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Beam dynamics design of an SP-FEL compact THz source
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Abstract In recent years, people are looking for a new compact THz source with high emission power, one potential

choice is to build small accelerator with Smith-Purcell radiation. The main difficulty is how to obtain high quality

electron beam. In this paper, the beam dynamics design of a compact THz source is presented. The electron beam is

produced by an electron gun and compressed by permanent magnets. The electron gun is similar to the Shanghai EBIT,

but permanent magnets are used, instead of the superconducting magnets in Shanghai EBIT. With this design, we can

reduce the size and cost of the whole device. Poisson/Pandira was employed to simulate and optimize the magnetic

field. Egun was used to simulate the beam trajectories from the electron gun to the collector. Within 2 centimeters

around the center of longitudinal magnetic field, the calculation showed that the beam satisfies to our design aim.
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1 Introduction

The frequency band between the microwave band and
the far-infrared ray band is recognized as the Terahertz
(THz) region, which corresponds to millimeter and
sub-millimeter waves. THz band, as the final band to
be exploited, will certainly be of benefit for progresses
in new fields of research. THz applications cover a
number of fields, such as imaging, biology, medicine,
defense, communication and astronomy.

However, the development of THz science and
technology has been hindered by the lack of compact,
highly efficient and tunable THz sources. Smith-
Purcell radiation, observed first by Smith S J and
Purcell E M in 1953!", can well be a solution to this
problem. It is believed that a Smith-Purcell radiation
emitter, a simple vacuum electron device, is an
effective candidate for the broad band and tunable
THz rays™™. When high emission power is required,
the device shall be designed under the same
mechanism as a free electron laser to achieve greater
energy conversion efficiency, hence the name of Smith
-Purcell Free Electron Laser (SP-FEL).
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Fig.1 Schematic of the Smith-Purcell radiation.

Smith-Purcell radiation is generated when an
electron passes the near-surface of a metal diffraction
grating. Moving perpendicularly to the grating teeth,
the electron induces radiation emitted from the grating
(Fig.1). Theoretical analysis on SP-FEL by Andrews
and Brau”! shows that the dispersion and attenuation
properties of the grating play an important role in
performance of the SP-FEL. The predicted gain is
proportional to cube root of the current. Dartmouth!*!
observed superradiant SP emission on a device
equipped with a scanning electron microscope. He also
found that nonlinear phenomena would occur when
the beam current exceeds certain threshold point.

In this paper, a compact THz source of the
SP-FEL type is designed. The Possion/Pandira and
Egun codes are adopted to simulate the magnetic field
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of the source for studying dynamic characteristics of
the electron beam. Proper shape of electrode structure
is chosen, and the magnet parameters are optimized.
The outcome of the simulation provides us with an
electron beam of high current and small radius, which
makes it possible to work as SP-FEL.

2 Structure optimization of the source

Fig.1(a) is schematic diagram of the compact THz
source. The stainless steel vacuum chamber of less
than 1 m in diameter is small enough to be placed on a
desk. The electron gun, the Smith-Purcell radiation

component, and the collector are arranged horizontally.

A pair of NdFeB rings is used to focus the electron

beam.
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Fig.2 Schematic diagram of the compact THz source (a) and the
electron gun (b).

The electron gun is of the same type as the one
in the Shanghai EBIT(electron beam ion trap)*!. As
shown in Fig.2(b), it is a pierce type gun with a
spherical-concave shaped dispenser type cathode of
@3 mm. The cathode is a porous tungsten matrix
diffused with BaO, CaO and Al,Os. In operation, the
electron gun of Shanghai EBIT generates beams with
an average current of up to 200 mA. The electron gun
designed for the SP-FEL source has the same cathode,

focus and anode electrodes as the electron gun of

Shanghai EBIT, but it uses permanent ring magnets,
rather than the superconducting magnets in the
Shanghai EBIT.

