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Abstract

Vacuum ultraviolet (VUV) optics for the SCSS Proto-
type Accelerator (electron beam energy of Ep = 250
MeV) and X-ray opticsfor SCSS (Ep = 8 GeV) are sum-
marized. The VUV optics have been designed for the diag-
nostics of the photon-beam propertiesin order to optimize
the operation parameters of the accelerator. The system
covers aradiation energy in the pulse from pJto > 10 pJ
inthevisibleto VUV range. Thefirst results were obtained
during the commissioning period in the spring of 2006. In
the latter part, R&D for x-ray free-electron laser (XFEL)
optics at SPring-8 are introduced. Qualities of crystals,
mirrors, and windows have been improved for coherent x-
ray applications.

VUV OPTICSFOR SCSSPROTOTYPE
ACCELERATOR

Introduction

The SCSS Prototype Accelerator [1] has been con-
structed for investigating fundamental performance of the
accelerator system, which has been originally designed for
the Japanese XFEL project, SCSS [2]. The Prototype ma-
chine is composed of a thermionic electron gun [3], an
injector system, a main accelerator system with C-band
linacs, and a couple of undulators. The undulators (with a
period of 15 mm, atotal period number of 600, and a min-
imum gap of 3 mm) produce VUV radiation with a wave-
length range shorter than 60 nm at an electron beam energy
of 250 MeV. Strong SASE radiation is emitted with the op-
timized operation conditions.

The photon diagnostics system has been constructed for
the single-shot measurement of photon-beam properties
such as spectrum, radiation energy, spatial profile. These
parameters are crucial for studying accelerator conditions
and for tuning SASE amplification. The system covers a
wavelength range from visible (including a wavel ength of
633 nm for the alignment with aHe-Nelaser) to VUV light
(> 30 nm), and a radiation energy in the pulse from pJ
(spontaneous radiation) to >10 pJ (SASE saturated radia-
tion).

The system has been designed in the beginning of 2005,
and installed during the summer construction period. The
first beam of the visible light was observed in the end of
November. After the replacement of some optical compo-
nents, the system has been dedicated for the VUV diag-
nostics in the commissioning period from May to July of
2006. In particular, the first lasing was observed in June,
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15th. After the first lasing, the beam tuning has been pro-
ceeded for optimizing SASE condition.

Design and Evaluation

General The schematic of the system is shown in
Fig. 1. The components are placed on two granite tables,
which are common designs to those used in the accelera-
tor section. The beam pipes and components are evacuated
with turbo-molecular pumps to a vacuum level of < 106
Pa. Since the average power of the incident radiation is
smaller than 1 mW at a maximum, cooling for optical com-
ponents is unnecessary. A plane mirror (Au coating on a
SiO, substrate for VUV; Al coating on a SiO, substrate
for visible light) with a deflection angle of 170° is placed
at the downstream of the first table for eliminating high-
energy bremsstrahlung. A dispersive spectrometer, which
is composed of an incident dlit, a concave grating, and a
charge-coupled device (CCD), is located in the second ta
ble. Several pneumatic actuators (indicated as monitorsin
Fig. 1) are prepared for inserting detectors, screens, and
optical components in the beam path. At the upstream of
the first table, a CCD camera and a movable plane mirror
areinstalled for monitoring the He-Ne laser, which is used
both for the alignment of the upstream components in the
accelerator section and for this optical system.

Spectrometer The spectrometer is designed in a
normal -incidence, constant-deviationgeometry. Theradius
of the concave grating, the deflection angle, and the dis-
tance between theincident dlit and the grating are R = 922
mm, v = 25°, and L; = 1615 mm, respectively. Thewave-
length A\ focused in the center of the CCD is controlled by
changing the incident angle of the grating, «, and the dis-
tance between the grating and the CCD, L, so asto satisfy
the following equations simultaneously,

cos?a  cos® (@—~)  cosa+ cos(a—7) 1
L? L2 B R ’
and
sina + sin (a — ) = mN A, 2

where m and N are the diffraction order and the line den-
sity of the grating, respectively. Two laminar gratings (Shi-
madzu Corp., Al coating with 600 linesfmm; Au coat-
ing with 2400 linesfmm) are prepared for covering longer
(> 100 nm) and shorter (< 200 nm) wavelength region,
respectively.

In the dispersed beam from the grating, different wave-
lengths are focused at different horizontal positions on the
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Figure 1: Layout of the optical system.

