
System Integration of Superconducting Tunnel Junction Detectors 
for Measurement of Unrevealed Material Information

N. Yoshikawa et al., Japan

SFQ-TDC Time-to-digital converter
for ion detection in mass spectrometry

200 µm square

STJNb/Al

M. Ohkubo, M. Ukibe, S. Shiki, N. Zen, and G. Fujii
AIST, Japan

G. Fujii, We-C-DET-05

A. Casaburi, Fr-C-DET-01

M. Ukibe, Exhibition

A. Casaburi
R. Cristiano
CNR, Italy

Z. Wang et al.
NICT, Japan

Nb, NbN, MgB2

H. Shibata, Kitami

                  IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2017. 
This invited oral presentation We-I-DET-05 was given at ISEC 2017.              

1
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Presentation Notes
The superconducting detector devices that we are producing in the CRAVITY facility at AIST are Superconducting Tunnel Junction (STJ) X-ray or Particle Detectors, Superconducting nanoStrip Particle Detector (SSPDs), and SFQ digital devices such as time-to-digital converter. Information on CRAVITY and other devices is available in ref. 1 or 2. The collaborators and the related ISEC presentations are shown in this slide.

In this talk, we focus on the system integration for a soft X-ray STJ spectrometer that is used at a beam line at KEK Photon Factory (KEK PF), Tsukuba, Japan. The superconducting detectors overcome the limits of conventional analytical instruments.3

1. https://unit.aist.go.jp/neri/cravity/en/brochure%20of%20CRAVITY.PDF
2. https://unit.aist.go.jp/neri/cravity/en/index.html
3. D. Winkler, Supercond. Sci. Technol. 16, 1583 (2003).
4. M. Ohkubo et al., IEEE Trans. Super. 24, 2400208 (2014).



System integration
1995

Single pixel Preamp. Shaping amp. MCA

2015

100 ch. ➔ 512 ➔ 1024 Preamp.
Shaping amp. + MCA

wiring FPGA-based DSP
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In 1995, we started in building an STJ X-ray spectrometer. In those days, it was an experiment on detecting the Mn-K line of 5.9 keV from 55Fe with an STJ pixel with a few 100 nm-thick Nb electrode. Since the absorption efficiency at 5.9 keV is only about 5 %, practical use for X-ray analytical instruments was impossible from the beginning. Furthermore, the system consisted of one channel readout with a discrete preamplifier, an analog shaping amplifier, and a multichannel analyzer (MCA). Thus, the sensitive area was only 100 x 100 µm2. The microfabrication of large junctions was unreliable. Even when we got a junction with a low leakage current luckily, the energy resolution was also very much worse than that of semiconductor detectors. Cooling to 0.3 K required liquid nitrogen, liquid helium, a time over 10 h, and continuous man power. Consequently, it was impossible to analyze advanced materials with the STJ spectrometer. Instead of measuring samples, we tried to measure and analyze STJ itself to find out what was happening to the STJ: top and bottom electrode response and spatial inhomogeneity, for example.1, 2

After the efforts for about 20 years, the current system has been highly integrated so as to realize an X-ray system with 100 or more pixels. The 100- to 1024-pixle STJ array detectors can be reproducibly fabricated in CRAVITY. The signal readout for 100 pixels is performed in parallel. We focus on a soft X-ray region below 1 keV, in which Nb/Al-based STJs can absorb X-ray photons at >60% and cover the K-lines of light elements. More importantly, the energy resolution is 4 eV for the N-K line with a total system count rate of 200 kcps. Cryogen supply is unnecessary now: pushing a cooling start button gives you 0.3 K automatically. The 100 pixel models were installed in a synchrotron radiation beam line at KEK PF and SEM. The STJ technology has matured, and the STJ spectrometers are in routine use for analyzing advanced functional and structural materials.

