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Design of a high-resolution VLS monochromator for synchrotron radiation
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A high-resolution monochromator with a broad spectral range of 125−4200 Å is designed for a measuring

beamline of the projected synchrotron radiation source
”
SKIF“ (Novosibirsk). The optical configuration of the

monochromator comprises a grazing-incidence concave mirror, a plane VLS grating, and an exit slit. It is planned

to use two replaceable VLS gratings with central groove frequencies of 600 and 150mm−1 intended for subranges

of 125−1000 Å and 900−4200 Å, respectively. Wavelength tuning in each of the two subranges is carried out by

solely the rotation of the VLS-gratings. Due to the proper choice of p1 VLS-grating coefficients, the focal distance

varies only slightly over the entire spectral range, and the p2 VLS-grating coefficients are used to suppress the

aberrations of the mirror and the gratings. The resolving power of the configuration obtained by numerical ray

tracing exceeds 1000 in the 125−1000 Å range and 2000 in the 900−4200 Å range.
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Introduction

The Siberian ring source of photons
”
SKIF“ is a 4th

generation source of synchrotron radiation, intended for a

wide range of works using X-ray and vacuum ultraviolet

(VUV) radiation to the benefit of various branches of

science and technology. As expected, the complex will

be commissioned in 2024. At the first stage of the

source operation, it comprises six synchrotron radiation

end stations, most of which are devoted to hard X-ray

radiation. Only one of the six stations of the first stage

(station 1-6,
”
Electron structure“, [1]) will be focused

on the usage of soft X-ray and VUV radiation in the

10−2000 eV spectral range. This station capacity will be

not enough to cover experimental needs in the area of

VUV and soft X-ray range, therefore the corresponding

stations should be provided in the second stage. Due

to the predictable lack of experimental capacities at the

first stage, the station 1-6 was designed as the unit with

maximum broad spectral coverage. For second stage

stations it is reasonable to reduce spectral coverage of each

of the new stations by means of improving other consumer

characteristics. Thus, among second stage stations at least

one VUV-range station is provided for operation in spectral

range of 3−100 eV, that, in comparison with the station 1-

6, will have bigger acceptance, and, as a result, allow to

obtain bigger photon flux in its operational spectral range.

It is expected that this station will receive radiation from

the synchrotron bending magnet and will be devoted to

study of various objects ignition kinetics with the usage of

mass spectrometry with photon ionization of the combustion

products. In addition several metrological techniques for

various consumers are expected to be implemented at this

station. We propose a monochromator designed for use at

this station.

Cutting-edge researches, performed at third and fourth

generation synchrotrons, often require high spectral purity

monochromatic radiation forming out, as well as quickness

and convenience of radiation channel reconfiguration to

another wavelength. When using high resolution grating

monochromator for VUV spectral range monochromatic

radiation forming out of polychromatic beam of synchrotron

radiation (SR), it is extremely preferable to keep the

monochromator focal distance and the direction of diffracted

radiation constant at operational wavelength reconfigura-

tion. In this case the position of the exit slit remains

unchanged and the number of element transfers in vacuum

is minimized. This task can be solved, first of all, in

the modified Cherny−Turner scheme with application of

a plane reflecting grating, operating in parallel beam, and

two grazing-incidence concave mirrors (preferably off-axis

parabolic/elliptic cylinders), intended for collimation and

the following radiation focusing [2]. Secondly, this task is

solved in Hettrick−Underwood scheme using a focusing

mirror and a plane VLS grating, 1 operating in a convergent

beam [3,4]. Both schemes are simple: the wavelength

1 Reflecting gratings with groove density, that monotonically changes

across the aperture as per desired law, are called VLS gratings (Varied
Line-Space Gratings).
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is reconfigured by means of rotation of the grating only.

However, in the Hettrick−Underwood VLS monochromator

scheme there are only two optical elements used, and high

and ultra-high (λ/δλ > 104) resolving power achieving is

not associated with grazing-incidence aspheric optics use.

It should be noted that there are other optical schemes of

high-resolution monochromators with a fixed exit slit, that

maintain the output direction of the diffracted radiation (see,
for instance, [5]). In [5] there were used a cylindrical mirror,

a plane grating and an auxiliary plane mirror, while the

wavelength scanning was performed by the grating rotation,

coordinated with rotation and simultaneous translation of

the plane mirror. Disadvantage of such schemes is the large

number of optical elements, as well as certain difficulties

with reconfiguration of operational wavelength. Examples

of schemes of devices with complex kinematics of optical

elements can be found in reviews, for instance, [6,7].

