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饱和模式下微通道板输出电子云的 Monte-Carlo仿真

谢运涛,张玉钧,孙晓泉
(电子工程学院 脉冲功率激光技术国家重点实验室,合肥230037)

摘 要:当基于微通道板(MCP)的光电探测器受到强辐射干扰时,MCP的饱和将导致探测器的时间分

辨率和空间分辨率发生改变.本文建立了饱和工作状态下 MCP电子云运动仿真模型,与常规的线性工

作状态的不同之处在于,该模型考虑了 MCP通道壁上累积的正电荷对通道内电子云运动特性的影响.
仿真结果表明,当 MCP工作在线性状态,电极浸入深度的不同对通道电子云能量分布有很大差异,而

工作在饱和状态,通道电子云能量分布趋于一致.电子能量分布曲线与相关文献的实验数据拟合良好,
验证了模型的正确性.
关键词:微通道板;饱和;MonteCarlo;电子云;渡跃时间
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Monte-CarloSimulationofOutputElectronCloudfromaMicrochannel
PlateinaSaturationMode

XIEYun-tao,ZHANGYu-jun,SUNXiao-quan
(StateKeyLaboratoryofPulsedPowerLaserTechnology,ElectronicEngineeringInstitute,Hefei230037,China)

Abstract:Theperformanceofmicrochannelplate(MCP)detectors,includingthetemporalandspatial
resolutions,variessignificantlyforMCPsworkinasaturatedmodeduetohighintensityillumination.In
thispaper,theinfluenceofpositivechargeswhichaccumulateoninnerchannelwallwasaddedtoa
electroncloudmotionmodel.ItisthemaindifferencebetweentheMCPmodelinasaturatedandanon-
saturated mode.Thekineticcharacteristicsoftheelectronclouds werecalculatedandanalyzed.
SimulationresultsshowthattheEnergyDistributionsOfElectrons(EDOEs),inasaturatedmode,have
asimilarshapeforMCPswithdifferentelectrodepenetratedepth.Thisisverydifferentfromtheresults
obtainedinanon-saturatedcase.Itisconcludedthatthesephenomenacomefromtheaccumulationof
positivechargesneartheexitofthechannel.TheEDOEsfitwellwiththeexperimentaldataofrelated
literature,whichverifiesthecorrectnessofthismodel.
Keywords:Microchannelplate;Saturation;MonteCarlo;Electroncloud;Transittime
OCISCodes:250.0250;260.7210;040.7190;120.4640

0 Introduction
Microchannelplate(MCP)hasmanyadvantages,suchashighgain,hightemporalresolution,and

highspatialresolutionetal.[1-2].Itiswidelyusedinthedetectionofparticlesandphotons,suchastheUV
imageintensifier[3].Theimagequalities,includingthetemporalandspatialresolutions,varysignificantly
whileMCPdetectorsareilluminatedwithdifferentintensitiesoflights[4].Therearelotsofresearcheson
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theperformanceoftheMCPsirradiatedwithlow-intensitylight[3-4],butfewresearchesontheperformance
ofMCPsinhigh-intensityenvironment,suchasinphotoelectriccounteraction.

TheoutputEnergyDistributionOfElectrons(EDOE)andAngleDistributionOfElectrons(ADOE)
haveimportantinfluencesontheimagequalityofMCP[5].Accordingtopreviousliteratures,mostof
studiesfocusontheEDOEandADOEfor MCPsworkinalinearmode.ChenL[6]gotveryclose
approximationofEDOE,butdidn'tdiscusstheADOE.PriceandFraser[5]studiedtheADOEandEDOE
specifically,butthecalculatedcurvesonlyfitwellwiththeexperimentdataatlowenergy.YanLetal.[7]

calculatedtheADOEandEDOEofMCP,andgottheMTFfunctionoftheMCPwhileitworksinalinear
mode.Insummary,therearefewreportsaboutADOEandEDOEofMCPinsaturationmode(whenMCP
isirradiatedwithhighintensitylight).

