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Refractive X-Ray Optics

« first realized in 1996 (Snigirev et al.)
« a variety of refractive lenses have been developed since
« applied in full field imaging and scanning microscopy

* most important to achieve optimal performance:

aspherical lens shape

parabolic
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Effective Aperture and Diffraction Limit

Numerical aperture:

D

e

« limited by:

| NA=sina = De
* geometric aperture 2R, 2L,

e attenuation inside lens material
(includes Compton scattering)

Diffraction limit:

A
d=0.75.-—
— |low Zlens material t 2NA

Cornell, 24.06.2006
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Numerical Aperture
large £ aperture dominated by attenuation

LA

— reduce o (low Zlens material)
— NA=D_/2fcl//f : reduce focal size to minimum

Cornell, 24.06.2006



W

TECHNISCHE
UNIVERSITAT
DRESDEN

Nanofocusing Lenses (NFL)

strong lens
curvature:

R=1um - Sum
N=35-140

lens made of Si by e-beam litho-
graphy and deep reactive ion etching! APL 82, 1485 (2003)
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Crossed Nanofocusmg Lenses

Setup at ID13
(ESRF)
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Focusing with NFLs

Silens: £=21keV, L;=47m horizontal focus: 47nm

source. [EE
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Focusing with NFLs

Silens: £=21keV, L;=47m

source.

ID13 low-f3 invac. undulator

source size: 150 x 60pm?

vertical focus: 55nm

1500

1000 =

500 -

fluorescence intensity [a. u.]
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300

horizontal focus: 47nm

fluorescence intensity [a. u.]
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roughness: ©~ 10nm rms

APL 87, 124103 (2005)
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Effective Aperture and Diffraction Limit

Nanofocusing lens:

e

N5

lens short (attenuation negligible):
D, <2R, ~ 2+/RI

_ eff 2\/7
A_ 2( =~/25

Cornell, 24.06.2006
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Numerical Aperture of NFLs

NA:;—eﬁ£@

min

Always smaller than critical angle of total reflection

Limits diffraction limit of NFLs to

d, >0.75- >10nm

A
2-/26
for useful lens materials

Cornell, 24.06.2006
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Effective Aperture and Diffraction Limit
Diffraction limit:

2-|- ----- I----—I—--I———I---l- ------------------------------------------ T +----+---+---|---|--1—
O — Ll (Z = 3)
IC T B = Be (Z=4)
N =—BZ=3 HERE
100 7\- ’’’’’’ == == C graphite (Z = 6) ::i::j:j;:iiiiﬁj

N e CF diamond (Z = 6) ]

Best materials: high density and low Z

Cornell, 24.06.

E [keV]

2006

N=100
/= 0.084
R=0.5-50um

bounded by

0.75 L oc CONSt.

2268

APL 82, 1485 (2003)
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Refractive Power per Unit Length

For large number of lenses:

.._dzr_ 2
r —@——a) r

Beam oscillates inside of lens
(analogy to harm. oscillator)

Cornell, 24.06.2006
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Refractive Power per Unit Length

* increases with decreasing A,
* beam converges to focus inside of lens

aperture can be decreased
without loss toward exit of lens

increase «? toward exit of lens ~ 2ho

Cornell, 24.06.2006 14
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Adiabatically Focusing Lens

adjust A, to fit the adiabatically focusing lens (AFL)
] . T —— < >
converging beam T — 7
as it is focused: gy A
VN0
, 20 26 , |
_ ~ 2 : optical a)’{is
IJ RJ ROJ E ":
xirays
Solve : : :
T =L
ru: _a)(z)r ,: Aens j i

for peripheral ray Ay(2) dk

PRL 94, 054802 (2005) ;

J
Cornell, 24.06.2006
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Adiabatically Focusing Lens

adiabatically focusing lens (AFL)

R II__2—5 B -,
’ RO T _=.._____‘:\ f :
First integral: i |
(R,))*+2l0g(R,)=E e
X|rays

'
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
»
Lt
At
N

E defined by initial conditions — ——t—r,
For example: | fensj

R,'=0, R, =R, 1

PRL 94, 054802 (2005) lj
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Adiabatically Focusing Lens

First order differential eq.:

RO'=\/45Iong

0

Solution shown to the right
— ROi
\45log

f

PRL 94, 054802 (2005)

