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aspekty nabíjení prachových zrn z materiálù vztahujících se ke kosmickému prostoru
a k fúzním reaktorùm. Spojovacím èlánkem tìchto prostøedí je pøítomnost elektronù
a iontù vysokých energií, která vede k modi�kaci nabíjecích procesù. Na základì ex-
perimentálních studií je navr¾en model nabíjení prachových zrn, který je aplikován
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Kapitola 1

Úvod

Pod pojmem prach se obecnì rozumí pevná tìlíska hmoty o rozmìrech men¹í ne¾ de-
setina milimetru s hmotností nepøesahující mikrogram. Najdeme je nejen v prostøedí
kolem nás, ale také v kosmu. Na Zemi jej mù¾eme nalézt v nejrùznìj¹ích podobách,
tvoøí pøirozenou souèást ¾ivotního prostøedí v podobì drobných kouskù hornin, pùdy
èi pylù. Lidské ¾ivoty mohou znepøíjemòovat prachové bouøe èi sopeèný prach, který
zpùsobuje znaèné komplikace v letecké dopravì. Prach ve vy¹¹ích vrstvách atmosféry
zpùsobuje jev známý jako noèní svítící oblaka, pøi kterém se krátce po soumraku od
prachových zrn odrá¾í sluneèní svìtlo. Prach je také vytváøen lidskou èinností, a to
pøevá¾nì tì¾kým prùmyslem a dopravou.

Velké mno¾ství prachu se také nachází v kosmickém prostoru. Uvádí se, ¾e a¾ 1%
hmoty na¹í galaxie je tvoøeno právì prachovými zrny. Mù¾eme jej nalézt na povr¹ích
planet, planetek a mìsícù, ve chvostech komet, v meziplanetárním a mezihvìzdném
prostoru. Ve vìt¹inì pøípadù je v kosmu vnoøen do plazmatu.

Pokud je vzájemná vzdálenost prachových zrn v plazmatu men¹í ne¾ Debyeova
stínící délka, potom na sebe navzájem pùsobí svými náboji. Tento stav se nazývá
prachové plazma. Pokud je vzájemná vzdálenost prachových zrn v plazmatu vìt¹í
ne¾ Debyeova délka, pak je náboj jednotlivých zrn plazmatem odstínìn a nedochází
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ke kolektivnímu chování prachových zrn. V tomto pøípadì mluvíme o prachu v plaz-
matu.

Pøi kontaktu prachu s nabitými èásticemi dochází ke zmìnì náboje prachových
zrn, a to vlivem nìkolika procesù. Mezi ty nejzákladnìj¹í patøí záchyt elektronù a
iontù a sekundární elektronová emise zpùsobena dopadem energetických elektronù.
Zrna zahøátá na vysoké teploty mohou emitovat elektrony termoemisí a pøi velké
intenzitì elektrického pole mù¾e docházet díky polní emisi k tunelování elektronù.
Zmìnu náboje mù¾e zpùsobit i energetické elektromagnetické záøení. Takto mohou
prachové èástice získat znaèný mìrný náboj a jejich dynamiku pak, kromì gravitaèní
síly, ovlivòuje i síla elektromagnetická.

V¹echny procesy spojené s interakcí prachových zrn s plazmatem nejsou je¹tì plnì
uspokojivì prozkoumány, a tak experimentální výzkum v této oblasti nadále probíhá.
Pøedlo¾ená práce se zabývá jak experimentálním, tak i teoretickým studiem nabí-
jení prachových zrn v plazmatu. Úvodní kapitola je vìnovaná výskytu prachových
zrn ve vesmíru, je doplnìna o ukázky zpùsobu laboratorního výzkumu prachových
zrn a vìnuje se také otázkám pøítomnosti prachu ve fúzním plazmatu. Druhá kapi-
tola podrobnì rozebírá jednotlivé nabíjecí procesy spojené s prachovým plazmatem.
Tøetí kapitola se pak vìnuje popisu experimentální aparatury, která je pou¾ívaná
na Katedøe fyziky povrchù a plazmatu ke studiu tìchto procesù. Ve ètvrté kapitole
jsou struènì shrnuty cíle této práce. Experimentální výsledky získané pøi studiu se-
kundární elektronové emise pro rùzné typy materiálù vyskytujících se v kosmickém
plazmatu a pøi studiu iontové polní emise jsou prezentovány v kapitole páté. ©está
kapitola je vìnována návrhu jednoduchého modelu nabíjení prachových zrn v plaz-
matu daných vlastností. Výsledky aplikace tohoto modelu na konkrétní prostøedí jsou
popsány a rozebrány v kapitole sedmé jednak pro plazma odpovídajícímu chvostu
zemské magnetosféry, jednak pro tokamakové plazma (kapitola osm). Pro tyto ap-
likace modelu jsou voleny v¾dy odpovídající materiály. Práce je zakonèena struèným
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shrnutím výsledkù (kapitola devátá). V pøíloze je 7 publikací, kde jsou výsledky
popsány.

1.1 Prach ve vesmíru

Ji¾ bylo zmínìno, ¾e se prach vyskytuje prakticky ve v¹ech koutech vesmíru. V mezi-
hvìzdném prostoru prach najdeme v mlhovinách a mraènech. Pøítomnost prachu má
za následek rozptyl modré èásti spektra ze svìtla, které mraènem prochází. Je-li se
takovéto mraèno mezi Zemí a zdrojem svìtla, pak se mraèno jeví více naèervenalé,
naopak, je-li mraèno osvìtleno ze strany, pak se pøi pohledu ze Zemì jeví namodralé.
Pøi kolapsu molekulárních mraèen vznikají nové hvìzdy, proto prach hraje dùle¾itou
roli pøi vzniku sluneèních soustav. V meziplanetárním prostoru je prach vytvoøen pøi
srá¾kách planetek èi jiných tìles. Prach se také uvolòuje z komet bìhem jejich prùletu
kolem Slunce, kdy vytváøí prachový chvost (kromì prachového chvostu mají komety
také chvost iontový). Do meziplanetárního prostoru se prach mù¾e rovnì¾ dostávat
z povrchù planet a jejich mìsícù pøi dopadu meteoroidù nebo vlivem vulkanické èin-
nosti. Silným zdrojem prachu je napøíklad Jupiterùv mìsíc Io, který je pova¾ován
za vulkanicky nejaktivnìj¹í tìleso v na¹í sluneèní soustavì. Ve velkých koncentracích
najdeme prach také v prstencích velkých planet. V Saturnovì prstenci byly sondou
Voyager pozorovány útvary zvané Spokes [Hill and Mendis, 1981; Smith et al., 1982],
které se dají vysvìtlit pouze zapoètením elektrické síly pùsobící na nabitá prachová
zrna [Goertz and Mor�ll, 1983; Grün et al., 1983; Mitchell et al., 2006]. Spojováním
jednotlivých prachových zrn mohou vznikat vìt¹í objekty, naopak mohou prachová
zrna zanikat dopaden sluneèního vìtru procesem zvaným odpra¹ování.

Výzkumu prachu ve sluneèní soustavì se v posledních letech vìnovalo nìkolik
vìdeckých misí. Detektory prachových zrn nesou èi nesly napøíklad sondy Ulysses,
Galileo, Cassini èi New Horizons. Sonda Ulysses slou¾ila pro výzkum sluneèní sous-

5



tavy od roku 1990 a¾ do roku 2009. Destinací sondy Galileo byla planeta Jupiter,
v jejím¾ okolí sonda úspì¹nì pracovala od roku 1995 a¾ do roku 2003 [Krüger et al.,
1998]. Sonda Cassini odstartovala v roce 1997 na misi k planetì Saturn a její výzkum
planety a jejích prstencù stále pokraèuje. Bìhem této doby vzniklo mno¾ství èlánkù
referujících o detekci prachových zrn pomocí pøístroje CDA (Cosmic Dust Analyzer),
který je na této sondì umístìn [Hsu et al., 2011; Srama et al., 2011]. Sonda New Hori-
zons se vydala v roce 2006 na dlouhou cestu k trpaslièí planetì Pluto. také na její
palubì je umístìn detektor prachových èástic SDC (Student Dust Counter) [Horányi
et al., 2008]. Sonda Deep Impact byla urèená pro prùzkum komety Temple 1 [A'Hearn
et al., 2005], kdy po pøiblí¾ení ke kometì na vzdálenost 500 km v roce 2005 uvol-
nila projektil o hmotnosti 372 kg, který dopadl na povrch komety relativní rychlostí
10,2 km/s. Náraz projektilu a následné vyvr¾ení materiálu bylo pozorováno pomocí
pozemských stanic i Hubellova a Spitzerova vesmírného dalekohledu. Po dopadu pro-
jektilu se na kometì vytvoøil kráter zhruba 100 m ¹iroký a 30 m hluboký. Do vesmíru
bylo uvolnìno 250 milionù kg vody a mezi 10 a 25 miliony kg prachu.

Existují také projekty, jejich¾ hlavním cílem bylo studium prachových zrn. Pøíkla-
dem takovéto mise je sonda Stardust, která se v roce 1999 vydala na cestu ke kometì
Wild 2. Na sondì byl umístìn aerogelový lapaè prachu, který mìl sbírat prachová
zrna bìhem celého letu sondy. Po pøiblí¾ení ke kometì sonda sbírala prach odletující
z komety, opìt pomocí aerogelového lapaèe prachu. Poté se sonda vydala na zpáteèní
cestu na Zemi, kde kapsle s aerogelem pøistála v roce 2006 [Jenniskens, 2010].

Povrch Mìsíce je pokryt vrstvou prachových zrn rozlièných velikostí od cen-
timetrových a¾ po zrna men¹í ne¾ mikrometr [Stubbs et al., 2006], která vznikají
pøi dopadu meteoroidù. Na Zemi bylo dovezeno znaèné mno¾ství vzorkù mìsíèního
prachu bìhem misí Apollo. Prach na povrchu Mìsíce ov¹em znaènì znepøíjemòo-
val práci kosmonautùm. Jeliko¾ Mìsíc nemá atmosféru, tak nejsou prachová zrna
vystavena povìtrnostním vlivùm, a proto jsou velmi ostrá. Pøi misích se zrna lepila
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na povrchy, vèetnì skafandrù astronautù a nebylo jednoduché je odstranit. Prach si
následnì astronauté zanesli do pøistávacího modulu, kde jim pøidìlával problémy, a
to hlavnì bìhem startu.

