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Kapitola 1

Uvod

Pod pojmem prach se obecné rozumi pevna téliska hmoty o rozmérech mensi nez de-
setina milimetru s hmotnosti neptresahujici mikrogram. Najdeme je nejen v prostiedi
kolem nés, ale také v kosmu. Na Zemi jej miizeme nalézt v nejriznéjsich podobéach,
tvori prirozenou soucast zivotniho prostiedi v podobé drobnych kouskt hornin, ptidy
¢i pylt. Lidské zivoty mohou znepiijemnovat prachové boute ¢i sopecny prach, ktery
zpusobuje znac¢né komplikace v letecké dopravé. Prach ve vyssich vrstvach atmosféry
zpusobuje jev zndmy jako noc¢ni svitici oblaka, pti kterém se kratce po soumraku od
prachovych zrn odrazi slunecni svétlo. Prach je také vytvaren lidskou ¢innosti, a to
prevazné tézkym primyslem a dopravou.

Velké mnozstvi prachu se také nachazi v kosmickém prostoru. Uvadi se, ze az 1%
hmoty nasi galaxie je tvoreno pravé prachovymi zrny. Mzeme jej nalézt na povrsich
planet, planetek a mésict, ve chvostech komet, v meziplanetarnim a mezihvézdném
prostoru. Ve vétsiné pfipadi je v kosmu vnoten do plazmatu.

Pokud je vzdjemnd vzdalenost prachovych zrn v plazmatu mensi nez Debyeova
stinici délka, potom na sebe navzajem piusobi svymi ndboji. Tento stav se nazyva
prachové plazma. Pokud je vzajemna vzdalenost prachovych zrn v plazmatu vétsi

nez Debyeova délka, pak je ndboj jednotlivych zrn plazmatem odstinén a nedochazi



ke kolektivnimu chovani prachovych zrn. V tomto pripadé mluvime o prachu v plaz-

matu.

P1i kontaktu prachu s nabitymi casticemi dochazi ke zméné naboje prachovych
zrn, a to vlivem nékolika procest. Mezi ty nejzakladnéjsi patii zachyt elektroni a
iontl a sekundarni elektronova emise zptsobena dopadem energetickych elektroni.
Zrna zahfata na vysoké teploty mohou emitovat elektrony termoemisi a pti velké
intenzité elektrického pole mize dochazet diky polni emisi k tunelovani elektront.
Zménu naboje miize zptsobit i energetické elektromagnetické zareni. Takto mohou
prachové ¢astice ziskat zna¢ny mérny naboj a jejich dynamiku pak, kromé gravitac¢ni
sily, ovliviiuje i sila elektromagneticka.

VSechny procesy spojené s interakei prachovych zrn s plazmatem nejsou jesté plné
uspokojivé prozkoumany, a tak experimentalni vyzkum v této oblasti nadale probiha.
Predlozena prace se zabyva jak experimentalnim, tak i teoretickym studiem nabi-
jeni prachovych zrn v plazmatu. Uvodni kapitola je vénovand vyskytu prachovych
zrn ve vesmiru, je doplnéna o ukazky zplisobu laboratorniho vyzkumu prachovych
zrn a vénuje se také otazkam pritomnosti prachu ve fiznim plazmatu. Druha kapi-
tola podrobné rozebird jednotlivé nabijeci procesy spojené s prachovym plazmatem.
Treti kapitola se pak vénuje popisu experimentalni aparatury, kterd je pouzivana
na Katedfe fyziky povrchti a plazmatu ke studiu téchto procesii. Ve ¢tvrté kapitole
jsou struc¢né shrnuty cile této prace. Experimentalni vysledky ziskané pii studiu se-
kundérni elektronové emise pro rizné typy materidli vyskytujicich se v kosmickém
plazmatu a pii studiu iontové polni emise jsou prezentovany v kapitole paté. Sestd
kapitola je vénovana navrhu jednoduchého modelu nabijeni prachovych zrn v plaz-
matu danych vlastnosti. Vysledky aplikace tohoto modelu na konkrétni prostiedi jsou
popsany a rozebrany v kapitole sedmé jednak pro plazma odpovidajicimu chvostu
zemské magnetosféry, jednak pro tokamakové plazma (kapitola osm). Pro tyto ap-

likace modelu jsou voleny vzdy odpovidajici materialy. Prace je zakoncena stru¢nym
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shrnutim vysledki (kapitola devatd). V priloze je 7 publikaci, kde jsou vysledky

popsany.

1.1 Prach ve vesmiru

Jiz bylo zminéno, Ze se prach vyskytuje prakticky ve vSech koutech vesmiru. V mezi-
hvézdném prostoru prach najdeme v mlhovinach a mrac¢nech. Pritomnost prachu ma
za nasledek rozptyl modré casti spektra ze svétla, které mracnem prochazi. Je-li se
takovéto mracno mezi Zemi a zdrojem svétla, pak se mracno jevi vice nacervenalé,
naopak, je-li mrac¢no osvétleno ze strany, pak se pri pohledu ze Zemé jevi namodralé.
Pf1i kolapsu molekularnich mracen vznikaji nové hvézdy, proto prach hraje dilezitou
roli pfi vzniku slune¢nich soustav. V meziplanetarnim prostoru je prach vytvoten pri
srazkach planetek ¢i jinych téles. Prach se také uvolnuje z komet béhem jejich priiletu
kolem Slunce, kdy vytvaii prachovy chvost (kromé prachového chvostu maji komety
také chvost iontovy). Do meziplanetarniho prostoru se prach miize rovnéz dostavat
z povrchii planet a jejich mésicti pti dopadu meteoroidii nebo vlivem vulkanické ¢in-
nosti. Silnym zdrojem prachu je naptiklad Jupiteriv mésic o, ktery je povazovan
najdeme prach také v prstencich velkych planet. V Saturnové prstenci byly sondou
Voyager pozorovany ttvary zvané Spokes [Hill and Mendis, 1981; Smith et al., 1982],
které se daji vysvétlit pouze zapoctenim elektrické sily ptisobici na nabita prachova
zrna [Goertz and Morfill, 1983; Griin et al., 1983; Mitchell et al., 2006]. Spojovanim
jednotlivych prachovych zrn mohou vznikat vétsi objekty, naopak mohou prachova
zrna zanikat dopaden slune¢niho vétru procesem zvanym odprasovani.

Vyzkumu prachu ve slune¢ni soustavé se v poslednich letech vénovalo nékolik
védeckych misi. Detektory prachovych zrn nesou ¢i nesly naptiklad sondy Ulysses,

Galileo, Cassini ¢i New Horizons. Sonda Ulysses slouzila pro vyzkum slune¢ni sous-



tavy od roku 1990 az do roku 2009. Destinaci sondy Galileo byla planeta Jupiter,
v jejimz okoli sonda ispésné pracovala od roku 1995 az do roku 2003 [Kriiger et al.,
1998]. Sonda Cassini odstartovala v roce 1997 na misi k planeté Saturn a jeji vyzkum
planety a jejich prstenci stale pokracuje. Behem této doby vzniklo mnozstvi ¢lankt
referujicich o detekci prachovych zrn pomoci pfistroje CDA (Cosmic Dust Analyzer),
ktery je na této sondé umistén [Hsu et al., 2011; Srama et al., 2011]. Sonda New Hori-
zons se vydala v roce 2006 na dlouhou cestu k trpasli¢i planeté Pluto. také na jeji
palubé je umistén detektor prachovych ¢astic SDC (Student Dust Counter) [Horanyi
et al., 2008]. Sonda Deep Impact byla ur¢end pro priizkum komety Temple 1 [A’Hearn
et al., 2005], kdy po pfiblizeni ke kometé na vzdalenost 500 km v roce 2005 uvol-
nila projektil o hmotnosti 372 kg, ktery dopadl na povrch komety relativni rychlosti
10,2 km/s. Naraz projektilu a nasledné vyvrzeni materialu bylo pozorovano pomoci
pozemskych stanic i Hubellova a Spitzerova vesmirného dalekohledu. Po dopadu pro-
jektilu se na kometé vytvoril krater zhruba 100 m Siroky a 30 m hluboky. Do vesmiru
bylo uvolnéno 250 miliont kg vody a mezi 10 a 25 miliony kg prachu.

Existuji také projekty, jejichz hlavnim cilem bylo studium prachovych zrn. Prikla-
dem takovéto mise je sonda Stardust, ktera se v roce 1999 vydala na cestu ke kometé
Wild 2. Na sondé byl umistén aerogelovy lapac¢ prachu, ktery mél sbirat prachova
zrna béhem celého letu sondy. Po pribliZzeni ke kometé sonda sbirala prach odletujici
z komety, opét pomoci aerogelového lapace prachu. Poté se sonda vydala na zpatecni

cestu na Zemi, kde kapsle s aerogelem pristéla v roce 2006 [Jenniskens, 2010].

Povrch Meésice je pokryt vrstvou prachovych zrn rozlicnych velikosti od cen-
timetrovych a7 po zrna mensi nez mikrometr [Stubbs et al., 2006], ktera vznikaji
pri dopadu meteoroidii. Na Zemi bylo dovezeno zna¢né mnozstvi vzorki mési¢niho
prachu béhem misi Apollo. Prach na povrchu Mésice ovSem zna¢né znepiijemiio-
val praci kosmonautiim. Jelikoz Mésic nema atmosféru, tak nejsou prachova zrna

vystavena povétrnostnim vliviim, a proto jsou velmi ostra. Pt¥i misich se zrna lepila



na povrchy, véetné skafandri astronauti a nebylo jednoduché je odstranit. Prach si
nasledné astronauté zanesli do pfistavaciho modulu, kde jim ptidélaval problémy, a

to hlavné béhem startu.

Prach je na povrchu Mésice vystaven vlivu slunec¢niho vétru, energetickym c¢as-
ticim a ultrafialovému (UV) zaZeni Slunce a v8echny tyto procesy vedou k jeho
nabijeni. Béhem obéhu Mésice kolem Zemé je jeho povrch vystaven vlivu riznych
oblasti magnetosféry nebo piisobeni sluneéniho vétru s lisicimi se parametry plaz-
matu, a proto se povrchovy potencidl jak povrchu Mésice, tak i prachovych zrn muze
vyrazné ménit [Halekas et al., 2005, 2006]. Na osvétlené strané Mésice dominuje fo-
toemise, kterd nabiji povrch na maly kladny potencidl. Na noc¢ni strané se naopak
uplatiuje zachyt elektront, a tak povrch ziskava potencial zaporny. Pokud se v okoli
Meésice vyskytuji energetické elektrony, ma nezanedbatelny vliv i sekundarni elek-
tronova emise, kterd mtize vést ke kladnému potencialu zrn i povrchu [Halekas et al.,
2008, 2009b,a]. Mésic se pohybuje vétsinu obézné doby ve sluneénim vétru piipadné
v prechodové oblasti, nicméné ¢ast jeho drahy prochazi magnetosférou Zemé [Hap-
good, 2007], a to plazmovou vrstvou (plasmasheet) nebo magnetosférickymi laloky
(lobes). VSechna tato plazmaticka prostiedi se lisi svymi parametry, protoze koncen-
trace ¢astic ve sluneénim vétru je n ~ 5 cm™3, tj. piiblizné desetkrat vétsi nez ve
chvostu zemské magnetostéry, teplota plazmatu mize dosahovat az 2 keV v mag-
netosfére a jen 10 eV ve sluneénim vétru [Halekas et al., 2011]. To je divod pro
studium nabijeni prachovych zrn mési¢niho ptivodu (nebo nabijeni celého povrchu
Mésice pokrytého mnozstvim prachu).

Sondy Surveyor 5 -7 pozorovaly koncem Sedesatych let minulého stoleti zarici
oblak na horizontu Mésice. Tento jev byl pozdéji vysvétlen rozptylem svétla na levitu-
jicich prachovych zrnech ve vysce jednoho metru nad Mési¢nim povrchem. Podobny
efekt byl rovnéZ pozorovan astronouty béhem mise Apollo 17 [Stubbs et al., 2007].

Bylo ukazano, 7e prachova zrna na povrchu Mésice mohou ziskat takovy elektricky
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naboj, ktery jim tuto levitaci umozni.

Také na povrchu Marsu se prachova zrna usazuji na solarnich panelech vyzkum-
nych sond a snizuji tak dodavky potebné elektrické energie. Atmosféra u Marsu vSak
zpusobuje nizsi prilnavost obrousenych zrn nez u Meésice a také obcasné ocisténi
solarnich panelii pfi poryvech vétru [Cohen, 2004]. Na Marsu byly sondou MRO
(Mars Reconnaissance Orbiter) pozorovany prachové viry (Dust Devils). Tyto ob-
jekty mohou dosahovat priméru 70 m a sahat az do vysky 20 km nad povrch [Stanzel
et al., 2008].

Je vidét, ze prachova zrna je mozno nalézt v rozliénych prostiedi, kde jsou vys-
tavena pusobeni plazmatu. Proto se provadi mnozstvi laboratornich experimenti,

které maji za cil jednotlivé procesy spojené s interakci prachu s plazmatem objasnit.

1.2 Experimenty s prachovymi zrny

Laboratorni vyzkum interakce prachovych zrn s plazmatem probiha intenzivné po
radu let, pricemz sméry tohoto vyzkumu se daji rozdélit do dvou hlavnich casti.
Prvni se zabyva vicecasticovym experimenty, pii kterych je zkoumano kolektivni
chovani nabitych zrn. Zrna v plazmatu mohou tvorit takzvané prachové krystaly, ve
kterych roli ionti prebiraji samotna zrna, ktera je mozno pozorovat pomoci rozptylu
laserového svétla [Samsonov and Goree, 1999; Liu et al., 2009]. Prachové krystaly
jsou rovnéz hojné studovany pii podminkich mikrogravitace bud pii parabolickych
letech [Piel et al., 2006], ¢i pfimo ve vesmiru. Tyto experimenty zacaly na ruské
stanici MIR a stale pokra¢uji na mezinarodni stanici ISS [Nefedov et al., 2003; Lipaev
et al., 2007; Thomas et al., 2008]. V poslednich letech je pozornost vénovana sledovani
dréhy jednotlivych zrn v prachovych oblacich v plazmatu [Kroll et al., 2008, 2010;
Schablinski et al., 2013]. Béhem téchto experimenti je mozno studovat kolektivni

chovani zrn véetné prachovych hustotnich vin v zavislosti na parametrech plazmatu



a vlastnosti zrn, ale studium jednotlivych nabijecich procesti umoznéno neni.

Druhy smér laboratornich vyzkumu interakce plazmatu s prachovymi zrny se
vénuje jednotlivym zrntim a jejich nabijeni. Velmi rozsitené jsou experimenty, pri
kterych zrna propadéavaji vrstvou plazmatu, a poté jsou zachycena pomoci Faraday-
ova valce. Takto je mozno ur¢it mnozstvi naboje, jaky zrno béhem svého padu ziska
v zavislosti na parametrech plazmatu a na materialu zrna [Walch et al., 1994, 1995;
Kausik et al., 2008]. Obdobné usporadéani experimentu dovoluje zkoumat nabijeni zrn
pii propadédvani vrstvou fotoelektronid vytvorenou na fotokatodé osvétlené UV lam-
pou ¢i samotné nabijeni zrn pomoci UV zafeni [Sickafoose et al., 2000]. Pi priletu
zrn plazmatem je rovnéz mozno urcovat jejich naboj, a to nejen pomoci Faradayova
valce, ale také pomoci deflektoru, ve kterém jsou zrna elektrickym polem odchylena
ze své drahy. Néboj zrna je tak urcen velikosti této vychylky [Kakati et al., 2000;
Chakraborty et al., 2003]. Pro studium nabijecich procesi se pouzivaji nejen zrna
s béznych materiali jako je sklo, uhlik, kiemik, méd a stiibro [Walch et al., 1995;
Sickafoose et al., 2000; Kakati et al., 2000], ale i simulanty mési¢niho a marsovského
prachu [Sickafoose et al., 2002; Sternovsky et al., 2002] a v nékterych piipadech
i skute¢ny mési¢ni prach [Horanyi et al., 1998].

Tyto experimenty poskytuji sice zdkladni informace o jednotlivych nabijecich
procesech, ale jejich hlubsi zkoumani nedovoluji. K tomu jsou vhodnéjsi experi-
menty, které vyuzivaji iontovou (Paulovu) past [Paul, 1990], ktera dovoluje zachyceni
jednoho nebo vice zrn po dlouhou dobu v prostoru a jejich nabijeni pomoci elek-
tronového ¢i iontového svazku nebo UV lampy. Takovych experimentii se v pritbéhu
¢asu objevilo nékolik, ale vzhledem k faktu, ze tento druh experimentt je po tech-
nické strance relativné narocny, vétSina experimenti neslouzila k hlubsimu studiu
nabijecich procesti na izolovanych zrnech [Cermék et al., 1995; Hars and Tass, 1995;
Cai et al., 2002]. Dlouhodobé se tomuto vyzkumu vénuje skupina ve Spojenych

statech [Spann et al., 2001; Abbas et al., 2002, 2010]. Je nutno vSak poznamenat,
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ze jejich experiment vykazuje jisté nedostatky, které ovliviuji, alespon podle naseho
nézoru, interpretaci vysledki [Némecek et al., 2011]. Experiment, vyuzivajici iontové
pasti, je také po fadu let na Katedfe fyziky povrchi a plazmatu. Podrobné se popisu
tohoto experimentu vénuje tieti kapitola této prace, méreni na aparatiie jsou pak

obsahem kapitoly paté.

1.3 Prach ve faznim plazmatu

Jadernd faze je predmétem zdjmu védcei jiz od padesatych let minulého stoleti, kdy
I. J. Tamm a A. Sacharov pfisli s myslenkou magnetické nadoby (tokamaku) pro
uchovani vysokoteplotniho plazmatu. Prvni tokamak (T-1) byl pfedstaven v roce
1956 v Kurchatovové institutu v Moskvé, ale tispéch mél az tfeti v poradi T-3 a jeho
vétsi verze tokamak T-4, ktery byl zprovoznén v Novosibirsku v roce 1968. Béhem
druhé poloviny dvacatého stoleti nasledné vzniklo po celém svété mnoho vyzkumnych
pracovist, kterd se problematikou jaderné fze zabyvaji [Krasheninnikov et al., 2010,
2011].

S rostoucimi poznatky o vysokoteplotnim plazmatu a jeho udrzeni roste v posled-
nich letech i zdjem o vyzkum spojeny s prachovym plazmatem. Prvni spekulace, Ze
prach miize byt zdrojem znecisténi plazmatu, které vede k zvysSeni radiacnich ztrat
a jeho roziedéni prednesl Ohkawa [1977]. Prach byl vSak ve faznich zafizeni poprvé
pozorovan az o nékolik let pozdéji, kdy Goodall [1982] pozoroval poletujici objekty
v tokamaku DITE.

Potteba porozuméni procesiim spojenych s prachem v tokamacich silné vzrista
s vystavbou mezindrodniho termonukledrniho experimentalniho reaktoru ITER ve
francouzském mésté Cadarache, na kterém se, kromé Evropské unie, podili také USA,
Rusko, Cina, Japonsko, Jizni Korea a Indie [Aymar et al., 2002; Krasheninnikov

et al., 2011]. P¥itomnost prachu v budoucich faznich zafizeni, které budou pouzivat
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jako palivo radioaktivni tritium, mze vyznamné ovlivnit jejich ¢innost diky mnozstvi
tritia, které mohou prachové ¢astice absorbovat.

Prach vSak mize i podstatné ovlivhovat stabilitu vyboje a mtze zpusobit neza-
douci energetické ztraty. Pritomnost prachu mtize zapricinit degradaci diagnostick-
ych zarizeni umisténych uvniti tokamaku a zhorsit jejich pfesnost ¢i zptisobit erozi
vnitinich stén vakuové komory. Z téchto duvodi je vznik, transport a zanik pra-
chovych zrn a stejné tak i jejich nabijeni a ohfev pfi interakci s plazmatem velmi
podstatnou slozkou studia fizniho plazmatu smérujiciho k realizaci ITER.

V soucasnosti existuji t¥i hlavni zptsoby jak experimentalné studovat prach ve
faznim plazmatu. Jedné se o sbhirani prachovych ¢astic z komory tokamaku béhem
jeho odstavek, rozptyl laserového zareni na prachovych zrnech a pozorovani jed-
notlivych zrn pomoci rychlych kamer. Kazdy z téchto pristuptt ma své prednosti a
ziskané poznatky se navzajem doplnuji.

Informace ziskané pomoci sbirani prachovych zrn z komory tokamaku béhem
technické odstavky poskytuji zajimavé informace o slozeni, tvaru, velikosti a mnozstvi
prachovych zrn, kterd béhem provozu vznikla. Tato metoda se v poslednich letech
standardné pouziva u velkého mnozstvi fiznich zafizeni [Rubel et al.; 2001; Sharpe
et al., 2002; Grisolia et al., 2009; Rohde et al., 2009]. SloZeni prachovych zrn dle
ocekavani koresponduje s materialy, které jsou pouzity pro vnitini stény tokamaku,
divertor a pro vnitini diagnosticka zafizeni. V soucasnosti tak prevazuje hlavné uh-
lik, jako nejpouzivanéjsi materidl pro vnitini stény, dale pak Zelezo, chrom, nikl,
molybden, méd, mosaz a dalsi materidly uzité v diagnostickych zafizeni. Pro bu-
douci generace tokamaki v¢etné jiz budovaného zarizeni [TER vSak nebude pouziti
uhliku vhodné diky jeho vysoké retenc¢ni schopnosti radioaktivniho tritia, které bude
pouzivano jako palivo. Z tohoto divodu se uvazuje o pouziti wolframu ¢i beriliové

oceli jako material pro vnitini stény a divertor [Neu et al., 2013; Coenen et al., 2013].

Prachova zrna odebrana z nékolika tokamakl naznacuji, ze velikost zrn se pohy-
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buje od 0,1 do 100 um a jejich velikostni rozdéleni odpovida log-normalnimu rozdéleni
se stfedni hodnotou kolem jednoho mikrometru [Sharpe et al., 2002]. Je nutno podot-
knout, ze prachova zrna jsou vétSinou shirdna pomoci filtr a zrna velikosti nékolika
nanometri a mensi tak neni mozné zachytit, i kdyz se predpoklada, ze i tyto velikosti
se v zarizenich vyskytuji.

Je také nutné poznamenat, ze mnozstvi prachu odebrané z tokamaku, silné zavisi
na dobé jeho provozu od posledni odstavky (¢isténi) a na druhu vyboje, ktery se
v daném zatizeni studuje. Velmi zajimava je také informace o tvaru jednotlivych zrn,
kterd mize naznacit, jak jednotlivé prachové zrno vzniklo. Z obrazku 1.1 je patrno,
ze rozmanitost je velkd a v tokamacich muzeme nalézt jak zrna nepravidelnych tvari,
vlocky, ale i zrna ¢isté kulova. Za nejcastéjsi zdroje prachu se povazuje eroze stén ci
diagnostickych zafizeni, rist prachu v objemu z necistot v plazmatu a odlupovani

usazenych necistot ze stén tokamaku.

———flaka

spherical
particle

cleaved particle *y

v

small fibers

Obrazek 1.1: Prachova zrna sebrand z faznich zarizerni. Pfevzato z Sharpe et al.

[2002].

Prachova zrna je mozno v tokamacich detekovat také pomoci Thomsonova rozptylu,
ktery se pouziva jako standardni metoda k urceni teploty a hustoty plazmatu ve
fliznich zarizeni jiz fadu let. Oscilace intenzity rozptyleného laserového zareni vedly

k domnénce, Ze signidl mize nést informaci také o hustoté prachovych zrn a je-
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jich velikostnim rozdéleni. Prvni experiment, kde bylo pouzito laseru ke sledovani
umyslné vhozenych uhlikovych zrn do tokamaku JIPP-IIU, provedl Narihara et al.
[1997]. Prvni pokus o analyzu signdlu z Thomsnova rozptylu pro uréeni koncen-
trace a velikosti prachovych zrn v tokamaku DIII-D realizoval West et al. [2006] a
nasledné Smirnov et al. [2007]. Toto méteni ukazalo, ze stiedni velikosti prachovych
zrn ziskané touto metodou béhem vyboje odpovidaji tdajim ziskanym z analyzy
prachu sesbiraného po mé¥ici kampani. Udaje o primérna hustoté prachovych ¢astic

3. coz umoziuje pii analyze dynamiky prachovych zrn v toka-

nepresahuji 0.1 ecm™
maku zanedbat vzajemné srazky mezi jednotlivymi zrny. Ziskané vysledky rovnéz
ukazuji, ze prachova zrna se vyskytuji prevazné v okrajovém plazmatu a do vnitini
casti se dostavaji pouze na kratkou dobu po disrupcich. Je nutno podotknout, ze

touto metodou mohou byt sledovana jen malé zrna, nebot laserovy rozptyl na velkych

zrnech vede k saturaci detekéniho systému.

Pozorovani prachovych zrn pomoci kamer se pouziva jiz od roku 1982, kdy Goodall
[1982] poprvé pozoroval poletujici objekty v tokamaku DITE (obrazek 1.2). V soucasné
dobé se pouzivaji kamery s velkym ¢asovym rozliSenim, které podavaji velmi cenné
informace o dynamice jednotlivich prachovych zrn ve vyboji [Rubel et al., 2001;
Saito et al., 2007; Tang et al., 2011]. Soucasné pozorovani pomoci dvou a vice kamer
pak umoznuje sledovani presné drahy prachového zrna a urceni jeho rychlosti [Roque-
more et al., 2006, 2007; Boeglin et al., 2008]. Tato pozorovani umoziiuji porovnani
s teoretickymi modely. Pozorovani pomoci rychlych kamer objevilo, ze prach se pohy-
buje prevazné v toroidalnim sméru s rychlosti, ktera mize dosahovat az stovek metri
za sekundu. Mnozstvi prachovych zrn, které kamery zaznamendavaji, se zvysuje az
o dva Tady pri disrupcich, béhem kterych je uvolnéno mnozstvi prachu ze stén do
plazmatu. Timto zptusobem je vSak mozno detekovat jen prachova zrna veétsi nez
nékolik mikrometri (mezni velikost samoziejmé zavisi na konkrétnim druhu kamery,

vzdélenosti prachového zrna od kamery a jeho rychlosti).
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Obréazek 1.2: Prvni pozorovani prachovych zrn v tokamaku pomoci rychlé kamery.

Prevzato z Goodall [1982].

Experimentélni studium prachu ve faznich zatizeni je schopno poskytnout uziteéné
informace o slozeni, tvaru a velikosti jednotlivych zrn, pfipadné i o jejich dynamice,
ale neumoznuje nam hlubsi porozuméni elementarnich procesech jako je jejich nabi-
jeni a ohfev pri interakci s plazmatem. Pro pochopeni téchto procest je nutno pouzit
pocitacové simulace, napiiklad [Martin et al., 2008; Bacharis et al., 2010; De Tem-
merman et al., 2010; Krasheninnikov et al., 2011; Smirnov et al., 2011; Tanaka et al.,
2011; Bacharis et al., 2012]. Z téchto diivodi jsou dtilezité experimenty, které do-
voli studovat vliv jednotlivych nabijecich procesii oddélené a poskytnout tak kvalitni

vstupni data do modeli.

14



Kapitola 2

Nabijeni sférickych prachovych zrn

v plazmatu

Interakce prachovych zrn s plazmatem vede k jejich nabijeni jak zachytem eletronii a
iontt, tak sekundéarni elektronovou emisi (SEE) zptisobenou energetickymi elektrony.
V prostiedi, kde se vyskytuje UV zéareni, hraje vyznamnou roli i fotoemise, naopak
v prostiedi, kde jsou prachova zrna ohfata na vysoké teploty, miize mit vliv na
celkovy ndboj zrna také termoemise. Jsou-li mald prachova zrna nabita na vysoké
potencidly, miize se projevit vliv silného elektrického pole na povrchu zrna diky polni
emisi. Elektrické pole na povrchu zrna mze mit také vliv na ostatni emisni procesy
jako je termoemise a sekundarni elektronova emise. Mezi dalsi nabijeci procesy, které
vSak maji jen okrajovy vyznam, patii napriklad kontaktni nabijeni, beta rozpad ¢i
sekundarni iont elektronova emise. To, ktery z vySe zminénych procesu prevlada,
zavisi nejen na konkrétnim prostredi, v jakém se prachova zrna nachézeji, ale i na
vlastnostech samotnych prachovych zrn.

Celkovy proud na prachové zrno je dan souc¢tem dil¢ich proudi jako

d
dcf = J = Jet St o+ e+ Jinerm + penr (2.1)
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kde J. pfedstavuje proud primarnich elektront, J; proud primarnich iontd, Jp, foto-
proud, Jg. proud sekundarnich elektronti, Jipern proud termoelektrontt a Jy¢. proud
zplsobeny polni emisi.

Velmi dilezitym parametrem pii nabijeni je potencidl prachového zrna. Kladné
nabita zrna urychluji elektrony z plazmatu a zvysuji tak jejich tok na zrno a naopak
snizuji tok kladnych ionti. Kladny potencial snizuje mnozstvi emitovanych sekundar-
nich elektroni a fotoelektroni, jelikoz povrch mohou opustit pouze elektrony s vétsi
energii nez je povrchovy potencial. V pfipadé zaporného potencialu pak mohou zrno
opustit vSechny elektrony. Kladné ionty jsou zaporné nabitym zrnem pfitahovany a
naopak jsou elektrony brzdény a jejich tok na zrno je snizovan. Prachové zrno v plaz-
matu dosdhne rovnovdzného potencidlu v okamziku, kdy je celkovy proud, ktery je

dany vztahem (2.1), roven nule.

2.1 Zachyt primarnich ¢astic

Zakladni nabijeci proces, ktery je s prachovym plazmatem spojen, je zachyt primarnich
¢astic (elektront a iont). Mnozstvi ¢astic, které po dopadu na pevnou latku zis-
tanou na povrchu materidlu, zavisi na jejich energii a na thlu dopadu. Pro nizké
energie a kolmy dopad se vSak pravdépodobnost zachytu primarni ¢astice blizi 100%
a bere se za konstantu. V nizkoteplotnim plazmatu s teplotou elektront srovnatelnou
s teplotou iontl vede tento proces k zapornému ndboji zrna diky vyrazné vétsi elek-
tronové rychlosti, ktera Gsti v podstatné vétsi c¢etnost dopadu elektronii na povrch
zrna.

Tok elektronu a iontu dopadajicich na kulové prachové zrno o poloméru a se da
pro piipad, kdy je mozno zanedbat vzajemné srazky elektroni a iontd (polomér zrna

je mnohem mensi nez Debyeova stinici délka A\p, kterd je mnohem mensi nez stredni
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volna draha ¢astic v plazmatu ), napsat pomoci polarnich soufadnic a rychlosti jako

w/2
J, = dma? / / / v cos 0 f,(v)v? sin OdOdpdv
V=vq JO=

:4ﬂaf/ 1j:( 6U)}d“dE (2.2)
E=max(0,Lep)

E /]l dE
kde a predstavuje elektrony nebo ionty (popiipadé vice druht iontt ve vices-

lozkovém plazmatu), e je velikost elementarniho néboje, v je rychlost a E energie
priméarnich ¢astic a U je povrchovy potencidl zrna [Hordnyi, 1996]. Vyraz dj,/dE =
(2rE/m?) fo(E) je energeticky diferencidlni tok ¢astic, kde m,, je hmotnost a f,(FE)
distribucni funkce elektronii a ionti.

Pro nejcastéji pouzivané Maxwellovské rozdéleni energie ¢astic ma diferencidlni

tok nasledujici podobu

dja _ 27E ( Me >3/2 ( E) (2.3)
dE ~ m2 e \omkr,) P\ kT, ) '

kde T, je teplota, n, hustota elektronti ¢i iontd a k je Boltzmannova kon-

stanta [Horanyi, 1996].
Dosazenim rovnice (2.3) do (2.2) dostaneme vSeobecné zndmy vztah (2.4) pro

elektronovy proud v zavislosti na potencialu zrna [Horanyi, 1996]:

exp(+eU/kT, U<0
Jo = g, x  CPHU/RT) , (2.4)
(14 eU/KT) U>0
kde Jo. = 4ma®n.(kT,/2mm,)"/2.
Obdobné pro iontovy proud plati vztah

exp(—eU/kT;) U>0
Ji = J()i X , (25)
(1 — eU//-CT;) U<0

kde Jo; = 4ma’n;(KT;/27m;)"/2.
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Vyse zminéné vztahy plati pouze pro pripad, kdy je vzajemna rychlost prachového
zrna vici plazmatu zanedbatelnd vzhledem k tepelné rychlosti ¢astic plazmatu. Tato
podminka plati velmi dobfe pro laboratorni plazma, ale napriklad pro slunec¢ni vitr,
ktery se pohybuje rychlosti od 400 do 700 km/s, je nutno pii vypo¢tu toku iontd na
prachové zrno s touto rychlosti pocitat. S pouzitim Maxwelova rozdéleni s driftem

dostaneme pro proud ionti na zdporné nabité zrno nasledujici vztah [Whipple, 1981]:

g o [(MQ i eU) }{jerf(M) +exp(—M?)| (2.6)

kde M = w/(2kT;/m;)'/? je Machovo &islo (pomér vzajemné rychlosti mezi pra-

chovym zrnem a plazmatem w k iontové tepelné rychlosti) a

erf(z) = — /OaC exp(—y?)dy (2.7)

je chybova funkce.

Pro kladné nabita zrna plati obdobné vztah

J, = Ji {<M2 4 ; - ;g) \g [erf (M+ \/eU/k;Ti) + erf (M - \/eU/k;Tiﬂ +

el [ el
—l—( /{:TiM+1>eXp — | M — ) —

- o
eU eU
_ ( FTAL 1) exp |— <M + kTiM) }(2.8)

Pro elektrony, jejichz tepelna rychlost je podstatné vétsi nez rychlost iontii, nejsou

vyse uvedené korekce v naprosté vétsiné pripad potreba.
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2.2 Sekundarni elektronova emise

Sekundarni elektronova emise (SEE) je proces, pii kterém elektron dopadajici na
povrch pevné latky preda cast své kinetické energie elektronu v latce, ktery muze
nasledné povrch opustit. Tyto elektrony nazyvame pravé sekundarni elektrony. Pri-
marni elektron mize rovnéz po nékolika srazkach v materidlu opustit povrch. Tyto
elektrony jsou nazyvany rozptylené primarni elektrony. Pomér mezi poctem elek-
troni, které povrch opusti a poc¢tem primarnich elektront, které dopadaji na povrch,
se oznacuje jako o a nazyva se vytézek sekundarni elektronové emise. Tento vytézek
muzeme rozdélit na dvé slozky, a to na vytézek pravych sekundarnich elektront ¢
(pomér pravych sekundérnich elektroni k primarnim) a rozptylenych elektroni 7

(pomeér rozptylenych primérnich elektroni k jejich celkovému poctu). Plati, ze

o=49+n. (2.9)

Typicka energie pravych sekundérnich elektroni (&) se pohybuje v jednotkach
elektronvoltii a pro kladné nabitd prachova zrna s povrchovym potencidlem vétsim
nez nékolik voltl, a tak pravé sekundarni elektrony nemohou povrch opustit. Na
druhou stranu energie rozptylenych elektroni (1) je blizka energii primérnich elek-
troni, a tak mohou opustit i vice kladné nabity povrch.