Cornell, 24.06.2006
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Adiabatically Focusing Lens

Numerical aperture: (char. aperture)
a R, R, 26
NA=+/8 [4—|1-ex [—iﬂlo —2L with a=—-"-=
\/ R0i|: " a gRof , ﬁﬂ

o large: high density p

_ material parameters
alarge: low absorption (low Z) } g

— optimal material: diamond (high density, low 2)

Ry, set to maximize NA (0.6 - 1-a)
Ry set to minimal value

PRL 94, 054802 (2005)

Cornell, 24.06.2006 18

} fabrication parameters



TECHNISCHE
@ UNIVERSITAT
DRESDEN

Example AFL

@ contracting wave field inside lens

Diamond lens:

low atomic number Zand high density p

«— 189um —»

N = 1166 individual lenses

entrance aperture: 18.9um I T S T I
exit aperture: 100nm ®
f=2.3mm I
L Eol
diffraction limit: 4.7nm 1
40+ . , ) ) .
0 10 Lz'o 30 40
compare to NFL: © o8 o
same aperture _
= 0
diffraction limit: 14.2nm ol
E) l:(] 2:(] 3{[) 4:(}.‘
z-L[pm]

Cornell, 24.06.2006 19
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Example AFL

_ @ contracting wave field inside lens
Diamond lens:

low atomic number Zand high density p

N = 1166 individual lenses
entrance aperture: 18.9um it 4 & & &£ - &
exit aperture: 100nm 0)
f=2.3mm

diffraction limit: 4.7nm

0 10 20 30 40
z-L|pm]

Flux in focus (@20 keV, same focus size
ERL hi-coh (15pm, 10mA): ~ 10" ph/s DOF = 1.1um
ERL hi-coh (8pm, 25mA): ~ 102 ph/s

ESRF, Invac. undulator: ~ 10° ph/s — 107 - 108 ph/A2/s!!

Cornell, 24.06.2006
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Example AFL
converging beam

kinoform lens: segment size follows
s0]

r|nm]|
=)

\

40+

0 10 20 30 40
z-L[pm]

diffraction limit: 2.2nm

v

6 7 8

O 1 2 3 4 5
z [mm]

—> No sharp fundamental limit! Practical implementation difficult!
but

—> No atomic resolution in direct imaging with refractive lenses!
PRL 94, 054802 (2005) 21
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Refractive Lenses: Summary

Numerical aperture limited:

* limited density of low £ materials limits 6

« characteristic aperture a limits initial aperture A,
(as result of attenuation)

- fabrication and atomic structure limits exit aperture Ay

Cornell, 24.06.2006 22
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Wave Propagation Through FZP
parabolic wave equation:
ou o°u o

2IK—+—;
07 OX

+ v +k2(n2(x,y,z)—1)u =0

n(x,y,z)=1-5(x,y,2) +iB(X,y,2) complex potentiall

Ni/vac. zone plate
E=20keV, r,(0) = 0.8um

~— " —

Ary,=1nm

oaem aueld Ker-x

(inspired by poster by
F. Pfeiffer at XRM2005)

=T

Cornell, 24.06.2006

23



TECHNISCHE
@ UNIVERSITAT
DRESDEN

Wave Field Inside FZP

— " —

VN | DR

A\ J

oaem aueld Aer-x

. ;
ideal tilted FZP
[Kang, et al., PRL 96 127401 (2006)]

Incoming plane wave

propagate exit wave field
to focus

Cornell, 24.06.2006 24




TECHNISCHE
UNIVERSITAT
DRESDEN

FZP Focus
T A transvelrse flux density:
@ local av
g 03| spnerical wave | J,(%,2) = [ (w|0,w)~ (2. |v)]
g 00 7 tilted FZP
? 1200F— v .
z 0.5} /\/ 1
E 1000F ]
-1.0k , . 800} E |
400 0 ~l =
x (nm) < 600F  0.83nm i
untilted FZP soof G50 0s
\ 7|1
200F g
Limit: atomicity of matter! T
0 2 4 6
PRB, 74 (July 15, 2006) « [om]

Cornell, 24.06.2006
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FZP: Summary

no limit as long as matter is homogeneous

multilayers have been shown to behave homogeneously
down to below 2 nm afspacing (1 nm layers)

high efficiency, since only
one diffraction order is
excited!

atomicity will limit zone
placement!

other optics may be
calculated similarly!