Prach je na povrchu Mìsíce vystaven vlivu sluneèního vìtru, energetickým èás-
ticím a ultra�alovému (UV) zá¾ení Slunce a v¹echny tyto procesy vedou k jeho
nabíjení. Bìhem obìhu Mìsíce kolem Zemì je jeho povrch vystaven vlivu rùzných
oblastí magnetosféry nebo pùsobení sluneèního vìtru s li¹ícími se parametry plaz-
matu, a proto se povrchový potenciál jak povrchu Mìsíce, tak i prachových zrn mù¾e
výraznì mìnit [Halekas et al., 2005, 2006]. Na osvìtlené stranì Mìsíce dominuje fo-
toemise, která nabíjí povrch na malý kladný potenciál. Na noèní stranì se naopak
uplatòuje záchyt elektronù, a tak povrch získává potenciál záporný. Pokud se v okolí
Mìsíce vyskytují energetické elektrony, má nezanedbatelný vliv i sekundární elek-
tronová emise, která mù¾e vést ke kladnému potenciálu zrn i povrchu [Halekas et al.,
2008, 2009b,a]. Mìsíc se pohybuje vìt¹inu obì¾né doby ve sluneèním vìtru pøípadnì
v pøechodové oblasti, nicménì èást jeho dráhy prochází magnetosférou Zemì [Hap-
good, 2007], a to plazmovou vrstvou (plasmasheet) nebo magnetosférickými laloky
(lobes). V¹echna tato plazmatická prostøedí se li¹í svými parametry, proto¾e koncen-
trace èástic ve sluneèním vìtru je n ≈ 5 cm−3, tj. pøibli¾nì desetkrát vìt¹í ne¾ ve
chvostu zemské magnetosféry, teplota plazmatu mù¾e dosahovat a¾ 2 keV v mag-
netosféøe a jen 10 eV ve sluneèním vìtru [Halekas et al., 2011]. To je dùvod pro
studium nabíjení prachových zrn mìsíèního pùvodu (nebo nabíjení celého povrchu
Mìsíce pokrytého mno¾stvím prachu).

Sondy Surveyor 5 -7 pozorovaly koncem ¹edesátých let minulého století záøící
oblak na horizontu Mìsíce. Tento jev byl pozdìji vysvìtlen rozptylem svìtla na levitu-
jicích prachových zrnech ve vý¹ce jednoho metru nad Mìsíèním povrchem. Podobný
efekt byl rovnì¾ pozorován astronouty bìhem mise Apollo 17 [Stubbs et al., 2007].
Bylo ukázáno, ¾e prachová zrna na povrchu Mìsíce mohou získat takový elektrický
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náboj, který jim tuto levitaci umo¾ní.
Také na povrchu Marsu se prachová zrna usazují na solárních panelech výzkum-

ných sond a sni¾ují tak dodávky poøebné elektrické energie. Atmosféra u Marsu v¹ak
zpùsobuje ni¾¹í pøilnavost obrou¹ených zrn ne¾ u Mìsíce a také obèasné oèi¹tìní
solárních panelù pøi poryvech vìtru [Cohen, 2004]. Na Marsu byly sondou MRO
(Mars Reconnaissance Orbiter) pozorovány prachové víry (Dust Devils). Tyto ob-
jekty mohou dosahovat prùmìru 70 m a sahat a¾ do vý¹ky 20 km nad povrch [Stanzel
et al., 2008].

Je vidìt, ¾e prachová zrna je mo¾no nalézt v rozlièných prostøedí, kde jsou vys-
tavena pùsobení plazmatu. Proto se provádí mno¾ství laboratorních experimentù,
které mají za cíl jednotlivé procesy spojené s interakcí prachu s plazmatem objasnit.

1.2 Experimenty s prachovými zrny

Laboratorní výzkum interakce prachových zrn s plazmatem probíhá intenzivnì po
øadu let, pøièem¾ smìry tohoto výzkumu se dají rozdìlit do dvou hlavních èástí.
První se zabývá víceèasticovým experimenty, pøi kterých je zkoumáno kolektivní
chování nabitých zrn. Zrna v plazmatu mohou tvoøit takzvané prachové krystaly, ve
kterých roli iontù pøebírají samotná zrna, která je mo¾no pozorovat pomocí rozptylu
laserového svìtla [Samsonov and Goree, 1999; Liu et al., 2009]. Prachové krystaly
jsou rovnì¾ hojnì studovány pøi podmínkách mikrogravitace buï pøi parabolických
letech [Piel et al., 2006], èi pøímo ve vesmíru. Tyto experimenty zaèaly na ruské
stanici MIR a stále pokraèují na mezinárodní stanici ISS [Nefedov et al., 2003; Lipaev
et al., 2007; Thomas et al., 2008]. V posledních letech je pozornost vìnovaná sledování
dráhy jednotlivých zrn v prachových oblacích v plazmatu [Kroll et al., 2008, 2010;
Schablinski et al., 2013]. Bìhem tìchto experimentù je mo¾no studovat kolektivní
chování zrn vèetnì prachových hustotních vln v závislosti na parametrech plazmatu
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a vlastnosti zrn, ale studium jednotlivých nabíjecích procesù umo¾nìno není.
Druhý smìr laboratorních výzkumù interakce plazmatu s prachovými zrny se

vìnuje jednotlivým zrnùm a jejich nabíjení. Velmi roz¹íøené jsou experimenty, pøi
kterých zrna propadávají vrstvou plazmatu, a poté jsou zachycena pomocí Faraday-
ova válce. Takto je mo¾no urèit mno¾ství náboje, jaký zrno bìhem svého pádu získá
v závislosti na parametrech plazmatu a na materiálu zrna [Walch et al., 1994, 1995;
Kausik et al., 2008]. Obdobné uspoøádání experimentu dovoluje zkoumat nabíjení zrn
pøi propadávání vrstvou fotoelektronù vytvoøenou na fotokatodì osvìtlené UV lam-
pou èi samotné nabíjení zrn pomocí UV záøení [Sickafoose et al., 2000]. Pøi prùletu
zrn plazmatem je rovnì¾ mo¾no urèovat jejich náboj, a to nejen pomocí Faradayova
válce, ale také pomocí deektoru, ve kterém jsou zrna elektrickým polem odchýlena
ze své dráhy. Náboj zrna je tak urèen velikostí této výchylky [Kakati et al., 2000;
Chakraborty et al., 2003]. Pro studium nabíjecích procesù se pou¾ívají nejen zrna
s bì¾ných materiálù jako je sklo, uhlík, køemík, mìï a støíbro [Walch et al., 1995;
Sickafoose et al., 2000; Kakati et al., 2000], ale i simulanty mìsíèního a marsovského
prachu [Sickafoose et al., 2002; Sternovsky et al., 2002] a v nìkterých pøípadech
i skuteèný mìsíèní prach [Horányi et al., 1998].

Tyto experimenty poskytují sice základní informace o jednotlivých nabíjecích
procesech, ale jejich hlub¹í zkoumání nedovolují. K tomu jsou vhodnìj¹í experi-
menty, které vyu¾ívají iontovou (Paulovu) past [Paul, 1990], která dovoluje zachycení
jednoho nebo více zrn po dlouhou dobu v prostoru a jejich nabíjení pomocí elek-
tronového èi iontového svazku nebo UV lampy. Takových experimentù se v prùbìhu
èasu objevilo nìkolik, ale vzhledem k faktu, ¾e tento druh experimentù je po tech-
nické stránce relativnì nároèný, vìt¹ina experimentù neslou¾ila k hlub¹ímu studiu
nabíjecích procesù na izolovaných zrnech [Èermák et al., 1995; Hars and Tass, 1995;
Cai et al., 2002]. Dlouhodobì se tomuto výzkumu vìnuje skupina ve Spojených
státech [Spann et al., 2001; Abbas et al., 2002, 2010]. Je nutno v¹ak poznamenat,
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¾e jejich experiment vykazuje jisté nedostatky, které ovlivòují, alespoò podle na¹eho
názoru, interpretaci výsledkù [Nìmeèek et al., 2011]. Experiment, vyu¾ívající iontové
pasti, je také po øadu let na Katedøe fyziky povrchù a plazmatu. Podrobnì se popisu
tohoto experimentu vìnuje tøetí kapitola této práce, mìøení na aparatùøe jsou pak
obsahem kapitoly páté.

1.3 Prach ve fúzním plazmatu

Jaderná fúze je pøedmìtem zájmu vìdcù ji¾ od padesátých let minulého století, kdy
I. J. Tamm a A. Sacharov pøi¹li s my¹lenkou magnetické nádoby (tokamaku) pro
uchování vysokoteplotního plazmatu. První tokamak (T-1) byl pøedstaven v roce
1956 v Kurchatovovì institutu v Moskvì, ale úspìch mìl a¾ tøetí v poøadí T-3 a jeho
vìt¹í verze tokamak T-4, který byl zprovoznìn v Novosibirsku v roce 1968. Bìhem
druhé poloviny dvacátého století následnì vzniklo po celém svìtì mnoho výzkumných
pracovi¹», která se problematikou jaderné fúze zabývají [Krasheninnikov et al., 2010,
2011].

S rostoucími poznatky o vysokoteplotním plazmatu a jeho udr¾ení roste v posled-
ních letech i zájem o výzkum spojený s prachovým plazmatem. První spekulace, ¾e
prach mù¾e být zdrojem zneèi¹tìní plazmatu, které vede k zvý¹ení radiaèních ztrát
a jeho rozøedìní pøednesl Ohkawa [1977]. Prach byl v¹ak ve fúzních zaøízení poprvé
pozorován a¾ o nìkolik let pozdìji, kdy Goodall [1982] pozoroval poletující objekty
v tokamaku DITE.

Potøeba porozumìní procesùm spojených s prachem v tokamacích silnì vzrùstá
s výstavbou mezinárodního termonukleárního experimentálního reaktoru ITER ve
francouzském mìstì Cadarache, na kterém se, kromì Evropské unie, podílí také USA,
Rusko, Èína, Japonsko, Ji¾ní Korea a Indie [Aymar et al., 2002; Krasheninnikov
et al., 2011]. Pøítomnost prachu v budoucích fúzních zaøízení, které budou pou¾ívat
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jako palivo radioaktivní tritium, mù¾e významnì ovlivnit jejich èinnost díky mno¾ství
tritia, které mohou prachové èástice absorbovat.

Prach v¹ak mù¾e i podstatnì ovlivòovat stabilitu výboje a mù¾e zpùsobit ne¾á-
doucí energetické ztráty. Pøítomnost prachu mù¾e zapøíèinit degradaci diagnostick-
ých zaøízení umístìných uvnitø tokamaku a zhor¹it jejich pøesnost èi zpùsobit erozi
vnitøních stìn vakuové komory. Z tìchto dùvodù je vznik, transport a zánik pra-
chových zrn a stejnì tak i jejich nabíjení a ohøev pøi interakci s plazmatem velmi
podstatnou slo¾kou studia fúzního plazmatu smìøujícího k realizaci ITER.