1. M. Ohkubo et al., Phys. Rev. B 54, 9484 (1996).
2. H. Pressler et al., Appl. Phys. Lett. 77, 4055 (2000).



KEK PF BL13A
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An example of the installation is shown here. That is the Superconducting X-ray Absorption Fine Structure spectrometer (SC-XAFS) at the BL-13A or other beam lines in KEK Photon Factory (PF).



Superconducting detectors

Two spectroscopic domains

Type Energy Time (decay) Temp.

Calorimeter
TES, MMC…

Extremely high 
(1.2 eV@ 6 keV)

Slow (ms) < 0.1 K

STJ
High

(4.1 eV@ 392 V)
Fast (µs) 0.3 K

SSPD
(nano-strip) N/A

Extremely 
fast (1 ns)

> 4.2 K

Third demand for superconductivity has emerged: high spatial 
resolution SSPD for synchrotron radiation facilities.
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Superconducting X-ray detectors are categorized in terms of energy resolution, time response that is dead-time after photon absorption, and operation temperature in the table. The calorimeters such as TES and MMC belong to the thermal detector type, which measures temperature rise after X-ray photon absorption and a thermometer produces electric signal. The energy resolution is independent of incoming photon energy (E)). On the other hand, STJ and SSPD are categorized as the quantum detector type, which converts incoming photons to electric signal directly. The thermal detectors exhibit the highest energy resolution of 1 eV not depending on E, but the dead-time is long or photon count rate is low. The quantum detectors exhibit an energy resolution > 10 times higher than that of latest silicon drift detectors (SDDs) in a soft X-ray region and a fast recovery time, resulting in a high photon count rate over a few k cps/pixel. The STJ energy resolution is proportional to the square root E. Superconductivity enables high energy resolution or high count rate compared with conventional detectors. Recently, the third demand for superconductivity has emerged, that is a high spatial resolution. This will be reported separately.
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There are two usages of STJ X-ray spectrometers. X-ray absorption is seeing unoccupied electronic states, which is called X-ray Absorption Near Edge Structure (XANES) that represents the density of the states (DOSs) of electrons in conduction band. On the other hand, X-ray emission is seeing occupied electronics states, which is called X-ray Emission Spectroscopy (XES) that represents the density of the states of electrons in valence band. These two spectroscopic methods are complementary.

XANES requires prove X-ray beam with a energy width of < 0.1 eV, so that you have to go to synchrotron radiation. In order to measure electronic structure of trace elements in solids, characteristic X-ray emission of K lines is used to select specific elements. For > 2 keV, semiconductor detectors works fine for most cases. However, for < 1 keV, a trace light element in a light element matrix, semiconductor detectors with an energy resolution of 50-120 eV often face difficulty in detecting trace light elements because of peak overlap. The required energy resolution is about 10 eV that is a natural line width of the light elements characteristic X-rays from solids. There is a review by S. Friedrich for synchrotron radiation use.1

XES just measures peak shape of the characteristic X-rays at a high resolution. The probe beam to kick out electrons in the K-shell can be any of X-ray photons, electrons, ions, so that one of the best ways is to use scanning electron microscopy. The experiment can be performed in lab., which is convenient for users. However, a high energy resolution of a few eV or better is required to measure peak shape.

S. Friedrich, J. Synchrotron Rad. 13, 159 (2006).




High energy resolution is required for
element selection and line shape

SDD, EPMA vs. STJ
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Please remember an energy resolution (E) of 10 eV is enough for XANES of trace light elements and a few eV or better is required for XES. This slide shows a comparison among a silicon drift detector (SDD) with E = 70 eV, a wave-dispersive spectrometer (WDS) with E = 9 eV, and STJ with E = 10 eV for the N-K line from boron nitride excited by a CNT e-gun in the slide. The natural width of the N-K line is about 10 eV. Thus, the WDS and STJ resolution values do not reflect the detector performance, but the natural line width. In order to pick up a particular light element, current Nb/Al-based STJ energy resolution is enough.
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quasiparticles, is1.7Δ, M. Kurakado, NIM (1969).

