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The Fourier inversion of phased coherent diffactpatterns offers images without the resolutiod depth-of-focus limita-
tions of lens-based tomographic systems. We repodur recent experimental images inverted usingmedevelopments in phase
retrieval algorithms, and summarize efforts thak te these accomplishments. These include alwinéitonstruction of a two-
dimensional test pattern, infinite depth of focusage of a thick object, and its high-resolution Q~dm resolution) three-
dimensional image. Developments on the structaraging of low density aerogel samples are disaisse
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1. Introduction

In the last five years or so several new ideas -
bined to provide us with a working solution to thbase
problem for non-periodic objects. This capabildpens
exciting possibilities for using coherent x-ray fidittion

microscopy (CXDM) for 3D imaging of few-micron-site

objects at resolution levels previously inaccesstiol x-ray
microscopy. Since the first proof of principle dmmstration

of CXDM ), a number of groups have been working to bring

these possibilities into reality. Recent estimatesf the
dose and flux requirements of such measuremerdaite
that attractive resolution values (about 10 nmliferscience
and 2-4 nm for material science) should be possilille

reasonable exposure times using modern synchrotro
Thus CXDM promises a 3D regwiut

radiation sources.
limited only by radiation damage, the collectiodid@ngle
and the number of x-rays collected. We therefoqeeet to

have an advantage over lens-based tomography sshbate

are currently limited in resolution and efficienby the lens
fabrication technology and, in principle, by thepteof fo-
cus effect. This capability provides an extremedyuable
tool for understanding nanoscience, such as thay st
minimum energy pathways for crack propagation iittler
solids, and characterizing the internal structurenesopor-
ous structures that are synthesized for a wideerafigippli-
cations.

In this paper we review the historical developmenitich
have led to these opportunities and describe sdrtteecac-
tivities of our multi-institutional collaborationworking at
beam line 9.0.1 at the Advanced Light Source atlLife-
rence Berkeley National Laboratory. In particulae will
describe here two experiments, which demonstratetapu-
lar 3D imaging at 10 nm resolution. The portiontted work
devoted to life-science imaging, largely by thergt@rook
group, has been reported in these proceedingsrba. P’

2. Conceptual History

The observation by Sayre in 1982hat Bragg diffraction
under-samples the diffracted intensity pattern ingsortant
and led to more specific proposals by the sameoatith X-
ray diffractive imaging of non-periodic objecfd. These

N:

ideas, combined with the rapid development of cdaypu
tional phase retrieval in the wider optics commyr@Espe-
cially the “support constrainf"’®, enabled the first success-
ful use of CXDM. An important review, which atteted to
integrate the approaches of the optical and cigsgti@phic
communities, appeared in 1990.The connection was made
between the "solvent-flattening” or "density-mochfiion”
techniques of crystallography and the compact supme
quirements of the hybrid input-output (HIO) algbnt. The
importance of fine sampling of thatensity of the measured
diffraction pattern was recognised at an early est8gand
has led to the method being referred to as "oveqrkagi,
since the Shannon sampling interval is half thegBrimter-
val in each dimension. The result of Shannon saghe
intensity is that the diffracteghased amplitude is at least
two-fold oversampled in each dimension, which implthat
the object obtained by transformation of an exakitigwn
amplitude function will be surrounded by a zero-gedl re-
gion of at least three times the object area for@idnstruc-
tions, or at least seven times the object volum& recon-
structions. Such zero padding is a necessary aaitenat of
the use of a support constraint, although it idigeht to
oversample at less than the factor of two per dicert®.
The use of the support constraint as a means teeptiee
diffraction pattern is now very widespread in th@wjng
CXDM community.