CCD. (Princeton Instrumentsnc., PI-SX 400-1340B). The
device, which has a back-illuminated sensor with electric
cooling, covers from visible to the x-ray range. A pixel
number and a pixel size are 1340 (h) x400 (v) and 20 x 20
um?, respectively. In the vertical direction, the concave
grating ssimply works as a concave mirror. Thus, the verti-
cal intensity distribution correspondsto area imagein the
vicinity of the incident dlit. An example of the spectrum
image measured with the Helamp is shown in Fig. 2 (3).

The spectrum resolution is determined mainly from the
following conditions: i) the line number in the illuminated
areaof thegrating; ii) the spatial resolution of CCD; andiii)
the aberration. Note that the incident beam to the dlit isthe
quasi-plane wave, not focused as usual, because the plane
mirror is used as a pre-optic. Thusthe illuminated area on
the grating is determined mainly by the beam divergence of
the plane-wave diffraction at the dlit.

Figure 3 shows calculated resolutions at a slit width of
100 pzm and a detector resolution of 60 um (3 pixels). The
measured values using a helium lamp (He I, A = 58.43
nm) and a mercury lamp (Hg I, A = 184.95 and 253.65
nm) at the same dlit width are also indicated in the figure.
The measured results are mostly agreed with that calcu-
lated with the detector limitation. The resolution A/AX is
grater than 1000 even at A = 58.4 nm [see Fig. 2 (b)]. We
note that a ray-trace cal cul ation shows that the effect of the
aberration is smaller than the other two factors. This result
is supported by the experiment.

The spectrometer can be used for measuring a spatial
profile at the slit position by switching the diffraction con-
dition to the Oth order.

Intensity monitor  Single-shot radiation intensities are
measured with photodiodes, which areinstalled in the front
of themirror (PD1) and in the downstream of the dlit (PD2).
They are inserted to the beam axis by the remote control.
The devices are designed for high-dose measurement (IRD
Inc., SXUV100; SXUV100RPD [4]) with sensor sizes of
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Figure 2: (&) Spectrum image measured with Helamp. The
horizontal axis is the dispersive direction, where the right
direction corresponds to longer wavelength. The vertical
axis corresponds to the real image in the vicinity of the
incident dlit. (b) Intensity distribution along horizontal pix-
els, after the average over vertical pixels of (a). The upper
axis shows the corresponding wavel ength.

10x10 mm?. The sensors are combined with a charge am-
plifier (PA-100) or with an oscilloscope. The gain of am-
plifier can be changed by a factor of 10°. The signal is
connected into the accelerator control system using an A/D
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Figure 3: Resolution of spectrometer with a line density
of grating of 2400 linesmm. The dashed and solid lines
are calculated results from the line number and the detec-
tor resolution, respectively. The solid circles are measured
values.

converter.

Commissioning results

Spectrum  Spectrum measurements for spontaneous
and SASE radiations have been dedicated for tuning and
evaluating the following conditions: i) optimization of
electron-beam conditions including orbit, focusing, bunch-
ing condition, etc.; ii) tuning of undulators; iii) evaluation
of the electron-beam density from SASE spectrum. In par-
ticular, thelast [1].

The spectrum data are obtained typically with 100-shots
accumulation for spontaneous light, and with single shot
for SASE radiation. Figure 4 (a) shows a single-shot spec-
trum for SASE radiation at an electron charge of 0.24 nC,
an undulator gap of 3 mm, and a dlit width of 100 pm.
The arc shape of the spectrum indicatesthat the wavelength
tends to longer in the peripheral area, which is a similar
phenomenon to the spontaneous radiation. The split into
several lines are due to the fact that the beam is multimode.
Figure 4 (b) shows a central, on-axis spectrum. The cen-
tral wavelength is determined to be A = 59.0 nm with a
FWHM of A\ = 0.234 nm.

The pulse length can be estimated from the spectrum.
For example, if one assume that the pulse has a rectangular
shape, the energy bandwidth A E and the pulse width At is
represented as,

AE - At =3.6 (eV - fs), (3)

in the Fourier-limited pulse. In our case, AE = 0.083 eV
is simply deduced from the relationship AE/E = AXN/ .
Then the pulse width is estimated to be At = 43 fs.

Radiation intensity The radiation intensities mea
sured with photodiodesare particularly used for quick opti-
mization of the operation parameters such as €l ectron-beam
orbit, bunching condition, timing, beam collimation, align-
ment of undulators, etc.
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Figure 4. (a) Single-shot image of SASE radiation. (b) On-
axis spectrum of (a) along the dased line.

