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Monocapillary x-ray lenses (MXRLs) are mostly used as condensers in full-field transmission x-ray microscopy (TXM) based on synchrotron radiation or laboratory x-ray tubes. The performance of the condenser has a significant impact on the imaging quality of the TXM. In this paper, a procedure for the characterization of the MXRL as a condenser is presented. The procedure mainly includes two parts: optical measurement and x-ray tests. From the test results of the characterization procedure, it can be seen that a relatively high-performance condenser can be screened out from a series of MXRLs drawn by an electric furnace. This is also fed back to the manufacturing process, and therefore, the technology of manufacturing the condenser can be gradually optimized. Moreover, the method of characterizing the performance of the condenser designed for synchrotron radiation TXM by laboratory x-ray tubes is proposed to be used in this procedure, which effectively reduces the manufacturing time of high-performance condensers for synchrotron radiation TXM.
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1 INTRODUCTION
Full-field transmission x-ray microscopy (TXM) is a powerful technique to observe the spatial structure of complex samples at nanoscale. TXM has a similar structure to visible light or electron microscopy. The resolution of TXM is superior to visible light microscopy because of the shorter wavelength of x-rays than visible light. Moreover, the powerful penetrating ability of x-rays enables TXM to nondestructively and three-dimensionally (3D) image complex structures compared to the either opaque to visible light microscopy or those that are too thick to be penetrated by electron microscopy. In the past decade, with the development of highly efficient x-ray optics and powerful x-ray sources, TXM working on the hard x-ray regime has been built at many synchrotron radiation facilities and in conventional laboratories using portable sources [1–9]. Besides, ZEISS in Germany offers commercial TXM, with a resolution down to 50 nm (ZEISS Xradia 800 Ultra). Because of its superior ability to nondestructively explore the internal structure of optically opaque solids with submicron resolution, TXM plays an important role in research in the fields of biology, medicine, minerals, and materials science [10–14].
The precision fabricated zone plate and the condenser are the key optical components of a TXM system. In the system, the zone plate works as an objective lens that receives the propagated image of the sample and produces a magnified image on a charge-coupled device (CCD) camera. TXM that has a zone plate as an objective lens needs a condenser to focus the x-ray beam onto the sample and increase the flux density while matching the numerical aperture (NA) with the zone plate [15]. So far, four main kinds of condenser optics for TXM have been reported in the studies: a zone plate, a multilayer mirror, a Kirkpatrick–Baez mirror, and a monocapillary x-ray lens (MXRL) [15–20]. The operating principle of the zone plate and the multilayer mirror confirms that they have a limited bandwidth, which is inconvenient for TXM to image at multiple wavelengths. In practice, to match the NA with the zone plate as an objective lens, the zone plate as a condenser is required to have a large diameter with a high number of zones and a small zone width, which is too difficult to manufacture, especially for hard x-rays. In addition, both types suffer from low efficiency, especially when used in TXM based on laboratory x-ray sources. Kirkpatrick–Baez mirrors and MXRLs based on total reflection are achromatic focusing optics. They have advantages such as being efficient, rugged, and achromatic, which is suitable for TXM systems. However, the illumination from the Kirkpatrick–Baez mirror is asymmetric, which generally generates inferior images when used in absorption contrast imaging and is not suitable for Zernike phase contrast imaging [21]. Besides the advantages of MXRLs mentioned above, they are symmetric, are easy to be aligned, and have a wide NA and bandwidth. This is clearly superior to other condensers used for TXM. In addition, MXRLs show good performance in focusing photons in the energy range of 5–25 keV. So far, a majority of tabletop and synchrotron hard x-ray TXM has chosen MXRL as the condenser. Figure 1 shows the schematic diagram of the TXM system based on the capillary condenser.
[image: Figure 1]FIGURE 1 | Schematic diagram of the TXM system based on the capillary condenser.