NumericalmethodisaimportantwaytostudytheavalancheprocessofelectronsinMCP[8].Itmeans
totrackelectronswithMonteCarlomethod.ThismethodcouldbeusedtostudytheMCPgain[9],transit
time[4,10],EDOE and ADOE[5,7].The main disadvantageofthis methodisthelargeamountof
computation,especiallyfor3Dmodels.Besides,professionalprogrammingskillsarealsorequireddueto
theproblemofnon-convergencewhennumericalmethodisusedincharacterizingrealdevices.

Withtheimprovementofcomputingpowerandthedevelopmentofcommercialsoftware,simulations
oftheavalancheprocessesbynumericalmethodsbecomefeasible[4,10-11].Inthispaper,wemodeledthe
cascadeprocessoftheelectronsinMCPbyCOMSOLMultiphysics.Bycomparingthetransittime,EDOE
andADOEoftheMCPbetweenthenon-saturatedmodeandthesaturatedmode,wegotthecharacteristics
ofMCPwithdifferentgeometries.Simulationresultsfitwellwithavailableexperimentaldata,indicating
thatthismodelcanbeusedintheanalysisoftheperformanceofMCPwithdifferentgeometriesina
saturatedornon-saturatedmode.

1 Modelandmethod
1.1 Three-dimensionalMCPmodel

MCPisaglasswaferconsistofparallelarrayofmillionsoftinyelectronicchannelsfusedtogether
withchannelporesizeintherangeof4-20μm.Channelsarearrangedinaregularhexagonalstructure

[12],
andlengthtodiameterratioisintherangeof40∶1to60∶1.Thechanneliscoatedwithmetalelectrodes
atitsbothends,andthepenetratedepthoftheelectrodeisabout0.5to3timesthediameterofthe
channel.Thechannelmaterialisleadsilicateglass.

AsfortheactualMCPs,parametersofthe3DmodelaresummarizedinTable1.
Table1 Parametersin3Dmodel

Parameter Value

Diameter/μm 10

Length/μm 400

Biasangle/(°) 8

Dielectricconstant[10] 6

  InCOMSOLMultiphysics,the3DgeometryofthemicrochannelplateisshownasFig.1.Considering
themutualinfluenceoftheelectricfieldsbetweenadjacentchannels,theadjacentsixtubesshouldbetaken
intoaccounttocalculatetheacceleratingelectricfieldgeneratedbythevoltagebetweenthetwoelectrodes.

Fig.2showsthecrosssectionoftheMCPmodelinXOZplane.Voltagebetweenthephotocathodeand
theentranceofMCPis20Vandtheprimaryelectronsareacceleratedinthisfielduntiltheyflyintothe
channel.Theinitialenergyofprimaryelectronsis1eV.TheoffsetvoltageacrosstheMCPelectrodeis
1000V,whichproducesanacceleratingelectricfield.Theprimaryelectronsareacceleratedbythefieldto
hitthechannelwall,resultinginsecondaryelectrons.Thenthesecondaryelectronsareacceleratedand
collidewiththewalluntiltheyflyoutofthechannel.
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Fig.1 3DgeometryoftheMCPinCOMSOLMultiphysics Fig.2 CrosssectionoftheMCP
  InMCP,eachchannelactsasanindependentelectronmultiplier.Theinfluenceoftheelectronclouds
inadjacentchannelscanbeignored.Thissimplificationisreasonableandaccordwellwithexperimental
resultswhileMCPsrunatlowfrequencyorultravioletenvironment.
1.2 Secondaryelectronemissionmodel

Inthismodel,itisimportanttorepresenttheelectronemissionprocessfromthechannelwall.The
meanyieldofsecondaryelectronsisdeterminedbytheincidentenergyandincidentangleofprimary
electrons.TheincidentenergyVm(θi),atwhichtheincidentelectroncollidingwiththewallwillproduce
themaximumsecondaryelectronyield,canbeexpressedasfollows[13]

Vm(θi)=Vm(0)/ cosθi (1)
whereVm(0)istheenergyofgettingmaximumyieldwhiletheelectronincidentsatnormalangle,andθiis
theincidentangle.Asfortheleadsiliconglass,Vm(0)intheliteratureisintherangeof200~300eV,in
thismodelwesetitto270eV.