According to Hermann theory®, for an
electron gun, achieving high compression of the
electron beam requests reduction of the magnetic field
as much as possible at the cathode. Gradient of the
initial magnetic field is also essential for matching the
electron beam trajectories to the axial magnetic field™®.
Thus, the electron gun is enveloped by soft iron as a
shield.

electromagnetic windings on the electron gun are used

magnetic Inside the soft iron, several
for performing slight adjustment of the magnetic field
at the cathode.

The NdFeB rings to form the axial magnetic
field for focusing the electron beam are positioned
axial-symmetrically with the north pole on the inner
face and the south pole innermost. Each ring consists
of 23 magnetized wedges and one nonmagnetic wedge.
The two nonmagnetic wedges are placed parallel to the
ground plane, and one hole is incised on each for the
THz radiation output coupling.

The interval between the two ring magnets is
limited by the size of a pipe through which the Smith
-Purcell radiation grating is pumped. To design and
optimize the axial magnetic field, numerical model
based on the Possion/Pandira code has been carried
out. Volume of the ring magnets is minutely
considered.

The position and structure of the soft iron in
the electron gun will be discussed in detail. The
optimized magnetic field along the longitudinal z axis
is shown in Fig.3. The calculations were performed for
the magnetic rings of an outer diameter of 300 mm, an
inner diameter of 130 mm, a length of 100 mm, and
the interval of 82 mm between two rings. The
magnetic field at the center of radiation grating is
approximately 0.70 T. The reduction of the magnetic
field due to the nonmagnetic wedges is about 4%
along the longitudinal axis, almost uniform between
the cathode and the collector. Such a small variation
causes no significant degradation to the beam quality.
Therefore, the axial magnetic field is treated as
cylindrically symmetric in the investigation of the

electron beam dynamics.
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Fig.3 The axial magnetic field distribution along the electron
beam.

3 Study of beam dynamics

The voltages applied to the electrodes have been
numerically investigated to generate high quality
electron beams. The optimized electron beam is shown
in Fig.4, with the first anode at 6 kV, the second
voltage at 10 kV, and the focus electrode voltage at
-5V.

According to Ref.[5], 80% of the electron
beam of the electron gun is inside the Hermann radius,
H,

= 260(r/B)"*(kT)"*  (nm) (D),

where 7. (cm) is the cathode radius, B(T) is the
magnetic field at the center, 7. is temperature (K) of
the cathode, & is the Boltzmann constant, and kT is in
eV. In our design, = 0.15 cm, B=0.7 T, kT, = 0.1 eV,
then the theoretical radius of 80% electron beam is
about 67.7 um from Eq.(1).
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Fig.4 Beam trajectories of the electron gun. Voltages on the
electrodes were optimized for 35 keV 200 mA beam.

With the optimal voltages applied to the
electrodes, Fig.5a shows the electron beam enveloped
by the cathode to the center of the radiation grating.
The electron beam is focused perfectly, and the
longitudinal position of the beam waist is the center of
the grating where the axial magnetic field is the
maximum 0.70 T. Fig.5b illustrates the radial
distribution of the electron beam, and the result is

consistent with the theoretical calculation.
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Fig.5 Dynamic characteristics for the electron beam. (a) is the
electron beam envelope and (b) is the radial
distribution(normalized current density) at the center of the
radiation grating.

The THz radiation grating, 2 cm in length, is
directly conjoint with the ground, with a water cooling
system. The radial current density distributions are
given in Fig.6, at different longitudinal positions with
respect to the center of the grating. The current density
peaks at large radiuses are caused by the trajectory
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oscillations of the outermost electrons. Electric field is
disturbed at the aperture at the anode and the edge at
the cathode, where trajectories of the outermost

oscillations finally. The inner part of the electron beam
has a small oscillation in trajectories, too. Thus it leads
to a ringed electron beam at a certain longitudinal

electrons are influenced strongly, resulting in position.
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Fig.6 Radial current density distributions at 1, 6 and 10 mm from the grating center, with 35 keV 200 mA electron beam.

