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1.1. energy region

1.

High-energy region (>~150 eV)

Grazing incidence (>~85 deg) monochromator is inevitable
*except for multilayer grating

. Low-energy region (<~50 eV)

(Near) normal incidence monochromator is also available

*Medium incidence monochromator?
Strongly affects the polarization

. Wide-energy beamline (e.g. 30 eV — 1500 eV)

(a) Combination of grazing and normal incidence monochromators
(b) Variable included angle monochromator .
(c) Interchangeable gratings Included angle



1.2. resolution & intensity

1. Energy resolution depends on...
Dispersion & Focus
Focus size depends on...
Source size, demagnification, aberration, slope error,...
Some of them drastically change according to technical progress

No absolute solution !

e.g. aberration-free monochromator

o Perfect monochromator, in principle,
Parabolic mirror

Parabolic mirror  (0cUSING) except for the reflectivity loss

(collimation) . . .
Slope errors in parabolic mirrors are large

Use of cylindrical mirrors = large aberration

\ >
Exit slit - :
(dispersion) (wavelength Recent progress in SR sources;

Point source selection) Small divergence = negligible aberration




1.2. resolution & intensity

. Intensity depends on...
Number of optical elements
Incidence angle & acceptance (* larger incidence needs larger mirror
Diffraction efficiency of the grating
* High groove density = large dispersion but low efficiency

e.g. the simplest monochromator

Minimum intensity loss (no mirrors)
" Exit slit
(wavelength -
selection) Focal condition depends on wavelength

Aberration might be serious

Point source

Concave grating
(dispersion & focusing)

We must compromise !!
Intensity, resolution, energy range,...




1.3. some hints for the choice

1. Grating shape (plane, spherical, ...)
Spherical: dispersion & focus = small number of optical elements
be careful for aberrations

2. Groove density (uniform or varied)
Varied line spacing: simpler optics (or higher resolution with the same optics)
be careful for precision in the groove parameters

3. Included angle (constant or variable)
Variable: higher degree of freedom = resolution & intensity in wide energy range
scanning mechanism is more complicated = be careful for reproducibility

4. Entrance slit
Without slit: Source size of SR itself directly affects the resolution
Higher resolution than the source-size limit is never obtained !
With slit: Higher resolution can be achieved at the sacrifice of intensity
pre-focusing optics is necessary

5. Focusing elements in monochromator (upstream, downstream, or nothing)
Effects of the slope errors in the focusing mirror are smaller in the upstream case

The choice depends on properties of light source, precision of mirrors, reliability
of scanning mechanism, needs from applications, costs, ...




1.4. examples for soft X-ray monochromator
(1) Plane grating monochromators

Collimated light illumination Essentially no aberration

Parabolic mirror

(focusing) = g and fcan be freely chosen

Parabolic mirror D
(collimation) = Demagnification can be controlled

Precision of parabolic mirrors is relatively poor

Plane grating Exit slit

dispersion)  (wavelength One can use cylindrical mirrors if divergence
/ selection) IS small enough

” Point source

Diverging light illumination (SX-700)
Plane grating & post-focusing mirror (e.g. elliptical mirror) with variable included angle

Precision of elliptical mirrors is relatively poor

One can use cylindrical mirrors if divergence is small enough
Number of optical elements is reduced compared to the collimated case

Relation between « and f must be properly chosen to keep focal condition




1.4. examples for soft X-ray monochromator

(2) Spherical (or cylindrical) grating monochromators

Rowland mount
Monochromator itself consists of a grating only

But...
Relation among «, g, r, and r' must be properly chosen

“Rowland condition” r=Rcos &, I’ =Rsin

= Many optical elements and complicated scanning mechanism

DRAGON mount
Monochromator consists of a spherical (cylindrical) grating only
Fixed included angle

= Simple scanning mechanism

Kinds of aberration arises, but only the defocus term can be canceled
by moving the exit slit




1.4. examples for soft X-ray monochromator
(3) Varied-line-spacing (VLS) plane grating monochromators

Diverging light illumination
Monochromator itself consists of a VLS plane grating only
Relation between « and f must be properly chosen
= A precise variable included angle system is inevitable