Themaximumyieldofsecondaryelectronsasafunctionoftheincidentangleofprimaryelectronis
givenas[13]

δm(θi)=δm(0)exp[α(1-cosθi)] (2)
whereαiscloselyrelatedtothechannelmaterial.Asfortheleadsilicateglass,thevalueofαisbetween
0.4and0.6,sowesetitto0.5inthismodel[8].δm(0)representsthemaximumyieldwhilecollidingat
normalangle,whichrangesfrom3.0to4.0.Wetakeittobe4.0.

WhenprimaryelectronincidentsatangleθiandwithenergyVi,themeanyieldofsecondaryelectron
couldbeexpressedas[13]

δ(Vi,δi)=δm(θi) βVi/Vm(θi)
β-1+[Vi/Vm(θi)]β

(3)

whereβisavariabledeterminedbythechannelmaterial.Itmustbebiggerthan1anditsgeneralvalueis1.3
[8].

Theactualnumberofsecondaryelectronisarandom numberassignedbysamplingaPoisson
distributionwithameanvalueofδ(Vi,δi).

The initial energy of each secondary electron follows a Maxwell-Boltzmann probability
distribution[13]

P(Es)=C(Es/E0)exp(-Es/E0) (4)
whereE0isthemostprobableenergy.Asforleadsilicateglass,thetypicalvalueofE0is2~3eVandis
takentobe3eVinthismodel[8].Cisthenormalizationconstant.

Theinitialemissionangleofeachsecondaryelectronisindependentofthestateoftheprimary
electron.Theazimuthangleϕissampledfromauniformdistributionwiththerangeof0to2πandthe
polarangleθissampledfromacosinedistributionwiththerangeof0toπ/2.[13]

P(θ)=cos(θ) (5)
1.3 Tracking

Inthe3Dmodel,whentheelectronfliesintothechannel,itwillbeacceleratedbyelectricfield.So
electron'svelocityvanddisplacementsaredeterminedbytheballistictrajectoryfunctionasfollows

d
dt
[mv(x,y,z)]=qE(x,y,z) (6)
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ds(x,y,z)
dt =v(x,y,z) (7)

whereEistheelectronicfield.
Inanon-saturatedmode,theelectronicfieldinthechannelonlycomesfromthevoltagebetweenthe

twoelectrodes.Thisbuilt-inelectricfieldcanbecalculatedbythefollowingformula
E1=-ÑV (8)

whereVrepresentsforthevoltagebetweenthetwoelectrodes.
Thepenetratedepthoftheelectrodehasasignificantinfluenceonthedistributionofthebuilt-in

electricfield.Fig.3showsthecalculatedelectricfieldwhilethepenetratedepthtochanneldiameterratio
(h/D)issetto1,h/D=1;Vp=-95V;Velec1=-75V;Velec2=-20V;Vcoll=0V.Itisclearthat,the
electricfieldintheelectroderegionisweakerthaninotherregions,andisnotuniformlydistributed.This
typeofdistributionhastheeffectofdecreasingthewidthofADOE[14].

Fig.3 Equipotentialsandelectricfieldneartheexitofchannel
  WhenMCPworksinasaturatedmode,theelectricfieldgeneratedbypositivechargesontheinner
surfaceofthechannelcan'tbeignored.Accordingtothelawofconservationofcharge,positivecharges
accumulateforN-1persecondaryemissionontheinternalsurfaceofthechannel,whereNistheyieldof
secondaryelectron.TheelectricfieldproducedbypositivechargescouldbecalculatedbyPoissonequation

Ñ·(ε0εrE2)=ρs (9)
whereρsrepresentsforthetotalpositivesurfacechargedensity.Thetotalelectricfieldinthechannelisthe
sumofE1andE2.

