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Introduction

The use of extremely small diameter x-ray beams at synchrotronsradiation facilities has become an
important experimental technique for investigators in many other scientific disciplines. While there
have been several different optical elements developed for producing such microbeams, this SBIR
project was concerned with one particular device: the tapered-monocapillary optic. 1 When using this
type of optic, radiation enters a finely-tapered glass tube, undergoes repeated total-external reflections
at grazing-incidence angles along the inner surface, and exits the small-diameter output aperture. The
minimum, beam size is located at the exit aperture, and is determined simply by its size. More
recently, paraboloidally-tapered optics have demonstrated efficient transmission using only one
reflection.2 In this geometry, the optic functions as a true lens rather than a concentrator, with a focal
spot located some distance from the capillary exit. Tapered-monocapi.llary optics are significantly less
complex and expensive than conventional focusing mirrors.

The performance of a capillary optic can be quantified by two parameters: the exit beam-size and the
gain of the device

G=T(Ak/&)ut)

where T is the fraction of radiation incident on the entrance aperture which leaves the exit aperture,
and Ain and Aout are the areas of the entrance and exit apertures. Non-optimal capilkwy shapes result
in inefficient transmission of radiation to the capillary exit, with correspondingly low gains. Along
with shape, the other crucial factor for creating high-gain optics is having exceedingly smooth
reflecting-surfaces. The highest measured gains have approached 1000 in experiments using ultra-
small beams.s

There are several problems associated with the conventional glass-capillary technology. Using
current glass-drawing techniques, it is difficult to reliably achieve the desired ellipsoidal or
paraboloidal shapes with the desired high accuracy. In addition, the capillary bore center-line tends to
wander a considerable distance in the glass from side-to-side, resulting in further loss of flux. Some
work is being done to improve the drawing of glass capillaries by constructing automated capillary-
pullers, but there are still reliability issues.4 The ghss material itself, while potentially possessing a
very low surface-roughness value (but not always as low as expected)4, is not the ideal material for
the reflection of x-rays. Because the critical angle for total-external reflection is proportional
to X(pZ/A) ~/2, the ideal matecial choices for the reflecting interior of the capillaries are high-density
materials such as platinum or gold. This assumes that the number of bounces is not too high, since
high-Z materials generally have a lower reflection coefficient than light elements. Unfortunately,
coating the inside of capillary optics with smooth films of the desirable materials is probably not
feasible due to the extremely high aspect-ratios. Finally, the very low thermal conductivity and
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susceptibility to radiation damage associated with glass can be a problem. This is especially true when
the optics are used with insertion-device sources where power densities can exceed 10 kW/cm2.

In response to these limitations, this SBIR project has pursued an alternative approach for producing
tapered-monocapillary optics. The technique permits the reliable generation of optimized capillary
shapes, and allows wide latitude in the material choice for the optics. The custom tailoring of
capillaries to match different radiation-source sizes, divergences, and energy ranges is possible.

The fabrication methods have been described in patent Literature.5 The basic manufacturing process
includes the following steps:

1) A wire is etched with great precision into a very graduaIly tapering shape that has the figure of the
desired final capillary bore. This is achieved by the controlled withdrawal of the wire from an etchant
bath. We refer to this wire as the “mandrel-wire,” since it is used as an expendable mandrel in the
subsequent fabrication steps. Although many different materials can conceivably be used for the
mandreI-wire, we have chosen a special etchable-glass that is easily dissolved in dilute HC1.

2) After etching the taper, a post-treatment process is used to create an extremely smooth surface on
the mandrel-wire. This is currently achieved by coating the wire with a very thin film of a polymeric
material that is applied from either the molten state, or a solution. The coating material is selected for
its ability to forma vitreous layer having an exceedingly smooth surface upon solidifying.

3) The etched and smoothed mandrel-wire is coated with the material of choice for optimizing the
reflectivity of the radiation being focused. This can be performed by sputtering, vacuum evaporation,
chemical vapor deposition, or some other process. We currently use sputtered gold for our
capillaries.

