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High-resolution three-dimensional imaging of flat objects by synchrotron-radiation computed laminography

Computed laminography with synchrotron radiation is developed and carried out for three-dimensional imaging of flat, laterally extended objects with high spatial resolution. Particular experimental conditions of a stationary synchrotron source have been taken into account by a scanning geometry different from that employed with movable conventional laboratory x-ray sources. Depending on the mechanical precision of the sample manipulation system, high spatial resolution down to the scale of 1 m can be attained nondestructively, even for objects of large lateral size. Furthermore, high beam intensity and the parallel-beam geometry enables easy use of monochromatic radiation for optimizing contrast and reducing imaging artifacts. Simulations and experiments on a test object demonstrate the feasibility of the method. Application to the inspection of solder joints in a flip-chip bonded device shows the potential for quality assurance of microsystem devices. X-ray computed tomography ͑CT͒ was developed during the 1960s/1970s for cross-sectional imaging in medicine. 1,[START_REF] Hounsfield | Patent office[END_REF] Today, CT may be considered as one of the principal methods for volume imaging in medical diagnostics and nondestructive testing ͑NDT͒ for quality assurance of materials and devices. With the installation of x-ray imaging and CT setups at synchrotron-radiation ͑SR͒ sources, weakly contrasted materials could be distinguished [START_REF] Nugent | [END_REF][4][5] and highest spatial resolutions down to the submicrometer scale could be reached 6 in radiography. Despite the great success of CT in general, the CT inspection of flat, laterally extended objects ͑for instance equipped printed circuit boards͒ is rather problematic due to strong absorption in the directions parallel to the lateral elongation.

Another approach was followed by a method nowadays called classical x-ray tomography. Before the development of CT, it had been used to image specific cross sections of objects ͑or patients͒. An acquisition scan consists of synchronous movements of the x-ray source and detector with respect to the object and exposing the detector ͑film͒ during the scan. In this way object features on the so-called focal plane are imaged sharply whereas features with growing distance from this plane are rendered increasingly blurred and contribute to a background intensity in the image. The principle was proposed in 1932 by Ziedses des Plantes 7 for the acquisition of a few arbitrary slices by a single scan. To obtain large three-dimensional ͑3D͒ images with a multitude of slices, however, a time-consuming translational scanning of the object with respect to the focal plane has to be carried out. Nowadays, by combining digital projection data and computerized reconstruction, 8 the scanning procedure can be avoided: this so-called digital tomosynthesis has analogy to CT with limited angle access. Due to the availability of fast two-dimensional ͑2D͒ digital detector systems and the tremendous increase of computing power it has recently found renewed interest in medical 8,[START_REF] Lauritsch | Proceedings SPIE; Medical Imaging: Image Processing[END_REF] and technical [START_REF] Zhou | [END_REF]11 applications where the method is also called computed laminography ͑CL͒.

In this letter the development and implementation of synchrotron-radiation computed laminography ͑SRCL͒ is reported. SRCL combines laminography principles with advantages of SR imaging, owing to the use of monochromatic radiation and a high spatial resolution down to the scale of 1 m. In the following we first show the method's feasibility by simulations. Then, imaging of a test object of known geometry is used to demonstrate the instrumental implementation. Finally, the method's potential for nondestructive testing of microsystem technology and devices is outlined by an application to the inspection of flip-chip interconnections.

Medical tomosynthesis and laboratory CL systems are usually designed to operate with a stationary patient/object and synchronously moving x-ray tube and detector units. In a͒ Present address: Institut für Synchrotronstrahlung ͑ISS/ANKA͒, Forschungszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany; electronic mail: helfen@esrf.fr b͒ Now at: Institute of Condensed Matter Physics, Faculty of Science, Masaryk University, CZ-61137 Brno, Czech Republic. contrast to a mobile x-ray tube, the stationary position of the synchrotron source has to be accounted for by a modified scanning geometry involving fixed source and detector and a rotation of the object. As sketched in Fig. 1, for SRCL the rotation axis is inclined by an angle of Ͻ /2 ͑where the limiting case of = / 2 would correspond to CT͒ with respect to the quasi-monochromatic x-ray beam incident from the multilayer monochromator. From a coordinate system fixed to the sample and moving in the laboratory system, this scanning procedure corresponds to synchronous movements of the source and detector on circular trajectories where the x rays follow a conic envelope during the scan.

In general for all laminography methods, reciprocal space ͑i.e., the 3D Fourier domain of the sample space͒ is not sampled completely. In comparison to CT there exist unsampled regions which, quite generally, may lead to artifacts in the reconstructed images. According to the projectionslice theorem generalized to three spatial dimensions, 8 the region of reciprocal space sampled by a single 2D projection fills a plane perpendicular to the incident-beam direction, as spanned by the vectors k u and k v in Fig. 2. If the number of projections tends to infinity the sampled region corresponds to a rotation-symmetric body ͓of hyperbolic envelope k xy 2 ͑k z ͒ = k max 2 + k z 2 tan 2 ␣, with ␣ = /2-, k max =1/͑2s p ͒ and s p the pixel size͔ where two upwards and downwards directed inner cones of opening angle 2␣ contain no experimental information. Owing to the geometry and the anisotropy of the ͑nonaccessible͒ unsampled region in reciprocal space ͑see Fig. 2͒, the achievable spatial resolution of detail depends on the characteristic spatial features ͑and their corresponding frequencies͒ and, due to structure-dependent artifacts in the image, on their mutual arrangement in the object.

