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Design and performance of a laser-plasma-based compact
soft x-ray microscope
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We describe the design of a user-friendly compact water-window x-ray microscope. The microscope
is based on a\N=3.37nm liquid-jet-target laser-plasma source in combination with a
normal-incidence multilayer condenser mirror and high-resolution diffractive optics for the imaging.
With its high mechanical and thermal stability, the instrument demonstrates enhanced resolution and
potential for compact x-ray imaging with the quality of synchrotron-based microscopes.
Furthermore, a new sample handling system, computer control, and other improvements facilitate
application-oriented x-ray microscopy outside the synchrotron laboratory20@ American
Institute of Physics.[DOI: 10.1063/1.1445870

I. INTRODUCTION (Ref. 8 has demonstrated suboptical spatial resolution with
reasonable exposure times. This instrument is based on a

X-ray microscopy in the water-window region\ ( jiquid-jet laser-plasnfa source in combination with
=2.3-4.4nm) utilizes the natural contrast between watemyltilayer and diffractive x-ray optics.

and carbon-based substances, e.g., protéifiis, in com- In the present article we discuss the design of an

bination with the possibility to study hydrated samples S€V-application-oriented microscope based on the principles of
eral micrometers thick makes it an attractive technique folRef, 8. The major improvements are stability, ease-of-use,
high-spatial-resolution imagin@ypically 30 nm of biologi-  and reliability. The improved mechanical stability allows
cal samples. A common denominator of current operationaqbng exposure times without thermal drift making this the
x-ray microscopes is that they rely on a high-brilliance syn-first compact microscope with potential for synchrotron-like
chrotron radiation source. In the present article we describgnage quality, despite the lower flux of the laser-plasma
the design of a compact x-ray microscope with sufficientsoyrce. In addition, a higher resolution than previously
stability, ease-of-use, and reliability to have the potential tashown is demonstrated. Equally important for application-
become a routine tool outside the synchrotron community. griented work are a user-friendly and reliable design allow-
_ Although x-ray microscopy was suggested not long aftefing |aypersons to operate the microscope and that many
Rontgen discovered the x rays it was the more recent deVelsamples may be imaged consecutively. For this purpose the
opment of efficient x-ray optics® and high-brightness syn- microscope is computer controlled and a fast loading system
chrotron radiation sourc&ghat laid the practical foundation has peen developed, resulting in an approximate time of 5
for x-ray microscopy. Several different x-ray microscopy min to load a sample and record an image. Below we de-

field, have been demonstratédDuring the last decade a properties.

few microscopes worldwide have reached the stability, user-
friendliness, _and reliability _to aIIOV\_/ ap_plicatio_n-motivated I%. MICROSCOPE DESIGN
research. This has resulted in a rapidly increasing number o
x-ray microscopy applications in biological, environmental, ~ The basic arrangement of the microscope is illustrated in
and soil sciences, all motivated by the high-resolution imagFig. 1. The light source is a regenerative droplet-target laser-
ing capability of unstained thick hydrated objects, as well agplasma x-ray source, which has been thoroughly described in
in materials and surface scierttMany of these applications previous paper$!® Operating with ethanol as the target lig-
require careful sample preparation and parallel investigationsid results in strong line emission from highly ionized car-
by several different instruments now available in the appli-bon and oxygen atoms in the water window. A spherical
cation scientists’ home laboratory. The impact of x-ray mi-multilayer mirror designed for normal-incidence reflectivity
croscopy would be even larger should such microscopes bat A =3.37 nm serves as condenser optic¥he multilayer
easily accessible also inside the home laboratory. Howeveperiod of this mirror is designed to match the strong emis-
to date only a few attempts have been made to develop consion line(1s-2p in C VI) from carbon aik =3.37 nm. Using
pact (nonsynchrotron-basgdwater-window transmission a 100 Hz Nd:YAG laser(Coherent Infinity with 100 mJ/
x-ray microscop€s® suitable for this. Only one concept pulse in 3 ns and operating at=532 nm to excite the
plasma results in~10' photons/(sr pulse) from this line.
3Electronic mail: goran.johansson@biox.kth.se With a magnification ‘_’f 18 and a sour_ce size Of_25 pm
bpresent address: Innolite AB, Jtoantsg. 25, 7 tr, SE-10253 Stockholm, Lfull width at half maximum(FWHM)] this results in a rea-
Sweden. sonably uniform illumination over the entire 20m diameter
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FIG. 2. Photographs of the sample and zone plate holder.
Soft x-ray source