4) The coated mandrel-wire is vertically oriented and carefully tensioned to assure that it is straight,
and is then bonded to a flat and rigid substrate.

5) Finally, the original glass mandrel-wire is removed from the assembly to leave the hollow internal
bore of the final optic. This is accomplished by periodically segmenting the wire with narrow
grooves, and then etching away the original mandrel-wire in an acid bath. The grooves are used to
reduce the etching time to a reasonable period.

In this report we will first describe our accomplishments in developing the equipment and procedures
for performing the fabrication steps. We then outline the testing procedures and demonstrated
performance of the optics using synchrotrons radiation, and a microfocus x-ray tube. As part of the
synchrotrons testing, the first use of the optics in a real scientific investigation was achieved. Next,
we will discuss our analysis and conclusions regarding the potential use of the optics for neutron
focusing applications. Finally, we will describe our future plans for improving the optics and
commercializing this technology.

Design and Construction of an Advanced Mandrel-Wire Etching Apparatus

The first step in the fabrication of a capillary optic is the etching of the wire material into the desired
shape of the final capillary bore. To accomplish this, it is necessary to use a precision motion-control
device to withdrawal the wire from an etchant bath in a highly controlled manner. The apparatus we
developed uses a commercial linear-translation stage manufactured by Thomson Industries that has a
maximum travel distance of 40.5”. This stage has a precision ball-screw drive that is actuated with an
encoded brushless DC motor and electronic controller. The controller is designed to be easily
interfaced with a standard PC, via the RS-232 communication port using the manufacturer’s
software. The linear translator is mounted vertically on a 2’x 5’ optical breadboard. The encoder
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indicates a linear translation distance of 1.25 microns per encoder step, which allows extremely
precise motion control during the etching process. Mechanical fixtures were machined for the rapid
submersion of the mandrel wire into the ethant, and subsequent attachment to the carriage of the
translation device. An optical microscope is installed on the table for inspecting the diameter and
surface quality of the wire directly above the etchant surface. A system for measuring the wire
diameter that uses scattered laser-light is also installed on the table. This optical system was described
in the Phase I report and uses a helium-cadmium laser and a photomultiplier detector.

Implementation of Computer Control to the Wire Etching System

In our original concept of the wire-etching process, we assumed that some type of feedback system
would be used to control the withdrawal speed of the wire from the etchant. This was thought to be
necessary for achieving the precise wire-profile. The feedback signal corresponds to the wire
diameter, which is monitored directly above the etchant bath by the intensity of the scattered laser
light. This system was tested in Phase I and found to work very well. During this Phase II work,
we decided to first determine whether it was possible to run the system without feedback; essentially
in an “open loop” configuration. This appeared to be conceivable due to the very reproducible etching
rate of the wire material. Essentially, it would only be necessary to measure the linear etching rate of
the material, and then use this value to calculate a velocity versus position program to achieve the
desired final shape. The obvious advantage of running without feedback is a great simplification of
both the sofhvare and electronic hardware.

Our experiments have indeed shown very good reproducibility of the shape of etched mandrel-wires
without using any feedback control. We found that a standard spreadsheet program can be utilized
very conveniently to generate a table of velocity sequences for the motion controller. Using the
spreadsheet, the wire is mathematically broken into a series of short segments, and the slope of each
segment is calculated from the parabolic equation of the desired taper profile. Next, a test wire is
etched at constant velocity to determine the linear etching rate. The expected withdrawal velocity on
each individual segment is then determined from the calculated slope values, and the linear etching
rate. The resultant table of positions and velocities can be edited very easily to the proper format for
loading into the memory of the motor controller. The wire is measured after etching, and the
spreadsheet can be modified to correct for any deviations from the theoretical taper profde caused by
nonlinearities of the etching rate as a function of wire diameter. During this Phase II project, we
continued to improve the reproducibility of the wire-etching process by modifications to the
programming of the motion-control system. In the future, we may want to go to a feedback system if
it is necessary to produce capillaries having extremely low slope-errors. For most applications, we
do not believe that this is necessary. Figure 1 shows the measured profile of an etched wire, prior to
being used to fabricate a paraboloidal optic.

