Imaging X-Ray Fluorescence Using Microchannel Plate (MCP)OpticsMelissa SkalaPhysics Department, Washington State University, Pullman, WA, 99163AbstractX-ray fluorescence imaging is a widely used, nondestructive method fordetermining the distribution and relative concentration of metals within a sample. Tocreate a two-dimensional map of an image, x-rays are usually sent through a 25-250 mmwide aperture, then point by point an image is scanned. Microchannel plates contain anarray of tiny holes that can be used to collimate x-rays fluorescing off a sample. When amicrochannel plate is used as a collimator between a sample and detector, the sample canbe uniformly illuminated and imaged onto a detector. This method allows many differentmetals to be detected within a sample and it reduces scan time from hours to minutes.The transmissions through a circular channel plate and square channel plate have beenfound to be 48% and 64% respectively. The transmission percentages are nearly equal tothe open-air percentages. The square channel microchannel plate was able to resolve twocopper wires fluorescing at 8.046 keV. In this image, the three component cruxiformpredicted for an ideal square channel plate is seen. An image created from a 0.66 mmcopper wire had a FWHM that was 20% larger than the theoretical value. The extrawidth is believed to be due to smearing through the channel walls. This experimentdemonstrates that microchannel plates are capable of resolving images for x-rayfluorescence at energies as high as 8 keV.Keywords: x-ray fluorescence, microchannel platesIntroductionImaging x-ray fluorescence applies to diverse fields such as biology, materialanalysis and medical research. Imaging XRF produces a two dimensional map of thedistribution and relative concentration of metals in a sample by scanning a narrow x-raysource across a sample using motorized x and y stages. Data is collected point by pointand an image is reconstructed.A microchannel plate is an array of holes that can collimate x-rays. When placedbetween a source and detector, a microchannel plate allows the entire sample to beuniformly illuminated and imaged by a detector. Using a microchannel plate as an x-raycollimator should allow a sample to be imaged in less time than conventional scanningmethods. When a microchannel plate collimator is used with a crystal analyzer, imagescontaining the distribution of many different metals can be created by varying the braggangle of the crystal.The use of microchannel plates as x-ray collimators has been demonstrated for x-rays in the 1 keV range (Martin 1999) as well as x-rays in the 1-8 keV range (Yamaguchi

1987). The focusing ability of both square channel (Chapman 1991) and circular channel(Chapman 1993) microchannel plates has been theorized. Experiments have also beendone investigating the focusing ability of square channel (Fraser 1992) and circularchannel (Chapman 1993) microchannel plates.When focusing through an ideal square channel plate, a three componentcruxiform image is expected (Chapman 1991). This image includes a componentconsisting of rays that go straight through a channel without being reflected, ending upeither above or below the focus. This is seen as a diffuse halo around the focus. Rayscan also be reflected only once in either the x or y directions. These rays will be focusedin one dimension but not the other, creating a line through the focus in either the x or ydirections. This creates a cross image centered on the focus. The third component is thetrue point focus. The true focus is created by rays that are focused in both the x and ydirections. In most applications, about one quarter of the rays go into the true focus, onequarter into each line focus and one quarter into the diffuse halo. Because the area of thetrue focus is much smaller than the areas of the other components, the intensity of thefocus is much greater than the other components. yx Focused in both directions Focused in one direction y xFigure 1. Focusing rays through a square channel microchannel plate. Rays that onlyreflect from one of the orthogonal sets of channel walls are only focused in one direction.Rays reflecting off both sets of orthogonal walls are focused in both directions.According to the theory of the three-component cruxiform structure, an imagetaken through a square channel microchannel plate depends rays that a) reflect off thechannel walls and b) transmit through the channels without reflecting. Rays incident onthe walls of a channel with an angle less than or equal to the critical angle of reflectionwill reflect. The critical angle of reflection is given by the equation, qc=1.65 l �r [mrad] (1) where r is the density of the material in g/cm3 and l is the x-ray wavelength inangstroms.Figure 2. Cruxiform image expected to be seen through a square channel microchannelplate.The rays that transmit through the channels without reflecting have somedivergence that is limited geometrically to the ratio of the channel diameter, d and itslength, l. The ray path is limited to an angle 2a, where a=tan-1(d/l) (2) (Yamaguchi 1987). The half-maximum intensity point in the profile is used as thedivergence of the beam, so the geometrical beam divergence angle is approximatelyequal to a.The spatial resolution of the microchannel plate is determined by Dr » xDq (3)where x is the source-to-output distance and q is the divergence angle (Yamaguchi 1987).Either the angle of reflection or the geometrical divergence angle is used for thedivergence angle, depending on which is greater. In the case of both microchannel platestested, the geometrical divergence angle is greater than the critical angle. Therefore thegeometry of the plate is the limiting factor in the resolution for this experiment. Transmitted Ray Reflected RayFigure 3. Diagram of rays transmitting through and reflecting off the walls of amicrochannel plate. The channel diameter, d and channel length, l are also defined.

