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Abstract：The improved transmission and mirror system for a 263 GHz DNP-NMR spectrometer has been de⁃
signed and numerically simulated based on the geometric optics theory and the vector diffraction theory. The sys⁃
tem includes two corrugated waveguides，a parabolic mirror and an angle-adjustable phase-correcting mirror. The
simulation results show that a well-focused Gaussian-like output wave-beam with 99. 90% scalar Gaussian mode
content，99. 55% vector Gaussian mode content has been obtained. The direction of the output beam can be
changed by only adjusting the angle of the phase-correcting mirror to match the DNP-NMR sample. The scalar
Gaussian mode content is about 99. 57%，and the vector Gaussian mode content is about 98. 97% when the direc⁃
tion of the output beam changes in ± 15o.
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应用于动态核极化核磁共振系统的改进型传输线研究

曹毅超， 陈 强， 张 晨， 宋 韬， 黄 杰， 胡 巧， 刘頔威， 王 维*， 胡 旻，
钟任斌， 沈 皓

（电子科学与工程学院 电子科技大学，四川 成都 610054）
摘要：基于几何光学理论和矢量衍射理论，设计了 263 GHz DNP-NMR谱仪的改进反射镜系统，并进行了数值

模拟 .该系统包括两个波纹波导、一个抛物面镜和一个角度可调的相位校正镜 .仿真结果表明，获得了聚焦良

好的类高斯输出光束，其标量高斯模含量为 99.90%，矢量高斯模含量为 99.55%.只有通过调整相位校正镜的

角度来匹配DNP-NMR样品，才能改变输出光束的方向 .当输出光束方向在±15o变化时，标量高斯模含量约为

99.57%，矢量高斯模含量约为98.97%.
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中图分类号：TN814 文献标识码：A

Introduction
NUCLEAR magnetic resonance（NMR）allows theobservation of specific quantum mechanical magneticproperties of the atomic nucleus. Many scientific tech⁃niques exploit NMR phenomena to study molecular biolo⁃gy，biochemistry，crystals，and non-crystalline materials

through nuclear magnetic resonance spectroscopy［1-4］.
However，low sensitivity and spectral resolution have
been a roadblock limiting its applications. Dynamic nu⁃
clear polarization（DNP） is an NMR technique used to
enhance the sensitivity through irradiation of the electron
spins with electromagnetic waves in the neighborhood of
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their Larmor frequency［5］. To obtain higher resolutionspectra，modern NMR spectroscopy has pushed to muchhigher magnetic fields. The extension of DNP NMR tohigh magnetic fields depends on the development of THzsources of radiation producing few tens of watts of outputpower at the relevant frequencies.Gyrotrons are the most powerful sources of radiationin the range of millimeter，sub-millimeter and terahertzwaves with relatively high power levels，high stability ofthe output parameters，long lifetimes，and efficient scal⁃ing to higher frequency［6-9］. Solid-state devices in THzrange suffer from scalability and efficiency issues thatlead to limited output powers. Classical microwavetubes，e. g.，traveling-wave tube（TWT）and the Ex⁃tended Interaction Klystron（EIK），can produce highpower（hundreds of watts）electromagnetic radiation upto 100 GHz［10］. However，these slow-wave devicesre⁃quire physicalstructures in the interaction region that is muchsmaller than the wavelength of operation，which produc⁃es difficulties with thermal damage and manufacturing ofthe interaction structure when the operation frequency isextended into THz range. Gyrotrons are the only demon⁃strated，highly stable devices capable of producing ade⁃quate power with an adequate lifetime in the frequency ofinterest for DNP NMR［11-12］.At University of Fukui in Japan，a THz gyrotronnamed Gyrotron FU CW VI with a 15 Tesla superconduct⁃ing magnet has been developed recently. It operates atTE06 mode with a continuous frequency tuning band⁃width of approximately 1. 5 GHz at 395. 2 GHz［13］. Thisgyrotron is designed for a 600 MHz DNP-NMR spectrom⁃eter at Institute for Protein Research，Osaka University.Massachusetts Institute of Technology（MIT） has suc⁃ceeded in the operation of the gyrotron at 263 GHz by us⁃ing a 9. 7 T magnet and operating at TE03 mode for MASNMR experiments at ~100 K［14］. A continuous-wave
（CW） tunable second-harmonic 460 GHz gyrotron wasdeveloped at MIT for 700 MHz NMR experiments［15］，which operates at TE11，2 mode with a smooth frequencytuning range of 1 GHz.For a DNP-NMR spectrometer，the power generatedby the THz gyrotron should be transmitted to the samplewith low loss，However，the THz gyrotrons mentionedabove operate at high-order modes，which cannot betransmitted to the sample directly with low loss. A con⁃ventional transmission line for the DNP-NMR spectrosco⁃py is shown in Fig. 1. The transmission line mainly in⁃cludes：a quasi-optical mode converter converting an op⁃erating gyrotron mode into a fundamental Gaussianbeam［16-17］，a large-diameter corrugated waveguide usedto transmit the Gaussian beam with low loss，and the mir⁃rors which are utilized to focus the beam and match thebeam from a large-diameter corrugated waveguide into asmall-diameter corrugated waveguide used in the DNP-NMR probe［12，18］. In order to enhance the Gaussian beamquality radiated at the sample in a DNP-NMR spectrome⁃ter，an improved transmission line for transmitting the ra⁃diation from the THz gyrotron to the NMR probe has been