3. Experiments With X-rays

In spite of the promise shown in simulations, theee
theoretical advances were not accompanied by imatesdi
experimental progress in the practical applicatibrphase
retrieval. The first successful X-ray techniqueswievel-
oped by the Stony Brook group at the X1 undulatearb
line at the National Synchrotron Light Source abd¢
haven. The fruit of this effort, reported by Miadharalam-
bous, Kirz and Sayre in 1998,was the first inversion of an
experimental X-ray diffraction pattern to an imagea non-
periodic object at 75 nm resolution. This succeasved to
be the beginning of a significant expansion in ries¢ in
CXDl in the US.



X-ray image
(reconstruction)

SEM image
Fig. 1. SEM images of gold ball clusters (left) andon-

structed soft X-ray image (right) recordecha® nm.*®

In the last few years CXDM activities in the US has
volved four groups which have all made contributido the
XRM 2005 conference: Stony Brook/Brookhaven, Univer
sity of California at Los Angeles (UCLA), Univengiof 1lli-
nois / Argonne, and ourselves at University of Ana / Liv-
ermore Lab / Berkeley Lab. Stony Brook / Brookhahene
constructed a sophisticated experimental stationtdmo-
graphic imaging of life-science specimens at cryggéem-
peratures*® This apparatus is now installed at ALS beam
line 9.0.1' and serves all of the groups doing CXDM at the
ALS. Robinson and coworkers at the University lbfidis
have applied the principles of CXDM to hard x-ragperi-
ments on microcrystalline particles, the densitsiateons of
which produce a diffraction pattern centered orheBragg
spot. The pattern can be reconstructed if2Pr scanned
in 3D by very slight rotation of the crystal to githe equiva-
lent of a tilt series. Such data have been reoactsd to-
mographically to produce a 3D image at 80 nm remiu™>
Miao (now at UCLA) and coworkers have made consider
able progress in pushing the CXDI method to higlksplu-
tion in 2D (7 nm), higher x-ray energies and toimaited
form of 3D.'® They have also made the first application of
CXDM to a biological samplé.”

Our own efforts in this area have concentratedatnev-
ing phase based on the diffraction data af§hehree di-
mensionalab-initio reconstruction of a test 3D object made
of 50 nm gold balls deposited on a pyramid shaplézbis
nitrade membrane at 10 nm resolutibhtwo dimensional
images with infinite depth of focus, and the imagof mate-
rials sciences samples such agdsaerogel foams.

4. Experimental Results

Our experiments reported here were carried outgusia
abovementioned Stony Brook University diffractiqmpara-
tus, as well as an earlier apparafils In the Stony Brook
apparatus we carried out experiments using 750186 (hm
wavelength) X-rays that were selected from the laido
spectrum by a zone-plate monochromator with a splect
resolution ofA/AA=1000. The 4tm-diameter monochro-
mator exit pinhole also selects a transverselyiapatoher-
ent patch of the beam. The sample was locatedraGram
this pinhole. A direct-detection bare CCD detectuith 20
um pixel spacing, 1340x1300 pixels, was located G4
behind the sample. At these CCD and wavelengtingst
we have an object sampling intervalxrandy of Ax = 9.8
nm (in the small-angle approximation) and a fieldltiv of
w=NAx=11.7um. A beam-stop blocks the direct undif-
fracted beam from impinging on the CCD. More dstare

Fig. 2. Scanning Electron Microscopy M) of dcsih ni-
tride pyramid (right) and the gold balls depositedthe hollow
side of the membrane (left). Scalebar jgri

given by Beetz et al?. Diffraction patterns were collected
with the sample oriented at rotation angleof —-60° to
+60°, at 1° intervals. Total exposure time was al3ohbours
per sample.

Test samples were made by placing a droplet oftisalu
containing unconjugated colloidal gold balls on ikcan
nitride membrane (thickness 100 nm) and allowing itiry.
A two dimensional object was imaged without priootl-
edge about its shape by periodically updating tingpert
region based on the current object estimaitg () *°.

A three-dimensional test sample was produced bgirga
a droplet of colloidal gold solution on a three-dmsional
silicon nitride pyramid-shaped membran€) This drop
quickly evaporated and left the gold balls in arekteristic
pattern where the gold tended to fill in the edgéshe
pyramid. An SEM image of the object is shown ig.R2.
The pyramid base width is 2j%m and the height (base to
apex) is 1.8um. An earlier, larger, silicon nitride pyramid
object is shown on the right side of Fig. 2.