Pro vypocet proudu sekundarnich elektront se velmi ¢asto pouziva Sternglasstiv
teoreticky model popisujici vytézek pravych sekundarnich elektront [Sternglass, 1957],
ktery byl vytvoren pro kolmy dopad elektronti na velké rovinné vodivé vzorky. Zavis-

lost tohoto vytézku na energii primarnich elektronti je dana nasledujicim vztahem:

(S(E) = 6251\/[(E/E]\/[) exp[—Q(E/EM)l/Q], (210)

kde € je Eulerovo ¢islo a 0y, je maximum vytézku pravych sekundéarnich elek-

troni, které nastava pro energii primarnich elektroni F,;. Napriklad pro sklo plati,
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oy = 3.356 a Eyy = 350 eV. Zavislosti vytézku pravych sekundarnich elektront ¢
na energii priméarnich elektroni danych vztahem 2.10 pro tii riizné materidly (sklo,
uhlik a wolfram) jsou zndzornény na obrazku 2.1. Pro vypocet byly pouZity ma-
teridlové konstanty 0, a F), ziskané z z databaze interakce elektront s pevnou
latkou [Joy, 1995]. Pro nizké energie primarnich elektront je mnozstvi sekundarnich
elektront limitovano energii elektrond primérnich, a proto se vzristem jejich en-
ergie vytézek pravé sekundarni elektron elektronové emise roste. S rostouci energii
primarnich elektront roste ovSem i hloubka, v jaké se generuji elektrony sekundarni.
Z tohoto divodu pro vysoké energie elektroni primarnich klesa koeficient 9, jelikoz
klesa pravdépodobnost, ze sekundarni elektron generovany ve vétsi vzdalenosti od
povrchu tento povrch opusti. I presto, ze autor omezil platnost tohoto predpisu pouze
do ¢tyfnasobku E), je casto v literatufe pouzivan pro vypocet proudu sekundarnich
elektront pro libovolné vysoké energie primarnich elektroni.

Proud sekundarnich elektronti maze byt s pouzitim vztahi 2.4 a 2.10 popsan
pro plazma s Maxwellovskym rozdélenim energii a negativné nabitd zrna (U < 0)
dle Meyer-Vernet [1982] jako

2

Tyee = %5(M)J06 exp(+eU /KT, Fs(Ey J4KT)), (2.11)

kde

Fs(z) = x2/ u’ exp~ Y dy. (2.12)
0

Pro pozitivné nabita zrma (U > 0) pak obdobné plati:

2

Tee = %5(1\4) Joo(L + eU/KT,) exp(+eU /KT, — eU /KTy Fy p(En JAKT.),  (2.13)

kde kT's predstavuje teplotu sekundarnich elektroniti, pro které predpokladame

Maxwellovské rozdéleni energii,
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Obrazek 2.1: Zavislost vytézku pravych sekundarnich elektronti 6 na energii

primarnich elektronti danych vztahem 2.10 pro sklo, uhlik a wolfram.

Fs p(z) = xQ/ u® exp” ) gy (2.14)
B
a
B = (4eU/Ey) . (2.15)

Je nutno poznamenat, ze pouzitim takto vypocteného proudu sekundarnich elek-
troni je opomijen vliv kone¢ného rozméru prachového zrna, zavislost vytézku SEE
na uhlu dopadu priméarnich elektronti a rozptyl primarnich elektroni. Laboratorni
experimenty s nabijenim prachovych zrn ukazaly, Ze Sternglasstiv model [Sternglass,
1957] sekundarni elektron elektronové emise neni vhodny pro energie primarnich

elektroni, pii kterych je jejich Gtlumova draha srovnatelna s velikosti zrna [Svestka
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et al., 1993; Chow et al., 1994; Pavlad et al., 2007].

2.2.1 Model sekundarni elektron elektronové emise pro pra-

chova zrna

Je nutno poznamenat, ze vyse popsany Strenglassiv model [Sternglass, 1957] neni
jediny. I pres existenci dalSich modeli sekundéarni elektronové emise vSak zlstava
stale nejpouzivanéjsim, a to hlavné pro jeho jednoduchost v podobé jediné formule
a dvou materidlovych konstant. Piivodni Strenglassiv model [Sternglass, 1957] byl
pozdéji upraven Draine a Salpeterem [Draine and Salpeter, 1979] pomoci fitovani
experimentalnich dat tak, aby popisoval vytézek pravych sekundarnich elektronti i
pro vétsi energie elektronti primarnich. Vzniklo také nékolik model ur¢enych piimo
pro sférické zrna. Sekundéarni elektronovou emisi ze submikronovych olejovych kapek
se zabyval Ziemann [Ziemann et al., 1995], ktery dosahl dobré shody teorie s exper-
imentalnimi vysledky pro energie do 250 eV. Chow et al. [1993] vyvinula model
pro sférickd zrna, ktery predpoklddal pohyb primérnich elektront uvnitf zrna po
piimce. Jelikoz model neodpovidal experimentalnim datéim [Svestka et al., 1993], byl
nésledné tento model upraven [Chow et al., 1994]. Upravena verze modelu poskyto-
vala vytézek pravych sekundarnich elektront s vice maximy a pomoci variace kon-
stant modelu nasli autofi shodu s experimentalnimi daty. Nevyhodou modelu vsak
je, ze vyzaduje pouziti rozdilnych sad konstant pro nizko a vysoko-energetickou ¢ast.

Na Katedre fyziky povrchi a plazmatu byl v uplynulych letech vyvinut novy
numericky model, ktery zahrnuje vliv velikosti zrn a kromé vytézku pravych sekun-
dérnich elektronti poc¢ita i s rozptylem elektronii primarnich [Richterova et al., 2004,
2006, 2010]. Tento model vychazi z nékolika predpokladi:

1) Predpokladji se homogeni sférickd zrna bez detailni atomarni & elektronové

struktury. Tento predpoklad tak nedovoluje uziti modelu pro malé molekulové klas-
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try.

2) Primarni elektrony pronikaji do zrna, kde se srazi s atomy zrna a nasledné
méni smér podle Hovingtonova modelu rozptylu [Hovington et al., 1997]. Mezi jed-
notlivymi srazkami se primarni elektrony pohybuji pfimocaie a draha mezi jed-
notlivymi srazkami je imérnd energii primarnich elektronii.

3) P1i kazdé srazce je pfedana ¢ast energie primarniho elektronu elektroniim ma-
terialu zrna, které mohou zrno nésledné opustit. Mnozstvi exitovanych elektroni
béhem kazdé srazky zavisi na aktualni energii primarniho elektronu. Exitované se-
kundérni elektrony se chovaji nezavisle na energii primarniho elektronu.

4) Pravdépodobnost, ze exitovany sekundarni elektron dosdhne povrchu zrna ex-
ponencialné klesa s jeho vzdalenosti od povrchu.

5) Energetické spektrum pravych sekundéarnich elektront nezéavisi na energii elek-
tronil primarnich.

Model byl testovan jednak na plandrnich vzorcich, jednak jeho vysledky byly
porovnavany pro rizné typy zrn s vysledky laboratornich experimenti [Richterova
et al., 2004, 2006, 2010]. Ukazalo se, ze model 1épe popisuje interakce enrgetickych
elektront s prachovymi zrny v pripadé, kdy je penetracni draha primérnich elektront
srovnatelnda s velikosti zrn.

Velikost zrna ma vliv na vytézek pravych sekundarnich elektront v okamziku,
kdy jsou tyto elektrony generovany v takové hloubce pod povrchem, ze mohou zrno
opustit i z jeho zadni strany. Diky tomuto efektu tak vytézek pro mala zrna roste.
Tento rozdil ilustruje obrazek 2.2, kde je porovnan vytézek pravé SEE pro sklenéna
zrna ruznych velikosti spo¢tenych podle modelu Richterova et al. [2010] se Stern-
glassovym modelem [Sternglass, 1957]. Z obrazku je patrno, Ze vliv velikosti zrna
se zaCind projevovat pro energie primarnich elektroni vétsi nez 1 keV. Vyraznéji
vsak velikost zrn ovliviiuje mnozstvi rozptylenych priméarnich elektront, coz je pa-

trno z obrazku 2.3, kde jsou porovnany vytézky rozptylenych priméarnich elektront
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pro nékolik velikosti sklenénych zrn ziskanych z nového modelu. Pro sklenéné zrno o
poloméru 0,1 pum zac¢ind mnozstvi rozptylenych primarnich elektroni prudce naris-
tat pro energie vétsi nez 1 keV a od 4 keV je jiz energie primarnich elektronii natolik
velkd, ze vSechny tyto elektrony zrno opusti. Z druhé strany u zrna o poloméru 5
pm je mnozstvi rozptylenych primarnich elektront viceméné konstantni az do en-
ergii 14 keV. Nértst mnozstvi rozptylenych priméarnich elektrontt mize silné zvysit
kladny potencial zrna diky tomu, Ze jejich energie je srovnatelna s energii elektroni

primarnich, a tak mohou opustit povrch i silné kladné nabitého vzorku.

4.0~
3.5+
3.0+
i ——R=0.1pm
——R=025um
2.51 R=0.5um
1 ——R=1.0um
w 2.0 R=2.0pum
1 ——R=5.0um
1.54 — — -Sternglass
1.0
0.5+
0.0 T 1 "T—T_T_T L e —]
0 2 4 6 8 10 12 14

E [keV]

Obréazek 2.2: Zavislost vytézku pravych sekundarnich elektroni ¢ na energii
priméarnich elektronti pro nékolik velikosti sklenénych zrn spoc¢tenych pomoci modelu
sekundérni elektronové emise z prachovych zrn [Richterova et al., 2010] a porovnano

se Sternglassovym vztahem 2.10.

Pomoci takto spoctenych vytézk 6 a n a s pouzitim vztahu 2.2 je mozno pro

Maxellovské plazma urcit proud sekundarnich elektront z prachovych zrn jako
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Obrazek 2.3: Zavislost vytézku rozptylenych primarnich elektront n na jejich energii
pro nékolik velikosti sklenénych zrn spoc¢tenych pomoci modelu sekundarni elek-

tronové emise z prachovych zrn [Richterova et al., 2010].

[e.o]

»
oo = nAe/ (1+ eU/E)éa(E +eU)dE (2.16)

—eU

a s pouzitim vztahu 2.9 tak dostaneme

T = nAe /_eU(l + U/ E) 0B + eU)dE +
tnAe(l + eU/KT,) exp(—eU/kT,) / e eU/E)C;%(S(E Le)dE  (2.17)
0
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2.3 Termoemise

Termoemise je proces, pii kterém elektrony samovolné opoustéji latku diky vysoké
teploté materidlu. Tento proces miize nabyvat na vyznamu ve vysokoteplotnim plaz-
matu, kde prachovéa zrna mohou dosahovat teplot az nékolika tisicii stupiti. U tohoto
procesu hraje dilezitou roli energetické rozdéleni elektrontt opoustéjicich prachové
zrno (termoelektrontd). Obecné se uvazuje o Maxwellovském rozdéleni s teplotou
odpovidajici teploté zrna T,. Pro pripad kladné nabitych zrn tak termoemise nehraje
skoro zadnou roli, jelikoz excitované elektrony nemohou kviili své nizké energii kladny
povrch opustit.

Proud elektronu z kulového prachového zrna zpisobeny termoemisi je mozno pop-
sat pomoci znamého Richardson-Dushmanova vztahu [Krasheninnikov et al., 2011]

jako:

6 910 1 U<0
Jiherm = 4.8 X 10°wa*kT; exp(—ws/kTy) (2.18)
exp(—eU/kTy) U>0

kde T} je teplota prachového zrna a wy je vystupni prace materialu zrna.

2.4 Fotoemise

Zménu naboje prachovych ¢astic vyvolava i interakce s elektromagnetickym zarenim.
Je-1i kvantum zafeni zrnem absorbovano, mize predat svou energii elektronu. Pokud
je tato energie dostate¢nd, mize elektron zrno opustit. Tento jev se nazyva fotoemise.
Silné zaévisi na materidlu zrna a na druhu elektromagnetického zafeni. Pro dlouhé
vlnové délky nenese kvantum dostate¢né mnozstvi energie k excitaci sekundarnich
elektronti. Prah fotoemise oznacuje minimalni energii, kterd je k tomu potfebna.

Prah je zavisly na materidlu zrna a spada do oblasti ultrafialového zafeni. Obdobné
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jako u termoemise, i v tomto pripadé hraje vyznamnou roli energetické rozdéleni
sekundédrnich elektronii (zde mluvime o fotoelektronech). Fotoemise je dominantni
proces v kosmickém prostoru, kde slunec¢ni UV zareni ovliviiuje ndboj osvétlenych
objekti prachovymi zrny pocinaje a povrchem mésicli ¢i planet konce. V tomto
pripadé se vétsinou za odpovidajici energetické rozdéleni fotoelektront ¢asto pouziva
Maxwellovo s teplotou fotoelektront T, v rozmezi 1 - 4 eV [Hordnyi, 1996]. Pro
vypocet proudu fotoelektront z kulovych zrn v kosmickém prostoru zptisobenym

zafenim Slunce plati nasledujici vztah [Whipple, 1981]:

o 9 o | 1 U<0
Jpho = 2.5 x 10 maex/d ) (2.19)
exp(—eU/kT,n,) U >0
kde d je vzdalenost od Slunce méfena v astronomickych jednotkich AU a k je
parametr blizky jedné pro vodivé a kolem 0,1 pro nevodivé materialy [Whipple,
1981]. Sluneéni zafeni zpravidla vede ke kladnému potencidlu prachovych zrn v fadu
nékolika volti, jelikoz se jednd o dominantni nabijeci proces v kosmickém prostoru
a prevazi i vliv zachytu elektront v prostfedi, kde neni podstatnd sekundarni elek-

tronova emise. Prikladem takovéhoto prostiedi je slunecni vitr. Kladny potencial

zrna je limitovany tim, ze fotoelektrony nemohou opustit nabity povrch.

2.5 Polni emise

Mezi dalsi procesy, které ovliviiuji naboj prachovych ¢astic, patfi polni emise, pri
které dochazi ke snizovani potencidlu zrna vlivem silného elektrického pole. Tyto
procesy tak mohou limitovat maximalni ndboj malych prachovych ¢astic, u kterych
dosahuje intenzita elektrického pole na povrchu vysokych hodnot i u relativné nizkych

potenciali. Rozlisujeme elektronovou a iontovou polni emisi.
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2.5.1 Polni elektronova emise

Polni elektronova emise je proces, pti kterém dochézi k tunelovani elektroni vlivem
silného elektrického pole z materilu do volného prostoru. Timto polem mizZe byt bud
vnéjsi elektrické pole a nebo pole vzniklé silnym zapornym nabojem zrna. Pro elek-
tronovou polni emisi plati znaAmy Fowler-Nordheimiv vztah [Fowler and Nordheim,

1928]:

(2.20)

2 2 1 10
er = 1377 X 107771'@2 (U) exp (675?]0(1> )
a

2.5.2 Polni iontova emise

Pokud jsou prachova zrna nabita na vysoky kladny povrchovy potencial, miize dochéazet
k jeho snizovani emitovanim kladnych iont. Tento proces se nazyva iontova polni
emise. V podstaté se jednd o tii rizné procesy, které jsou zalozeny na tunelovani
elektront z neutralnich atomt nebo molekul z tésné blizkosti zrna. Procesy se lisi
v ptuvodu neutralnich atomt, které jsou vlivem silného elektrického pole ionizovany.
Polni iontovou emisy je tak mozno stejné jako polni elektronovou emisy vysvétlit
pouze s pouzitim kvantové mechaniky. Prvni z procest se nazyva polni desorbce.
Pti tomto procesu jsou silnym elektrickym polem ionizovany atomy desorbované
z povrchu, elektron tedy tuneluje z neutralniho atomu, ktery opustil zrno zpét na jeho
povrch a vznikly kladny iont je od kladné nabitého zrna odpuzen. Druhym procesem
je polniionizace. Jedna se o velmi podobny proces jako polni desorpce, kde vSak nejde
o ionizovany atom desorbujici z povrchu, ale o atom z okolniho prostiedi nachazejici
se v blizkosti povrchu. Tteti proces je polni vyparovani, pii kterém dochézi k ion-
izaci atomt latky samotné. VSechny tyto procesy se pak jevi jako unikani kladnych
iontld z povrchu. Polni emise vyrazné limituji maximalni povrchovy potencial, na

jaky mohou byt mala prachova zrna nabita.
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2.6 Dalsi nabijeci procesy

naptriklad sekundarni ion elektronova emise, pii které ionty dopadajici na pevnou
latku predaji ¢ast své kinetické energie elektroniim z latky, a ty pak nasledné mohou
latku opustit. Tento proces je mozno, obdobné jako sekundarni elektronovou emisi,
popsat pomoci jejiho vytézku, ktery je vSak radové nizsi, a tak ma na celkovy naboj
zrna jen zanedbatelny vliv. Kontaktni nabijeni, pti kterém dochazi k prenosu naboje
mezi dvéma objekty pfi vzajemném kontaktu, mtze hrat roli pii poc¢ate¢nim nabijeni
zrn na povrchu Mésice ¢i Marsu, ale pro nabijeni prachovych zrn v plazmatu nema
podstatny vyznam. Zrna obsahujici radioaktivni prvky mohou rovnéz ziskat naboj
diky jejich radioaktivnimu rozpadu. Takové nabijeni bude velmi pomalé a bude mit

vyznam jen v prostiedich, kde je tento nabijeci proces osamocen.

2.7 Shrnuti nabijecich procest

O tom, ktery z vySe popsanych procest prevlada, rozhoduje hlavné konkrétni prostiedi,
v jakém se prachové zrno nachézi. Nejvyznamnéjsim nabijecim proudem v plazmatu
je pro vétsinu prostiedi zachyt elektronti. Zachyt iontl je pti stejné teploté nabitych
Castic vzhledem k jejich podstatné vétsi hmotnosti (nizsi pohyblivosti) méné vyz-
namny. Prachova zrna tak ve vétsiné prostredi ziskaji zaporny naboj. Pro prostiedi,
kde se vyskytuji elektrony o vysokych energiich (vice nez 50 eV), za¢ne byt vyznamna
i sekundarni elektronova emise, ktera se miize stat nejvyznamnéjsim nabijecim proce-
sem. Tento proces silné zavisi na materialu zrna, a tak, kromeé konkrétniho prostiedi,
bude mit na celkovy naboj zrna vliv i jeho materidlové slozeni. Vlivem sekundérni
elektronové emise, tak mohou prachova zrna ziskat kladny naboj. Ke kladnému

naboji zrn vede také fotoemise, kterd je vyznamna v prostiedi s nizkou koncen-
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traci nabitych ¢astic. Ptikladem takového prostredi je plazma v kosmickém prostoru,
kde jsou koncentrace ¥adové 1 cm™3. Naboj zrn zahidtych na vysoké teploty mize
ovlivnit i termoemise. Polni emise mohou u malych zrn limitovat maximalni naboje, a
to diky vysoké intenzité elektrického pole na povrchu i pro relativné nizké povrchové

potencialy.
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Kapitola 3

Experimentalni aparatura pro

studium nabijeni prachovych zrn

V tvodni kapitole byly stru¢né predstaveny moznosti laboratorniho vyzkumu inter-
akce prachovych zrn s plazmatem. Jeden z takovych experimentti probiha po fadu
let i na Katedie fyziky povrchli a plazmatu ve Skupiné kosmické fyziky. Experi-
ment vyuziva takzvanou iontovou (Paulovu) past [Paul, 1990], jejiz koncept vyv-
inul Wolfgang Paul a spolu s Hans Georg Dehmeltem za ni byl v roce 1989 ocenén
Nobelovou cenou. Iontova past byla vyvinuta koncem padesatych let minulého sto-
leti pro dlouhodobé udrzeni iontd v prostoru, nicméné se da uspésné pouzit i pro
zachyceni nabitych prachovych zrn. Jednd se o soustavu elektrod napéajenou stii-
davym napétim, jez vytvaii pole s efektivnim minimem v prostoru. Pribéh poten-
cidlu v iontové pasti je znazornén na obrazku 3.1. Stiidavé napéti zpiisobuje ”otaceni”
sedlového priubéhu potencidlu, ¢imz vznika efektivni minimum, kde je mozno zachytit
nabita zrna po velmi dlouhou dobu. Zachyceni izolovaného prachového zrna pak

umoznuje oddélené studium jednotlivych nabijecich procesii.
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3.1 Experimentalni usporadani

Obréazek 3.1: Potencial iontové pasti.

Aparatura pouzivana na Katedre fyziky povrchi a plazmatu byla ptivodné vyv-
inuta na univerzité v Haidelbergu v roce 1994 [Cermdk, 1994; Cermdk et al., 1995] a
po pievezeni do Prahy v roce 1995 byla postupné vylepovana a upravovana [Zilavy
et al., 1998; Pavli et al., 2004, 2008b; Némedcek et al., 2011]. Protoze ve zminénych
pracich byla aparatura podrobné popsana, omezime se jen na zakladni seznameni.
Fotografie aparatury je na obrazku 3.2 a blokové schéma experimentu je zndzornéno
na obrazku 3.3.

Paulovu past tvoii tii elektrody (jedna prstencova a dvé hyperbolické) napajené
stfidavym napétim v rozsahu V,. = 20 az 1000 V a frekvenci f,. = 0,1 = 100
kHz. Mezi horni a dolni elektrodu je mozno navic pfivést stejnosmérné napéti V.
slouzici ke kompenzaci gravitace, kterd vychyluje malo nabitd hmotnéjsi zrna ze

stredu pasti. Z rovnic pro pohyb nabitého zrna v pasti vyplyva, Zze se pohybuje jako
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trojrozmérny harmonicky oscilator. Kmitani zrna v pasti je mozno tlumit pomoci
pridavnych elektrod a béhem experimentu se nechdvéd zrno kmitat jen v jednom
sméru oznacovaném jako z. Mezi frekvenci kmit v tomto sméru a mérnym nabojem

% (pomér naboje k hmotnosti) plati nasledujici vztah:

Obrazek 3.2: Fotografie aparatury pro studium interakce prachovych zrn s elektrony

a ionty.

Q _ WZT(% facfz
m 2\ v

(3.1)

kde r¢ je vnitini polomér stfedni elektrody,

fae je frekvence kvadrupdlového napéti,

f- je frekvence kmitani zrna ve sméru osy z,

Vel je efektivni hodnota kvadrupdlového napéti a

A je korekéni faktor zavisly na poméru f,. ku f,.
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Obrézek 3.3: Schéma aparatury pro studium interakce prachovych zrn s elektrony a

ionty.

Pokud je pomér frekvenci dostateéné velky (fu../f. > 10), potom je koreké¢ni
faktor A\ blizky jedné a prachové zrno v pasti vykazuje vétsi stabilitu. Z uvedeného
vztahu je patrno, ze mérny naboj lze stanovit ze znalosti napajecich charakteris-
tik kvadrupodlu a frekvence kmit v ose z. Urceni této frekvence se provadi pomoci
svetla laserové diody, které je na zrnu rozptyleno a soustavou ¢ocek prevedeno pres
opticky zesilova¢ na PIN-diodu slouzici jako polohovy detektor (PSD). Pouziva se
laserova dioda o vykonu 50 mW s vlnovou délkou 632,8 nm a modulovana frekvenci
10 kHz. Tato modulace se pouziva pii zpracovani signalu k odfiltrovani Sumu pomoci

synchronni detekce. Signal, ktery je takto ziskan, se zesiluje ¢tyrkanalovym uzkopas-
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movym zesilovacem naladénym na modula¢ni frekvenci 10 kHz. Pomoci fidici jed-
notky jsou vytvareny signaly X a Z imérné poloze v piislusnych osach a také signdl S
umérny celkové intenzité svétla dopadajicitho na PIN-diodu. Posledné zminény signéal
nese informaci o pohybu ¢astice v poslednim sméru Y. Pomoci ¢itace je ze signdlu,
ktery nese informaci o poloze v ose z, uréena frekvence kmiti v tomto sméru f, a
prevedena do fidiciho pocitace. Ten tuto frekvenci dle vzorce 3.1 prepoc¢ita na hod-
notu mérného naboje a nasledné ulozi do souboru. Signaly X, Z a S se dale vyuzivaji

k aktivnimu tlumeni kmitl ¢astice v pasti.

Timto zptsobem jsme schopni sledovat vyvoj mérného naboje prachového zrna
v ¢ase. Pro nabijeni a vybijeni prachovych zrn je mozno pouzit elektronového a ion-
tového déla jako zdroje monoenergetickych svazki ¢astic o laditelné energii a proudu.
Proud ¢astic je stabilizovan zpétnou vazbou na zdkladé méfeni proudu Faradayovym
valcem. Energii elektronii je mozno ménit od 0,1 do 12 keV a energii iontl v rozsahu
0,1 = 10 keV. Mezi procesy, které je mozno aparaturou studovat, patii zejména
sekundarni elektronova emise, odprasovani prachovych zrn a polni elektronova a

iontova emise.

Pro méreni je obecné mozno pouzivat prachova zrna nejriznéjsiho slozeni a tvari,
ale pro snadnéjsi interpretaci obdrzenych vysledkt je vhodné pouzivat kulova zrna
o znamych vlastnostech. Rozmér zrn je limitovan jednak mnozstvim rozptyleného
svetla tak, aby bylo mozno zachycené zrno v pasti zaznamenat a také hmotnosti
zrn, jelikoZ neni mozné v pasti udrZet zrna s malym pomérem ¢/m (mélo nabita
hmotnd zrna). Pro vét§inu materili je tak mozno pouzit zrna od desetin pum az do
deseti um. Snimky typickych zrn pouzivanych pii experimentech potizené skenovacim
elektronovym mikroskopem jsou zndzornéna na obrazku 3.4 (a) sklo, (b) sklovity
uhlik, (¢) simulant marsovského prachu JSC-Mars-1 a (d) wolfram.

Je nutno poznamenat, ze v soucasnosti je na Katedfe fyziky povrchi a plazmatu

budovana nova aparatura urc¢end pro vyzkum interakce prachovych zrn s nabitymi
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1um

Obrazek 3.4: Snimky prachovych zrn pouzivanych pii experimentech pofizené po-
moci skenovaciho elektronového mikroskopu (a) sklo, (b) sklovity uhlik, (¢) simulant

marsovského prachu JSC-Mars-1 a (d) wolfram.

¢asticemi. Navrhovanda a postupné budovana aparatura vyuziva linedrni kvadrupdl,
ktery je oproti plivodnimu vyrazné otevienéjsi a mnozstvi rozptyleného svétla na
prachovém zrnu, které bude zachyceno soustavou cocek tak vyznamné naroste. Ote-
vienéjsi kvadrupol také snizi mnozstvi sekundéarnich elektronti generovanych na jeho
elektrodach, coz zlepsi citlivost méreni a bude umoznovat méreni na mensich zrnech
[Beranek et al., 2012]. Novy experiment bude vybaven také UV lampou, diky které

bude mozno studovat fotoemisi z prachovych zrn jakozto vyznamny nabijeci proces

36



napriklad v kosmickém prostoru.

3.2 Urcovani charakteristik nabijecich procesti

Béhem experimentu je jedind méfend hodnota aktualni velikost poméru naboje zrna
k jeho hmotnosti nazyvanad mérny naboj % Z Casového vyvoje je mozno pomoci
derivace ziskat informaci o velikosti mérného proudu, kterym je zrno nabijeno ¢i
vybijeno. Jelikoz je proces zachceni zrna v pasti ¢isté ndhodny, neni mozné predem
ovlivnit, které ze zrn padajicich ze zasobniku se zachyti. Z tohoto diivodu je vyvinuto
nékolik metod, jak ziskat informace o hmotnosti a kapacité zachyceného zrna béhem
experimentu. Detailngj$i popis téchto metod lze najit naptiklad v [Cermdk, 1994].
Pro méreni se ve velké vétsiné pripadi pouzivaji kulova zrna znamého materidlu,
u kterych se ze znalosti hmotnosti, hustoty a mérného naboje da urcit povrchovy
potencidl, polomér zrna a intenzita elektrického pole na povrchu. U zrn nepravidel-

nych tvarl si musime vystacit se znalosti hmotnosti a povrchového potencialu.

3.2.1 Urceni hmotnosti zrna metodou elementarniho naboje

Tato metoda je inspirovand Millikanovym pokusem [Millikan., 1913] a slouzi k pfes-
nému uréeni hmotnosti prachového zrna [Zilavy et al., 1998]. P¥esnost méieni mérného
naboje (%) je natolik velkd, ze pro mélo nabité zrna je mozno zaznamenat i zménu
frekvence zptisobenou zménou naboje o jeden jediny elektron. Pomoci elektronového
déla je mozno na prachové zrno vyslat nékolik malo elektront. Tyto elektrony pak
zpisobi malou, ale méfitelnou zménu naboje zrna. Celkovy naboj se miize zvysit
i snizit zachytem elektroni a sekundarni elektron elektronové emisi. Pribéh takovéhoto
méteni je zndzornén na obrazku 3.5. Jednotlivé skoky odpovidaji zméné nadboje zrna o
celociselny nasobek elementarniho naboje. Pti dostatecném mnozstvi skokl jsme tak

schopni odhalit zménu zpisobenou jednim elektronem a z této zmény nasledné urcit
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hmotnost zachyceného zrna. Upravou rovnice (3.1) dostaneme vztah pro hmotnost

Zrna.
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Obrazek 3.5: Zavislost frekvence na ¢ase pii ur¢ovani hmotnosti prachového zrna.

€- fz
m = %Afz, (3.2)

kde Af, je zména frekvence odpovidajici zméné naboje o jeden elektron. Jedna-li se

o kulové zrno znamého materidlu, jsme pak ze znalosti jeho hustoty schopni urcit

i jeho rozmér.

3.2.2 Urceni mérné kapacity metodou V-A charakteristiky

Dalsim zpisobem jak zjistit informace o zachyceném zrnu je zméieni zavislosti vy-
bijeciho proudu tekouciho ze zrna na jeho potencidlu (takzvand V-A charakteris-

tika) [Cermak, 1994]. P¥i tomto méteni je prachové zrno nabito iontovym svazkem
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na vysoky kladny potencidl (nékolik kV). Energie iontl je nasledné snizena na hod-
notu nizsi nez je potencial zrna. V tomto stavu nemohou jiz ionty dale dopadat na
zrno a jsou vychylovany na elektrody kvadrupdlu, kde generuji sekundarni elektrony.
Dalsi sekundarni elektrony jsou generovany ionizaci zbytkové atmosféry v aparatufie.
Tyto elektrony jsou kladné nabitym zrnem pritahovany a zptsobuji jeho vybijeni.
V okamziku, kdy potencial zrna klesne na hodnotu odpovidajici energii iontového
svazku, za¢nou ionty opét dopadat na povrch zrna a rychlost jeho vybijeni se vyrazné
zpomali. Ze zlomu v mérené charakteristice je mozno stanovit mérnou kapacitu zrna,
kterd urcuje vztah mezi jeho mérnym nabojem a povrchovym potencidlem. Diky
tomu jsme schopni béhem dalsich méteni urcit potencial zrna z velikosti mérného
naboje. Na obrazku 3.6 je znidzornéna zavislost mérného naboje zrna na ase (a) a
pomoci numerické derivace spoc¢tena zavislost mérného proudu na mérném naboji
(b) pro vySe popsané méteni pii vybijeni ze 3 keV na 1 keV. V obrazku je jasné
vidét zretelny zlomem ve V-A charakteristice, pii kterém povrchovy potencidl zrna
odpovidal energii iontového svazku. V tomto pripadé mélo zkoumané zrno mérnou

kapacitu 2,807 C/kg.
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néboji (b) pro uréeni mérné kapacity zachyceného zrna.
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Kapitola 4
Cile prace

V predchozich kapitolach byla predstavena komplexnost procesii spojenych se vza-
jemnou interakci prachovych zrn s plazmatem. Nékteré aspekty téchto procesii nejsou
jesté plné docenény, napriklad sekundérni elektronova a polni emise. V piipadé se-
kundérni emise laboratorni experimenty odhalily zavislost jejitho vytézku na velikosti
prachovych zrn [Svestka et al., 1993; Chow et al., 1994; Pavli et al., 2007]. Vétsina
experimentl probihala na kulovych zrnech zndmého slozeni, ale materialy, které se
vyskytuji v kosmickém prostiedi, jsou studovany sporadicky [Hordnyi et al., 1998].
Také polni iontova emise byla studovana jiz od 60-tych let minulého stoleti,
nicméné experimentalni i teoretické prace vychazely z aplikaci spojenych s ion-
tovymi projektory (Field Ton Microscope), tudiz se zabyvaly pFevazné kovovymi
hroty, pripadné tenkymi filmy [Gomer, 1961; Forbes, 1996, 2003]. Intenzita elek-
trického pole na hrotech a malych kulovych objektech je obdobné, proto se skupina
na KFPP MFF UK zabyva touto problematikou. Predchozi experimenty ukéazaly,
ze polni iontovou emisi je mozno pozorovat na zrnech jiz pri intenzité elektrického
pole 5 - 10® V/m [Jefab et al., 2007; Pavli et al., 2008a]. V poslednich letech doslo
k vyraznym tGpravam experimentalni aparatury, coz umoznuje udrzet zachycena zrna

v kvadrupolové pasti pro vétsi mérné naboje a tedy dosahnout i vétsiho elektrického
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pole na povrchu zrna. Toto dovoluje studium polni iontové emise do vétsi hloubky.

Ukolem piedlozené prace proto bylo v experimentalni ¢asti studium vlastnosti
nabijeni prachovych zrn ve vztahu ke kosmickym aplikacim. Vyuzivali jsme simulanty
prachu, ktery je podstatnou slozkou povrchu a okoli Mésice a Marsu. Kromé téchto
simulantii, jejichz tvar obvykle neni kulovy, jsou pro srovnavani vyuzita s vyhodou
data pro zrna z Si10Os, protoze tato zrna jsou sférickd a jejich nabijeci charakteristiky
jsou dobfte prostudovany a navic je sklo podstatnou slozkou obou simulantt. V téchto
experimentech jsme se zamérili na sekundéarni elektronovou emisi a na polni iontovou
emisi.

Ziskana data pak bylo mozno pouzit i k teoretickému studium nabijeni zrn v plaz-
matu, kde se vyskytuji "horké” elektrony. Takova prostiedi, byt s riznymi parametry
plazmatu, jsou ¢asta jak na Zemi, tak ve vesmiru. Avsak vliv sekundarni elektronové
emise se obvykle v numerickych modelech opomiji, protoze tato emise je povazovana
za minoritni proces. Cilem této ¢asti prace bylo poukazat na tyto aspekty, konkrétné

takto:

e Vyuzit experimentalnich poznatkt k doplnéni stavajicich modeld nabijeni pra-

chovych zrn o ¢ast zahrnujici vliv sekundarni elektronové emise.

e Pro presnéjsi popis sekundarni elektronové emise vyuzit novy model vyvinuty
v predchozich letech na nasem pracovisti a implementovat ho do stavajicich

modeli popisujicich dynamiku prachovych zrn v plazmatu.

e Aplikovat teoretické vysledky na konkrétni plazmaticka prostiedi: (1) na Mésic
pohybujici se ve sluneénim vétru a magnetosféie Zemé, (2) na atmosféru Marsu
a (3) na fazni plazma v tokamacich. Pro tyto aplikace vyuzit relevantni ma-

terialy.
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Kapitola 5

Experimentalni studium nabijecich

procesu

5.1 Sekundarni elektronova emise

Sekundarni elektronova emise (SEE) je proces ktery vyznamné ovliviiuje rovnovazny
potencial prachovych zrn v horkém plazmatu jaké se vyskytuje v kosmickém prostiedi
a ve fiiznich zarizeni. Z tohoto divodu je vhodné porozumét, jak ovliviiuje prachova

zrna z materidlt vyskytujicich se v téchto prostredich.

