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a b s t r a c t

The in-focus variable line spacing plane grating monochromator is based on only two plane optical

elements, a variable line spacing plane grating and a plane pre-mirror that illuminates the grating at the

angle of incidence that will focus the required photon energy. A high throughput beamline requires only a

third optical element after the exit slit, an aberration corrected elliptical toroid. Since plane elements can

be manufactured with the smallest figure errors, this monochromator design can achieve very high

resolving power. Furthermore, this optical design can correct the deformations induced by the heat load

on the optics along the dispersion plane. This should allow obtaining a resolution of 10 meV at 1 keV with

currently achievable figure errors on plane optics. The position of the photon source when an insertion

device center is not located at the center of the straight section, a common occurrence in new insertion

device beamlines, is investigated.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

The focusing variable line spacing plane grating monochroma-
tor FVLSPGM was proposed by Harada et al. [1] and implemented at
a bending magnet beamline at the Photon Factory (PF) [2]. The
optical design does not include an entrance slit and it is based on a
variable line spacing plane grating and a plane mirror that
illuminates the grating such that it focuses a broad energy range
at the exit slit. The designed energy resolution of the first FVLSPGM
at the PF was not achieved experimentally due to limitations in the
monochromator mechanics [2]. A different mechanical design of
the FVLSPGM was implemented for the revolver undulator beam-
line at the PF [3]. With the new mechanical design, the measured
resolution was similar to the expected values [3].

The design of the plane mirror mechanism in the SX-700 plane
grating monochromator [4], which replaces the translations and
rotations of the plane mirror by a rotation around an axis not on the
mirror surface, was implemented on a FVLSPGM by Cocco et al. [5] at
Elettra. This APPLE-II [6] based undulator beamline was designed for
nanospectroscopy requiring the highest possible flux at medium
energy resolution. Two APPLE-II based FVLSPGMs using the SX-700
mechanism have been recently implemented, one at the Synchro-
tron Radiation Center in Wisconsin and one at the Canadian Light
Source. The former, described in detail in these proceedings [7], is
designed for the energy range 11–270 eV and has only three optical
elements to achieve the highest possible transmission. The later, the
REIX beamline [8] covering the energy range 80–2000 eV fulfilled its
design goals in terms of resolution, flux, and fast polarization
switching, and is now open for General User Proposals.
ll rights reserved.
Several other beamlines using the FVLSPGM design and the SX-700
mechanism are at different commissioning [9], procurement [10–13],
and design stages [14–16]. Several beamlines are designed to achieve
very high resolution at photon energies near 1 keV [10–12,17]. In
particular, the DREAMLINE project planned for SSRF [17] is designed to
achieve 10 meV at 1 keV, a goal discussed in Section 4.

A different optical concept based on the FVLSPGM and the
SX-700 mechanism has successfully been implemented [18] in
several beamlines at the SOLEIL synchrotron. The major difference
in this optical design is the use of outside diffraction order and
positioning the grating upstream of the plane mirror.
2. Focusing with a VLS grating

The line density variation along the length of a variable line
spacing (VLS) grating can be expressed as [2]

kðwÞ ¼ k0ð1þ2b2wþ3b3w2þ4b4w3 � � �Þ ð1Þ

where w is the position on the grating, measured along an axes
perpendicular to the grooves, and w¼0 defines the grating center.
The linear coefficient term, b2, can be chosen to zero the defocus
term in the optical path function:

f20 ¼
cos2a

r1
þ

cos2b
r2
�2b2nk0l, ð2Þ

at one wavelength, l, whereas b3 can be chosen to zero the coma
term in the optical path function,

f30 ¼ sina cos2a
r2

1

þsinb
cos2b

r2
2

�2b3nk0l: ð3Þ

In Eqs. (1)–(3), a and b are the incidence and diffraction angles, n is
the diffraction order, and r1 and r2 are the distances between the
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Fig. 1. Ray tracings at the sample plane using (a) the aberration corrected elliptical

toroid, (b) with an elliptical toroid designed to obtain a larger horizontal

demagnification without including astigmatic coma correction.
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source and the grating and between the grating and the exit slit,
respectively. We note in passing that the FVLSPGMs described here
do not have an entrance slit.