In addition to the paraboloidal capillary shapes that we produced for synchrotrons radiation
applications, we also demonstrated the ability to form ellipsoidal shapes. This taper figure is highly
desirable when using divergent, point-like sources such as microfocus x-ray tubes. In such
applications the source is placed at one foci of the ellipsoidal capilhuy, and the divergent radiation is
redirected to the other foci. This type of application should form the largest commercial market for
this technology.

Development of a Mandrel-Wire Smoothing Process

Once the wire is etched into the desired shape of the final optic’s bore, it is necessary to assure that
the surface is extremely smooth. Since the as-etched wire does not have a surface roughness low
enough for high x-ray reflectivity, some sort of post-etching treatment is necessary to reduce the
surface roughness. Our initial concept for achieving this was a thermal annealing treatment. This
would be accomplished by heating the etched wire in an annealing oven at a temperature where atomic
surface diffusion would smooth the glass surface. We believe that this method has a high probability
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of success. As evidence, some of the smoothest x-ray optical surfaces are constructed out of so call
“float glass” which is simply glass that is cooled from the molten state, leaving an extremely low
surface-roughness surface. However, before initiating thermal processing studies, we tried a
different possible solution for the problem of creating smooth wire surfaces. This second method is
to coat the etched mandrel-wire with a very thin layer of material that melts at a temperature well
below the softening point of the glass, and covers up any wire surface-roughness. Certain organic
compounds are known to supercool into a glassy state with a very smooth surface. The etched
mandrel-wire is simply drawn through a bead of the molten coating material. The thickness of the
coating will be determined by the viscosity (which is temperature dependent), the velocity of the wire
through the bead, and the wire diameter. The translation stage used for the etching of the wire is also
used for this smoothing process.

The material that we used in this Phase II project was polyethylene phthalate. The properties that
make the material useful are a low softening point ( =700 C ), complete insolubility in water, rapid
and complete dissolution in acetone, a good viscosity range over its useful working temperature
range, and the observed solidification into a purely vitreous state. In the Phase I project, we
measured the surface roughness of the material using atomic force microscopy and found it to be near
2 ~ rms. Since this material is insoluble in water, the mandrel wire maybe chemically etched away
without exposing the radiation reflecting coating to the etchant acid due to the protective presence of
the layer. After the wire is etched away, the thin smoothing layer is dissolved in acetone with no
adverse effect on the capillary interior material. This alleviates concerns about surface roughening of
the capillary interior during the removal of the wire, and greatly expands the number of materials
which are compatible with the capillary fabrication process.

One disadvantage of using a smoothing layer is that the shape of the mandrel-wire will be modified
due the finite thickness of the film. Therefore, we studied means to minimize this thickness in the
Phase II work. Our solution was to apply the material in a solution with a-volatile solvent essentially
a lacquer. By adjusting the concentration of the polymer, we were able to obtain an optimal
concentration for achieving the desirered smoothing effect, while minimizing the added thickness.
The x-ray reflectivity of the capillaries prepared on the laquer-smoothed wires appear to be similar to
the capillaries prepared using melted smoothing layers.

We also performed some testing on the possibility of producing a etching process that leaves the glass
surface itself in a highly smooth state. This would be desirable to eliminate any dimensional changes
associated with a smoothing layer. Flat etchable-glass surfaces were tested for surface roughness by
measuring their x-ray reflectivity both before and after chemical exposure. So far, these experiments
have had mixed results. There is some indication that some of the rougness can be reduced by using
very dilute etchants, but the surfaces are currently not a good as those produced using the polymer
coatings. We will continue to investigate this in future work.