0.5 eV@400 eV (N-K line)

Photon counting rate = > 1000 cps/pixel

100-200 µm
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The cross section of an STJ is shown in left-bottom. The X-ray detection principle is simple. When an X-ray photon is absorbed in the Nb electrode, Cooper pairs are broken and a lot of quasiparticles are generated. The quasiparticles tunnel through the 1 nm-thick tunnel burrier, which makes a current pulse. The pulse height corresponds to the energy of an incoming X-ray photon.

The energy resolution of quantum detectors that directly convert incoming X-ray photons to electric pulses is governed by Poisson statistics. It means that the larger the number of excitations like quasiparticles is, the smaller the fluctuation is, which results in a higher energy resolution. In principle, about 30 times better energy resolution than silicon detectors is possible. For Nb, they are 2 eV at 6 keV and 0.5 eV for 400 eV. Nevertheless, it is difficult to reach these values in reality.



SDD 70 eV

Real energy resolution @ synchrotron radiation

(392 eV)
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The measurement of energy resolution of STJ in a soft X-ray range should be performed in synchrotron radiation beam line, since X-ray source using electron beam cannot produce a sharp line with a width better than 10 eV. This slid shows an Nb/Al-based STJ response that is the response function to the nonthematized 400 eV photons that almost coincides 392 eV of the N-K line of isolated nitrogen not suffering chemical shift in solids. The energy resolution of the best Nb STJ pixel with a size of 100 x 100 µm2 is 4.1 eV in FWHM at 400 eV. That is more than 10 times better than 70 eV of silicon drift detector (SDD). The average energy resolution of 100 pixels is 6.6 eV. The pixel-to-pixel standard deviation is 2.8 eV.

A better energy resolution 2.4 eV at 400 eV was obtained by 208 µm-square Ta-based STJ.1 We are looking for a way to get 1 eV energy resolution. The 1.0 eV energy resolution independent of the energy of incoming X-rays below 1 keV has been achieved by TES,2 but a high count rate performance isn’t easy.

1. W. K. Warbueron, J. T. Harris, and S. Friedrich, Nucl. Instrum. Methods in Phys. Res. A 784, 236 (2015).
2. W. B. Doriese et al., Rev. Sci. Instrum. 88, 053108 (2016).



Energy resolution vs. photon energy of the best pixel
Synchrotron radition@400 eV
FPGA-based real time DSP

E4.1 eV
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This slide shows energy resolution values as a function of the incoming X-ray photon energies (E). The dotted line denotes the square root of E that is expected for quantum detectors. It is observed that the Nb STJ exhibit 4-6 eV resolution below 800 eV and the energy resolution degrades above it. Nevertheless, 15 eV above 1200 eV is still several time better than silicon drift detectors (SDDs).



High count rate of the 100-ch STJ system

Real time signal
processing

200 k cps
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Count rate of the energy dispersive spectrometers is critical for synchrotron radiation or SEM experiment for high throughput analysis. We used carbon tape on Al plate with CNT electron gun. Peak width of the C-K line was measured by increasing the current of the electron gun. The inset shows a pulse height spectrum. The natural line width of the C-K line is 12.5 eV. The energy resolution begins to degrade over 200 k counts/sec (cps). This is the total operation result of the 100 pixel STJ system with multi-channel preamplifiers, FPGA-based digital signal processors. Off-line signal processing is unnecessary. The real time processing is required for most cases of material analysis in order to adjust experimental condition timely. It may be more than 1000 times faster than thermal detectors such as TES or MMC. 



Fluorescence Yield-XAFS
N Ka

392eV
O Ka

525eV

520eV

530eV

535eV

540eV

545eV

550eV

555eV

560eV

                  IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2017. 
This invited oral presentation We-I-DET-05 was given at ISEC 2017.              