rapid change of magnification by raising or lowering the
CCD. The source/condenser module is equipped with a large
window and an x-ray sensitive diode to allow continuous
monitoring of the source performance. A central stop is
mounted 2 cm above the plasma source. The purpose of this
FIG. 1. Experimental arrangement and photograph of the compact x-ra§1S to prevent direct plasma light from reaching the sample
microscope. and to block a central part of the zero-order radiation from
the zone plate, thereby creating an image field. The con-
denser mirror is positioned on a five-axis motorized stage
field of view. A nickel phase zone plate, with 30 nm outer- (New Focus, Picomotor 832&pproximately 260 mm below
most zones and an absolute efficiency of 7.3% aat the source. A shuttefProntor, 50 mny positioned between
=3.37 nm, is located-500 um above the object plane. This the condenser and the plasma, controls the exposure time and
zone plate magnifies the image 1000nto a thinned, back- protects the mirror while not exposing.
illuminated charge coupled devi¢€CD) cameraPhotomet- In the present version of the microscope the sample is
rics series 300 with a Site 003B chipvith a pixel size of 24  positioned in a combined sample/zone-plate holder in
um, each pixel corresponds to 24 nm and the resolution igacuum. Compared to methods used at synchrotron micro-
therefore limited to~50 nm at this magnification. The ulti- scopes, where the sample is in air between thin vacuum win-
mate resolution of the zone plate 830 nm and can be dows, this gives a200% gain in photon flux which is im-
achieved by increasing the magnification. However, this willportant when not using high-power synchrotron sources.
increase the exposure time and reduce the field of view. With the modular design the typical time to exchange a
Below we discuss the design of a microscope based osample is only 5 min. The modular design is also very flex-
the above arrangement for spatial stability, ease of use, aritlle and allows for future insertion of, e.g., a cryosample
reliability. In addition, the alignment procedure for optimal holder. Unfortunately the design of a future environmental
microscope performance is described. First it should behamber for the sample is more complicated with this ap-
noted that the microscope is vertically mounted, i.e., the opproach. However, Kaznacheyest al. have demonstrated
tical axis is vertical as in an ordinary optical microscdpe  such chambers for use inside a vacutim.
Fig. 1). This is different from synchrotron-based micro- The sample/zone-plate holder is the key component of
scopes, which are limited to a horizontal axis due to thehe microscope. During exposure, the relative positions of
nature of the light source. Besides the benefit of followingthe zone plate and the sample must be fixed within the reso-
the concept of established techniques such as optical ardtion, i.e., 30 nm. This is achieved with the design depicted
electron microscopy, the vertical arrangement also relaxe® Fig. 2. The holder is positioned in the microscope with a
design requirements as regards gravity effects on the sampléaree ball-bearing arrangement as illustrated in Figh).2
The microscope is constructedh @ 5 cmthick vertical alu- ~ With this design it is possible to remove and reposition the
minum bar on which three different vacuum modules, sepaholder with a few micrometer accuracy. The holder can also
rated by vacuum valves, are mounted: one for the source artgk inserted in an ordinary inverted microscofi@ympus
condenser, one where the sample and zone plate are locatédlT-2) for alignment purposes. Here the sampbe a pin-
and finally one for the CCD detector. Each module ishole, see beloycan be correctly aligned to the zone plate in
equipped with a turbodrag vacuum pump, a 500Mteiffer  thex, y, andz directions by computer-controlled picomotors
TMH521) for the source and two 40 l/Pfeiffer THMO71) (New Focu$. The zone plate is inserted in the holder from
for the sample and the detector, respectively. This allows fasitbove with a similar three-ball bearing arrangement and the
venting of each module, which is especially important for thesample holder from below, see Fig. 2. A few cm below the
sample module(see beloyw. The detector module is con- object plane a thin metal filter is positionétypically 300
nected via flexible bellows to the sample module allowingnm of titanium. This filter prevents scattered laser light from

Spherical multi layer
mirror
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reaching the CCD camera. It can be removed with a lever
from outside for alignment purposes.

