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Design of VUV beamline for ARPES studies at SSRF
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Abstract: Vacuum ultraviolet (VUV) beamlines have been playing an important role in studying the e-
lectronic structure of solids. Until now, over 30 VUV beamlines for Angle-resolved Photoemission
Spectroscopy (ARPES) studies have been built in the synchrotron radiation facilities of US, Japan and
Europe. In this work, we present a design of a high-resolution and high-flux VUV beamline covering
5~140 eV photon energy range at Shanghai Synchrotron Radiation Facility(SSRF) for ARPES stud-
ies. A quasi-periodic Elliptical Polarized Undulator (EPU) with 14 periods and each 0. 32 m long is
used as the source. A Dragon-type monochromator with two branches, a lower energy branch cover-
ing 5~32 eV and a higher one covering 25~140 eV, is employed. Calculations show that the total
resolutions of the monochromator can reach up to 15 000~100 000 with entrance/exit slit openings of
5/5 pm and the ultimate flux of the s-polarized photon on a sample exceeds ~10" phs/s. The figure
slope errors dominate the total resolution limit of the monochromator. Ray-tracing simulations show
that the designed beamline has a good focusing performance. This beamline will be the first VUV
beamline constructed at SSRF and will provide valuable experience for future constructions.
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1 Introduction

Over the past two decades, the vacuum ul-
traviolet ( VUV ) beamline and its Angle-re-
solved Photoemission Spectroscopy ( ARPES)
end-station have been playing important roles in
studying the electronic structure of solids, and a
great deal of work completed by this experimen-
tal facility has made a deep impact on the under-
standing of condensed matter physicst™. For
instance, the ALS10. 0. 1 beamline, co-invested
and co-operated by Stanford University and
Lawrence Berkeley National Laboratory, was
considered to be the most productive material
science beamline of the US Department of Ener-
gy in 2005. Until now, over 30 VUV beamlines
for ARPES studies have been built in the syn-
chrotron radiation facilities of US, Japan and
Europe. However, there are few high-flux and
high-resolution VUV beamlines, especially in
the photon energy range of less than 30 eV in a
medium energy ring.

The Shanghai Synchrotron Radiation Facili-
ty (SSRF), which is the third-generation light
source with a high storage electron energy of 3.5
GeV ranked 4™ in the world, will supply high
photon flux for its beamlines, but meanwhile, it
will produce a high thermal load which will re-
sult in large distortions on the surfaces of the
optical elements and consequently undermine the
normal operations. Moreover, aspects such as
monochromator design and suppression of higher
harmonics are also directly responsible for the
beamline performance. Based on recent investi-
gations and accurate calculations, we have de-
signed a high-flux and high-resolution VUV
beamline for ARPES studies at SSRF, which
will be the first VUV beamline at SSRF. It will
provide valuable experience for future beamline
construction. In this paper, the design of this

beamline is described.

2 Beamline descriptions

2.1 Source

A quasi-periodic Elliptically Polarized Un-
dulator (EPU) will be installed in a medium
straight section (6. 5 m) labeled as BL04UI.
The undulator has 12 main and 2 correction peri-
ods of magnets, each being 0. 32 m long. The
undulator can generate linearly polarized and cir-
cularly polarized photons of 5~ 140 eV in a
standard mode or in a quasi-periodic mode
through modulations of the magnetic fields.
High spectral purity of the source is very impor-
tant for our applications. The quasi-periodic un-
dulator, which has been employed before to re-
duce higher harmonics and ensure high spectral
purity with only a few percent intensity loss,
seems able to fulfill this goal!. The calculated
maximum total power emitted from the undula-
tor is 1 670 W and the maximum power density
is 2 740 W/mrad’, which are comparable to
those of PLEIADES beamline at Soleil and BL.21
beamline at the Taiwan Light Source. Using
simulations with the ANSYS code, the down-
stream optical elements, especially the pre-focu-
sing mirrors, can work quite well under such a
heat load with an appropriate cooling mecha-
nism.

2.2 Optical design

Fig.1 shows the schematic layout of the
beamline. At the end of the front-end region, a
water-cooled four-jaws slit is used to define the
horizontal and vertical acceptance angles of the
beamine, which are 0.5 mrad>X 0.5 mrad (hXv)
and can accept over 86 % of the light.

A pair of Kirkpatrick and Baez (KB) mir-
rors is used as pre-focusing mirrors. The first
mirror HFM, a cylindrical mirror coated with
Au is placed vertically 20 m away from the cen-
tre of the undulator, and can realize the horizon-
tal focusing of the source inside the storage ring,

In addition, it acts as a high-frequency filtering
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Fig.1 Schematic layout of the beamline

mirror, cutting off the high energy radiation a-
bove 2 000 eV and absorbing most of the incom-
ing thermal load. Thus it greatly reduces the
heat on downstream optical elements. It also re-
quires appropriate and efficient cooling system.
The second mirror VEM is placed horizontally in
order to deflect vertically and focus the incoming
photon beam onto the entrance slits of the fol-
lowing monochromator.

The monochromator is the main optical ele-
ment whose task is to disperse the incoming
white light with the maximum transmission
through the exit slit and with the minimum in-
duced aberration. Here, a Dragon type mono-
chromator with cylindrical gratings is chosen due
to its simple wavelength scanning mechanism
and desirable resolving power, which has been
successfully realized in BL21 at the Taiwan
Light Source™. Generally, for the design of this
type of grating monochromator with minimum
aberration, the defocusing term is the first one

to be eliminated, that is,

(e ()

where R is radius of the cylindrical grating, «

and 8 are the incoming and outgoing angles, re-
spectively, r, and r, are the entrance and exit
arm lengths respectively. Furthermore the pri-
mary coma, astigmatic coma and spherical aber-
ration should be minimized.