11

Presenter
Presentation Notes
This slide shows how to measure XANES spectra. The sample was SiC. The energy of the SR probe beam was scanned from 520 eV to 560 eV. Meanwhile, pulse height spectra of the characteristic X-rays were recorded. At 533 eV, the O-K signal begins to appear. The oxygen atoms in the sample is caused by the oxidized surface layer. Please note that the absorption edge energy of carbon is 284 eV, so that the C-K lines are present at all SR energies in this scan rage. With the energy resolution of better than 10 eV, one can separate the O-K without any overlap between the C-K and the O-K. The XANES spectrum is plotted to collect the O-K line only, as shown in the inset.



Summation of 100 pixels data at 453 eV

Nitrogen dopant (300 ppm) in SiC

SiC:N
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More difficult case is seen in the nitrogen dopant in a compound semiconductor SiC. Nobody had measured XANES spectrum of the N-dopant in SiC before us. There is no visible peak for the N-K in the inset that is a linear plot of the STJ pulse height spectrum, while the faint peak of the N-K is recognized in the log plot. That N-K peak is clearly separated from the strong C-K peak that comes from the matrix. By setting a window for the N-K, the N-K XANES spectrum was successfully acquired.




XAFS of N dopant in SiC (4 x 1019 cm-3)
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CC-3
Sticky Note
The comparison between the experimental XANES spectra and the fist-principles calculation shows that the ion implanted nitrogen atoms occupy the carbon sites in 3C or 4H SiC crystal. The detailed analysis is available in ref. 1.

1. M. Ohkubo, et al., Sci. Rep. 2, 831 (2012).



Carbon fiber
Resin

X-ray emission spectroscopy of C-K

C C
H
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H

H
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This is an example of X-ray emission spectroscopy using SEM equipped with the STJ detector. The sample is carbon fiber reinforced plastic (CFRP) supplied by Nippon Steel & Sumikin Chemical. CFRP is used for main wings of aircrafts these days. We tried to measure chemical state difference between the carbon in the carbon fiber and the carbon in matrix resin. The chemical bonds are different between in the carbon fiber and in the resin, so that the C-K peaks that represent DOS of the occupied states should be different. The satellite hill in the resin is observed, which is typically observed with WDS, while no hill is observed in the fiber. In addition, it may show the different in  and  bonds at the high energy slow. The 4 eV energy resolution makes the C-K peak shape measurement possible, but 1 eV energy resolution is preferable in future.

The CFRP sample was prepared by Nippon Steel & Sumikin Chemical.



Latest STJ array detector for XAFS and PIXE



M. Hidaka

SFQ logic

2D layout

Top view

Cross section

3D layout



Close-packed arrangement
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Our conventional STJ pixel design was 2D layout with wiring leads run in the same layer of the bottom electrode of STJ or on the top electrode. In order to avoid for the wiring leads running on the STJ pixels, one of our designs was rectangular pixel layout. However, it has a limit of the pixel number. The solution is to use CMP planarization technique for SFQ logic circuits. The new 3D layout looks like the right figure, in which the wiring leads are embedded underneath the STJ pixels. A close-packed square arrangement with minimum dead space is possible.

1. G. Fujii et al., Supercond. Sci. Technol. 28, 104005 (2015).



Upgrade to 512-1024 pixels

2 mm

G. Fujii and M. Ukibe 1024 pixels

6 MeV Van de Graff accelerator

S. Shiki
Microbeam Particle-Induced X-ray
Emission (PIXE) with 512 STJs
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The 3D layout enables 512 – 1024 pixels. A 512 STJ system is now under installation in a beam line for particle induced X-ray emission at Tsukuba University with the support of SIP structural materials for innovation project.