PRB, 74 (July 15, 2006)

Cornell, 24.06.2006
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Wave Front in Diffraction Limited Focus

divergence angle: 2~2In2 A A
numerical aperture d, = r  2NA 0'752NA
Gaussian limited plane wave
\ \ \NA - coherent diffraction
« XPCS, XFCS

XFCS, J. Wang, et al.,
Cornell, 24.06.2006 PRL 80, 1110 (1998)
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Wave Front in Diffraction Limited Focus

Lateral coherence length in nanofocused beam:

5 I I T T Bi

i . 2d?
It :dt 1‘|‘b2t

a: diffraction limit
b. geometric image of
------------------------------------------------------------------------------------------- . source

L | | | | .|
0 2 4 6 8 10
b/d,

Coherent diffraction at nanoparticles possible,
as long as particles are smaller than diffraction limit.

Cornell, 24.06.2006 28
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Coherence In the Focus

SiNFL @ ID13, £= 15keV Preliminary experiment:

nominal parameters: Diffraction from Fe-particles
_ (T 40nm diam., on Si;N, membrane,
FWHM focus size: from R. Rohlsberger)
66 X 75 nm?
diff. limit:
54 x 71 nm?
!
lateral coherence length: (exposure: 10 s)
120 x 300 nm? Visibility reduced:
divergence (NA): mechanical |nStab|I|ty|
0.58 x 0.43 mrad? horiz. beam size: 120nm

Cornell, 24.06.2006 29
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Scanning Coherent Diffraction Microscopy

bridge the ,small® gap to atomic resolution by using
coherent diffraction imaging contrast

,2arbitrary® samples:
support defined
by illumination

(a) side view

lens I, sample

beamstop &

. _
guard slits T PIN diode

1
1
1
- = = = <
1
1
1
1
1
i
[}
1
i
1
[}
1
1
1
i
1
1
i
1
1
1
[}
[}
i
1
1
i
[}
1
1
1
|
.1010919[.') [EUO[SUQLUIP-OMI

L > < Lgp—>|
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Scanning Coherent Diffraction Microscopy

bridge the ,small® gap to atomic resolution by using
coherent diffraction imaging contrast

a8 1 smaller g-range (WAXS)

1000 HH

Q
‘ r“ . reduced requirements
100 - s -~ on dynamic range of
h detector
10 H Y'

I[a.u.]

larger detector pixels

I

1 H —

R || B l . short local exposure
100 (up to 107ph/A2)

Cornell, 24.06.2006 31
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Conclusion

Refractive optics:

 hard x-ray beams of 5nm seem feasible
(limiting factor is attenuation and atomicity of matter)

* kinoform lenses would reduce focus size (feasibility?)

Fresnel zone plates (tilted):

e focus below 1 nm should be feasible
(limiting factor is atomicity of matter)

Challenging experiment:
« scanning coherent diffraction microscopy

Cornell, 24.06.2006 32
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AFLs Made of Silicon

entrance aperture: 2R, = 20pum properties:
exit aperture: 2Ry = 1pm f=27
. =2./mm

: 10 - 20keV V st '
energy: 10 - 20keV in 500eV steps d = 12.6nm
[ ) / as horizontal lens in x-ray
i nanoprobe (e. g. ID13 ESRF):
1 Rl ™ L, = 47m, source size: 150pm

i optical axis

.
Xjrays

horizontal focus: 15.3nm
(17400 x reduction)

Cornell, 24.06.2006 33
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Far Field of Focus: Aberrations

SiNFL @ ID13, £= 15keV
Far field image of focus:

Structure:
iIrregularities in lens
shape

reconstruction of lens shape?
[Quiney, et al., Nat. Phys. 2, 101 (2006)]

detector dist.;: 800mm
log (1)

Cornell, 24.06.2006 34
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Optimal Numerical Aperture of Single Lens

First scenario:

| Works as long as ray is not
totally reflected

Deflection angle < /26

NA limited by /25

even for non-absorbing
material

Cornell, 24.06.2006 35
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Optimal Numerical Aperture of Single Lens

Second scenario:

Strongest deflection:

ray from inside the material
In grazing incidence

deflection angle < /26
NA limited by \/25

—> make more than one refraction to increase NA

Cornell, 24.06.2006 36




