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Abstract— Periodic structures that reduce the velocity of 

electromagnetic wave propagation are widely used in electron 
beam driven microwave vacuum electronic sources.  When the 
frequency increases into the mm-wave region such structures 
become difficult to manufacture because of the small physical 
dimensions. “Additive Manufacturing” or “3D printing” offers 
the possibility of constructing certain types of components 
quickly, efficiently and relatively inexpensively. Many questions 
arise however, including what structural resolution is 
obtainable, the surface roughness, surface electrical resistivity 
and vacuum compatibility. To address some of these questions 
the performance of a periodic structure manufactured using a 
3D printing technique and designed for W-band operation (75-
110GHz) is evaluated and reported in the present work. 
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I.  INTRODUCTION 
“Additive Manufacturing” [1] or “3D printing” offers the 

possibility of constructing certain types of components 
quickly, efficiently and relatively inexpensively but many 
questions arise, including what structural resolution is 
obtainable, the surface roughness, surface electrical 
resistivity and vacuum compatibility. To address some of 
these questions a periodic structure designed to operate as a 
W-band source (75-110GHz) has been manufactured using a 
3D printing technique and is evaluated and reported in the 
present work. 

High power radiation in the millimeter range can be 
produced using electron beam driven vacuum electronic 
sources that exploit novel periodic surface structures [2-5]. 
Subsequent development has allowed MW output powers at 
frequencies of ~35 GHz [5]. References [2-6] used periodic 
surface structures in a fast-wave interaction but slow-wave 
interactions with an electron beam can also be facilitated 
with an appropriately designed periodic surface structure. 

One of the successful methods of constructing periodic 
surface lattices (PSLs) involves milling sinusoidal 
perturbations on the outer wall of an aluminum former and 
electrodepositing copper directly onto the surface [7-11]. The 
aluminum is then dissolved in a strong alkaline solution, 
leaving the copper PSL structure with the perturbations on 
the inner surface. A 2D PSL was successfully created by this 
method and good agreement between theoretical predictions 

[10] and experimental measurement of the properties of the 
2D PSL was achieved [11].  

II. RESULTS 
3D printing, developed in the mid 1980’s, demonstrates 

an ever-increasing number of applications. The tolerances 
achievable with 3D printing are projected to improve over 
time as the technology develops, resulting in higher degrees 
of accuracy. 3D printing is used in the initial creative process 
that results in structures such as the example shown in Fig. 1. 
It involves an additive process by which consecutive layers 
in the x-z plane are deposited sequentially in the +ve y 
direction. The printing process follows the pattern in a given 
CAD input file, usually in the STL (Stereolithograph) file 
format where every face is built from a series of 
interconnected triangles represented by 3 separate 32-bit 
floating-point Cartesian coordinates. The physical parameters 
of the W-band (75-110GHz) 2D PSL are shown in Table 1.  
The design is sliced into digital layers so that a curve is 
‘approximated’ by many square-sided slices, with the 
thickness of each layer representing the resolution of that 
particular 3D printing process. 

The cylindrical 2D periodic structure can be described by 
equation (1) 

)cos(0 φmzkrrr z +Δ+=   (1) 

where r0 is the radius of the unperturbed waveguide, r is 
the amplitude of the corrugation, zz dk π2= , where dz is the 
period of the corrugation over the z - coordinate and m is the 
number of azimuthal variations of the corrugation. 

TABLE I.  THE PHYSICAL PARAMETERS FOR THE 2D PSL 

Longitudinal Period dz 1.6 mm

Azimuthal Variations m 7

Number of Longitudinal Periods x 16

Perturbation Amplitude r 800 microns

Mean Radius r 4.4 mm

The perturbation amplitude is 800 microns (1.6mm peak 
to peak). Representation of this structure with layers of 16 
microns results in a reasonable level of accuracy and the 
finished component appears to hold an adequate level of 
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detail. In the case of this specific piece the complete part was 
printed in wax and this former was then used to create a 
suitable mold into which a molten silver (92.5%) chromium 
(7.5%) alloy was set, with the resultant component having an 
overall final resolution within ± 125 microns.  

 

 
Fig. 1. Cylindrical PSL manufactured using 3D printing. 

The 2D PSL structure was successfully incorporated in a 
cold test system with the transmission of millimeter waves 
measured using a Vector Network Analyzer (VNA).  When 
testing the structure using the VNA the interaction uses an 
electromagnetic wave that interacts with the 1.6 mm 
longitudinal period to give a response in G-band, resulting in 
a resonance at 187.7GHz, as shown in Fig. 2. The 
electromagnetic wave when interacting with the 3.5 mm 
azimuthal period gives a fundamental resonance in W-band at 
~85 GHz and a resonance at the 1st harmonic at 171.1 GHz in 
G-band. This is what gives the 171.1 GHz resonance shown 
in the VNA measurement.  