Converging light illumination (Monk-Gillieson mount)

0.7m_
_ 4. 4. 4 6m 1.
Top view B . O . " =
VLSG Mf
9.2m MO M1 S1 Plane grating  Toroidal mirror
Source Cylindrical Cylindrical ENtrance

Side view mirror mirror slit
S2 Mc

Wiz Exit slit Plane
Spherical mirror
mirror

Pre-focusing optics Monochromator  Post-focusing optics

Pre-focusing mirror upstream of VLSG

Constant included angle = Simple scanning mechanism
Moderate aberration in spite of constant included angle
Variable included angle system is also adopted recently




2.1. Optimization of the parameters

Overview of a typical soft X-ray beamline

1.5
2.8 4.8 4.0 04 36 1.0
Top view = ’ o ‘ "fo‘rﬁ/
G Mf Sample
MO M1 Plane
Source 150, 300, 650 I/mm  Toroidal
Cylindrical  Cylindrical 1745 88.0
87.7 88.4 S1 .
Side view v
= M2 52
e Spherical Plane
88.5 88.5-75.0
< - - — — >
Pre-focusing optics Monochromator  Post-focusing optics

Pre-focusing optics: focuses X rays onto the entrance slit
Monochromator: from the entrance slit to the exit slit
Post-focusing optics: focuses monochromatized X rays onto sample position

Higher order suppression (Mc):
utilizes energy dependence of reflectivity (or transmittance)




2.1. Optimization of the parameters
1. Source-size limit

Dispersion:
(a) Source size & Demagnification dz/dA=r'nm/ COS,B

¥ Source __ Beam size at the exit slit
$

?\ — s (lower limit) =s r’/r

Grating

(a) If the source size is the same, longer monochromator gives higher resolution.
(b) If the monochromator length (r + r’) is the same, longer entrance arm (r)
gives higher resolution. = Higher demagnification factor is better !
But...

(@) Long monochromator needs large mirrors to keep enough acceptance
= higher cost, or intensity loss by reduced acceptance

(b’) High demagnification factor causes large aberration.
= Eventual decrease in energy resolution
Most people choose ~1:1 demagnification optics, though it might not be the best solution.

Groove density (n) and included angle are chosen, considering the
balance among dispersion, demagnification, diffraction efficiency, etc.




2.1. Optimization of the parameters

2. Monochromator parameters (mirror radius, groove parameter, etc.)
- highly depends on the type of monochromator

Design example: Variable-included-angle Monk-Gillieson mount
varied-line-spacing (VLS) grating monochromator

(top view)

M1

Toroidal I}A2 VLSG
R=200.0m | P@"® " plane

p=0.817 m 600 //mm
Source 1200 /mm .-

pre focusing

(side view)
= bK=160-176" 87.0°
87.0° 100X30 mm? 150X30 mm?
2oox§o mm? 7 . | . .
15.5 / 17.5 32.0 34.0 36.0 m
iIncluded angle determination




2.1. Optimization of the parameters

M3

(top view) Toroidal

Parameters: R=64.9m
[ p=0.105 m

p (sagittal radius of M1)
Groove parameters of VLSG [iaais

600 //mm
1200 //mm i

N = N, (1+a,w+a,w?+a,w3) (side view)
0 1 2 3 o i
2K=160-176 87 0°
87.0° . 100X30 mm? 150X30 mm?
200X30 mm*

15.5 17.5 32.0 34.0 36.0 m

K. Amemiya & T. Ohta, J. Synchrotron Rad. 11 (2004) 171.
1. Choose two energies (E; and E,) and respective included angles (K, and K,)

2. Optimize p and a, so that the defocus vanishes at (E,, K;) and (E,, K,)
3. For other energies, included angles are set so that the defocus vanishes
4. Choose an energy (E;) and optimize a, so that the coma aberration vanishes

5. Choose E, and optimize a; so that the spherical aberration vanishes




2.1. Optimization of the parameters

pA(S-FM)
gA(FM-G)
rB
Incidence angle of FM
R (radius of FM)

NO(l/mm)
Included angle @E1
Included angle @E2
Included angle @E3
Included angle @E4