V souèasnosti existují tøi hlavní zpùsoby jak experimentálnì studovat prach ve
fúzním plazmatu. Jedné se o sbírání prachových èástic z komory tokamaku bìhem
jeho odstávek, rozptyl laserového záøení na prachových zrnech a pozorování jed-
notlivých zrn pomocí rychlých kamer. Ka¾dý z tìchto pøístupù má své pøednosti a
získané poznatky se navzájem doplòují.

Informace získané pomocí sbírání prachových zrn z komory tokamaku bìhem
technické odstávky poskytují zajímavé informace o slo¾ení, tvaru, velikosti a mno¾ství
prachových zrn, která bìhem provozu vznikla. Tato metoda se v posledních letech
standardnì pou¾ívá u velkého mno¾ství fúzních zaøízení [Rubel et al., 2001; Sharpe
et al., 2002; Grisolia et al., 2009; Rohde et al., 2009]. Slo¾ení prachových zrn dle
oèekávání koresponduje s materiály, které jsou pou¾ity pro vnitøní stìny tokamaku,
divertor a pro vnitøní diagnostická zaøízení. V souèasnosti tak pøeva¾uje hlavnì uh-
lík, jako nejpou¾ívanìj¹í materiál pro vnitøní stìny, dále pak ¾elezo, chrom, nikl,
molybden, mìï, mosaz a dal¹í materiály u¾ité v diagnostických zaøízení. Pro bu-
doucí generace tokamakù vèetnì ji¾ budovaného zaøízení ITER v¹ak nebude pou¾ití
uhlíku vhodné díky jeho vysoké retenèní schopnosti radioaktivního tritia, které bude
pou¾íváno jako palivo. Z tohoto dùvodu se uva¾uje o pou¾ití wolframu èi beriliové
oceli jako materiál pro vnitøní stìny a divertor [Neu et al., 2013; Coenen et al., 2013].

Prachová zrna odebraná z nìkolika tokamakù naznaèují, ¾e velikost zrn se pohy-
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buje od 0,1 do 100 µm a jejich velikostní rozdìlení odpovídá log-normálnímu rozdìlení
se støední hodnotou kolem jednoho mikrometru [Sharpe et al., 2002]. Je nutno podot-
knout, ¾e prachová zrna jsou vìt¹inou sbírána pomocí �ltrù a zrna velikosti nìkolika
nanometrù a men¹í tak není mo¾né zachytit, i kdy¾ se pøedpokládá, ¾e i tyto velikosti
se v zaøízeních vyskytují.

Je také nutné poznamenat, ¾e mno¾ství prachu odebrané z tokamaku, silnì závisí
na dobì jeho provozu od poslední odstávky (èi¹tìní) a na druhu výboje, který se
v daném zaøízení studuje. Velmi zajímavá je také informace o tvaru jednotlivých zrn,
která mù¾e naznaèit, jak jednotlivé prachové zrno vzniklo. Z obrázku 1.1 je patrno,
¾e rozmanitost je velká a v tokamacích mù¾eme nalézt jak zrna nepravidelných tvarù,
vloèky, ale i zrna èistì kulová. Za nejèastìj¹í zdroje prachu se pova¾uje eroze stìn èi
diagnostických zaøízení, rùst prachu v objemu z neèistot v plazmatu a odlupování
usazených neèistot ze stìn tokamaku.

Obrázek 1.1: Prachová zrna sebraná z fúzních zaøízerní. Pøevzato z Sharpe et al.
[2002].

Prachová zrna je mo¾no v tokamacích detekovat také pomocí Thomsonova rozptylu,
který se pou¾ívá jako standardní metoda k urèení teploty a hustoty plazmatu ve
fùzních zaøízení ji¾ øadu let. Oscilace intenzity rozptýleného laserového záøení vedly
k domnìnce, ¾e signál mù¾e nést informaci také o hustotì prachových zrn a je-
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jich velikostním rozdìlení. První experiment, kde bylo pou¾ito laseru ke sledování
úmyslnì vhozených uhlíkových zrn do tokamaku JIPP-IIU, provedl Narihara et al.
[1997]. První pokus o analýzu signálu z Thomsnova rozptylu pro urèení koncen-
trace a velikostí prachových zrn v tokamaku DIII-D realizoval West et al. [2006] a
následnì Smirnov et al. [2007]. Toto mìøení ukázalo, ¾e støední velikosti prachových
zrn získané touto metodou bìhem výboje odpovídají údajùm získaným z analýzy
prachu sesbíraného po mìøící kampani. Údaje o prùmìrná hustotì prachových èástic
nepøesahují 0.1 cm−3, co¾ umo¾òuje pøi analýze dynamiky prachových zrn v toka-
maku zanedbat vzájemné srá¾ky mezi jednotlivými zrny. Získané výsledky rovnì¾
ukazují, ¾e prachová zrna se vyskytují pøevá¾nì v okrajovém plazmatu a do vnitøní
èásti se dostávají pouze na krátkou dobu po disrupcích. Je nutno podotknout, ¾e
touto metodou mohou být sledována jen malá zrna, nebo» laserový rozptyl na velkých
zrnech vede k saturaci detekèního systému.

Pozorování prachových zrn pomocí kamer se pou¾ívá ji¾ od roku 1982, kdy Goodall
[1982] poprvé pozoroval poletující objekty v tokamaku DITE (obrázek 1.2). V souèasné
dobì se pou¾ívají kamery s velkým èasovým rozli¹ením, které podávají velmi cenné
informace o dynamice jednotlivých prachových zrn ve výboji [Rubel et al., 2001;
Saito et al., 2007; Tang et al., 2011]. Souèasné pozorování pomocí dvou a více kamer
pak umo¾òuje sledování pøesné dráhy prachového zrna a urèení jeho rychlosti [Roque-
more et al., 2006, 2007; Boeglin et al., 2008]. Tato pozorování umo¾òují porovnání
s teoretickými modely. Pozorování pomocí rychlých kamer objevilo, ¾e prach se pohy-
buje pøevá¾nì v toroidalním smìru s rychlostí, která mù¾e dosahovat a¾ stovek metrù
za sekundu. Mno¾ství prachových zrn, které kamery zaznamenávají, se zvy¹uje a¾
o dva øády pøi disrupcích, bìhem kterých je uvolnìno mno¾ství prachu ze stìn do
plazmatu. Tímto zpùsobem je v¹ak mo¾no detekovat jen prachová zrna vìt¹í ne¾
nìkolik mikrometrù (mezní velikost samozøejmì závisí na konkrétním druhu kamery,
vzdálenosti prachového zrna od kamery a jeho rychlosti).
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Obrázek 1.2: První pozorování prachových zrn v tokamaku pomocí rychlé kamery.
Pøevzato z Goodall [1982].

Experimentální studium prachu ve fúzních zaøízení je schopno poskytnout u¾iteèné
informace o slo¾ení, tvaru a velikosti jednotlivých zrn, pøípadnì i o jejich dynamice,
ale neumo¾òuje nám hlub¹í porozumìní elementárních procesech jako je jejich nabí-
jení a ohøev pøi interakci s plazmatem. Pro pochopení tìchto procesù je nutno pou¾ít
poèítaèové simulace, napøíklad [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 tìchto dùvodù jsou dùle¾ité experimenty, které do-
volí studovat vliv jednotlivých nabíjecích procesù oddìlenì a poskytnout tak kvalitní
vstupní data do modelù.
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Kapitola 2

Nabíjení sférických prachových zrn

v plazmatu

Interakce prachových zrn s plazmatem vede k jejich nabíjení jak záchytem eletronù a
iontù, tak sekundární elektronovou emisí (SEE) zpùsobenou energetickými elektrony.
V prostøedí, kde se vyskytuje UV záøení, hraje významnou roli i fotoemise, naopak
v prostøedí, kde jsou prachová zrna ohøáta na vysoké teploty, mù¾e mít vliv na
celkový náboj zrna také termoemise. Jsou-li malá prachová zrna nabita na vysoké
potenciály, mù¾e se projevit vliv silného elektrického pole na povrchu zrna díky polní
emisi. Elektrické pole na povrchu zrna mù¾e mít také vliv na ostatní emisní procesy
jako je termoemise a sekundární elektronová emise. Mezi dal¹í nabíjecí procesy, které
v¹ak mají jen okrajový význam, patøí napøíklad kontaktní nabíjení, beta rozpad èi
sekundární iont elektronová emise. To, který z vý¹e zmínìných procesù pøevládá,
závisí nejen na konkrétním prostøedí, v jakém se prachová zrna nacházejí, ale i na
vlastnostech samotných prachových zrn.

Celkový proud na prachové zrno je dán souètem dílèích proudù jako
dQ

dt
= J = Je + Ji + Jpho + Jsec + Jtherm + Jfe..... (2.1)
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kde Je pøedstavuje proud primárních elektronù, Ji proud primárních iontù, Jpho foto-
proud, Jsec proud sekundárních elektronù, Jtherm proud termoelektronù a Jfe proud
zpùsobený polní emisí.

Velmi dùle¾itým parametrem pøi nabíjení je potenciál prachového zrna. Kladnì
nabitá zrna urychlují elektrony z plazmatu a zvy¹ují tak jejich tok na zrno a naopak
sni¾ují tok kladných iontù. Kladný potenciál sni¾uje mno¾ství emitovaných sekundár-
ních elektronù a fotoelektronù, jeliko¾ povrch mohou opustit pouze elektrony s vìt¹í
energií ne¾ je povrchový potenciál. V pøípadì záporného potenciálu pak mohou zrno
opustit v¹echny elektrony. Kladné ionty jsou zápornì nabitým zrnem pøitahovány a
naopak jsou elektrony br¾dìny a jejich tok na zrno je sni¾ován. Prachové zrno v plaz-
matu dosáhne rovnová¾ného potenciálu v okam¾iku, kdy je celkový proud, který je
daný vztahem (2.1), roven nule.

2.1 Záchyt primárních èástic

Základní nabíjecí proces, který je s prachovým plazmatem spojen, je záchyt primárních
èástic (elektronù a iontù). Mno¾ství èástic, které po dopadu na pevnou látku zùs-
tanou na povrchu materiálu, závisí na jejich energii a na úhlu dopadu. Pro nízké
energie a kolmý dopad se v¹ak pravdìpodobnost záchytu primární èástice blí¾í 100%
a bere se za konstantu. V nízkoteplotním plazmatu s teplotou elektronù srovnatelnou
s teplotou iontù vede tento proces k zápornému náboji zrna díky výraznì vìt¹í elek-
tronové rychlosti, která ústí v podstatnì vìt¹í èetnost dopadu elektronù na povrch
zrna.