Summary

• SR: X-ray absorption spectroscopy (XAS) for light elements
• SEM: X-ray emission spectroscopy for light elements

B, C, N in alloys CFRP main wings
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Thank you very much.
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1

The superconducting detector devices that we are producing in the CRAVITY facility at AIST are Superconducting Tunnel Junction (STJ) X-ray or Particle Detectors, Superconducting nanoStrip Particle Detector (SSPDs), and SFQ digital devices such as time-to-digital converter. Information on CRAVITY and other devices is available in ref. 1 or 2. The collaborators and the related ISEC presentations are shown in this slide.



In this talk, we focus on the system integration for a soft X-ray STJ spectrometer that is used at a beam line at KEK Photon Factory (KEK PF), Tsukuba, Japan. The superconducting detectors overcome the limits of conventional analytical instruments.3



1. https://unit.aist.go.jp/neri/cravity/en/brochure%20of%20CRAVITY.PDF

2. https://unit.aist.go.jp/neri/cravity/en/index.html

3. D. Winkler, Supercond. Sci. Technol. 16, 1583 (2003).

4. M. Ohkubo et al., IEEE Trans. Super. 24, 2400208 (2014).



System integration
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In 1995, we started in building an STJ X-ray spectrometer. In those days, it was an experiment on detecting the Mn-K line of 5.9 keV from 55Fe with an STJ pixel with a few 100 nm-thick Nb electrode. Since the absorption efficiency at 5.9 keV is only about 5 %, practical use for X-ray analytical instruments was impossible from the beginning. Furthermore, the system consisted of one channel readout with a discrete preamplifier, an analog shaping amplifier, and a multichannel analyzer (MCA). Thus, the sensitive area was only 100 x 100 µm2. The microfabrication of large junctions was unreliable. Even when we got a junction with a low leakage current luckily, the energy resolution was also very much worse than that of semiconductor detectors. Cooling to 0.3 K required liquid nitrogen, liquid helium, a time over 10 h, and continuous man power. Consequently, it was impossible to analyze advanced materials with the STJ spectrometer. Instead of measuring samples, we tried to measure and analyze STJ itself to find out what was happening to the STJ: top and bottom electrode response and spatial inhomogeneity, for example.1, 2



After the efforts for about 20 years, the current system has been highly integrated so as to realize an X-ray system with 100 or more pixels. The 100- to 1024-pixle STJ array detectors can be reproducibly fabricated in CRAVITY. The signal readout for 100 pixels is performed in parallel. We focus on a soft X-ray region below 1 keV, in which Nb/Al-based STJs can absorb X-ray photons at >60% and cover the K-lines of light elements. More importantly, the energy resolution is 4 eV for the N-K line with a total system count rate of 200 kcps. Cryogen supply is unnecessary now: pushing a cooling start button gives you 0.3 K automatically. The 100 pixel models were installed in a synchrotron radiation beam line at KEK PF and SEM. The STJ technology has matured, and the STJ spectrometers are in routine use for analyzing advanced functional and structural materials.



1. M. Ohkubo et al., Phys. Rev. B 54, 9484 (1996).

2. H. Pressler et al., Appl. Phys. Lett. 77, 4055 (2000).
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KEK PF BL13A

SR







An example of the installation is shown here. That is the Superconducting X-ray Absorption Fine Structure spectrometer (SC-XAFS) at the BL-13A or other beam lines in KEK Photon Factory (PF).
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Superconducting detectors

				Two spectroscopic domains				

		Type		Energy		Time (decay)		Temp.

		Calorimeter
TES, MMC…		Extremely high (1.2 eV@ 6 keV)		  Slow (ms)		< 0.1 K

		STJ		High
(4.1 eV@ 392 V)		  Fast (µs)		0.3 K

		SSPD
(nano-strip)		N/A		  Extremely  
  fast (1 ns)		> 4.2 K



Third demand for superconductivity has emerged: high spatial resolution SSPD for synchrotron radiation facilities.