Design and Construction of a Custom Sputter Coating Apparatus for Depositing
Radiation Reflecting Films on Mandrel Wires

A custom sputtering system was designed and constructed for coating the mandrel wires with the
radiation-reflecting material. The vacuum chamber of the coater is constructed from a 6“ diameter
glass tube that is 48” in length. The ends of the tube have glass-to-metal seals with attached standard
vacuum flanges. The top flange has feedthroughs for the sputter gun, shutters, gas bleed-valve,
thickness monitor, and the wire itself. The wire is mounted on a motocized rotary feedthrough for
uniform coating. The sputter source was manufactured by AJA International (North Scituate, MA),
and has a very compact shape so that it can fit inside the chamber off-center. The source uses 1.5”X
8.0” targets, and is water cooled. When coating wires longer than the target length, the sputter-gun
can be lower along the wire length during the coating process, by means of a sliding vacuum-seal.
We decided that this would be a simpler arrangement than raising the wire past a stationary source.
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The vacuum chamber is evacuated by means of a turbomolecular pumping station. All sputtering was
done with argon gas at a pressure of =10 milliTorr. A photograph of the sputtering system is shown in
Figure 2.

Tests of the coating system demonstrated excellent operating characteristics. It is possible to operate the
source at very low current, which has been shown to yield the best results due to minimal heating of the
mandrel-wire substrate. The sputtering system is very convenient to operate, and the vacuum chamber is
easy to clean when it becomes coated with too much deposited material by the use of a replaceable mylar
insert to collect the sputtered material.

Improvements to the Capillary Formation Process

Once a mandrel-wire has been etched, smoothed, and coated with the radiation reflecting material, the
final capillary optic is formed using a two step process. In the first step, the wire is attached to a rigid
and flat substrate. Generally, this is done after the wim is built up with an additional reinforcing coating
on top of the radiation reflecting coating to make the wire less flimsy. Thus reinforcing step is
accomplished by electroplating. After attaching the wire to the substrate, the initial glass material is
removed to leave the final capillary optic.

In the initial capiikiries we produced, the wires were attached to a glass substrate using either epoxy or
ultraviolet curing cement. This approach was marginally adequate for the initial production of
capillaries, but had some serious shortcomings. The chief problem was the delamination of the cement
which often occurred during the subsequent wet processing of the capillaries. Although some useful
capillary segments were produced, this was clearly not a long-term solution. Even without the
delamination problem, the poor thermal conductivity would not be acceptable in future high heat-load
applications. A different approach for the attachment of the wires was developed which appears to be
the optimal long-term solution. This method uses a flat copper substrate instead of glass. The wire is
attached to the substrate by further electroplating of copper on both the substrate, and the wire which has
been mounted on the copper surface and stretched straight. The electrodeposition of the copper
essentially buries the wire on the substrate surface. The result is a monolithic capillary device which has
excellent thermal conductivity and high dimensional stability. In addition to the copper plating process,
we also investigated the use of silver plating as an alternate material. We found that the copper
electroplated layers are significantly more uniform in thickness and smoother. Figure 3 is a cross-
section micrograph of an electroplated capillary optic.

For a time, certain problems arose which resulted in sections of the wire not being fully attached to the
substrate; a clearly unacceptable situation. The main cause of these problems could be traced to the
nonuniform electric fields associated with electroplating on this particular geometry. Some
experimentation with electroless copper plating to form the initial attachment of the wires was performed.
This type of deposition eliminates any issues of electric-field variations in the plating process, and is
therefore more uniform. The electroless plating experiments gave variable quality results. We now
seem to have solved the problem by improving the process control of the standard copper electroplating
process previously used, and the placement of the wire on the substrate. Electroplating is a rather
empirical science, and it was necessary to try varying certain process parameters to achieve the desired
results. This aspect of the optic fabrication seems to now be in control and well understood. The
straightness of the plated wire was measured by linearly-translating the optic while viewing it with
microscope, and measuring the maximum deviation from a straight line. This value was less than* 10
microns on good optics.

