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Temporal coherence A?/AL  — monochromaticity AA/A
Si 111: 104-10°

ML.: 1072

« Spatial coherence

source size S~10 um spatial coherence LA /s

source distance L ~50-100 m ~ 500 pm
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For 100m BL: F=10 cm focus = S*F/L = 20 nm!

angular source size: ~0.1-0.2 prad
Ad/d <10°
slope error < 10°

Si-111 A ~ 20 prad (A =1A, E = 12.4 keV)
Si-555 A0 ~0.5purad (A =1A, E = 30 keV)



Diffraction limited SR sources

~ 10 prad V source size (FWHM)

I — : S, =10 pum
M s, =10 um
200 um x 500 pm
at 20 m

wavelength / source size ~ beam divergence

For 12.4 keV
A=1010m
S =10 um
Als =10 urad !



Beam/source dlagnostlcs at ID6@ ESRF 1993




Emittance monitors based on Bragg—Fresnel lenses

Ya. Hartman

Institute of Microelectronics Technology, Russian Academy of Sciences, 142432 Chernogolovka,
Moscow, Russia

E. Tarazona, P. Elleaume, |. Snigireva, and A. Snigirev
European Synchrotron Radiation Facility, BP220, F38043 Grenoble Cedex, France

(Presented on 19 July 1994)

Two different setups for imaging an undulator source in the x-ray range have been tested. In the first,
two circular Bragg—Fesnel lenses (BFL) were combined to form a telescope. The second consisted
of one circular BFL and an asymmetrically cut crystal which produced vertical magnification. The
emittance of the electron beam € can then be deduced from the measured size of the source o and
the knowledge of the beta function at the source: e=0”/8. Effects were observed due, on the one
hand, to the small aperture of the BFL and, on the other hand, to the angular emission pattern from
an undulator. © 7995 American Institute of Physics.
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X-ray Compound Refractive Lenses

Re(n)=1-8 +ip<1 NATURE - VOL 384 - 7 NOVEMBER 1996
1-n ~ 10°-106

A compound refractive lens for
focusing high-energy X-rays

A. Snigirev*, V. Kohnt, |. Snigireva* & B. Lengeler*}

X i * European Synchrotron Radiation Facility, BP220, F-38043 Grenoble
-rays Cedex, France

T Kurchatov, I. V., Institute of Atomic Energy, 123182 Moscow, Russia

E = 10 keV
x N 5 = 3.4%10
R =100 um

Al, R =300um




Parabolic Compound Refractive Lenses

Collab. B.Lengeler,
stack of lenses: RXOPTICS, Aachen,

single lens compound refractive lens (CRL) Germany

R =50 um—-1.5 mm F:_R
2Ry=1-3 mm 2No
d=5-20 um

variable number of lenses: N =10...300

resolution ~ 100 nm




ELECTRON BEAM SIZE AND PROFILE MEASUREMENTS
WITH REFRACTIVE X-RAY LENSES

T. Weittkamp, O. Chubar, M. Drakopoulos. [. Smigireva, A. Smigirev, ESEF. Grenoble, France
C. Schroer, F. Guenzler, B. Lengeler, EWTH, Aachen, Germany
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Focusing with Al parabolic CRL

Horozontal focusing

E =15keV 16000, _
— 12000] ]
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S ] ]
_ £ 40007 .
Gain =50 - -
-100 -50 0 50 100

Vertical focusing

160007 ——
— 12000] ]

1.3 um

— |e—
4000] L
0 10

-20 -10

Distance [um]



CRL based emittance diagnostics 25 pm-20 um (FWHM)

DIPAC 2011, Hamburg, Germany Spm - 10 pm
1-2 pm — 5 um -diffraction limited source!

1!
I \ M CRL
; Siol”fl 17 Al / 50 um
BM25
X-ray .</
CCD

12.4 m ‘ 4.4 m

firsttest 25 Jan, 2011

3.5 pm — 15 um (FWHM)

(25 pm - 75 um)

F. Ewald, J. Chavanne, K. Scheidt, L. Farvacque,|P. Elleaume|



Top-up - beam/source stability test at Diamond
8 March 2012

HR CCD Be 2D CRL
500 fps N=20 / 200um Si 111

Source: 60 um FWHM (vertical)

e =
o & W B16

_ 148m !44m

<«

exposure 0.5 ms Spot . um
bo” /1 15 ms

FWHM
i 200ms l

’ 10 um
T \HHHHHHH\H s
6 um

FWHM=58pum  FWHM =9.9 pm

Phantom CCD Vision Research | ~ 3¢ | time,s 10
800 * 600 pixels / 500 fps (6600)

22 um pixel size CCD A Snigirev

objective x20 Collab. Optics Group @ Diamond

1.1 pm optical pixel size . Dolbnya and K. Sawhney



Coherence Characterisation by Fresnel Diffraction / Slits

X
source slit - detector
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V. Kohn, I. Snigireva, A. Snigirev. Phys. Rev. Let.85, 13, 2745-2748 (2000)



Fresnel Diffraction at a Slit for a Point Source:
“‘Large” and “Small” Fringes

Photon Energy: 11 keV

Distance from Source to Slit: ', =37 m
Distance from Slit to Detector: I'y = 5.5 m
Slit Size: @ =100 pum
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Spatial Coherence/Source Characterisation

Optics hutch Exp. Hutch 1

ID6

undulator
HR X-ray

CCD-camera

More than 15 fringes are visible ! Source size (vert.) = 35 um (FWHM)

texp <20 mc 24-28 um !
vert. emittance 26 - 44 pm
MDT test : emittance vs source size

Intensity [rel. un.]