Jednou z moznosti, jak experimentalné studovat SEE z prachovych zrn, je méteni
rovnovaznych hodnot naboje zachyceného zrna v zavislosti na energii primarnich
elektront pomoci aparatury popsané v kapitole 3. Rovnovazny potencidl zrna je
pii tomto experimentu urcen vytézkem SEE. Je-li tento vytézek mensi nez jedna,
prachové zrno ziskd zaporny naboj diky zachytu elektront. Energie dopadajicich
elektronti na zaporné nabité zrno se snizuje vlivem zaporného potencidlu zrna a
nabijeci proces pokracuje az do okamziku, kdy vytézek SEE zbrzdénych primarnich

elektronii je roven jedné. V tomto okamziku zrno ziskd rovnovazny naboj (potencial).
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Je-li na zac¢atku nabijeni vytézek SEE vétsi nez jedna, tak prachové zrno naopak ziska
naboj kladny a primérni elektrony jsou nabojem zrna urychlovany. V tomto pfipadé
vSak mohou zrno opustit jen ty sekundarni elektrony, jejichZ energie je vétsi nez
potencial zrna. Tento fakt vyznamné limituje velikost kladného naboje jaky mohou

prachova zrna dopadem elektronu ziskat.

Méfenim rovnovaznych hodnot naboje (potencialu) prachového zrna v zavislosti
na energii primarnich elektront jsme schopni stanovit, zda je vytézek SEE vétsi ¢i
mensi nez jedna a jeho kvalitativni chovani. Pro vySe popsané méreni jsme pouzili
zrna, kterd odpovidaji materialim vyskytujicim se v kosmickém prostiedi. Konkrétné
se jedna o simulanty mési¢ntho a marsovského prachu (MLS-1 a JSC MARS-1)
znacné nepravidelnych tvari. Tyto vzorky byly vyrobeny umeéle tak, aby co ne-
jvérnéji odpovidaly slozeni a vlastnostem prachu, jez se nachazi na povrchu Mésice
a Marsu. Mési¢ni simulant MLS-1 (Minnesota Lunar Simulant 1) byl vytvoren na
univerzité v Minnesoté a odpovida svym slozenim a vlastnostmi prachu mési¢niho
mote dovezenému misi Apollo 11. Jednd se o ¢edi¢ bohaty na sklo (42 % hmoty).
Dalsimi materidly jsou FeO 15,7 %, AlyO5 13,9 %, CaO 12 %, MgO 7.9 % a TiO,
7,5 %. Oproti simulantu JSC-1, ktery odpovida prachu z mési¢nich hor, obsahuje
vétsi mnozstvi Ti0y. Marsovsky simulant JSC Mars-1 byl vytvoreny v NASA John-
son Space Center. Slozenim je velice podobny mési¢nim simulantiim, a to hlavné
diky podobné vysokému obsahu skla (43,5 % hmoty). Rozdil je v ponékud vétsim
obsahu Al,O3 (23,3 %) a FesO; (15,6 %), ktery dodava charekteristickou barvu.

Nepravidelny tvar zrn simulantu JSC Mars-1 je mozno vidét na obrazku 3.4 (c).

Na obrazku 5.1 jsou znazornény rovnovazné mérné naboje (¢/m) pro nékolik
rizné velkych zrn odpovidajicich simulantu mési¢niho prachu MLS-1 (a) a k nim
vypocétené rovnovazné potencidly (b). Informace o hmotnosti zrn a vztahu mérného
naboje (¢/m) s potencidlem (U) byly ureny zptisoby popsanymi v kapitole 3. Z ob-

razku je patrno, ze leh¢i zrna dosahuji vyrazné vétsich mérnych nabojt, coz muze
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vyznamneé ovlivnit jejich chovani. Rovnovazny potenciél pro nizké energie primarnich
elektronti nezavisi na velikosti zrna, ale pro energie vétsi nez 1 keV dosahuji mensi
zrna podstatné vysSich potencidli. Tento efekt se neda vysvétlit pomoci Stern-
glassovy teorie SEE. Vyssi potencidly u malych zrn jsou dany nartstem vytézku
SEE popsanym v sekci 2.2.1 vénované modelu SEE pro prachova zrna. Je zajimavé
si také povSimnout, Ze u nejtézsiho prachového zrna nedoslo k néristu potencidlu
ani pro energie primarnich elektronii 10 keV. Lehké (m = 1,77 - 107 kg) zrno pii
energii primarnich elektronu 10 keV bylo nabito na potencial o dva Fady vétsi nez

zrno tézké (m > 100 - 10~ kg).

100 4

—e— m=177"10"kg
m=1.97"10"kg
—e— m=266'10""kg
m=6.32*10""kg
—e— m=17.7"10"kg
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—e— m=1.77*10"" kg
m=1.97*10" kg
—e— m=26610""kg
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.
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Obrazek 5.1: Rovnovazné mérné naboje (g/m) pro nékolik rizné velkych zrn ze

simulantu mési¢niho prachu MLS-1 (a) a k nim vypo¢tené rovnovazné potenciély

(b).

Porovnani rovnovaznych charakteristik simulanti mési¢niho a marsovského prachu
spole¢né s kulovym sklenénym zrnem znamych vlastnosti je znazornéno na obrazku 5.2.
Zavislost rovnovazného potencidlu na energii primarnich elektronti pro vSechny tii
materialy vykazuje obdobné chovani, coz je ddno podobnym sloZzenim jednotlivych
vzorki. Rovnovazny potencidl simulantu meési¢niho prachu MLS-1 dosahuje v max-

imu o néco mélo vétsi hodnoty nez u simulantu JSC Mars-1 (7,5 V oproti 6 V). Tato

45



hodnota odpovida maximu pro sklenény vzorek 7,5 V. Pro vysoké energie primarnich
elektronti je nartist rovnovazného potencidlu vyraznéjsi pro simulant JSC Mars-1,
u kterého navic nejsou sefazeny jednotlivé kiivky dle hmotnosti zrna jako je tomu
u vzorku MLS-1. V pripadé JSC Mars-1 odpovida kiivka s nejvétsim nartstem po-
tencidlu zrnu s nejvétsi hmotnosti. Zde je dilezité si uvédomit, zZe rozdil mezi hmot-
nostmy jednotlivych zrn v pfipadé simulantu JSC Mars-1 je relativné maly (1,4, 1,5
a 2,1 pg), a tak vyznamnéjsi roli pro vytézek SEE nez samotnad hmotnost zrna ma

jeho tvar.

10004 |+ - -m=1.3"10" kg SiO,
1 —m=1.4*10"" kg JSC Mars-1 /
—A—m=15*10" kg JSC Mars-1 /'
—e—m =1.77*10"° kg MLS Lunar B
—aA—m=2.10*10" kg JSC Mars-1 /
1004 | —*—m= 2.66*10"° kg MLS Lunar !
] | —e—m=6.32*10"° kg MLS Lunar // /
= —e—m>100*10" kg MLS Lunar S/
> /{ 27
R

10—: 5 e

E [keV]

Obrazek 5.2: Porovnani simulantu mési¢niho a marsovského prachu spolecné se

sklenénym zrnem.

Na obrazku 5.3 jsou porovnany rovnovazné charakteristiky simulantu JSC Mars-
1 s teoretickymi zavislostmi pro kulova zrna stejného slozeni. Efektivni primér je
vypocitan ze znamé hmotnosti a hustoty zrn za predpokladu kulového tvaru zrn.

7 obrazku je patrno, ze tvar rovnovaznych charakteristik odpovida modelovanym
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zavislostem ovSem pro priblizné polovi¢ni priimér zrna. Tomuto odpovida i zmérena
rovnovazna charakteristika sklenéného zrna o priméru D = 1,04 um, kterd nejvice

odpovidad zméfené kiivce simulantu JSC Mars-1 o efektivnim primeru D,y = 1,98

pam.

1000 —e— JSC Mars-1 Delf =0.68 um

—e—JSC Mars-1D_ = 1.14 um ?
—e—JSC Mars-1D_ = 1.28 um
—e—JSC Mars-1D_ = 1.98 um o J
Model JSC Mars-1 D = 0.5 um / / J
1004 |- -~ - Model JSC Mars-1D =1 um d

- - - Model JSC Mars-1 D =2 um

/ /

U (V)

"

Obréazek 5.3: Rovnovazné charakteristiky simulantu JSC Mars-1 a vypoctené teoret-

ické zavislostmi pro kulova zrna stejného slozeni.

7 téchto méreni se da Tici, ze rovnhovazné hodnoty potencidlu zrn mésicniho a
marsovského simulantu v zavislosti na energii primarnich elektronu vykazuji obdobné
chovani jako kulata sklenéné zrna, a to diky obdobnému slozeni. P¥i vySsich energiich
primarnich elektronu zavisi rovnovazny potencial nejen na hmotnosti zrna, ale i na
jeho tvaru. Obecné se da Tici, Ze se nepravidelnd zrna chovaji obdobné jako kulova
zrna s mensim primeérem.

Systematické studium sekundarni emise ukazala, ze povrchovy potencial v max-

imu SEE vykazuje zavislost na atomovém ¢isle materidlu jak je zndzornéno na ob-

47



razku 5.4. Do této zavislosti zapadaji i data ziskané ze vzorku mési¢niho a marsovského

simulantu.
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Obrézek 5.4: Zavislost povrchového potencidlu v maximu SEE v zavislosti na stied-

nim atomovém ¢isle materialu.

5.2 Polni iontova emise

Polni iontova emise je proces, pri kterém jsou z prachového zrna vlivem silného
elektrického pole emitovany kladné ionty. Jak jiz bylo popsano v kapitole 2, jedna
se o velmi komplexni proces skladajici se ze t¥i riiznych podprocest (polni desorpce,
polni ionizace a polni vyparovani). Z vySe popsanych vlastnosti je ziejmé, Ze emisni
proud nezavisi jen na intenzité elektrického pole, materidlu prachového zrna, ale i na
slozeni okolni atmosféry a i samotné historii nabijeni zrna.

Experiment na Katedfe fyziky povrchu a plazmatu studium polni iontové emise

48



z prachovych zrn umoznuje. Zachycené prachové zrno je mozno elektronovym ¢i
iontovym svazkem nabit na vysoky kladny potencidl a po vypnuti svazku sledovat
samovolny pokles naboje zrna zpisobeny polni iontovou emisi. Pro studium polni
iontové emise jsme vyuzili kulovych zrn ze skelného uhliku. Vyhoda kulovych zrn
spoc¢iva v primém vztahu mezi jejich ndbojem, povrchovym potencidlem a intenzi-
tou elektrického pole na povrchu. Opakované, nékolikahodinové nabijeni ionty argonu
bylo vzdy nasledovano dlouhym samovolnym vybijenim v fadu desitek hodin. Zavis-
lost mérného néboje (¢/m) na Case pro typické méfeni je zndzornéna na obrazku 5.5.
Casovou zavislost vybijeciho proudu je mozno uréit pomoci ¢asové derivace mérného
naboje. Ze znalosti hustoty zrna a jeho hmotnosti urcené pomoci metody popsané
v kapitole 3 je pak mozno urc¢it jeho polomér a nasledné intenzitu elektrického pole
na povrchu F'. Takto je mozno ziskat zavislost vybijeciho proudu j tekouciho ze zrna
v zavislosti na intenzite elektrického pole F'. Priklady takovychto vybijecich charak-
teristiky pro dvé zrna s poloméry 2,08 ym a 1,64 um jsou znézornény na obrazku 5.6
a 5.7. Z téchto obrazku je patrno, ze polni emise nastava pii intenzité elektrického
pole vét&l nez 10° V/m, coz je ve schodé s predeslymi experimenty [Cermak et al.,
1995; Sternovsky et al., 2001].

Meéreni také ukazala, ze prvni vybijeci charakteristika kazdého zrna se vyrazné lisi
od téch nasledujicich jak je zndzornéno na obrazku 5.6 (prvni a Sesté vybijeni). Toto je
zpusobeno pritomnosti necistot na povrchu zrna pred prvnim bombardovanim ionty.
Efekt ¢isteni byl pozorovan i v predchozich experimentech [Jefdb et al., 2007]. Doba
potiebné k ocisteni zrna (dosazeni rovnovazného stavu) zavisi na relativni energii
iontd a také na jejich druhu. Méreni ukazala, ze vybijeci charakteristika dosdhne
rovnovazného stavu po nékolika minutdch bombardovani argonovymi ionty o energii

5 keV (400 eV relativni energie).

7 obrazku 5.7 je vidét, ze rovnovazna vybijeci charakteristika se po Case miize

Vv
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Obréazek 5.5: Zavislost mérného naboje (¢/m) na ¢ase pro typické méreni polni ion-

tové emise.

bombardovanim. Pro hlubsi porozuméni tomuto efektu je vsak tieba jesté dalsi sys-
tematické studium.

Z vybijecich charakteristiky zndzornénych na obrazcich 5.6 a 5.7 je patrno, Ze
vybijeci proud klesa s odlisnymi sklony pro riizné rozsahy intenzity elektrického pole.
Je tedy mozné, ze se na vybijeni podili vice procesti soucasné. Z tohoto diivodu jsme
vytvorili jednoduchy model pro ovéreni této teorie, ve kterém jsme predpokladali
dva riizné procesy.

1. Polni ionizace zbytkové atmosféry, kterd ptisobi béhem celého vybijeni a domin-
uje kdyz zacina byt vliv druhého procesu zanedbatelny.

2. Difuze a néaslednd polni desorpce implantovanych argonovych iontt, kterd
prevlada v pocatcich vybijeni. Predpoklddame, ze mnozstvi desorbovanych iontt

ze zrna klesa exponencialné v case.
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Obrézek 5.6: Vybijeci charakteristiky pro uhlikové zrno o poloméru 2,08 pm.

Prvni slozka vybijeciho proudu, J;,, zavisi exponencialné na intenzité elektrického

pole na povrchu F' jako

jion = ae%7 (51)

kde konstanta a je ddna mnozstvim (tlakem ve vakuové komore) a druhem okol-
nich atomi a b kombinaci parametri neutralnich atomt (ioniza¢ni energie a polari-
zovatelnost) a vystupni praci materidlu zrna. JelikoZ implantované ionty mohou byt
obecné odlisné od téch v okolni atmosfére, mize se tento parametr lisit pro polni
ionizaci a polni desorpci. Pro zjednoduseni vSak v nasem modelu pouzivame stejné
hodnoty pro oba procesy.

Druhé slozka vybijecitho proudu zavisi na ¢ase od ukonceni iontového bombar-

dovani a na intenzité elektrického pole jako
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Obrazek 5.7: Vybijeci charakteristiky pro uhlikové zrno o poloméru 1,64 pm.

Jdif = ce%e%, (5.2)

kde d je casova konstanta difuze a nasledné desorpce implantovanych iontu ze zrna

a ¢ je umérné toku neutralnich atomi ze zrna v okamziku vypnuti iontového svazku

(t = 0). Soucet proudii 5.1 a 5.2 predstavuje teoreticky vybijeci proud sestavajici se

z polni ionizace a polni desorpce, dany vztahem 5.3. Tento proud odpovida velmi
dobfe experimentalnim dattm z obrazku 5.8.

Jsum = (a + ceT)e%.

(5.3)

Slozka v zévorce zavisi na toku neutralnich atomt ze zrna a na tlaku zbytkové
atmosféry. V obrazku 5.9 je tato slozka porovnana z ¢asovou zavislosti vybijeciho
proudu j déleného faktorem e*/?). 7 obrazku je patrno, Ze zavislost toku neutralntho

plynu z povrchu zrna odpovida exponencianimu poklesu s ¢asovou konstantou d
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Obréazek 5.8: Porovnani vybijeci charakteristiky pro uhlikové zrno s teoretickymi

zavislostmi.

= 0,54 h. To potvrzuje nas ptivodni predpoklad, Ze je vybijeni zptisobeno nejen
polni ionizaci okolni atmosféry, ale i ionizaci desorbujicich atomi z povrchu zrna
implantovanych béhem nabijeni [Jefdb et al., 2010; Vaverka et al., 2012].

Difuzi a naslednou desorpci argonovych iontu studoval také Beranek et al. [2010].
Casova konstanta desorpce iont# z ¢asového vy voje hmotnosti zrna po iontovém bom-
bardovani byla v tomto experimentu urcena jako d = 7.21 h. V tomto ptipadé bylo
prachové zrno bombardovano ionty o relativni energii 7 keV zatimco v naSem pii-
padeé byla relativni energie iontt mensi nez 0,5 keV. Predpokladame, ze difuze ionti
ze zrna zavisi na hloubce jejich implantace. Jetab et al. [2010] ukazal, Ze maximum
implantovanych iontu se nachazi 2 nm pod povrchem zrna pro relativni energii ionti

v

450 €V a 10 nm pro 7 keV, coz vysvétluji mensi ¢asovou konstantu v experimentu.

Pro ovéfeni predpokladu, 7ze velikost vybijeciho proudu pii polni iontové emisi
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Obrazek 5.9: Zavislost mnozstvi desorbovaného plynu na case.

zavisi na tlaku okolni atmosféry jsme realizovali experiment, pii kterém jsme stejné
prachové zrno nechali vybijet ze stejného potencidlu (stejnd intenzita elektrického
pole na povrchu) za riiznych tlaki. Bé&Zny provozni tlak v aparatuie, ktery ¢ini 1078
Torr jsme zvysili piipustenim C O, na 10~7 Torr a 10~ Torr. Z obrazku 5.10 je vidét,
ze s rostoucim tlakem vzrostl vybijeci proud, ale charakteristicky pribéh zavislosti
tohoto proudu na intenzité elektrického pole se nezménil. Toto odpovida predstave,
ze s rostoucim tlakem v okolni atmosféie roste koeficient a pouzity ve vzorcich 5.1
a 5.3. Nelinearita v nartistu vybijeciho proudu mezi prvnim a druhym zvySenim tlaku
je ddna nepfesnosti v méfeni tlaku béhem experimentu. Je nutno poznamenat, Ze
prachové zrno se nachazi uprostied relativné uzaviené iontové pasti, a proto narist

tlaku ve vakuové komore nemusi presné odpovidat nartstu tlaku uvniti pasti.
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Obrazek 5.10: Vybijeci charakteristiky pro rtizné tlaky zbytkové atmosféry.
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Kapitola 6

Model nabijeni prachovych zrn v

plazmatu

Modelli pro nabijeni prachovych zrn v plazmatu existuje velké mnozstvi. Nékteré
se zabyvaji nabijenim prachu ve vesmiru [Horanyi, 1996; Whipple, 1981; Meyer-
Vernet, 1982], jiné ve faznich zafizeni. Této problematice se vénuji komplexni mod-
ely DUSTT [Bacharis et al., 2010; Krasheninnikov et al., 2011; Smirnov et al., 2011;
Tanaka et al., 2011] a DTOKS [Martin et al., 2008; De Temmerman et al., 2010;
Krasheninnikov et al., 2011; Bacharis et al., 2012], které se nezabyvaji pouze nabi-
jenim prachovych zrn, ale rovnéz jejich transportem, zahfivainim a zanikem. Zadny
7 vySe uvedenych modelt vSak nebyva pouzivan pro prostiedi s teplotou elektront
vétsi nez 100 eV. VSechny tyto modely pii vypoctu proudu sekundérnich elektronii
vychéazeji ze Sternglassova [Sternglass, 1957] modelu pro vytézek pravych sekundér-
nich elektronii, ktery byl vytvoren pro velké rovinné vzorky. Jak bylo popsano ve
druhé kapitole, model nezahrnuje rozptyl primarnich elektroni a ani neuvazuje vliv
kone¢né velikosti prachovych zrn. V predchozi kapitole bylo experimentalné ukazano,
ze model z vyse popsanych diivodl neni vhodny pro popis nabijeni prachovych zrn

v horkém plazmatu, kde hraje vyznamnou roli rozmér zrn a rozptyl primarnich elek-
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tront.

Z tohoto diivodu jsme vyvinuli vlastni model nabijeni prachovych zrn v plazmatu,
ktery principidlné navazuje na modely predeslé, ale je rozsifen o novy zptisob vypoctu
proudu sekundérnich elektroni, ktery odstraiiuje nevyhody Sternglassova pristupu.
Jak ukazeme novy model lépe popisuje nabijeni prachovych zrn v prostiedi, kde SEE

hraje vyznamnou roli.

Model je vytvoren pro kulova prachova zrna, u kterych existuje piimy vztah mezi
jejich nabojem, povrchovym potencidlem a intenzitou elektrického pole na povrchu.
Dalsi vyhodou pouziti kulovych zrn je jednoduchi geometrie, kterd vede k snad-
néjsim vypoctim jednotlivych nabijecich proudi. Pro zjednoduseni bylo pocitano
s Maxwellovskym rozdélenim rychlosti elektronti a iontt v plazmatu popsanych po-
moci jejich teplot T, a T;. Pro vypocet proudl primarnich ¢astic, termoemisniho-
proudu, fotoproudu a proudu zpisobeného polni elektronovou emisi je tedy mozno
vyuzit vzorci uvedenych v kapitole 2. Maxwellovo rozdéleni bylo pouzito rovnéz pro
energetické rozdéleni pravych sekundarnich elektront, fotoelektronii a termoelek-
tront opoustéjicich povrch. Pro vypocet sekundarniho elektronového proudu model
jednak vyuziva vzorec odvozeny v kapitole 2 ze Sternglassova modelu pro vytézek
pravé sekundéarni elektronové emise, ktery je nezdvisly na velikosti zrn (déle oz-
nacovan jako S model). Tento zptisob vypoétu proudu sekundarnich elektrond vyuzi-
vaji ostatni modely [Horanyi, 1996; Whipple, 1981; Meyer-Vernet, 1982; Martin et al.,
2008; De Temmerman et al., 2010; Bacharis et al., 2010; Krasheninnikov et al., 2011;
Smirnov et al., 2011; Tanaka et al., 2011; Bacharis et al., 2012] pro nabijeni pra-
chovych zrn v plazmatu. Novy zplsob vyuziva vytézki sekundarni elektronové emise
vypoctenych pomoci modelu Richterova et al. [2010], ktery uvazuje geometrii zrn a
rozptyl primérnich elektront (dale oznacovan jako R model). Tento model je popsan
v sekci 2.2.1. Tyto dva odlisné pristupy je tak mozno porovnat a kvantifikovat rozdil

zpusobeny vlivem velikosti zrn a zanedbanim rozptylu primérnich elektroni.
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Rozsah platnosti modelu je dan platnosti pouzitych vztaht pro vypocet jed-
notlivych nabijecich proud popsanych v kapitole 2. Vztah pro zachyt primarnich
¢astic 2.2 je odvozen pro prostiedi, ve kterém je mozno zanedbat vzajemné srazky
nabitych ¢astic (polomér zrna je mnohem mensi nez Debyeova stinici délka, kterd
je zaroven mnohem mensi nez stfedni volnad draha ¢astic v plazmatu). Je nutno
pripomenout, Ze tento vztah je pouzivan i pfi vypoctu proudu sekundarnich elek-
tront, a tak tato podminka limituje platnost celého modelu. Diky malym rozmértim
prachovych zrn je aproximaci mozno pouzit od fidkého plazmatu v kosmickém pros-
toru az po husté plazma ve faznich zafizeni. Jak je uvedeno v sekci 2.2, platnost S
modelu je omezena pouze na vodivé vzorky a maximalni energie primarnich elek-
trond je limitovana ¢tyinasobkem energie v maximu vytézku SEE (tento model je
v8ak hojné pouzivan i pro nevodivé vzorky a vysoké energie priméarnich elektroni).
Na druhé strané je mozno pouzit R model pro energie primarnich elektront vétsich
nez 10 eV jak pro vodivé, tak i nevodivé materidly. Vzhledem k tomu, Ze je pri
vypoc¢tu proudu SEE pouzito Maxwellovo rozdéleni energii, je teplota elektroni lim-
itovana kolem 100 eV, pii které je mnozstvi primarnich elektronii s energii mensi
nez 10 eV zanedbatelné. R model obecné umoziuje pouziti i jinych tvari zrn nez
kulovych [Richterova et al., 2012], ale pro zjednoduseni ostatnich vypo¢ti vychazime
pouze ze sférické geometrie. Nejmensi velikost prachovych zrn je pfi pouziti R mod-
elu limitovana desitkami nanometri. Model tak popisuje nabijeni prachovych zrn

pro Siroky rozsah jejich velikosti.

Vstupnimi parametry modelu jsou jednak vlastnosti prachového zrna jako je ve-
likost, vystupni prace, energie sekundarnich elektronu, hodnoty E,, a d,, (pro pi¥ipad
vypoétu SEE pomoci S modelu) a nebo sada vypoctenych energetickych zévislosti
vytézkl pravych sekundarnich elektronu a rozptylenych elektronu pro konkrétni ve-
likost a slozeni prachového zrna (v pfipadé pouziti R modelu). Dalsi vstupni parame-

try jsou pak koncentrace elektronii a iontdi a jejich teploty poptipadé teplota pra-
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chového zrna pri zapocitani termoemise a teplota fotoelektront v pripadé uvazovani
fotoemise.

7. vySe popsanych vztahi a parametrii je mozno vypocitat jednotlivé nabijeci
proudy pro konkrétni plazmatické prostredi a prachové zrno v zavislosti na potencialu
zrna. Model standardné prochéazi potencial zrna od -20 do 20 V s krokem 1 V.
Proud sekundarni emise je pocitan soucasné pomoci obou zptsobi uvedenych vyse.
V dalsim kroku jsou dle vzorce 2.1 secteny proudy, které se v konkrétnim piripadé
podileji na nabijeni zrna a dostaneme tak zavislost celkového nabijeciho proudu na

potencialu zrna v daném prostredi.

Nabijeci procesy se nachazi v rovnovaze v pripadé, kdy je celkovy nabijeci proud
roven nule. V tomto okamziku je zrno nabito na rovnovazny plovouci potencidl. Ze
zavislosti celkového nabijecitho proudu na povrchovém potencidlu je nasledné urcen
potencial, ktery odpovida nulovému nabijecimu proudu. Vysledkem jsou dva rtizné

rovnovazné potencidly vypoctené pomoci R a S modelu.

Prachova zrna se ovsem v plazmatu mohou nabit na mnohem nizsi zaporny poten-
cial nez je -20 V, ktery tvori limit vySe popsaného zptisobu vypoc¢tu. Tuto hranici je
mozné samoziejmé jednoduchou modifikaci rozsitit, ale pro pripad horkého plazmatu,
kde mohou prachové zrna ziskat velmi vysoké zaporné potencidly, je lepsi kviili casové
naroc¢nosti vypoctu zvolit snadnéjsi zplisob nez je prosté rozsirovani mezi, ve kterych
se rovnovazny potencial hledéa. Jednou z moznosti je sledovat vyvoj ndboje (poten-
cidlu) zrna v ¢ase. V tomto piipadé neni pii vypoctu v jednotlivych krocich ménén
potencidl zrna o konstantni hodnotu, ale méni se dle vysledného proudu vypocteného
v kroce predeslém. Rovnovazny potencial je pak stanoven jako konec¢na hodnota na
jaké se potencidl zrna ustali. Tento zpusob vypoc¢tu umozinuje sledovani potencialu
a jednotlivych nabijecich proudu v ¢ase i v pribéhu zmén prostiedi (teplota elek-
tront ¢i iontil, koncentrace nabitych c¢astic, ¢i pfechod z osvétleného do neosvétleného

prostiedi, kde neni fotoemise) a dovoluje tak urcit dobu za jakou se rovnovazny po-

59



tencial ustali.
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Kapitola 7

Aplikace modelu v plazmatu

zemské magnetosféry

Vyse popsany model nabijeni prachovych zrn v plazmatu je mozno aplikovat na prach
nachézejici se v kosmickém prostiedi v blizkém okoli Zemé a urcit jeho rovnovazny po-
tencidl, coz je obsahem této kapitoly. V ivodni kapitole bylo uvedeno, ze prach vysky-
tujici se v hojném mnozstvi na povrchu Mésice je béhem jeho obéhu kolem Zemé vys-
taven pusobeni slunec¢niho vétru, UV zafeni Slunce a v dobé, kdy se Mésic nachazi ve
chvostu zemské magnetosféry, také energetickym elektroniim a iontiim pochdazejicim
z plazmové vrstvy. Pro vypocet jsme zvolili sklenéné zrna, které se z hlediska sekun-
darni elektronové emise chovaji velmi podobné jako ta, nachéazejici se na povrchu
Mésice (viz kapitola 5), a pro které také existuje velké mnozstvi laboratornich dat.
Zavislosti vytézku pravych sekundarnich elektronti § a rozptylenych primarnich elek-
tronil 1) na energii primarnich elektroni pro nékolik velikosti sklenénych zrn pouzitych
pii vypoctu rovnovazného potencidlu pomoci R modelu SEE jsou znazornény na
obrazcich 2.2 a 2.3. Vytézek pravych sekundéarnich elektront je porovnan rovnéz
s daty ziskanymi pomoci Sternglassova vztahu 2.10 (S model) pro hodnoty 05, =

3,36 a Ejy = 350 eV. Jako modelové prostiedi jsme zvolili plazma chvostu zemské
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magnetosféry, ve kterém se Mésic nachazi po nékolik dni béhem kazdého obéhu kolem
Zemé, a ve kterém muze teplota plazmatu dosahovat az 2 keV. Pro zjednoduseni jsme
pocitali se stejnou koncentraci elektront a ionti (n, = n; = n = 0,1 cm™®) a brali
jsme v tvahu jak ptritomnost UV zéatfeni Slunce, tak i ptipad, kdy se prachova zrna
nachézi na noc¢ni strané Mésice a UV zareni na né nedopada. Pro teplotu sekundéar-
nich elektronii a fotoelektronii jsme pti vypoctu pouzili hodnotu 3 eV, podrobné bude
vliv teploty sekundarnich elektronli na rovnovazny potencial zrna rozebran nize.
Jednotlivé nabijeci proudy pro sférické sklenéné zrno o poloméru r = 1 pym pro
plazma odpovidajici chvostu zemské magnetostéry se stejnou teplotou elektroni a
ionttt (T, = T; = 1 keV, coz je jistd aproximace) v zavislosti na povrchovém po-
tencidlu zrna U jsou zndzornény na obrazku 7.1 (a). Z obrazku je jasné patrno, ze
pro pripad zaporné nabitého zrna je proud elektront ze zrna zptsobeny fotoemisi
Jpho konstantni, jelikoz vSechny tyto elektrony mohou povrch zrna opustit. Zméni-li
se potencial zrna ze zaporného na kladny, tak zacne mnozstvi elektront, které zrno
opusti, zna¢né klesat, protoze povrch zrna mohou opustit pouze elektrony, které maji
energii vétsi nez je velikost potencidlu. Déle je vidét, Ze pocet zachycenych ionti J; je
neporovnatelné mensi nez pocet zachycenych elektroni J., protoze rychlost lehcich
elektront je vyssi, proto iontovy proud hraje pouze minoritni lohu pii nabijeni

prachového zrna.

Pro vypocet proudu sekundarnich elektroni byly pouzity oba modely Jycs),
Jsee(ry- Z obrazku 7.1 (a) je vidét, Ze pii pouziti R modelu je proud sekundarnich
elektronii vétsi nez v piipadé S modelu, a to diky vétsimu vytézku SEE (viz kapitola
5).

Celkové nabijeci proudy v zavislosti na povrchovém potencidlu zrna vypoctené
z obou modelt (indexy R a S) pro piipady, kdy bylo zrno osvétleno UV zéfenim
Slunce (index UV') a nebo se nachézelo ve stinu (bez indexu) jsou znazornény na

obrézku 7.1 (b). Rovnovazny potencil se na zrnu ustanovi v okamziku, kdy je celkovy
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Obrazek 7.1: Jednotlivé nabijeci proudy pro sférické sklenéné zrno o poloméru r
= 1 pum pro plazma odpovidajici chvostu zemské magnetosféry se stejnou teplotou
elektront a iontt (7, = T; = 1 keV) v zavislosti na povrchovém potencidlu zrna (a).
Celkovy nabijeci proud ziskany s pouzitim R a S modelu SEE (indexy R a S) a pro
ptipady, kdy bylo zrno osvétleno UV zafenim Slunce (index UV') a nebo se nachazelo

ve stinu (bez indexu) (b).

proud roven nule. Je tedy patrné, ze pti téchto podminkach se prachové zrno nabije
na kladny potencidl nezévisle na pouzitém modelu SEE a na tom, zda bylo osvétleno
UV zérenim. V pripadé pouziti R modelu vSak bude vysledny rovnovazny potencial
vyssi, a to jak pro pripad s UV zarenim, tak i pro pripad, kdy se zrno nachazelo ve
stinu. Je také zfejmé, Ze zrno osvétlené UV zafenim se nabije vlivem fotoemise na

vyssi kladny potencidl, coZ jsme ocekavali [Horanyi, 1996].

Takto urcené rovnovazné potencidly v zavislosti na teploté plazmatu pro sférickd
sklenénd zrna riiznych polomért s pouzitim R modelu jsou zndzornény na obrazku 7.2,
opét pro osvétlené (a) a neosvétlené (b) zrna. Bylo zvoleno Siroké rozmezi teplot plaz-
matu, jelikoz se jedna o parametr, ktery silné ovliviiuje rovnovazny potencial zrn. Pro
porovnani je uveden i potencidl vypocéteny s pouzitim S modelu, ktery na velikosti

zrna nezavisi (teckovana kiivka).
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Obrazek 7.2: Rovnovazné potencidly v zavislosti na teploté plazmatu pro sféricka
sklenénd zrna rtiznych poloméri v podminkach odpovidajicich magnetosfére: s UV

zafenim Slunce (a), bez UV zafeni (b).

7 obrazki je vidét, ze rovnovazny potencial nezanedbatelné zavisi na velikosti
prachovych zrn pro plazma s teplotou vétsi nez 1 keV. Pii téchto energii jiz hraje
vyznamnou roli rozptyl priméarnich elektront, jez mohou pronikat malymi zrny. Mensi
zrna tak pro vysoké teploty plazmatu nabyvaji vétsi kladny potencial nez zrna veétsi.
Uplatiiuje-li se fotoemise (obrazek 7.2 (a)), jsou v8echna zrna nabita na kladny poten-
cidl bez ohledu na jejich velikost a teplotu plazmatu. Pro zrna vétsi nez 5 mikrometri
je atlumova draha priméarnich elektrontt mensi nez rozmér zrn, a tak rovnovazny po-
tencidl jiz nezavisi na jejich velikosti.

Prachova zrna jsou rovnéz nabita kladné i bez pusobeni fotoemise (obrazek 7.2
(b)), a to diky sekundarni elektronové emisi. Vyjimkou tvoii zrna vétsi nez 5 mi-
krometrid, pro né vytézek SEE v oboru vysokych teplot klesa pod jednicku, coz
vede k vysokému zapornému potencialu. V tomto pripadé velikost zrn neovliviiuje
pouze velikost kladného potencidlu, ale i jeho znaménko. Pfi pouziti S modelu se
prachova zrna nabiji na vysoky zaporny potencial jiz pro teploty plazmatu vétsi nez

1,5 keV. Pouziti R modelu tak pro plazma chvostu zemské magnetosféry o teplotach
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vétsich nez 1,5 keV bez piitomnosti UV zafeni dava zcela odlisné vysledky nez S
model [Vaverka et al., 2012, 2013a]. V pfedchozi kapitole bylo uvedeno, ze R model
popisuje lépe interakci energetickych elektronti a prachovymi zrny, a tak vysledky
obdrzené pomoci tohoto modelu jsou v téchto podminkach presnéjsi.

