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The x-ray microscope XM-1 has been operational since 1994. It provides high spatial resolution (down to 15nm) imaging of samples
which are transparent for soft X-rays. Its user-friendly design allows a high throughput of samples in a wide variety of applications
such as nanomagnetism, materials and environmental science and biological applications. XM-1 is modeled after a conventional light
microscope. The light we use is x-ray radiation emitted from a bending magnet, the lenses are zone plates, which are fabricated by
the Nanofabrication Laboratory of CXRO and the image is formed onto a CCD detector. For more information, please see the XM-1
site
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Research at XM-1

The current research activities utilize specific features of full-field soft X-ray transmission microscopy

- elemental specificity of x-ray absorption

- high lateral resolution (currently down to 15nm) provided by Fresnel zone plates as optical elements

- large field of view of 15-20um for a single image, which can be tiled up to even larger images

- recording images in varying external environments (magnetic fields, temperatures)

- sub-ns temporal resolution utilizing the pulsed time structure of the storage ring in a stroboscopic pump-probe scheme
- magnetic phase contrast imaging

Therefore XM-1 is used to image at high spatial and temporal resolution microscopic structures with applications to
magnetism, materials and environmental science and biology.

Typical scientific topics include

Magnetism

- spin current induced domain wall motion

- spin torque induced dynamics

- stochastical character of nucleation processes

- microscopic magnetization reversal behaviour in pattermed media
- fast magnetization dynamics in patterned elements

Materials science
- electromigration processes and void formation in interconnects

Environmental Science
- formation of cement




Biology
- imaging of Malaria infected blood cells
- 3D imaging of cell structures with x-ray tomography

Zone plate optics

- phase sensitive Fourier optics

- development of preparation technique
- increasing the lateral resolution

- measuring zone plate efficiencies

Material Sciences
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X-ray microscopy of mineralized tissues

X-ray microscopy image of dentin sample In comparison transmission electron micrographs of transparent
recorded at A=2.4nm (516.6eV) with a Mzp  dentin thinned using FIB-milling showing (a) intertubular dentin, (b)
(Arp=40nm) a partially filled tubule, (c) a tubule along its long axis partially filled
with large mineral crystals, (d) the same sample as (a)-(c)
prepared with ultramicrotome instead of FIB. (T= tubule, A=
intratubular mineral, B= intertubular mineral) (courtesy J.W. Ager,
LBNL (2006))

collaboration with J.W. Ager et al, MSD, LBNL Berkeley CA (2006)

In Situ Studies of the Electromigration in Cu Interconnects

Recent experiments at XM-1 demonstrated that a full-field transmission x-ray microscope, operating at 1.8 keV
photon energies, allows detection of passivated interconnects made from Cu or AlCu as well as vias utilizing the
high material contrast from different elements in such integrated circuits with a resolution of about 40 nm. The
mass flow caused by electromigration in a passivated Cu interconnect was studied in-situ at current densities up

to 107 A/cm?2.
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G. Schneider, M.A. Meyer, G. Denbeaux, et al., Journal of Vacuum Science and Technology B, 20, 3089 (2002)

Environmental Science
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Insight into the Hydration Evolution of Cement S
Enginé?r’ing

sample is sandwiched between two SizN4 windows
¢ highly diluted samples (ratio water/cement is 5 before centrifugation)
¢ Imaging starts within 6 minutes after mixing, under atmospheric pressure and

room temperature
e evolutionis followed for several hours

C3S (tricalcium silicate) - EVA (poly(ethylene-co-vinyl acetate) composites




pure C;S

D.A. Silva and PJ.M. Monteiro, Cement and Concrete Research 35(10) (2005) 2026-2032

High resolution time lapse images of the hydration of Calcium Aluminate cement

Hydrated for 8 hrs, 45 min. Hydrated for 7 hrs, 35 min.