The conversion from the output charge to the absolute
intensity is necessary for evaluating SASE energy. At
present, we use a catal og table[4] for refering the efficiency
(i.e., output charge of the detector per incident energy of
the radiation pulse). However, it is desirable to determine
the efficiency experimentally. For the purpose, we have
tested a calibration method using the spontaneous radia-
tion. First, the accel erator parameter is set to be debunching
condition for producing only spontaneous radiation. Then
the output charge per pulse is measured. The theoretical
radiation energy to the detector is cal culated using the sen-
sor size and the distance to the detector. This partial energy
has small dependences of machine parameters except the
electron-beam energy and the charge. Thus the efficiency
can be accurately obtained from the normalization of the
measured charge by the calculated partial energy. Theim-
portant point of the method is to choose moderate K pa-
rameter; the contamination of higher-order radiation isin-
creased at alarge K, while the dependence of the energy
on K istoo large at a small value. The optimized value is
consideredto be 0.2t0 0.7.

Figure 5 shows efficiencies of PD1 and PD2, measured
with changing K parameter of the first undulator from 0.2
to 0.73. The catalog values are also indicated. The effi-
ciency of PD1 is agreed with the catalog value within a
30 % deviation. Smaller values in PD2 are explained by
the fact that PD2 is located in the downstream of the Au
mirror, which has areflectivity of ~ 80 %. Thus, it is plau-
sible that the method can be applied to the quick check of

787



FRAAUO1

02—
— .
S %
@)
N \ O
g <
g 0.1F /S oa 4
E, : A4 R
2 2
3 A
0 Il Il

L Il L Il L L
20 30 40 50 60
Wavelength (nm)

Figure 5. Detector efficiencies for PD1 (red open circles)
and for PD2 (black closed circles). The blue open triangles
show the catal og values.

the efficiency. We are planing to install thin-metal attenua-
tors, because the present maximum energy, around 2 pJ, is
nearly the saturation level of the detector. The above cali-
bration method is effective even in this case. We note that
the efficiencies in a wavelength range longer than 35 nm
will be measured with low-energy operation of the acceler-
ator.

Spatial profile and coherence The spatial profile at
the dlit position is measured using the Oth-order diffrac-
tion of the grating, where the grating simply works as a
spherical mirror. Figure 6 (8) shows a single-shot image
at a lasing condition only using the first undulator. The
horizontal (vertical) width and divergence (in FWHMs) are
determined to be 3.4 (3.9) mm and 240 (280) urad, respec-
tively, using a distance of 13.9 m from the undulator exit to
the dlit, asseenin Fig. 6 (b).

The spatial coherence is evaluated with a Young's
double-dlit experiment. The double slit with each width of
100 pum (height of 500 ;zm) and acentral spacing of 400 um
wereinstalled at the incident dlit position. The grating was
replaced with aplane mirror, and the diffraction image was
recorded with the CCD, asshownin Fig. 7. Theimagewith
SASE radiation (single-shot detection) is compared to that
at spontaneousradiation (100 shots). Theformer image has
ahigher visibility [Fig. 7 (c)], which indicate higher spatial
coherence. We are planing to make more quantitative mea
surement using double dlits with different spacings.

Extension for user experiment

In 2007, we are planning to start the operation dedi-
cated for user experiments. A present plan for the exten-
sion is as follows: The experimental hall (about 12x8 m?)
is constructed at the outside of the accelerator tunnel. The
beam transport channel is branched from the middle of the
present diagnostic system. The beam is two-dimensionally
collimated with double mirrors. A gas chamber with a
differential pumping system is installed for a transparent,
shot-by-shot monitor for the radiation intensity.
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Figure 6: Spatia profile of SASE radiation (a), and its pro-
jections for horizontal (solid line) and the vertical (dashed
line) axes (b).

X-RAY OPTICSFOR SCSS

Introduction

The principal missions of the optics in XFEL are i) to
condition photon beam for user experiments, and ii) to di-
agnose radiation properties for the feedback to the accel-
erator. In this section, we will introduce R&D activities
proceeded at SPring-8.

There are two technological challengesin XFEL optics.
One is to suppress speckles possibly originating from im-
perfections of optical components under the coherent illu-
mination. Both surface and bulk qualities should be strictly
controlled.