Mésic vsak béhem obéhu kolem Zemé stravi vétsinu casu ve slunec¢nim vétru, kde
se teploty iontli a elektronti pohybuji kolem 10 eV. Takto nizké energie jsou jiz za
hranicemi platnosti naseho modelu, ale d& se predpokladat, Ze zrna osvétlena UV
zafenim Slunce budou nabita na malé kladné potencialy bez ohledu na jejich velikost.
Zrna nachazejici se na no¢ni strané Meésice budou naopak nabita na nizké zaporné
potencidly, protoze vytézek SEE v oboru nizkych energii je nizsi nez jedna a nezavisi

na velikosti zrn.

7.1 Vliv energetického rozdeéleni plazmatu

Cely vypocet rovnovazného potencialu prachovych zrn je zalozen na predpokladu, ze
plazma ma Maxwellovo rozdéleni energii elektront a iont. V kosmickém prostoru
se vSak velmi ¢asto vyskytuje plazma spiSe s kappa rozdélenim energii [Pierrard
and Lazar, 2010], u kterého je vétsi podil energetickych ¢astic. Pro zjisténi vlivu
pritomnosti vétsiho mnozstvi energetickych elektronii jsme upravili model tak, aby
zahrnoval dvé riuznad Maxwellova rozdéleni o odlisné teploté a koncentraci. Druhé
Maxwellovo rozdéleni, které simuluje pritomnost energetickych ¢astic, ma desetkrat
vy$8i teplotu nez ptuvodni. Koncentraci horkych elektroni jsme zapocetli jako 1 % a 5
% z celkové koncentrace. Zavislost rovnovazného potencialu pro zrno o poloméru r =
1 pm v prostiedi odpovidajicimu chvostu magnetosféry bez UV zareni Slunce v zavis-
losti na teploté plazmatu porovnané s prostiedim s vyskytem vétsiho mnozstvi ener-
getickych elektronti je znazornéno na obrazku 7.3. Z obrazku je vidét, ze pritomnost

energetickych elektront o desetindsobné teploté do 5 % z jejich celkového mnozstvi,
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ma na celkovy rovnovazny potencial jen napatrny vliv. Diky tomu je mozno pouzit
Maxwellova rozdéleni pro vypocet rovnovaznych potencidlii i pro prostiedi, kterd

obsahuji nizké mnozstvi energetickych elektronii.

7 4
6
5 .
4 ) \—_/
>
D 34
21 Maxwellovo rozdéleni
| Dvojité Maxwellovo rozdéleni (rychlé elektrony 1%)
14 Dvojité Maxwellovo rozdéleni (rychlé elektrony 5%)
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0 1 2 3 4 5 6 7 8

T [keV]

Obréazek 7.3: Zavislost rovnovazného potencidlu pro zrno o poloméru r = 1 pum
v prostiedi odpovidajicimu chvostu zemské magnetosféry bez pritomnosti UV zareni
Slunce v zavislosti na teploté plazmatu porovnané s prostiedim s vyskytem vétsiho

mnozstvi energetickych elektront.

7.2 VIiv energetického rozdéleni sekundarnich elek-

tronu

Dalsi predpoklad, ktery jsme do vypoctu zanesli, je energetické rozdéleni sekun-

darnich elektront a fotoelktront. Tyto elektrony mohou opustit kladné nabité zrno
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pouze pokud je jejich energie vétsi nez povrchovy potencial zrna. Zvysenim energie
sekundarnich elektronu ¢i fotoelektront tak mizeme zvysit celkovy rovnovazny po-
tencial. Je nutno poznamenat, Zze pro zaporné nabita zrna nema energetické rozdéleni
sekundarnich elektronti a fotoelektroni na vysledny potencial zadny vliv. Pro zjisténi
vlivu teploty sekundarnich elektroni a fotoelektrontt na rovnovazny potencial jsme
provedli vypocet pro riizné teploty sekundarnich elektront a fotoelektroni (Ts =
Tono = 1,25, 3 a5 eV). Na obrazku 7.4 jsou znazornény rovnovazné potencialy pro
zrno o poloméru r = 1 pym v prostiedi odpovidajici chvostu zemské magnetosféry pro
ruzné teploty sekundarnich elektront s piitomnosti fotoemise (a) a pro piipad stinu
(b). V piipadé extrémné nizké teploty sekundarnich elektroni (7s = 1 eV) dosahuje
maximalni potencial pouze nékolika eV, zatimco v pfipadé vysoké teploty (Ts = 5
eV) se mize rovnovazny potencidl vyznamné zvysit. Pro piipad realistickych hod-
not teploty sekundarnich elektronii (Ts = 2,5 a 3 eV) je v8ak rozdil rovnovaznych

potencidlu relativné maly (~ 2 V).

UV

=)

o N KO
N T

T [keV] T [keV]

(a) (b)

Obrazek 7.4: Rovnovazné potencidly pro zrno o poloméru r = 1 pym v prostiedi
odpovidajici chvostu zemské magnetosféry pro rizné teploty sekundarnich elektront

s pritomnosti fotoemise (a) a pro piipad stinu (b).
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7.3 Casovy vyvoj potencidlu prachovych zrn

Pomoci modelu je rovnéz mozno sledovat ¢asovy pribéh jednotlivych proudi a po-
tencidlu pti nabijeni, ktery ndm umoznuje jednak urcit dobu potfebnou k ustaleni
rovnovazného potencialu, a jednak najit z nabijecich proudt ty, které maji v konkrét-
nim pripadé dominantni Glohu. Jako ptiklad jsme zvolili nenabité zrno o poloméru 5
mikrometrt v plazmatu odpovidajicimu chvostu zemské magnetostéry bez UV zareni
s teplotou 8 keV. Pii téchto podminkach dosahuje rovnovazny potencidl vysokych
zapornych hodnot. Po ustaveni rovnovazného potencidlu jsme skokové snizili teplotu
plazmatu na 2 keV, pii které je naopak rovnovazny potencial zrna kladny (obrazek 7.2
(b)). Na obrazku 7.5 (a) je je zndzornén ¢asovy vyvoj jednotlivych nabijecich proudi
a obrazek 7.5 (c) pak znazoriuje Casovou zavislost potencidlu. Obrazky (b) a (d)
jsou detaily vyse popsanych obrazkii zaméfené na zménu parametri plazmatu. Z ob-
razku je vidét, ze ustaleni rovnovazného potencidlu pii teploté 8 keV trva z disledku
nizké koncentrace nabitych c¢astic priblizné 50 dni. Proudy sekunddarnich elektronii
Jsee @ primarnich elektronii J. dosahuji sice hodnot stovek elektronii za sekundu, ale
celkovy nabijeci proud J je v fadu desitek az jednotek elektront za sekundu. Celkovy
naboj zrna v takovém prostiedi, tak silné ovliviiuje i doba, po jakou se zrno v tomto
prostifedi nachézi. Zrno nemusi pii ¢asté zméné prostiedi viibec rovnovazného po-
tencidlu dosdhnout. Pti nasledném snizeni teploty plazmatu na 2 keV se zrno zacne
vybijet a potencidl dosdhne rovnovazné hodnoty pfiblizné za 15 dni. Z obrazku 7.5
(d) je vidét, ze vybijeni probihd vyrazné rychleji pfi nizkém zdporném potencidlu. Z
-500 eV se zrno na nulovy potencial vybije po 12 hodinach a z -100 eV je k vybiti

na nulovy potencidl potieba jiz jen jedné hodiny.

Na obrazku 7.6 jsou znazornény detaily podobného nabijeni pro prechod plazmatu
z teploty 8 keV na 3 keV (a) a (¢) a pro pripad zachovani teploty plazmatu na 8 keV

a pridani fotoemise v disledku osvétleni zrna UV zafenim Slunce (b) a (d). V obou
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téchto pripadech dojde k vybiti zrna z vysokého zaporného potencidlu podstatné
rychleji nez v pripadé prvnim. Pro plazma o teploté 3 keV se zrno vybije na nulovy
potencial za 5 dni, z -500 V vsak jiz pouze za 5 hodin a z -100 V za hodinu. Pro ptipad
pridani fotoemise zptisobené sluneénim zafenim se zrno na nulovy potencial vybije
za necelé 4 hodiny, z -500 V dokonce za pouhych 15 minut a z -100 V jen béhem 3
minut, a to diky vysokému proudu fotoelektronii, ktery dosahuje 2000 elektront za

sekundu (obrazek 7.6 (b)).
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Obrézek 7.5: Casovy vivoj jednotlivych nabfjecich proudt (a), (b) a potencidlu (c),
(d) nenabitého zrna o poloméru 5 mikrometrti v plazmatu odpovidajicimu chvostu
zemské magnetosféry s teplotou 8 keV bez ptritomnosti UV zafeni Slunce se zménou

teploty plazmatu na 2 keV.
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Obréazek 7.6: Casovy vyvoj jednotlivych nabijecich proudfi a potencidlu zrna o

poloméru 5 mikrometri pti zméné teploty plazmatu odpovidajicimu chvostu zemské

magnetosféry z 8 keV na 3 keV (a), (c) a p¥i pfechodu s neosvétleného prostiedi UV

zafenim Slunce na prostiedi osvétlené pii konstantni teploté plazmatu 8 keV (b),

(c).

7.4 Vicenasobné rovnovazné potencialy

Predchozi studie ukazaly, Ze existuje také teoretickd moznost, kdy existuje vice rov-

novaznych potenciali [Meyer-Vernet, 1982; Horanyi, 1996]. Zavislost celkového nabi-

jeciho proudu na potencidlu zrna ma pri téchto podminkach vice kotenti. Dvé stejna
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prachova zrna by ve stejném prostiedi mohla mit odlisny naboj diky odlisné historii
nabijeni, a to véetné polarity. Touto problematikou se podrobné zabyva prace Meyer-
Vernet [1982], kterd zkoumd podminky, pii kterych existuje vice rovnovaznych poten-
cialt. Jelikoz hlavni nabijeci procesy jsou zachyt primarnich elektronti a sekundarni
elektronova emise, tak dilezité parametry pro existenci vicenasobnych korent jsou
teplota elektrontd T, teplota sekundarnich elektroni T a parametry F,, a d,, pouzi-
vané pti vypoctu proudu sekundérnich elektronit v S modelu. Pievzaty obrazek 7.7
z Meyer-Vernet [1982] znazoriuje mapu téchto parametri, pii kterych existuje vic
rovnovaznych potencidla v Maxwellovském plazmatu pro E,,/kTs = 120. Z této
studie je vidét, ze vicendsobné rovnovazné potencidly teoreticky existuji pro ma-
teridly s velmi vysokym vytézkem SEE 9, v plazmatu s nizkou teplotou elektroni
(T, ~ 1 eV). Pro tyto hypotetické podminky jsme pouzili nds model s pouzitim S
modelu pro vytézek SEE a ovérili existenci vicendsobnych rovnovaznych potencidli.
Zavislost jednotlivych nabijecich proudt a celkového proudu na potencidlu zrna pro
piipad koncentrace elektronii a ionti n =107% m~3, teploty plazmatu T' = 1 eV, vy-
poc¢tenych S modelem pro fiktivni materidl s parametry E,, = 500 eV a ¢,, = 30 jsou
znazornény na obrazku 7.8. Pri téchto podminkach opravdu existuje vice rovnovaz-
nych potenciald, ale je dilezité si uvédomit, ze bézné materidly maji vytézek SEE v
maximu d,, podstatné nizsi nez 10 (sklo 3,4, uhlik 1,25 a wolfram 1,3). Rovnéz pouziti
Sternglassova modelu SEE pro teploty plazmatu v jednotkach eV je diskutabilni.
Pro plazma s vyssi teplotou elektronu klesd pomér E,,/kT, a dostdvame se mimo
oblast s vice rovnovaznymi potencialy. Pro bézna prostiedi a materialy, které jsou
popisovany v této a nasledujici kapitole, k existenci vice rovnovaznych potenciali
dochazet nemiize. Existuje tedy pouze jeden rovnovazny potencial, ktery nezavisi na

historii nabijeni zrna.
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Obrazek 7.7: Mapa parametri, pii kterych existuje vic rovnovaznych potenciali

v Maxwellovském plazmatu pro E,,/kT = 120. Pfevzato z Meyer-Vernet [1982].
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Obrézek 7.8: Zavislost jednotlivych nabijecich proudi a celkového proudu na poten-
ciadlu prachového zrna pro piipad koncentrace elektront a iontd 107¢ m™3, teploty
plazmatu T = 1 eV, vypoctenych pomoci S modelu pro hypoteticky material
s parametry F,, = 500 eV a ¢,, = 30.
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Kapitola 8

Aplikace modelu v plazmatu

tokamaku

Dalsi prostiedi, kde se vyskytuji energetické elektrony, a ve kterém se projevi vliv
rozméru prachovych zrn na jeho rovnovazny potencial, je plazma v tokamacich.
Studium rovnovaznych potencidli zrn z materidlii relevantnich pro tokamaky ve
faznim plazmatu bude predmétem této kapitoly. Mezi tyto materidly patii zejména
uhlik, wolfram a berylium. Energetické profily jednotlivych vytézka SEE vypoctené
pomoci R modelu pro tyto materidly jsou uvedeny v obrazku 8.1. Je patrno, ze kazdy
z téchto materidli ma odlisny energeticky profil vytézku SEE a tak se da ocekévat
i vyrazné odlisny pribéh rovnovaznych potenciali pro tyto materialy.

Jednotlivé nabijeci proudy pro sférické uhlikové zrno o poloméru R = 0.5 pym
v prostfedi odpovidajicimu faznimu plazmatu tokamaku COMPASS-D [Panek et al.,
2006] (ne =n; =n =108 m=3, T, =T, = T = 300 eV) v zavislosti na povrchovém
potencidlu zrna jsou znézornény na obrazku 8.2 (a). Je vidét, ze proud SEE vy-
pocteny pomoci R modelu Jy..ry je vétsi nez proud SEE odpovidajici S modelu
Jsec(s), a to z ditvodu vétsiho vytézku pravé sekundarni emise a zapocteni rozptylu

primarnich elektront, ktery neni v piipadé S modelu uvazovan. Proud termoelek-

74



=R =0.1 pm [\
© © 10 °

——R =025 um
R =05 pum

——R=0.Ium
Sum

S 05 =025
——R=20um ——R=20pm
—— Strenglass Strenglass

08 08 08

06

04

——R=0.1um
——R=025um

R=05 um
——R=1L0um
——R=20um

02
—R=1.0pm
R=2.0 um

0.0

14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Obrazek 8.1: Energetické profily vytézkt SEE pro uhlikové, wolframova a beryliova
sférickd zrna porovnané s teoretickou Sternglassovou kiivkou. Horni panel (a, b, c)
odpovida celkovému vytézku SEE, prostfedni panel (d, e, f) vytézku pravé SEE,
a dolni panel (g, h, i) vytézku rozptylenych priméarnich elektront. Prvni sloupec
predstavuje uhlik (a, d, g), druhy sloupec wolfram (b, e, h), a kone¢né t¥eti sloupec

berylium (c, f, i) (z Vaverka et al. [2013D]).

troni je vypocten pro dvé odlisné teploty zrna (3000 K a 4000 K). P¥i teploté 3000
K je tento proud Jipermsooo oproti proudu primarnich elektront J. a sekundarnich

elektrontt Jyec(g) vyrazné mensi. A7 pii neredlné vysoké teploté zrna 4000 K je proud
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Obrazek 8.2: Jednotlivé nabijeci proudy pro sférické uhlikové zrno (R = 0.5 um)
v prostiedi odpovidajicimu faznimu plazmatu v zavislosti na povrchovém potencidlu
zrna (a). Celkovy nabijeci proudy pro stejné zrno a stejné podminky v zavislosti na
povrchovém potencidlu zrna pro jeho ruzné teploty s pouzitim R a S modelu SEE

(indexy R a S) (b).

Celkové nabijeci proudy pro stejné zrno a stejné podminky v zavislosti na povr-
chovém potencidlu zrna pro jeho rizné teploty (300, 3000 a 4000 K) s pouzitim R
a S modelu SEE (indexy R a S) jsou zndzornény na obrazku 8.2 (b). Zde je patrny
jen maly rozdil mezi zrny s teplotou 300 K a 3000 K. AZ pro zrna s nerealisticky
vysokou teplotou 4000 K je celkovy nabijeci proud vyznamné ovlivnén termoemisi,
ovSem pouze pro zaporné nabitd zrna poptipadé pro malé kladné potencidly, jelikoz
pro vétsi kladné potencidly nemohou nizkoenergetické elektrony povrch zrna opustit.

Efekt teploty je jasné ukdzan na obrazku 8.3, kde jsou znazornény rovnovazné
povrchové potencialy pro stejné zrno v plazmatu o stejné koncentraci nabitych ¢astic
v zévislosti na teploté plazmatu pro rizné teploty zrna (300, 3000, 3250 a 3500 K).
Vliv teploty zrna je relativné maly. Pouze pro stiedni teploty plazmatu vede ter-

moemise ke kladnému naboji zrna pokud jeho teplote prekroc¢i 3000 K. Je dilezité
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poznamenat, 7ze koncentrace nabitych c¢astic v plazmatu v tokamacich mize dosah-
proudy s vyjimkou proudu polni emise jsou umérné koncentraci nabitych c¢astic. Pro
snizeni parametri modelu budeme pro dalsi vypocty pFedpokladat studené (< 3000

K) zrna a zanedbame tak vliv termoemise.

UV

J
300(R)

onm R)

Jz:sm R)

JW)H(R)

T [keV]

Obrazek 8.3: Rovnovazné povrchové potencialy uhlikového zrna (R = 0,5 pm) pro
plazma odpovidajicimu flznim podminkam v zavislosti na teploté plazmatu pro

nékolik teplot zrna (300, 3000, 3250 a 3500 K) vypocteny pomoci R modelu.

Obréazek 8.4 ukazuje rovnovazny povrchovy potencial pro uhlikova (a), wolframova
(b) a beryliovd (c) chladnd zrna nékolika velikosti vypoc¢tenych pomoci R modelu
v zavislosti na teploté plazmatu. Pro porovnani jsou zobrazeny i potencidly vy-
poctené pomoci S modelu, ktery neuvazuje zavislost na velikosti zrn. Mala (R <
0,25 pm) uhlikova zrna jsou nabita na kladné potencidly v celém rozsahu teplot
plazmatu. Na druhé strané jsou zrna stfednich (0,25 pm < R < 1,0 pm) velikosti
nabita zaporné pro stfedni rozsah teplot plazmatu a velkd zrna (R > 1,0 ym) jsou

nabita zaporné pro teploty plazmatu vétsi nez 1 keV. Tyto vysledky koresponduji
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s profily vytézkt SEE z obrazku 8.1 (a). Na druhé strané vypocty s uzitim S modelu
vedou k zadpornému potencidlu pro teploty plazmatu vétsi nez 0,7 keV pro vSechna
zrna bez ohledu na jejich velikost. Riist zaporného potencidlu zvysuje proud ionti
dopadajicich na zrno a snizuje mnozstvi primarnich elektront do okamziku, kdy je
celkovy proud roven nule. Zaporny potencidl miize byt také pro maléd zrna limitovan
polni elektronovou emisi (vSechny profily s indexem ¢.). Je nutno poznamenat, ze
zaporna ¢ast vertikdlni osy mé odlisné métitko, nez poloosa kladna. Profil oznaceny
St odpovidad potencidlu vypoc¢tenému pomoci S modelu se zapo¢tenim polni elek-
tronové emise pro zrno o poloméru 1 pm. Je vidét, ze zaporny potencial je polni
elektronovou emisi v tomto pripadé limitovan na hodnoté -4 keV. Wolframova zrna
se s pouzitim S modelu nabiji zaporné pro teploty plazmatu vétsi nez 1 keV, ale
s pouzitim R modelu jsou vSak nabita kladné bez ohledu na teplotu plazmatu a
jejich velikost. Pouziti nového modelu SEE tak dava velmi odlisné vysledky nez kla-
sicky pristup. U beryliovych zrn vede uziti S modelu k zapornému potencialu bez
ohledu na teplotu plazmatu. P¥i pouziti R modelu vS8ak mohou mala (R < 0,325 pm)
zrna pii vysokych (T > 2 keV) teplotach plazmatu ziskat potenciél kladny. Zaporny
potencial beryliovych zrn obdobné jako u zrn uhlikovych limituje polni elektronova

emise.

Obréazek 8.5 znazoriiuje mapy znamének rovnovaznych potencialt pro uhlikova
(a) beryliova (b) zrna v zavislosti na velikosti zrn a teploté plazmatu. Zrna v bilé
oblasti (R+) budou mit kladny rovnovazny potenciél typicky v fddu jednotek volti
zatimco zrna ve vySrafované oblasti (R—) se nabiji na zdporny potencial v fadu
kilovoltii. Seda oblast ozna¢end jako S+ reprezentuje podminky, p¥i kterych jsou
zrna nabita kladné s pouzitim S modelu. V p¥ipadé beryliovych zrn (obrazek 8.5
(b)) tato oblast chybi, jelikoZ vSechna zrna by byla nabita zdporné v S modelu.
Z obrazkl je patrny obrovsky rozdil pt¥i ur¢ovani rovnovaznych potencialtt pomoci R

a S modelu. Tento rozdil neni jen ve velikosti potencialu, ale hlavné v jeho znaménku.
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(c) beryliova zrna rozli¢nych poloméri a porovnéani s potencialy vypo¢tenymi pomoci

S modelu.

Napfiiklad uhlikové zrno o poloméru 0,5 um je p¥i prechodu z chladného prostiedi (T’
~ 100 eV) do horkého (T > 4 KeV) nejprve nabito na kladny potencial. Pti teploté
plazmatu 1 keV se zac¢ne nabijet zaporné a pro teploty vétsi nez 4 keV bude mit opét
naboj kladny. Protoze prachové zrno bude prochazet oblasti s rtiznou teplotou, bude

se ménit i jeho potencial.

.
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Obrazek 8.5: Mapy rovnovaznych potencialid pro (a) uhlikova a (b) beryliové zrna
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v zévislosti na velikosti zrn a teploté plazmatu [Vaverka et al., 2013b].
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8.1 Casovy vyvoj potencidlu zrn v tokamacich

Obdobné jako v predeslé kapitole jsme sledovali ¢asovy vyvoj nabijecich proudd a
potencialu pro uhlikové zrno o poloméru 1 ym v plazmatu s koncentraci nabitych
¢astic n, = n; = n = 10® m~2 a po skokové zméné teploty plazmatuz T, =T, =T =
0,5 keV na T =1 keV, nasledné na T' = 2 keV a navratem opét na ptivodni teplotu
T = 0,5 keV. Pribéh jednotlivych nabijecich proudi je znédzornén na obrazku 8.6
(a) a prubéh potencialu je na obrazku 8.6 (b). Z obrazkd vidime, ze i velké zmény
potencialu probihaji v radid desitek nanosekund. V takto vysokych teplotach mohou
zrna pred vypafenim vydrzet pouze kratkou dobu (fddové milisekundy) [Krashenin-
nikov et al., 2011; Tanaka et al., 2011}, vzhledem k velmi rychlé zméné naboje pra-
chova zrna dosdhnou rovnovazného potencialu napriklad pti prechodu z okrajového
plazmatu do centralniho, kdy teplota plazmatu prudce roste [Krasheninnikov et al.,
2011]. Na vyrazné zméné potencidlu zrn se rovnéz muze podilet zména jejich ve-
likosti béhem odparovani, kdy se rovnovazny potencial mize vyrazné liSit pro zrna
odlisnych velikosti (viz obrazek 8.4). Dynamika zrn v zavérecné fazi jejich existence

tak mize byt ovlivnéna zménou jejich nadboje [Vaverka et al., 2013b].
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Obrézek 8.6: Casovy vyvoj jednotlivych nabijecich proudi (a) a potencialu (b), uh-

likového zrna o poloméru 1 pum ve fuznim plazmatu s pocatecéni teplotou T'= 0,5 keV

se skokovou zménou na T' =1 keV, T' = 2 keV a névratem na 7' = 0,5 keV [Vaverka

et al., 2013b].
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Kapitola 9
Zavér

Ptedlozend préace se zabyva experimentalnim i teoretickym studiem interakce plaz-
matu s prachovymi zrny. Vychozi data poskytlo experimentalni studium sekundarni
elektronové emise ze zrn, které je mozno nalézt v kosmickém prostiedi, konkrétné
jsme se vénovali simulantim mési¢niho (MLS-1) a marsovského (JSC Mars-1) prachu
[Némecek et al., 2011; Pavli et al., 2013]. Ziskana data ukazala nartst rovnovazného
povrchového potencidlu pii bombardovanim zrna svazkem monoenergetickych elek-
tronl pro energie vétsi nez 4 keV a jeho zavislost na hmotnosti zrn, coz je v souladu
s predeslymi experimenty provedenymi na kulovych zrnech zndmého slozeni, [Rich-
terova et al., 2007]. V praci Pavli et al. [2013] bylo ukdzéno, Ze zrna nepravidel-
nych tvaril se chovaji obdobné jako sférickd zrna o priméru mensim nez odpovida
hmoté nepravidelného zrna. Méfeni rovnéz naznacila, ze oba studované simulanty
maji podobné profily rovnovaznych potencialt jako sklenény vzorek, pravdépodobné
diky obdobnému a vysokému obsahu SiOy v obou vzorcich.

Studium polni iontové emise na zrnech ze skelného uhliku odhalilo efekt spojeny
s ¢isténim povrchu béhem prvnich nékolika minut bombardovani argonovymi ionty o
energii 5 keV (400 eV relativni energie). V priibéhu méfeni ménici se sklony vybijecich

charakteristik vedly k domnénce, 7e se na vybijeni podili vice procesti soucasné.
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Pro ovéfeni tohoto predpokladu byl vytvoren jednoduchy model [Vaverka et al.,
2009; Jerab et al., 2010], ktery zahrnul polni ionizaci zbytkové atmosféry a polni
desorpci implantovanych argonovych iont. Tento model vykazoval dobrou shodu

s experimentalnimi daty [Jefab et al., 2010).

Na zévér studia polni emise byl proveden experiment se zavislosti vybijeciho
proudu na tlaku zbytkové atmosféry. Zvyseni vybijecitho proudu pro vétsi tlaky
odpovida predstavé, ze s tlakem roste podil polni ionizace okolni atmosféry na
celkovém vybijecim proudu [Jefdb et al., 2010].

Vétsina stavajicich modeli nabijeni prachovych zrn v plazmatu nebere obvykle
v avahu efekty spojené s vlivem velikosti zrn na sekundarni elektronovou emisi.
Z téchto divodi byl v minulosti vytvoren hybridni Monte Carlo model sekundéarni
elektronové emise [Richterova et al., 2006, 2010], ktery popisuje emisi jak z plandrnich
vzorki, tak z rtznych tvart zrn. Tento model byl implementovan do bézného modelu
nabijeni prachovych zrn a takto vznikly model byl aplikovan na plazmaticka prostredi
s vyssim podilem energetickych elektront, ve kterych se vliv velikosti zrn na jejich
rovnovazny potencial mohou vyraznéji projevit.

Prvnim z téchto prostiedi je plazma chvostu zemské magnetosféry, coz ma vyznam
zejména pro studium nabijecich procesii na povrchu Mésice. Vysledky vypoc¢tené pro
sklenéna zrna, ktera maji obdobné vlastnosti jako prach nachazejici se na povrchu
Mésice, ukazuji zavislost rovnovazného potencidlu zrn na jejich velikosti. Obecné
se men$i zrna nabijeji na vétsi kladny potencidl nez zrna vétsi. Rozdil mezi ndmi
navrzenym a klasickym pristupem k vypoctu rovnovaznych potencidli je nejvice
patrny pro teploty plazmatu vétsi nez 1,5 keV v ptipadé, kdy nebereme v tivahu
UV zéfeni Slunce (tj. napfiklad ve stinu Mésice, ktery se pohybuje v magnetosféie
Zemé). Pii téchto podminkach vede pouziti klasického model k vysokym zdpornym
potencialim v radech keV, ale implantace nového modelu sekundarni elektronové

emise vede naopak ke kladnym potencidlim zrn v ¥adech eV [Vaverka et al., 2012,
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2013a).

Obdobny pristup byl pouzit i pro studium dynamiky simulantu prachu nachaze-
jiciho se na povrchu Marsu a v jeho okoli. V praci Pavli et al. [2013] byly Siroce
diskutovany ptipady, kdy se v plazmatickém prostiedi v atmosféie Marsu vyskytuji
energetické elektrony, které mohou ovlivnit sekundarni emisi ze zrn. Diskuze procesi
spojenych s oc¢ekdvanymi vyboji (blesky) zpisobenymi triboelektrickym nabijenim
prachu béhem pisecnych bouti vedla k zavéru, ze sekundarni elektronova emise mize
dokonce ptsobit jako stabilizujici faktor.

Vytvoreny model byl rovnéz aplikovan na prachova zrna vnofené do fizniho plaz-
matu tokamaku. Jednd se sice o jiné prostiedi, ale i zde pritomnost energetickych
elektront hraje nezanedbatelnou roli, byt tento vliv ve vétSiné soucasnych numer-
ickych model neni zahrnut [Vaverka et al., 2013b]. Vysledky obdrzené pro zrna
z uhliku, berylia a wolframu ukazaly podstatnou zavislost rovnovazného potencialu
zrn nejen na jejich slozeni a teploté plazmatu, ale i na jejich velikosti. Vliv velikosti
zrn muze vést nejen k odlisné hodnoté rovnovazného potencial zrna, ale i k jeho
riznému znaménku. Zatimco mald zrna mohou byt nabita na malé kladné poten-
cidly, velkéd zrna mohou ve stejném prostiedi nabyvat vysokych potenciali zapornych.
K vysokym zapornym potencialim nezavislym na velikosti zrna vede klasicky pristup
vypoctu nezavisle na jejich velikosti.

Predlozend prace prokazala, zZe pro popis nabijeni prachovych zrn v horkém plaz-
matu je nutno pouzivat odpovidajici model sekundarni elektronové emise a zahrnout
i vliv polni emise. Oba tyto procesy ovliviuji naboj prachovych zrn, a tim i jejich

dynamiku.
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Ion Field Emission from Micron-sized Carbon Dust
Grains

J. Vaverka, M. Vysinka, M. Beranek, J. Pavli, Z. Némecek, and J. Safrankova
Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic.

Abstract. Ion field emission from dust grains was studied using several glassy
carbon grains of different radii from 1.64 to 2.97 um as dust samples. Each grain
was stored in a quadrupole trap under UHV conditions for a long time (days)
and charged by argon ions to a high surface potential. When the ion gun was
switched off the charged grain started to discharge spontaneously. We found out
that the discharging process is a combination of field ionization and field desorption.
A simple model for ion field emission was developed and the model results were
compared with the measured data. Influence of the ion penetration depth on the
field ion emission is discussed and compared with different measurements of ion
diffusion and consecutive desorption of the implanted ions.

Introduction

Micrometer-sized dust grains coexist with plasma of various parameters in the space as
well as in laboratories and industrial facilities. Mutual interactions of plasma particles with
dust grains lead to their charging. The most frequent charging processes are secondary electron
emission, photoemission, and collection of primary particles. Small dust grains can by charged
to high positive surface potentials that lead to a strong electric field at the grain surface. When
the electric field is strong enough, the accumulated charge becomes spontaneously released. This
process is known as ion field emission and can limit the maximum charge of the grains exposed
to the plasma environment. In the last 10 years, many laboratory simulations of different
kinds of charging processes have been presented, however, only a few of them dealt with field
ion emission from spherical samples. Cermék et al. [1995] studied ion field emission from glass
grains charged to high positive surface potentials. They observed anomalous discharging current
when the electric field at the surface reached 5 - 108 V/m (nearly two orders of magnitude less
than the theoretical prediction [Gomer, 1961]). The authors suggested that the discharging
occurred due to field emission of ions from the grain surface. The experiment was repeated
by Sternovsky et al. [2001] on glass grains of different diameters with the same result. Jefdb
et al. [2005] and Jefab et al. [2007] studied field ion emission from gold dust grains. They
observed that the discharging occurs if the surface electric field is above 10° V/m and it depends
on the kind of ions used for the charging and on the duration of the charging. The authors
suggested that the principal discharging mechanism is the desorption (and consecutive field
ionization) of the primary ions. Jefdb et al. [2007] and Pavlu et al. [2008] found that the first
measurement cycle differs from those measured later on the same grain. They suggested that
the ion treatment cleans the grain surface from adsorbed gas and impurities. Pavlu et al. [2008]
used gold dust grains charged by helium ions. They confirmed previous suggestions that the
principal discharging mechanism is field desorption. We continue their experimental laboratory
studies of ion field emission using micron-sized spherical carbon dust grains charged by argon
ions. We compare the experimental results with a simple model of suggested processes.

Field Ton Emission

Field ion emission (FIE) is the effect when a positive charge leaves a surface due to a high
positive surface potential. The emission of positive ions is realized by three main processes: field
desorption, field ionization, and field evaporation [Good et al., 1956] and [Gomer, 1961]. Field
desorption is the process when desorbed atoms or molecules are ionized in the strong surface
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electric field if they reach a critical distance from the surface. Field evaporation is similar to
field desorption, however, leaving atoms are not the adsorbed gas, but the atoms of the bulk
material. The last of the mentioned processes is field ionization. In this process, atoms of
a surrounding gas come to the critical distance from the surface where they are ionized and
repulsed by a high electric field. Which of the aforementioned processes play the leading role
in field ion emission depends on the combination of the surrounding gas, the surface material
of the sample, and the composition of the adsorbed layer. The ionization probability of neutral
atoms or molecules depends on the electric field strenght, the grain material and the kind of
neutral particles [Gomer, 1961].