Two dimensional projection images may be recovered
from the diffraction intensities without having fst un-
dergo a full 3D reconstruction, and we found tkisiuseful
step to quickly examine our 3D datasets. The aliffon
intensities from a single sample orientation aworded on
the Ewald sphere and will have the same depthafdas a

Fig. 3. (&) Reconstruction from a single view diftion pattern at
an object orientatiop = 24°. Scalebar is fim. (b) Infinite depth

of focus projection images, for the object orieiotaty = 0. (c) 2D

section of the three dimensional diffraction pattexs the object is
rotated, the recorded Ewald spheres intercept theepleaving

some gaps of missing data.



Fig. 4. Three dimensional diffraction pattern (gfvith a quad-
rant removed for visualization) and reconstructédimages'®
(right) showing the isosurface as well as the mtap@ images of
the sample.

microscope with NA equivalent to the solid angleeinepted
by the CCD. For our experimental parameters, g =
0.084, we have a depth of focus of 120 nm, whiatoissid-
erably smaller than the 118n thickness of the pyramid ob-
ject. A reconstructed image, from a single-viefirdction
pattern is shown in Fig. 3 (a). Artifacts due &fatus are
clearly seen in the image. By the choice of thealpalic

Fig. 5. (&) SEM of an areogel sample with referepaiats used
to help the phase retrieval, and (b) two dimendipnajection of
thereconstructed 3D ima at 14 nm resolutio

Using 16 G5 Macintosh computers with Infinibandemmt
connects we achieve an FFT speed of 7.9 sec/FF& on
1024 voxel data set, giving a full reconstruction timiel4
hours (based on 2000 iterations, 2 FFTs per itargplus
other floating point operations needed for the nstaic-
tion). Timings for a 512data cube are 850 msec/FFT, ena-
bling us to perform a full reconstruction in 1.5hr

Although we cannot exactly quantify the resolutmfrthe

term of the retreived phas&8the plane of focus can be nu- image, which would require knowing the object’s 8fbuc-

merically scanned throughout the depth of the dbjec

By sectioning the three dimensional Fourier spaith &
sphere of larger radius than the Ewald surfacecare in-
crease the depth of focus. Infinite depth-of-foduo-
dimensional projection images were obtained (Figf@im a
plane in reciprocal space perpendicular to the egtagn
direction (Fig. 3c)®

A full 3D image was obtainetf’ by performing phase re-

ture, our analysis shows we can consistently redrighases
out to the maximum spatial frequency recordddfurther
improvements if*). A line-out through the reconstructed
image can easily resolve 50 nm spheres that amhitay
each other (see Fig. 6). From such image line;aarts
comparisons of reconstructed X-ray images with $fevi
image, we have confidence that our achieved imagelu-
tion is close to 10 nm. Further analysis of thesistency of

trieval %% on the entire 3D diffraction dataset. The recon- the retrieved phases, and the agreement of theefF@mpli-

structed volume image reveals the structure ofotbject in
all three dimensions and can be visualized in manys
including isosurface renderings, projections thiotlge data
(Fig. 4), or slices (tomographs) of the data.

We have applied 3D diffraction imaging to determdni
the 3D structure of low density aerogel foam sasipldese
metal oxide foams are low density (100 mg/cc) aadehan
internal skeleton structure composed 0§aa Our full 3D
reconstructions were obtained with no a priori infation
about the sample, including no measurement of tissing
low spatial frequency data in the beamstop regi®he re-
constructed image, shown in Fig. 5, reveals noy tre par-
ticle shape, but also internal foam structure saglhe strut
geometry, which can be used to calculate the foathamni-
cal properties. Further details will be given iroter pape