Rays focused only inthe y-direction

Rays focused only inthe x-direction

Focal spot: Rays focused inboth the x- and y-directions

Diffuse background ofunfocused rays

aqcdl

Materials and MethodsMicrochannel PlatesTransmission percentage was determined for a circular channel plate provided byBurle Industries, Lancaster Pennsylvania and a square channel plate provided by NovaScientific, Sturbridge Massachusetts.Table I. Specifications of the microchannel plates. The plate designers providedinformation on the material used to make the plates. All other specifications wereobtained from scanning electron microscope images. Square Channel Circular Channel Plate PlatePlate thickness (l)1.5 mm1.0 mmPore diameter (d)27.58 mm23.6 mmCenter-center spacing34.58 mm33.2 mmOpen area percentage64%46%Material50% Lead GlassPbSiO3Density5.22 g/cm311.35 g/cm3Critical angle at 8.046keV8.57 mrad5.81 mradGeometrical divergenceangle18.4 mrad23.6 mradFigure 4. Scanning electron microscope images of the a) circle channel and b) squarechannel MCPs. Some squares are left closed so as to absorb x-rays that transmit throughthe channel walls.a)b)

Figure 5. Schematic diagram of the experimental setup in the F3 Hutch at CHESS. Thetransmission of both MCPs was tested using this setup.Figure 6. Schematic diagram of the experimental setup in the D1 Hutch at CHESS. Thespatial resolution of the square channel plate was tested using this setup.X-Ray SetupExperiments were conducted at the Cornell High Energy Synchrotron Source(CHESS). The transmission of the plates was measured using the setup shown in figure 5.Aligning the channels with the beam maximized the transmission of x-rays through theplates. This alignment was done using a tilt stage with two directions of tilt: one in thehorizontal direction and one in the vertical direction. The ion chambers were 101 mmapart and the MCPs were 47 mm from ion chamber 1. The beam energy was 12 keV andthe beam size was 7 mm in the horizontal direction and 2 mm in the vertical direction.The resolution of the square channel MCP was tested using the setup in figure 6.A 12 keV energy was chosen because it is higher than the absorption edge of copper(8.979 keV) and it is far enough from the Ka emission of copper (8.046 keV) so as to beeasily separated from copper by an energy resolving detector. The MCP was adjusted forIon Chamber (0)Cu WiresSynchrotronSource

Polaroid Film or SolidState Detector with slitDouble CrystalMonochromator

Ion Chamber (1) Slit

Microchannel Plate

Double CrystalMonochromatorSynchrotron SourceIon Chamber (1)Ion Chamber (2)

Vertical TiltHorizontalTilt

3 mm

maximum transmission using two directions of tilt and a Ge Solid State Detector coupledwith an adjustable slit and movable y- and z-stages. Polaroid type 57 film was exposedusing a fluorescent screen.ResultsTo obtain the transmission through the circular channel and square channelmicrochannel plates, the MCPs were positioned for maximum transmission and a onesecond photon count was taken in Ion Chamber 1 (Figure 5). Next the MCPs were takenout and another photon count was taken for one second in Ion Chamber 1. Atransmission percentage was found by dividing the number of photons counted throughthe MCP by the number of photons counted without the MCP. The circular channel platehad 48% transmission and the square channel plate had 64% transmission. These resultsagree with the open air percentage of the plates: 64% for the square channel plate and46% for the circular channel plate (calculated from the dimensions seen in the SEMimages).Figure 7. Tilt scans used to find the divergence angles of the plates. Experimental setupshown in figure 5. Energy = 12 keV. a) Vertical tilt of square channel MCP. FWHM =20mrad. b) Horizontal tilt of square channel MCP. FWHM = 20mrad. c) Vertical tilt ofcircular channel MCP. FWHM = 24mrad. d) Horizontal tilt of circular channel MCP.FWHM = 22mrad.

-3-1135Vertical Tilt

20000300004000050000

IC2Square C

4Horizontal Tilt (degre

Square Channel Plate-5 ilt (degrees)50001500025000

nelPlate-5-05Horiz es)50001500025000

IC2Circula

Figure 7 shows tilt scans in the vertical and horizontal directions for both thesquare and circular channel MCPs. The Full Width Half Maximum of the peak is used todefine the divergence angle of the plate. The FWHM values are very close to thecalculated geometrical divergence angles of the plates: a = tan-1 (27.58 mm/1.5 mm) =18.4mrad for the square channel plate and a = tan-1(23.6 mm/1.0 mm) = 23.6 mrad for thecircular channel plate.Figure 8. 33 mm MCP-film distance, Figure 9. 43 mm MCP-film distance, two 0.10 mm Cu wires. 10 second exposure. two 0.10 mm Cu wires. 10 second exposure.Figure 10. 33 mm MCP-film distance, one 0.66 mm Cu wire.

