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Abstract — The results of investigation of the effect
of electron emission increasing in the diode based
on a plasma cathode with a grid boundary stabili-
zation of plasma are presented. As a result of inves-
tigations it was revealed, that with an increase of
pressure at passage pulse (100 ps) electron beam
with energy of 15-20 keV in the plasma formed as
a result of gas ionization by an electron beam, the
emission current increases at a constant discharge
current of a plasma cathode and the emission cur-
rent magnitude can exceed the discharge current in
an absolute value.

1. Introduction

At present, the technological direction on the use of
power pulsed electron beams for surface modification
of metals, ceramic-metal materials and products ac-
tively develops [1]. Electron sources with a grid
plasma cathode [2] have well-known advantages such
as: long life time, high energy efficiency, high values
of the uniform current density to> 10 A/em” with a
considerable emission surface (up to 100 cm?), and an
opportunity of the smooth and independent control of
main parameters of the beam in a wide range, large
current pulse duration of the beam at high frequencies
(up to 1 kHz). In many cases, these benefits are pref-
erable to implementation of technological process of
pulsed thermal treatment of materials and products
surface.

For performance improvement of the existing
plasma cathode electron-beam sources, and for con-
struction and manufacturing of the new one, investiga-
tions in the field of generation and transportation of
beams in gas-filled gaps are necessary.

Traditionally, the efficiency of electron-beam
sources with a plasma cathode [2, 3] is determined by
the coefficient of electrons extraction from a discharge
cell of the plasma cathode. The extraction coefficient
a equaled to the relation of a beam current Ib to a dis-
charge current Id for similar systems is o < 1. In the
presented work, the results of investigation of the ef-
fect of electron emission increasing in the diode based
on a plasma cathode are given, at which o> 1. The
essence of the effect is that at increase of working
pressure and at application of a longitudinal magnetic

field, the current in an acceleration gap is considerably
increased (in some cases in two and more times), ex-
ceeding in an absolute value a discharge current that
generates plasma in electrode system of a grid plasma
cathode.

2. Principles of the electron source operation

Figure 1 shows the diagram of the electron source.
Plasma cathode consists of gas-discharge system with
a two-step low-pressure arc discharge. Triggering dis-
charge is ignited between hollow electrode / placed in
the field of permanent magnets and cathode 2 when
voltage pulse Uy, of 12-15 kV is applied. Triggering
current amplitude is 10-15 A at pulse duration of
25 us. The main arc discharge operates between cath-
ode 2 and hollow anode 3.
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Fig. 1. Gas-filled diode diagram

Constant accelerating voltage is applied between
planar emission electrode 3 and extractor 5 made as
aperture of 82 mm. Extractor, drift tube 6, aperture
8, and collector 9 are grounded. Electron extraction
under accelerating potential occur from the central
part of the emission electrode, that has an aperture of
240 mm, covered with small-structured grid 4. Cath-
ode plasma boundary is stabilized by small-structured,
while the boundary of anode plasma, generated by
electron beam in the drift tube, remains movable.
Beam electrons are transported to collector in the field
of two Helmholtz magnetic coils 7; the field magni-
tude is changed in a ranges of 0-30 mT. Current pulse
duration of a beam of 50-200 ps is determined by the
current pulse duration of the main discharge. Argon is
used as a working-gas. Its pressure in the vacuum

' The work was supported by RFBR (Projects Nos. 08-02-12012-OFI, 08-08-99076-R-OFI, and 08-02-98063-R-OFI).
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chamber is varied from 0.5 to 3.5+ 10 Pa. As a gas
inlet is realized into the electron source, the real pres-
sure in the drift space of the electron beam is higher,
and in the area of emission grid it exceeds the meas-
ured one in 4-5 times. Rogowski coils are used as
current sensors, and accelerating voltage is measured
by active potential divider.

3. Experiment

Figure 2, a shows the main discharge current and ac-
celeration gap current oscillograms at working pres-
sure of 2 - 107 Pa. One can see, that discharge current
amplitude is 100 A, but the mean accelerating gap
current is ~ 80 A. When increasing the working pres-
sure up to 4 - 10 Pa (Fig. 2, b), accelerating gap cur-
rent value increases up to ~ 200A and becomes 2
times higher in the absolute value than discharge cur-
rent amplitude. In the circuit if drift tube ion current
achieving 80 A become registered, and in the collector
circuit due to the production of plasma electrons the
current amplitude reaches 250 A. The rise of ion cur-
rent to the drift tube and considerable increase of cur-
rent to collector is explained by significant increase of
plasma concentration in the electron beam drift space.
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Fig. 2. Oscillograms of 10 imposed pulses of drift tube cur-

rent /, (1); discharge current /; (2); current of accelerating

gap I, (3) and a current of collector /. (4); Pressure

P=2-107Pa(a) and 4 - 102 Pa (b); U,. = 15 kV, magnetic
field B =30 mT. Scale: 100 A/div, 25 ps/div

If a current in the circuit of the acceleration gap is
assumed to be transported by electrons extracted from
the plasma cathode (vacuum case), the extraction co-
efficient equaled to the relation of a beam current /, to
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a discharge current /,, a < 100%, and acceleration gap
current has not to exceed the current of main discharge
of plasma cathode. Thereby, in the experiments “addi-
tional” current was registered. Its value was compara-
ble and in some cases exceeded discharge current.

