is the cor-
rected reflectivity that could be reduced to

’

) =RO(1+36) =S Ra/n) x 6. (8)
n=2 n=2

Equation (8) yields the corrected reflectivity of a reflec-
tion film, which is the same as that for the transmission
film. However, the reflective and transmissive versions
should be treated separately for the characterization of a
grating. For the reflection grating, Eq. (8) can be altered
as

1) = 1) (1430 6) =3 e A/m) X €0 (9)

where the footnote r represents the r-order diffraction
efficiency and 7,,x,(A/n) is the n x r-order diffraction ef-
ficiency of the n-order harmonic. For the transmission
grating, harmonics are dispersed into different directions
after diffraction. Therefore, the numerator in Eq. (7)
only contains the first factor and the t-order diffraction
efficiency of the transmission grating can be corrected as

n(A) =oAL+ ) &) (10)

To examine this correction method, a 40-nm-thick gold
film is prepared through ion beam deposition. Its reflec-
tivity is measured on the U27 beamline in the 5-110-nm
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band at four incident angles of 5°, 20°, 40°, and 60°.
Filters of Si (100 nm), Al (200 nm), and Mg (250 nm)
are used to suppress the higher-order contributions in
the 12.5-17.5-, 17.5-25.5-, and 25.5-45-nm bands, re-
spectively. Thus, the reflectivity in the 5—45-nm band
does not require correction. The direct result of the re-
flectivity measurement in the 45-55-nm band that is the
second-order harmonics of the 90-110-nm is still inac-
curate because there is no filter to use. Thus, we first
obtain the corrected reflectivity in the 45-55-nm band
with the proposed method, which is in good agreement
with the calculated reflectivity, then substitute it into
Eq. (8) to obtain the accurate reflectivity of the 90-110-
nm wavelength region. A slit of 1-mm width is pasted
on the detector to improve the resolving power. The the-
oretical reflectivity of gold is calculated using the IMD
film design softwarel'” and compared with the measured
results.

The amplitude transmission grating used in this ex-
periment is gold free-standing with 3300 line/mm and
a duty cycle of 1:1 that could suppress even-order
diffractions!*®!. The thickness of the grating bars is about
300 nm and is absolutely opaque to the radiation when
the wavelength is above 8 nm. Thus, the first-order
diffraction efficiency is practically independent of the
wavelength (Fig. 2). The efficiencies of the higher odd
orders decrease as 1/n?, where n is the order number!['6],
then their intensities are too small to be detected in our
experiments. Therefore, the harmonics contaminations
of the transmission grating can be neglected.

The ratios, &, (n=2,3,4,---), as shown in Fig. 3(a) are
measured using this transmission grating, which can dis-
tinguish harmonic peaks of five orders in the 45-50-nm,
six orders in 50-65-nm, and seven orders in 65-110-nm
bands. As the wavelength increases, the higher-order
diffraction peaks become more complex; they overlap
and cannot be distinguished. Both ratios, &,, and their
summation increase with the increase in wavelength.
The summation of &, reaches up to 22 at the funda-
mental wavelength of 110 nm, as shown in Fig. 3(b).
The quantitative harmonic contributions in Fig. 3 are
used to correct the measured reflectivity of gold film
according to Eq. (8). In terms of the resolving power
of the 3300-line/mm transmission grating, the second
factor of Eq. (8) is corrected to the seventh-order. The
polarization characteristics of this beamline is indefi-
nitely quantitative, thus the calculated curves under
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Fig. 2. First-order diffraction efficiency of 3300 line/mm
transmission grating in the 5-40-nm band.
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Fig. 3. Intensity ratios of harmonics to fundamental wave
measured in 45-110 nm at an interval of 5 nm. (a) Ratios of
higher-orders to the first-order, and the absent dots of ratios
&s, €6, and &7 are the orders that cannot be distinguished by
transmission grating; (b) summed-up ratios of higher-order
intensities to the first-order one.
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Fig. 4. Calculated, measured, and corrected reflectivities
of gold film. The dash curve represents the calculated

s-polarization result, the dot curve is the calculated p-
polarization result, the curve with circles is the measured re-
sult, and the solid curve is the corrected result. (a) At 5°
incident angle, (b) at 20° incident angle, (c¢) at 40° incident
angle, (d) at 60° incident angle.

s- and p-polarized conditions are obtained using the IMD
film design softwarel!7],

A comparison of the calculated curve with the mea-
sured and corrected curves at 5° is shown in Fig. 4(a).
At normal incidence, the influence of polarization on re-
flectivity is negligible. The harmonics could not be sup-
pressed completely by filters in the 5-45-nm band; hence,
the measured reflectivities are slightly less than the cal-
culated values. In the 45-110-nm band, the uncorrected
measurement data are far less than the calculated curve
because of the harmonics contamination. Nevertheless,
the corrected curve is in good agreement with the calcu-
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lated values. The maximal absolute difference between
the calculated s-polarized and corrected curves in the 45—
110-nm band is 1.93% at the fundamental wavelength of
85 nm.

The same correction is performed for the reflectivity
measurement at the incident angles of 20°, 40°, and 60°,
as shown in Figs. 4(b)—(d). The results indicate that
the deviation between the measured and calculated s-
polarized curves in the 5-45-nm band becomes larger
with the increasing incident angle. The main reason for
these results is that the influence of polarization on the
reflectivity becomes more noticeable when the incident
angle is close to the Brewster angle. Moreover, the de-
viation between the corrected and calculated s-polarized
curves in the 45-110-nm band is introduced by measure-
ment errors of R, (A/n) and &,,, which become remarkable
as the incident angle and wavelength increase. Similar to
the incident angle of 60° that is close to the grazing an-
gle, as shown in Fig. 4(d), the reflectivity at shorter
wavelengths is still considerable; thus, the harmonic con-
tributions mixed in the reflection light are significant,
and the higher-order factors &, of which the subscript
n is greater than 7 in Eq. (3), cannot be omitted as a
small quantity. These results lead to the larger corrected
values in the long wavelength band.

In conclusion, this correction method based on the am-
plitude transmission grating can be applied effectively to
the optical component measurement near normal inci-
dence. The accuracy of this correction degrades when
the measurement is executed at grazing incidence. The
correction results compared with the calculated results
indicate that the synchrotron source is not entirely s-
polarized light. The correction accuracy could be im-
proved if the polarization degree of the synchrotron ra-
diation source is determined quantitatively, as well as
through the use of a transmission grating with higher
density or by increasing the distance between the sample
and detector to distinguish more higher-order harmonics.
This method can be extended for applications at other
synchrotron radiation beamlines with similar problems.
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