There are two basic approaches for removing the mandrel wire from the capillary structure. These
involve either a chemical etching process, or a mechanical process. We have concentrated on the etching
method during this project. One of the critical aspects of this operation is the cutting of etching slots in
the capillary structure without causing mechanical deformation. The use of a diamond-wheel saw was
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the initiaI choice for this work. By angfing the saw at 45° to the capillary surface, it was possible to cut
a V-groove instead of a slot, which is advantageous for reducing the effective gap between segments.
Our studies indicated that it is somewhat difficuh to avoid deformation of the capillary with a diamond
wheel. Therfore, as a alternative method, we introduced the use of a wire saw that uses a diamond
coated steel wire, or a plain wire with an abrasive slurry. Our experiments showed that this tool is much
less likely to cause any deformation of the capillary structure due to the wire’s flexibility. The grooves
cut in capillary optics are extremely clean and smooth, and exhibit no apparent plastic deformation of the
material. This is now the method of choice for cutting the etching slots or grooves. During the project,
we continued to improve the use of the diarnond-wim cutting procedure. One useful improvement which
was devised was to cut only partially through the internal bore of the capillary, instead of completely
sectioning it. This is worthwhile because it minimizes the loss of radiation at the etching slots. In
Figure 4, a micrograph of an etching slot revealing the gold capillary-interior is shown. The surface
roughness of gold surfaces prepared in this manner have been shown by scanning tunneling microscopy
to be near 2A RMS. We studied the ability to cut extremely narrow gaps in the wire to minimize the
impact of the slot on the optic’s reflecting bore. The narrowest slots were achieved using plain stainless
steel wire as the cutting element in conjunction with an abrasive slurry, instead of diamond impregnated
wire. Although cut widths of approximately .002” were obtained, the use of a slurry was found to
present contamination problems. Therefore, diamond wire appears to be the most practical. We now
use .005” wire, which is the freest available from the manufacturer.

Testing of Optics with Synchrotrons Radiation

1) Experimental Arrangement

During most of the duration of this project, experimental measurements of the performance of the
metal capillary optics were periodically performed at SSRL. We first needed to develop the
experimental procedures to accomplish the following tasks associated with the testing:

● Align the capillary’s axis precisely to the collimated synchrotronsradiation beam
● M&sure the-gain ‘ofthe optic -
● Observe the spatial pattern of the emitted x-ray beam
c Measure the si= of the microfocused beam

The solution to the ali~ment of the capillary was to use a motorind rail borrowed from the SSRL
Biotechnology Group.- Using this rai~, the-capillary was positioned on a mounting plate with the
capillary entrance located close to the rail’s pivot-point. The optic could therefore be tilted in both the
vertical and horizontal axes until it was parallel to the incident radiation, without causing much
translation of the entrance aperture. The x-ray flux was monitored using a standard SSRL ion
chamber positioned directly beyond the optic’s mounting position. Motorized slits were used to
define the beam incident so that it just slightly overillled the entrance aperture. To measure the
transmission efficiency of the capillary, the optic was first removed from the mounting plate. The ion
chamber reading of slit defined beam was then measured, and normalized to the optic’s entrance area.
When the optic was put back into pIace and aligned, the transmitted flux was measured by the same
ion chamber, and the efficiency was simply the ratio of the transmitted flux to the flux of the slit-
defmed beam. The gain could then be determined by knowing the areas of the entrance aperture and
the exit beam.

The emission pattern of the capilkuy’s exit beam was observed using an x-ray sensitive CCD imaging
camera (Photonic Science) located beyond the second ion chamber. This camera was used to
optimize the alignment of the optic, as well as determine the optics’s quality by the uniformity and
symetry of the transmitted radiation. Figure 5 shows the x-ray pattern emitted from a capillary, as
recorded by the CCD camera. The uniformity and symetry of the pattern is indicative of a high
quality optic.
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Two different devices were used to determine the microfocused beam size. In our initial tests, a metal
knife-edge was attached to an simple translation device we assembled using a standard picomoter
stage (New Focus, Inc.) and an LVDT position transducer. Later in the project, we procured a
precision 2-axis piezoelectric motion-stage (Anorad Corporation) for scanning the knife-edge through
the beam. This piezo-stage allowed us to measure the beam size at varying distances from the
capillary exit using a computer to control the position. We determine the beam size by scanning the
knife-edge through the beam, and measure the distance required for the ion-chamber signal to drop
from 90% to 10%.