Experimental Set-up

We used a unique experimental set-up for investigation of field ion emission. We stored a
single dust grain trapped in an electrodynamic quadrupole (Paul trap) for a long time in an
UHV chamber. The charge-to-mass ratio (Q/m) of the levitating grain is proportional to the
frequency of grain oscillations in the axial direction f, and to the parameters of the quadrupole
trap (the amplitude Vg, and the frequency f,. of the ac voltage ):

Q o \/§7T2T02 Jacf: 1
m 1 Ve ’

1+ (184)"

(1)

where 7 is the inner radius of the middle quadrupole electrode [Cermék et al., 1995]. This
approximate equation is valid when % > 10. the trapped grain is illuminated by a red laser
diode and the scattered light is focused on a position sensitive detector by a lens system. The
grain oscillation frequency can be determined from the temporal changes of the grain position.
Electron and ion guns are used for grain charging or discharging. The energy of both beams
can be adjusted in the range of 0.1 - 10 keV. the schematic view of the experiment is shown in
Figure 1. The detailed description was presented in Cermdk et al. [1995]; Zilavy et al. [1998],
and Pavla et al. [2004].
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Figure 1. Scheme of the experimental set-up. IG ion gun, EG electron gun, QPS quadrupole
power supply unit, SP signal processing - optoelectronic detektor, LS lens system, FC Faraday
cups, SG signal generator, SE sampling electronics, C - counter.
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Experimental Study of Field Ion Emission

We investigated ion field emission from micron-sized spherical glassy carbon grains charged
by argon ions. The spherical grains were used for a straight connection between the charge,
the surface potential, and the electric field strenght. Several grains of different radii from 1.64
to 2.97 pm were studied. A SEM image of the used grains is shown in Figure 2. The ion
beam influenced repeatedly the trapped grain for a few hours followed by several hours of
ion field emission. Figure 3 presents an example of the temporal evolution of the charge-to-
mass ratio (/m) during these measurements. The temporal dependence of the discharging
current is determined from the charge-to-mass ratio by a numerical derivation. If we know
the specific mass of the grain, we can determine the grain size from its capacitance from the
volt-ampere characteristics [Sternovsky et al., 2001]. The dependence of the specific current
(j) on the electric field (F') can by easily estimated. Examples of discharging characteristics
(the dependence of j on F') for grains with 2.08 and 1.64 pm radii are shown in Figures 4 and 5,
respectively. Field ion emission limits the maximum of the surface potential because the charging
is terminated if the beam current is equal to the discharging (field emission and background
electrons) current. It is clearly seen from Figures 4 and 5 that field ion emission occurs for the
electric field above 10° V/m. It is in a good agreement with previous experiments [Cermék et
al., 1995] and [Sternovsky et al., 2001].

Figure 2. SEM image of used carbon grains.
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Figure 3. Time evolution of the charge-to-mass ratio (Q/m).
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Influence of the grain treatment

The first discharging characteristics from a particular grain differs from those measured
later, as it is shown in Figure 4. The reason is that the surface is fresh and contamined prior
to the ion treatment. The cleaning effect was also observed in previous experiments [Jetdb et
al., 2007]. The cleaning time depends on the relative ion energy as well as their kind. Our
measurements have shown that the discharging characteristics reach a steady state after several
minutes of cleaning by 5 keV argon ions (~400 eV of the relative energy). Figure 5 shows that
the discharging characteristics can change into a different one spontaneously after several hours
of treatment by ions. This effect was observed repeatedly on various grains. This effect could
be explained by modification of the grain surface structure by the ion bombardment. To justify
this assumption the further investigation of this effect have to be done.

. |FIE-Ar
10°4R =2.08 ym
1U (5 keV)~ 4700V, J
JU (7 keV) ~ 5900 V # .'_?m
10°4 | [
3 2 v
T o
£ £ \,;4-9’"
107 4 23 ’ —e—1. 5keV (before cleaning).
3 ’ 6. 7keV~1h.+ (7T keV~5h).

2.4x10° 3.0x10°
F [V/m]

Figure 4. The comparison of discharging characteristics after the first treatment (black dots)
and the later one (gray dots) for carbon dust grain (R = 2.08 yum). U is the maximal surface
potential

Balance of Discharging Currents - Model

An example of measured discharging characteristics is displayed in Figure 6 by circles. The
discharging current decreases with various slopes in different ranges of the surface electric field.
We suggest two processes acting simultaneously during the discharging:

1. Field ionization of the residual gas occurs during whole discharging and dominates when
2. is terminated.

2. Diffusion and consecutive field desorption of the implanted beam ions prevailing at the
beginning of discharging. We assume that the number of desorbed ions decreases expo-
nentially in time.

First component of the discharging current, j;.,, depends exponentially on the surface
electric field:

jion =aet, (2)



VAVERKA ET AL.: ION FIELD EMISSION FROM CARBON DUST GRAINS

.] R=164um
1077 U (5keV)~ 4650V
1 U (6 keV)~5400V
10° - U (7 keV) ~ 5900 V
“€ 10°4
2 Ar) 5 keV ~ 1 hod
: Ar) 5 keV ~ 1 hod
Ar) 6 keV ~ 1 hod
107 4 .(Ar) 5 keV ~ 1 hod
Ar) 7 keV ~ 30 min.
.y |
1x10° 2x10° 3x10°

F [V/m]

Figure 5. The time sequence of measured FIE discharging characteristics. The carbon dust

grain (R = 1.64 pum) was charged by the Ar* ion beam with the energy of £ = 5, 6 and 7
keV for 1 hours. The discharging characteristics spontaneously changed into different one after
several hours of treatment by ions.

where the constant a is given by the number, density, and the kind of surrounding atoms
(pressure inside the chamber) and b is a combination of neutral particle parameters (the ioniza-
tion energy and the polarizability) and work function of grains bulk material. Because implanted
ions can be generally different kind of surrounding gas, this parameter can be different for the
field desorption and the field ionization. For simplifying we assume same values in our model
for both mechanism. The component 2. depends on time elapsed from the ending off of the ion
bombardment and on the electric field.
F -
Jdif = ceted, (3)
where d is the time constant for the diffusion and the consecutive desorption of the im-
planted ions and c is proportional to the flux of the neutral gas from the grain at ¢ = 0. The
sum of the currents 2 and 3 represents the theoretical discharging current consisting of field
ionization as well as field desorption - Equation ( 4). This current fits very well the experimental
data in Figure 6 (thick line):
5. (4)
The components in the brackets depend on the flux of the neutral gas from the grain as
well as on the pressure of the residual gas. In Figure 7, this component is compared with the

Jsum = (a + ce%)e

temporal dependence of the measured current j divided by the factor e, Tt is clearly seen that
the flux profile of the neutral gas from the grain is close to an exponential decay with a time
constant d = 0.54 hour. This confirms our previous assumption. Diffusion and the consecutive
desorption of argon ions implanted into the carbon dust grains were measured by Beranek et
al. [2010]. The time constant was determined from the temporal evolution of the grain weight
after the treatment in this experiment as d = 7.21 hour. The dust grain was exposed to ions of
a relative energy close to 7 keV, whereas we used ions of a relative energy less than 0.5 keV. We
assume that the diffusion of ions from the grain depends on the implantation depth. VySinka
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et al. [2009] have shown that the maximum amount of ions is implanted 2 nm under the grain
surface for the relative energy 450 eV and 10 nm for 7 keV. This leads to a shorter time constant

in our experiment than in Berdnek et al. [2010].

Measured data
s - - - - Field ionization . Hr'-,
103 - - -Diffusion e
] ----Field desorption ~5
= Field desorption and ioniztaion -’rd;f = C*e-t/d*eF/b
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S ] tdy F/b Flb 3 T =a%e™
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Figure 6. Comparison of measured data (black dots) with the fitted field ionization current
(gray dot line), the desorption current (black dash-doted line), and the sum of both currents

(thick black line).
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Figure 7. The comparison of measured data (black dots) with theoretical curves. a is propor-

tional to the pressure of the residual gas (dash line) and ced is proportional to the flux of the
neutral gas from the grain (dot line).
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Conclusion

We have analyzed discharging of several glassy carbon dust grains of different diameters
charged by argon ions to the high surface potentials. The charged grains start to discharge
spontaneously by ion field emission if the surface electric field reaches 109 V/m. It is in a
good agreement with previous experiments [Cermék et al., 1995] and [Sternovsky et al., 2001].
We have shown that discharging is caused by a combination of ion field desorption and field
ionization, and our model confirmed the exponential decay of the flux of neutral gas from the
grain. We assume that the field desorption current depends on the depth of implanted ions.
We compared our data with data from Berdnek et al. [2010]. The fact that we observed several
times shorter time constants for the diffusion and the consecutive desorption of the implanted
ions than Berdnek et al. [2010] can by explained by a different depth of implanted ions for
various energies as calculated by VySinka et al. [2009]. The dependence of the field desorption
on a depth of implanted ions as well as the spontaneous changes of discharging characteristics
will be a subject of the further investigation.
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202/08/0063) and by the Research Plan MSM 0021620860.
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Relation of Charging History to Field Ion Emission
From Gold and Carbon Dust

Martin Jerab, Jakub Vaverka, Marek Vysinka, Zdenék Némecek, and Jana Safrankova

Abstract—A study of dust-grain charging plays a very impor-
tant role in the understanding of complex (dusty) plasma. The dust
grains are charged by several different processes (e.g., electron and
ion attachments, secondary electron emission, photoemission, and
field electron and ion emissions), and their charge significantly
influences the surrounding plasma. Our laboratory experiment
based on an electrodynamic quadrupole trap allows us to inves-
tigate some of these processes on a single isolated dust grain which
can be trapped and influenced with different agents for a very
long time (days). In this paper, we focused on the determination
of the relation between charging conditions and the field-emission
mechanism because this emission limits positive charges that dust
grains can acquire due to photoemission, secondary emission, or
ion attachment. The field-ion-emission process is based on the field
ionization of the atoms that crosses a critical distance from the
grain surface. We have found that the sources of these atoms are
either the surrounding gas or the ions implanted into the grain and
leaving it due to diffusion. The diffusion can be described by two
time constants differing by an order of magnitude. We used two
sets of dust grains: gold and amorphous carbon. The experimental
results are confirmed by a simple model.

Index Terms—Diffusion in solids, dust charging, field ion emis-
sion (FIE).

I. INTRODUCTION

USTY OR complex plasmas are plasmas containing solid

or liquid grains (dust) which are charged. The grain
charge is one of the most important parameters that deter-
mines the grain interactions with plasma electrons and ions,
with electromagnetic fields, between the grains themselves,
etc. Micrometer-sized grains embedded in a plasma do not
only change the charge composition but also introduce new
physical processes into the system, e.g., effects associated with
dissipation and plasma recombination on the particle surface,
variation of the particle charges, etc. These processes imply new
mechanisms of the energy influx into the system.

However, the collection of ions and electrons from the
plasma is not the only possible charging mechanism. Electrons
can also be emitted from the grain surface due to thermionic,
photoelectric, and secondary electron emission processes.
These processes are of importance for dust charging in the
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working body of solid-fuel MHD generators and rocket engines
(e.g., [1]), in the upper atmosphere, in the space (e.g., [2] and
[3]), and in some laboratory experiments, for instance, in
thermal plasmas (e.g., [4]) or in plasmas induced by the UV
irradiation [5] with photoelectric charging of dust particles [6]
or with charging by electron beams [7], [§]. Among the minor
charging processes that dominate under specific conditions,
field ion emission (FIE) when positive charges leave the
grain surface due to a high positive surface potential is a very
important but complex effect.

According to [9]-[11], the positive charge is released from
the grain by a collection of electrons that originate from the
field ionization of the atoms that appear at the critical distance
from the grain’s surface. In laboratory experiments, possible
sources of these atoms are the surrounding residual gas and
the grain itself. The desorption from the grain (inner source)
can consist of several components: 1) the desorption of the
adsorbed residual gas; 2) the field evaporation of bulk material;
3) the desorption of the atoms from the ion primary beam that
are on the surface; and 4) the diffusion (and the consecutive
desorption) of the beam atoms that were implanted into the
grain.

Jetdb et al. [11] investigated in detail the FIE from gold
micrometer-sized spheres after a prolonged irradiation with
different ions. They have found that the discharging current is
not the only function of the electric field at the grain surface
(as it is expected in the models of the ion field emission)
and that the time elapsed from the treatment is also a second
equally important factor. The authors suggested that a part
of the discharging current is caused by the field ionization of
the atoms that were implanted into the grain as ions during
the treatment. These ions recombine inside the grain, diffuse
toward the surface, and desorb, and reaching a critical distance
from the grain, they can be ionized. In this paper, we revisited
these observations, complemented them with observations of a
similar effect on carbon grains, and developed a simple model
of an evolution of the discharging process for both materials.
The suggested model can explain the observed steps on the
discharging characteristics but it shows that a more complex
approach is required for a full understanding of the discharging
process.

II. LABORATORY EXPERIMENT AND
MEASURING PROCEDURE

The experimental setup as well as measuring techniques are
described in a few papers (e.g., [11]-[14]); thus, we note only
basic principles here. A single spherical grain is trapped in

0093-3813/$26.00 © 2009 IEEE
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Fig. 1. Emission currents as a function of time after the ion-beam treatments.
The gold dust grain of 0.57-um radius was charging by the Het ion beam
B, = 5 keV (relative energy Ej, = 3.8 keV) for 3 h. The characteristic times
determined by an exponential fit are (a) 7 = 13.9 hand (b) 7 = 13.4 h.

the electrodynamic trap and charged by the ion beam. After
this treatment of a predefined duration, the beam is switched
off, and temporal changes of the grain charge are recorded.
The grain surface potential is measured by a special proce-
dure, and the diameter of the grain could be estimated under
an assumption of mass density. The surface electric field is
derived from the grain potential and estimated radius. Other
techniques provide us with absolute mass measurement, i.e.,
also with absolute charge of the grain. The discharging current
is a first derivative of the grain charge (see [15] for details).
We repeatedly applied the following sequence: Prolonged ion
treatment (several hours of duration), discharging of the grain
for several hours, and short (several minutes) charging and
discharging were repeated several times, and eventually, a new
sequence starting with the treatment was applied.

III. RESULTS OF MEASUREMENTS

We start with a new analysis of measurements already
published in [11]. An Au sphere (1.14 pym in diameter) was
bombarded by a 5-keV He™ for 3 h. These ions charged the
grain to ~1.2 kV of the surface potential; thus, the relative
energy of impinging ions Ej, was reduced to ~3.8 keV. The
discharging currents at two values of the surface potential
(1 and 0.9 keV) are shown in Fig. 1 as a function of time elapsed
from the end of the treatment. The experimental points are
fitted by an exponential function in order to find a characteristic
time of the current decay. This time is rather long, i.e., 13.4 h
for 1 keV and 13.9 h for 0.9 keV. Jetdb er al. [11] suggested
the following scenario: An amount of He atoms is implanted
into the grain during the treatment. After the treatment, the
implanted He diffuses toward the surface, and it is ionized
in the high surface electric field after desorption. Therefore,
the discharging current is caused by the field ionization of
the desorbed He. The decreasing of the discharging current is
caused by a gradually decreasing amount of the ions implanted
during the treatment. Note that a short-time bombardment used
for measurements after treatment cannot significantly increase
the amount of the implanted He. However, there are several

1000 ———— —
[ FIE after 6 hour treatment
—(a)

100 |

discharging current, / (e/s)

1 1 " 1 "
4.0 45 5.0 5.5 6.0 6.5
surface potential, ¢ (kV)

Fig. 2. Time sequence of FIE discharging characteristics after 6-h Art
treatment. Carbon dust grains were charged by the Art beam with the relative
energy E} = 0.45 keV for minutes. The curves depict discharging after (a) 4,
(b) 22, and (c) 94 h, respectively.

other mechanisms that can lead to observed changes, e.g., a
modification of the surface structure or surface roughness.

The problem of measurements with the Au target and He
ions is the large ratio of masses that makes the detection of the
amount of the implanted He impossible. On the other hand, the
measurements of Berdnek et al. [16] revealed a relative increase
of the 2-pm carbon grain mass by a factor of about 1.5 - 1073
after 8 h of the grain bombardment with 7-keV Ar ions. For this
reason, we repeated the experiment of Jefdb et al. [11] using
carbon grains and Ar ions.

The carbon grain of 5.94-psm diameter was charged by 7-keV
Ar™ for 6 h. The discharging currents limited the grain potential
to 6.55 keV; thus, the relative energy of the impinging ions was
FE ~ 0.45 keV. Several discharging characteristics measured
in different times elapsed since the treatment are shown in
Fig. 2. One can see that an overall shape of the characteris-
tics does not depend on the time but the discharging current
decreases with the time elapsed since the treatment. Note that,
although the discharging current is plotted as a function of the
grain potential in Fig. 2, it was actually measured as temporal
changes of the grain charge; thus, the characteristics combine
both temporal and electric field effects. We assume that the
first steep decrease of the discharging current (at 6-6.5 keV
of the surface potential) is caused by a quick release of the
atoms deposited on the grain surface during its previous short-
time charging, whereas the gradual decrease of the discharging
current between 4.5—-6 keV can be connected with a diffusion of
ions implanted during the treatment. This current at 5 keV of the
surface potential is shown as a function of the time elapsed from
the treatment in Fig. 3. An exponential fit (full line) leads to a
time constant of the current decrease of ~14.8 h. Surprisingly,
this time constant is nearly equal to that determined for the
gold grain treated with He™ ions although the conditions in
both experiments were different. In order to elucidate this
apparent contradiction, we have computed the implantation
profiles under conditions corresponding to both experiments.

For simulations, we used a TRIM code that is widely used for
the study of ion implantation [17] and target sputtering [18].

Authorized licensed use limited to: Charles University. Downloaded on April 14,2010 at 07:07:05 UTC from IEEE Xplore. Restrictions apply.
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Fig. 3. Field emission current as a function of the time elapsed from the 6-h

ArT ion-beam treatment. The carbon dust grain of 2.97-y:m radius was charged
with the relative energy Fy, = 0.45 keV. The characteristic time of discharging
is 14.8 h.
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Fig. 4. Density profiles of implanted ions into a spherical grain.
(a) Carbon target (mass density p = 1.54 g/cm?). Relative ion energy Ej, =
0.45 keV. (Full line) ArT ions. (Dashed line) Het ions. (b) Gold target
(p = 19.311 g/em?). B}, = 3.8 keV. (Full line) ArT ions. (Dashed line) He ™
ions.

The TRIM code is a part of the SRIM package developed by
Ziegler et al. [19], [20]. We adapted this code for spherical
samples (see [21] and references therein). The results are shown
in the two panels of Fig. 4. The full line in Fig. 4(a) shows
the implantation depth of Ar™ into the carbon target under
conditions of our experiment; the dashed line shows the profile
of the implanted He™ with the same energy (0.45 keV). On
the other hand, the dashed line in Fig. 4(b) corresponds to
conditions of the experiment of Jerdb et al. [11], i.e., the gold
target and He™ of 3.8 keV of energy. The Ar™ profile is given
for comparison (denoted by the full line). Although the scales
at the horizontal axes are different, we can clearly see that the
dependence of the implantation depth on the energy is weak and
that the mass of the implanted ions is much more important.
On the other hand, the diffusivity increases with the decreasing
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mass of the implanted species, and we assume that these two
effects can lead to very similar time constants of release of
3.8 keV He* implanted into gold (Fig. 1) and 0.45 keV Ar*
implanted into carbon (Fig. 3) if combined together.

IV. MODEL OF THE GRAIN DISCHARGING

To model the discharging processes, we prepared the follow-
ing model. We suggest two processes acting simultaneously:
1) Field ionization of the residual gas occurs during all dis-
charging processes and dominates when (2) is terminated.
2) Diffusion and consecutive field desorption of the im-
planted beam ions prevailing at the beginning of dis-
charging. We assume that the number of desorbed ions
decreases exponentially in time.
The first component of the discharging current jj,,, depends
exponentially on the surface electric field '

F/b

ey

Jion = ae

where a constant a is given by the number and kind of sur-
rounding atoms (pressure and composition of the residual gas
inside the chamber) and b is a combination of neutral particle
parameters (ionization energy and polarizability) and the grain
work function. This parameter can vary for the field desorption
and field ionization because the implanted ions and atoms of the
surrounding gas can be different but we use the same values in
our model for simplification. The component j4ig depends on
the time elapsed since the stop of the ion bombardment and on
the electric field

Jaiw = ce!Pet @
where d is the time constant for the diffusion and consecutive
desorption of the implanted ions and ¢ would be proportional to
a flux of the neutral gas from the grain at ¢t = 0. Furthermore,

the sum of both currents (1) and (2)
Jsum = (a + ce’t/d) e/t

represents a theoretical discharging current consisting of the
field ionization and field desorption. This resulting current fits
very well the experimental data in Fig. 5 (heavy line).

The pre-exponential components in (3) depend on the flux
of the neutral gas from the grain as well as on the pressure of
the residual gas. In Fig. 6, this component is compared with
the temporal dependence of the measured current 5 divided by
a factor exp(F/b). It is clearly seen that the flux profile of
the implanted atoms from the grain is close to an exponential
decay with a time constant d = 0.54 h. It confirms our previous
assumption.

3)

V. DISCUSSION OF RESULTS

The time constant for the diffusion of Ar™ ions implanted
into carbon grains determined on the timescale of tens of hours
(Section IIT) was found to be as long as 14.8 h. By contrast,
the time constant belonging apparently to the same process
but determined on the time scale of ~1 h was only 0.54 h
(Section IV). The diffusion and the consecutive desorption

Authorized licensed use limited to: Charles University. Downloaded on April 14,2010 at 07:07:05 UTC from IEEE Xplore. Restrictions apply.
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of the Ar ions implanted into the carbon dust grains were
measured by Berdnek et al. [16]. The time constant was de-
termined from a temporal evolution of the grain weight after
treatment as d = 7.21 h in their experiment. Since all three
numbers were obtained in the same experimental setup and
with the same measuring techniques, the experimental errors
cannot explain one order of magnitude difference between these
numbers. We suggest that the proper explanation is connected
with the nonstationary process of the release of implanted
atoms. A short-time bombardment of the grain creates a thin
layer of the implanted ions near the surface (Fig. 4). These
ions start to diffuse in both directions—toward the surface and
toward the grain center. The ions diffusing toward the surface
are quickly released and contribute to the initial discharging.
This discharging is seen as a fast decrease of the discharging
current in Fig. 2 (the part between 6 and 6.5 kV of the surface
potential). The same process was analyzed in Figs. 5 and 6 with
the resulting time constant of 0.54 h.

The part of implanted ions that diffuse toward the grain
center gradually fills the grain in the course of the prolonged
treatment, and it is slowly released when the treatment is
stopped. Our dependences in Figs. 1 and 3 belong to this slow
process, and the corresponding time constant is about 14 h.

The time constant determined by Beranek et al. [16] from the
changes of the grain mass after treatment would be a combina-
tion of both processes, and it lies between two aforementioned
values as can be expected. The aforementioned explanation is
very simplified because both processes act simultaneously and
only a comprehensive model that takes into account temporal
changes of the spatial profile of the density inside the grain
during the treatment as well as in the course of the consecutive
discharging can explain the observed phenomena quantitatively.

Another effect that should be taken into account is the grain
temperature because the diffusion coefficient depends on the
temperature exponentially. In our experimental conditions, the
grain is predominantly heated by the laser beam and cooled
by irradiation. An additional heating by the ion impact and a
cooling through the ion desorption are negligible. A detailed
analysis made in [16] has shown that the two mentioned
processes result in a grain temperature of about 350 K. We can
point out that the heat flow in our experiment is similar to that
expected approximately at the Venus orbit. On the other hand,
both ion bombardment and ion desorption can be important
for the grain heat balance in the interstellar space where the
radiation power is low.

VI. CONCLUSION

This paper has revealed that the discharging of dust grains
charged by the ion beam to high surface potentials is a combi-
nation of the field ionization of the surrounding atmosphere and
the diffusion of the implanted atoms toward the surface with a
consecutive desorption and ionization. In a first approximation,
the diffusion can be described by two time constants differing
by an order of magnitude. The values of these time constants
would strongly depend on the grain temperature and, probably,
on the grain diameter but their dependence on the initial ion
energy or ion species seems to be weaker. Despite the fact that
the experimental investigation is confirmed by a simple model,
only a complex model that will reflect temporal changes of
the spatial distribution of the implanted ions can answer the
remaining questions and provide a quantitative description of
the discharging process.
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ABSTRACT

The secondary electron emission is believed to play an important role for the dust charging at and close to the lunar
surface. However, our knowledge of emission properties of the dust results from model calculations and rather
rare laboratory investigations. The present paper reports laboratory measurements of the surface potential on Lunar
Highlands Type regolith simulants with sizes between 0.3 and 3 m in an electron beam with energy below 700 eV.
This investigation is focused on a low-energy part, i.e., <100 eV. We found that the equilibrium surface potential of
this simulant does not depend on the grain size in our ranges of grain dimensions and the beam energies, however, it
is a function of the primary electron beam energy. The measurements are confirmed by the results of the simulation
model of the secondary emission from the spherical samples. Finally, we compare our results with those obtained
in laboratory experiments as well as those inferred from in situ observations.

Key words: dust, extinction — planetary systems

1. INTRODUCTION

Photoelectron emission, sticking and recombination of
plasma particles, secondary electron emission (SEE), thermionic
and field ion and electron emissions electrically charge dust
grains in space. Their charge depends on the UV flux, the size,
shape, and structure of the grains, their velocity relative to the
plasma, and the plasma temperature. Since photoelectron, sec-
ondary electron, and thermionic emissions vary with the mate-
rial, the dust surface charge is also influenced by the dust com-
position. As a result of the dominating photoelectron emission
caused by the solar radiation, dust grains in the interplanetary
medium are usually positively charged and their charges cor-
respond to surface potentials relative to infinity between 5 and
10 V (Mukai 1981; Whipple 1981). Differences among dust
grains of various compositions occur for higher plasma temper-
atures where SEE becomes important (Kimura & Mann 1998).
Moreover, the dust surface potential depends on the charging
history of grains (Whipple 1981; Meyer-Vernet 1982; Velyhan
et al. 2004).

In the space, grain charging by SEE due to the impact of
energetic electrons is significant in environments where these
high-energy electrons are present. In dense plasma regions
where the electron flux is significant, the sign and value of
the dust grain surface potential are determined by the energy
of the impinging electrons. Electron attachment dominates in
the eV range but, at electron energies above about 10 eV,
SEE becomes important and causes a reduction of the negative
potential. When the total SEE yield reaches the value larger than
unity, the surface potential changes its sign from negative to
positive values (Meyer-Vernet 1982; Horanyi & Goertz 1990).
This effect has been demonstrated in laboratory experiments
(Walch et al. 1998; Pavlu et al. 2009).

Richterova et al. (2007) have studied the profiles of equi-
librium surface potentials at glass grains as a function of the
beam energy over a wide range of diameters. The low-energy
parts (below several hundreds of eV) of the profiles are identical
because neither n (the backscattered yield defined as the mean
number of backscattered electrons per one primary electron) nor
8 (the secondary electron yield) depend on the grain diameter

in this energy range. The shape of these parts of the curves is
determined by the energetic dependence of the secondary emis-
sion yield and energy spectrum of secondary electrons. This
approach was applied, for instance, to the charging of water ice
grains in the Saturn magnetosphere, where Jurac et al. (1995)
show that the surface potentials are not sensitive to the grain
size as long as the grains are not much smaller than 0.1 pm.

On the other hand, high-energy parts strongly depend on the
grain size. This effect is connected with an increasing number
of backscattered primary electrons. When 7 approaches unity,
the grain is charged positively by outgoing secondary electrons
because primary electrons do not compensate this charge and
the potential of the grain rises.

The lunar surface is composed of rocks and regolith, i.e.,
soil-like layer with the grain size from centimeters to submicron
scales (e.g., Stubbs et al. 2006). The surface is exposed to solar
ultraviolet (UV) and X-rays as well as solar and magnetospheric
plasma and energetic particles (Halekas et al. 2009b). All these
processes generate currents to the surface and can produce an
escaping flux of secondary electrons. Each of these charging
currents depends on the electrostatic potential of the surface
with respect to the surrounding plasma. Due to high variability
of these charging currents along the Moon orbit around the
Earth, lunar surface potentials can vary over orders of magnitude
(Halekas et al. 2005, 2007). On the sunlit hemisphere of
the Moon, photoelectron currents usually prevail, and the
surface charges to a small positive potential. On the night side,
currents of energetic electrons tend to dominate, and the surface
charges to a negative potential. However, SEE can complicate
expectations providing an additional positive current source, and
thus the nightside surface could even charge positive (Halekas
et al. 2008). Evaluation of the Lunar Prospector (Halekas
et al. 2009a) in situ measurements suggests that the secondary
emission yield of the lunar regolith is by a factor ~3 lower
than the measured for samples in the laboratory. By contrast,
Abbas et al. (2010) reported laboratory results of the charging
of dust grains with dimensions of 0.2—13 um selected from the
Apollo 11 and 17 missions and exposed by the monoenergetic
electron beam in the 10-200 eV energy range. The authors
obtained much larger secondary emission yield than reported
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Faraday cup

Figure 1. Principles of the experimental setup. The AC voltage is applied
between blue and red rotationally symmetric hyperbolic electrodes; the thin
black lines stand for its equipotentials. The grain oscillations are projected
onto the position sensitive detector (PSD). Note that the frequency in the radial
direction is twice large than in the axial direction due to the geometry of our
trap.

from other laboratory investigations (e.g., Richterova et al.
2007).

The lunar regolith consists of dust grains of various sizes, and
the distant spacecraft cannot resolve individual potentials but
provides a mean value. As noted above, it is generally expected
and proved by secondary emission models that the grain
potential depends on the incident electron energy but not on the
dimensions of individual grains. Consequently, the measured
mean value would be about equal to the surface potentials
of individual grains on or above the lunar surface. However,
Abbas et al. (2010) estimations provide the equilibrium surface
potential independent on the primary energy but rising with the
grain size.

Uncertainties in secondary emission yield estimations may
contribute to the poor accuracy of predictions from models, thus
new laboratory measurements of the secondary emission from
a lunar regolith under realistic charging conditions could solve
this issue. For this reason, we studied changes of the surface
potential of small grains (with sizes of 0.3-3 um) in a narrow
energy range (75 and 100 V) because it is a lower limit of
our apparatus (and our electron beam source). We used Lunar
Highlands Type (LHT) lunar stimulant, thus we can directly
compare our results with measurements of other authors or with
in situ observations.

2. EXPERIMENTAL SETUP

The heart of our measuring setup is schematically shown
in Figure 1. Since details of our experiment can be found in
Cermdk (1994), Cermdk et al. (1995), Zilavy et al. (1998), and
Pavlu et al. (2004b, 2009), we will describe only the principal
features for the present paper.

Our investigations are based on trapping a single dust grain
in an electrodynamic quadrupole and its influencing by tunable
monoenergetic ion and/or electron beams. The quadrupole is
supplied with the symmetrical AC voltage (the voltage ranges
usually from 400 to 900 V in a frequency range of 0.3-3 kHz),
thus the zero potential is in the middle of the trap where the grain
is levitating. Moreover, this configuration provides a straight line
through the trap along which the AC potential is zero (Figure 1).
Consequently, the energy of the beam firing along this line is
not altered.

NEMECEK ET AL.

From the quadrupole theory it follows that the vertical
electrodes should be supplied by the same voltage. However,
we are using two different amplifiers for them in order to apply
a symmetrical dumping voltage and symmetrical DC voltage
for the compensation of the gravity force. These voltages are
small (several volts) but they can deflect the electron beam.
Moreover, the AC electric field perpendicular to the beam
direction deflects this electron beam. For these reasons, both the
electron gun and quadrupole power supply are equipped with
a sampling electronics. The electron beam is switched on only
inside the time window when the quadrupole voltage is pulled
down to zero. According to the test, switching off the quadrupole
voltage up to 1/10 of the period does not measurably change the
frequency of grain oscillations (Zilavy et al. 1998; Pavld et al.
2009).

A trapped grain is irradiated by a 635 nm diode laser
modulated by 10 kHz. The light scattered by the grain passes a
small window in the ring electrode (electrically screened by a
grid) and is collected by a simple lens system. The magnified
grain image is projected onto the entrance of an image intensifier
and its output is optically coupled to a position sensitive detector.
Signals from this coordinate detector are amplified by narrow
band, and lock-in amplifiers prior to the coordinates of the light
spot are calculated. These coordinates are used to control the
grain motion by the damping system and to determine the grain
oscillation frequency (in the axial direction in our particular
case) by a counter or by Fourier analysis.

After several simplifications, theoretical considerations
(Cermak 1994) lead to the following relation between the
grain oscillation frequency and its charge-to-mass ratio (spe-
cific charge, Q/m):

19l 5, fac-f 1
e . ,
m Vet 1+ (1.8f/fac)?

where Ve = Vac/ V2 is the rms value of the AC voltage
on the quadrupole electrodes, Vac is its amplitude, fac is the
frequency of the applied AC voltage, f is the frequency of the
grain oscillation in the axial direction, and ry denotes the inner
radius of the quadrupole ring electrode (rp = 10 mm).

This relation is based on the assumption of an adiabatic mo-
tion of the grain in the quadrupole field. This is valid for a
sufficiently high ratio between frequencies of the applied AC
voltage and of grain oscillations. Further, the expression as-
sumes an ideal quadrupole field. Any deviation from the ideal
hyperbolic geometry results in a contribution of higher multi-
poles to the total field, the effective potential is non-harmonic
and the grain oscillation frequency becomes amplitude depen-
dent. Since the deviation from the quadrupole field increases
with the oscillation amplitude, the amplitude must not exceed
a certain value for a desired accuracy of the frequency deter-
mination. Therefore, a damping system keeps the oscillation
amplitude constant at the reasonable level.

The experiment can be run in a broad range of pressures
but special techniques were used to allow the operation under
ultrahigh vacuum conditions (10~° torr). This is essential
in order to reduce the interaction of the grain surface with
molecules of the residual atmosphere and to decrease the grain
charging by products of ionization of the residual gas. Assuming
the pressure of 1077 torr, the mean free path of electrons is of
the order of 10° cm. Since the ratio of the beam and grain
cross-sections is similar, we can expect that the number of
ionization events and the number of beam electrons striking
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Figure 2. Determination of the grain mass by the elementary charge method.
The grain mass calculated from frequency jumps is 6.44 x 10710 kg.

the grain surface are also similar. The direction of motion of the
ionization products is arbitrary and thus their contribution to the
grain charging is negligible.

The grain oscillation frequency is the only measurable quan-
tity, and we have developed several techniques to determine
the grain mass, charge, capacitance, and surface potential. The
detailed description of these techniques can be found in above-
mentioned papers, thus we only briefly comment on them here.

The specific charge (charge-to-mass ratio) is determined
from the grain oscillation frequency using Equation (1). The
charge and mass are separated by a method analogous to the
Millikan experiment (Zilavy et al. 1998). A procedure is as
follows: the grain is charged by a small (up to several hundreds)
number of electrons to be reliably trapped. Then, its charge is
changed by a few electrons and the variances of its oscillation
frequency together with the known elementary charge allow us
to determine the grain mass. We used a low-energy electron
beam with a minimum possible intensity, a duration of the
sampling pulse ~1 ms and with a repetition period of ~6
minutes. Figure 2 shows an example of such measurements.
There are three scales on the vertical axis—the measured
oscillation frequency of the grain, f in the axial direction, the
values of the Q/m ratio calculated according to Equation (1)
(two right-hand scales), and the grain charge in units of the
elementary charge (the left axis) that was obtained by the linear
regression of the data that assigned the steps to the number
of electrons (ZilaV}’/ et al. 1998; Pavld et al. 2009). Note that
the grain charge steps up and down because the yield of the
secondary emission is close to unity for the chosen beam energy,
thus impacts of individual electrons can result in both decreasing
or increasing of the grain charge due to statistical nature of the
emission process. The error of the mass determination depends
on many factors but it does not exceed ~1% under conditions
discussed in the present paper.

The grain charge is connected with its surface potential via
grain capacitance. To determine it, the grain is charged to a high
positive potential by the beam of Ar* ions. Then, the energy
of the beam is decreased and the beam Ar ions cannot impact
the grain but they are scattered in the grain electric field and
interact with the residual gas and quadrupole electrodes. These
interactions produce low-energy electrons that are attracted by
the positive grain, thus the grain is gradually discharged. After
some time (&2 hr), the grain potential becomes numerically
equal to the beam energy and the current of beam electrons
starts to compensate discharging current. Since both currents are

NEMECEK ET AL.
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Figure 3. SEM photo of LHT analogs.

linear functions of the grain charge, the point where the beam
energy becomes equal to the grain potential can be easily found
in the plot of Q/m versus time. This point allows us to determine
the proportionality constant between the grain specific charge,
Q/m and its surface potential, ¢, i.e., the specific capacitance,
C/m. The error of this method is larger than that for the
mass determination. We will provide error estimations for each
measurement of a particular grain, however, this error is lower
than 10% in general.