Ellipsoidal or parabolic MXRLs used in tabletop and synchrotron TXM are drawn using an optical fiber drawing machine as shown in Figure 2. A straight raw glass tube with a fixed inner and outer diameter is placed in the heating furnace along its axle line, which ensures the raw glass tube is heated evenly in the furnace. The heating furnace is set at a certain temperature to maintain the glass tube in a softened state. The shape of the MXRL is formed by controlling the speed of the puller and holder, which is attached to a linear stepper motor and utilized to feed the raw tube into the heating furnace. The embryo tube that contains the desired MXRL takes shape between the heating furnace and the puller. To obtain a high-performance MXRL for TXM, characterizing the performance of the MXRL is an inevitable choice that can not only select the most appropriate MXRL as the condenser in the TXM system but also facilitate the parameter optimization of the optics during the capillary pulling process. The characterization procedure of the MXRL mainly includes optical measurement and x-ray tests. According to the previous studies [22], the optical measurement of the embryo tube provides the outer profile accurately, and the inner profile is calculated from the fixed ratio of the inner to outer profiles (the ID/OD ratio). However, there are some variations in the ID/OD ratio with regard to fabrication conditions, such as the capillary material, the temperature of the furnace, and the speed of the puller and holder. Therefore, optical measurement can only roughly assess the quality of the optics. In this paper, the measured characterization procedure of a certain designed MXRL as a condenser for TXM of the Shanghai Synchrotron Radiation Facility (SSRF) was presented. The MXRL was cut apart to measure the inner diameter so that a more accurate ID/OD ratio can be obtained. After cutting, the performance of the MXRL as a condenser was more intuitively tested using the x-ray source.
[image: Figure 2]FIGURE 2 | Schematic diagram of the MXRL drawing using an optical fiber drawing machine.
2 METHODS AND EXPERIMENT RESULTS
2.1 Optical Measurement
Table 1 lists the main parameters of the designed MXRL used as an example to demonstrate the condenser characterization procedure proposed in this study. In order to cut the designed MXRL from the embryo tube, a light microscope (LS-7030M, Keyence, Japan) with a motorized X stage as shown in Figure 3 was used to measure the outer profile of the embryo tube. The detection precision and the diameter detectable range of the light microscope are ± 2 μm and 0.3–30 mm, respectively. The measurement step of the embryo tube is 200 μm.
TABLE 1 | Main parameter of the designed MXRL.
[image: Table 1][image: Figure 3]FIGURE 3 | Photograph of the optical test platform based on a light microscope.
Differently to the method used by Huang and Bilderback, in which the inner diameter (ID) is calculated by the constant ID/OD ratio of the embryo tube, varying ratios of OD/ID as shown in Figure 4A were used to infer the inner profile of the embryo tube [22]. In our manufacturing process, it was discovered that the OD/ID ratio of the embryo tube slightly varies with fabrication conditions, such as the glass tube material, glass tube diameter, temperature of the furnace, and speed of the holder. Therefore, to acquire an accurate inner profile, the OD/ID ratio of the embryo tube is needed to be measured before the MXRL drawing under specific conditions. To determine the OD/ID ratio of the embryo tube, the OD and ID of the embryo tube were measured using a micrometer and a high-powered digital microscope (VHX-500F, Keyence, Japan) after cutting at different positions. The designed MXRL was cut out referring to the inner profile of the embryo tube. Figure 4B presents the comparison of the measured and ideal inner profile of the designed MXRL, indicating that the measured curve of the inner profile is very close to the ideal one. To observe the deviation clearly, Figures 4C and D show the diameter error and straightness of the designed MXRL, respectively. The deviation in the diameter and the centerline of the designed MXRL as a condenser is < ±2 μm and < ±0.5 μm, respectively.
[image: Figure 4]FIGURE 4 | Optical measurement results of an MXRL used as a condenser. (A) Ratio of OD/ID versus OD of the embryo tube. (B) Measured (dotted curve) and design ID (solid curve) profile of the MXRL. (C) Diameter error of the MXRL. (D) Center line deviation of the MXRL.
2.2 X-Ray Tests
2.2.1 NA of the MXRL as a Condenser
NA is an important parameter of the MXRL used as a condenser in the TXM system. NA match between the condenser and the objective zone plate is a prerequisite for the normal operation of TXM [15]. As for the condenser designed for the laboratory x-ray source, the NA of the ellipsoidal MXRL as a condenser can be easily measured by a series of far-field patterns captured at different distances from the exit of the condenser when the x-ray source was placed at the input focal spot of the ellipsoidal MXRL. However, due to the time limit of the synchrotron radiation, the NA of the condenser hardly directly tests in synchrotron radiation. In this study, we proposed using the microfocusing x-ray tube to measure the NA of the condenser used in synchrotron TXM. The major semiaxis of the MXRL designed as the condenser of synchrotron radiation TXM is usually much longer than the laboratory x-ray optical test platform. In practice, the NA of the condenser was measured with the x-ray source deviated from the input focal spot. As shown in Figure 5, the measured NA ([image: image]) for the x-ray source deviated from the input focal spot has a definite relationship with the designed NA ([image: image]), which could be used to evaluate whether the NA of the newly drawn condenser meets the design. According to the total reflection of the x-ray transmitting in the condenser, we can know that the angle [image: image] is equal to [image: image]. From the geometric diagram shown in Figure 5, the following equations can be obtained:
[image: image]
[image: image]
[image: Figure 5]FIGURE 5 | Geometric sketch of the x-ray source deviating from the input focal spot of the ellipsoidal MXRL as a condenser for TXM (the blue line represents the transmitting light from the x-ray source to the input focal spot of the condenser, and the red line represents the transmitting light from the x-ray source deviating from the input focal spot).