Superconducting X-ray detectors are categorized in terms of energy resolution, time response that is dead-time after photon absorption, and operation temperature in the table. The calorimeters such as TES and MMC belong to the thermal detector type, which measures temperature rise after X-ray photon absorption and a thermometer produces electric signal. The energy resolution is independent of incoming photon energy (E)). On the other hand, STJ and SSPD are categorized as the quantum detector type, which converts incoming photons to electric signal directly. The thermal detectors exhibit the highest energy resolution of 1 eV not depending on E, but the dead-time is long or photon count rate is low. The quantum detectors exhibit an energy resolution > 10 times higher than that of latest silicon drift detectors (SDDs) in a soft X-ray region and a fast recovery time, resulting in a high photon count rate over a few k cps/pixel. The STJ energy resolution is proportional to the square root E. Superconductivity enables high energy resolution or high count rate compared with conventional detectors. Recently, the third demand for superconductivity has emerged, that is a high spatial resolution. This will be reported separately.
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X-ray Absorption Near Edge Structure (XANES) and X-ray Emission Spectroscopy (XES)
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There are two usages of STJ X-ray spectrometers. X-ray absorption is seeing unoccupied electronic states, which is called X-ray Absorption Near Edge Structure (XANES) that represents the density of the states (DOSs) of electrons in conduction band. On the other hand, X-ray emission is seeing occupied electronics states, which is called X-ray Emission Spectroscopy (XES) that represents the density of the states of electrons in valence band. These two spectroscopic methods are complementary.



XANES requires prove X-ray beam with a energy width of < 0.1 eV, so that you have to go to synchrotron radiation. In order to measure electronic structure of trace elements in solids, characteristic X-ray emission of K lines is used to select specific elements. For > 2 keV, semiconductor detectors works fine for most cases. However, for < 1 keV, a trace light element in a light element matrix, semiconductor detectors with an energy resolution of 50-120 eV often face difficulty in detecting trace light elements because of peak overlap. The required energy resolution is about 10 eV that is a natural line width of the light elements characteristic X-rays from solids. There is a review by S. Friedrich for synchrotron radiation use.1



XES just measures peak shape of the characteristic X-rays at a high resolution. The probe beam to kick out electrons in the K-shell can be any of X-ray photons, electrons, ions, so that one of the best ways is to use scanning electron microscopy. The experiment can be performed in lab., which is convenient for users. However, a high energy resolution of a few eV or better is required to measure peak shape.



S. Friedrich, J. Synchrotron Rad. 13, 159 (2006).
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High energy resolution is required for
element selection and line shape

SDD, EPMA vs. STJ







Please remember an energy resolution (E) of 10 eV is enough for XANES of trace light elements and a few eV or better is required for XES. This slide shows a comparison among a silicon drift detector (SDD) with E = 70 eV, a wave-dispersive spectrometer (WDS) with E = 9 eV, and STJ with E = 10 eV for the N-K line from boron nitride excited by a CNT e-gun in the slide. The natural width of the N-K line is about 10 eV. Thus, the WDS and STJ resolution values do not reflect the detector performance, but the natural line width. In order to pick up a particular light element, current Nb/Al-based STJ energy resolution is enough.
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STJ detector











Photoelectric effect

Phonons creation





Nb

Nb

Al

Al

Si substrate

1 nm AlOx

300 nm































Tunneling current 

Photoelectrons or Phonons

Cross-sectional TEM





Nb

Nb

Al

Al

Si substrate

Tunneling current 



STJ



2Δ





X-ray photon

S  I  S

ε = 1.7D = 2.6 meV (~ 1 eV in Si)

Debye energy(εD) = 24 meV (Nb)

The ε value, which is a threshold energy to create quasiparticles, is1.7Δ, M. Kurakado, NIM (1969).

0.5 eV@400 eV (N-K line)





Photon counting rate = > 1000 cps/pixel

100-200 µm
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The cross section of an STJ is shown in left-bottom. The X-ray detection principle is simple. When an X-ray photon is absorbed in the Nb electrode, Cooper pairs are broken and a lot of quasiparticles are generated. The quasiparticles tunnel through the 1 nm-thick tunnel burrier, which makes a current pulse. The pulse height corresponds to the energy of an incoming X-ray photon.