The optical design of the FVLSPGM includes a plane mirror
upstream of the grating that allows to illuminate the grating at the
angle of incidence that fulfills simultaneously the grating equation,
nkl¼ sinaþsinb, and the defocus term. This means that in order to
operate the monochromator in-focus the c value (¼cos b/ cos a) is
fixed and cannot be changed as in the collimated plane grating
monochromator design [19].

One important point of the FVLSPGM optical design is the fact
that one can correct for the source position along the dispersion
direction by changing the c value. This is being used in the SOLEIL
beamlines [18] to compensate for changes in the source position
along the dispersion direction since they use two undulators in the
straight section. Analytical and ray tracing calculations have also
shown that this correction can be used to compensate for the heat
load induced deformation on the plane mirror in the monochro-
mator [13].
3. High throughput FVLSPGM

An APPLE II based beamline using a FVLSPGM and covering the
energy range 11–270 eV has been commissioned at the Synchro-
tron Radiation Center (SRC) in Wisconsin and performance results
are presented in these proceedings [7]. Since the four straight
sections at SRC were already occupied by operating insertion
devices (ID), the APPLE II undulator was installed between two
bending magnets in a 1 m long section, which allowed for an ID of
only 14 periods. To compensate for the lower flux emitted by the
device as compared to the 3.5 m undulator serving the over-
subscribed plane grating monochromator [20] at SRC, the beamline
was designed without an entrance slit and with the minimum
number of optical elements: the plane mirror in the monochro-
mator, a VLS grating, and a refocusing mirror. The refocusing
element, a horizontally deflecting elliptical toroid, re-images the
exit slit in the vertical plane onto the sample position by 2.5:1.4
with the constant sagittal radius of curvature. In the horizontal
plane, the undulator source is demagnified by 13.5:1.4 with
an elliptical profile along the mirror meridional direction. The
elliptical shape eliminates the large coma aberration along the
horizontal direction that would have been produced by a constant
radius of curvature. A crucial feature of this mirror is the fact that its
distance to the slit, rs1, and to the sample position, rs2, were chosen
to minimize the stigmatic coma aberration according to Ref. [21]:

rs2 ¼
rm1rs1

2rm1�rs1
ð4Þ

where rm1 is the distance from the source to the elliptical toroid
mirror.

Fig. 1 compares ray tracings using the SHADOW code [22]
performed with an astigmatic corrected elliptical toroid (pane a)
using the above-mentioned magnifications to an elliptical toroid
with larger demagnification of 13.5:0.9 along the horizontal and
2.5:0.9 along the vertical (pane b). Both ray tracings were per-
formed for an energy of 60 eV using the same source and mono-
chromator parameters and an exit slit of 20 mm. As seen in the
figures, pane (b) shows a smaller horizontal size but instead of a
demagnification along the vertical direction, the vertical size is
significantly larger than that of pane (a) being fully dominated by
the astigmatic-coma aberration.

We note in passing that an astigmatic-coma-corrected elliptical
toroid refocusing mirror such as that described above is use at the
REIXS beamline at the Canadian Light Source [8]. The measured
spot size is in good agreement with the calculated value and the ray
tracings.
4. Achieving 10 meV at 1 keV

In this section we present a FVLSPGM designed to achieve a
resolution of 10 meV at 1 keV. This beamline has been designed
[17] for the Dreamline project at the Shanghai Synchrotron
Radiation Facility (SSRF). The source for this device is a 4.5 m long
APPLE II type insertion device. At 1 keV the RMS horizontal source
and divergence are 159 mm and 35 mrad, respectively, whereas
along the vertical direction the values are 20 mm and 12 mrad. The
relevant beamline parameters for the analysis presented here are
as follows. A plane mirror located at a distance of 22 m from the
source will deflect the beam in the horizontal plane by 1.61; its
main function is to filter the photon energies emitted by the
insertion device beyond the range to be used in the beamline.
The VLS grating, located at 27 m from the source, disperses in the
vertical plane and is preceded by the plane mirror in the mono-
chromator chamber. The exit slit is located at 18 m from the
grating. Downstream of the slit, a KB pair focuses the beam at the
sample position. We note that the horizontally focusing mirror in
the KB pair is the only element focusing along the horizontal
direction.