Calorimetric measurements of an integral energy
of the beam at the collector showed that an increase of
current in the acceleration gap is accompanied by pro-
portional increase of energy, which proves the fact
that current increasing is connected with the increase
of amount of accelerated electrons.

The assumption was made that emission enhance-
ment mechanism can be associated with secondary
ion-electron emission from the emission electrode
under the influence of ions, originated in the drift
space and accelerated in the space-charge region be-
tween the boundary of beam plasma (anode plasma)
and emission electrode up to the energy corresponding
to applied accelerating voltage. For verification of
given assumption the experiments were made which
allowed to estimate qualitatively the contribution of
secondary emission to the electron beam current. It
should be mentioned, that emission electrode was a
@82 mm planar plate with an &40 mm emission aper-
ture in the center. The small-structured grid made of
stainless steel with transparency of 50% covered the
emission aperture. Thus, the area of planar metallic
part of the emission electrode was 46.5 cm?, and the
grid meshes area was 6.3 cm” (the ratio is ~ 0.14).

Planar metallic part of the emission electrode was
made of three materials with different secondary emis-
sion coefficients: copper, stainless steel, and alumi-
num.

The current in acceleration gap at the same speci-
fied values of the discharge current, working pressure,
magnetic field and acceleration voltage was compared.
The results of the experiments are presented in the
Fig. 3.

Fig. 3. Oscillograms of current pulses, discharge current

I; =50 A (/), and current of accelerating gap I, (2—4) for

various materials of a flat part of emission electrode: (2)

copper; (3) stainless steel; (4) aluminium. Pressure

P=3-1072Pa, U,=15kV, magnetic field B=30mT.
Scale: 100 A/div, 25 us/div
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It is obvious that current amplitude in the accelera-
tion gap has the lowest value for copper, increases for
stainless steel and has a more rise for aluminum.
These results are in a good accordance with literature
[4].

In other experiment, the aperture diameter of the
electrode 5 (Fig. 1) was decreased from 82 mm to
44 mm so that ions from plasma created in the drift
tube were screened and did not get to the planar part
of the emission electrode. The results are shown in the
Fig. 4. It is evident that with the use of the aperture, a
current in the acceleration gap is decreased by the
value of ~ 40 A.

Fig. 4. Oscillograms of current pulses, discharge current 7,

(1), and a current of accelerating gap I, in experiment with

the open emission electrode (2) and with a shielding dia-

phragm (3). Pressure P=3- 107 Pa, U,.=15kV, magnetic
field B =30 mT. Scale: 100 A/div, 25 ps/div

For quantitative estimation of an ion-electron
emission contribution to the increase of current and,
accordingly, of an electron beam energy, the calo-
rimetric measurements of integral beam energy at the
collector independence on gas pressure were made.
The discharge current amplitude was fixed. Discharge
current, acceleration gap current and voltage were
recorded with a digital oscilloscope simultaneously
with calorimetric measurements in each pulse.

In Figs. 5, a and b the dependences of measured
and calculated from the oscillograms values of integral
energy versus pressure (curves / and 2) for two fixed
values of discharge current (100 u 50 A) are pre-
sented. Line 3 shows the level of integral beam energy
values on condition that 100% of electrons are ex-
tracted from the plasma cathode. One can see that en-
ergy is gradually increased with the increase of pres-
sure and beginning from P ~ 3 - 107 Pa, the measured
values of integral beam energy exceeds the calculated
values under condition that 100% electrons are ex-
tracted from the plasma cathode.

Supposing the presence of ion-electron emission,
the registered total current in the acceleration gap I,
can be represented as a sum of currents:

[g:Ie+[i+YIia (1)

where I, is the current of electrons emitted from the
plasma cathode; /; is the back ion current from the
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drift tube space to the emission electrode; v is the ef-
fective coefficient of ion-electron emission of an
emission electrode material.
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Fig. 5. The dependence of integral beam energy measured at
the collector (2) and calculated from the oscillograms of
total current in the circuit of the emission electrode (1), ver-
sus the pressure in the working chamber; (3) — level of inte-
gral energy under the condition of 100% extraction of elec-
trons from plasma cathode. U, =15kV, magnetic field
B=30mT, I,=100 A (a); 1;= 50 A (b)

The current of electrons extracted from the plasma
cathode can be suggested not to exceed the discharge
current.