Contrary to the laboratory ͑strongly divergent͒ conebeam cases reported, [START_REF] Lauritsch | Proceedings SPIE; Medical Imaging: Image Processing[END_REF]12 the approximations of a parallel beam and monochromatic radiation can be very well fulfilled in the case of SR imaging setups: in the implementation developed at ESRF beamline ID19 ͑cf. Fig. 1͒ the high source-to-sample distance of 145 m leads to a divergence of only approximately 0.02 mrad across the field of view of 2.8 mm of the employed CCD-based detector system. At a pixel size of 1.4 m a maximum sample depth of up to 7 cm in the direction of the x-ray beam is allowed in order to stay within parallel-beam conditions to the precision of one pixel. Moreover, the wavelength bandwidth provided by a multilayer monochromator is ⌬ / Ϸ 10 -2 compared to ⌬ / Ϸ 1 for the laboratory case.

The 3D reconstruction method is based on filtered backprojection, taking into account the scanning geometry. A filtering of the 2D projection data yields an approximate inversion of the modulation transfer function ͑MTF͒ of the combined process of projection and simple ͑unfiltered͒ backprojection. [START_REF] Lauritsch | Proceedings SPIE; Medical Imaging: Image Processing[END_REF]13 Due to the missing information in the unsampled regions of reciprocal space ͑cf. Fig. 2͒, in general, exact inversion of the MTF is not possible, which manifests itself in characteristic laminographic artifacts in the reconstructed image. In summary, the experimentally achievable resolution is limited by the resolution of the detector system ͑presently down to 0.5 m at a pixel size of 0.2 m͒, by the mechanical precision of the sample manipulation system and due to intrinsic laminographic artifacts related to the sample structure itself. Besides the gain of intensity and resolution of SRCL, the monochromatic radiation and parallel-beam geometry reduces artifacts compared to laboratory whiteand cone-beam laminography.

For numerical and experimental investigations we chose a test object of a known, double-grid geometry: two electron microscopy grids made of copper ͑period 72 m͒ and of gold ͑period 12.7 m͒, respectively, were glued onto opposite sides of an approximately 400-m-thick plastic spacer. State-of-the-art laboratory laminography [START_REF] Zhou | [END_REF]11 was not able to image the 5-m-thick gold grid.

Initially, simulations were carried out with calculated projection data of an idealized computer-generated phantom of this double-grid geometry. Projection data sets were computed by means of a ray-tracing algorithm and used as input to the reconstruction program. Simulating a laminographic scan with a axis inclination ͑see Fig. 1͒ of = / 3 a series of 900 projection radiographs was computed for an x-ray energy of 14.7 keV over a scan range of 360°about the axis. Sharp images could be reconstructed ͑see Fig. 3͒, indicating the feasibility of SRCL for the chosen experimental parameters.

For the experimental investigations, the real test object was fixed by means of a cylindrical sample holder made from plexiglass on a rotation table ͑axis , see Fig. 1͒ in order to carry out the laminographic scan. The experimental scan was performed with the same parameters as used for the simulation.

A comparison of cross-sectional slices through the 3D data sets of the simulated and the real experiments is found in Fig. 3. In the two cases, both the coarse grid ͑period 72 m͒ and the fine grid ͑period 12.7 m͒ are clearly discernible. From the reconstructed slices of the test object their periods are determined to 9.0 and 50.8 voxels ͑of 1.4 m size͒ for the fine and coarse grids, respectively, reproducing the actual grid dimensions. Looking carefully, in both the experimental and the simulated reconstructed slices we observe dark shadows ͑instead of homogeneous areas͒ inside the grid windows which are slight intrinsic artifacts arising from the laminographic procedure rather than experimental instabilities. Nevertheless, high image contrast facilitates 3D renditions as shown in Fig. 4.

We demonstrate the capability of the method for NDT of microsystem technology by the example of a flip-chip bonded device. The solder joints of approximately 80-100 m diameter are hidden after the bonding process and thus are not accessible by visual inspection. Figure 5 shows a slice through solder joints of the device, reconstructed from 900 projections taken at an x-ray energy of 35 keV ͑adapted to the more absorbing object materials͒. The solder joints exhibit voids and solder splashes, entailing a reliability hazard of the electronic circuit.

The reported results of simulations and experiments demonstrate the feasibility of synchrotron-radiation computed laminography. We implemented a setup for data acquisition compatible with a stationary synchrotron source. Filtered backprojection adapted to the scanning geometry provides the basis for 3D reconstruction. The image quality obtained highlights the potential of the method. It can be applied to nondestructive testing of flat, laterally extended objects such as electronic components or flat samples of microstructured materials. 
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 1 FIG. 1. Sketch of the experimental setup implemented at the imaging beamline ID19 of the ESRF.

FIG. 2 .

 2 FIG.2. Sampled region in reciprocal space: the z direction of the sample coordinate system is defined parallel to the laminographic rotation axis ͑, as shown in Fig.1͒. X rays are incident by an angle of with respect to the z axis ͑a͒. A single projection in reciprocal space samples a plane perpendicular to the incident-beam direction, cf. vectors k u and k v of ͑b͒. For a large number of projections the sampled region forms a rotation-symmetric body where two cones of opening angle 2␣ are missing.

  FIG. 4. Renditions of the reconstructed 3D data sets of the computergenerated phantom ͑a͒ and of the test object ͑b͒. The grids are segmented from the 3D data sets by simple thresholding.
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