The primary disadvantages of the Dragon
design are: (1) the limited wavelength range

covered by each grating; (2) the exit-slit needs

to move a relatively long distance, which induces
large variations in the distance between the exit-
slit and the refocusing mirror downstream, and

(671 In this scheme,

the spot size on the sample
we choose the monochromator length, the sum
of the entrance and exit arm lengths, to be 6 m,
and the translation distance of the exit arm
length ranges from —400 to +400 mm along the
optical axis, see Fig. 2. To match the movement
of the exit-arm length, a bendable cylindrical
mirror is used in the refocusing mirrors. By var-
ying the meridional curvature radius of the mir-
ror through bending, the focusing spot on the
sample in a fixed position can be adjusted to min-

imal size.

5100
5000
4900}
48001
4700}

4600}
4500}
4400}

4300}
4200p
4100
4000

Exit arm length/mm

0 20 40 60 80 100 120 140
Photon energy/eV

Fig.2 Translation distance of exit arm length with

photon energy

To cover the photon energy range of 5~140
eV, two branches are employed: a lower energy
branch covering 5~32 eV and a higher one cov-
ering 25~140 eV, each one with two gratings.
The two branches share the pre-focusing mirror
VFEM and the exit slit. The reflection and dif-
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fraction efficiencies of the optical elements must
be taken into account when considering the light
beam transmission. The best way to design the
monochromator is to optimize the diffraction ef-
ficiencies of the gratings for a given resolving
power. Fig. 3 shows the optimized diffraction ef-
ficiencies of the gratings for this case. In this
scheme, it is challenging to harmonize one
branch with another to produce an optimally de-
signed monochromator. The determined parame-
ters of the monochromator and the calculated
mirrors are shown in Tab.1. The position

marked D, in Fig. 1 is for the ARPES end-sta-

tion, and the other branch D, is reserved for fu-

ture use.
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Fig. 3 Variation of the diffraction efficiency of the

gratings with photon energy

Tab.1 Parameters of the optical elements of beamline
Ruli 1
Optical .. b l?g Curvature Deflection Arm length Slope
Shape Substrate Coating density . . error
element radius(mm) angle (°) r, (mm)
(1/mm) (prad)
HFM  Cylinder CVD-SiC Au - 215 074 174 270 80'%020 1
VEM Cylind CVD-SiC A - 37 455 160. 82/165 22 000 1
yhnder ' " : 3 635/2 750
. 3174.7
PM, Plane CVD-SiC Au - oo 120. 82 160. 3 1
2 065.3
PM, ) SiC - oo £
2 Plane CVD-SiC Au o< 145 634, 7 1
G, Cylinder CVD-SiC Al+ MgF, 900 7 400 130 1 940 1
G, Cylinder CVD-SiC Al+ MgF, 2 000 7 680 4 000~5 000 1
G, Cylinder CVD-SiC Au 1 200 13 010 150 2 340 1
5
G, Cylinder CVD-SiC Au 2 200 13 000 4 000~5 000 1
Bendable 31 292~ 3 000~4 000
VRFM lid A - 170 2.5
Cylinder ~ &19°°P b 45 895 2 500/4 000
. X 36 716/ 8 000 _
M C - 5 :
HRF Cylinder glidcop Au 37 307 170/165 2 000/3 500 5

2.3 Performance calculations and ray-tracing

Fig. 4 shows the aberration including prima-
ry coma, astigmatic coma and spherical aberra-
tion limited resolution of the four gratings. The
aberrations from the astigmatic coma and spheri-
cal aberration are considerably lower compared
to that from the primary coma. Therefore, we
only take account of the aberration from the pri-
mary coma in what follows.

To maximise the total resolving power of

the monochromator, a convolution of aberra-

tion, entrance slit, exit slit and figure slope er-
ror limited resolutions should be minimized. In
this calculation, the vertical acceptances of the
gratings are set at 2. 5 mrad and the figure slope
errors are listed in Tab. 1. Fig.5 shows various
resolution limits with an entrance to exit slit o-
pening of 10/10 um, clearly the figure slope er-
rors dominate the total resolution limits. In oth-

er words, the resolving power cannot be im-
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proved unless the figure error is reduced further.

Fig. 6 shows the total resolution of the
monochromator with different slit opening set-
tings. When the entrance to exit slit opening is
set at 5/5 pm, the resolving power reaches up to
15 000~100 000. Even in the situation of slits
wide open 50/50 pm, which ensure that most
the
through the slits, the resolving power is above
5 000.

Ray-tracing simulations are carried out by

photons in entire scanning range pass

the Shadow code to examine the focusing per-
formance of the beamline. Fig. 7 shows the ray-
tracing pattern on the sample’s position with
photon energy of 5 eV and without the entrance
and exit slits. The figure slope errors are also
taken into account here (see Tab.1). The full
width at half maximum (FWHM) of the spot

size is about 50 ym X 77 um, indicative of a de-

spot size is about 50 pumX77 pm (hXv)

sirable focusing performance. Fig.8 shows the
resolution observed at the position of the exit slit
position with a 10 pm entrance slit, up to
670 000, which is consistent with the above cal-
culation.

The photon flux of the beamline is calculat-
ed with Spectra, XOP and Reflec codes. The
surface roughness of all the optical elements is
assumed to be 0. 3 nm. Fig. 9 shows the calcu-
lated photon flux on the sample. The ultimate
flux of s-polarized photons is over 10 phs/s.
However, the flux of p-polarized photons is rela-
tively lower, especially in the energy range be-
low 30 eV, the p-polarized photon flux is re-
duced by several orders of magnitude compared
with the s-polarized flux. The design is in ac-

cordance with the expected target.
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