E1(eV)[defocus=0]
E2(eV)[defocus=0]
E3(eV)[coma=0]
E4(eV)[spherical=0]

21

1.9
19.9

88
390

600
168
175

170.0075871
170.0075871

20
500
100
100

24797
24.797
123.985
123.985

1200
168
173

170.0075871
170.0075871

100
1000
200
200

123.985
12.3985
61.9925
61.9925

o 1(deg)
B 1(deg)
« 2(deg)
B 2(deg)
« 3(deg)
/3 3(deg)
« 4(deg)
B 4(deg)

rA(m)
n20(mm=2)
n30(mm=3)
n40(mm—4)
0 (m)

al(mm-1)
a2(mm-2)
a3(mm-3)

88.08108609
—-79.9189139
88.4772024
—-86.5227976
87.45160484
—82.5529822
87.45160484
—8.2556E+01

-14.9820
—-7.6699E-02
4.87718E-06
-1.3394E-09
6.4455E-01

—-1.2783E-04
1.2195E-08
-1.1162E-12

88.08108609
—-79.9189139
88.4772024
—-86.5227976
87.45160484
—-82.5559822
87.45160484
—-8.2556E+01

-14.9820
—-1.5340E-01
9.7556E-06
-2.6789E-09
6.4455E-01

—-1.2783E-04
1.2195E-08
-1.1162E-12

N = N, (1+a,w+a,w?+a,w?)




2.2.analytical estimation of energy resolution

NO(/mm) 600 undulator length{m)= 45
rA(m) -14.9820 pA(m) 21 electron div.hor./ver(urad)=  20.00 5.00
rBlm) 155 gAlm) 1.5 electron size.hor./ver.(um)= 35000  20.00
n20(mm—2) -0.0767 o(m) 06445
n30(mm-3) 4.88E-06 Incidence angle 88
n40(mm-4) -1.3E-09 R (radius of | 390
error ( ( rad) 0.48 grating lengthl 100
ar'{;ck'eugdegg) Energy A(A)  oplum) Ihwm) Ivium) oplurad) Ih(urad) Iviurad) — @ B w(m) AA20/1 AA30/A AA40/A Adso/A AAsl/1  totalw/osl total
a B
168 50 24797 26.58 351.01 33.27 74.23 76.88 7440 88081 -79.92 0037481 568E-17 261E-07 6.20E-08 1.05E-05 1.83E-05 1.05E-05 2.11E-05