InordertocalculatetheelectricfieldgeneratedbythepositivechargesinCOMSOL Multiphysics,
firstanaccumulatorneedtobesettocountthevalueofthetotalpositivechargesontheinnersurfaceof
thechannelinchargedparticletracinginterface,andthentheelectrostaticsinterfaceisappliedtocalculate
thefieldfromthepositivecharges.Thetoleranceofthevoltagewassettobe0.01Vwhencalculatingthe
electricfield.Themaximumtimestepwas0.1psandthetotalcalculationtimewas200pswhentracing
theelectrons.

2 Comparisons
2.1 Transittime
  Toanalyzetheeffectofsaturationonthekinetic
characteristicsoftheelectronsinthechannel,wehave
carriedoutalotofsimulationswithdifferentnumber
ofincidentelectrons.In Fig.4,werepresentthe
variationofthenumberofoutputelectronswiththe
numberofincidentelectrons.Whentheincident
electronislessthan 20,the numberofoutput
electronsincreaseslinearlywiththenumberofinput
electrons,indicatingthatthegainofthechannelis
almostconstant.However,whentheincidentelectron
isgreaterthan20,asthenumberofincidentelectrons
increases,thegainbeginstodecreasegradually,which
meanstheoccurrenceofgainsaturation.

Fig.4 Variationofthenumberofoutputelectronswiththe
numberofincidentelectrons

  Fig.5(a)and(b)showthepositionsofelectroncloudsatdifferenttimewith20and200incident
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particles,respectively.Aswecansee,theelectroncloudsmovetowardthechannelexitalongwiththe
avalancheprocess.Onceasmallamountofparticlesareintroducedattheentrance,thereappearsalarge
numberofparticlesinthechannel.Itmeansthatthechannelhasaveryhighgain.ComparedwithFig.5
(b),theelectroncloudinFig.5(a)appearstobeclosertothechannelexitatthesametime.This
phenomenonismorepronouncedinFig.6.

Fig.5 Evolutionofspatialdistributionofsecondaryelectroncloudinchannel

Fig.6 Normalizeddensityofelectroncloudalongtheaxisofchannelatdifferenttime
  Fig.6showstheelectrondensitydistributionsalongthechannelaxisatdifferenttime.Thecurvesare
cutoffat400μmwheresomeoftheelectronshaveflownoffthechannel.Whent=120ps,thecurves
appearupturnedattheareaof390μm<Z<400μmbothinFig.6(a)andFig.6(b).Itmeansthe
accumulationofelectronsattheelectrodearea.Whereas,thereareobviousdifferencebetweenthecurves
att=140psinFig.6(a)and(b):thecurveinFig.6(b)issignificantlyhigherthanthecurveinFig.6(a)at
theareaof350μm<Z<390μm.Similarphenomenonalsoappearsatt=160ps.Itisconcludedthatina
saturatedmode,theproportionoftheelectronsaccumulatedinfrontoftheelectrodeareaismuchhigher
thanthatinanon-saturatedmode.
  Fig.7showsthetransittimedistributionof
theelectronswith20,80,140and200electrons.
Wecanseeitclearlythatthesecurvesapproximate
theGaussiandistribution.Theinstantatwhichthe
outputelectronpulsereachesitspeakamplitudeis
about160 psfordifferentnumberofprimary
electrons,whichisconsistent with Ref.[4],
indicating that the saturation effect has no
significantinfluenceonthetransittimeofthe
channel.Butthesaturationeffectmakesthetransit
timecurveexpandobviously.Asthenumberofthe
input electrons increases, the full
widthathalfmaximum(FWHM)ofthesecurves

Fig.7 Transittimedistributionoftheoutputelectronswith
differentnumberofprimaryelectrons

increasesgradually.TheFWHMofthecurvewithN=20is40ps,whiletheFWHMofthecurvewith
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N=200becomes60ps.Therefore,moreprimaryelectronswillmaketheelectroncloudsmoredispersed
andwilleventuallyreducethetimeresolutionoftheMCPdetectors.
2.2 EDOE

Koshidaetal.[15]measuredtheEDOEasafunctionofincidentcurrent.Itwasfoundthattheelectrons
withenergygreaterthan50eVdecreasesignificantlyastheincidentcurrentincreased.Price[5]also
obtainedsimilarresultsthroughsimulations.