Tok elektronù a iontù dopadajicích na kulové prachové zrno o polomìru a se dá
pro pøípad, kdy je mo¾no zanedbat vzájemné srá¾ky elektronù a iontù (polomìr zrna
je mnohem men¹í ne¾ Debyeova stínící délka λD, která je mnohem men¹í ne¾ støední
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volná dráha èástic v plazmatu λ), napsat pomocí polárních souøadnic a rychlosti jako

Jα = 4πa2
∫ ∞
v=vα

∫ π/2
θ=0

∫ 2π
ψ=0 v cos θfα(v)v

2 sin θdθdψdv
= 4πa2

∫ ∞
E=max(0,±eϕ)

[
1±

(
−eU
E

)]
djα
dE

dE, (2.2)
kde α pøedstavuje elektrony nebo ionty (popøípadì více druhù iontù ve víces-

lo¾kovém plazmatu), e je velikost elementárního náboje, v je rychlost a E energie
primárních èástic a U je povrchový potenciál zrna [Horányi, 1996]. Výraz djα/dE =
(2πE/m2

α)fα(E) je energetický diferenciální tok èástic, kde mα je hmotnost a fα(E)
distribuèní funkce elektronù a iontù.

Pro nejèastìji pou¾ívané Maxwellovské rozdìlení energie èástic má diferenciální
tok následující podobu

djα
dE

= 2πE
m2
α

nα

(
mα

2πkTα
)3/2 exp(− E

kTα

)
, (2.3)

kde Tα je teplota, nα hustota elektronù èi iontù a k je Boltzmannova kon-
stanta [Horányi, 1996].

Dosazením rovnice (2.3) do (2.2) dostaneme v¹eobecnì známý vztah (2.4) pro
elektronový proud v závislosti na potenciálu zrna [Horányi, 1996]:

Je = J0e ×

 exp(+eU/kTe) U < 0
(1 + eU/kTe) U ≥ 0 , (2.4)

kde J0e = 4πa2ne(kTe/2πme)1/2.
Obdobnì pro iontový proud platí vztah

Ji = J0i ×

 exp(−eU/kTi) U ≥ 0
(1− eU/kTi) U < 0 , (2.5)

kde J0i = 4πa2ni(kTi/2πmi)1/2.
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Vý¹e zmínìné vztahy platí pouze pro pøípad, kdy je vzájemná rychlost prachového
zrna vùèi plazmatu zanedbatelná vzhledem k tepelné rychlosti èástic plazmatu. Tato
podmínka platí velmi dobøe pro laboratorní plazma, ale napøíklad pro sluneèní vítr,
který se pohybuje rychlostí od 400 do 700 km/s, je nutno pøi výpoètu toku iontù na
prachové zrno s touto rychlostí poèítat. S pou¾itím Maxwelova rozdìlení s driftem
dostaneme pro proud iontù na zápornì nabité zrno následující vztah [Whipple, 1981]:

Ji = J0i
2
[(
M2 + 1

2 −
eU

kTi

) √
π

M
erf(M) + exp(−M2)

]
, (2.6)

kde M = w/(2kTi/mi)1/2 je Machovo èíslo (pomìr vzájemné rychlosti mezi pra-
chovým zrnem a plazmatem w k iontové tepelné rychlosti) a

erf(x) = 2√
π

∫ x

0 exp(−y2)dy (2.7)

je chybová funkce.
Pro kladnì nabitá zrna platí obdobnì vztah

Ji = J0i
4
{(

M2 + 1
2 −

eU

kTi

) √
π

M

[
erf
(
M +√

eU/kTi

)
+ erf

(
M −

√
eU/kTi

)]
+

+
(√

eU

kTiM
+ 1

)
exp

−(M −
√

eU

kTiM

)2−
−
(√

eU

kTiM
− 1

)
exp

−(M +
√

eU

kTiM

)2 ,(2.8)

Pro elektrony, jejich¾ tepelná rychlost je podstatnì vìt¹í ne¾ rychlost iontù, nejsou
vý¹e uvedené korekce v naprosté vìt¹inì pøípadù potøeba.
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2.2 Sekundární elektronová emise

Sekundární elektronová emise (SEE) je proces, pøi kterém elektron dopadající na
povrch pevné látky pøedá èást své kinetické energie elektronu v látce, který mù¾e
následnì povrch opustit. Tyto elektrony nazýváme pravé sekundární elektrony. Pri-
mární elektron mù¾e rovnì¾ po nìkolika srá¾kách v materiálu opustit povrch. Tyto
elektrony jsou nazývány rozptýlené primární elektrony. Pomìr mezi poètem elek-
tronù, které povrch opustí a poètem primárních elektronù, které dopadají na povrch,
se oznaèuje jako σ a nazývá se výtì¾ek sekundární elektronové emise. Tento výtì¾ek
mù¾eme rozdìlit na dvì slo¾ky, a to na výtì¾ek pravých sekundárních elektronù δ

(pomìr pravých sekundárních elektronù k primárním) a rozptýlených elektronù η

(pomìr rozptýlených primárních elektronù k jejich celkovému poètu). Platí, ¾e

σ = δ + η. (2.9)
Typická energie pravých sekundárních elektronù (δ) se pohybuje v jednotkách

elektronvoltù a pro kladnì nabitá prachová zrna s povrchovým potenciálem vìt¹ím
ne¾ nìkolik voltù, a tak pravé sekundární elektrony nemohou povrch opustit. Na
druhou stranu energie rozptýlených elektronù (η) je blízká energii primárních elek-
tronù, a tak mohou opustit i více kladnì nabitý povrch.

Pro výpoèet proudu sekundárních elektronù se velmi èasto pou¾ívá Sternglassùv
teoretický model popisující výtì¾ek pravých sekundárních elektronù [Sternglass, 1957],
který byl vytvoøen pro kolmý dopad elektronù na velké rovinné vodivé vzorky. Závis-
lost tohoto výtì¾ku na energii primárních elektronù je dána následujícím vztahem:

δ(E) = ε2δM(E/EM) exp[−2(E/EM)1/2], (2.10)
kde ε je Eulerovo èíslo a δM je maximum výtì¾ku pravých sekundárních elek-

tronù, které nastává pro energii primárních elektronù EM . Napøíklad pro sklo platí,
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δM = 3.356 a EM = 350 eV. Závislosti výtì¾ku pravých sekundárních elektronù δ

na energii primárních elektronù daných vztahem 2.10 pro tøi rùzné materiály (sklo,
uhlík a wolfram) jsou znázornìny na obrázku 2.1. Pro výpoèet byly pou¾ity ma-
teriálové konstanty δM a EM získané z z databáze interakce elektronù s pevnou
látkou [Joy, 1995]. Pro nízké energie primárních elektronù je mno¾ství sekundárních
elektronù limitováno energií elektronù primárních, a proto se vzrùstem jejich en-
ergie výtì¾ek pravé sekundární elektron elektronové emise roste. S rostoucí energií
primárních elektronù roste ov¹em i hloubka, v jaké se generují elektrony sekundární.
Z tohoto dùvodu pro vysoké energie elektronù primárních klesá koe�cient δ, jeliko¾
klesá pravdìpodobnost, ¾e sekundární elektron generovaný ve vìt¹í vzdálenosti od
povrchu tento povrch opustí. I pøesto, ¾e autor omezil platnost tohoto pøedpisu pouze
do ètyønásobku EM , je èasto v literatuøe pou¾íván pro výpoèet proudu sekundárních
elektronù pro libovolnì vysoké energie primárních elektronù.

Proud sekundárních elektronù mù¾e být s pou¾itím vztahù 2.4 a 2.10 popsán
pro plazma s Maxwellovským rozdìlením energií a negativnì nabitá zrna (U < 0)
dle Meyer-Vernet [1982] jako

Jsec = ε2
2 δ(M)J0e exp(+eU/kTe)F5(EM/4kTe), (2.11)

kde

F5(x) = x2
∫ ∞
0 u5 exp−(xu2+u) du. (2.12)

Pro pozitivnì nabitá zrna (U > 0) pak obdobnì platí:

Jsec = ε2
2 δ(M)J0e(1 + eU/kTs) exp(+eU/kTe − eU/kTs)F5,B(EM/4kTe), (2.13)

kde kTs pøedstavuje teplotu sekundárních elektronù, pro které pøedpokládáme
Maxwellovské rozdìlení energií,
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Obrázek 2.1: Závislost výtì¾ku pravých sekundárních elektronù δ na energii
primárních elektronù daných vztahem 2.10 pro sklo, uhlík a wolfram.

F5,B(x) = x2
∫ ∞
B

u5 exp−(xu2+u) du (2.14)
a

B = (4eU/EM) . (2.15)
Je nutno poznamenat, ¾e pou¾itím takto vypoèteného proudu sekundárních elek-

tronù je opomíjen vliv koneèného rozmìru prachového zrna, závislost výtì¾ku SEE
na úhlu dopadu primárních elektronù a rozptyl primárních elektronù. Laboratorní
experimenty s nabíjením prachových zrn ukázaly, ¾e Sternglassùv model [Sternglass,
1957] sekundární elektron elektronové emise není vhodný pro energie primárních
elektronù, pøi kterých je jejich útlumová dráha srovnatelná s velikostí zrna [Svestka
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et al., 1993; Chow et al., 1994; Pavlù et al., 2007].

2.2.1 Model sekundární elektron elektronové emise pro pra-

chová zrna

Je nutno poznamenat, ¾e vý¹e popsaný Strenglassùv model [Sternglass, 1957] není
jediný. I pøes existenci dal¹ích modelù sekundární elektronové emise v¹ak zùstává
stále nejpou¾ívanìj¹ím, a to hlavnì pro jeho jednoduchost v podobì jediné formule
a dvou materiálových konstant. Pùvodní Strenglassùv model [Sternglass, 1957] byl
pozdìji upraven Draine a Salpeterem [Draine and Salpeter, 1979] pomocí �tování
experimentálních dat tak, aby popisoval výtì¾ek pravých sekundárních elektronù i
pro vìt¹í energie elektronù primárních. Vzniklo také nìkolik modelù urèených pøímo
pro sférická zrna. Sekundární elektronovou emisí ze submikronových olejových kapek
se zabýval Ziemann [Ziemann et al., 1995], který dosáhl dobré shody teorie s exper-
imentálními výsledky pro energie do 250 eV. Chow et al. [1993] vyvinula model
pro sférická zrna, který pøedpokládal pohyb primárních elektronù uvnitø zrna po
pøímce. Jeliko¾ model neodpovídal experimentálním datùm [Svestka et al., 1993], byl
následnì tento model upraven [Chow et al., 1994]. Upravená verze modelu poskyto-
vala výtì¾ek pravých sekundárních elektronù s více maximy a pomocí variace kon-
stant modelu na¹li autoøi shodu s experimentálními daty. Nevýhodou modelu v¹ak
je, ¾e vy¾aduje pou¾ití rozdílných sad konstant pro nízko a vysoko-energetickou èást.