proposed. In the transmission line，an angle-adjustablephase-correcting mirror is added to improve the Gaussianbeam quality and adjust the direction of output beam.This paper is organized as follows. Section 1 pres⁃ents the design of the improved transmission line. Thenumerical calculation results and discussions are present⁃ed in Section 2. Section 3 is the summary and conclu⁃sions.

1 Design of the transmission line
The structure of the improved transmission line for a263 GHz gyrotron in the 400 MHz DNP-NMR spectrome⁃ter is shown in Fig. 2（a）. The system consists of two me⁃tallic corrugated waveguides，an angle-adjustable phase-correcting mirror and a parabolic mirror. A Gaussianbeam from the Quasi-optical mode converter，as the in⁃put of the transmission line，is radiated into a 22 mm di⁃ameter metallic corrugated waveguide in which thedepth，the width and the period of the corrugation are0. 285 mm，0. 253 mm and 0. 38 mm，respectively.The beam from the 22 mm diameter corrugatedwaveguide is focused with the parabolic mirror，and thephase-correcting mirror is used to correct the amplitudeand phase distributions of the outgoing wave beam to im⁃prove the Gaussian beam content of the beam at the sam⁃ple. The phase-correcting mirror is shown in Fig. 2（b）.These mirrors also match the beam size from the 22 mmcorrugated waveguide into the 8mm corrugated wave⁃guide used in the NMR probe.The vector diffraction theory of electromagneticwaves is utilized to analysis this process［19］. The Stratton-Chu formula presented as follows can be used to calculatethe vector diffraction fields E′ and H′ at the observingpoint P（x′，y′，z′）when the source fields E and H areknown.

E' = ∮
S
jωμ (n × H)GdS

+∮
S
[ (n ⋅ E)∇G + (n × E) × ∇G]dS ，（1）

H' = -∮
S
jωε (n × E)GdS

+∮
S
[ (n ⋅ H)∇G + (n × H) × ∇G]dS ，（2）

where G is the Green function for a point source in the

Fig. 1 The layout of the transmission-line for DNP-NMR spec‐
troscopy
图1 DNP-NMR谱仪传输线的布置



6期 CAO Yi-Chao et al：Investigations on an improved transmission line for THz DNP-NMR spectroscopy