Fig.8(c)showstheEDOEcalculatedinthispaper.Withtheincreaseinthenumberofincident
particle,theproportionoftheemissionelectronswithenergybetween10eVto30eVincreases,whichis
ingoodagreementwiththeconclusioninRef.[15].Thevariationoftheproportionofelectronswith
differentenergyleadstothegradualdisappearanceofthesub-peakinEDOE.

Fig.8(b)showsthecalculateddataofRef.[5].Obviously,theresultsinthesaturatedmodeagreewell
withexperimentalresults[16-17]inFig.8(a)atlowenergy,butthefitdeviatingathigherenergy.Inour
calculation,curvesinFig.8(c)showverygoodfitswhetheratlowenergyorathighenergybothinthe
saturatedmodeandnon-saturatedmode.Themaindifferencebetweenthesetwosimulationsisthemethod
ofcalculatingtheinfluenceofthesaturationeffect.InRef.[5],theelectricfieldgeneratedbythewall
chargeiscalculatedbyaempiricalformula,butinthispaperweusethePoissonformula.

Fig.8 CalculatedandmeasuredEDOEs
  Inthecaseoflineargain,thepenetratedepthoftheelectrodehasamarkedeffectontheEDOEofthe
channel.Fig.9(a)showstheEDOEofthechannelswithdifferenthtoDratio.Wecanseeitclearlythat
theincreaseintheratiohelpstosuppressthetailofthedistributionandimprovethemonochromaticityof
theoutputelectrons.Whenratio=0.5,ratio=1andratio=1.5,theEDOEsappeartwoobviouspeaks.The
mainpeakisatlowenergy,whilethesub-peakisathighenergy.Increasingtheratiosignificantlysuppress
theheightofthesub-peak.

TheEDOEsoftheoutputelectronsinasaturatedmodeareshowedinFig.9(b).Thedifferences
betweentheEDOEswithratio=0.5,1and1.5reducedgradually.Itmeansthattheperformancesofthe
MCPswithdifferentgeometriestrendtobeconvergewhenexposedtostronglight.

Fig.9 EDOEsforchannelswithdifferenth/Dratio
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2.3 ADOE
InRef.[18],BronshteynmeasuredtheADOEandconcludedthattheFWHMoftheADOEcurveisin

therangeof5to15degrees.InFig.10(a),theFWHMsoftheADOEsinanon-saturatedmode,which
shownosystematicvariation withh/D,areabout10°.Ourresultisconsistentwiththedataby
Bronshteyn[17],butislargerthanthedatabyPrice[5],whichisabout2°.

WealsogettheADOEsofthechannelswithdifferenth/Dratiosinasaturatedmode,asshownin
Fig.10(b).Weseethat,theFWHMsoftheADOEsinasaturatedmodeareabout10degrees,whichshow
nosignificantdifference withtheresultsinthenon-saturated mode.However,thereareobvious
differencesbetweentheADOEsinFig.10(a)and(b).Theelectronnumberreachespeakvalueat8°inthe
saturatedmode,whileinthenon-saturatedmodetheelectronnumberreachesthepeakvalueat2°.It
meansthattheemissionelectronsaremoredivergentinthesaturatedmode.

Fig.10 ADOEsforchannelswithdifferentratio

3 Discussions
  AsFig.8(a)shows,theEDOEinanon-
saturatedmodehastwopeaks.Themainpeakwith
asharpprotuberanceatlowenergyandthesub-
peakwithaverylongtailathighenergy.This
characteristicoftheEDOEprimarilydependson
thedistributionoftheelectricfieldinthechannel.
AsshowinFig.11,thechannelisdividedintotwo
partsaccordingtothedistributionoftheelectric
field:regionA withaweakerelectricfieldand
regionBwithremarkableaccelerationelectricfield.
WhenMCPsworkinanon-saturatedmode,the
outputelectronscomefrom bothregion A and
regionB,sotherearetwopeaksinFig.8(a).The

Fig.11 EDOEofelectronsfrom differentpartsofthe
channel

electronsemittedfromregionAresultinthemainpeakintheEDOE,whilethesub-peakresultfromthe
electronsfromregionB.