Na Katedøe fyziky povrchù a plazmatu byl v uplynulých letech vyvinut nový
numerický model, který zahrnuje vliv velikosti zrn a kromì výtì¾ku pravých sekun-
dárních elektronù poèítá i s rozptylem elektronù primárních [Richterová et al., 2004,
2006, 2010]. Tento model vychází z nìkolika pøedpokladù:

1) Pøedpokládjí se homogení sférická zrna bez detailní atomární èi elektronové
struktury. Tento pøedpoklad tak nedovoluje u¾ití modelu pro malé molekulové klas-
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try.
2) Primární elektrony pronikají do zrna, kde se srá¾í s atomy zrna a následnì

mìní smìr podle Hovingtonova modelu rozptylu [Hovington et al., 1997]. Mezi jed-
notlivými srá¾kami se primární elektrony pohybují pøímoèaøe a dráha mezi jed-
notlivými srá¾kami je úmìrná energii primárních elektronù.

3) Pøi ka¾dé srá¾ce je pøedána èást energie primárního elektronu elektronùm ma-
teriálu zrna, které mohou zrno následnì opustit. Mno¾ství exitovaných elektronù
bìhem ka¾dé srá¾ky závisí na aktuální energii primárního elektronu. Exitované se-
kundární elektrony se chovají nezávisle na energii primárního elektronu.

4) Pravdìpodobnost, ¾e exitovaný sekundární elektron dosáhne povrchu zrna ex-
ponenciálnì klesá s jeho vzdáleností od povrchu.

5) Energetické spektrum pravých sekundárních elektronù nezávisí na energii elek-
tronù primárních.

Model byl testován jednak na planárních vzorcích, jednak jeho výsledky byly
porovnávány pro rùzné typy zrn s výsledky laboratorních experimentù [Richterová
et al., 2004, 2006, 2010]. Ukázalo se, ¾e model lépe popisuje interakce enrgetických
elektronù s prachovými zrny v pøípadì, kdy je penetraèní dráha primárních elektronù
srovnatelná s velikostí zrn.

Velikost zrna má vliv na výtì¾ek pravých sekundárních elektronù v okam¾iku,
kdy jsou tyto elektrony generovány v takové hloubce pod povrchem, ¾e mohou zrno
opustit i z jeho zadní strany. Díky tomuto efektu tak výtì¾ek pro malá zrna roste.
Tento rozdíl ilustruje obrázek 2.2, kde je porovnán výtì¾ek pravé SEE pro sklenìná
zrna rùzných velikostí spoètených podle modelu Richterová et al. [2010] se Stern-
glassovým modelem [Sternglass, 1957]. Z obrázku je patrno, ¾e vliv velikosti zrna
se zaèíná projevovat pro energie primárních elektronù vìt¹í ne¾ 1 keV. Výraznìji
v¹ak velikost zrn ovlivòuje mno¾ství rozptýlených primárních elektronù, co¾ je pa-
trno z obrázku 2.3, kde jsou porovnány výtì¾ky rozptýlených primárních elektronù
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pro nìkolik velikostí sklenìných zrn získaných z nového modelu. Pro sklenìné zrno o
polomìru 0,1 µm zaèíná mno¾ství rozptýlených primárních elektronù prudce narùs-
tat pro energie vìt¹í ne¾ 1 keV a od 4 keV je ji¾ energie primárních elektronù natolik
velká, ¾e v¹echny tyto elektrony zrno opustí. Z druhé strany u zrna o polomìru 5
µm je mno¾ství rozptýlených primárních elektronù víceménì konstantní a¾ do en-
ergií 14 keV. Nárùst mno¾ství rozptýlených primárních elektronù mù¾e silnì zvý¹it
kladný potenciál zrna díky tomu, ¾e jejich energie je srovnatelná s energií elektronù
primárních, a tak mohou opustit povrch i silnì kladnì nabitého vzorku.

Obrázek 2.2: Závislost výtì¾ku pravých sekundárních elektronù δ na energii
primárních elektronù pro nìkolik velikostí sklenìných zrn spoètených pomocí modelu
sekundární elektronové emise z prachových zrn [Richterová et al., 2010] a porovnáno
se Sternglassovým vztahem 2.10.

Pomocí takto spoètených výtì¾kù δ a η a s pou¾itím vztahu 2.2 je mo¾no pro
Maxellovské plazma urèit proud sekundárních elektronù z prachových zrn jako
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Obrázek 2.3: Závislost výtì¾ku rozptýlených primárních elektronù η na jejich energii
pro nìkolik velikostí sklenìných zrn spoètených pomocí modelu sekundární elek-
tronové emise z prachových zrn [Richterová et al., 2010].

Jsec = nAe
∫ ∞
−eU

(1 + eU/E) dj
dE

σ(E + eU)dE (2.16)

a s pou¾itím vztahu 2.9 tak dostaneme

Jsec = nAe
∫ ∞
−eU

(1 + eU/E) dj
dE

η(E + eU)dE +
+nAe(1 + eU/kTs) exp(−eU/kTs)

∫ ∞
0 (1 + eU/E) dj

dE
δ(E + eU)dE (2.17)
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2.3 Termoemise

Termoemise je proces, pøi kterém elektrony samovolnì opou¹tìjí látku díky vysoké
teplotì materiálu. Tento proces mù¾e nabývat na významu ve vysokoteplotním plaz-
matu, kde prachová zrna mohou dosahovat teplot a¾ nìkolika tisícù stupòù. U tohoto
procesu hraje dùle¾itou roli energetické rozdìlení elektronù opou¹tìjících prachové
zrno (termoelektronù). Obecnì se uva¾uje o Maxwellovském rozdìlení s teplotou
odpovídající teplotì zrna Td. Pro pøípad kladnì nabitých zrn tak termoemise nehraje
skoro ¾ádnou roli, jeliko¾ excitované elektrony nemohou kvùli své nízké energii kladný
povrch opustit.

Proud elektronù z kulového prachového zrna zpùsobený termoemisí je mo¾no pop-
sat pomocí známého Richardson-Dushmanova vztahu [Krasheninnikov et al., 2011]
jako:

Jtherm = 4.8× 106πa2kT 2
d exp(−wf/kTd)

 1 U < 0
exp(−eU/kTd) U ≥ 0 (2.18)

kde Td je teplota prachového zrna a wf je výstupní práce materiálu zrna.

2.4 Fotoemise

Zmìnu náboje prachových èástic vyvolává i interakce s elektromagnetickým záøením.
Je-li kvantum záøení zrnem absorbováno, mù¾e pøedat svou energii elektronu. Pokud
je tato energie dostateèná, mù¾e elektron zrno opustit. Tento jev se nazývá fotoemise.
Silnì závisí na materiálu zrna a na druhu elektromagnetického záøení. Pro dlouhé
vlnové délky nenese kvantum dostateèné mno¾ství energie k excitaci sekundárních
elektronù. Práh fotoemise oznaèuje minimální energii, která je k tomu potøebná.
Práh je závislý na materiálu zrna a spadá do oblasti ultra�alového záøení. Obdobnì
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jako u termoemise, i v tomto pøípadì hraje významnou roli energetické rozdìlení
sekundárních elektronù (zde mluvíme o fotoelektronech). Fotoemise je dominantní
proces v kosmickém prostoru, kde sluneèní UV záøení ovlivòuje náboj osvìtlených
objektù prachovými zrny poèínaje a povrchem mìsícù èi planet konèe. V tomto
pøípadì se vìt¹inou za odpovídající energetické rozdìlení fotoelektronù èasto pou¾ívá
Maxwellovo s teplotou fotoelektronù Tpho v rozmezí 1 - 4 eV [Horányi, 1996]. Pro
výpoèet proudu fotoelektronù z kulových zrn v kosmickém prostoru zpùsobeným
záøením Slunce platí následující vztah [Whipple, 1981]:

Jpho = 2.5× 1010πa2eκ/d2
 1 U < 0

exp(−eU/kTpho) U ≥ 0 , (2.19)

kde d je vzdálenost od Slunce mìøená v astronomických jednotkách AU a κ je
parametr blízký jedné pro vodivé a kolem 0,1 pro nevodivé materiály [Whipple,
1981]. Sluneèní záøení zpravidla vede ke kladnému potenciálu prachových zrn v øádu
nìkolika voltù, jeliko¾ se jedná o dominantní nabíjecí proces v kosmickém prostoru
a pøevá¾í i vliv záchytu elektronù v prostøedí, kde není podstatná sekundární elek-
tronová emise. Pøíkladem takovéhoto prostøedí je sluneèní vítr. Kladný potenciál
zrna je limitovaný tím, ¾e fotoelektrony nemohou opustit nabitý povrch.

2.5 Polní emise

Mezi dal¹í procesy, které ovlivòují náboj prachových èástic, patøí polní emise, pøi
které dochází ke sni¾ování potenciálu zrna vlivem silného elektrického pole. Tyto
procesy tak mohou limitovat maximální náboj malých prachových èástic, u kterých
dosahuje intenzita elektrického pole na povrchu vysokých hodnot i u relativnì nízkých
potenciálù. Rozli¹ujeme elektronovou a iontovou polní emisi.
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2.5.1 Polní elektronová emise

Polní elektronová emise je proces, pøi kterém dochází k tunelování elektronù vlivem
silného elektrického pole z materílu do volného prostoru. Tímto polem mù¾e být buï
vnìj¹í elektrické pole a nebo pole vzniklé silným záporným nábojem zrna. Pro elek-
tronovou polní emisi platí známý Fowler-Nordheimùv vztah [Fowler and Nordheim,
1928]:

Jfe = 13, 7× 10−7πa2
(
U

a

)2 exp(6, 52× 1010a
U

)
. (2.20)

2.5.2 Polní iontová emise

Pokud jsou prachová zrna nabita na vysoký kladný povrchový potenciál, mù¾e docházet
k jeho sni¾ování emitováním kladných iontù. Tento proces se nazývá iontová polní
emise. V podstatì se jedná o tøi rùzné procesy, které jsou zalo¾eny na tunelování
elektronù z neutrálních atomù nebo molekul z tìsné blízkosti zrna. Procesy se li¹í
v pùvodu neutrálních atomù, které jsou vlivem silného elektrického pole ionizovány.
Polní iontovou emisy je tak mo¾no stejnì jako polní elektronovou emisy vysvìtlit
pouze s pou¾itím kvantové mechaniky. První z procesù se nazývá polní desorbce.
Pøi tomto procesu jsou silným elektrickým polem ionizovány atomy desorbované
z povrchu, elektron tedy tuneluje z neutrálního atomu, který opustil zrno zpìt na jeho
povrch a vzniklý kladný iont je od kladnì nabitého zrna odpuzen. Druhým procesem
je polní ionizace. Jedná se o velmi podobný proces jako polní desorpce, kde v¹ak nejde
o ionizovaný atom desorbující z povrchu, ale o atom z okolního prostøedí nacházející
se v blízkosti povrchu. Tøetí proces je polní vypaøování, pøi kterém dochází k ion-
izaci atomù látky samotné. V¹echny tyto procesy se pak jeví jako unikání kladných
iontù z povrchu. Polní emise výraznì limitují maximální povrchový potenciál, na
jaký mohou být malá prachová zrna nabita.
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2.6 Dal¹í nabíjecí procesy

Dal¹í procesy mají ji¾ na náboj prachových zrn pouze minoritní vliv. Patøí mezi nì
napøíklad sekundární ion elektronová emise, pøi které ionty dopadající na pevnou
látku pøedají èást své kinetické energie elektronùm z látky, a ty pak následnì mohou
látku opustit. Tento proces je mo¾no, obdobnì jako sekundární elektronovou emisi,
popsat pomocí jejího výtì¾ku, který je v¹ak øádovì ni¾¹í, a tak má na celkový náboj
zrna jen zanedbatelný vliv. Kontaktní nabíjení, pøi kterém dochází k pøenosu náboje
mezi dvìma objekty pøi vzájemném kontaktu, mù¾e hrát roli pøi poèáteèním nabíjení
zrn na povrchu Mìsíce èí Marsu, ale pro nabíjení prachových zrn v plazmatu nemá
podstatný význam. Zrna obsahující radioaktivní prvky mohou rovnì¾ získat náboj
díky jejich radioaktivnímu rozpadu. Takové nabíjení bude velmi pomalé a bude mít
význam jen v prostøedích, kde je tento nabíjecí proces osamocen.