Coherence Characterisation by Holography / Boron fiber

detector | *X1

source .
fiber
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V. Kohn, I. Snigireva, A. Snigirev. Phys. Rev. Let. 85, 13, 2745 (2000)




Measurements & Data Processing: O. Chubar, A. Snigirey, I. Weitkamp,

Interference from a Fiber V. Kohn. DIPAC-2001
- B fiber Detector
-'—"‘—’:—'—'—'—'-- 11.0 keV (d =100 um) (YAG+ microscope+CCD)
Undulator Mirror S~ T
(38 x 42 mm) Si (111) r,=40.6m
ry=>59m
| | | | ' ' |
Intensity Comp. for 0.76, peq gt
0 250 arb. units / , =
¥ Experiment & Best Fit
c f |
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0b_1 | | | | | o
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Oy bestfit = 24 19 UM (& pest-rit = 0.23 £ 0.1 nm)
ESRF 1D22, Apr. 2001



intensity

B-fiber based emittance diagnostics

Mono

. CRL
111
> 17 A/50 um

X-ray
CCD

| 124 m ‘ 4.4 m

BM25

Boron fiber image vs source size, um (FWHM)
E=34.6keV,L1=4.4m,L2=124m
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S| nanolenses

2 um web size

1.721 pm
3229°
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X-ray bilens

eek ending
PRL 103, 064801 (2009) PHYSICAL REVIEW LETTERS AUGUST 20

&

X-Ray Nanointerferometer Based on Si Refractive Bilenses

7 AUGUST 2009

A. Snigirev,' I. Snigireva,' V. Kohn,” V. Yunkin,® S. Kuznetsov,” M. B. Grigoriev,” T. Roth,'! G. Vaughan,' and C. Detlefs'
'ESRF, B.P. 220, 38043 Grenoble, France
*Russian Research Center “Kurchatov In 23182, Moscow, Russia

ernogolovka, scow region, Riissia
April 2009; published 3 August 2009)
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X-ray bi-lens interferometer

50 um

E =12 keV

far-field
interference

Intensity, arb. un.
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X-ray multilens interferometer based on Si
refractive lenses
A Snigire\',l' L Snigire\'a.1 AL L‘mbomirski_\',l V. Kohn,’ V. Yunkin,® and S. Kuznetsov®

#216861 - $15.00 USD Recerved 11 Jul 2014; revised 9 Sep 2014; accepted 10 Sep 2014; publiched 14 Oct 2014
(C) 2014 OSA 20 October 2014 | Vol. 22, No. 21 | DOI:10.1364/0E.22.025842 | OPTICS EXPRESS 25842
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(a) Interference pattern recorded at 12 keV
(b) Intensity variations with 72% contrast
(c) Comparison measured and calculated intensity variations.

(b) SEM image of six lens interferometer.



Coherence diagnoctics @ 30 - 65 keV!
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JOURNAL OF 30-Lens interferometer for high-energy X-rays

SYNCHROTRON
RADIATION b _
Mikhail Lyubomirskiy,” Irina Snigireva,™* Victor Kohn,” Sergey Kuznetsov,*
155N 1600-5 s . -
Vyacheslav Yunkin,® Gavin Vaughan® and Anatoly Snigirev?

“ESRF, Grenoble 38043, France, brational Research Centre ‘Kurchatov Institute’, Moscow 123182, Russian Federation,
“Institute of Microelectronics Technology RAS, Chernogolovka 142432, Russian Federation, and YBaltic Federal

University, Kaliningrad 236041, Russian Federation. *Correspondence e-mail: irina@esrf.fr

A novel high-energy multi-lens interferometer consisting of 30 arrays of planar

‘ source size
R 5 i 088 4 .um (V) FWHM




Multilens Interferometer

Fundamental Talbot imaging
(Far field)

E=32 keV

Source

ACCLEECRCEC g

FWHM=17.28 um
FWHM of single fringe = 17.28 um

source to interferometer Z,=42m
Imaging distance Z; = 53m

il
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Intensity

Source size =

17.28 * 42/53 = 13.69 um

250 300
Fringe spacing



ID11 source size test

B-Fiber interference (34keV)

Laue

e 15 um source
* experiment
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100 200 300 400
Fringe spacing

By resolving of an inverse problem
of X-Ray beam diffraction was
calculated source size=15 um

CRL imaging (34 keV)

By using common beamline transfocator
TF-6 (16 Be lenses, 200 um )

Z,=37m Z;=58m

21.3 um FWHM

Measured focal spot FWHM=21.3 um
Distance from source to CRL=37m
Imaging distance=58m

Source size=21.3*37/58=13.57 um
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Bimirror interferometer

Si MEMS technology - high surface quality

sidewalls of trenches can be used as mirrors!