3. EXPERIMENTAL RESULTS

The measurements were carried out on LHT dust analogs.
The dust sample was produced by grinding from larger pieces,
thus the shapes of individual grains are irregular as it can be
seen from the scanning electron micrograph (SEM) photo in
Figure 3.

Each grain was investigated in several steps that guarantee
the same charging conditions and history for each of them.

1. The fresh dust grain was released from the dust dropper and
bombarded by the ~300 eV electron beam when falling
through the quadrupole center. This procedure results in a
positive charge that allows us the grain trapping.

2. The grain mass (and charge) was determined as described
in the previous section.

3. The grain was charged by the electron beam of a tunable en-
ergy, and the equilibrium charge-to-mass ratio was recorded
for each energy step.

4. The Ar* ion bombardment was used for determination of
the grain capacitance (see above).

5. Using the known mass and capacitance, the grain specific
charge was recalculated into the surface potential.

Figure 4 shows an example of the dependence of the grain
surface potential on the beam energy. The paper is focused on
lowest energies, but we are showing the measurements up to
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primary electron beam. The crosses show the experimental data, and the full
line presents the model prediction (Richterova et al. 2010).
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Figure 5. Modeled yields of the true, § and backscattered, n secondary electrons
for LHT spheres with 0.4 and 1 um diameters. The dotted lines represent the
same yields for a planar LHT sample.

700 eV. We are comparing experimental data with the results
of the secondary emission model (Richterova et al. 2010).
As it can be seen from the figure, the model describes the
surface potential rather well at energies above 200 eV and
slightly overestimated the potential at lower beam energies.
Nevertheless, the differences between measured and modeled
potentials stay within the range of measuring errors, thus the
model prediction can be used as a support for interpretation of
experimental data.

The electrons leaving the grain can be divided into two groups.
The first of them, so-called backscattered electrons, consists of
primary electrons that entered the grain, lost a part of their
energy in the interaction with the grain atoms, and left the grain
again. The ratio of numbers of these and all primary electrons
is named the backscattered yield, n and cannot exceed unity.
However, some electrons of the grain matter gain a sufficient
energy to leave the grain in the interactions. Such electrons are
called true secondary electrons and their yield, § can vary in a
broad range with the grain material, shape, and dimensions and
with the primary electron beam.

The yield of the secondary emission cannot be measured
directly but it can be considered as a scaling factor for the
secondary emission model. Figure 5 shows the yield of the true
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Figure 6. Dependencies of the equilibrium surface potential on grain sizes for
two energies of the primary electron beam: 75 eV (squares) and 100 eV (circles).
The open symbols stand for diameters determined from the grain capacitance,
the filled symbols show the diameters estimated from the grain mass. The full
lines show the results of the Richterova et al. (2010) model, and the dashed lines
represent the mean values.

(8) and backscattered (1) secondary electrons calculated for
two LHT spheres (0.4 and 1 um in diameter). For comparison,
the calculations for a planar sample from the same material
are shown as dotted lines in the figure. The corresponding
profiles for two spheres cannot be distinguished in the figure,
however, the differences between the planar sample and spheres
are significant. This effect is known and is caused by an angular
dependence of the secondary emission yield (Jurac et al. 1995;
Richterova et al. 2010).

The experimental procedure described above is time consum-
ing, thus we have a full set of measurements only for five grains
of sufficiently different masses. The shape of a particular grain
is unknown; we use the mass density given by the supplier—
Zybek company (2900 kg m~3)—and calculate the grain effec-
tive diameter, D,, in a spherical approximation. This diameter
can be compared with the value of D¢ that was obtained from
the grain capacitance; again in the spherical approximation. The
measured mass, m, the capacitance, C, the diameters computed
from these quantities, and their ratio, D,,/D¢, are given in
Table 1 for all investigated grains. As it can be seen from the
table, the D,, /D¢ ratio varies in a broad range. Since the capac-
itance of the sphere is lower than the capacitance of any other
object of the same volume (mass), the D,,/ D¢ ratio is close to
unity for spherical objects, whereas deviation from unity sug-
gests a more complicated shape.

The last two columns in Table 1 show the equilibrium
potentials of grains measured under bombardment with the
monoenergetic electron beam with the energy of 75 eV and
100 eV, respectively. Unfortunately, our present setup does not
allow reliable measurements at lower energies.

The potentials from the table are plotted in Figure 6 as a
function of the grain diameter. Since there are two different
estimations of the grain diameter in Table 1, each measured
point appears twice in Figure 6; at the positions corresponding
to D,, and D¢. The dashed lines stand for the mean values of
the measured potential for each energy. The full lines show the
results of the Richterova et al. (2010) model. The model predicts
a constant grain potential in the range from 0.2 to 3.5 um of the
grain diameter and a small rise of this potential for smaller
grains. Taking into account the model prediction and the fact
that a constant value fits to all measured data if the measuring
error is considered, we can conclude that the surface potential
is a rising function of the beam energy but it does not depend
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Table 1
Details of Five Picked Grains
m (kg) C(F) Dy (nm) Dc (um) Dy /Dc ¢75 (V) $100 (V)
(6.441.1) x 10716 (5.0 1.1) x 10717 0.75£0.12) (0.97 £0.18) (0.840.3) (4.240.4) (5.340.4)
(2.69 £0.04) x 10714 (1.68 £0.08) x 1016 (2.61 £0.03) (3.01 £0.15) (0.87 £ 0.05) (3.7+0.8) (5.2+0.3)
(1.12 £0.05) x 10714 (1.340.1) x 10716 (1.95 £0.09) (2.37£0.18) (0.82 £ 0.10) (3.740.3) (4.940.3)
(1.44 £0.08) x 10716 (3.54£0.3) x 10717 (0.46 £ 0.03) (0.63 £ 0.06) 0.73 £0.12) (4.3+0.4) (5.34+0.4)
(6.640.5) x 10717 (2.940.4) x 10717 (0.35 £ 0.03) (0.53 £ 0.06) (0.66 £ 0.13) (4.440.6) (5.340.6)

Notes. m is a measured mass of the grain, C is a measured capacitance, D,, and D¢ are estimated effective diameters based on measured mass and
capacitance, respectively, ¢75 and ¢1oo are calculated equilibrium surface potentials of a particular grain under 75 eV and 100 eV electron bombardment,

respectively. The errors represent three standard deviations.

on the grain mass in the investigated energy range. The slight
decrease of the grain potential with the grain size for 75 V of the
beam energy is in the range of measuring errors. Moreover, we
can note that the equilibrium potential does not depend on the
grain shape because the shape parameter, D,, /D¢ varies over a
broad range (Table 1).

4. DISCUSSION OF RESULTS

Our measurements show that the equilibrium potential of
the grain illuminated by the low-energy (75-100 eV) parallel
electron beam does not depend on the grain dimensions and
shapes but that it is a rising function of the energy. This is
consistent with our previous investigations of the secondary
emission from dust grains of different materials (e.g., Richterova
et al. 2004, 2006; Pavla et al. 2008, 2009). These experimental
investigations revealed that the effects of shape would be notable
either for very small (tens of nanometers) grains or for grain
dimensions in the micrometer range with energies exceeding
~1 keV. The same conclusion follows from model calculations
(Jurac et al. 1995; Richterova et al. 2010).

Fitting of our measurements to the model leads to the
secondary emission yield § ~ 2 at 100 eV and § <« 1 at 10 eV
of the primary beam energies. As it can be seen in Figures 4
and 6, the model overestimates the potentials at the low primary
energies. There can be two reasons for this overestimation: (1)
the distribution of true secondary electrons is non-Maxwellian
or (2) the real yield of secondary emission is lower than that
given by the model in this range of energies.

Our estimations lead to the maximum of the secondary
emission yield § &~ 3.2 (at about 350 eV) for a small dust
grain. This is consistent with previous laboratory experiments
but it is much larger than that follows from the Halekas et al.
(2009a) analysis of in situ observations. We believe that the
value of § for a planar surface would be more appropriate to the
interpretation of the data measured at larger distances from
the lunar surface because it reflects partly the effects of a surface
roughness. Nevertheless, this value is still larger than an integral
value suggested by Halekas et al. (2009a).

On the other hand, Abbas et al. (2010) reported experimental
investigations of the samples of the lunar dust and have shown
the potential rising with the grain diameter but (as it can be
deduced from the text) independent of the beam energy in similar
ranges of the beam energies and grain dimensions and that a
secondary emission yield varying from 3 to 5.4 at 10 eV of the
primary energy.

The differences between our and Abbas et al. (2010) mea-
surements are (1) we use the LHT lunar dust analog, whereas
Abbas et al. (2010) investigated the real lunar dust; and (2)
the measuring techniques are slightly different. Horanyi et al.

(1998) compared the secondary emission from two lunar dust
stimulants (MLS-1 and JSC-1) and Apollo 17 soil sample in
the energy range from 20 to 90 eV and they did not find any
significant differences. Consequently, we do not expect that the
difference between our and Abbas et al. (2010) results can be
connected with different samples.

Let us discuss the energy balance of the secondary emission
process. The primary electron is accelerated in the electric field
of the charged grain and falls on the surface where it receives
an additional energy equal to the work function of the grain
material. The energy of the primary electron is then distributed
among the electrons of the grain. Those electrons that gained the
sufficient energy to overcome the surface barrier (represented
by the work function) and grain surface potential leave the
grain as secondary electrons. Figure 4 of Abbas et al. (2010)
provides the following data: primary electron energy 10 eV,
secondary emission yield 5.3, and surface potential 2.2 V. A
typical work function of insulators can be considered as 5 eV
(e.g., Sternovsky et al. 2001). The 10 eV electron is accelerated
to 12.2 eV and receives additional 5 eV of the energy at the
surface. The total energy is 17.2 eV. To leave the grain, a
secondary electron should gain about 7.2 eV (it is a sum of
the work function and the energy corresponding to the grain
potential). Neglecting all energy losses, the secondary emission
yield cannot exceed a value of 17.2/7.2 = 2.4. We can conclude
that the yield of 5.3 given in Abbas et al. (2010) contradicts to
energy conservation.

From this short discussion, it is clear that the results in
Figure 4(d) of Abbas et al. (2010) are based on a wrong
interpretation of measurements in their Figure 4(c) and that
some important factor(s) is(are) neglected. After a careful
examination of the conditions of our and Abbas et al. (2010)
experiments, we have identified three principal factors that can
influence the interpretation of experimental results: (1) the effect
of the quadrupole AC electric field on the energy distribution
of the primary electrons, (2) influence of the residual gas in the
quadrupole, and (3) the method of determining the mass/size
of the grains. Thus, following three subsections address these
points.

4.1. Quadrupole AC Electric Field and Energy
Distributions of Primary Electrons

The Abbas et al. (2010) experiment is based on the trapping
of a single dust grain inside the quadrupole-like trap that
consists of upper and lower spherical cups and a ring electrode.
Unfortunately, an important information on the design of the
trap, frequency, and amplitude of the AC voltage applied on
the ring electrode as well as the DC voltage used for charge
measurements cannot be found neither in the article nor in
given references (i.e., Spann et al. 2001; Abbas et al. 2002,
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Figure 7. Distribution of electrons launched with the energies of 10 eV (gray)
and 100 eV (black), respectively, on the 1 um grain. The amplitude of the AC
voltage is 500 V and geometry of the used model is described in the text. The

simulation was performed using the SIMION ™ software package.

2004; Tankosic & Abbas 2008), thus the discussion is based on
the information found in the mentioned papers and on our best
estimates.

The electrons enter the trap along its vertical axis and they
are influenced by the electric field resulting from the quadrupole
AC voltage supplied to the ring electrode. We have used the
geometry described in Spann et al. (2001) and modeled
the trajectories of electrons within such trap. The amplitude
of the AC voltage is 500 V and the top and bottom electrodes
are grounded in our model. The electrons were launched from a
spot of 1 mm in diameter at the center of the top electrode and
the differential flux of electrons on a 1 um grain placed in the
trap center was recorded. Figure 7 shows the energy distribution
of electrons launched with energies 10 and 100 eV, respectively.
When the AC voltage is negative, primary electrons are decel-
erated and their energy decreases. Moreover, the negative ring
electrode serves as a focusing electrostatic lens and increases the
flux of electrons that fall onto the grain. On the other hand, the
defocusing effect of the positive voltage decreases the primary
flux and (at the same time) accelerates the electrons. It means
that the grain is bombarded by electrons over a broad spectrum
of energies.

The actual energies of impinging electrons depend on the
trap geometry and the AC voltage, thus Figure 7 serves only as
an example. Nevertheless, it is clear that considerations made
in Abbas et al. (2010) that are based on the knowledge of the
primary beam energy are not substantiated.

Moreover, if the numbers used in our model are realistic,
the resulting spectrum of electrons launched with the energy
of 10 eV will peak at 125 eV, whereas a much higher flux
of 10 eV electrons will reach the grain when the electrons are
launched with the energy of 100 eV. It could explain why Abbas
et al. (2010) found a larger secondary emission yield for 10 eV
than for 100 eV of the primary energy.

4.2. Influence of the Residual Gas Pressure

Figure 4(c) of Abbas et al. (2010) shows that the positive
charge of the grain increases with time. The positive charging
can be caused either by electrons leaving the grain or by positive
ions falling onto it. Our Figure 7 demonstrates that even in
the case of 10 eV primary electrons, the portion of energetic
electrons is large enough to cause the SEE and thus it can
be a source of the charging current. On the other hand, the
energies of primary electrons are sufficient for ionization of the
residual gas inside the trap. Moreover, the primary electrons
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are partly scattered in collisions with the molecules out of the
trap axis and accelerated in the AC field to energies even higher
than those shown in Figure 7. Since the mean free path of
electrons is of the order of 10 m under experimental conditions
of Abbas et al. (2010; pressure 107> to 107° torr), the ratio
of the numbers of primary electrons falling on the grain and
electrons colliding with the molecules of the residual gas would
be ~1073. These collisions create electrons and positive or
negative ions that can in turn alter the grain charge. The exact
evaluation of the processes in the trap is impossible because
the ongoing processes are complex and the boundary conditions
are unknown. However, we would like to point out that the
influence of the residual gas on the grain charging (especially
to negative potentials) was investigated in Pavli et al. (2004a)
and it was shown (in their Figure 2) that the ion contribution
should be considered even for pressures of the order of 1078
torr under similar experimental conditions. We can suggest that
aforementioned changes of the grain charge are connected with
the contribution of the ion current rather than with variations of
the secondary emission yield.

4.3. Determination of the Grain Mass and Potential

The mass of investigated lunar dust grains varies in a broad
range but the methods of determination of the grain charge
is based on knowledge of the mass of the particular grain. Our
technique of the elementary charge (Figure 2) provides the grain
mass with an uncertainty of the order of 1%.

The authors of Abbas et al. (2010) used the “spring-point
method” (Davis 1985; Spann et al. 2001; Abbas et al. 2004;
Tankosic & Abbas 2008, and references therein) that is based
on a balance between the drag force and “heating” of the grain
by the AC electric field in the quadrupole. However, the drag
force strongly depends on the grain shape that is unknown. The
authors of Abbas et al. (2010) apply a spherical approximation.
They use the viscosity of the surrounding gas and experimental
corrections that are based on the measurements with the spheres
of known diameters. However, depending on the actual grain
shape and direction of its motion, the drag coefficient can differ
by an order of magnitude. Typical values of the drag coefficients
are 0.42 for a sphere, 0.8—1.4 for a cube (depending on spatial
orientation), and 2 for a plate perpendicular to the gas flow (e.g.,
Loth 2008). Neglecting the shape effect leads to overestimating
the grain dimensions. For example, twice larger drag coefficient
results in an overestimation of the effective diameter of the grain
by a factor of +/2. Since this diameter is used for an estimation
of the grain mass, it would differ by a factor of ~3 and the same
uncertainty would apply to the determination of the grain charge.

Taking into account the experimental conditions inside the
trap (pressure 1073 torr), the molecular regime would be more
appropriate for the drag force estimation because the mean
free path of molecules is much larger than the characteristic
dimensions of the grain. The exact calculations of the drag force
is difficult but it can be simply shown (e.g., Dahneke 1973) that
the drag exerting on a sphere and on a cylinder of the same
volume (and mass) and twice larger diameter differ by a factor
exceeding two and the consequences for the determination of
the grain mass would be the same as in the case of viscous
interaction discussed above.

5. CONCLUSION

We report the results of the measurements of the secondary
emission yield and surface potential carried out on dust samples
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from LHT lunar regolith simulants with sizes between 0.3
and 3 um. We focused on an electron beam with energy
below 700 eV. The interpretation of experimental results is
supported by the computer model of the secondary emission
from spherical samples that reflects the LHT mass composition.
The conclusions listed below are different from those that
Abbas et al. (2010) derived from their laboratory experiment
and we point out some of physical inconsistencies in their data
interpretation.
We can briefly summarize our investigations as follows.

1. The secondary emission yield rises with the primary beam
energy up to a maximum of ~3 at 350 eV (Figure 5).

2. The surface potential follows the increase of the secondary
emission yield with the primary energy (Figure 4).

3. The surface potential does not depend on the dust grain
mass, shape, and dimensions for the grains larger than
0.3 um (effective diameter) and electron energies lower
than ~200 eV (Figure 6).

Finally, we would like to note that in our experiment, determined
secondary emission yield is larger than that inferred from Lunar
Prospector measurements above the lunar surface (Halekas
et al. 2009a). The authors attributed the low value of the yield
to the surface roughness and we are preparing investigations
of this effect in the laboratory experiment as well as in
simulations.
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NUMERICAL CALCULATION OF AN
EQUILIBRIUM DUST GRAIN POTENTIAL IN
LUNAR ENVIRONMENT
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Abstract. Dust coexists with plasma of various parameters in space as well as
in laboratories and industrial facilities. The mutual interaction of plasma particles
with dust grains leads to their charging. An equilibrium grain potential depends
on plasma environment as well as on the grain composition, size, shape, and
history. A precise estimation of an equilibrium grain potential in a specific plasma
environment can be thus complicated. We present results of a new numerical
method for calculation of an equilibrium potential of the grain immersed in the
plasma simulating a lunar environment where an influence of secondary electron
emission by energetic electrons increases during the Earth plasma sheet crossings.
In calculations, we apply a modified model of secondary electron emission for dust
grains which takes into account an influence of grain size, material, and surface
roughness. Since this model describes the increase of the secondary emission yield
caused by a finite dimension of the dust grain, our calculations provide a more
realistic estimation of the dust grain charge in hot environments.

Introduction

Dust grains in space are very often influenced by plasma and thus they are charged to
various potentials. Due to a small mass of grains, the electric force can be interesting for dust
dynamic Mendis and Rosenberg [1994]. For this reason, an interaction of dust grains with
the space plasma has been widely studied e.g. ( Mayer-Vernet N. [1982], Chow et al. [1994],
Horanyi M. [1996]). Laboratory experiments with small dust grains (e.g., Svestka et al. [1993]
and Pavlu et al. [2008]) shown that the yield of secondary electron emission differs for large
planar samples and strongly depends on the grain size. This phenomenon can influence grain
charging and can lead to different equilibrium potentials for the grains of various sizes. The
main difference of our calculations and already published estimations (e.g., Horanyi M. [1996],
Mayer-Vernet N. [1982]) is that we apply a modified model of secondary electron emission by
Richterova et al. [2010] and discuss role of the grain size on its charging for simulated lunar
environment. The Lunar dust is exposed to the solar wind and solar UV radiation on the day
side of the Moon during most time from the 29.6 days orbit but the Moon also spends around
4 days in the Earth’s magnetosphere. Thus it may cross through the tail plasma sheet and be
exposed to energetic electrons. The typical plasma sheet exposure in each tail crossing may
vary from 10 to 40 h Hapgood M. [2007]. The average density of the solar wind (n ~ 10°
m~3) is approximately ten times higher than for the plasma sheet but the plasma temperature
can reach up to 2 keV for the plasma sheet instead of 10 eV for the solar wind ( Asano et al.
[2010] and Halekas et al. [2011]). In calculations, we simulate both plasmas, i.e. solar wind
and plasma sheet conditions.

Dust Grain Charging in Plasmas

A total current to dust grain immersed in the plasma is given by a sum of all charging
currents as
dq

a J =Je+ Ji + Jpho + Jsec- (1)
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In most space environments, electron J, and ion J; collection currents, secondary electron
current caused by an impact of energetic electrons J.., and photoemission current J,;, domi-
nate. Other processes as thermoemission, triboelectric charging, and secondary electron emis-
sion caused by ion impacts can be neglected. These currents depend on parameters of plasma
(density, energy distribution, velocity and temperature) and dust grain properties (composition,
size, shape, surface roughness). A very important parameter is the surface potential of a dust
grain. Positively charged grain enhances the electron flux and lowers the ion flux. A number of
secondary electrons and photoelectrons is also reduced for positively charged grains. The grain
immersed to the plasma reaches an equilibrium surface potential where a sum of all currents
to the grain is equal to zero. For simplification, we assume the plasma with the Maxwellian
energy distribution corresponding to the temperature, 7' and electron and ion densities, n. and

Do _ 2mE ( Ma 3/2) <_E> (2)
dE ~ m2 " \omkr, ) P\ Tk

We handle with spherical glass grains of different radii a for this initial study. The reasons
are: 1) there is enough date on the secondary emission from laboratory experiments, 2) well
defined geometry, and 3) the glass composition resembles the composition of a typical space
dust.

n;, respectively.

Electron current

In the case of the Maxwellian plasma and particles smaller than the Debye-length, the
electron flux, J. can be estimated according to [Mayer-Vernet N., 1982]

B exp(+eU/kT) U<O0
Je = Joe X { (1 + eU/kT,) U >0, (3)

where U is the surface potential of the grain, e is an elementary charge, k is the Boltzmann
constant, and Jy, = 47Ta2ne(kTe/27rme)1/2.

Ion current
The ion flux can be generally calculated in the same way as the electron flux as
g exp(—eU/kT;) U >0
Ji = Joi X { (1 eU/kT)) S (4)

In the cases where dust-plasma relative velocity, w can be comparable with the ion thermal
speed , it is necessary to use equations with a drifting Maxwellian distribution for ion current
calculations ( Horanyi M. [1996] and Northrop and Birmingham [1996]). For negatively charged
grains the ion flux is

'_J()i 2 1 elU ﬁ 2
=" [(M +3 kT) VT eri(M) + exp(— M) (5)

where M = w/(2kT;/m;)*/? is the relative Mach number (the ratio of the dust-plasma
relative velocity over the ion thermal speed) and

erf(a) = — [ exp(=y?)ay (6)

is the error function.
In the case of positively charged grains, the ion flux is given by



VAVERKA ET AL.: CALCULATION OF AN EQUILIBRIUM DUST GRAIN POTENTIAL

3

J; = JZ"{(M?WL;— Zg) \z\g {erf(M—i— eU/kTZ-) +erf<M— \/M)} +

_ o
elU elU
+<”kTiM+1> exp |[— | M — kTZM> —
U : o \’]
e e
_ ( WAL 1)exp |— (M—I— kT,M> } ) (7)

Photocurrent

Dust grains exposed to the Solar light are charged by photons which energy is high enough
for creating photoelectrons. We assume the Maxwellian energy distribution of photoelectrons
with the average energy of kT4, (= 1-3 V). The photoelectron flux from the grain is given by

1 U<Q0

o 10__ 2 2
Tpho = 2.5 x 10'%7ma’ex /d { exp(—eU/kTpho) U =0, ”

where d is the distance from the Sun measured in AU, and & is an efficiency factor close to
unity for conductive and close to 0.1 for dielectric materials [Whipple E.C., 1981].
Secondary electron emission current

The secondary electron emission is process where primary electrons ionize the grain ma-
terial and produce secondary electrons. The yield of secondary electron emission (the ratio of
secondary electrons to primary electrons) depends on the grain material and the energy of pri-
mary electrons. The secondary electron yield is often approximated similarly as in Sternglass
E.J. [1957]

8(E) = &n(E/Enr) exp-2(E/Ewm)'"?), (9)

where € is Euler’s number and 0, is the maximum of the secondary electron yield at the
energy Fjr. For a glass sample, §3; = 3.356 and Ej; = 350 eV. The secondary electron current
can by estimated for Maxwellian plasma and positively charged grains (U > 0) according to
Mayer-Vernet N. [1982] as

2
Jooe = %5(M)J06 exp(+eU/kT,) F5(Ea /AKT,), (10)

where
Fs(z) = x2/ B exp™ W) gy, (11)
0

For positively charged grains (U > 0)

2

Tuee = SO Joe(1 + eUJKT,) exp(+eU /KT, — cU/KT)Fy p(Ex/4KT,),  (12)
where
Fs p(z) = 952/ uB exp™ @) gy (13)
B

and
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We apply a modified model of secondary electron emission of dust grains by Richterova
et al. [2010] instead of the classical Sternglass E.J. [1957] approach for planar samples (described
above). The yield of the secondary electron emission, o is a sum of a true secondary electron
emission yield, 6 and backscattered primary electron yield, . These coefficients obtained by
the Richterova et al. [2010] model are depicted in Figures 1-2 for several diameters of spherical
grains and compared with the Sternglass E.J. [1957] model where is no dependence on the
grain size. In Figure 2, it is possible to see that the yield of the secondary electron emission is
significantly higher in Richterova et al. [2010] than in Sternglass E.J. [1957]. It is caused by
an increase of backscattered primary electrons for small grains.
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2.0
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0.0

E [keV] E [keV]

Figure 1. Left - The true secondary electron emission yield for several radii of glass grains
with respect to the primary electron energy. Right - The backscattered primary electron yield.
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Figure 2. The yield of the secondary electron emission for different grains with respect to the
primary electron energy and comparison with the Sternglass E.J. [1957] model.

Estimation the dust grain equilibrium potential

Charging currents of the spherical glass grain (r = 1 pum) immersed in the plasma under
conditions like as in the plasma sheet (n; = n, = 10° m™3, T, = T; = 1 keV, w = 200 km/s)
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calculated using Equations (3, 5, 7, 8, 10, and 12) and the yield of secondary electron emission
from the Richterova et al. [2010] model are depicted in Figure 3 (left). It is clearly seen that
the secondary electron current is higher when this model is used instead of the Sternglass E.J.
[1957] model. Total charging currents for the cases with and without UV illumination by the
Sun with respect to the grain surface potential are depicted in Figure 3 (right). The grain
reaches the equilibrium surface potential when the total charging current is equal to zero. One
can see that the equilibrium potential is higher when the Richterova et al. [2010] model is used
because of higher secondary electron current.

1004
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Figure 3. Left - Charging currents for the spherical glass grain (r = 1 pm) and plasma sheet
conditions (n; = ne = 10° m™3, T, = T; = 1 keV, w = 200 km/s) with respect to the grain surface
potential. J. electron current, J; - ion current, Jg..g7 secondary electron current calculated b
Sternglass E.J. [1957], Js secondary electron current calculated by Richterova et al. [2010],
Jpho photocurrent. Right - Total charging currents for the same spherical glass grain and
same plasma environment with respect to the grain surface potential. Jg; = Jo + J; + JsecsT,
J=J.+J;i+ Jsec’ JUVSt =Jc+ Ji + Jpho + JsecSta JUV =Jc+ Ji + Jpho + Jsee-

The equilibrium surface potentials, U for spherical glass grains, plasma sheet conditions
(ni = ne = 10> m~3, w = 200 km/s) and including UV influence with respect to the plasma
temperature are depicted in Figures 4. It is clearly seen that small grains can reach higher
positive surface potentials. In the case without UV illumination, small grains can be charged
positively even for large solar wind temperatures. On the other hand, larger grains reach the
negative surface potential.

——R=0.1um —Ri01|.m
——R=025,m ——R=025um
= R=0.5um
R=05um -
——R=0.8um
——R=08um R=1.0um
R=1.0um ——R=125um
——R=1.25um R=20um
R=2.0um ——R=25um
——R=25um ——R=50um
——R=5.0um ——R=15um
——R=15um ——R=50m
—R=50um | A e = SM
————— SM

T [keV]

Figure 4. Left - The equilibrium potential of spherical glass grains in plasma sheet conditions
(ni = ne = 10> m=3, w = 200 km/s) and without solar radiation with respect to the plasma

temperature compared with Sternglass E.J. [1957] (SM). Right - Same as in left, but for solar
UV radiation.

The same plots for the solar wind conditions (n; = n, = 105 m™3, w = 400 km/s) are
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depicted in Figure 5. The equilibrium potentials are very similar for the case without UV
illumination (Figures 4 (left) and 5 (left)), but in the case with UV radiation (Figures 4 (right)
and 5 (right)) the equilibrium potentials are lower for the solar wind conditions, because a
higher electron current caused by the higher plasma density prevails photocurrent.

——R=0.1um
——R=025um
R=05um
——R=08um
R=1.0um
——R=1.25um
R=20um
——R=25um
——R=50um
——R=15um
——R=50um
--SM

T ]
10 12
T [keV] T [keV]

Figure 5. Left - The equilibrium potential of spherical glass grains in solar wind conditions
(ni = ne = 10 m=3, w = 400 km/s) and without solar radiation with respect to the plasma

temperature compared with Sternglass E.J. [1957] (SM). Right - Same as in left, but for solar
UV radiation.

Discussion

We calculated charging currents and equilibrium surface potentials for spherical glass grains
under plasma sheet and solar wind conditions by using a modified model of the secondary
electron emission for dust grains [Richterova et al., 2010] and we compared our results with
calculations where the Sternglass E.J. [1957] model of the secondary electron emission was
applied. Figure 2 shows that the yield of the secondary electron emission, o is significantly higher
for the Richterova et al. [2010] than for Sternglass E.J. [1957] model. It is caused by increase
of backscattered primary electrons for small grains. Figure 3 left shows that the ion current is
much smaller than other charging currents and that the secondary electron current is higher
when the model of Richterova et al. [2010] is used instead of Sternglass E.J. [1957] because
of a higher yield of secondary electron emission. It results in the higher positive equilibrium
surface potential of the grain. The equilibrium surface potentials for spherical glass grains under
plasma sheet and solar wind conditions and under UV illumination with respect to the solar
wind temperature are depicted in Figures 4 and 5, respectively.

A strong dependence of secondary electron emission on a grain size results in the different
equilibrium surface potentials for grains of different diameters. Generally, smaller grains reach
higher surface potentials. For such environment, where the UV radiation is present it leads
only to different values of a positive surface potential (Figures 4 (right) and 5 (right)) due
to presence of photoemission. In the case without UV influence, larger grains reach negative
surface potentials for higher plasma temperatures because the negative electron current exceeds
the secondary electron emission current. On the other hand, the secondary electron emission
current is large enough for small grains to keep the positive surface potential.

The dependence of the equilibrium surface potential on grain size and plasma temperature
is similar for cases without UV radiation for plasma sheet and solar wind conditions (Figures
4 (left) and 5 (left)). Dust grains will be charged to the same positive equilibrium potential for
the solar wind environment independently on size because of low plasma temperature. On the
other hand the equilibrium potential will be from 4 to 8 V for 100 and 0.2 pgm dust grain in
diameter for plasma sheet with plasma temperature 2 keV without UV illumination and from
7 to 11 V for same grains in same environment with UV illumination.
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Conclusion

Preliminary results of a new numerical method for calculations of a charge of the grain
immersed in the plasma based on the modified model of secondary electron emission for dust
grains by Richterova et al. [2010] show strong dependence of the equilibrium surface potential
on the grain size. Two dust grains of different diameters can be charged to different polarities
for large plasma temperatures in the plasma without the UV radiation. On the other hand,
grains will be charged positively independently on size in the case with Solar light illumination,
but smaller grains can reach several time larger potential for large plasma temperature. The
equilibrium surface potential is independent on grain size for solar wind environment because of
low plasma temperature. On the other hand, our calculation shows variances of the equilibrium
potential with the grain size for the plasma sheet caused by an enhancement of backscattered
primary electrons under higher plasma temperatures.
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Numerical Calculation of an Equilibrium Dust
Grain Potential in Lunar Environment

Jakub Vaverka, Ivana Richterov4, Jifi Pavla, Jana Safrankova, and Zdendk Némedcek

Abstract—The interaction of plasma particles with dust grains
leads to their charging. An equilibrium grain potential depends on
a plasma environment, as well as on the grain composition, size,
shape, and charging history. We present results of calculations
of the equilibrium potential of the grain immersed in the plasma
simulating a lunar environment. In calculations, we apply a mod-
ified model of the secondary electron emission from dust grains,
which takes into account grain sizes, their material, and surface
roughness. Since this model describes the increase in the secondary
emission yield caused by a finite dimension of the dust grain, the
calculations provide a realistic estimation of the dust grain charge
in the near-Earth environment. We show that the grain surface
potential is a descending function of the grain size and this effect
can even lead to opposite polarities of small and large grains.

Index Terms—Dust charging, interplanetary dust, lunar
charging.

I. INTRODUCTION

HE LUNAR surface is covered with a layer of dust
grains from centimeters to submicrometer scales (e.g., [1])
formed by meteoroid impact over years. This layer is exposed to
solar ultraviolet (UV) and X-rays as well as solar and magneto-
spheric plasma and energetic particles. These processes affect
charging currents to the surface and can produce an escaping
flux of secondary electrons. The charging currents depend on
the electrostatic potential of the surface layer with respect to the
surrounding plasma [2]. Evidence strongly suggests that elec-
trostatic potential of such dust grains plays an important role in
physical and dynamic processes in the lunar environment.
However, during its orbit around the Earth, dust grains at
or above the moon surface are exposed to highly variable
charging currents; thus, surface potentials can vary over orders
of magnitude [3], [4]. The terrestrial magnetosphere contains
very rarefied plasma in the tail lobes, with denser and more
energetic electrons and ions in the plasma sheet. Energetic par-
ticles (with the energy of tens of kiloelectronvolts) of different
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origins are trapped in radiation belts. Moreover, their content
can be significantly enhanced during geomagnetic substorms
and storms, and they can penetrate into the magnetotail [5].

On the other hand, the solar wind consists of relatively
cool streaming plasma, whereas the lunar wake (which forms
downstream of the moon in the solar wind) contains high-
energy, but significantly rarefied, plasma. Moreover, through
solar energetic particle events, enhanced fluxes of very ener-
getic particles can impact the dayside moon surface.

On the sunlit side of the moon, a dominating photoelectron
current charges the surface to a small positive potential. On the
nightside, currents of plasma electrons tend to dominate, and
thus, the surface is charged to a negative potential. However,
secondary electron emission can play a role in this process
providing an additional positive current; thus, the nightside
surface could be even positively charged [6]-[8]. Uncertainties
in secondary emission yields may contribute to poor predictions
of the resulting surface potential; thus, laboratory measure-
ments of the secondary emission from a lunar regolith with
realistic charging conditions could help to understand charging
processes.

The lunar dust is exposed to the solar wind and UV radiation
on the dayside of the moon during the most time from a 29.6-
day orbit, but the moon spends also around four days in the
Earth’s magnetosphere. The typical plasma sheet exposure in
each tail crossing may vary from 10 to 40 h [9]. The average
density of the solar wind (n ~ 5 cm™?) is approximately ten
times higher than that of the plasma sheet, but the plasma
temperature can reach up to 2 keV for the plasma sheet instead
of 10 eV for the solar wind [10]).