D.A. Silva and P.J.M. Monteiro, Cement and Concrete Research 35(10) (2005) 2026-2032

Biological Imaging
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The majority of biological x-ray microscopy studies are done in the water window, which is for photon energies between the Kshell
absorption edges of Oxygen (543 eV, 2.3 nm) and Carbon (284 eV, 4.4 nm). For x-ray energies just below the Oxygen edge (e.g.,
517 eV, 2.4 nm), the absorption of mostly carbon-containing organic material is about an order of magnitude less than the
absorption of water, permitting a natural contrast. The penetration depth of these soft x-rays is also ideally suited to image intact



cells with a thickness of a few microns. The photoelectric absorption, which provides contrast in soft x-ray microscopy, is also
responsible for significant radiation damage to biological samples However, it is possible to prepare samples in different stages of
development and then make conclusions based on statistical methods; a common method used with electron microscopy.

Cells which are sensitive to radiation damage can be chemically fixed to maintain cell tructure during x-ray imaging. In addition, a
labeling technique for localizing specific proteins within cellular structure can be used. Natural antibodies are utilized to attach dense
silver and gold particles to the protein of interest. A computerized process is used after the imaging to locate the sharp increases in
intensity to identify the regions of labeling.

For other types of experiments, we have a sample holder for imaging cryogenically frozen cells, which mitigates the effects of
radiation damage. Because of this, chemical fixation is not needed, which results in images with remarkable detail.

Tubulin Network in Epithelial Cell

W. Meyer-lise, A. Nair/ CXRO
C. Larabell, S. Leliévre, D. Hamamoto, M. Bissell / Life Sciences Division

X-ray images of malaria infected blood cells obtained at 2.4nm wavelength.
Left: uninfected cell, Center: newly infected cell, Right: cell 36h after infection.

C. Magowan, W. Meyer-lise and J.Brown, LBNL
Recording a series of images of a specimen mounted in a rotational stage with the rotation axis perpendicular to the photon beam

direction opens the avenue for X-ray tomography at high lateral resolution to study 3-dim structures in cells. A new X-ray
microscope is currently being set-up by the National Center for X-ray tomography at the ALS.

X-Ray Tomography
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To determine 3D structures with high lateral resolution one can record a series of X-ray images with the sample mounted into a
rotating stage. Each image represents the 2D projection of the structures at viewed at different rotation angles which can be
reconstructed in the computer to give the full 3D information.
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X-ray tomography of Cu interconnects



Rendered image after tomographic reconstruction of 50 images over 140 degrees
courtesy: G. Schneider, M.A.Meyer, G.Denbeaux et al; BESSY, Germany [ Applied Physics Letters, 81(14), 2002 ]
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Fresnel zone plates are used in the microscope as condenser (condenser zone plate) and imaging
(micro zone plate) optics. They are fabricated in-house using the Nanowriter electron beam
lithography tool in the Nanofabrication Laboratory.
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Characterization of the spatial resolution of the microscope is an important and active projectin
our group. Here, we use the following definition of resolution:

Res = half-period of a equal line and space pattern that exhibits Rayleigh-like 26.5%
modulation in its image

The resolution, in general, can be expressed as % AT4 . A is the radiation wavelength, and NA is
the numerical aperture of the imaging optic. i, is a constant which primarily depends on the
degree of partial coherence of the illumination, «. In our case, NA is equal to Af{{2Ar,,), where
2t i the outermost zone width of the micro zone plate. Thus,

Res = 2kl

The degree of partial coherence of the microscope, =, is equal to M mamsa ™ Aimee = A,
ez is the outermost zone width of the condenser zone plate (CZP). Typically, = is from 0.4 to
0.7, and X, from 0.6 to 0.8. The resolution of the full-field microscope is slightly finer than the
smallest zone width of the micro zone plate.

We design and fabricate various test objects for measurement of the microscope’s resolution.
Test objects and measurement result are discussed below.

Recent Results (ciick for Larger Images)
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Resolution Measurement

20 nm spatial resolution in 1.1x diffraction limit at 2.07 nm

Achieved with a 25-nm outermost zone width micro zone plate, and s = 0.42

Afpp=125 nm, D=30 pm, M=300, o=042
At pap=00 i, diameter = 10 mom, MN=41700

Click for Larger Images
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People at XM-1
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