The other isto keep the radiation dose below the melting
limit [5, 6]. A simple solution is to extend the x-ray trans-
port line for decreasing the energy density. However, in
the SCSS case, the magnification of the beam area, when
compared to that at the entrance of the beamline, is not
larger than 10 because of small beam divergence (0.4 urad
a E=12.4 keV, for example) and the limited distance of
~ 200 m. An aternative method is to use components
made from light elements such as Be, B, C, etc. Fig-
ure 8 shows calculated doses for several materials that are
placed normal to the incidence. The following beam pa-
rameters[2] are used for the calculation: the photon flux of
7.6 x 10'! photong/pls, the STD beam size at the source of
50 ume, and the distance from the undulator exit of 200 m.
The STD beam divergence is calculated from the diffrac-

X-ray Optics and Detectors
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Figure 7: Young's double-dlit experiment for SASE radi-
ation with single shot (a), and for spontaneous radiation
with 100 shots (b). The cross sections of the centa region
at these conditions are shown in (c) as the red dot-dashed
and black dashed line, respectively. A calculated result un-
der the coherent illumination is also represented as a blue
solid line.

tion limited condition for each photon energy. It is found
that i) the doses of light materials (Be and C) haveamargin
to the threshold levels more than two-order of the magni-
tude, and ii) the dose of Si is still below the threshold, but
iii) the dose of Cu is above threshold in the energy range
higher than the K-absorption edge.

Crystals and windows

Crystal monochromator is used to set specific spectral
window at SASE and spontaneous radiation. We have two
candidates for crystal materials: Si and diamond. The en-
ergy resolutions (AE/E) are 1 x 10~* and 6 x 10~ for
Si (111) and Diamond (111) reflections, respectively.

Si isthemost popular materialsfor monochromator crys-
tal at the present synchrotron facilities, because of the
availability of high-quality, large-volume ingots. Since the
Bragg angle for (111) reflection at £ = 10 keV is 11 de-
gree, the dose per atom around this photon energy is de-
creased by afactor of 5, compared to the normal incidence
case shown in Fig. 8. The ratio is further increased for
higher photon energy (i.e., lower Bragg angle). Thus, S
would be useful as XFEL monochromator above 10 keV.
Crystal coolingis not aserious problem for SCSS. Because
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Figure 8: Energy dependence of dose for several materials.
Solid lines are calculated values with SCSS beam parame-
ters, while dashed lines are the threshold levels of melting
limit.
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Figure 9: Photon flux of the monochromatic beam at
SPring-8 undulator beamlines. The open circles and solid
lines are measured and calculated values for diamond
monochromator, respectively, and the dashed lines are
measured values for cryogenically-cooled Si monochroma-
tor.

the average power is smaller than 100 mw, water cooling
would be sufficient.

Diamond monochromator is the most promising when
utilized under a higher dose. We have collaborated with
Sumitomo Electric Industries Ltd. (SEI) to develop high-
quality synthetic diamond in type Ila[7]. Recently, (111)
crystal plateswith relatively large sizes (~ 8 x 4 mm?2) are
commercially available. We have tested performance of di-
amond double-crystal monochromator (DCM) at a SPring-
8 undulator beamline. Two (111) diamonds crystals, which
are attached to copper crystal holders using indium sheets,
are cooled by water. Figure 9 shows the measured photon
flux. Experimental results are well agreed with the the-
ory in the energy range below 20 keV. Topographic studies
showed a relationship between the surface condition and
the image quality. It is necessary to devel op surface polish-
ing technique.

For windows, Be foils have been widely used at syn-
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Figure 10: Transmission images of Be windows:. Polished
PF-60 (a), polished IF-1 (b), polished PV D (c), and Kapton
fail (d). The photon energy is E = 12.4 keV. The beam
areasare 300 x 300 um?. The distance between the sample
to the camerais 1400 mm. The round spots commonly seen
at the bottom-right corners of (c) and (d) are caused from a
Kapton foil in the upstream of the system.

chrotron facilities owing to their low absorptions for x-
rays. They are also promising candidates for XFEL win-
dows from the viewpoint of the dose issue (see Fig. 8).
However, it has been found that they produced speckles
under coherent illumination. From the experiment at the
1 km beamline of SPring-8, it was found that the speckles
in the conventional Be windows shown in Fig. 10 (a,b) are
originated mainly from voids in the bulk [9]. To remove
the voids, the physical vapor deposition (PV D) method has
been tested. The surface of the PVD Be foil has been pol-
ished to decrease the surface roughnessto be 0.05 pm. Fi-
nally, theimage of a polished PVD Beshownin Fig. 10 (c)
was found to be superior to that of aKaptonfoil in (d) [10].
We note that Be will be useful for attenuators. Higher at-
tenuation will be achieved using Si or SiC.