Below the alignment procedure of the microscope is de-
scribed. The laser-plasma light source in our microscope dif-
fers from the beam-like synchrotron light source. With our
4s-steradian-emitting source, spatially defined only by the
overlapping volume between the target material and the
laser-beam focus, we have put extra effort into the design of
a straightforward alignment procedure. One factor adding to
the simple alignment is the spherical normal-incidence con-
denser mirror. This type of condenser was partly chosen for
its good optical properties. Numerical simulations have indi- ~ FIG. 3. A5 min x-ray exposure of a 3010 um” test grating.
cated an acceptable deviation afL mm from the optical

axis before any significant aberrations octum order to the microscope user can focus on the application, not on
establish an optical axis, a sma&80 um) pinhole is posi-  yynning the instrument. For this purpose a LabView-
tioned in the sample holder and aligned to the zone plate iRquipped computer controls most of the operation of the mi-
the inverted microscope. After removing the zone plate, throscope. We are continuously incorporating more and more
holder is inserted in the x-ray microscope. By moving downfynctions in a single program, which will finally control all
the CCD to a small magnificatiof200x) it is possible to  fynctions of the microscope. This would result in a fully
record an image of the entire condenser mirror. If the directztomated operation with only a few buttons for the different
light blocker (normally positioned 2 cm above the plasma to procedures, e.g., start, record image, vent sample chamber.
remove direct light from the plasma to reach the GG®  sych a system is important not only from the point of oper-
removed, reflected light from the mirror passing through thegpility but also from an instrument protection aspect. Per-
pinhole and direct light from the plasma could be recordedtorming procedures in the wrong order, when dealing with

simultaneously. In order to be aligned on the optical axis theragile x-ray-optical components and different vacuum com-
direct light from the plasma should be positioned in the cenpartments, may result in a disaster.

ter of the condenser image. This alignment procedure is
somewhat tedious but, fortunately, not necessary to perform

R

unless the condenser mirror has _been r(_amoyed._ . EXPERIMENTS
The focus of the condenser in tlzedirection, i.e., the
direction of the optical axis, is also aligned with the ath With the design and alignment procedures described

pinhole. With the laser running at low power and the 300 nmabove we have accomplished the building of a mechanically
Ti filter removed, the 532 nm laser light scattered from therigid compact x-ray microscope with spatially stable illumi-
target material and reflected in the condenser can be used foation. We have performed tests where the illumination is
this alignment. This is done in two ways. The pinhole and thespatially stable within the image fiel0 um) for several
size of the focused spot are viewed in a stereo microscopgéays of operation. Such long-term stability is of outmost im-
(Nikon SMz 2T) and the image of the mirror passing portance to allow application-oriented experiments. In this
through the pinhole is studied on a white screen 10 cm abovsection the overall performance of the microscope is demon-
the pinhole. With these two methods the focus can be foundtrated on different samples. All images are recorded with
within =500 um. This alignment procedure is also only nec- 1000< magnification.
essary when the mirror has been removed. A good test sample is the hyperbolic grating. Such a
Assuming that the above-discussed alignments havgrating is designed to have a uniform distribution of spatial
been performed, recording of an image follows this schemefrequencies, which makes it perfect for evaluation of the im-
First the microscope is evacuated with a pinhole inserted imging properties of our system. Moreover, it can be treated
the object holder and no zone plate. The condenser is fin@ne-dimensionally, i.e., integration of several pixel rows can
tuned so the laser light reflected from it passes through thbe performed thereby increasing signal-to-noise ratio. Such
pinhole. When doing this, the thin metal filter is removed.grating has previously been used in x-ray microscopy for
This alignment procedure can often be omitted if the microsesolution evaluatioh® We have manufactured such gratings
scope holder has been used recently. After venting thé nickel with a nanolithography technique previously used
sample compartment, the holder is removed and positioneth manufacture x-ray opticé.A radiation hardened trilayer
in the inverted microscope. The zone plate and a sampleesist system with a plating base is prepared on a thin silicon
holder with several samples are inserted. One sample is sesembrane substrate. Subsequent steps of electron beam li-
lected and aligned to the zone plate. The working distancéhography, reactive ion etching, and electroplating then struc-
(between the sample and the zone plaeorrectly adjusted tures the final grating on the substrate. The size of the grating
using a length gaug@eidenhain, MT 12Bmounted on the is 10X 10 um with lines ranging from 0.5um down to 30
inverted microscope. After reinsertion of the holder, the thinnm. Figure 3 shows a 5 min exposure. Unfortunately, the
metal filter, and evacuation of the chamber the microscope isilicon substrate on which the grating is made seems to be
ready for imaging. much thicker than the expected 170 nm. This results in a low
A fully automated system is desirable for ease-of-use, stransmission of x rays and, thus, a bad signal-to-noise ratio.
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mance level, improvements are always welcome. Two of the
most important improvements, shorter exposure time and
lower operating wavelength, are discussed below.