Withthelargenumberofincidentelectron,theeffectofthepositivechargescannotbeneglected.
SincethepositivechargeinregionBchangestheoriginalelectricfield,whichmakestheelectronscollide
withthe wallmorefrequently,shorteningtheelectrons'acceleratingdistanceandresultinginthe
suppressionofthetailoftheEDOE.

Simulationresultsvalidatethispoint.Fig.12showstheevolutionofpositivechargedistributiononthe
innersurfaceofthechannelwith200inputparticlesfrom110psto180ps.Alongwiththeelectronic
avalancheprocess,thedensityofthepositivechargesinthechannelincreasessharplyandfinallyreaches
itsmaximumvalueatregionB.Whent=140ps,thebiggestpositivesurfacechargedensityisonly1.4×
10-3C/m2,butitsharplyincreasesto6.84×10-3C/m2whent=180ps.
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Fig.12 Evolutionofthepositivechargeaccumulatedattheinnersurfaceofchannel
  Fig.13presentstheelectronicfielddistribution
neartheexitofthechannelatt=180ps.Itiseasy
tofindthatthemaximumintensityofelectricfield
inregionB,about4×106V/m,isnearly2times
oftheintensityofthebuilt-inelectricfieldinthis
region,whichisabout2.3×106V/m.Itiseasyto
concludethatthepositivechargeaccumulatedin
theinnersurfaceofthechannelsignificantlychange

Fig.13 Equipotentialsandelectronicfieldgeneratedby
positivechargesat180ps

theelectricfielddistributioninregionB,anditalsohasagreatinfluenceinregionA.
InregionB,theelectricfieldgeneratedbythepositivechargeisperpendiculartothechannelaxis,

whichforceselectronstocollidewiththewallinadvanceandthereforeshortenthedistanceforelectronsto
accelerate.Itindicatesthattheproportionoftheelectronswithenergyhigherthan50eVdecreases
obviouslyasthenumberofincidentelectronsincreases[15].Inaddition,thenumberofthesecondary
electrondecreaseswiththeenergyreducing,whichexplainsthegainsaturationoftheMCP.Compared
withregionB,regionAismuchclosertothechannelexit.ElectronsfromregionAaremoredivergent,
whichexplainstheangledispersionofelectroncloudsinasaturationmode.

4 Conclusion
Inthispaper,wepresenta3DmodelofMCPestablishedinCOMSOLMultiphysics,andcalculatethe

influenceofthewallchargesontheelectroncloudsinthechannel.Thetransittime,ADOEandEDOEof
theoutputelectroncloudsaresimulatedandanalyzedbothinasaturatedandnon-saturatedmode.Inthe
saturatedcase,theaccumulatedpositivechargesontheinnersurfaceofthechannelsignificantlyaffectthe
electricfieldneartheexitofthechannel,andchangethekineticcharacteristicoftheelectronclouds.Asa
result,theangleoftheoutputelectronbecomedivergentandtheenergytrendtoconcentrateinanarrow
rangeatlowenergy.ThereductionoftheenergyoftheelectroncloudfurtheraffectsthegainofMCP,
leadingtogainsaturation.Thesesimulationresultsareingoodagreementwiththeexperimentaldata,
indicatingtheeffectivenessofthismodel.
References
[1] CAIH,LIUJ,NIUL,etal.MCPgatedx-rayframingcamera[C].InternationalConferenceonOpticalInstrumentation

andTechnology.InternationalSocietyforOpticsandPhotonics,2009:751327.
[2] CAOZhu-rong,ZHANGHai-ying,DONGJian-jun,etal.Highdynamicrangeimagingandapplicationtolaser-plasma

diagnosticsininertialconfinementfusion(ICF)experiment[J].ActaPhysicaSinica,2011,60(4):422-427.
[3] CHENG H,SHIF,FENG L,etal.Performancecharacteristicsofsolarblind UVimageintensifiertube[C].