With the above equipment and experimental arrangement, we were able to accomplish the four tasks
stated above to characterize the optics. We performed most of our testing on Beamline 2-3 at SSRL.
This is an unfocused beamline that uses a Si crystal monochromator. The usual energy range for the
testing was 8-15 KeV. We also used an unfocused wiggler beamline (4-1) and a focused wiggler
beamline (9-3) on one occasion each. The work on Beamline 9-3 included the first use of the optics
for a scientific investigation, which we will describe in a later section.

2) Synchrotrons Testing Results

The lengths and entrance diameters of the optics that we fabricated were gradually increased over the
project’s duration. Currently, the optics have lengths of 8-10 centimeters, entrance diameters of 150-
200 microns, and exit diameters of 5-20 microns. Our best optics demonstrated flux-density gains of
approximatdy 90 in 10-micron beams at 10 KeV photon energy. This performance level varies with
energy, but is fairly flat over an energy range of 8-12 keV. This is a rather impressive performance
for such compact optics. Glass-monocapillary optics would require significantly longer lengths. We
expect significantly higher gains as the length of the optics are increased and/or the exit aperture sizes
are reduced. Typically, the transmission efficiency of the optics is in the range of 40-60%.

Due to the parabolic figure of the capillary, we expected to observe a minimum beam size at some
distance from the capillary exit. Using the scanned knife-edge tes~ we found that this was indeed the
case. With a accurately figured optic with an exit aperature of 20 microns, a focal spot with a
diameter of approximately 10 microns could be observed at a distance corresponding to the foci of the
paraboloid. This is in good agreement with the expected size of the demagnified image of the source.
As previously described, the quality of the optic’s surface, and its straightness could be verified by
tie image observed by the CCD camera

Our progress in developing this technology was recently presented at a synchrotrons radiation
instrumention conference, and the proceedings will be published in early 2000.6 This meeting
permitted this technology to be exposed to a large number of scientists in the synchrotronscommumiy,
and the response was very favorable. Several individuals from expressed great interest in purchasing
optics for use at synchrotronsfacilities.

Design, Assembly, and Use of an Optics Test Station using an X-ray Tube

A benchtop syste”m’fortesting the optics was design and assembled. The use of this apparatus has a
twofold purpose. First, it is not possible to get enough beamtime at SSRL to test the optics as often
as desired. Having an in-house source makes it convenient to pre-test the capillary optics whenever
it is desired before using the brighter, but less accessible synchrotronsradiation. The second purpose
for using a small source is that the greatest commercial market for these optics will involve their use in
small laboratory environments. Thus, it is necessary to demonstrate the performance level of these
optics using such sources.

The source is a molybdenum-target microfocus tube with a minimum spot size of 10 microns and a
maximum power dissipation of 80 Watts. A shielded enclosure was designed and constructed by

7



others, and surrounds the source and other equipment which is mounted on an optical table The
alignment of the capillary axis to the source is accomplished by a three-axis motorized translation
stage. Our x-ray CCD camera is used to align the optic to the source, and observe the quality of the
reflected radiation pattern in a similar manner to the synchrotronstesting. Figure 6 is a photograph of
of the testing station.

So far, we have been using the system mainly for the pre-testing of synchrotrons optics. This has
been found to be very helpful for indicating which devices will perform well at SSRL. It also allows
rapid feedback for improving the fabrication process. We plan to concentrate more on producing
ellipsoidal optics in Phase HI work which will be more efficient in focusing radiation from this point-
source than the paraboloidal optics produced for synchrotrons applications. The results we have
obtained are encouraging for indicting the potential widespread use of these optics with microfocus
tubes.