For these reasons, an interaction of dust grains with the
ions and electrons has been widely studied (e.g., [11]-[17]).
Laboratory experiments with small (submicrometer) dust grains
have shown that the yield of the secondary electron emission
differs from that of large planar samples and strongly depends
on the grain size and thus can lead to different equilibrium
potentials. Horanyi [14] discussed how a single isolated dust
grain collects its electrostatic charge due to relevant charging
currents, i.e., electron and ion bombardments, and the produc-
tion of secondary electrons and photoelectrons. His estimation
of the secondary emission yield was approximated by the
Sternglass model [18] (hereafter denoted as the S model) and
a Maxwellian energy distribution of the emitted electrons. Our
paper follows this approach, but the S model is replaced with a
more realistic model of Richterova et al. [19] (hereafter referred
as the R model) that includes an influence of finite dust grain
dimensions.

0093-3813/$31.00 © 2012 IEEE
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II. DUST GRAIN CHARGING IN PLASMAS

The total current to a dust grain immersed in a plasma is
described by the current balance equation, i.e., a sum of all
charging/discharging currents

%:J:Je"‘rk]i"'t]pho"'t]seo (1)
In typical space environments, electron J, and ion J; currents,
the secondary electron current caused by an impact of energetic
electrons Jsec, and the photoemission current Jpp,, dominate,
and the other processes such as thermoemission, triboelectric
charging, and secondary electron emission caused by ion im-
pacts can be neglected. The currents depend on parameters of
plasma (density, energy distribution, velocity, and temperature)
and dust grain properties (composition, size, shape, and surface
roughness). A very important parameter is the surface potential
of a dust grain. A positive charge of the grain enhances the
electron flux and lowers the ion flux. The numbers of secondary
electrons and photoelectrons are also reduced for positively
charged grains. The grain immersed to a plasma reaches an
equilibrium surface potential where a sum of all currents to
the grain is equal to zero. For simplification, we assume the
plasma with the Maxwellian energy distribution parametrized
with temperature 7" and electron and ion densities n, and nj,
respectively.

We handle with spherical glass grains of a radius a for this
particular study. The reasons are following: 1) there are enough
data on the secondary emission obtained from laboratory exper-
iments; 2) well-defined geometry; and 3) the glass composition
resembles the composition of a typical space dust.

In the case of the Maxwellian plasma and particles smaller
than the Debye length, the electron flux J. can be estimated
according to [11] as

exp(eU/kT,),

U<0
Jo = Joe X { (1 + eU/KT),

U>0 (2)
where U is the surface potential of the grain, e is the
elementary charge, k£ is Boltzmann’s constant, and Jy, =
4ra®ne(kT./2mme) /2.

The ion flux can be generally calculated by the same way as
the electron flux as

exp(—eU/kTy),

U>0
Ji = Joi { (1 eU/kT),

U <0. 3)
When dust—plasma relative velocity w can be comparable or
even larger than the ion thermal speed, it is necessary to
use equations with a drifting Maxwellian distribution for ion
current calculations [14], [20]. Thus, for negatively charged
grains, the ion flux is

[y LU\ VT e
Ji = 5 {(M t3 kTi> erf(M) + exp(—M*)

“)
where M = w/(2kT;/m;)/? is the relative Mach number (the
ratio of the dust—plasma relative velocity over the ion thermal
speed), and erf stands for error function.

For positively charged grains, the ion flux is given by

1 eU\Jm
M2yps ST
(372 )

_Ju

Ji
4

: [erf(M—i—\/eU/kTi) +erf(M — \/eU/kTi)}

eU
+< kﬂM+1>eXp —(M—

Dust grains exposed to the solar light are charged by a
UV part of the spectrum. We assume the Maxwellian energy
distribution of photoelectrons with the average energy of k7}ho
(=1-3 eV). The photoelectron flux from the grain can be
written as

2
eU
~1 M
KT M )eXp < N\ wnar

®)

1 U<0
- 10,2 2 ’
Jpno = 2.5 x 101°ma’er/d {exp<—eU/kTpho>, Uz0
(6)

where d is the distance from the Sun measured in astronomical
unit (AU), and x is the efficiency factor close to unity for
conductive and to 0.1 for dielectric materials [2].

The yield of the secondary electron emission (the ratio of
secondary electrons to primary electrons) depends on the grain
material and the energy of primary electrons. The S model
approximates the yield of secondary emission by the formula

8(E) = 8u(B/Ex)exp [-2(E/E)'2] (D)

where € is the Euler number, and dy; is the maximum of the
secondary electron yield at energy Ey;. For a glass sample,
om = 3.4 and Fy; = 350 eV. This formula describes the yield
of true secondary electrons from semi-infinite planes and ne-
glects the yield of backscattered primary electrons.

However, we apply the R model because it provides both
components of the secondary emission yield o a true secondary
electron emission yield ¢ and a backscattered primary electron
yield . These coefficients obtained by the R model are depicted
in Fig. 1 for several diameters of spherical grains and compared
with the S model that does not consider the grain size. We can
see that the yield of the secondary electron emission o [see
Fig. 1(c)] is significantly higher in the R model than in the S
model for primary electron energies above ~1 keV and for all
grain diameters due to an increased portion of backscattered
electrons [see Fig. 1(b)]. Note that the energy corresponding to
the secondary maximum (that is most prominent at the o profile
for a 100-nm grain) increases with the grain diameter. This
maximum appears at the energy for which the penetration depth
of primary electrons becomes equal to the beam energy. Under
this condition, the yield of backscattered electrons increases
toward unity, and the emission of true secondary electrons
becomes more intensive.
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Fig. 1. (a) True secondary electron emission yield. (b) Backscattered electron

yield. (c) Total yield of secondary emission. All panels for several radii of glass
grains with respect to the primary electron energy.

III. ESTIMATION OF THE GRAIN EQUILIBRIUM POTENTIAL
UNDER PLASMA SHEET CONDITIONS

Charging currents of the spherical glass grain (r = 1 pm)
immersed in the plasma under conditions such as those in
the plasma sheet (n; = ne = 0.1cm™3,T, =T} = 1 keV,w =
200 kmy/s) calculated using (2)—(6) are shown in Fig. 2(a). The
secondary emission current is calculated in two ways: Jyeq(s)
uses the S formula, whereas Jy.c(r) uses the R model. Fig. 2(b)
shows the sum of the currents in a particular environment (sub-
script UV stands for daylight conditions, no subscript means a
shadow) calculated with the S approximation of the secondary
emission (subscript S) or with the R model (subscript R). The
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Fig. 2. (a) Charging currents for the spherical glass grain (r = 1 pm) and
plasma sheet conditions with respect to the grain surface potential. Je is
the electron current, J; is the ion current, Jyec(s) is the secondary electron
current calculated according to [18], Jsec(R) is the secondary electron current
according to [19], and Jp}, is the photocurrent. (b) Total charging currents for
the same spherical glass grain and the same plasma environment with respect
to the grain surface potential. Jigy = Je + Ji + Jyec(s), Jr) = Je + i +
Jsee(r)s Juv(s) = Je + Ji + Jpho + Jsee(s)> and Juy(r) = Je + Ji +
Jpho + Jsec(R)-

equilibrium grain potential is set if the sum of all currents is
zero, and one can note that the application of the R model
leads to an increase in the grain potential because the secondary
electron current that charges the grain positively is larger.

The equilibrium surface potentials U for spherical glass
grains and plasma sheet conditions and with and without UV
radiation as a function of the plasma temperature are depicted in
Fig. 3. Fig. 3(a) shows that, if the photoemission is in operation,
all grains are positively charged and the grain potential is a
descending function of the grain diameter for temperatures
above 1 keV; the differences are not too large for typical plasma
sheet temperatures of about 2 keV because the photocurrent
is a dominating component of the total current. On the other
hand, the secondary emission current dominates in absence of
UV radiation, and thus, the difference between the S (thick
line) and R (thin lines) models becomes significant. The thick
line crosses the zero level of the grain potential at ~1.5 keV.
It means that all dust grains regardless of their dimensions
would be negatively charged for all temperatures exceeding this
threshold if the S model is used. However, an application of
the R model leads to enhancement of the secondary emission
current that increases the dust grain potential. Consequently,
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Fig. 3. Equilibrium potential of spherical glass grains in plasma sheet con-
ditions (a) with and (b) without the solar radiation with respect to the plasma
temperature. The dotted line stands for a comparison with [18].

small grains (below ~ 2 pm of diameter) would be positively
charged regardless of the temperature. An interesting effect can
be expected for temperatures above ~3 keV because the large
grains would be negatively charged, whereas the smaller grains
positively. Negative potentials of the grains can be rather large,
but their determination requires a corresponding modification
of the equation for the ion current and addition of other effects
such as field emission, and it is out of scope of this short paper.

IV. DISCUSSION

We calculated charging currents and equilibrium surface
potentials for spherical glass grains under plasma sheet condi-
tions using the model of the secondary electron emission from
dust grains (R model) or the model of the secondary electron
emission from planar samples (S model). We should note that
the latter approach generally repeats the calculations made by
[14]. Since the secondary emission yield does not depend on
the dust grain size in the S model, the same does the dust grain
potential. Our results show that a more realistic description
of the secondary emission process in the R model leads to
dependence of the grain potential on its size that is observable
in the high-temperature environments.

The presented calculations use a Maxwellian distribution of
plasma electrons, but it is well known that space plasmas often

exhibit an enlarged portion of energetic electrons. We have
simulated this distribution by addition of up to 10% of electrons
with ten times higher temperature, but the results shown in
Fig. 3 did not substantially change.

Our calculations reveal that the equilibrium potential of the
dust grain is a function of the grain size and that this effect
can even lead to different polarities of the potential of small
and large dust grains and to their spatial separation. Such
separation can occur only in the shadow at 1 AU because the
photocurrent charges the grains positively regardless of their
size. On the other hand, the solar UV radiation decreases with
increasing distance from the Sun much faster than the densities
in magnetospheres of outer planets (e.g., [21]), and thus, the
effects similar to those shown in Fig. 3(b) would be applicable
on such an environment, even under sunlight.

The calculations were done for glass spheres, but the results
for any typical space dust material (excluding ice) would be
similar. On the other hand, the recent paper [22] has shown that
the smallest dimension of a nonspherical dust grain determines
its secondary emission properties rather than its mass, and thus,
the results shown in Fig. 3 should be interpreted in this view.

V. CONCLUSION

This paper has presented the results of calculations of the
surface potential of dust grains in high-temperature plasmas
such as that in the Earth’s plasma sheet. The calculation re-
veals that the grain potential is a function of its size. Large
(> 100 pm) grains would be negatively charged by hot elec-
trons, whereas the positive potential of smaller grains is a
descending function of their size. The negative potentials can be
observed only in the shadow because the photocurrent caused
by the solar UV radiation is large enough to compensate effects
of the secondary emission. Nevertheless, the size dependence of
the secondary emission current would cause different positive
potentials of grains of different sizes even under sunlight. It
has been suggested that the secondary emission can lead to
multiple roots of the charging equations, but we did not find
such behavior under the conditions studied in this paper.
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Abstract. Dust production and its transport into the core plasma is an important issue for
magnetic confinement fusion. Dust grains are charged due to various processes such as
collection of plasma particles and electron emissions and their charge influences the dust
dynamics. The paper presents the results of calculations of the surface potential of dust
grains in the Maxwellian plasma. The calculations include into the charging balance a
secondary electron emission from dust. The used numerical model accounts for an influence
of backscattered electrons and takes into account effects of grain sizes, materials, and handles
with spherical as well as with non-spherical grains. We discuss a role of the secondary electron
emission under tokamak conditions and show that the secondary electron emission is a leading
process for the grains crossing the scrape-off layer from the edge to core plasma. The results
of calculations are demonstrate for materials related to fusion experimentsin ITER.
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1. Introduction

One of the most important challenges of present physics is addressing the materials related
to the next generation of fusion experiments. Large energy fluxes are directed toward the
walls of the vessel and cause the erosion of the plasma-facing components. This process leads
not only to the introduction of impurities into the plasma but also to their degradation [1, 2].

A resulting production of solid grains and their transport into the plasma is thus important
for magnetic confinement fusion. Studies showed the origin of a considerable amount of
dust [3-5] that may vary according to its formation mechanism and the plasma conditions
at a particular region. Small dust grains are observed mainly in the edge plasma region but
some grains can penetrate deeply into the core plasma after disruptions [1,6—10]. It is known
that dust collected from tokamaks exhibits a large variety of shapes and sizes [1] and that,
after a series of discharges, has a log-normal size distribution [1, 11] with an average radius
of the order of 1xum. The composition of the dust grains reflects the composition of the
plasma-facing components [5, 10].

Various scenarios have been considered for the construction of the ITER divertor and first
wall [12] and all these scenarios are planned to be adopted in different stages of the projects
development. These options are: (1) a combination of carbon fibre composite, tungsten, and
beryllium for the divertor and the first wall, (2) W divertor with the Be first wall, and (3) the
whole vessel from W. The choice of carbon for the parts of the divertor where the Scrape-
off Layer (SOL) strikes the vertical target and where energy deposition from disruptions and
edge-localized modes (ELMs) will occur is mainly due to its good power handling and thermal
shock resistance; it does not melt and preserves its shape even under extreme temperature
excursions [13]. However, there is a concern about the absorption of tritium in the carbon
components. Consequently, the induced dust grains in ITER will be mainly composed of
carbon, tungsten, and beryllium [2,12].

The scaling of existing tokamak data to other reactors, in particular to ITER, including
all relevant physical processes (charging, sputtering, evaporation, radiation, transport, etc.) is
not yet advanced enough, although a significant progress has been made recently [14-16, and
references therein]. Thus, both experimental results on dust generation, mobilization, and
transport in existing devices and theoretical predictions for ITER are highly uncertain and
require additional intensive studies.

Dust moving in the high-temperature plasma becomes electrically charged due to various
processes such as collection of plasma particles and electron emissions. In low-temperature
low-density plasmas, dust grains are generally negatively charged due to plasma patrticle
collection, since the electrons have higher thermal mobility in comparison with heavier ions.
In tokamak plasmas where strong electric fields can be formed due to plasma temperature
gradients, drifts, induced currents, and in the electrostatic sheaths near the plasma-facing
components, the charge of a micrometer-sized grain can vary from slightly positive to highly
negative depending on the plasma conditions and the electron emission currents [e.g., 10].
Generally, the photoemission or thermionic emission charge the grain positively, whereas an
interaction of grains with energetic electrons (called secondary electron emission, SEE) can
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lead to more positive but in some cases, also to negative grain charges.

1.1. Role of SEE in tokamaks

If the electron flux is significant (in hot plasma regions), the sign and value of the dust grain
surface potential will be determined by the energy of the impinging electrons. An electron
attachment dominates in the eV range but SEE becomes important and results in a reduction of
the negative potential at electron energies above about 10 eV. At a few tens of electronvolts,
the total SEE vyield (defined as a number of outgoing electrons per one primary electron)
can reach values larger than unity which causes a sign change of the potential from negative
to positive. Generally, the SEE vyield reaches a maximum value at energies between 300
and 2000 eV. At higher energies, the SEE yield decreases again below unity resulting in the
negative surface potential. However, if the size of grains is comparable with the mean free
path of the primary electrons and with the diffusion length of excited electrons, the SEE yield
may be substantially enhanced. Moreover, the surface quality and even material properties of
the grain can be modified by an interaction with the tokamak plasma.

Theoretical studies and models of SEE are often based on Monte Carlo simulations of
electron trajectories [17—20]. However, these studies expect planar metal or insulating targets
and/or clean and smooth grains from well defined materials.

Measurements of a SEE vyield are reported for fresh graphite samples and for the
same material exposed for some months in the JET tokamak. Exposed samples exhibited
substantially higher (by a factor of 1.3) values of the SEE yield than the fresh samples [21].
Clean conducting surfaces have usually the maximum of the SEE yield slightly above unity.
For light materials such as graphite and beryllium, the SEE vyield for clean surfaces is lower
but the presence of hydrogen in the surface increases the yield values to about unity. The
experimental yields are in a good agreement with relatively simple models for primary
electrons at nearly normal incidence [22].

Since SEE influences the grain floating potential, this process is an important part of
the models describing the dust dynamics in tokamaks. At present, there are two main
codes simulating interactions of an isolated spherical dust grain with a non-magnetized
plasma [e.g., 10, and references therein]: DUSTT [23] and DTOKS [24] which include
dust grain charging, heating, and motion. In such simulation codes, a plasma background
is coupled with a dust model (charging, forces, etc.) to solve the grain equation of motion
and to determine its trajectory and with a dust heating model to include a presence of large
energy fluxes on the grain that can heat the dust grains to high temperatures. The charging
model is based on the orbital motion limited (OML) approach [25] that is complemented
with additional mechanisms, namely thermionic and secondary electron emissions. Other
charging mechanisms as photoemission and radioactivity have been considered as minor ones
in comparison with secondary and thermionic emission currents [see 26—28 for details].

Smirnov et al [27] modelled the dynamics and transport of carbon dust particles in
tokamak fusion devices using computer simulations with the DUSTT code from small grains
and the presence of impurities. It was shown that thermionic emission leads to enhanced dust
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heating by the plasma that increases a destruction of dust particles and that transport of dust
in tokamaks can significantly enhance a penetration of carbon impurities towards the core
plasma.

Bachariset al [29] used the dust transport code, DTOKS, to simulate a penetration of
tungsten and beryllium dust grains into the ITER plasma. They found that grains with radius
larger than 1Qum and with an injection velocity of 10 m/s can survive long enough to reach
the separatrix. Generally, smaller particles with lower injection velocities deposit most of
their initial mass within the SOL and larger particles with high injection velocities have a
higher probability of reaching the last closed magnetic surface and the core.

In these and many other simulations [e.g., 28, 30-32], the SEE yield is calculated using
an original Sternglass approach [33] that does not reflect the effects of dust radius. However,
when the size of the grain is comparable with the penetration depth of the incident electrons
the SEE vyield and especially the floating potential and the grain charge depend significantly
on the grain size [34—36].

1.2. Motivation

Laboratory experiments devoted to SEE investigations have shown that the charge of
micrometer-sized grains can be either positive or negative and the charge sign depends on
their shape, dimensions, and material even under the same parameters of the ambient plasma
[e.g., 37-43] and this fact lies behind the main motivation for our study.

We have investigated dust samples collected during a technical shutdown of the
COMPASS-D tokamak [44]. A basic analysis by an electron microscope (SEM) confirmed
that COMPASS-D grains exhibit various shapes and that their typical sizes are of the order
of micrometers. These results correspond well with other analyses of the tokamak born
dust [1,10]. The elemental composition determined by the EDX (Energy Dispersive X-Ray)
spectroscopy corresponded to that of vessel walls, divertor, and diagnostic tools destroyed
during a preceding active period. We should note that carbon is not used in this tokamak.
The SEE investigation was carried out in the experimental set-up where a single dust grain is
stored in an electrodynamic quadrupole for a long time in the UHV apparatus. The levitating
grain is influenced by the electron beam with the energy adjustable in the range of 0.1-10 keV
[the detailed description of the set-up and measurement techniques can be found in 42, 45].

Figure 1 presents a collection of measurements of equilibrium surface potentials of
several grains from the COMPASS-D tokamak. For a comparison with these grains we have
plotted potential profiles measured on grains from two crystalline forms of C, Au, and SiO
as representatives of metals and insulators, respectively (marked by the lines in figure 1). We
should note that these samples were spherical and their mass and diameter were known. On
the other hand, neither compositions nor shapes are known for the investigated COMPASS-D
grains (color dots in figure 1).

Figure 1 shows a large variability of surface potential profiles measured on tokamak
grains. The profiles are similar to those measured on the &i&n. We believe that this
effect is caused by a partial oxidation of metallic grains during their exposition to open air.
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Figure 1. The surface potential as a function of the primary electron energy for several grains
collected from the COMPASS-D tokamak (dots) and their comparison with glassy carbon,
gold, and glass samples (lines). The full line presents the theoretical floating potential of the
1-um SiO, grain computed according to the Sternglass theory [33].

The tokamak grain marked by a black color exhibits a large and nearly constaxin(V)
potential for the primary energy abowe 8 keV. This effect is well known for small grains

or the grains of highly non-spherical shape [46]. The surface potential is limited by the field
emission in such a case [47]. The heavy line shows the theoretical floating potential of the
1-um SiO, grain computed using the Sternglass theory [33] and corrected on the angular
dependence of the SEE vyield. The Maxwellian distribution of true secondary electrons
with the temperature of 3 eV was assumed in calculations. One can see that the theory
underestimates SEE from the dust grains and predicts negative potentials for primary energies
above 2.2 keV but the measured potentials are positive in the whole range of examined
energies.

For this reason, the paper presents the results of calculations of the surface potential of
dust grains in a high-temperature Maxwellian plasma. We include a numerical model [48]
of the SEE that reflects grain’s size effects into the charging balance of the dust and consider
dust produced by sputtering of plasma-facing surfaces from ITER related materials. Our
calculations include electron and ion currents, the SEE and thermionic currents, and a possible
contribution of the field emission current due to a strong electric field at the grain surface.

2. Dust charging in fusion plasma

The charging of dust in fusion plasmas is a dynamic process described by the current balance
equation (a sum of all discharging/charging currents). As in other models, we start with
theoretical models for plasma-grain interaction ignoring magnetic field effects and assuming
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a spherical grain in a Maxwellian plasma [49]. We consider dust grain charging caused by
ion, J; and electron,/, currents. We include the SEE currerit,. and the thermionic current,
Jinerm DECaAUSe the grain can be heated by the hot dense plasma. A contribution of the field
emission current/;, caused by the strong electric field above the grain surface [47] can be
important for small grains charged to high negative potentials.

A total current to the dust grain can be estimated as:

d
d—? =J= Jc + Ji + Jthorm + er + Jsoc- (1)
The differential flux density of electrons or iong,; toward a dust grain charged to a surface

potential,¢ can be generally written as:

& dJe,i
J= [ (1F 0/ B) T, @
where
dje; 27E Me i 3/2 E
dE — m2, " (%kTO,i) P (‘ kTO,i>' ®)

The positive and negative signs correspond to electrons and ions, respeetigeiye
elementary charge, anfl is the energy of impacting electrons. We assume the neutral
ne = n; = n, isothermall, = T} = T, hydrogen plasma with the Maxwellian energy
distribution. When the spherical dust grain radiuss smaller than the Debye-length, the
electron and ion currentsl,; can be estimated according to [10, 37]. In such case, we can
write for the electron currentl,, :

B exp(+ep/kT) ¢ <0
i“me{u+w%ﬂ >0 “
wherek is the Boltzmann constant, ang, = 4ra?en(kT/2mm,)"2.
Similarly, the ion current/; can be written as:
. | exp(—eg/kT) ¢ =0
Ji = Joi { (1—ep/kT) 6 <0, ®)

whereJy; is defined similarly to/g,.
To include of thermionic/y...., and field electron/;, emission currents, we use the
Richardson-Dushman formula and the Fowler-Nordheim equation, respectively:

1 ¢ <0
= 4.8 x 1057a’ekT? exp(—ws /KT,
Jiherm 8 x 107ma ek Ty exp(—we/k d){ exp(—e¢/kT4) ¢ =0 ©
and
2
52 % 1010
Jre = 13.7 x 10~ "a’e <?> exp <w> (7)
a

wherew; is a material work function[y is the dust grain temperature. The work function is
set tow; = 4.5 eV in our calculations.

The SEE current is generally determined by the flux of impinging electrons (2), the total
SEE vyield,o, and the energy distribution of secondary electrons. Since the SEE current is
often a dominant current in hot plasma environments, we discuss it in the next section.
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2.1. SEE current estimation

The most frequently used theory [33] describes SEE from planar metal surfaces in the range
of tens of eV to several keV. Primary electrons impacting the sample surface interact with the
bulk material and lose their energy in many types of collisions. The energy losses often result
in excitations of material electrons and some of the excited electrons can leave the surface.
These electrons are usually called true secondary electrons. The energy dependence of the true
SEE yield,0(F) (defined as the ratio of numbers of true secondary and primary electrons) can
be described by the Sternglass universal formula [33]:

)E)_E _JE
om  Eum P [2 (1 EM>‘| ®

wheredy; is the maximum of the true SEE yield at the energy. For real materials, the
curve exhibits a maximum at energies in the range from several hundred eV to a few keV
and decreases to zero at very high and low beam energies. Both parameters of the curve,
the maximum yield and corresponding energy depend only on the sample material at a given
incidence angle. For exampl&,; = 1.25 and £,y = 300 eV for a glassy carbon sample.
Although the author limited a validity of this universal curveHo< 4F)\; and planar metal
samples. However, this formula is often used outside this range and for an arbitrary targets.
However, the primary electrons undergo scattering and may be re-emitted from the solid
without a significant loss of their initial energy. The yield of these backscattered eleajrons,
increases with the material density and with the atomic number yp~t00.5 for a normal
incidence angle. Thus, the total SEE yiekdis a sum of the true and backscattered yields,
o = ¢ + n. Since both the yield of true SEE,and total yield,s vary in a similar way with
the beam energy, the contribution of the backscattered primary electrons is often omitted in
calculations of the grain potential, i.e.= 0 ando = § are supposed.
Under assumptions that the energetic distribution of secondary electrons is Maxwellian
and parametrized by the temperatiii€7, = 3 eV in our calculations), the SEE current from
positively charged grain can be written as:

J2,(1+ ed/ E)eo(E + e¢)dE b <0

e = nAe x § (J5°(1+ e¢/E)Jen(E + eg)d B+ 9)
+(1 + ep/kT;) exp(—ep/kTy)-

5P (1+ed/E)§20(E + e)dE) >0
where A is the grain surface area. Note that the energy of scattered primary electrons is
expected to be sufficient for their escape from positively charged grains.

Richterovéet al [50] developed a hybrid Monte Carlo model explaining the increase of

the grain potential for small spherical grains that is experimentally demonstrated in figure 1.
This mechanism leads to the dust grain potential being a function of the grain size. The model
was successfully verified by laboratory experiments dealing with charging of gold [36], glass
(silica) [51], and glassy carbon [48] dust grains. A novel version [46] of the model was applied
to non-spherical grains and to the grains with defined surface roughness. It was shown that
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the non-sphericity causes a rise of the SEE yield, whereas the surface roughness leads to the
yield decrease. Moreover, these effects can be distinguished: the shape effect is prominent for
high primary energies only, whereas the surface roughness predominantly affects the yield at
the low-energy range.

The model describes both components of the SEE yietahdr for spherical grains of
different materials, and diameters. Since the model does not provide an analytical formula, we
used(FE) andn(FE) pre-calculated for a given material and grain diameters in discrete points.

A linear interpolation between these points is used for a numerical solution of equation (9).
We call this approach as the R-model hereafter.

Nevertheless, many authors use equation (8) for a description of the total SEE yield. In
order to show the importance of the backscattered yjelde plotted all components of the
SEE yield calculated by the R-model for several diameters of spherical grains from (a) glassy
carbon, (b) tungsten, (c) beryllium with respect to the primary electron energy in figure 2. The
curves are compared with the approach using the theoretical Sternglass curve for the true SEE
yield (hereafter S-model).

The profiles ofc provided by both models are similar in the low-energy range (up to
~ 1 keV). The enhanced values provided by the R-model are caused partly by the neglection
of backscattered electrons in the S-model and by the dependence of the SEE yield on the
incident angle of primary electrons. An inclusion of the angular dependence into the S-model
would enhancé by a factor ofx~ 1.3 [34, 42] but the profile remains unchanged.

At high primary energies (above about 2 keV for= 0.2 ym grain),c again increases
and can reach the values comparable or even exceeding the first maximum. This effect is
prominent for light materials but it can be hardly identified for tungsten grains. Note that
the energy corresponding to the secondary maximum is a rising function of the grain size.
The maximum appears at the energy for which the penetration depth of primary electrons is
comparable with the grain size. The yield of backscattered electyons;eases toward unity
and the yield of true secondary electrofiss enhanced as well under this condition.

2.2. Estimation of the dust grain floating potential

This section presents calculations of the floating potential of spherical grains ( um)
immersed into a hydrogen plasma with the density corresponding to that in a small tokamak
(n = 10*® m=3). The charging currents,, J;, Juem andJi. are computed according to the
eqguations given in previous sections. Since the Sternglass formula for the SEE current is often
applied for calculations of the dust charging in the tokamak plasma, we use both R- and S-
models to contrast these two approaches: (1) The calculatiofs.@f use the S-model of
SEE and analytical solution from [37], whereas {2).r) is computed numerically using the
R-model (we use following SEE parameters for glassy catpe- 1.25 and Ey; = 350 eV,
for berylliumdy; = 0.5 and E; = 200 eV, and for tungsteny; = 1.3 £y = 600 eV).

Charging currents of the spherical glassy carbon grBin 1 um) and7 = 300 eV
with respect to the grain surface potential are shown in figure 3(a). One can see that the SEE
current calculated by the R-modél..(r) is higher than/,..s) due to a larger SEE yield. The
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Figure 2. Energetic profiles of SEE yield for glassy carbon, tungsten, and beryllium spherical
dust grains of different diameters. Top panels (a, b, c) correspond to total SEE yields, middle
panels (d, e, f) to true SEE yields, and lower panels (g, h, i) to backscattered SEE yields. The
first column of the figure presents glassy carbon (a, d, g), the second column tungsten (b, e, h),
and finally the third column beryllium (c, f, i). Profiles efare compared with the results of

the S-model (black dashed lines in top panels).

thermionic current is calculated for two different temperatures of dligt:..3000 for 3000 K

and Jihermaooo for 4000 K. We would like to note thak..r) is largest charging current and

SEE is a dominant process for a determination of the potential of the colder grain. Figure 3(b)
shows a sum of the currents in the same environment for three different temperatures of the
grain (300, 3000, and 4000 K) and for two ways of calculation of the SEE current.

The equilibrium grain potential is set if the sum of all currents is equal to zero. It is
possible to see that equilibrium potential is always higher when the R-model is applied. On the
other hand, the effect of the grain temperature is notable only for 4000 K. This effect is clearly
demonstrated in figure 4 where the equilibrium surface potential of the glassy carbon grain
is plotted as a function of the plasma temperature for several grain temperatures (300, 3000,
3250, and 3500 K). For the middle range of plasma temperatures, the thermionic emission
leads to the positive potential of the grain if its temperature exceeds 3200 K but SEE remains
a dominant charging mechanism at low 8§00 eV) and high & 4 keV plasma temperatures
even for 3500 K of the grain temperature. It is important to note that the calculations use
n = 10'® m=3 but the expected plasma densities in tokamaks can réa€hm=3. The
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Figure 3. (a) Charging currents of the spherical glassy carbon grir=(1 pm) for fusion
related plasma conditions with respect to the grain surface potential; (b) the total charging
current for the same grain and the same conditions as a function of the grain surface potential.
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Figure 4. The equilibrium surface potential of glassy carbon dust-£ 1 pm) for fusion
related plasma conditions as a function of the plasma temperature calculated by the R-model
for several dust grain temperatures (300, 3000, 3250, and 3500 K).

influence of the thermionic emission will be even less significant because all charging currents
except/imem andJg, are proportional to the plasma density. In order to decrease the number
of free parameters, we expect a cotd 000 K) grain and neglect the thermionic emission
current in further calculations.

Figure 5(a) shows equilibrium surface potentials for cold carbon dust grains of several
radii calculated by the R-model with respect to the plasma temperature. The potential
calculated with the S-model that does not depend on the grain size is shown for reference.
Small (D < 0.5 um) carbon grains reach a positive equilibrium potential in the whole range of
plasma temperatures. On the other hand, grains of intermediatei< D < 2.0 um) sizes
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Figure 5. The equilibrium surface potentials for (a) glassy carbon, (b) tungsten, and (c)
beryllium dust grains of different diameters and their comparison with the S-model.

are charged negatively for the middle range of plasma temperatures andibarge.() um)
grains are charged negatively for the temperatures exceeding 1 keV. These results correspond
to SEE vyield profiles shown in figure 2(a).

On the other hand, calculations that use the S-model predict negative potentials for all
grains and temperatures in excess0f).7 keV. The rising negative potential increases the
ion current that would eventually stop its rise but our estimation shows that the field emission
is more effective even for relatively large grains. This effect is seen in the profile denoted
asSg.-model for D = 2.0 um. The field emission current increases with decreasing grain
diameter (all profiles with subscript&™), thus the small grains exhibit lower but still highly
negative potentials (a negative part of the vertical axis has a different scale than the positive
one). It should be noted that the negative grain potentials accelerate ions and their impact
causes emission of the electrons. This effect is not included in our calculations because the
yield of the ion induced emission is very low.

Since negative potentials depend only weakly on the material, we present only positive
parts of plots for tungsten (figure 5(b)) and beryllium (figure 5(c)). Tungsten grains would be
charged negatively for plasma temperatures higher than 1 keV according to the S-model but
they are charged positively for all plasma temperatures regardless of grain sizes when the R-
model is used (figure 5(b)). The S-model leads to the negative potential for beryllium grains
in the whole range of plasma temperatures. By contrast, the R-model (figure 5(c)) predicts
that small grains would be charged positively in hot environments.

Figure 6 shows a floating potential sign map for (a) glassy carbon, and (b) beryllium
grains with respect to grain sizes and plasma temperatures. The grains in a whitejarea (R
would have the positive equilibrium potential (typically a few V) and those in a hatched area
(R—) would be negative (several kV). The shadowed areg) (fescribes conditions where
the grains are charged positively according to both models. This area is absent in figure 6(b)
because all Be grains will be charged negatively when the S-model is used.

3. Discussion and conclusion

We have analyzed dust grains collected from the COMPASS-D tokamak by electron
microscope (SEM) and energy dispersive X-ray (EDX). This analysis has shown a large
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Figure 6. A map of the signs of surface potentials for (a) glassy carbon and (b) beryllium
grains with respect to the grain size and plasma temperature.
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Figure 7. A temporal evolution of major charging currents after abrupt changes (a) of the
plasma temperature and corresponding changes (b) of the floating potential girtinedld
carbon grain.

variety of dust shapes with a typical size of grains of the order of micrometers. An elemental
composition of collected dust corresponds to materials used for the divertor and diagnostic
tools. We did not show these results because they agree with previous studies of the tokamak
born dust.

Many published calculations of the dust grain potential use the Sternglass approach (S-
model) or similar formulas for a description of SEE and they underestimate the SEE current.
We have applied the R-model that is more realistic for the description of SEE from objects of
a limited size, especially for the environments with hot electrons. An application of this SEE
model reveals that the SEE current dominates all other charging currents for cold tungsten
grains in the whole range of investigated plasma temperatOresl () keV), therefore, these
grains will be always slightly positive, whereas the application of the S-model would lead to
high (of the order of kV) negative potentials for cold 8200 K) grains. Since W is expected
to be a principal material for ITER, we think that this result is very important.
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Figure 8. A change of the floating potential of the colfl & 3000 K) carbon grain immersed
into a hot (1 keV) plasma as a function of its size.

The SEE yield of beryllium is rather low and thus the SEE effects are important only for
small (<500 nm) cold grains that would be charged positively in fusion plasma. The plasma
temperature at which the transition from high negative to weak positive potentials occurs
ranges fromr 2.5 keV for a 100 nm grain te- 7 keV for the 325 nm grain. The transition is
a consequence of the size dependence of the SEE yield and thus it cannot be predicted if the
S-model is used for the surface potential calculations.