For a clearly understanding of the electron Finally, we discuss the electrode where the

beam quality, the average radius, ¥ , and electron beam is collected. The collector has a conical

non-laminarity, W, of the electron beam, are defined inner face. Since high voltage of —35kV applied on the

as follows, collector, it will be cooled by oil. In the collector,

several electrodes are utilized to control the electron

=2 Vi cath 15 /S ¥ cath (2) . Lo
i i ’ beam and the secondary electrons emitted inside the
_ , < collector. The shapes and the applied voltages of these
W= S rf cath ( rf max rf .lllill)/L: I’T',Cﬂﬂl (3) L. . . .
i o i ’ electrodes are optimized. Fig. 7 illustrates the optimal

. volta, and the electron beam trajectories to th
where 7y, 7; max and 7; min are the average, maximum and oltages and the electron be jectories to the

minimum radius of the i electron in the grating region, collector.
respectively, 7;cm 18 the radius of i™ electron at the
cathode. After the optimization of the system, Table 1 1 2kvV [o7s
12
lists the main parameters of the whole system. The 060
average radius is 47 pum. The non-laminarity is 60 pum, 101 04
L . . . £ L 0.30
which is a little larger than our expectation, but still = 81 015
good enough for a beam source for THz radiation. § . 0' E
g 6/ I
Table 1. Characteristic of the whole system. -0.15
4
Electron beam energy / keV 35 5] [ -0-%0
Electron beam current / mA 200 (04
Voltage on the cathode / kV 0 ' -0.60
0 100 200 300 400 500
Voltage on the focus electrode / V =5 2/ mm
Voltage on the first anode / kV 6 . . . .
Fig.7 The optimal voltages and the electron beam trajectories to
Voltage on the second anode / kV 10 the collector.
7 /um 47

W, um 60
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4 Conclusions

We use similar basic elements of shanghai EBIT to
achieve high brightness electron beam, only substitute
the focusing superconductor magnets with the newly
designed permanent magnets The electron beam can
drive THz Smith-Purcell radiation with low cost. The
pierce gun, focusing system and the collector of the
electron beam are designed and optimized, based on
the design of Shanghai EBIT facility. The beam
dynamics of the electron beam are investigated. The
results indicates that, an electron beam with energy of
35 keV, beam current of 200 mA and rms beam radius
of 75 um, can drive Smith-Purcell radiation with high
intensity power.

In a size of less than 1 meter, our THz
radiation source can be placed on a desktop.
Miniaturization of the THz source will find wide
applications in industries, fundamental research,
medicine and other fields. Current work is preliminary,
continuous optimizations on THz radiation properties

are under way.

Acknowledgement

We are grateful to Dr. Sheng S G for his help on
mechanics design. We also thank Dr. Bei H and Deng
H X for their useful discussion on physics designs.

References

1 Smith S J, Purcell E M. Phys Rev, 1953, 92: 1069—-1069

2 Kim K J, Song S B, Nucl Instrum Meth Phys Res A, 2001,
475: 158-163.

3 Andrews H L, Brau C A, Phys. Rev. ST Accel Beams,
2004, 7: 070701-1-7.

4 Urata J, Goldstein M, Kimmitt M F et al. Phys Rev Lett,
1998, 80: 516-519.

5 Gabriel Herrmann, Appl Phys, 1958, 29: 127-129.

6  Brewer G R., in: A. Septier (Ed.), Focusing of Charged
Particles, Vol. 2, Academic Press, New York, 1967,
73-717.

7 Zhu X K, Jiang D K, Guo P L ef al, Shanghai Electron
Beam lon Trap: design and current status. Journal of
Physics: Conference Series, 2004, 2: 65-74.

8 QIAN L. Study on the performance of EBIT’s electron
beam, in Nuclear Technology and Application. 2004,
Shanghai Institute of Applied Physics: Shanghai.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