X-Rays

Advantages

* Direct beam filtration (high harmonics)

* High contrast with low coherence conditions (close location of
mirrors)

* Angular control of projection of mirrors = narrow slits in Young
interferometer
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Hard x-ray single crystal bi-mirror

Received February ; revised
posted April 015 (Doc. ID

From source

d=IXsin o
E=16 keV
| =20 mm
—— =
L=15m =————
E —
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bi-mirror equivalent to
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Integrated X-ray Optics chip

Planar lenses

Bilens interferometer

Multilens interferometer

Micro - mirror interferometer

& T > =

EHT = 20.00 kv Date :9 Oct 2009

ESRF ' ) 100 pm

Signal A = SE2
LEO 1530 H WD= 8mm ° Time :14:29:03

-t



Young’s double slit experiments

= |§

Soft X-rays:

C. Chang, P. Naulleau, E. Anderson, and D. Attwood, Opt. Commun. 182, 25 (2000).
A. Singer, I. A. Vartanyants, M. Kuhlmann, et al, Phys. Rev. Lett. 101, 254801 (2008).

Hard X-rays:

D. Paterson, B. E. Allman, P. J. McMahon, et al, Opt. Commun. 195, 79 (2001).
W. Leitenberger, H. Wendrock, L. Bischoff, et al, J. Synchrotron Radiat. 11, 190 (2004).
W. Leitenberger and U. Pietsch, J. Synchrotron Radiat. 14, 196 (2007).

XFEELSs
l. Inoue, K. Tono, Y. Joti, T. Kameshima, et al, IUCrJ 2, 620 (2015).



Sensitivity of double slit interferometer

D is the distance between slits
} [1+V cos (kpx) |+ 1, s is the source size
d is the slit size
_ 27nd L is the i pattern observation distance
T T L is the source-interferometer distance

l, is a background intensity

V = M X IS the vertical coordinate at the detector

7sD /AL,

| — . : :
\V/ :M o0y .. and 1, are irradiances corresponding to the maximum

( |max + Imin) and adjacent minimum on the interference pattern
Slit separation, um 100 400
E =12 keV
Visibility for 10 ym source, % 93 24
L. =50m
Visibility for 12 pm source, % 90 4
3% 20 %
Spatial coherence length l.., = AL, /s ~ 500 microns

Far field observation distance z >> D?%/A ~ 2.5 km



Sensitivity of double slit interferometer

o
o

o
I

>
=
i)
D
>

60 80 100

Pinhole separation, um

Fringe visibility vs separation at 50 m from the source at 12 keV

Spatial coherence length l.., = AL, /s ~ 125 microns

Far field observation distance z >> D2/A ~ 100 m



Requirements for hard X-rays at SR sources

Separation distance between slits 10 — 500 um

|

Tunable pinholes

Far field observation distance 7 >> D2/}

D =400 um Zz ~1600m
D =100 um Z ~100m

|

Use of refractive lenses as Fourier transformers



Tunable double apertures manufacturing

The discs were produced from a platinum
Apertures were made with d = 11 pym hole

The diameter of the round substrate was 2 mm
The min thickness of the aperture is above 25 pm
The attenuation of X-rays below 25 keV is >> 99%,



Schematic view of apertures arrangement.

Translation stages Translation & rotation stages
Min overlapping 10 pm Min overlapping 10 um
Max overlapping 80 — 90 pm Max overlapping 80 — 90 um

Split distance 90 — 160 um Split distance 90 — 400 um



Tunable double apertures

E =9.2 keV I

Lg=55m L,=4.6m

D =90 um

Intensity, a.u.

SOpm 0 50 100 150 200 250
] ol Distance,um




Tunable double apertures

E =11 keV

D =90 um
A =18 um

Vtheory = 55%
Vey = 40%

300 350 400 450 500 550
Distance,um




Tunable double apertures coupled with CRL

E =9.2 keV I
CRL Be

N =6 I
R = 200 um D[ ]
F=4.15m

L.=55m L,=0.2m

\Il >l
1€ D€

D =90 um

' | A =6.5 um
: ' V =57%
, S =40 um
20Um

40 60 80 100
B— Distance,um




Diamond Refractive Optics

Journal of Large-acceptance diamond planar refractive lenses
Synchrotron ©

Radiation manufactured by laser cutting
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Parabolic single-crystal diamond lenses for coherent x-ray imaging

Sergey Terentyev Vladimir Blank,’ Sergey Polyakov,’ Sergey Zholudev
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