The energy, calculated from the current and volt-
age oscillograms in the acceleration gap is of the form

Ec = ]gl]ac'E = [Ie + 11' + Y]z] Uac‘ca (2)
where U, is the acceleration voltage; t is the pulse
duration of a beam.

The energy measured of integral calorimeter do
not include the ion component

Ey=LU,t=[I,+ vy L[ U,t. 3)
An energy gained by plasma electrons we assume
to be negligible.
Thus, from (2) and (3) the mean ion current in the
acceleration gap during one pulse can be estimated:

[i = (Ec - Eb)/UacT- (4)
From Figs. 5, a, b it is seen, that with the increase

of working pressure the disparity between measured
and calculated energy (curves / and 2) increase. It
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suggests the increase of ion current in acceleration gap
with the increase of pressure.

For example, for the point corresponding the pres-
sure P = 3- 107 Pa (Fig. 5), the mean amplitude of
ion current per pulse is /; = 42 A. At the same time in
the minimum pressures region one can find a point
where the calculated and measured values are ap-
proximately the same (confidence intervals are inter-
sected), that is ion current, roughly, can be assumed to
be negligible and total current in the acceleration gap
is determined by the current of electrons extracted
from the plasma cathode. In the experiment condition
this point corresponds the pressure P~ 0.8 - 107 Pa.
The electron current amplitude is equal to 55 A and
coefficient of electrons extraction from plasma cath-
ode can be estimated as 60%.

It is necessary to note, that, as the calorimeter
measures integral energy, for all pulse, all values cal-
culated by this method (current of electrons extracted
from plasma cathode and ion current in an accelerat-
ing gap) are average for the pulse.

Knowing the current of electrons extracted from
plasma cathode and back ion current it is possible to
estimate the effective y coefficient. For stainless steel
bombarded by argon ions with energy 15 keV it has
made 1.5-2.

Measurements of plasma parameters in drift space
of beam shows that values of density of saturation ion
current have made 0.17 A/cm?” at a distance of 2 mm
from the wall of drift tube, and 0.35 A/cm?® at a dis-
tance of 10 mm. Values of plasma density 5 - 10> cm™
3and 9 - 10" cm™ respectively at 7, = 6.5 eV. Meas-
urements were carried out at pressure in the working
chamber 3 - 107 Pa. In view of difference of pressure,
gas pressure in the area of probe measurements can be
estimated as 0.1-0.15 Pa. From these results follows,
that the plasma created by electron beam in space of
drift has a high ionization degree (tens percent) and
density of plasma increase in a direction from periph-
ery to axis of beam.

Besides the intensive electron beam, getting on a
collector, causes to desorption of gas from surface of
collector, and in some cases causes also evaporation of
the collector material, that also increases density of
plasma during of pulse.
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4. Conclusion

The experimental data and estimations allow offering
the following mechanism for emission increasing ef-
fect explanation.

The intensive pulse electron beam generated in
gas-filled diode and transported in the drift tube
placed in axial magnetic field creates intensive
plasma. The ions formed in space of drift and acceler-
ated in a layer of a spatial charge between beam-
created (anode) plasma boundary and emission elec-
trode up to energy corresponding to accelerating volt-
age (15-20 keV) get on a metal surface of emission
electrode and beat out secondary electrons which then
also are accelerated.

Thus, the current of an electron beam consists of a
current of electrons, emitted from the plasma cathode
and secondary electrons current.

Plasma probe measurements and estimations have
shown, that the density of plasma created by electron
beam in a drift tube, allows providing the ion currents
value resulted from experiment.

At the application of axial magnetic field to the
drift tube plasma electrons movement to the tube wall
is difficult. As a result of this between plasma and a
tube wall the layer of positive anode potential drop is
formed. This additional potential drop prevents the
movement of ions to the tube wall and directs their
most part to the emission electrode side. As a result of
this redirection of ion flow take place increasing of ion
current to emission electrode and, hence, secondary
electron current from it.

References

[ITN.N. Koval, S.V. Grigoryev, V.N. Devjatkov,
N.S. Sochugov et al., in Proc. 8" Int. conf. on
modification of materials with particle beams and
plasma flows, 2006, pp. 79-85.

[2] Yu.E. Kreindel, Plasma electron source, Moscow,
Atomizdat, 1977, 144 pp.

[3] D.M. Goebel, R.W. Schumacher, and R.M. Wat-
kins, eds, Proc. SPIE, 2001, pp. 1093—1098.

[4] A.A. Novikov, High voltage glow discharge based
electron gun with anode plasma, Moscow Atomiz-
dat, 1983, 96 pp.




<<
  /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 /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /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 300
  /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 300
  /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 1200
  /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 <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /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.)
  >>
  /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 [595.276 841.890]
>> setpagedevice