Improved condenser mirror performance is projected to
have the largest impact on the exposure time. The present
mirror consists of 200 bilayers of W/B.!* The average
reflectivity atA =3.37 nm is~0.5% on the 58 mm diameter

FIG. 4. A5 min x-ray exposure of a grating with 50 nm structures.  mirror, but in some areas the reflectivity is as high as 3%.
Measurements performed with our compact reflectonfeter

Clearly, with such large absorption unreasonably long expohave revealed that this is due to slight nonuniformity of the
sure times are required with the compact x-ray microscopemirror d spacing resulting in a small spectral mismatch with

Figure 4 show a 5 min exposure image of a 100 nm our line-emitting fixed-wavelength source. Thus improved
period (50% duty cycle test grating made of gold on a sili- fabrication techniques for uniform spacing would result in
con substrate. The image shows excellent modulation anithcreased photon flux at the sample. Furthermore, recent ad-
gives an indication of our resolution. However, reliablevances in Cr/Sc multilayer fabrication have demonstrated
quantitative determination of resolution requires knowledge5.5% reflectivity at our operating wavelendthwith a uni-
of the height of the structures, a parameter that has not yébrmly deposited Cr/Sc mirror we expect to gain a factor of
been measured. It is nevertheless clear from these first test$ in average reflectivity. In addition, the focusing properties
that the new microscope has an improved resolution and imef the present condenser mirror fall below theoretical expec-
proved signal-to-noise ratio compared to the previous vertations. Only~15% of the reflected light is focused to the
sion of the microscope. expected spot of-30 um. The reason for this is not fully

We have also imaged 80 nm colloidal gold particles dis-investigated yet but we believe it is due to a midspatial fre-
tributed on a 50 nm thick silicon nitride window. Colloidal quency waviness in the substrate or the multilay@ese).
gold conjugated antibodies have important applications agnproved deposition technology is expected to reduce the
markers for specific proteins, as demonstrated in electroflare a factor of 2 to 3.
microscopy and now also in x-ray microscopyFigure 5 The most straightforward way to shorten exposure times
shows a 5 min long x-ray microscope imaga with a com- s to increase the average laser power. However, this is not
parative scanning electron microscope imalge The pixel  easily realized. The laser used tod&pherent, Infinity; 100
size in the x-ray image is 24 nm and the average photomz and 10 WA =532 nm) is one of the most powerful, com-
number in each bright pixel is approximately 1000. This pho-mercially available Nd:YAG lasers with a pulse widthl0
ton number and corresponding signal-to-noise ratio is similahs. New and more powerful laser designs are being devel-
to that of synchrotron-based x-ray microscopes. The contraglped in the growing field of extreme-ultravioléEUV)
is still somewhat low, probably due to a scattered x-ray backtithography'® Prototypes available today have demonstrated
ground. With background reduction and image processing-500 W average laser powerat 1064 nm and 2000 HZ
techniques, we expect colloidal-gold-based protein-specifione such module would be likely to reduce our exposure
biological imaging will be possible with the compact x-ray times a factor of>10. Furthermore, recent experiments

microscope. matching target geometry with laser pulse width indicate an
improvement in x-ray flux by a factor of 2 to 3. Thus, in
I\V. DISCUSSION summary, improvements in the condenser mirror and the

) , , , source indicate that compact x-ray microscopy with exposure
_In this article we have discussed the design and operg;mes of seconds should be possible in the future.
tion of an application-oriented, spatially stable, compact  pyyre improvements of the sample handling include in-
x-ray microscope. This design has improved resolution and, horating an environmental chamber to allow imaging of
signal-to-noise ratio, thereby approaching synchrotron-likg,y grated samples. Two 50 nm thick silicon nitride foils and
image quality albeit at 5 min exposure tirfée typical ex- 5 m of water will lower the transmission and increase the

posure times for synchrotron based instruments-1 9. oyhqsure time approximately ten times. With the present per-
Although the microscope is operational at the present perforry mance of the microscope this leads to impractically long
exposure times. One solution to this problem would be mov-
ing from the current operating wavelengtl+ 3.37 nm to
=2.48 nm, where the transmission through water is much
higher. This also allows imaging of thicker objects. We have
previously demonstrated a debris-free x-ray source for this
wavelengt?® and our ongoing collaboration with the De-
partment of Physics, Linkzing University, Swedeft is aim-

ing at the manufacture of condenser mirrors far
=2.48 nm. Another solution would be the incorporation of a
cryosample holder in the x-ray microscope, following the
FIG. 5. 80 nm gold spheres on silicon nitride imaged by compact x-rayWell-known cryotechnique for electron microscopy. With this
microscopy(a) and electron microscopi). method it should be possible to image hydrated, shock-
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