169.0155705 75 165.31 21.70 350.67  29.51 6061 6382 6082 87478 -81.54 0.026383 246E-17 4.82E-08 7.32E-09 1.83E-05 2.58E-05 1.83E-05 3.16E-05
170.0075871 100 123.99 18.80 350.50 2745 5249 5617 5273 87452 -82.56 0022637 3.34E-17 0.00E+00 O0.00E+00 2.29E-05 3.17E-05 2.29E-05 3.91E-05
170.8042113 125 99.188 16.81 35040  26.13 4695 51.03 4721 87529 -83.27 0.020908 0.00E+00 2.00E-08 149E-09 265E-05 3.67E-05 2.65E-05 4.53E-05
171.4465431 150 82.657 15.35  350.34 2521 4286 47.29 4315 87629 -83.82 0.019908 7.20E-17  3.10E-08 1.68E-09 294E-05 412E-05 2.94E-05 5.06E-05
171.9748591 175 70.849 1421 35029 2453 3968 4443 3999 87728 -84.25 0019257 1.34E-16  3.80E-08 1.49E-09 3.20E-05 453E-05 3.20E-05 5.55E-05
172.4179974 200 61.993 13.29 350.25  24.01 3712 42116 3745 87821 -846 0.018801 446E-17 4.29E-08 1.18E-09 343E-05 4.91E-05 343E-05 5.99E-05
1727960709 225 55.104 12.53 350.22 2360 3499 4031 3535 87906 -84.89 0018466 5.98E-17 4.65E-08 8.52E-10 3.65E-05 5.26E-05 3.65E-05 6.40E-05
1731233189 250 49594 11.89 35020 2327 3320 3876 33,57 87983 -8514 001821 1.35E-16 4.93E-08 5.35E-10 3.85E-05 5.59E-05 3.85E-05 B6.78E-05
173.4100546 275 45.085 11.33 35018 2299 3165 3744 3205 88053 -8536 0018009 3.80E-17 5.15E-08 241E-10 4.03E-05 5.90E-05 4.03E-05 7.15E-05
173.6639224 300 41.328 10.85 35007 2275 3031 3631 3071 88117 8555 0017348 479E-17  5.33E-08  294E-11 421E-05 6.20E-05 421E-05 7.49E-05
173.8907098 325 38.149 10.43 35016 2255 2912 3532 2954 88176 -8571 0017717 1.53E-16 5.49E-08 2.75E-10 4.38E-05 6.48E-05 4.38E-05 7.82E-05
174.0948831 350 35.424 10.05 35014 2238 2806 3446 2850 8823 -8587 0017609 8.99E-17 5.62E-08 4.99E-10 4.55E-05 6.75E-05 4.55E-05 8.14E-05
174.2799473 375 33.063 9.1 35043 2223 2711 3369 2756 88279 -86 0.017519 447E-17 573E-08 7.03E-10 470E-05 7.01E-05 4770E-05 8.44E-05
174.4486972 400 30.996 940 35013 2210 2625 3300 26.72 88325 -86.12 0.017444 5.56E-17 5.83E-08 8.89E-10 486E-05 7.26E-05 4.86E-05 8.74E-05
1746033869 425 29173 91177 35012 2198 25461 32377 25948 88367 -86.24 0.01738 1.59E-16  5.92E-08 1.06E-0% ©5.00E-05 7.51E-05 5.00E-05 9.02E-05
174.7458608 450 27.552 8.86 350.11 21.87 2474 3182 2524 88406 -86.34 0.017326 1.46E-16 6.00E-08 1.22E-09 ©5.14E-05 7.74E-05 5.14E-05 9.30E-05
1748776414 475 26.102 86245 350.11 2178 24084 31.306 24598 88443 -86.43 001728 1.26E-16 6.07E-08 1.36E-09 ©5.28E-05 7.97E-05 5.28E-05 9.56E-05

175 500 24797 841 35010 2169 2347 3084 2400 88477 -8652 001724 1.22E-16 6.14E-08 1.50E-0% ©542E-05 B8.20E-05 542E-05 9.82E-05
1751140057 525 23616 82035 3501 21617 22909 30411 23448 88509 -86.6 0017206 474E-17 6.20E-08 1.62E-09 ©5.55E-05 B841E-05 5.55E-05 1.01E-04

7 7N

defocus Source size  slope error




2.2.analytical estimation of energy resolution

Included Angle (deg)

Included Angle (deq)

100 200 300 400 500 600 700 800
Photon Eenrgy (eV)

coma

100 200 300 400 500 600 700 800
Photon Eenrgy (eV)

Included Angle (deg)

Included Angle (deg)

100 200 300 400 500 600 700 800
Photon Eenrgy (eV)

spherical

i

e

100 200 300 400 500 600 700 800
Photon Eenrgy (eV)




2.3. ray-tracing simulation

Source parameters:
oy = 350 um, 6, = 20 um, c,'= 20 prad, c,' = 5 prad, 4.5 m undulator

Optimization conditions for N, = 600 I/mm:
E,=50eV, E,=500¢eV, K,=164° K, =174° E; = E, =100 eV

Spot diagram at the exit slit

=> E/AE~26,000

3 4 5
Intensity (arb. units)




2.3. ray-tracing simulation

Simultaneous scan mode
Included angle is scanned simultaneously with the grating

600 //mm (ray trace)
1200 //mm (ray trace)
source size limit
slope error (0.1")

<
<
=
c
QO
et
=
O
5]
)
o

1E-5

0O 200 400 600 800 1000 1200 1400 1600
Photon Energy (eV)

Source size or slope error limited resolution




2.3. ray-tracing simulation

Fixed included angle mode

® 2K =170 (ray trace) ;O;?;CUS

A 2K =174" (ray trace) source size

—_
=
-
<]

~—
-

e

-

=
O
w
Q@

o

0 | 300 | 400 “500“ 600 | 700
Photon Energy (eV)

Relatively high resolution over wide energy range

* Analytical estimation is consistent with ray tracing simulation




A e \A e DRI (n[VIEN{e]s Bl  Comparison with diverging illumination optics

(a)

250X20 mm?