Mirror

Total-reflection mirrors are used for deflecting SASE ra-
diation in order to eliminate high-energy bremsstrahlung.
Focusing is another important function of the mirror. The
surface quality iscrucial for suppressing specklesunder co-
herent illumination. From 2000, we have collaborated with
Osaka University to realize high-quality mirrors. Specia
techniques of surface polishing have been devel oped: EEM
(Elastic Emission Machining) and PCVM (Plasma Chem-
ical Vaporization Machining) [11]. Figure 11 shows re-
flected images of Si mirrors measured at the 1 km beam-
line with a photon energy of £ = 20 keV. The incident
angles and the distance between the mirrors to the camera
are set at 1.2 mrad and 966 mm, respectively. The inten-
sity fluctuations observed with the pre-machined surface in
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Figure 11: Reflection images of Si mirrors: Pre-machined
surface (a), PCVM polished surface (b), and PCVM+EEM
polished surface (c).

Fig. 11 (a) are mostly suppressed with the PCVM+EEM
polished mirror in (c). Thus, we can conclude that the mir-
ror is available for conditioning coherent x-rays.

These machining technigques with combination of a new
metrological method called the microstitching interferom-
etry (MSI) [12] were applied to fabrication of aspherical
mirrors for nano-focusing. A couple of Pt-coated mir-
rors are fabricated with figure accuracies of 2 nm (p-v).
Two dimensional focusing down to 36 x 48 nm? has been
achieved at E = 15 keV with the Kirkpatrick-Baez ar-
rangement [13].

Another critical issue for the XFEL mirror is to choose
appropriate surface material to suppress the dose under the
melting limit [5]. Figure 12 shows the cal culated doses and
reflectivities for several materials. The beam parameters
are as same as those used in Fig. 8 with a photon energy
of E = 12.4 keV. It is found that C or SIC seems to be
useful, while Si and Au are questionable. From the figure,
the incident angles should be smaller than 2 mrad (0.14 de-
gree). If we set an acceptance width to be 1 mm, the total
length of the mirror should be larger than 500 mm. Thus,
the next R&D issues for XFEL mirror fabrication arei) to
study coating and polishing method for the light materials,
and ii) to product large mirror with a sufficient figure accu-
racy. Itisasoimportant to establish technol ogiesto protect
the surface from contaminationsor dusts, because small de-
crease of reflectivity can cause serious damage of the sur-
face under the high-doseirradiation. Great care should be
reguired in the design of the driving mechanismin order to
keep an ultraclean environment.

Sngle-shot spectrometer

As shown in the previous section, the VUV single-shot
spectrometer has played a central role for the radiation di-
aghostics. Development of similar instrument that works

X-ray Optics and Detectors
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Figure 13: Setup for single-shot x-ray spectrometer.

in the x-ray region is crucial. Recently, we have devel-
oped such a spectrometer that combines ahigh-quality mir-
ror and a Si flat crystal. The former is used to diverge the
incident parallel beam, while the latter is to select specific
energy according to the Bragg's law. As aresult, the exit
beam has an energy dispersion. The key point is again the
figure accuracy of the mirror to suppress speckles. Using
(555) reflection for the analyzer crystal, the energy resolu-
tion of the instrument has been measured to be 13.1 + 1.9
meV a E = 10 keV with a full energy range of ~ 3
eV. Wider energy range can be easily obtained by chang-
ing diffraction plane to lower index [14].
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SUMMARY

The VUV diagnostic system for the SCSS prototype ac-
celerator has been constructed and successfully operated.
At alasing condition, a radiation energy in the pulse has
been evaluated to be ~ 2 pJ. The pulse width is estimated
to be shorter than 100 fs from the measurement of the en-
ergy spectrum. The double-dlit experiment showed that
higher spatial coherenceis achieved at alasing condition.

As XFEL optical components, we have developed high-
quality diamonds, mirrors, and Be windows. A single-shot
spectrometer for XFEL diagnostics has been tested and
confirmedto haveahighresolutionof 1.3x10%at E = 10
keV.
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