Use of the Optics in Their First Research Application

During the latter stages of the Phase II research, we used these metal capillary optics in their first real
scientific investigation at SSRL. Metal capillary optics were used on Beamline 9-3 in collaboration
with a group investigating selenium uptake in the selenium hyperaccumulator plant, Astragalus
bisulcatus. This work seeks to understand how certain plants can be used for removing selenium
compounds from contaminated environments. Preliminary results using a 10 micron beam revealed
individual plant cells as small as 30 microns across. In addition, micro-XAS spectra recorded with
this beam showed equivalent signal-to-noise as the previous 100 micron data. Figure 7 shows some
of this initial data. The investigators on this project are extremely pleased with these initial results
which will be presented at a conference.7 We have formally agreed to continue collaborating on this
work in the future. Due to these results, the SSRL structural biology group anticipates procuring
several of the optics for future work. Other investigators at SSRL, as well as external SSRL users,
have expressed interest in obtaining these optics due to these initial experimental results.

Investigation of Neutron Focusing Applications

Although the main thrust of this project involves the microfocusing of x-rays, the investigation of the
potential use of these capillary optics for neutron-focusing applications was another stated goal. We
studied the various possibilities and our analysis indicated that for.most applications, a standard
tapered monocapillary device is somewhat less competitive than polycapilkiry optics due to the smaller
collection angles of monocapillary devices. The much larger emittance characteristics of neutron
sources compared to synchrotronsradiation results in a relatively poor efficiency with a monocapilkuy
device. The polycapillary optic allows more efficient collection of neutrons emerging from guide
tubes. For some applications which require a very small focused spot, the monocapillary optics being
developed in this project appear to offer some advantages. The monocapillary optics may also be
useful when used in combination with a separate polycapillary optic. In that instance, the
polycapillary would be used for prefocusing of the neutron beam.

During this project, we conceived a method which uses our basic expendable-mandrel technology that
should be more applicable for neutron focusing applications than the standard monocapillary optics.
The general concept is that the monocapillary-optics technology being developed in this project could
be extended into the realm of polycapillary optics. This would present signi!3cant advantages over the
standard glass-polycapillary technology that has been previously shown to work in several neutron
focusing studies. Insofar as the principles of grazing-incidence reflection are basicaIly the same with
either x-rays or neutrons, these ideas would also have significant value to field of x-ray optics.

Succinctly stated, we proposed to achieve the creation of polycapillary optics using the following
means. The process starts with the production of many identical mandrel-wires which are etched
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simultaneously in a batch process. These etched wires are then smoothed and coated with a reflecting
material in the same manner as done with a single wire when producing a monocapillary optic. For
neutron applications, this coating is preferably Ni, Ni-58, or conceivably a supermirror coating. The
coated wires are then bundled together in a hexagonal close-packed arrangement. The bundle of
wires is subsequently fused together to form a monolithic structure, with the wires curved so as to be
in contact with each other along the whole length of the bundle. The bundle is mounted to a
substrate, and the initial mandrel-wires are removed to form the final optic. The removal of the wires
is generally done by etching the bundle after cutting a selies of etching slots. Thus, the process is
essentially identical to the monocapillary method, except many mandrel-wires are bundled together
instead of a single wire. A Provisional Patent Application describing the proposed polycapillary -
optics ideas has been filed with the United States Patent Office. This application discloses and claims
a number of methods used to produce such an optic. This application is entitled “Bundled Capillary-
Optics” and has been reported to the DOE Patent Counsel as required under the terms of this grant.