The energy resolution of quantum detectors that directly convert incoming X-ray photons to electric pulses is governed by Poisson statistics. It means that the larger the number of excitations like quasiparticles is, the smaller the fluctuation is, which results in a higher energy resolution. In principle, about 30 times better energy resolution than silicon detectors is possible. For Nb, they are 2 eV at 6 keV and 0.5 eV for 400 eV. Nevertheless, it is difficult to reach these values in reality.





SDD 70 eV

Real energy resolution @ synchrotron radiation

(392 eV)







The measurement of energy resolution of STJ in a soft X-ray range should be performed in synchrotron radiation beam line, since X-ray source using electron beam cannot produce a sharp line with a width better than 10 eV. This slid shows an Nb/Al-based STJ response that is the response function to the nonthematized 400 eV photons that almost coincides 392 eV of the N-K line of isolated nitrogen not suffering chemical shift in solids. The energy resolution of the best Nb STJ pixel with a size of 100 x 100 µm2 is 4.1 eV in FWHM at 400 eV. That is more than 10 times better than 70 eV of silicon drift detector (SDD). The average energy resolution of 100 pixels is 6.6 eV. The pixel-to-pixel standard deviation is 2.8 eV.



A better energy resolution 2.4 eV at 400 eV was obtained by 208 µm-square Ta-based STJ.1 We are looking for a way to get 1 eV energy resolution. The 1.0 eV energy resolution independent of the energy of incoming X-rays below 1 keV has been achieved by TES,2 but a high count rate performance isn’t easy.



1. W. K. Warbueron, J. T. Harris, and S. Friedrich, Nucl. Instrum. Methods in Phys. Res. A 784, 236 (2015).

2. W. B. Doriese et al., Rev. Sci. Instrum. 88, 053108 (2016).
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Energy resolution vs. photon energy of the best pixel





Synchrotron radition@400 eV

FPGA-based real time DSP



E

4.1 eV









This slide shows energy resolution values as a function of the incoming X-ray photon energies (E). The dotted line denotes the square root of E that is expected for quantum detectors. It is observed that the Nb STJ exhibit 4-6 eV resolution below 800 eV and the energy resolution degrades above it. Nevertheless, 15 eV above 1200 eV is still several time better than silicon drift detectors (SDDs).
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High count rate of the 100-ch STJ system

Real time signal

processing

200 k cps







Count rate of the energy dispersive spectrometers is critical for synchrotron radiation or SEM experiment for high throughput analysis. We used carbon tape on Al plate with CNT electron gun. Peak width of the C-K line was measured by increasing the current of the electron gun. The inset shows a pulse height spectrum. The natural line width of the C-K line is 12.5 eV. The energy resolution begins to degrade over 200 k counts/sec (cps). This is the total operation result of the 100 pixel STJ system with multi-channel preamplifiers, FPGA-based digital signal processors. Off-line signal processing is unnecessary. The real time processing is required for most cases of material analysis in order to adjust experimental condition timely. It may be more than 1000 times faster than thermal detectors such as TES or MMC. 
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Fluorescence Yield-XAFS

N Ka

392eV

O Ka

525eV



520eV

530eV

535eV

540eV

545eV

550eV

555eV

560eV









This slide shows how to measure XANES spectra. The sample was SiC. The energy of the SR probe beam was scanned from 520 eV to 560 eV. Meanwhile, pulse height spectra of the characteristic X-rays were recorded. At 533 eV, the O-K signal begins to appear. The oxygen atoms in the sample is caused by the oxidized surface layer. Please note that the absorption edge energy of carbon is 284 eV, so that the C-K lines are present at all SR energies in this scan rage. With the energy resolution of better than 10 eV, one can separate the O-K without any overlap between the C-K and the O-K. The XANES spectrum is plotted to collect the O-K line only, as shown in the inset.
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Summation of 100 pixels data at 453 eV