Currently VLS spectrometers and VLS monochromators

of various type are widely used in researches in soft X-ray

(SX) spectral range [6,7]. They are used in spectroscopy

and diagnostics of laboratory plasma [8], astrophysics [9-11],
reflectometry/metrology with usage of laser plasma SX

radiation source [12], X-ray fluorescent analysis with usage

of SR and emission spectroscopy combined with electron

microscope [13]. User channels for SX/VUV radiation at

foreign synchrotrons are often equipped with monochro-

mators and spectrometers based on VLS gratings [14–16].
Special VLS spectrometers for investigation of the electron

structure of various materials and molecules using the

spectroscopic method of resonant inelastic X-ray scattering

(RIXS) under SR operation are actively developed [17–19].

The capability of gratings with monotonically changing

groove density (to modify the spectral focal curve) was

noted by M. Cornu back in 1893 [20]. However after

that, almost throughout the century, the efforts of gratings

manufacturers were focused on maintaining the maximum

equidistance of grooves, since it was associated with high

quality of gratings. In 1970−1980s T. Harada [9,21–24],
M. Hettrick and J. Underwood [3,4,25] focused toward the

idea of using the focusing properties of aperiodic gratings.

Scanning spectrometers/monochromators with plane VLS

grating (Hettrick spectrometers) became widespread and

commercially available [25]. Today there are programmable

engraving machines, interference lithography and electron

beam lithography as methods for the VLS gratings manu-

facturing (see reviews [6,7]).

Over the last years the technology of plane and concave

VLS gratings production using the interference lithography

method, including calculation of interference lithography

optical scheme, was developed in Russia and experi-

ence in VLS spectrometers manufacturing was accumu-

lated [6,7,26,27]. Considering this, as well as wide

possibilities of Hettrick-Underwood approach, we chose

this paradigm for calculation of the VLS monochromator

scheme for the VUV channel at the 4th generation syn-

chrotron device
”
SKIF“.

28 m 150 mm ~1200 mm

1 2

3

4 5

Figure 1. Schematic of the monochromator based on a plane VLS

grating: 1 — source, 2 — concave mirror, 3 — replaceable VLS

grating, 4 — wavelength reconfiguration is performed by simple

grating rotation, 5 — exit slit.

1. Problem Statement

We propose VLS monochromator for SR within a spectral

range of 125−4200 Å based on a grazing-incidence plane

VLS grating, operating in a convergent beam. Specifics

of SR channel set the scheme geometry: distance from

deflecting synchrotron magnet to monochromator optical

elements is constant and equals to ∼ 28m; optical elements

should be densely located; distance from optical elements

to exit slit is also constant and equals to ∼ 1200mm;

output direction of the radiation after the slit should also

be constant. The preferred resolving power should be

λ/δλ > 103 over the whole spectral range.

The following scheme is used for the monochromator

(Fig. 1). Radiation from a practically point source is

focused by a grazing-incidence concave spherical mirror,

while horizontal focus of the beam is on the distance,

almost equal to the distance to exit slit. The mirror

mounting is very different from the Rowland one and

is strongly asymmetrical. After the mirror, the conver-

gent beam is incident on the plane VLS grating and

then diffracted into the first external order. For usage

convenience, the scheme does not deflect the incoming

radiation: angle of deflection by the grating is equal in

value and opposite in sign to the angle of deflection

by the mirror. Due to the VLS grating properties, the

radiation is focused around the plane of the exit slit,

and wavelength change is performed only by means of a

simple grating rotation. Spectrometer scheme is similar

to Hettrick-Underwood scheme [3,4], but differs from

it with strongly asymmetrical mounting of the focusing

mirror.

2. Scheme calculation

Let’s discuss a simple diffraction grating with grooves

frequency dependency p(w), where w stands for the

coordinate on the grating aperture, perpendicular to the

grooves (Fig. 2).
Let’s expand this law in Taylor series in coordinate w :

p(w) = p0 + p1w + p2w
2 + . . .. Here p0 is the frequency

of the grooves in the aperture center, and this coefficient

is responsible for the direction of the diffracted radiation,

while coefficient p1 is responsible for focusing properties
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Figure 2. Changing the focal distance after diffraction on a plane

reflecting VLS grating.

of the grating, and coefficient p2 can compensate the

meridional coma aberration of the diffracted beam [26].