5. Phase Retrieval and Image Analysis

We overcame two key computational challenges in im-

plementing high-resolution 3D phase retrieval, specifi-

cally performing the numerous *EFTs required for phase

retrieval in a reasonable time and managing the angme-

quirements of large 3D data sets. Memory and Gion

requirements are significant and suggest a clistsed solu-
tion. The FFTs (dist_fft) have been optimised fioe G5
vector processor architecture by the Apple AdvanCedh-

putation Group and uses standard MPI interfacgeetform

distributed giga-element or larger FFTs. Recowtion

code is written in C, is fully parallelised, anceadistributed
memory and MPI interfaces to share the workloadsall
CPUs in the system. This includes application el rand
Fourier space constraints and dynamic support eefimt
using the Shrinkwap algorithm.

tudes of the reconstructed image with the datak biacthis
assertiort??

6. Holographic-Enhanced Phase Retrieval

It was noted that the autocorrelation functionsame of
this work also included faithful, although low-région,
holographic images of some of the clusters, dubemccur-
rence of a single isolated ball near the object. ahalogy

-400 -300 -200 -400 -300 -200 -100300 400 500 600

x (nm) y (nm) z(nm)

20
. 15¢ 50 nm

g ) P —

—10f

[}

Is)

25

£

< Of
5 et
-1000 -900 -800 -700

y (nm)

Fig. 6. Line-outs of the real part of the reconstied complex
amplitude 3D image, through the isolated singlé &tahe pyra-
mid apex. Dashed lines show a simulated 3D cohémage
with a cube OTF of 10 nm resolution and with a @@iSsing
sector.!® The lineout through three lines (bottom) demonesra
that the resolution is sufficient to clearly digfinsh between
different 50 nm gold spheres.



Fig. 7. Fourier transform of the diffraction patteof the object
illuminated with a large beam: the central parttioé picture
shows the autocorrelation of the pyramid, but soeference
points produce off-centered holograms.

with the “heavy atom” method of crystallography, figcing
a reference point object near the sample we cairohtone-
step, estimate of the support function. Although tiolo-
graphic image is noisier than the recovered im&ig (7), it
provides a useful starting point to the algorithm.

Inspired by this holographic method to help thegehee-
trieval step (see alst’), we developed a methodology to
deposit controlled reference points near the oljganetal-
lorganic deposition using a focused ion beam. Qitial
trials are illustrated in Fig. 8.

7. Conclusions

We have demonstrateab-initio two dimensional images
with infinite depth of focus, and three dimensioimaages of
test objects at a resolution of 10 nm. Preliminamgges of
areogel foams were presented. These images oflicatapl
and unknown objects, along with the rigorous ariglyd
known test objects, show the robustness of auwrinitio
phase retrieval technique. In the case of thegeéfuarticle,
the reconstruction was performed “blind” withoué tbpera-
tor (A. Barty) of the reconstruction software awarfethe
SEM image, or the size or shape of the object.

While the recent experimental progress to date biess
rapid and extremely encouraging, we are lookingvéod to
further improvements in the technique, includingtéa ac-
quisition times (with an improved beamline) thatl\ailow
us to achieve even higher image resolution. Gthenscal-
ing of required dose to the inverse fourth powerresblution
2 and estimates of coherent flux improvements aaiie
with an optimized beamline and undulator source,est-
mate that we should be able to achieve resolutbb@s-4 nm
on material science samples. Possible applicatimnshe
technique include characterizing the pore struatdingesicu-
lar basalt, the formation of voids in metals, anangnother
investigations of the nanoworld. The techniquest thve
have developed will also be applied to exciting raws-

Autocorrelation (hologram)

coccolith

Fig. 8. SEM image of a coccolith shell depositedaosilicon
nitride membrane (left). A reference point depakiteith a
focused ion beam produces a holographic imagetjrigh

pects for imaging of large macromolecules and akBesnat
near atomic-resolution imaging, which will be ackid us-
ing X-ray free-electron lasef® and aligned molecule dif-
fractior?®.
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