Evidently, the goal of 10 meV at 1 keV requires a high line
density grating operated at a relatively large value of c as well as
RMS slope errors of u0:1 mrad on the plane mirror in the mono-
chromator and on the grating. Such slope errors are currently
achievable only on plane surfaces. The sagittal slope error on the
horizontally deflecting plane mirror will affect the monochromator
resolution. However, the effect of the sagittal slope errors is
diminished by the ‘‘forgiveness factor’’, which is this case is
sin(0.81)¼0.014. Therefore, even for a RMS sagittal slope error of
1 mrad in the first mirror, its effect in the dispersion plane is
equivalent to 0:014 mrad.

Fig. 2 shows the resolution due to the source, a 5 mm exit slit,
0:1 mrad RMS slope error on the plane mirror and the grating as well
as the vector sum of all contributions. As seen in the figure, the
largest contribution over the whole energy range is that of the
source. The contribution due to the slope errors on the grating is
the second largest and becomes more significant at higher photon
energies. From Fig. 2 it is also clear that a resolution of 10 meV at
1 keV is not achieved with this grating and c value. Actually, the
resolution contribution from the source size at 1 keV is slightly
higher than 10 meV. Increasing the c value to 7 and keeping the
same groove density at the grating center (see Fig. 3), lowers the
contribution due to the source and the slope errors on the plane
mirror by � 4=7 (approximately since c is not constant). On the
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Fig. 2. Resolution due to meridional RMS slope errors of 0:1 mrad on the plane

mirror and grating, a 5 mm exit slit, the source, and their vector sum. The grating has

3600 l/mm at its center and is operated with c¼4.
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Fig. 3. As Fig. 2, except the gratings operated with c¼7 instead of c¼4.
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Fig. 4. Ray tracings at the exit plane of the FVLSPGM. Black (gray) dots 1000 eV

(1000.01 eV). The grating has 3600 l/mm at its center and is operated with c¼7. The
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Fig. 5. As Fig. 4 at the exit plane of the CPGM.
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R. Reininger / Nuclear Instruments and Methods in Physics Research A 649 (2011) 139–143 141
other hand, the resolution due to the slope errors on the grating and
the contribution due to the exit slit are almost unchanged. As seen
in Fig. 3, increasing the c value to 7 allows to achieve 10 meV at
1 keV. The ray tracings at the exit slit plane presented in Fig. 4,
which include the same slope errors on the optical elements as the
analytical calculations, corroborate the analytical calculations
demonstrating that a resolution of 10 meV is achieved with the
3600 l/mm grating and a c value equal to 7.

The collimated plane grating monochromator (CPGM) [19] has
achieved excellent resolution and versatility [23] because of its
capability of varying the c value and by having the collimating and
focusing elements deflecting in the non-dispersion direction,
thereby taking advantage of the ‘‘forgiveness factor’’. The immedi-
ate question is whether the CPGM can also achieve a resolution of
10 meV at 1 keV when operating with the same grating and c value
that allowed the FVLSPGM to achieve this resolution. To answer
this we have ray traced a CPGM using a toroidal mirror instead of
the plane mirror in the FVLSPGM and a sagittal cylinder located 1 m
downstream of the grating, oriented at a grazing angle of 1.251. In
these calculations we have assumed the same slope errors as before
for the plane elements and state-of-the art RMS sagittal slope errors
of 3 mrad on the toroid and the cylinder. The resulting ray tracings
shown in Fig. 5 demonstrate that the resolution of 10 meV is not
achieved in this case.

Evidently, the use of a high line density grating and a high c

value allows to improve the resolution of the monochromator but
decreases its optical efficiency, defined as the product of the grating
efficiency and the reflectivity of the plane mirror in the mono-
chromator. This is demonstrated in Fig. 6 which shows the optical
efficiency of a monochromator equipped with gratings having line
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densities of 1800 and 3600 l/mm when operated with c¼4 and 7.
The grating efficiency was calculated using Neviere’s code [24] for
blazed gratings and the mirror reflectivity using the Henke tables
[25]. As seen in the figure, the optical efficiency with a 3600 l/mm
grating operating with c¼7 is less than 1% in the range covered by
the grating and it is smaller by almost a factor of 4 between 200 and
1300 eV as compared to that of a 1800 l/mm grating operating with
c¼4.