InternationalSymposiumonPhotoelectronicDetectionandImaging.InternationalSocietyforOpticsandPhotonics,2009:
73840H.

[4] WANG Q,YUAN Z,CAO Z,etal.Three-dimensionalparticle-in-cellsimulationongainsaturationeffectof
microchannelplate.[J].ReviewofScientificInstruments,2016,87(7):214-552.

[5] PRICEGJ,FRASERGW.Calculationoftheoutputchargecloudfromamicrochannelplate[J].NuclearInstruments&
MethodsinPhysicsResearch,2001,474(474):188-196.

[6] CHENL,WANGX,TIANJ,etal.SimulationoftheeffectsofcoatedmaterialSEYpropertyonoutputelectronenergy
8-1005211



XIEYun-tao,etal:Monte-CarloSimulationofOutputElectronCloudfromaMicrochannel
PlateinaSaturationMode

distributionandgainofmicrochannelplates[J].NuclearInstrumentsandMethodsinPhysicsResearchSectionA,2016,
840:133-138.

[7] YANL,SHIF,CHENGH,etal.MonteCarlosimulationofelectrontransportinlow-light-levelimageintensifier[J].
Optik-InternationalJournalforLightandElectronOptics,2015,126(2):219-222.

[8] WU M,KRUSCHWITZCA,MORGAND V,etal.MonteCarlosimulationsofmicrochannelplatedetectors.I.
Steady-statevoltagebiasresults[J].ReviewofScientificInstruments,2008,79(7):073104.

[9] KRUSCHWITZCA,WU M,ROCHAU G A.MonteCarlosimulationsofmicrochannelplatedetectors.II.Pulsed
voltageresults[J].ReviewofScientificInstruments,2011,82(2):023102.

[10] WANGQiang-qiang,DENG Ke-li,DENG Cai-bo,etal.Three-dimensionalnumericsimulationofmultiplication
processofsecondaryelectronsinmicrochannelplate[J].HighPowerLaserandParticalBeams,2015,27(12):190-
195.

[11] IVANOVV,INSEPOVZ,ANTIPOVS.Simulationofgainandtimingresolutioninsaturatedpores[J].Nuclear
InstrumentsandMethodsinPhysicsResearchSectionA,2011,639(639):158-161.

[12] SIEGMUNDO H W,TREMSIN AS,VALLERGAJV.Advanced MCPsensorsforUV/visibleastronomyand
biology[J].NuclearInstrumentsandMethodsinPhysicsResearchSectionA,2003,510(1):185-189.

[13] BRUININGH.Physicsandapplicationsofsecondaryelectronemission:pergamonscienceseries:electronicsand
waves—aseriesofmonographs[M].Elsevier,2016.

[14] BAIXiao-hong,ZHUBing-li,XUPeng,etal.Simulatingthespatialresolutionoftheframingcamera[C].SPIE,
2016,10141:1014118-1.

[15] KOSHIDAN.Effectsofelectrodestructureonoutputelectronenergydistributionofmicrochannelplates[J].Reviewof
ScientificInstruments,1986,57(3):354-358.

[16] KOSHIDAN,MIDORIKAWA M,KIUCHIY.Outputenergydistributionofamicrochannelplate[J].Advancesin
Electronics&ElectronPhysics,1985,64(149):337-342.

[17] PANJing-sheng,GUYan,SUNJian-ning,etal.ThermalneutronsensitiveMCPsforneutronradiograph[J].Optics
andPrecisionEngineering,2015,23(3):660-666.

[18] BRONSHTEYNIM,YEVDOKIMOVAV,TYUTIKOVAM,etal.Differentialsecondaryemissioncharacteristics
ofmicrochannelplates[J].RadioEngineeringandElectronicPhysics,1979,24(4):871-874.

9-1005211