Therefore, the relationship of the NA of the condenser and the distance [image: image] between the x-ray source and the condenser can be expressed as
[image: image]
Here, [image: image] is the inner radius at the middle of the condenser, [image: image]; L is the length of the condenser; and [image: image] is the input focal distance of the condenser. The corresponding measured working distance [image: image] of the condenser can be expressed as
[image: image]
A tungsten target micro-x-ray tube (L9631, Hamamatsu, Japan) with a focal diameter of 20 μm, operating at 30 kV and 800 μm, was employed in this experiment. An x-ray CCD (C11440-22CU, Hamamatsu, Japan) camera with a 13-μm pixel size was placed downstream of the condenser and was used to acquire the output far-field pattern of the condenser. The condenser was adjusted by a high-precision five-dimensional adjustment platform, which could ensure the lens can be accurately placed in a specific position. The photons from the x-ray tube are reflected from the inner surface of the condenser when the incident angle is smaller than the critical angle of total internal reflection and then are detected by the CCD camera. As shown in Figure 5, the incident angle and the location where the photons are reflected are both determinants of the take-off angle. Thus, the far-field pattern of the condenser was produced. The distance between the MXRL and the micro-x-ray tube is about 80 cm. With the measured method mentioned above, the theoretical NA and the working distance ([image: image]) are 1.45 mrad and 117.0 mm, respectively, when the x-ray source is located in the input focal spot (S) of the condenser. After calculation, the theoretical NA and the working distance ([image: image]) are 1.60 mrad and 101.2 mm, respectively, when the condenser is placed 80 cm behind the micro-x-ray tube. The actual measured value of the NA and the working distance is 1.62 mrad and 102.5 mm, respectively. It is obvious that the measured value of the NA agrees well with the theoretical one, which proves the validity of the calculation method proposed in this paper.
2.2.2 Quality of the Far-Field Pattern of the Condenser
The ring shape region of the zone plate in the TXM system is an effective working area used to propagate and magnify the sample image to the CCD detector. In the TXM system, not only the NA of the condenser must match the zone plate but also the illuminating field of the hollow cone beam from the condenser must cover the effective working area of the zone plate. Therefore, the far-field pattern of the condenser is best when a standard ring shape is the effective working area of the condenser. Besides, the intensity distribution of the ring shape facula should be uniform to ensure the uniformity of the image field. The far-field pattern of the condenser mentioned above captured by the CCD detector placed 60 cm away from the condenser is shown in Figure 6. From the figure, we can intuitively observe the roundness and intensity uniformity of the ring shape facula of the condenser.
[image: Figure 6]FIGURE 6 | (A) Far-field pattern of the condenser. (B) Intensity distribution of the far-field pattern.
To quantitatively describe the suitability of the condenser and the zone plate, a polar coordinate system with the center of the far-field pattern of the condenser as the origin was established as shown in Figure 7. Three sets of data as shown in Figure 8 show the quality of the far-field pattern of the condenser: intensity, proportion of the x-ray photons from the measured condenser irradiating on the theoretical region (the ring with the red line in Figure 7), and the ring width at different angles. The ring shape facula was divided into 12 30° parts . The uniformity of the intensity distribution of the ring shape facula is characterized by its standard deviation. In Figure 8A, the standard deviation of the intensity distribution of the ring shape facula is 0.0387, and the average value of the proportion of the x-ray photons from the measured condenser irradiating on the theoretical region is 91.525%. The standard deviation of “0.0387” indicates the degree to which the far-field pattern of the condenser deviates from the theoretical region, and the proportion of the x-ray photons shows that most photons transmitted from the MXRL can be employed for TXM. Figure 8B shows that the root mean square error of the ring width is 3.1 μm. The intensity distribution with the angle reflects the uniformity of the far-field pattern of the condenser. The higher the proportion of the output x-ray beam irradiating on the theoretical region, the higher the utilization rate of the output x-ray photons from the condenser.
[image: Figure 7]FIGURE 7 | Establishment of a polar coordinate system with the center of the far-field pattern of the condenser as the origin (the circle region with the red line is the ideal far-field pattern of the condenser, and the inset at the upper right shows the intensity profile along the white line).