their Larmor frequency［5］. To obtain higher resolutionspectra，modern NMR spectroscopy has pushed to muchhigher magnetic fields. The extension of DNP NMR tohigh magnetic fields depends on the development of THzsources of radiation producing few tens of watts of outputpower at the relevant frequencies.Gyrotrons are the most powerful sources of radiationin the range of millimeter，sub-millimeter and terahertzwaves with relatively high power levels，high stability ofthe output parameters，long lifetimes，and efficient scal⁃ing to higher frequency［6-9］. Solid-state devices in THzrange suffer from scalability and efficiency issues thatlead to limited output powers. Classical microwavetubes，e. g.，traveling-wave tube（TWT）and the Ex⁃tended Interaction Klystron（EIK），can produce highpower（hundreds of watts）electromagnetic radiation upto 100 GHz［10］. However，these slow-wave devicesre⁃quire physicalstructures in the interaction region that is muchsmaller than the wavelength of operation，which produc⁃es difficulties with thermal damage and manufacturing ofthe interaction structure when the operation frequency isextended into THz range. Gyrotrons are the only demon⁃strated，highly stable devices capable of producing ade⁃quate power with an adequate lifetime in the frequency ofinterest for DNP NMR［11-12］.At University of Fukui in Japan，a THz gyrotronnamed Gyrotron FU CW VI with a 15 Tesla superconduct⁃ing magnet has been developed recently. It operates atTE06 mode with a continuous frequency tuning band⁃width of approximately 1. 5 GHz at 395. 2 GHz［13］. Thisgyrotron is designed for a 600 MHz DNP-NMR spectrom⁃eter at Institute for Protein Research，Osaka University.Massachusetts Institute of Technology（MIT） has suc⁃ceeded in the operation of the gyrotron at 263 GHz by us⁃ing a 9. 7 T magnet and operating at TE03 mode for MASNMR experiments at ~100 K［14］. A continuous-wave
（CW） tunable second-harmonic 460 GHz gyrotron wasdeveloped at MIT for 700 MHz NMR experiments［15］，which operates at TE11，2 mode with a smooth frequencytuning range of 1 GHz.For a DNP-NMR spectrometer，the power generatedby the THz gyrotron should be transmitted to the samplewith low loss，However，the THz gyrotrons mentionedabove operate at high-order modes，which cannot betransmitted to the sample directly with low loss. A con⁃ventional transmission line for the DNP-NMR spectrosco⁃py is shown in Fig. 1. The transmission line mainly in⁃cludes：a quasi-optical mode converter converting an op⁃erating gyrotron mode into a fundamental Gaussianbeam［16-17］，a large-diameter corrugated waveguide usedto transmit the Gaussian beam with low loss，and the mir⁃rors which are utilized to focus the beam and match thebeam from a large-diameter corrugated waveguide into asmall-diameter corrugated waveguide used in the DNP-NMR probe［12，18］. In order to enhance the Gaussian beamquality radiated at the sample in a DNP-NMR spectrome⁃ter，an improved transmission line for transmitting the ra⁃diation from the THz gyrotron to the NMR probe has been

proposed. In the transmission line，an angle-adjustablephase-correcting mirror is added to improve the Gaussianbeam quality and adjust the direction of output beam.This paper is organized as follows. Section 1 pres⁃ents the design of the improved transmission line. Thenumerical calculation results and discussions are present⁃ed in Section 2. Section 3 is the summary and conclu⁃sions.

1 Design of the transmission line
The structure of the improved transmission line for a263 GHz gyrotron in the 400 MHz DNP-NMR spectrome⁃ter is shown in Fig. 2（a）. The system consists of two me⁃tallic corrugated waveguides，an angle-adjustable phase-correcting mirror and a parabolic mirror. A Gaussianbeam from the Quasi-optical mode converter，as the in⁃put of the transmission line，is radiated into a 22 mm di⁃ameter metallic corrugated waveguide in which thedepth，the width and the period of the corrugation are0. 285 mm，0. 253 mm and 0. 38 mm，respectively.The beam from the 22 mm diameter corrugatedwaveguide is focused with the parabolic mirror，and thephase-correcting mirror is used to correct the amplitudeand phase distributions of the outgoing wave beam to im⁃prove the Gaussian beam content of the beam at the sam⁃ple. The phase-correcting mirror is shown in Fig. 2（b）.These mirrors also match the beam size from the 22 mmcorrugated waveguide into the 8mm corrugated wave⁃guide used in the NMR probe.The vector diffraction theory of electromagneticwaves is utilized to analysis this process［19］. The Stratton-Chu formula presented as follows can be used to calculatethe vector diffraction fields E′ and H′ at the observingpoint P（x′，y′，z′）when the source fields E and H areknown.

E' = ∮
S
jωμ (n × H)GdS

+∮
S
[ (n ⋅ E)∇G + (n × E) × ∇G]dS ，（1）

H' = -∮
S
jωε (n × E)GdS

+∮
S
[ (n ⋅ H)∇G + (n × H) × ∇G]dS ，（2）

where G is the Green function for a point source in the

Fig. 1 The layout of the transmission-line for DNP-NMR spec‐
troscopy
图1 DNP-NMR谱仪传输线的布置

691



红 外 与 毫 米 波 学 报 38卷

free space.
G = e

- jk0R

4πR ，（3）
where R is the distance between the source point Q（x，
y，z）and the observing point P（x′，y′，z′），k0 is thewave number in free space.