2.7 Shrnutí nabíjecích procesù

O tom, který z vý¹e popsaných procesù pøevládá, rozhoduje hlavnì konkrétní prostøedí,
v jakém se prachové zrno nachází. Nejvýznamnìj¹ím nabíjecím proudem v plazmatu
je pro vìt¹inu prostøedí záchyt elektronù. Záchyt iontù je pøi stejné teplotì nabitých
èástic vzhledem k jejich podstatnì vìt¹í hmotnosti (ni¾¹í pohyblivosti) ménì výz-
namný. Prachová zrna tak ve vìt¹inì prostøedí získají záporný náboj. Pro prostøedí,
kde se vyskytují elektrony o vysokých energiích (více ne¾ 50 eV), zaène být významná
i sekundární elektronová emise, která se mù¾e stát nejvýznamnìj¹ím nabíjecím proce-
sem. Tento proces silnì závisí na materiálu zrna, a tak, kromì konkrétního prostøedí,
bude mít na celkový náboj zrna vliv i jeho materiálové slo¾ení. Vlivem sekundární
elektronové emise, tak mohou prachová zrna získat kladný náboj. Ke kladnému
náboji zrn vede také fotoemise, která je významná v prostøedí s nízkou koncen-
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trací nabitých èástic. Pøíkladem takového prostøedí je plazma v kosmickém prostoru,
kde jsou koncentrace øádovì 1 cm−3. Náboj zrn zahøátých na vysoké teploty mù¾e
ovlivnit i termoemise. Polní emise mohou u malých zrn limitovat maximální náboje, a
to díky vysoké intenzitì elektrického pole na povrchu i pro relativnì nízké povrchové
potenciály.
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Kapitola 3

Experimentální aparatura pro

studium nabíjení prachových zrn

V úvodní kapitole byly struènì pøedstaveny mo¾nosti laboratorního výzkumu inter-
akce prachových zrn s plazmatem. Jeden z takových experimentù probíhá po øadu
let i na Katedøe fyziky povrchù a plazmatu ve Skupinì kosmické fyziky. Experi-
ment vyu¾ívá takzvanou iontovou (Paulovu) past [Paul, 1990], její¾ koncept vyv-
inul Wolfgang Paul a spolu s Hans Georg Dehmeltem za ní byl v roce 1989 ocenìn
Nobelovou cenou. Iontová past byla vyvinuta koncem padesátých let minulého sto-
letí pro dlouhodobé udr¾ení iontù v prostoru, nicménì se dá úspì¹nì pou¾ít i pro
zachycení nabitých prachových zrn. Jedná se o soustavu elektrod napájenou støí-
davým napìtím, je¾ vytváøí pole s efektivním minimem v prostoru. Prùbìh poten-
ciálu v iontové pasti je znázornìn na obrázku 3.1. Støídavé napìtí zpùsobuje "otáèení"
sedlového prùbìhu potenciálu, èím¾ vzniká efektivní minimum, kde je mo¾no zachytit
nabitá zrna po velmi dlouhou dobu. Zachycení izolovaného prachového zrna pak
umo¾òuje oddìlené studium jednotlivých nabíjecích procesù.
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3.1 Experimentální uspoøádání

Obrázek 3.1: Potenciál iontové pasti.

Aparatura pou¾ívaná na Katedøe fyziky povrchù a plazmatu byla pùvodnì vyv-
inuta na univerzitì v Haidelbergu v roce 1994 [Èermák, 1994; Èermák et al., 1995] a
po pøevezení do Prahy v roce 1995 byla postupnì vylep¹ována a upravována [®ilavý
et al., 1998; Pavlù et al., 2004, 2008b; Nìmeèek et al., 2011]. Proto¾e ve zmínìných
pracích byla aparatura podrobnì popsána, omezíme se jen na základní seznámení.
Fotogra�e aparatury je na obrázku 3.2 a blokové schéma experimentu je znázornìno
na obrázku 3.3.

Paulovu past tvoøí tøi elektrody (jedna prstencová a dvì hyperbolické) napájené
støídavým napìtím v rozsahu Vac = 20 a¾ 1000 V a frekvencí fac = 0,1 ÷ 100
kHz. Mezi horní a dolní elektrodu je mo¾no navíc pøivést stejnosmìrné napìtí Vgc
slou¾ící ke kompenzaci gravitace, která vychyluje málo nabitá hmotnìj¹í zrna ze
støedu pasti. Z rovnic pro pohyb nabitého zrna v pasti vyplývá, ¾e se pohybuje jako
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trojrozmìrný harmonický oscilátor. Kmitání zrna v pasti je mo¾no tlumit pomocí
pøídavných elektrod a bìhem experimentu se nechává zrno kmitat jen v jednom
smìru oznaèovaném jako z. Mezi frekvencí kmitù v tomto smìru a mìrným nábojem
Q
m
(pomìr náboje k hmotnosti) platí následující vztah:

Obrázek 3.2: Fotogra�e aparatury pro studium interakce prachových zrn s elektrony
a ionty.

Q

m
= π2r20

2λ
facfz

V ef
ac

(3.1)

kde r0 je vnitøní polomìr støední elektrody,
fac je frekvence kvadrupólového napìtí,
fz je frekvence kmitání zrna ve smìru osy z,
V ef
ac je efektivní hodnota kvadrupólového napìtí a
λ je korekèní faktor závislý na pomìru fac ku fz.
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Obrázek 3.3: Schéma aparatury pro studium interakce prachových zrn s elektrony a
ionty.

Pokud je pomìr frekvencí dostateènì velký (fac/fz > 10), potom je korekèní
faktor λ blízký jedné a prachové zrno v pasti vykazuje vìt¹í stabilitu. Z uvedeného
vztahu je patrno, ¾e mìrný náboj lze stanovit ze znalosti napájecích charakteris-
tik kvadrupólu a frekvence kmitù v ose z. Urèení této frekvence se provádí pomocí
svìtla laserové diody, které je na zrnu rozptýleno a soustavou èoèek pøevedeno pøes
optický zesilovaè na PIN-diodu slou¾ící jako polohový detektor (PSD). Pou¾ívá se
laserová dioda o výkonu 50 mW s vlnovou délkou 632,8 nm a modulovaná frekvencí
10 kHz. Tato modulace se pou¾ívá pøi zpracování signálu k od�ltrování ¹umu pomocí
synchronní detekce. Signál, který je takto získán, se zesiluje ètyøkanálovým uzkopás-

34



movým zesilovaèem naladìným na modulaèní frekvenci 10 kHz. Pomocí øídicí jed-
notky jsou vytváøeny signályX a Z úmìrné poloze v pøíslu¹ných osách a také signál S
úmìrný celkové intenzitì svìtla dopadajícího na PIN-diodu. Poslednì zmínìný signál
nese informaci o pohybu èástice v posledním smìru Y . Pomocí èítaèe je ze signálu,
který nese informaci o poloze v ose z, urèena frekvence kmitù v tomto smìru fz a
pøevedena do øídicího poèítaèe. Ten tuto frekvenci dle vzorce 3.1 pøepoèítá na hod-
notu mìrného náboje a následnì ulo¾í do souboru. Signály X, Z a S se dále vyu¾ívají
k aktivnímu tlumení kmitù èástice v pasti.

Tímto zpùsobem jsme schopni sledovat vývoj mìrného náboje prachového zrna
v èase. Pro nabíjení a vybíjení prachových zrn je mo¾no pou¾ít elektronového a ion-
tového dìla jako zdroje monoenergetických svazkù èástic o laditelné energii a proudu.
Proud èástic je stabilizován zpìtnou vazbou na základì mìøení proudu Faradayovým
válcem. Energii elektronù je mo¾no mìnit od 0,1 do 12 keV a energii iontù v rozsahu
0,1 ÷ 10 keV. Mezi procesy, které je mo¾no aparaturou studovat, patøí zejména
sekundární elektronová emise, odpra¹ování prachových zrn a polní elektronová a
iontová emise.

Pro mìøení je obecnì mo¾no pou¾ívat prachová zrna nejrùznìj¹ího slo¾ení a tvarù,
ale pro snadnìj¹í interpretaci obdr¾ených výsledkù je vhodné pou¾ívat kulová zrna
o známých vlastnostech. Rozmìr zrn je limitován jednak mno¾stvím rozptýleného
svìtla tak, aby bylo mo¾no zachycené zrno v pasti zaznamenat a také hmotností
zrn, jeliko¾ není mo¾né v pasti udr¾et zrna s malým pomìrem q/m (málo nabitá
hmotná zrna). Pro vìt¹inu materiálù je tak mo¾no pou¾ít zrna od desetin µm a¾ do
deseti µm. Snímky typických zrn pou¾ívaných pøi experimentech poøízené skenovacím
elektronovým mikroskopem jsou znázornìna na obrázku 3.4 (a) sklo, (b) sklovitý
uhlík, (c) simulant marsovského prachu JSC-Mars-1 a (d) wolfram.

Je nutno poznamenat, ¾e v souèasnosti je na Katedøe fyziky povrchù a plazmatu
budována nová aparatura urèená pro výzkum interakce prachových zrn s nabitými
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(a) (b)

(c) (d)
Obrázek 3.4: Snímky prachových zrn pou¾ívaných pøi experimentech poøízené po-
mocí skenovacího elektronového mikroskopu (a) sklo, (b) sklovitý uhlík, (c) simulant
marsovského prachu JSC-Mars-1 a (d) wolfram.