Let a parallel monochromatic beam with a wavelength

λ1 impinge on this grating at a grazing angle ϕ1 and then

diffract into the order m at a grazing angle ψ1. Then

the values are related by the equation of the diffraction

grating (1):

cos(ψ1) − cos(ϕ1) = mp0λ1. (1)

With the same position of the incident and diffracted

beams, let’s rotate the grating by a small angle. Now

let the parallel monochromatic beam with a wavelength

λ2 impinge on the grating at a grazing angle ϕ2 and

diffract into the order m at a grazing angle ψ2, while

ϕ1 + ψ1 = ϕ2 + ψ2 = �. Thus, the reconfiguration of the

wavelength is performed under the constant direction of

the incoming and diffracted radiation. Relation between the

wavelength and the angle of incidence of the radiation onto

the grating is defined by the formulas

ϕ =
�

2
− arcsin

mp0λ

2 sin(�/2)
,

mλ =
2 sin(�/2) sin(�/2− ϕ)

p0

. (2)

Such a scheme settles a query of constant direction of the

incoming and the diffracted radiation. To solve the problem

of a constant focal distance for the diffracted radiation, we

will use the properties of the VLS gratings.

Let the convergent beam with a wavelength λ and a

distance from the grating center to the focus r0h fall onto

the grating (Fig. 2). Then the diffracted radiation will focus

at the distance rh, defined by the formula (3):

mλp1 =
sin2 ϕ

r0h
−

sin2 ψ

rh
. (3)

If we insist of fulfilling of this condition for two

wavelengths λ1,2 with the same p1 and rh, in the scheme

with grating rotation, described earlier, then we receive a

strict limitation for rh (4):

rh = r0h
sin2 ψ1λ2 − sin2 ψ2λ1

sin2 ϕ1λ2 − sin2 ϕ2λ1
. (4)

Also p1 is no longer a free parameter (5):

p1 =

(

sin2 ϕ1

r0h
−

sin2 ψ1

rh

)

/

λ. (5)

I.e. when using a VLS grating, which coefficient p1

meets (5), and angle of grazing incidence onto the grating

meets (2), we receive that the focal distance is the same (rh)
for grazing angles ϕ1,2 and their corresponding wavelengths

λ1,2, while the output direction of the radiation is the same

for all wavelengths.

3. Selection of scheme parameters

Due to the wide bandwidth of the required spectral range

(125−4200 Å), when using a single diffraction grating in the

monochromator scheme the defocusing will be significant at

any selection of a pair of wavelengths λ1,2. Therefore, our

scheme assumes using two replaceable diffraction gratings.

Roughly equal on a logarithmic scale ranges 125−1000 Å
and 900−4200 Å are proposed as the two ranges. Angle

of 32◦, corresponding to an angle of radiation grazing
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Figure 3. 1 — calculated dependence of the monochromator

resolving power against the wavelength, considering only geomet-

rical defocusing (without considering the aberrations) for two VLS

gratings (ranges 125−1000 Å (a) and 900−4200 Å (b)); 2 —
resolving power, corresponding to 5000, 3 — resolving power,

corresponding to 1000. Dots show the resolving power calculated

using numerical ray tracing (considering aberrations).
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Figure 4. Spectral images of the monochromatic point source, obtained by the numerical ray tracing method for two VLS gratings

(ranges 125−1000 Å (upper) and 900−4200 Å (lower)).

onto the mirror of 16◦, is selected as an angle of

deflection by the grating (and the mirror). At such

radiation grazing-incidence angle the gold coating of the

mirror reflects more than 45% of radiation energy in

the whole required spectral range. This angle is a

parameter of scheme optimization. This angle reduction

results in increase of the mirror and the grating reflection

coefficient, but also in decrease of the resolving power

and acceptance angle of the device. 600 and 150mm−1

are selected as an average groove frequency of VLS

gratings.

For selection of monochromator scheme its parameters

should be optimized as per certain criteria. The resolving

power of the device in the whole required spectral range

is selected as one of these criteria. The resolving power

is defined by the source image width in the plane of the
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Monochromator parameters

Concave mirror

Curve radius, mm 9356

Aperture D, mm 50

Incidence angle, ◦ 74

Source-mirror distance, mm 28000

Mirror-focus distance, mm 1352

Mirror-VLS grating distance, mm 150

Flat VLS grating

Aperture, mm 50× 20

Deflection angle, ◦ 32

Diffraction order The first external

Grating-exit slit distance,mm 1200

Spectral range, Å 125−1000 900-4200

Coefficients p0, mm−1 600 150

VLS gratings p1, mm−2 0.956 0.239

p2, mm−3
−1.6 · 10−3

−1.4 · 10−3

Inverse linear dispersion, Å/mm 3.6-2.3 14-9.1

Resolving power > 1000 > 2000

exit slit S and inverse linear dispersion (plate scale) of

the device dλ/ds through correlation λ/δλ = λ/(Sdλ/ds).
Image width is composed of geometrical defocusing Sg ,

higher-order aberrations Sa and diffraction divergence Sd .