VLSG
600 /mm
1200 #/mm

Toroidal
R=95.0 m
p=0.070 m

| s |

“ 2K = 160-176°
100X20 mm?

1

88.0°
250X10 mm?

21.0

(top view)

Undulator

(side view)

88.0°
250)(5'20 mm?

22.5

VLSG
600 /mm
1200 /mm

1 I
40.0 420 m

Toroidal
R=95.0 m

p=0.070 m

—

2K = 160-176°
100X20 mm?2

1

| —

88.0°
250X10 mm?

21.0

22.5

1 |
400 420m

Monk-Glllieson

converging X rays
illuminate VLSG

non Monk-Glllieson

diverging X rays
Hlluminate VLSG




A e \A e DRI (n[VIEN{e]s Bl  Comparison with diverging illumination optics

non Monk-Gillieson
(dlverglng |IIum|nat|on)

Resolution (Aw/A)

Resolution (aa)

_5 y 1 4 1 M 1 M 1 1 1 ' 1 M 1 M 1
0 200 400 600 800 1000 1200 1400 1600

Monk-Gillieson
converln HHHumination

600 f!mm (ray trace)
1200 //mm (ray trace) |
- source size limit
slope error (0.1")

Slmultaneous scan

Photon Energy (eV)

® 2K =170" (ray trace) :jogfclcus

A 2K =174" (ray trace) source size

| Fixed included angle

1
PLIN N |

100 200 300 400 500' 600 700
Photon Energy (eV)

 r 1 T 1

® 600 //mm (raytrace)

A 1200 //mm (ray trace)
source size limit
slope error (0.1")

Resolution (Aw/A)

Simultaneous scan

0 200 400 600 800 1000 1200 1400 1600
Photon Energy (eV)

0.1

() 600 imm-ixed included ang
® 2K =170°(ray trace) — ol

defocus
A 2K= 174 ray trace) --- source size

o
o
—

Resolution (Aw/A)
m
w

B

mn
3}

100 200 300 400 500 600 700
Photon Energy (eV)




3.1. alignment

Determination of beamline center
Hole on the

Shield wall

o> a3 P
to beamline

Q-magnet Undulator Q-magnet

Shield wall

-

- -

Target on the Q-magnet




3.1. alignment

ot N

L '1'"‘ o | :-t

—

Grating adjustment Mirror adjustment
(roll and yaw)

Adjusted by using Adjusted by using a dummy
diffraction of Laser light mirror and Laser light




3.2. optical adjustments using SR

Example: BL-16A at the Photon Factory

36.5 39.0 41.0

(top view)

5:-4_..-""
/ ,.-«.~"._§='=-5'.‘_- ;.-;,'F F 2
h . _._..-.---::::--:::--- - F

Suurce MO " P .
Toroidal | — " _ Toroidal
M1 VLSG S2' M3 Fj
Cylindrical plane Toroidal
500 f/mm
1000 //mm

L | | |
25.5 26.5 320 340 37.5m

88.0° 88.0°

\/[0) vertical focusing to entrance slit (S1) [r=15m,r =5 m]

M1: vertical focusing to 90 mm upstream of exit slit (S2)

[F=4m,r =7.91m]




3.2. optical adjustments using SR (a) Vertical focusing of MO

Light intensity was monitored downstream of S1 during MO roll-angle scan.

Upper and Lower parts of light were taken by using an aperture.

designed optimized
MO pitch @ MO pitch @ (-0.125%)

S—F N—l
8x10° L — Upper part 8x10° F — Upper part
@ Lower part :@ Lower part
-5 -5
o 6x10” - g 6x107 -
) &
2 . 2 .
@ 4x107 - @ 4x10° -
= e
£ £
2x10° - 2x10° |
0 . 1 L I . 0 . 1 . 1 L
-0.61 -0.60 -0.59 -0.58 -0.61 -0.60 -0.59 -0.58
MO Roll Angle (deg) MO Roll Angle (deg)

MO | aperture S1 MO | aperture S1

N _——
|

Sagittal radius of MO is ~0.1% smaller than the designed value (262 mm).
This coincides with the inspection report!