Figures 8-10 are fluorescent images of copper wires obtained using the setupshown in figure 6. In figures 8 and 9, fluorescent images of two copper wires can bedistinguished. All pictures have 33 mm source-MCP distance. In figures 8 and 9, the0.10 mm diameter wires were placed 3 mm apart on the sample stage. In figure 8, at 33mm MCP to film distance, the centers of the spots are 3 mm apart and the arms of thecross are 2 mm in both directions. In figure 9, at 43 mm MCP to film distance, thecenters of the spots are 3 mm apart and the arms of the cross are 2 mm in both directions.All of these images show the cruxiform structure predicted by Chapman and Nugent in1991. Figure 10 shows the most clearly defined three component cruxiform image thatwe photographed.Figure 11. Color enhanced image of figure 10. Image of a 0.66 mm Cu wire through asquare channel microchannel plate, 66 mm source to output distance, 3 minute exposure.In this image the source-MCP distance = MCP-film distance.

10203040510152025

055406080100120

00Scale: 10=1 mm

Figure 12. Plot of intensity vs. length across row 25 in figure 11.According to Eq. 3, the resolution of the image in figures 10 and 11 should be Dr= 1.32 mm. This was calculated using the 20mrad divergence angle experimentallyfound for the square channel plate and 66 mm source-output distance. The wire diameteris 0.66 mm so the theoretical value for the FWHM is �(0.662+1.322) = 1.48 mm.ConclusionsThe square channel microchannel plate was able to resolve two copper wiresfluorescing at 8.046 keV. In this image, the three component cruxiform predicted for anideal square channel plate is seen. This experiment demonstrates that microchannelplates are capable of resolving images for x-ray fluorescence at energies as high as 8 keV.The FWHM of the fluorescent image created by the 0.66 mm copper wire is 20%larger than the theoretical value. This could be due to smearing through the channelwalls of the microchannel plate. The attenuation length of the lead glass used to makethe square channel plate is 44 mm at 8 keV.A microchannel plate with a much smaller d/l ratio is needed for the resolution tobe sufficient for analysis of biological systems. Minimizing this ratio reduces the diffusehalo that can be seen in our pictures. Capillary plates with channels on the nanometerscale are currently available. Adding a reflective coating such as gold to the walls of thechannels would allow the reflective properties of microchannel plate collimators to beused at energies around 8 keV. This would also reduce smearing through the walls of thechannel. Using microchannel plates in parallel would also be an effective way toimprove resolution. Experiments testing the transmission and resolution of improved

0.51.52.53.54.520

60180200Greyscale i

microchannel plates should be done to determine their potential application to biologicalelement analysis.AcknowledgmentsI tremendously appreciate my mentor Karl Smolenski for giving me his time andpatience as well as Dr. Don Bilderback for his help and advice. I would also like tothank Dr. Ernie Fontes and all of the CHESS staff for their help and support�you werewonderful people to spend the su mmer with. Without Dr. David Cassel I would havenever experienced the outstanding REU program at Cornell. Thank you to thank BrianLincoln of Burle Industries, Lancaster Pennsylvania and Bruce Feller of Nova Scientific,Sturbridge Massachusetts for providing the microchannel plates. This work wasconducted at the Cornell High Energy Synchrotron Source and supported by the NationalScience Foundation REU grant PHY-9731882 and research grant PHY-9809799.ReferencesChapman, HN, KA Nugent. 1991. X-ray focusing using square channel-capillaryarrays. Review of Scientific Instrumentation. 62: 1542-1561.Chapman, HN, KA Nugent, SW Wilkins. 1993. X-ray focusing using cylindrical-channel capillary arrays. I. Theory. Applied Optics 32: 6316-6332.Chapman, HN, A Rode, KA Nugent, SW Wilkins. 1993. X-ray focusing usingcylindrical-channel capillary arrays. II. Experiments. Applied Optics 32: 6333-6340.Fraser, GW, AN Brunton, JE Lees, JF Pearson, WB Feller. 1993. X-ray focusingusing square-pore microchannel plates: First observation of cruxiform image structure.Nuclear Instruments and Methods in Physics Research A 324: 404-407.Lees, JE, JF Pearson, GW Fraser, JM Hales, PG Richards. 1999. An MCP-basedsystem for beta autoradiography. IEEE Trans. Nuc. Sci. 46: 636-638.Martin, AP, AN Brunton, GW Fraser, AD Holland, A Keay, J Hill, N Nelms, ICETurcu, R Allott, N Lisi, N Spencer. 1999. Imaging X-ray fluorescence spectroscopyusing microchannel plate (MCP) relay Optics. X-Ray Spectrometry 28:64-70.Martin, AP, AN Brunton, GW Fraser. 1999. An imaging X-ray fluorescencespectrometer for Near Earth Objects. Nuclear Instrumentation and Methods in PhysicsResearch. A 422: 567-571.Yamaguchi, N, S Aoki. 1987. A Microchannel Plate X-Ray Collimator. JapaneseJournal of Applied Physics 26: 2111-2115.Yamaguchi, N, S Aoki, S Miyoshi. 1987. Two-dimensional imaging x-ray spectrometerusing channel-plate collimator. Review of Scientific Instrumentation. 58: 43-44.