Lastly, it is worth mentioning that the stability of the mono-
chromator is essential to achieve a resolving power of 105 at 1 keV.
The RMS vibrations of the optics in the monochromator need to be
at most 0:05 mrad.
0
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Fig. 7. Solid line: standard deviation of the single electron emission; dash-dotted

(dashed): after convolution with the vertical (horizontal) SD of the electron beam

size. � (3) represents the electron beam vertical (horizontal) waist at the center of the

straight section.
5. Source position in canted IDs

One of the CSX beamline [13] branches at the NSLS-II storage
ring will achieve fast polarization switching by using two APPLE II
insertion devices tuned to different polarizations and a chopper
downstream of the exit slit. Two critical requirements were
specified for this branch: (i) that both beams have the same photon
energy resolution and (ii) that they overlap at the sample position,
both requirements within 95% or better. The optical design
fulfilling these requirements includes two toroidal mirrors, a
FVLSPGM and a cylindrical mirror after the exit slit. The toroids
are used to sagittally collimate the beams along the vertical
direction and to focus the two beams along the horizontal direction
at the same position at the sample. The FVLSPGM focuses the two
beams vertically at the exit slit plane, and the meridional cylind-
rical images the slit at the sample. The 2 m long insertion devices
share a straight section and are canted by 0.16 mrad. Since their
centers are shifted from the center of the straight section and the
electron b functions have their minimum value at the center of the
straight section, it is mandatory to determine the position and size
of the photon sources to properly design the radii of the two toroids.
Actually, this issue is not only relevant for the CSX beamline but
also for all the cases where canted undulators are used in the same
straight section, which is becoming quite common practice due to
the limited number of straight sections in storage rings and the
large advantage of an undulator as compared to a bending magnet
source. The horizontal and vertical source sizes of the on-axis CSX
ID radiation as a function of the distance from the ID centers were
calculated at two photon energies using the SRW program [26].
This was accomplished by imaging the source with unity magni-
fication using an ideal lens having a 12.5 m focal length.

Fig. 7 shows the standard deviation of the size (SDS) of the
photon beam emitted at 1 keV by a single electron in the undulator
as a function of distance from the center of the insertion device. The
figure also displays the SDSs obtained after convoluting the single
electron emission with the electron beam SDS along the horizontal
and vertical directions. The empty (full) circle represent the
electron beam vertical (horizontal) SDS at the center of the straight
section which, as seen in Fig. 7, is 1.3 m upstream of the center of
this insertion device. From the figure one obtains that the waist of
the SDS of the single electron emission at 1 keV is 14 mm and it is
located at the center of the ID. The waist of the vertical SDS multi-
electron emission is � 50 mm towards the center of the ID and its
value is 15 mm. The waist of the horizontal SDS is 37 mm and is
located 740 mm towards the center of the ID.

When the ID is tuned to emit 200 eV on-axis we obtain that the
SDS waist of the single electron emission and the vertical SDS
multi-electron is 32 mm and it is located at the center of the
insertion ID. The waist of the horizontal SDS at 200 eV is 50 mm and
located 250 mm towards the center of the ID.

Based on the results presented above, the sagittal radius of the
toroidal mirrors will be designed to collimate the vertical sources
located at the ID centers. The meridional radius of the toroidal
mirror focusing the radiation from the upstream (downstream) ID
will be designed for a horizontal source located 750 mm down-
stream (upstream) from the ID center. The latter means that when
the IDs are tuned to on-axis photon energies other than 1 keV, the
beams will not be at focus at sample, however this is not an issue
since the depth of focus is relatively large and both beams will be
out of focus almost by the same amount.
6. Conclusion

The principle of the FVLSPGM and two topics related to optical
designs using this monochromator were discussed. One is a high
throughput undulator based beamline using only three optical
elements. The second is a beamline aiming to achieve 10 meV at
1 keV, a goal that seems achievable with today’s state-of-the art
plane optical elements. The very high resolution is achieved using
a high line density grating and a large c value, choices that
significantly lower the beamline transmission.

The vertical source position in undulator based beamlines
sharing a straight section is near the center of the undulator
whereas the horizontal source position depends on the horizontal
electron bunch size and the photon energy. Careful investigation
should be done in each case to determine the correct optical setup.
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