The principle of the phase-correcting mirror isshown in Fig. 3. To obtain the phase of the correctedand adjusted field um ( r)，the original incident beam field
u ( r) at the mirror is multiplied by a phase term

um ( r) = u ( r)ej2k0Δz( r)cosα , （4）
here，ris the position vector of the mirror surface，Δz ( r)isthe surface deformation of the mirror，and αis the angleof the incidence or the reflection wave. The phase-cor⁃recting mirror is optimized through the iteration formulaas follows［20］.
Δzi + 1 ( r) = 1

2k0cosα [
π
2 - arg ( j2k0u ( r)qi ( r)cosα ) ],（5）

qi ( r) = -4 ∬
S0

(ug ( r0 ) - uir ( r0 ) )* ∂∂z G ( r0 - r)dx0dy0,（6）

G ( r0 - r) = exp( - jk0 ( r0 - r) )4π || r0 - r
, （7）

where，G is the Green function，the superscript "*" rep⁃resents the complex conjugate，ur ( r0 )is the field distribu⁃tion of the wave beam at r0，and ug ( r0 ) is the desired fielddistribution.The scalar Gaussian mode content correlation coeffi⁃cient ηsand the vector Gaussian mode content correlationcoefficient ηυare usually used to describe the mode purityof the output beam，which are defined as the amplitudeand phase correlation coefficient of fields to an ideal fun⁃damental Gaussian distribution［21-22］.
ηs = ( ∬

S
| u1 | ⋅ | u2 |dS ) / ∬

S
|| u1
2dS ⋅ ∬

S
|| u2
2dS , （8）

ηυ = | ∬
S
u1 ⋅ u*2dS |2 / ( ∬

S
| u1 |2dS ⋅ ∬

S
| u2 |2dS ). （9）

Fig.2 （a）Sketch of the improved transmission and mirror sys‐
tem, and（b）Shape of the phase-correcting mirror
图 2 （a）改进的透射镜和反射镜系统的结构，（b）相位校正镜
的形状

Fig. 3 Principle of the phase-correcting method
图3 相位矫正原理

Fig. 4 Normalized power distribution of the output field versus
the angle of the phase-corrected mirror（Plotted by Matlab）
图 4 输出场与相位校正镜角度的归一化功率分布（Matlab计
算的结果）

Fig. 5 Normalized power distribution of the output field versus
the angle of the phase-corrected mirror（Plotted byFEKO）
图 5 输出场的归一化功率分布与相位校正镜的角度（FEKO
计算结果）

2 Numerical calculation results
Based on the design and analytic method of thetransmission line in Section 1，the beam field distribu⁃tion at the output window is calculated with Matlab. Thenormalized power distribution at the output window withthe angular adjustment of the phase-correcting mirror isshown in Fig. 4，and the result calculated by FEKO is inFig. 5. FEKO is a 3D full wave electromagnetic simula⁃tion software. Since the MoM is used，FEKO does notneed to set boundary conditions during simulation. It isfound that the beam can keep high fundamental Gaussianmode content when the direction of the output wave-beamchanges within ± 20°. When the angle of the phase-cor⁃recting mirror is 0°，the scalar Gaussian mode content is99. 90%，the vector Gaussian mode content is 99. 55%，the efficiency is up to 96. 20%，and the beam waist is3. 01 mm at the window plane，as shown in Table 1. Theresults calculated by FEKO at the angle of 0° are listedin Table 2.The direction of the output beam can be changed byonly adjusting the angle of the phase-correcting mirror tomatch the DNP-NMR sample. As shown in Fig. 6，whenthe direction of the output beam change from -15° to 15°，the scalar and the vector Gaussian mode content at theoutput window always keep 99. 70% ± 0. 2% and 99. 3%± 0. 2%，respectively. The electric field distribution atthe cross section of the improved transmission line from a3D simulation software FEKO is presented in Fig. 7.

3 Conclusion
The improved transmission and mirror system for a263 GHz DNP-NMR spectrometer have been designedand numerically simulated in this paper based on the geo⁃metric optics theory and the vector diffraction theory. Nu⁃merical calculations and the results of FEKO show thephase-correcting mirror added in the improved transmis⁃sion line can improve the scalar and vector Gaussianmode contents of the output beam. When the angle of thephase-correcting mirror is 0° ， the scalar and vectorGaussian mode content are 99. 90% and 99. 55%，re⁃spectively. Meanwhile，the direction of the output beamcan be changed by only adjusting the angle of the angle-

adjustable phase-correcting mirror. The scalar Gaussianmode content is about 99. 57% and the vector Gaussianmode content is about 98. 97% when the direction of theoutput beam changes within ± 15°. This improved trans⁃mission and mirror system give an efficient solution to theproblem of transmission for a 400 MHz DNP-NMR spec⁃trometer.
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Fig. 7 The electric field distribution of the cross section of the
improved transmission line from 3-D simulation software FEKO
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图 7 用FEKO三维模拟软件计算改进后的输电线路截面电场
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2 Numerical calculation results
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