As the criteria of successful optimization of the scheme

let’s take the resolving power, defined by the geometri-

cal defocusing, of at least 5000 in the whole selected

spectral range with VLS grating operational width of

50mm, and the resolving power, conditioned by higher-

order aberrations, of more than 1000 in the whole

range.

Let’s start with a more short-wave range of 125−1000 Å,

for which the grooves frequency in the center of the VLS

grating is already defined as p0 = 600mm−1, angle of the

radiation deflection by the grating is � = 32◦, distance

from the grating center to the exit slit is L2 = 1200mm,

the range is 125−1000 Å, the width of the VLS grating

is 50mm, the distance from the grating center to the

focusing mirror center is 150mm. To maximize the

minimum resolving power in the whole range we select

λ1 = 200 Å and λ2 = 770 Å as the wavelengths λ1,2 of the

rigorous focusing. To achieve that, the distance from the

grating center to the focus of the convergent beam incident

onto the grating, L1 ≈ 1201.65mm is required, as well

as p1 = 0.956mm−2. To provide such a beam incident

onto the grating, the auxiliary focusing mirror should have

the following parameters: distance from the source to

the mirror — 28000mm, distance from the mirror to the

grating — 150mm, mirror grazing-incidence angle — 16◦,

mirror curve radius — 9356mm.

The distance from the diffracted radiation focus to the

exit slit will change from zero to less than 4.5mm in the

whole range, while the image width, conditioned by the

geometrical defocusing, will be less than 20µm in a range

of 100−850 Å. The plate scale changes from 3.6 Å/mm at

120 Å to 2.35 Å/mm at 1000 Å, while resolving power will

be more than 5000 in the whole spectral range (Fig. 3).

To evaluate the image width, conditioned by higher-order

aberrations, the numerical ray tracing of the scheme was

performed using XOP 2.3 software with SHADOW VUI

1.12 extension [28]. If VLS grating coefficient is p2 = 0,

the coma will be the defining aberration, due to which the

image width will be equal to fractions of 1mm. For its

compensation the parameter p2 should be selected. The

optimization criteria is the requirement for the resolving

power R to be at least 1000 in the whole range. However,

if examining R = λ/1λ, using the full (to base) image

width as 1λ, then, by selecting p2 = −1.50 · 10−3 mm−3,

we obtain R = 1000−1400. The image width in the whole

range is still defined by coma, therefore we can increase R
twice by reducing the grating width by 1.5.

When transitioned to the long-wave range of 900−4200 Å
with a grating with p0 = 150mm−1, the angle of radiation

deflection by the grating � = 32◦, the distance from the

Technical Physics, 2022, Vol. 92, No. 13
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grating center to the exit slit L2 = 1200mm, the distance

from the grating center to the focus of the incident onto the

grating convergent beam L1 ≈ 1201.65m, grating width of

50mm, as well as parameters of grazing-incidence focusing

mirror remain unchanged. Coefficient p1, that will define

the fine focusing wavelengths λ1 and λ2, remains the free

parameter. In this case, since parameter L1 is already

defined, at maximizing the minimum resolving power in

the whole range, one of the points goes out of the range:

p1 = 0.24mm−2, λ1 = 726 Å and λ2 = 3290 Å.

Parameters, conditioned by geometrical defocusing, will

be as follows: image width will be less than 40µm in a

range of 900-3800 Å, defocusing (distance from diffracted

radiation focus to the exit slit) will be less than 5mm for all

wavelengths from the examined spectrum range, the plate

scale from 14.0 Å/mm at 900 Å to 9.1 Å/mm at 4200 Å.

Calculated resolving power is more than 5000 in the whole

spectral range (Fig. 3).

To evaluate the image width, conditioned by higher-order

aberrations, the numerical ray tracing was also performed.

By selecting p2 = −1.40 · 10−4 mm−3, we obtain values

R > 2000 in the whole spectral range of 900−4200 Å
(Fig. 4).

General parameters of the calculated scheme of VLS

monochromator are presented in the table.

Conclusion

A project of a high-resolution monochromator for the

spectral range of 125−4200 Å is calculated for use at

an end station measuring channel of the new Siberian

4th generation synchrotron
”
SKIF“ (

”
The Siberian ring

source of photons“). A monochromator based on

the Hettrick−Underwood scheme uses a concave focus-

ing mirror and two replaceable VLS gratings. The

wavelengths scanning is performed by solely the grat-

ing rotation at a constant direction of the output ra-

diation. Aberrations of the grazing-incidence mirror,

installed in a strongly asymmetrical scheme, are sup-

pressed by the VLS grating. The monochromator can

provide a resolving power of more than 1000 in the

range of 125−1000 Å and above 2000 in the range of

900−4200◦ AA.
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