Focal point is upstream of S1 | Focal point is just at S1!




3.2. optical adjustments using SR

(2) Vertical focusing of M1

M1 is designed so that light is focused at 90 mm upstream of S2.

Intensity (arb. units)

0 25.5 26.5 32.0 34.0 37.5m
(side view) S1 G ratl r_]ga _ _
— —t——F \  87.8° '\ 88.0° 88.0°
88.0 designed focal point

2.0x10°f

1.0x10°F

o
o
T

-1.0x10°r

-2.0x10°

M1 pitch

|
15.0 20.0

|
24.0

@esigned Zero-th order light intensity was monitored
.0 deg

. (90 mm dowr

R downstream of S2 during Grating angle scan.
—— Upper part
Lower part ]

Upper and Lower parts of light were taken by
using an aperture

h of A peak shift between the upper and lower parts

ign means that the focal position is upstream of S2.
However...
The peak shift should be reduced by ~50 % when S2
ition IS placed at -45 mm position.

tream

3.9750
GratinQ

=P [ocal position is far from S2 !?

Qplglgiﬁéiéps position)




3.2. optical adjustments using SR [ G ks SR

optimized

~—~
2
=
c
>
o
—
@©
~
2
2}
c
Q
d—
=

7
009812

M1 pltch

9585 deg (-2.3%

|

— Upper part]
Lower part

2.9814

2.9816 2.9818

Grating Angle (deg)

Peak Shift (arb. units)

'M1 pitch’
m  1.9775deg
® 1.9612 deg
A 19535 deg

A
o

Q.challposlition 1

| 1 |

-100 -80 -60 -40 -20 O
S2 position (mm)

20 40

The focal point became 90 mm upstream of S2 when the pitch angle of M1
was changed to 1.9535 deg (-2.3% from the designed value).

Sagittal radius of M1 is ~2.3 % smaller than the designed value !?




3.3. experimental estimation of beamline performance

Absorption spectrum for Ar gas

i
—

Photoionization Yield (arb. units
I
L
N A
(@)]
&-)} -

i | 15 LY
30 Do, &
A 1 | L L ] L | A I L A A i
| ] | ] | ] | | 1 | 1 | 1 1 Bl 29225 29 230 29235 29 Rdl:l

2915 2916 2917 2018 2919 2920 2921 2922 2
Photon Energy (e\/)

A/ A\ > 30,000



3.3. experimental estimation of beamline performance

Absorption spectrum for N, gas

N =500 I/mm, S1 =25 um, S2 = 25 um N = 1000 I/mm, 2K =172.7 deg

T T T T T T T T T T T T T
50000 |- .
5 A
S
—~ 40000 ce ot - —
i2 o: S e i
.E ° .:: -E
> e 5
S RS Ie!
& 30000 - cF ot A : 3
> S >
D . Yy D
5 : : 5
£ 20000 - : . c
= : 1 £
; W
10000 - .
| 1 | 1 | 1 | | | | |

400.5 401.0 4015 402.0 4025
Photon Energy (eV)

400.5 401.0 4015 402.0 4025
Photon Energy (eV)




3.3. experimental estimation of beamline performance

Photon Flux: photodiode is available

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

llllllll

1

—~
(@]
(3]
(7]
N
(7]
C
o
-
o
<
o
N
X
=
L
(-
o
-
O
<
(a

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

50 100 150 200 250 300
Photon Enregy (eV)




3.3. experimental estimation of beamline performance

Beam size: knife-edge scan

Intensity 1
derivative |

Light intensity is monitored at
downstream of the knife edge

Intensity (arb. units)

gk O P P N N ® W A
N ———— 11—

1 " 1 " 1
52.7 52.8 52.9
Horizontal position (mm)

Vertical Size Horizontal Size

12 um

Vertical position (mm)
Intensity (arb. units)

L L L L L L L L 1 . 1 . 1 1
10 20 30 52.6 52.7 52.8 52.9 53.0
Intensity (arb. units) Horizontal position (mm)