Commercialization Status and Potential

There have been several events which have been very encouraging for indicating the future
commercial success of this project. These fall into two categories--synchrotron radiation optics, and
applications using small laboratory sources. In the first category, we have already mentioned the
interest of SSRL in this technology. Our successful initial tests of the optics in a real scientific
investigation has convinced the biotechnology group that they want to purchase some optics. Their
budget renewal to NIH has included a request for this. These biological results have raised interest in
other groups at SSRL in using the optics for other applications. Currently, a new environmental-
research bearnline (Beamline 11) is being commissioned at SSRL. Several of the scientists involved
in this effort have expressed a strong desire to use these optics on that beamline, instead of more
complex and expensive focusing mirrors. In addition to Beamline 11, we are also discussing the use
of the optics with a SSRL group who are interested in high spatial-resolution studies of
semiconductor devices. This would operate at a lower photon energy that we have been concentrating
on in the pas; and raises new possibilities for using the optics in the soft x-ray and VUV range.

The interest in the optics for synchrotrons applications has not been limited to SSRL. We have
discussed the use of this technology for the CHESS facility at Cornell University. They have
indicated an interest in obtaining some of our metal optics due to their higher photon-energy
capabilities, in comparison to glass capillaries. This is quite significant since much of the
development of the glass capillary technology has been accomplished by the CHESS group. Our
discussions with researchers at several other synchrotrons facilities (APS, NSLS) have all been
positive.

The second general area that these optics should find commercial applications is for small laboratory
instruments. The commercial potential here is expected to be significantly higher than that of
synchrotrons optics due to the much higher number of such sources compared to synchrotrons
beamlines. We have signed non-disclosure agreements with two companies who manufacture x-ray
analytic equipment. We are actively working with one manufacturer to develop an optic which they
have an immediate need for in an existing commercial instrument. We should know in early 2000 if
we will be supplying our optics for their apparatus. As this technology becomes better known, we
anticipate increasing inquires about using these metal capillaries in laboratory devices.
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Fig.1.Taperproffleofanexperimentalcapillaryshowingverygoodagreementwiththeparabolicequationprogrammed
into the wire-etchingapparatus.Measureddiameterswere determinedby opticalmicroscopyof the wirebeforeany
platingoperation.Theerrorin themeasurementof the wire is approximately +/- 0.5 microns.
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Fig. 2. Photograph of the sputtering apparatus.
The 48” long cylindrical vacuum chamber is
visible inside the acrylic implosion shieldlng box.
The top feedthrough includes ports for the sputter
gun, shutters, gas bleed-valve, thickness monitor,
and the rotary motor which holds the mandrel
wire. A gold film coating the inside of the tube
obscures the view of the sputter source in this
picture.
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Fig. 3 Micrograph showing the entrance aperture of a capilkuy optic. The wire has been attached to a copper surface by
electroplating onto the wire and substate. The thickness of the coating is thinner on the wire surface near the substrate
due to the electrical shieIding infkence of the substrate. Means to make the coating more uniform around the wire are
being investigated. The entrance dmeter of this capillary is 70 micron.

Fig. 4. Micrograph of an etching slot on a copper moncapillary-optic. A gold radiation-reflecting interior fti is
visible. The slot has cut fhrough approximately one half of the capilkwy bore. Slots are currently cut to yield capillary
segments with aspect ratios (L/D) of 50-100. Micrograph is reproduced here at 115 X.
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Fig. 5. Image recorded by an x-ray sensitive CCD camera of the far-field emission pattern from a gold/copper
paraboloidal monocapillary-optic producing an approximately 10 micron focused-spot. The SSRL Beamline 4-1
monochromator was set at 9000 eV. The camera was positioned 50 cm beyond the capillary exit. The central bright
spot is the radiation transmitted directly through the capillary with no reflection. The image is magnified here
approximately 10X. This particular capillary was fabricated with an entrance diameter of 76 microns and an exit of 20
microns. The length of the capillary is 30 cm. A test of the beam size was obtained by scanning an opaque knife-edge
through the beam. Directly at the capillary exitj the beam size was measured at approximately 20 microns, as expected
from the exit aperture size. A smaller focused point of reflected radiation with a size approximately 10 microns was
observed =lmm beyond the exit.
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Fig. 6. Photograph of the laboratory testing system. The lead-glass shielded enclosure is visible mounted on the

optical table. The cylindrical x-ray source is visible on the right side.
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