[image: Figure 8]FIGURE 8 | (A) Intensity distribution with angle (red line) and proportion of the output x-ray beam irradiating on the theoretical region. (B) Annulus width of the ring shape facula from the condenser at different angles.
2.2.3 Transmission Efficiency
The transmission efficiency of the MXRL used as a condenser is a significant parameter that influences the imaging efficiency of the TXM system. It is the ratio of all the reflected x-ray photons to the total incident photons intercepted by the condenser. In our experiment, the transmission efficiency of the condenser was measured by a beam stop and pinhole, as shown in Figure 9. With the assistance of the beam stop and pinhole, the incident x-ray beam can be regulated to only illuminate on the inner surface of the condenser. Using the CCD detector, a reflected and direct facula can be obtained with and without the condenser, respectively. Transmission efficiency can be calculated by dividing the intensity of the reflected and direct facula. The MXRL designed for the SSRF had a transmission efficiency of 81.4%, measured using the laboratory x-ray tube.
[image: Figure 9]FIGURE 9 | Transmission efficiency of the condenser by the beam stop and pinhole.
3 DISCUSSION
The performance of the condenser has a significant impact on the performance of the TXM system. The characterization procedure of the MXRL can not only pick out a relatively high-performance MXRL as the condenser in a TXM system but improve the optics manufacturing process according to the feedback of the measurement results. The characterization procedure of the MXRL designed for the condenser in the TXM system includes two parts: optical measurement and x-ray tests. The overall quality of the condenser can be inferred from the optical measurement results of the diameter error and centerline deviation of the condenser. Furthermore, according to the optical measurement results, we can adjust the drawing parameters of the optical fiber drawing machine to make the ID profile of the MXRL be more in line with the ideal one and cut the designed condenser in the proper position from the embryo tube. In the drawing process of the MXRL, the temperature of the heating furnace and the feeding speed of the holder remain unchanged, and the ellipsoidal ID profile of the MXRL is formed by changing the drawing speed. As shown in Figure 10, the ID profile deviates from the ideal one. For the measured ID profile of the MXRL greater and smaller than the design, as shown in Figure 10, we could correspondingly reduce and increase the drawing speed to correct the measured ID profile of the MXRL more close to the ideal profile in the next drawing procession.
[image: Figure 10]FIGURE 10 | ID profile of the embryo tube measured using a light microscope greater (A) and less (B) than the design
The x-ray test with an x-ray source directly indicates the quality of the MXRL as a condenser. Imperfections in the far-field pattern of the condenser are mainly caused by the diameter error and centerline deviation, as mentioned above in the optical measurement. In the past research work, we have simulated that the inner surface imperfections of the condenser influence its performance [23]. The imperfections of the inner surface of the condenser cause nonuniformity in the intensity and ring width of the far-field pattern, which greatly reduces condenser efficiency in the TXM system. Figure 11 shows the simulated and measured deformation of the far-field pattern of the condenser caused by the elliptic deformation and the deviation in the centerline. In the manufacturing process, the main cause of condenser error can be inferred by analyzing the results of optical and x-ray tests. For instance, as shown in Figure 11, for the far-field pattern of the MXRL deformed by elliptic deformation and centerline deviation, we would optimize the manufacturing process by using high-quality glass tubes and rotating the embryo tube to ensure the tube is pulled evenly in the drawing process.
[image: Figure 11]FIGURE 11 | Two main kinds of deformation of the condenser resulting in an imperfect far-field pattern. Simulated (left part) and measured (right part) distorted output facula of the condenser caused by elliptic deformation (A) and center line deviation (B) of the condenser (simulated figure cited from Ref. [23]).
In addition, it should be noted that the characterization of the capillary condenser is related to the measuring condition, such as the energy of incident photons and the size of the x-ray source. Compared to monochromic beams from the synchrotron, the polychromic x-ray beams bring about changes in the intensity distribution of the far-field pattern of the condenser while the shape of the image is not affected. In addition, as the x-ray source size increases, the blurred area in the far-field pattern of the condenser and the NA are increasing, which can be calculated by geometrical optics [24].
4 CONCLUSION
In this study, the procedure for the characterization of the MXRL as a condenser in the TXM system was presented in detail. The procedure mainly includes optical measurement and x-ray tests. According to the results of the quality assessment procedure, we can not only screen out a high-quality MXRL that meets the design as a condenser of the TXM system but also find out the causes resulting in the mismatch between the condenser and the zone plate and then optimize the condenser manufacturing process. Besides, as for the x-ray test, we established a method that tests the condenser designed for synchrotron TXM using a laboratory x-ray source, which overcomes the limited access of the synchrotron source and accelerates the process of manufacturing high-performance condensers.
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