èásticemi. Navrhovaná a postupnì budovaná aparatura vyu¾ívá lineární kvadrupól,
který je oproti pùvodnímu výraznì otevøenìj¹í a mno¾ství rozptýleného svìtla na
prachovém zrnu, které bude zachyceno soustavou èoèek tak významnì naroste. Ote-
vøenìj¹í kvadrupól také sní¾í mno¾ství sekundárních elektronù generovaných na jeho
elektrodách, co¾ zlep¹í citlivost mìøení a bude umo¾òovat mìøení na men¹ích zrnech
[Beranek et al., 2012]. Nový experiment bude vybaven také UV lampou, díky které
bude mo¾no studovat fotoemisi z prachových zrn jako¾to významný nabíjecí proces
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napøíklad v kosmickém prostoru.

3.2 Urèování charakteristik nabíjecích procesù

Bìhem experimentu je jediná mìøená hodnota aktuální velikost pomìru náboje zrna
k jeho hmotnosti nazývaná mìrný náboj Q

m
. Z èasového vývoje je mo¾no pomocí

derivace získat informaci o velikosti mìrného proudu, kterým je zrno nabíjeno èí
vybíjeno. Jeliko¾ je proces zachcení zrna v pasti èistì náhodný, není mo¾né pøedem
ovlivnit, které ze zrn padajících ze zásobníku se zachytí. Z tohoto dùvodu je vyvinuto
nìkolik metod, jak získat informace o hmotnosti a kapacitì zachyceného zrna bìhem
experimentu. Detailnìj¹í popis tìchto metod lze najít napøíklad v [Èermák, 1994].
Pro mìøení se ve velké vìt¹inì pøípadù pou¾ívají kulová zrna známého materiálu,
u kterých se ze znalosti hmotnosti, hustoty a mìrného náboje dá urèit povrchový
potenciál, polomìr zrna a intenzita elektrického pole na povrchu. U zrn nepravidel-
ných tvarù si musíme vystaèit se znalostí hmotnosti a povrchového potenciálu.

3.2.1 Urèení hmotnosti zrna metodou elementárního náboje

Tato metoda je inspirovaná Millikanovým pokusem [Millikan., 1913] a slou¾í k pøes-
nému urèení hmotnosti prachového zrna [®ilavý et al., 1998]. Pøesnost mìøení mìrného
náboje (Q

m
) je natolik velká, ¾e pro málo nabitá zrna je mo¾no zaznamenat i zmìnu

frekvence zpùsobenou zmìnou náboje o jeden jediný elektron. Pomocí elektronového
dìla je mo¾no na prachové zrno vyslat nìkolik málo elektronù. Tyto elektrony pak
zpùsobí malou, ale mìøitelnou zmìnu náboje zrna. Celkový náboj se mù¾e zvý¹it
i sní¾it záchytem elektronù a sekundární elektron elektronové emisi. Prùbìh takovéhoto
mìøení je znázornìn na obrázku 3.5. Jednotlivé skoky odpovídají zmìnì náboje zrna o
celoèíselný násobek elementárního náboje. Pøi dostateèném mno¾ství skokù jsme tak
schopni odhalit zmìnu zpùsobenou jedním elektronem a z této zmìny následnì urèit
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hmotnost zachyceného zrna. Úpravou rovnice (3.1) dostaneme vztah pro hmotnost
zrna:

Obrázek 3.5: Závislost frekvence na èase pøi urèování hmotnosti prachového zrna.

m = e · fz
Q
m
�fz , (3.2)

kde �fz je zmìna frekvence odpovídající zmìnì náboje o jeden elektron. Jedná-li se
o kulové zrno známého materiálu, jsme pak ze znalosti jeho hustoty schopni urèit
i jeho rozmìr.

3.2.2 Urèení mìrné kapacity metodou V-A charakteristiky

Dal¹ím zpùsobem jak zjistit informace o zachyceném zrnu je zmìøení závislosti vy-
bíjecího proudu tekoucího ze zrna na jeho potenciálu (takzvaná V-A charakteris-
tika) [Èermák, 1994]. Pøi tomto mìøení je prachové zrno nabito iontovým svazkem

38



na vysoký kladný potenciál (nìkolik kV). Energie iontù je následnì sní¾ena na hod-
notu ni¾¹í ne¾ je potenciál zrna. V tomto stavu nemohou ji¾ ionty dále dopadat na
zrno a jsou vychylovány na elektrody kvadrupólu, kde generují sekundární elektrony.
Dal¹í sekundární elektrony jsou generovány ionizací zbytkové atmosféry v aparatuøe.
Tyto elektrony jsou kladnì nabitým zrnem pøitahovány a zpùsobují jeho vybíjení.
V okam¾iku, kdy potenciál zrna klesne na hodnotu odpovídající energii iontového
svazku, zaènou ionty opìt dopadat na povrch zrna a rychlost jeho vybíjení se výraznì
zpomalí. Ze zlomu v mìøené charakteristice je mo¾no stanovit mìrnou kapacitu zrna,
která urèuje vztah mezi jeho mìrným nábojem a povrchovým potenciálem. Díky
tomu jsme schopni bìhem dal¹ích mìøení urèit potenciál zrna z velikosti mìrného
náboje. Na obrázku 3.6 je znázornìna závislost mìrného náboje zrna na èase (a) a
pomocí numerické derivace spoètená závislost mìrného proudu na mìrném náboji
(b) pro vý¹e popsané mìøení pøi vybíjení ze 3 keV na 1 keV. V obrázku je jasnì
vidìt zøetelný zlomem ve V-A charakteristice, pøi kterém povrchový potenciál zrna
odpovídal energii iontového svazku. V tomto pøípadì mìlo zkoumané zrno mìrnou
kapacitu 2,807 C/kg.
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(a) (b)
Obrázek 3.6: Závislost mìrného náboje zrna na èase (a) a mìrného proudu na mìrném
náboji (b) pro urèení mìrné kapacity zachyceného zrna.
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Kapitola 4

Cíle práce

V pøedchozích kapitolách byla pøedstavena komplexnost procesù spojených se vzá-
jemnou interakcí prachových zrn s plazmatem. Nìkteré aspekty tìchto procesù nejsou
je¹tì plnì docenìny, napøíklad sekundární elektronová a polní emise. V pøípadì se-
kundární emise laboratorní experimenty odhalily závislost jejího výtì¾ku na velikosti
prachových zrn [Svestka et al., 1993; Chow et al., 1994; Pavlù et al., 2007]. Vìt¹ina
experimentù probíhala na kulových zrnech známého slo¾ení, ale materiály, které se
vyskytují v kosmickém prostøedí, jsou studovány sporadicky [Horányi et al., 1998].

Také polní iontová emise byla studována ji¾ od 60-tých let minulého století,
nicménì experimentální i teoretické práce vycházely z aplikací spojených s ion-
tovými projektory (Field Ion Microscope), tudí¾ se zabývaly pøevá¾nì kovovými
hroty, pøípadnì tenkými �lmy [Gomer, 1961; Forbes, 1996, 2003]. Intenzita elek-
trického pole na hrotech a malých kulových objektech je obdobná, proto se skupina
na KFPP MFF UK zabývá touto problematikou. Pøedchozí experimenty ukázaly,
¾e polní iontovou emisi je mo¾no pozorovat na zrnech ji¾ pøi intenzitì elektrického
pole 5 · 108 V/m [Jeøáb et al., 2007; Pavlù et al., 2008a]. V posledních letech do¹lo
k výrazným úpravám experimentální aparatury, co¾ umo¾òuje udr¾et zachycená zrna
v kvadrupólové pasti pro vìt¹í mìrné náboje a tedy dosáhnout i vìt¹ího elektrického

41



pole na povrchu zrna. Toto dovoluje studium polní iontové emise do vìt¹í hloubky.
Úkolem pøedlo¾ené práce proto bylo v experimentální èásti studium vlastností

nabíjení prachových zrn ve vztahu ke kosmickým aplikacím. Vyu¾ívali jsme simulanty
prachu, který je podstatnou slo¾kou povrchu a okolí Mìsíce a Marsu. Kromì tìchto
simulantù, jejich¾ tvar obvykle není kulový, jsou pro srovnávání vyu¾ita s výhodou
data pro zrna z SiO2, proto¾e tato zrna jsou sférická a jejich nabíjecí charakteristiky
jsou dobøe prostudovány a navíc je sklo podstatnou slo¾kou obou simulantù. V tìchto
experimentech jsme se zamìøili na sekundární elektronovou emisi a na polní iontovou
emisi.

Získaná data pak bylo mo¾no pou¾ít i k teoretickému studium nabíjení zrn v plaz-
matu, kde se vyskytují "horké" elektrony. Taková prostøedí, by» s rùznými parametry
plazmatu, jsou èastá jak na Zemi, tak ve vesmíru. Av¹ak vliv sekundární elektronové
emise se obvykle v numerických modelech opomíjí, proto¾e tato emise je pova¾ována
za minoritní proces. Cílem této èásti práce bylo poukázat na tyto aspekty, konkrétnì
takto:

• Vyu¾ít experimentálních poznatkù k doplnìní stávajících modelù nabíjení pra-
chových zrn o èást zahrnující vliv sekundární elektronové emise.

• Pro pøesnìj¹í popis sekundární elektronové emise vyu¾ít nový model vyvinutý
v pøedchozích letech na na¹em pracovi¹ti a implementovat ho do stávajících
modelù popisujících dynamiku prachových zrn v plazmatu.

• Aplikovat teoretické výsledky na konkrétní plazmatická prostøedí: (1) na Mìsíc
pohybující se ve sluneèním vìtru a magnetosféøe Zemì, (2) na atmosféru Marsu
a (3) na fúzní plazma v tokamacích. Pro tyto aplikace vyu¾ít relevantní ma-
teriály.
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Kapitola 5

Experimentální studium nabíjecích

procesù

5.1 Sekundární elektronová emise

Sekundární elektronová emise (SEE) je proces který významnì ovlivòuje rovnová¾ný
potenciál prachových zrn v horkém plazmatu jaké se vyskytuje v kosmickém prostøedí
a ve fùzních zaøízení. Z tohoto dùvodu je vhodné porozumìt, jak ovlivòuje prachová
zrna z materiálù vyskytujících se v tìchto prostøedích.