The response of the structure has been measured in the 
G-band (140-220 GHz) to test the performance of the 
structure and to verify that both the longitudinal and 
azimuthal periodicities have been correctly manufactured. 
The electron beam driven 2D PSL is a W-band structure from 
the point of view of the frequency of the output of the 
radiation source. It is because the electron beam is travelling 
in this case at about half the speed of light and it is the 
electron beam when operating as a source that is exciting the 
longitudinal structure in W-band. The corresponding 
fundamental azimuthal resonant electromagnetic response, as 
noted above, is in W-band and is designed to correspond with 
the electron beam excitation of the longitudinal structure in 
W-band. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Measured transmission of cylindrical PSL as a function of frequency. 

Following VNA characterization measurements the 3D 
printed 2D PSL structure has been incorporated into a vacuum 
electronic source. In initial experiments, using an 80kV 
annular [12] electron beam, approximately 30 kW of output 
radiation in W-band has been measured.  

III. SUMMARY 
This paper demonstrates that additive manufacturing is 

now becoming relevant for some of the applications in 
vacuum electronics and can complement conventional 
engineering processes. 3D printing is emerging as a viable 
way of producing certain types of microwave structures [13]. 
As the technology develops the level of accuracy and overall 
performance that this process offers is likely to increase.  

ACKNOWLEDGMENT  
The authors thank David Barclay for his technical assistance.  

REFERENCES 
[1] I. Gibson, D. Rosen and B. Stucker, “Additive Manufacturing 

Technologies: 3D Printing, Rapid Prototyping, and Direct Digital 
Manufacturing”, 2nd Edition, Springer, New York, USA, 2015. 

[2] N. S. Ginzburg, A. S. Sergeev, N. Y. Peskov, et al., “Mode 
competition and control in free electron lasers with one- and two-
dimensional Bragg resonators,” IEEE Trans. Plasma Science, vol. 24, 
pp. 770-780, June 1996. 

[3] A. W. Cross, I. V. Konoplev, K. Ronald, et al., "Experimental studies 
of two-dimensional coaxial Bragg structures for a high-power free-
electron maser," Appl. Phys. Lett., vol. 80, pp. 1517-1519 , March 
2002. 

[4] N. S. Ginzburg, N. Y. Peskov, A. S. Sergeev, et al., “Theory of free-
electron maser with two-dimensional distributed feedback driven by an 
annular electron beam,” J. Appl. Phys., vol. 92, pp. 1619-1629, Aug. 
2002. 

[5] N. S. Ginzburg, N.Y. Peskov, A.S. Sergeev, et al., “The use of a hybrid 
resonator consisting of one-dimensional and two-dimensional Bragg 
reflectors for generation of spatially coherent radiation in a coaxial 
free-electron laser,” Phys. Plasmas, vol. 9, pp. 2798-2802, June 2002. 

[6] I. V. Konoplev, P. McGrane, W. He, A. W. Cross, A. D. R. Phelps, 
C. G. Whyte, K. Ronald, C. W. Robertson, “Experimental study of 
coaxial free-electron maser based on two-dimensional distributed 
feedback”, Phys. Rev. Lett., vol.96, art. no. 035002, Jan. 2006.  

[7] A. W. Cross, I. V. Konoplev, A. D. R. Phelps, et al., “Studies of 
surface two-dimensional photonic band-gap structures”, J. Appl. Phys., 
vol. 93 pp. 2208-2218, Feb. 2003. 

[8] I. V. Konoplev, A. J. MacLachlan, C. W. Robertson, et al., 
“Cylindrical, periodic surface lattice-Theory, dispersion analysis, and 
experiment,” Appl. Phys. Lett., vol. 101, art. no. 121111, Sept. 2012. 

[9] I. V. Konoplev, A. J. MacLachlan, C. W. Robertson, A. W. Cross and 
A. D. R. Phelps, “Cylindrical periodic surface lattice as a 
metadielectric: Concept of a surface-field Cherenkov source of 
coherent radiation”, Phys. Rev. A, vol. 84, art. no. 013826, July 2011. 

[10] I. V. Konoplev, L. Fisher, A. W. Cross, A. D. R. Phelps, K. Ronald 
and C. W. Robertson, “Surface wave Cherenkov maser based on a 
periodic lattice”, Appl. Phys. Lett., vol. 96 , art. no. 261101, June 2010. 

[11] I. V. Konoplev, A. R. Phipps, A. D. R. Phelps, C. W. Robertson, 
K. Ronald, A. W. Cross, “Surface field excitation by an obliquely 
incident wave”, Appl. Phys. Lett., vol. 102, art. no. 141106, Apr. 2013. 

[12] I. V. Konoplev, A. W. Cross, P. MacInnes, et al., “High-current 
oversized annular electron beam formation for high-power microwave 
research,” Appl. Phys. Lett., vol. 89, art no. 171503, Oct. 2006. 

[13] D. M. French, and D. Shiffler, “High power microwave source with a 
three dimensional printed metamaterial slow-wave structure,” Rev. Sci. 
Instrum., vol. 87, art. no. 053308, May 2016. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