The most complicated potential profiles exhibits glassy carbon. Carbon grains would
be charged positively in the low-temperature (| keV) plasma regardless of their sizes.
Positive charges can be expected for small 50 nm) grains in a whole range of
temperatures, whereas the grains of an intermediate 8i2&—{ pm) exhibit a region of
plasma temperatures where they acquire large negative potentials. The negative potentials of
grains are limited by the field emission that strongly depends on the grain size and, in a lower
degree, by the ion induced SEE that was mentioned in the previous section.

To be consistent with previous results of other authors, our calculations use the
Maxwellian approximation for the energy distribution of secondary electrons. However,
Richterovaet al [52] have shown that this distribution is appropriate for a description of
SEE from non-conducting grains, whereas the Draine-Salpeter distribution [34] fits better the
measurements on conducting grains. Since this distribution exhibits a strongly enhanced talil
abovex 10 eV, the positive potentials in figure 5 are underestimated. We will return to this
topic later, after a collection of a sufficient set of experimental data on the distribution of
secondary electrons emitted from small grains.

The discussed calculations of the surface potential neglect the thermionic emission —
we will examine the effects of the grain temperature in the next section.
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3.1. Applicability of calculations to tokamak conditions

The dust in tokamaks is produced at walls of the vessel or at the divertor where the plasma
temperature is generally low with an exception of events when the confinement conditions
are broken. On the other hand, our calculations show that SEE becomes a leading charging
process for a relatively cold grain (i.e., below 3200 K) and electron temperature in the

keV range that is typical for a core plasma. Krasheninnibal [14] have shown that the
equilibrium temperature of the dust grain in the edge plasma would vary between 1500 K
for plasma densitiea = 10*® m~2 and 4000 K forn = 10?** m~3 and that a significant
portion of the dust produced at the divertor would reach the core. As we have shown in
figure 3, the thermionic current dominates above 3200 K that corresponds to the density of
aboutn = 10* m=3. It means that all dust grains would be charged positively for this and
larger densities but our calculations expect the plasma density-0f0'®* m= and thus the
neglection of the thermionic current is well justified.

The estimated lifetime of a micrometer dust grain is 10 ms in a dense (0*° m~3)
edge plasma [14, 53] and it would be significantly longer at lower densities. The ion drag
accelerates dust grains4010-100 m/s [28] and a collision with the wall can direct the grain
toward the core where itis rapidly charged. Figure 7(a) demonstrates a relaxation of charging
currents (1zm carbon grain and = 10'® m=3 are assumed) after abrupt changes of the
plasma temperature.

The calculation starts & = 0 with the plasma temperature of 500 eV. The grain is
slightly positive at this temperature. At= 10 ns, the temperature was changed to 1 keV,
then to 2 keV at = 60 ns and, finally, back to 500 eV at= 160 ns. The figure shows a
competition between electron and SEE currents with a relaxation time of about 10 ns. The
resulting floating potential of the grain (figure 7(b)) is set within a 50 ns to the equilibrium
level corresponding to the given plasma temperature (see figure 4). Since both major currents
are directly proportional to the plasma density, the relaxation time would be shorter in a denser
plasma. The calculations were carried out fonrh grain, and the charging currents are
proportional to the square of its radius, whereas the grain capacitance is directly proportional
to the grain radius. It means that the relaxation time is inversely related to the grain size (a
spherical grain is assumed).

These estimations show that the floating potential of dust grains moving toward the core
would be always close to its equilibrium value corresponding to the local plasma temperature.
On the other hand, heating of the grain is much slower, the corresponding time constants
are of the order of milliseconds for Am grains from the tokamak-relevant materials and
the heat flux ofs x 10° W/m? [14]. Moreover, the heating of small grains would be even
slower if the enhanced thermal radiation of small conductive grains is taken into account [54].
Consequently, we can conclude that the dust grains can reach the core plasma under conditions
where their floating potential is determined by SEE. The size distribution of dust grains is
very broad, the grains in the core plasma are quickly sputtered by energetic ions and their
dimensions affect the floating potential accordingly. Figure 8 shows the floating potential of
the carbon grain immersed into the hydrogen plasma with a temperature of 1 keV as a function
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of the grain diameter. The figure shows that the negative potential depends only weakly on the
grain size above- 0.5 um. We would like to point out that the corresponding specific charge

of such grains is of the order of tens C/kg, thus the electromagnetic forces are important for
their dynamics.

3.2. Influence of the grain shape

We expected spherical grains in calculations but the SEM analysis has shown that a spherical
shape is rather exception than a rule. Nevertheless, the modeling of SEE from the grains
of irregular shapes and various surface roughness [46] has shown that the SEE vyield of an
irregular grain is determined by its smallest dimension. Since all other currents (except the
field emission current) are proportional to the surface area and does not depend on the shape of
a particular grain, we can expect that, for example, a thin flake would be charged to a potential
similar to that of the spherical grain with diameter equal to the flake thickness. The influence
of the grain shape illustrates figure 9 that presents the SEE yields of:enX&rbon sphere

and compares them with the yields of a flake with the same mass but onlyrOtBick. A
comparison in figure 9 reveals that the yields of the flake exhibit very similar profiles to those
of the~ 1 um spherical grain from the same material. Consequently, we can conclude that
positive charges of grains at high temperatures shown in figure 5 can be expected for a large
portion of grains in tokamaks.

The effects of a surface roughness discussed in [46] are not important for charging of
grains in a hot plasma because they are prominent only for low electron enetgiés ¢V).

On the other hand, the field emission current grows exponentially with the electric field
at the grain surface that can be considered as an equipotential surface. The electric field thus
peaks at different tips or spikes and the stabilization effects of the field emission currents on
the negative grain potential shown in figure 5(a) should be considered as a lower estimate.

Finally, we have shown that the realistic description of the SEE yield from the dust grains
is principal for an estimation of their floating potential in hot plasmas. Since the Sternglass
formula that underestimates the SEE vyield for dust grains is a part of widely used numerical
codes (e.g., DTOKS, DUSTT), the calculations of the dust dynamics within tokamaks using
these codes should be taken with care.
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Abstract.

In the recent years, growing interest in dust charging physics is connected

with several lander missions running on or planned to the Moon, Mars, and Mercury for
a near future. In support of these missions, laboratory simulations are a potential tool
to optimize in situ exploration and measurements. In the paper, we have investigated
electrical properties of a Martian soil simulant (JSC Mars-1) using the dust charging ex-
periment when a single dust grain is trapped in a vacuum chamber and its secondary
electron emission is studied. The exposure of the grain to the electron beam revealed
that the grain surface potential is low and generally determined by a mean atomic num-
ber of the grain material at a low-energy range (< 1 keV), whereas it can reach a limit
of the field ion emission being irradiated by more energetic electrons. A comparison of
model and experimental results reveals an influence of the grain shape and size predom-
inantly in the range of higher (> 2 keV) electron energies.

1. Introduction

Mars as well as the Moon, Mercury, and other solar sys-
tem objects (e.g., asteroids, satellites) are covered by a layer
of granular material—dust which is called regolith. Being
charged (e.g., by the solar wind and UV radiation in the
case of the Moon, and by winds and triboelectricity in the
case of Mars), dust grains can levitate, transport across long
distances, interact with another grain or with other surfaces
(e.g., meteorites, surface of landers, rovers, drills, and sam-
pling devices). Massive dust clouds that may rise as high as
60 km above Martian surface and surround the entire planet
for long periods of time were reported by many authors [e.g.,
Gierasch and Goody, 1973; Conrath, 1975].

The intense dust devils and dust storms are believed to
generate large electrostatic fields that significantly influence
geophysical and geochemical processes at the surface or in
the atmosphere of the planet. The storms are expected to
lead to triboelectric charging of the dust that generates large
electric fields (similarly as dust devils generate electric fields
exceeding 100 kV/m at the Earth [Freier, 1960; Stow, 1969;
Crozier, 1964; Farrell et al., 2004]). Since the electrical
breakdown of the Mars atmosphere is 20 kV/m (in com-
parison to 3000 kV/m for Earth [Melnik and Parrot, 1998]),
electrification of wind-blown sand and dust could trigger
electrical discharges. The electrostatic charge of particles
can enhance saltation [Kok and Renno, 2006, 2008] that can
result to the formation of new geological features [Shinbrot
et al., 2006].

Recent studies suggest that large electric fields produce
energetic electrons and these electron avalanches can ac-
tivate chemical reactions such as the formation of hydro-
gen peroxide and the dissociation of methane, and thus
alter the composition of the Martian atmosphere [Atreya
et al., 2006; Farrell et al., 2006; Kok and Renno, 2009;
Jackson et al., 2010]. Moreover, the Martian atmosphere
is tenuous (about 4.5-6 Torr), and it permits a creation of
glow discharges [Hintze et al., 2006] that can lead to charg-
ing [Krauss et al., 2003] as well as to degradation of possi-
ble organic materials [Snyder et al., 2008]. In robotic and
human missions to Mars, charged dust can adhere to equip-
ment and temporarily disrupt it operation (e.g., by covering

Copyright 2013 by the American Geophysical Union.
0148-0227/13/$9.00

solar panels) or cause a permanent damage [e.g., Agui and
Nakagawa, 2005; Hyatt et al., 2007; Calle et al., 2011].

The dominant charging processes at the Mars surface
are the triboelectric charging during wind-driven saltation,
lift-off processes involving inter-particle collisions or sepa-
rations, and photoionization by UV radiation [Stow, 1969;
Sickafoose et al., 2001; Gross et al., 2001; Gross, 2003;
Krauss et al., 2003]. In the absence of direct measurements,
the researchers have used laboratory simulation experiments
and numerical models that are crucial to optimize in situ
exploration and measurements. Many studies have been
directed to the electrostatic charging of Martian regolith
simulant. The effective work function of regolith was de-
termined by contact charging the simulant with various ma-
terials [Gross et al., 2001; Sternovsky et al., 2002; Sharma
et al., 2008]. Laboratory experiments examined the elec-
trostatic discharges that are created by mixing the simulant
with other materials [Krauss et al., 2006] and that are devel-
oped during a flow through the wind tunnel [Merrison et al.,
2004]. On the other hand, effects of triboelectric charging
due to fine grain (< 150 pm) movement under simulated
martian conditions have been reported by Anderson et al.
[2009]. Forward et al. [2009a, b] presented the experiments
on this charging of regolith simulant and confirmed that
smaller particles tend to charge negatively and larger parti-
cles charge positively, which provides a mechanism for the
charge separation that creates electric fields in Martian dust
events (similarly as in a numerical model of Kok and Renno
[2009]).

From this very brief survey it follows that electrical charg-
ing of individual dust grains is an important process because
it affects the grain sticking to surfaces and to each other, and
influences the grain surface chemistry by the flow of ions
and electrons. Although the triboelectric effect and photoe-
mission were identified as dominant processes charging the
dust of a Martian origin, secondary electron emission (SEE)
can play a role under specific circumstances [El-Taibany and
Wadati, 2007]. The electrons accelerated during dust storm
events result in the secondary emission from dust grains
and their influence should be taken into account for self-
consistent description of the electric discharges. Moreover,
there are another sources of energetic electrons in the Mar-
tian environment. Fluxes of suprathermal electrons (of the
order of hundred eV) in the regions with a strong crustal
magnetization were found at the altitudes of ~ 150 km [Du-
binin et al., 2008]. Lundin et al. [2006] registered an elec-
tron acceleration above Mars near the local midnight and
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found that the electron energy flux is sufficient to cause
even weak to moderately strong auroras. Electron densi-
ties in the Martian ionosphere increase substantially dur-
ing solar flares in response to the increased solar irradia-
tion [Lollo et al., 2012]. Thus, the electrons accelerated at
the magnetospheric boundaries or solar energetic particles
[e.g., McKenna-Lawlor et al., 2005; Ulusen et al., 2012; Sheel
et al., 2012] penetrate to low altitudes along the magnetic
cusps and can interact with the dust lifted to these altitudes.

Since secondary emission properties of the Martian dust
were not determined yet, we have performed the present
study. A further motivation to this investigation is that a
regolith simulant JSC Mars-1 can be considered as a typical
prototype of a class of the interplanetary dust and the results
and conclusions drawn from our laboratory experiments can
be applied on such grains. Many of above mentioned studies
used JSC Mars-1 which reproduces most of the known prop-
erties (spectral characteristics, mineralogy, chemical compo-
sition, grain size, density, porosity and magnetic properties)
of the dust on Mars. It is composed of weathered volcanic
ash grains < 1 mm in diameter which contain about 43.5%
of SiOz [Allen et al., 1998a, b].

In this study, we focus on the secondary electron emis-
sion from small (in the range of 1-10 pm) JSC Mars-1 grains,
similarly as the fine atmospheric dust on Mars, which has a
diameter of around 2-4 pm [Pollack et al., 1995]. We com-
pare experimental investigations with the results of numeri-
cal simulations that include both spherical and non-spherical
grains.

2. Experimental Set-up

The experimental apparatus is based on trapping of a
single dust grain in an electrodynamic quadrupole and its
influencing by mono-energetic ion and/or electron beams.
The present experiment uses the electron beam tunable in
the range of 60 eV—10 keV. The electrodynamic quadrupole
together with the dust reservoir are placed inside an ultra-
high vacuum (107°% Pa) chamber. A levitated grain is irra-
diated by a 635 nm diode laser light modulated by 10 kHz
to reduce a noise. The laser light scattered by the grain is
collected by a simple lens system and the magnified image
of grain motion is projected onto the entrance fiber optics
of an image intensifier. The intensifier output is optically
coupled to a PIN diode serving as a position sensitive 2D
detector. Signals from the PIN diode are amplified by nar-
row band lock-in amplifiers prior to the coordinates of the
light spot are determined. These coordinates are used to
control the motion of the particle by a damping system.
The current charge-to-mass ratio, Q/m is calculated from
the measured particle secular frequency, f., the value of the
quadrupole supply voltage, Vu. and its frequency, foc. Ac-
cording to Cermdk [1994], the Q/m ratio is given by

% :71’27"0% 'C(fZ/faC) (1)

where 19 stands for the inner radius of the middle
quadrupole electrode and ¢ is a correction function (close
to unity) which reflects the f./fqc ratio and actual field ge-
ometry inside the trap. In order to ensure the stability of
the trapped particle, the information on the Q/m ratio is
used to control the frequency of the quadrupole voltage.

The grain oscillation frequency is the only measurable
quantity and we have developed several techniques to de-
termine the grain size, mass, charge, capacitance, and other
parameters. The details of the experiment as well as the
description of these techniques could be found in Cermdk
[1994]; Zilavy et al. [1998]; Pavli et al. [2004]; Pavld et al.
[2008]; Némecek et al. [2011].
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Figure 1. Mass evolution of a grain over five days in
the UHV vessel.

3. Results and Discussion

We investigate the secondary electron emission from the
JSC Mars-1 simulant. Since small grains used in this study
were made by grinding of large pieces, we have applied the
EDX technique and check the elemental composition of sev-
eral grains. We have found approximately the same com-
position as Allen et al. [1998b] with negligible deviations
among individual grains.

The description of our investigations is divided into sev-
eral parts. First of them is devoted to a possible change of
the dust grain mass in the experiment, the second one de-
scribes the measurements of the grain effective charge and
the grain surface potentials are discussed in the third sub-
section. The last two parts deal with model calculations
that represent a principal support for an interpretation of
experimental results.

3.1. Mass Changes of Grains

Allen et al. [1998b] reported a notable portion of a volatile
content in the Martian soil simulant. They found up to 20 %
of the mass loss after heating to 600 °C and attributed it to
water and sulphur dioxide evaporation. Since we would like
to attribute the observed changes of the Q/m ratio to vari-
ations of the grain charge, a change of the grain mass in
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Figure 2. The Q/m ratio as a function of the primary
beam energy for JSC Mars-1 grains of various masses.
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course of the experiment should be negligible. For this rea-
son, we discuss possible long-term changes of the grain mass
through the experiment first.

A grain released from a reservoir was preliminary charged
by the electron beam during its free fall, consequently
trapped in the quadrupole and the equilibrium values of
Q/m were recorded. A determination of the grain mass is
based on the observation of stepwise changes of the Q/m ra-
tio that can be ascribed to grain charging in steps of integral
numbers of the elementary charge (such technique is called
the method of elementary charge [Zilavy et al., 1998]). The
relative accuracy of this method is ~ 1073.

In order to check the grain mass changes through our
investigations, we kept the container with grains in the vac-
uum system (with the pressure of ~ 107° Pa) at the room
temperature for 10 days. After it, one grain was trapped and
heated by the red laser beam to the temperature ~ 70°C
(see Berdnek et al. [2010] for discussion of the grain temper-
ature).

A mass of the grain was determined by the aforemen-
tioned method of the elementary charge and the evolution
of the @Q/m ratio was recorded for next 5 days. Fig. 1 shows
these data after recalculation into the grain mass. We should
note that the grain was charged by about 500 electrons in
course of these measurements. The change of the charge
by one elementary charge thus would appear as a stepwise
jump (up or down) of the grain mass by ~ 0.2% in Fig. 1.
Since the figure shows about exponential decay of the grain
mass in course of the whole experiment and the total Q/m
change is lower than this value, the observed decrease should
be ascribed to the decrease of the grain mass. We can con-
clude that approximately two days are needed for setting of
an equilibrium state and that the mass changes are negligi-
ble even within these two days. We think that there is no
contradiction between our and Allen et al. [1998b] results
because the heating used in Allen et al. [1998b] can lead to
changes of the structure and, for example, the crystalline
water can be released [Seiferlin et al., 2008].
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Figure 3. SEM image of Mars Soil Simulant (JSC Mars-
1) grains used in the experiment.
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3.2. Dust Charging by Electrons

As a next step, we present the measurements of the grain
charging by the electron beam. A trapped grain was bom-
barded by the electron beam of a particular energy. The
values of @Q/m were recorded for ten minutes at each level of
the electron beam energy from the range of 60 eV—-10 keV.
Ten minutes guarantee a sufficient time for setting of the
equilibrium charge. The electron beam current was stabi-
lized and the corresponding current density was of the order
0.1 A/m?. The charging procedure was repeated with new
grains to receive a representative set of Q/m ratios for a fur-
ther processing. We should note that the secondary emission
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Figure 4. Surface potentials as a function of the
primary electron energy for the selected grains from
Fig. 2 together with the results calculated according to
the Richterovd et al. [2007] model for glass spheres. The
diameters of JSC Mars-1 grains are at the top part of the
figure.
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et al. [2008].
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yield was larger than unity in the whole energy range, thus
the grains were charged positively.

The results of charging of several dust grains are shown in
Fig. 2 where the Q/m ratios are plotted as a function of the
primary electron energy, E. Note that this energy is larger
than the beam energy due to acceleration of the beam elec-
trons in the electric field caused by the grain charge. The
investigated grains differ by their masses that are given in
the figure caption. All charging characteristics exhibit gen-
erally the same trend—an initial rise of the grain charge with
the beam energy in the low-energy range (up to 0.3 keV), a
slightly decreasing plateau between 0.3 and 4 keV, and a new
rise of the grain charge for higher (> 4 keV) energies. Let
us discuss the low-energy part because the charging char-
acteristics of different grains are nearly self-similar up to
~ 1 keV.

The equilibrium charge is given by a balance of incoming
(beam) and outgoing (backscattered and secondary) elec-
tron currents. Both these currents are proportional to the
beam current for a non-charged grain but the number of
outgoing electrons is further reduced by the grain potential,
¢. The previous experiments and simulations of the interac-
tion between the dust and electron beam [Pavli et al., 2008]
show that the grain surface potential does not depend on its
mass when the grain size is much larger than the penetra-
tion depth of primary electrons. For this reason, the lowest
profile in Fig. 2 belongs to the heaviest grain and vice versa.

Pavli et al. [2008] have also shown that the grains are
charged to a surface potential that is given exclusively by
their material properties in the low-energy range. Assum-
ing a spherical shape of grains, the Q/m ratio would scale
with the grain mass as m~2/® because Q/m is proportional
to square of the grain diameter, D and the grain mass rises
as D?. Since the quantitative analysis of the data in Fig. 2
is roughly consistent with this scaling law, we will apply a
spherical approximation of the irregular shape of individual
grains (see smaller grains in the SEM photo in Fig. 3) in
the first step.

Although the secondary electron emission yield would de-
crease with the increasing primary energy in the kiloelec-
tronvolt range [Sternglass, 1957], one can note a rapid in-
crease of the grain charge in Fig. 2. However, the above
statement about the scaling law is not held for higher pri-
mary energies. For example, the profile denoted by “4”
in Fig. 2 belongs to a heavier grain than that plotted by
“x” and its equilibrium @/m ratio is lower in the low-energy
range. On the other hand, the Q/m ratio for the heavier
grain rapidly rises and for energies above 4 keV it is larger
than that for the lightweight grain. According to Richterovd
et al. [2007], this enhancement would be caused by increased
numbers of backscattered electrons and this rise would be
more pronounced for smaller (lightweight) grains. In the
next sections, we will try to show that this effect is proba-
bly connected with an irregular shape of a particular grain.
As a working hypothesis, we suggest that if the grain (or
a part of it) is highly elongated, the primary electrons can
penetrate through and their charges do not compensate the
charge of leaving secondary electrons.

The above mentioned decrease of the secondary electron
emission yield in the kiloelectronvolt range can be observed
for large dust grains (above ~ 10 um, [e.g., Vaverka et al.,
2013]) and such grains are charged negatively. It means
that a sign of the grain charge is size-dependent but this
dependence is opposite than that expected for triboelectric
charging [Forward et al., 2009b].

3.3. Grain Surface Potential

The rise of the grain charge leads to an increase of the
grain surface potential. The proportionality constant be-
tween the charge and potential is the grain capacitance that
can be determined by a special technique [Pavli et al., 2004].
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This procedure is complicated and it was applied only to one
of samples because we can expect, in accord with Pavli et al.
[2004], that only material properties play a significant role
in the low-energy range (up to ~ 1 keV) and the surface
potential of all grains would be the same.

The surface potentials determined by this way for three
grains from Fig. 2 are plotted in Fig. 4 by the same sym-
bols as a function of the primary electron energy. As it could
be expected, the potentials are approximately equal up to
~ 2 keV of the primary energy. The study of Pavlu et al.
[2008] suggests that a best parameter that determines the
maximum grain surface potential in the low-energy range
of primary electrons (the grain potential at the peak of the
secondary emission yield) is a mean atomic number, Z of
the grain material. As it can be seen in Fig. 5, JSC Mars-1
fits rather well to this dependence in spite of its complicated
chemical composition and unknown structure.

Although nearly identical at low energies, surface poten-
tials of individual grains in Fig. 4 strongly differ in the
high-energy range. In order to elucidate the reason for a
rise of the grain surface potential with the increasing energy
of primary electrons, we added surface potential profiles of
several glass grains calculated by the Richterovd et al. [2010]
model into Fig. 4 for the comparison.

The model traces a primary electron path inside the grain
and provides a description of the secondary emission process
for spherical grains. It was successfully applied for an inter-
pretation of the experimental data measured in a broad en-
ergy range on spherical samples of different materials rang-
ing from gold, glass to the lunar simulant [Richterovd et al.,
2006, 2007; Némecek et al., 2011]. Here, we are showing
the model results for SiO spheres [Richterovd et al., 2007
because SiO2 is a principal constituent of the investigated
simulant. A comparison shows that grains from the Martian
simulant behave approximately as SiO2 spheres of a smaller
(approx. by a factor of 0.5) size.

Another interesting difference between the model and ex-
periment is that the model surface potential at a given pri-
mary energy monotonically increases with decreasing grain
diameter, D. Since the dimensions of the grains trapped in
the experiment are unknown, we have calculated an effec-
tive grain diameter, D.yy assuming its spherical shape and
mass density equal to ~ 1910 kg/ m? (computed according
to Allen et al. [1998b]). Even a very brief inspection of
Fig. 4 shows that a smaller grain (“x”) exhibits a lower
surface potential than larger one (“+”). This observation
is not surprising, we have already commented an analogous
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Figure 6. Surface potentials of cuboids from SiO2 cal-
culated according to Richterova et al. [2012]. See text for
a detailed description.
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effect in the description of Fig. 2 and attributed it to a
non-spherical shape of the grain.

3.4. Influence of the Grain Shape

The model calculations in Richterovd et al. [2010] are
based on an assumption of the spherical symmetry, thus
it doesn’t allow us to check directly the hypothesis of a
non-spherical shape of the grain. For this reason, we have
changed the co-ordinate system used in the model and ap-
plied a new modification that includes a non-spherical shape
of grains (see Richterova et al. [2012] for a detail descrip-
tion). Fig. 6 presents calculated potentials of cuboids from
SiO2. The masses of cuboids were chosen to approximately
match the masses of the grains in Fig. 4. One can note that
the model even quantitatively reproduces the measured po-
tentials if the ratio of cuboid edges is chosen properly. The
resulting grain surface potential is determined rather by the
grain shape than by its mass as it immediately follows from
a comparison of two red profiles in Fig. 6. Both profiles
belong to grains of the same mass and they differ by the
ratios of cuboid edges that are given in the figure caption.
The profile plotted in blue belongs to a heavier grain but its
surface potential is much larger because this grain posses a
form of a thin flake.

Grains of such forms can be produced by primary colli-
sions of large bodies and they can be present in the inter-
planetary space or on surfaces of bodies without the atmo-
sphere like a Moon. On the other had, the frequent mutual
collisions of the dust grains lifted from the Mars surface oc-
curring during storms would shape them.

3.5. Significance of Secondary Electron
Energy Spectrum

Fig. 6 suggests that the surface potential of an irreg-
ularly shaped grain is determined mainly by its smallest
dimension. However, another equally important parameter
is the energy spectrum of secondary electrons. This spec-
trum is often divided into two parts. A low-energy part
is attributed to so-called true secondary electrons, whereas
the high-energy tail represents a contribution of backscat-
tered primary electrons to the outgoing current. Although
a breakpoint of 50 eV is frequently used to distinguish these
two populations, this division is not exact. There is a (negli-
gible) portion of primary electrons slowed down below 50 eV
prior to their escape from the grain and several grain elec-
trons can reach this threshold due to collision cascades [e.g.,
Sickafus, 1977; Ding et al., 2001].

The energy spectrum of secondary electrons is often de-
scribed by the Maxwellian distribution with a temperature
Ty that depends on the target material but Draine and
Salpeter [1979] argued that this approximation underesti-
mates the contribution of backscattered electrons and sug-
gested a modified functional form. The free parameter of
this function, Tp has approximately the same meaning as
the temperature in the Maxwellian distribution. A compari-
son of the Maxwellian and Draine and Salpeter distributions
is shown in Fig. 7 together with experimental points derived
from measurements on a 1 um SiOs sphere. These points
were obtained from measurements of the surface potential
profile similar to that described in the previous section un-
der assumptions of the validity of the Richterova et al. [2012]
model. One can note that neither Maxwell (red) nor Draine
and Salpeter (blue) distributions match the data in the full
energy range. Our fits suggest that the Maxwell distribu-
tion provides a very good description at low energies of sec-
ondary electrons, whereas the Draine and Salpeter distri-
bution seems to show a better approximation of the whole
spectrum.

Sickafus [1977] suggested a simple power-law form of the
energy spectrum of backscattered electrons from metals:

fle)= = )
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where ¢ denotes the energy of secondary electrons, p is the
Sickafus index, and A is an arbitrary constant scaling the
spectrum. A and p are constants for a particular material
at a given primary energy. Note that Sickafus [1977] found
i to be typically ~ 1; Greenwood et al. [1994] measured ex-
perimentally the parameters A and p with an incident beam
of 20 keV for 32 various elements and found that the values
of p fell within the extremes of 0.5 and 1.5.

However, the mentioned measurements used planar sam-
ples, thus they cannot reflect a possible change of the en-
ergy spectrum when the electrons are emitted from a highly
curved surface like a grain. Moreover, such measurements
were never done for compounds or blends of different ele-
ments.

Our estimation shown in Fig. 7 by the grey dashed line
reveals that this description can be applied on the glass
spheres. The best fit to the experimental points above
Fse = 50 eV leads to A = 0.158 and p =~ 0.6. We should
note that although the Sickafus form provides the best ap-
proximation of the energetic tail of secondary electrons, we
have used the Draine and Salpeter distribution for calcula-
tions shown in Fig. 7 because we were intended to describe
the grain surface potential in a broad range from 7 to 400 eV.
The measurements in Fig. 7 were done on SiO2 spheres but
the result (effective temperature of the distribution, Tp) was
applied on JSC Mars-1 in Fig. 6 because there is no possibil-
ity to have JSC Mars-1 grains of a defined shape. We believe
that the difference between secondary emissions from JSC
and from pure SiO2 would be small, since SiO3 is a principal
component of the JSC Mars-1 samples.

3.6. Discussion

The present paper deals with a complex investigation of
the secondary electron emission but it is only one of numer-
ous processes charging the dust grains in real Martian con-
ditions. Yasr [2012] note that while triboelectric charging
is considered the best candidate for electrification of dust
on Mars, other processes may be of potential importance.
The secondary electron emission requires impacts of ener-
getic (> 100 eV) electrons that are not present in a relatively
dense Martian atmosphere under quiet conditions. However,
severe dust storms [Cantor et al., 2001] or weaker but more
frequent dust devils [e.g., Thomas and Gierasch, 1985] lift
the dust from the surface. The collisions of the grains inside
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Figure 7. The electron distribution of secondary elec-
trons. Points — experimental data; red curve — the
Maxwellian fit to a low-energy part; blue line — the best
fit to all experimental data by the Draine and Salpeter
distribution; grey dashed line — the fit to experimental
points with Es. > 50 eV by the power-law form.
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such events lead to their charging. Laboratory experiments
have shown that the average charge carried by a grain can be
as large as =~ 10* elementary charges [Eden and Vonnegut,
1973; Sternovsky et al., 2002; Krauss et al., 2003]. The small
grains tend to be charged negatively, whereas the larger ones
positively [Forward et al., 2009a, b]. The competition of the
uplifting and gravity forces leads to a charge separation and
creation of a large electric field inside the dust cloud. Based
on in situ observations in the Nevada desert, Farrell et al.
[2004] concluded that the voltages can be possibly in excess
of 0.5 MV. Such voltages would lead to electrical discharges-
lightnings that are frequently observed on the Earth and
their presence on the Mars was inferred from observations
of the radio-emissions during a storm [Ruf et al., 2009]. On
the other hand, Gurnett et al. [2010] searched for impul-
sive radio signals caused by lightnings in the data of MAR-
SIS (Mars-Advanced Radar for Subsurface and Ionosphere
Sounding) onboard the Mars Express mission and they re-
ported negative results.

The lightning is accompanied with (or, probably, initi-
ated by, according to Gurevich et al. [2004]) the beams of
runaway electrons with energies in the kiloelectron-voltage
range. The initiation of the runaway avalanche need a seed
population of energetic electrons that is expected to be gen-
erated by cosmic rays on the Earth. On the Mars, solar ener-
getic particles (SEPs, Lillis et al. [2012]) can serve as an ad-
ditional source. Consequently, we can expect electrons with
energies sufficient for the secondary electron emission within
the dust clouds. Our investigations show that the secondary
electron emission would charge small grains positively and
thus, it would compete with the triboelectric charging that
tends to charge them negatively. This effect would lead to
the decrease of the grain charges and to the decrease of the
electric field within the cloud. The secondary electron emis-
sion produces low-energy electrons from the grain surface
that can be captured by the positively charged large grains
with the same effect on the electric field within the cloud.
A self-consistent description should take into account the
ionization of the atmosphere caused by energetic electrons.
The resulting products (low-energy electrons and ions) again
decrease the large-scale electric field by decreasing and/or
shielding of dust grain charges.

All these processes act inside dust clouds produced by vol-
canic eruptions on the Earth and the lightnings are regularly
observed within these clouds. It means that the production
of runaway electrons is sufficient for their ignition. How-
ever, the mean free path for collisions of energetic electrons
with atoms that is necessary for a development of runaway
avalanches is two orders of magnitude larger in the rare field
Martian atmosphere, thus the collisions of energetic elec-
trons with dust grains (and, consequently, the secondary
electron emission) would play a much more important role.

It is hard to put down a conclusion without a quantitative
model but it is possible that the above described processes
can stabilize the electric field within dust clouds to a value
insufficient for the runaway breakdown [Milikh and Roussel-
Dupre, 2010]. It can explain the lack of radio signals from
lightnings reported by Gurnett et al. [2010]. Nevertheless,
such model should include a proper description of the sec-
ondary electron emission because a majority of the present
models does not take into account the effects caused by finite
dimensions of the grains investigated in the present paper
(see discussion in Vaverka et al. [2013]).

The results of our investigations are of interest for grains
lifted to high altitudes or for the grains in the space where
a significant portion of energetic electrons can be found and
thus the secondary electron emission becomes a significant
charging process. Such regions were found for example on
the Martian nightside near strong crustal magnetic sources
[Brain et al., 2006] during passages of strong space weather
events.

The sharp rise of the grain potential with the energy of
primary electrons suggests that the electric field intensity at
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the grain surface can reach a limit of the ion field emission,
especially if the grain is small or exhibits a highly curved sur-
face. The resulting field evaporation (well below the melting
temperature) can even lead to a fast grain destruction. We
have reached this limit for several investigated grains (not
shown in the paper) but we are leaving this very complex ef-
fect for a further study. We only note that the field evapora-
tion limit was reached by the electron bombardment. Until
present, similar fields resulted from an intensive ion bom-
bardment [e.g., Jerdb et al., 2010], only.

4. Summary and Conclusion

We have performed a series of measurements of electron
charging on JSC Mars-1 grains. The results can be summa-
rized as it follows:

(1) The determination of the volatile content has shown
that a significant part of previously determined volatile con-
tent is well bonded at low temperatures and can be released
only by a moderate heating.

(2) The charging of dust grains by electrons revealed a
significant rise of the grain charge if the energy of primary
electrons exceeds ~ 4 keV. The density of energetic elec-
trons is negligible near the Mars surface during quiet times
but it would be significantly increased within the dust devils
and/or storms.

(3) Re-calculation of the grain charge into the surface po-
tential and a comparison of the results with the Monte Carlo
model of the secondary emission from grains has shown the
principal importance of the grain shape for its potential and
resulting equilibrium charge. This conclusion is significant
because dust grains in the space are spherical only excep-
tionally and any deviation from the spherical shape leads
to increase of the grain surface potential. We would like to
point out that these calculations are important for an inter-
pretation of our experimental results and for an estimation
of the secondary electron emission from dust grains in a gen-
eral sense but such effects would be probably weak on Mars.
The Martian dust grains collide each with another during
dust storms and these collisions shape the irregular grains.

(4) Generally used Maxwellian approximation of the en-
ergy spectrum of secondary electrons cannot be applied for
the dust grains from SiO2 or similar (e.g., JSC Mars-1) ma-
terials. The Draine and Salpeter [Draine and Salpeter, 1979]
distribution provides a better approximation in a broad
range of energies, whereas the Sickafus distribution [Sick-
afus, 1977] with p = 0.5 is appropriate for the description
of a contribution of backscattered electrons (above 50 eV).

(5) The models of electric circuits within the Martian
dust clouds should include a description of the secondary
electron emission that should reflect the effects of finite di-
mensions of dust grains.
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