Nitrogen dopant (300 ppm) in SiC





SiC:N







More difficult case is seen in the nitrogen dopant in a compound semiconductor SiC. Nobody had measured XANES spectrum of the N-dopant in SiC before us. There is no visible peak for the N-K in the inset that is a linear plot of the STJ pulse height spectrum, while the faint peak of the N-K is recognized in the log plot. That N-K peak is clearly separated from the strong C-K peak that comes from the matrix. By setting a window for the N-K, the N-K XANES spectrum was successfully acquired.
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XAFS of N dopant in SiC (4 x 1019 cm-3)





XANES experiment

First-principles calculation

Ion channeling

Substitution sites

M. Ohkubo, et al., Sci. Rep. 2, 831 (2012); DOI:10.1038/srep00831.





SiC:N







The comparison between the experimental XANES spectra and the fist-principles calculation shows that the ion implanted nitrogen atoms occupy the carbon sites in 3C or 4H SiC crystal. The detailed analysis is available in ref. 1.



1. M. Ohkubo, et al., Sci. Rep. 2, 831 (2012).
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Carbon fiber

Resin

X-ray emission spectroscopy of C-K





C

C

H

H

H

H













 bond

 bond

Typically observed

with WDX









This is an example of X-ray emission spectroscopy using SEM equipped with the STJ detector. The sample is carbon fiber reinforced plastic (CFRP) supplied by Nippon Steel & Sumikin Chemical. CFRP is used for main wings of aircrafts these days. We tried to measure chemical state difference between the carbon in the carbon fiber and the carbon in matrix resin. The chemical bonds are different between in the carbon fiber and in the resin, so that the C-K peaks that represent DOS of the occupied states should be different. The satellite hill in the resin is observed, which is typically observed with WDS, while no hill is observed in the fiber. In addition, it may show the different in  and  bonds at the high energy slow. The 4 eV energy resolution makes the C-K peak shape measurement possible, but 1 eV energy resolution is preferable in future.



The CFRP sample was prepared by Nippon Steel & Sumikin Chemical.

14



Latest STJ array detector for XAFS and PIXE







M. Hidaka

SFQ logic



2D layout





Top view

Cross section

3D layout



Close-packed arrangement

100 µm-square STJs







Our conventional STJ pixel design was 2D layout with wiring leads run in the same layer of the bottom electrode of STJ or on the top electrode. In order to avoid for the wiring leads running on the STJ pixels, one of our designs was rectangular pixel layout. However, it has a limit of the pixel number. The solution is to use CMP planarization technique for SFQ logic circuits. The new 3D layout looks like the right figure, in which the wiring leads are embedded underneath the STJ pixels. A close-packed square arrangement with minimum dead space is possible.



1. G. Fujii et al., Supercond. Sci. Technol. 28, 104005 (2015).
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Upgrade to 512-1024 pixels



2 mm

G. Fujii and M. Ukibe 1024 pixels







6 MeV Van de Graff accelerator

S. Shiki

Microbeam Particle-Induced X-ray Emission (PIXE) with 512 STJs









The 3D layout enables 512 – 1024 pixels. A 512 STJ system is now under installation in a beam line for particle induced X-ray emission at Tsukuba University with the support of SIP structural materials for innovation project.
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Summary

SR: X-ray absorption spectroscopy (XAS) for light elements

SEM: X-ray emission spectroscopy for light elements

Ion accelerator: Particle induced X-ray emission (PIXE)

Astrophysics: neutrino mass determination by far-IR photon spectroscopy (15 - 30 meV range) with Tsukuba Uni.

Atmospheric escape from planets (FLUXONICS)

Prebiotic organic molecule in universe (FLUXONICS)

New trend of SSPD: high spatial resolution (5 meV)



B, C, N in alloys



CFRP main wings







Thank you very much.
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