Jednou z mo¾ností, jak experimentálnì studovat SEE z prachových zrn, je mìøení
rovnová¾ných hodnot náboje zachyceného zrna v závislosti na energii primárních
elektronù pomocí aparatury popsané v kapitole 3. Rovnová¾ný potenciál zrna je
pøi tomto experimentu urèen výtì¾kem SEE. Je-li tento výtì¾ek men¹í ne¾ jedna,
prachové zrno získá záporný náboj díky záchytu elektronù. Energie dopadajících
elektronù na zápornì nabité zrno se sni¾uje vlivem záporného potenciálu zrna a
nabíjecí proces pokraèuje a¾ do okam¾iku, kdy výtì¾ek SEE zbrzdìných primárních
elektronù je roven jedné. V tomto okam¾iku zrno získá rovnová¾ný náboj (potenciál).
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Je-li na zaèátku nabíjení výtì¾ek SEE vìt¹í ne¾ jedna, tak prachové zrno naopak získá
náboj kladný a primární elektrony jsou nábojem zrna urychlovány. V tomto pøípadì
v¹ak mohou zrno opustit jen ty sekundární elektrony, jejich¾ energie je vìt¹í ne¾
potenciál zrna. Tento fakt významnì limituje velikost kladného náboje jaký mohou
prachová zrna dopadem elektronu získat.

Mìøením rovnová¾ných hodnot náboje (potenciálu) prachového zrna v závislosti
na energii primárních elektronù jsme schopni stanovit, zda je výtì¾ek SEE vìt¹í èi
men¹í ne¾ jedna a jeho kvalitativní chování. Pro vý¹e popsané mìøení jsme pou¾ili
zrna, která odpovídají materiálùm vyskytujícím se v kosmickém prostøedí. Konkrétnì
se jedná o simulanty mìsíèního a marsovského prachu (MLS-1 a JSC MARS-1)
znaènì nepravidelných tvarù. Tyto vzorky byly vyrobeny umìle tak, aby co ne-
jvìrnìji odpovídaly slo¾ení a vlastnostem prachu, je¾ se nachází na povrchu Mìsíce
a Marsu. Mìsíèní simulant MLS-1 (Minnesota Lunar Simulant 1) byl vytvoøen na
univerzitì v Minnesotì a odpovídá svým slo¾ením a vlastnostmi prachu mìsíèního
moøe dovezenému misí Apollo 11. Jedná se o èediè bohatý na sklo (42 % hmoty).
Dal¹ími materiály jsou FeO 15,7 %, Al2O3 13,9 %, CaO 12 %, MgO 7,9 % a TiO2
7,5 %. Oproti simulantu JSC-1, který odpovídá prachu z mìsíèních hor, obsahuje
vìt¹í mno¾ství TiO2. Marsovský simulant JSC Mars-1 byl vytvoøený v NASA John-
son Space Center. Slo¾ením je velice podobný mìsíèním simulantùm, a to hlavnì
díky podobnì vysokému obsahu skla (43,5 % hmoty). Rozdíl je v ponìkud vìt¹ím
obsahu Al2O3 (23,3 %) a Fe2O3 (15,6 %), který dodává charekteristickou barvu.
Nepravidelný tvar zrn simulantu JSC Mars-1 je mo¾no vidìt na obrázku 3.4 (c).

Na obrázku 5.1 jsou znázornìny rovnová¾né mìrné náboje (q/m) pro nìkolik
rùznì velkých zrn odpovídajících simulantu mìsíèního prachu MLS-1 (a) a k nim
vypoètené rovnová¾né potenciály (b). Informace o hmotnosti zrn a vztahu mìrného
náboje (q/m) s potenciálem (U) byly urèeny zpùsoby popsanými v kapitole 3. Z ob-
rázku je patrno, ¾e lehèí zrna dosahují výraznì vìt¹ích mìrných nábojù, co¾ mù¾e
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významnì ovlivnit jejich chování. Rovnová¾ný potenciál pro nízké energie primárních
elektronù nezávisí na velikosti zrna, ale pro energie vìt¹í ne¾ 1 keV dosahují men¹í
zrna podstatnì vy¹¹ích potenciálù. Tento efekt se nedá vysvìtlit pomocí Stern-
glassovy teorie SEE. Vy¹¹í potenciály u malých zrn jsou dány nárùstem výtì¾ku
SEE popsaným v sekci 2.2.1 vìnované modelu SEE pro prachová zrna. Je zajímavé
si také pov¹imnout, ¾e u nejtì¾¹ího prachového zrna nedo¹lo k nárùstu potenciálu
ani pro energie primárních elektronù 10 keV. Lehké (m = 1, 77 · 10−15 kg) zrno pøi
energii primárních elektronu 10 keV bylo nabito na potenciál o dva øády vìt¹í ne¾
zrno tì¾ké (m > 100 · 10−15 kg).

(a) (b)
Obrázek 5.1: Rovnová¾né mìrné náboje (q/m) pro nìkolik rùznì velkých zrn ze
simulantu mìsíèního prachu MLS-1 (a) a k nim vypoètené rovnová¾né potenciály
(b).

Porovnání rovnová¾ných charakteristik simulantù mìsíèního a marsovského prachu
spoleènì s kulovým sklenìným zrnem známých vlastností je znázornìno na obrázku 5.2.
Závislost rovnová¾ného potenciálu na energii primárních elektronù pro v¹echny tøi
materiály vykazuje obdobné chování, co¾ je dáno podobným slo¾ením jednotlivých
vzorkù. Rovnová¾ný potenciál simulantu mìsíèního prachu MLS-1 dosahuje v max-
imu o nìco málo vìt¹í hodnoty ne¾ u simulantu JSC Mars-1 (7,5 V oproti 6 V). Tato
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hodnota odpovídá maximu pro sklenìný vzorek 7,5 V. Pro vysoké energie primárních
elektronù je nárùst rovnová¾ného potenciálu výraznìj¹í pro simulant JSC Mars-1,
u kterého navíc nejsou seøazeny jednotlivé køivky dle hmotnosti zrna jako je tomu
u vzorku MLS-1. V pøípadì JSC Mars-1 odpovídá køivka s nejvìt¹ím nárùstem po-
tenciálu zrnu s nejvìt¹í hmotností. Zde je dùle¾ité si uvìdomit, ¾e rozdíl mezi hmot-
nostmy jednotlivých zrn v pøípadì simulantu JSC Mars-1 je relativnì malý (1,4, 1,5
a 2,1 pg), a tak významnìj¹í roli pro výtì¾ek SEE ne¾ samotná hmotnost zrna má
jeho tvar.

Obrázek 5.2: Porovnání simulantu mìsíèního a marsovského prachu spoleènì se
sklenìným zrnem.

Na obrázku 5.3 jsou porovnány rovnová¾né charakteristiky simulantu JSC Mars-
1 s teoretickými závislostmi pro kulová zrna stejného slo¾ení. Efektivní prùmìr je
vypoèítán ze známé hmotnosti a hustoty zrn za pøedpokladu kulového tvaru zrn.
Z obrázku je patrno, ¾e tvar rovnová¾ných charakteristik odpovídá modelovaným
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závislostem ov¹em pro pøibli¾nì polovièní prùmìr zrna. Tomuto odpovídá i zmìøená
rovnová¾ná charakteristika sklenìného zrna o prùmìru D = 1,04 µm, která nejvíce
odpovídá zmìøené køivce simulantu JSC Mars-1 o efektivním prùmeru Def = 1,98
µm.

Obrázek 5.3: Rovnová¾né charakteristiky simulantu JSC Mars-1 a vypoètené teoret-
ické závislostmi pro kulová zrna stejného slo¾ení.

Z tìchto mìøení se dá øíci, ¾e rovnová¾né hodnoty potenciálu zrn mìsíèního a
marsovského simulantu v závislosti na energii primárních elektronu vykazují obdobné
chování jako kulatá sklenìná zrna, a to díky obdobnému slo¾ení. Pøi vy¹¹ích energiích
primárních elektronu závisí rovnová¾ný potenciál nejen na hmotnosti zrna, ale i na
jeho tvaru. Obecnì se dá øíci, ¾e se nepravidelná zrna chovají obdobnì jako kulová
zrna s men¹ím prùmìrem.

Systematické studium sekundární emise ukázala, ¾e povrchový potenciál v max-
imu SEE vykazuje závislost na atomovém èísle materiálu jak je znázornìno na ob-
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rázku 5.4. Do této závislosti zapadají i data získané ze vzorku mìsíèního a marsovského
simulantu.

Obrázek 5.4: Závislost povrchového potenciálu v maximu SEE v závislosti na støed-
ním atomovém èísle materiálu.

5.2 Polní iontová emise

Polní iontová emise je proces, pøi kterém jsou z prachového zrna vlivem silného
elektrického pole emitovány kladné ionty. Jak ji¾ bylo popsáno v kapitole 2, jedná
se o velmi komplexní proces skládající se ze tøí rùzných podprocesù (polní desorpce,
polní ionizace a polní vypaøování). Z vý¹e popsaných vlastností je zøejmé, ¾e emisní
proud nezávisí jen na intenzitì elektrického pole, materiálu prachového zrna, ale i na
slo¾ení okolní atmosféry a i samotné historii nabíjení zrna.

Experiment na Katedøe fyziky povrchu a plazmatu studium polní iontové emise
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z prachových zrn umo¾òuje. Zachycené prachové zrno je mo¾no elektronovým èi
iontovým svazkem nabít na vysoký kladný potenciál a po vypnutí svazku sledovat
samovolný pokles náboje zrna zpùsobený polní iontovou emisí. Pro studium polní
iontové emise jsme vyu¾ili kulových zrn ze skelného uhlíku. Výhoda kulových zrn
spoèívá v pøímém vztahu mezi jejich nábojem, povrchovým potenciálem a intenzi-
tou elektrického pole na povrchu. Opakované, nìkolikahodinové nabíjení ionty argonu
bylo v¾dy následováno dlouhým samovolným vybíjením v øádu desítek hodin. Závis-
lost mìrného náboje (q/m) na èase pro typické mìøení je znázornìna na obrázku 5.5.
Èasovou závislost vybíjecího proudu je mo¾no urèit pomocí èasové derivace mìrného
náboje. Ze znalosti hustoty zrna a jeho hmotnosti urèené pomocí metody popsané
v kapitole 3 je pak mo¾no urèit jeho polomìr a následnì intenzitu elektrického pole
na povrchu F . Takto je mo¾no získat závislost vybíjecího proudu j tekoucího ze zrna
v závislosti na intenzite elektrického pole F . Pøíklady takovýchto vybíjecích charak-
teristiky pro dvì zrna s polomìry 2,08 µm a 1,64 µm jsou znázornìny na obrázku 5.6
a 5.7. Z tìchto obrázku je patrno, ¾e polní emise nastává pøi intenzitì elektrického
pole vìt¹í ne¾ 109 V/m, co¾ je ve schodì s pøede¹lými experimenty [Èermák et al.,
1995; Sternovsky et al., 2001].

Mìøení také ukázala, ¾e první vybíjecí charakteristika ka¾dého zrna se výraznì li¹í
od tìch následujících jak je znázornìno na obrázku 5.6 (první a ¹esté vybíjení). Toto je
zpùsobeno pøítomností neèistot na povrchu zrna pøed prvním bombardováním ionty.
Efekt èi¹tení byl pozorován i v pøedchozích experimentech [Jeøáb et al., 2007]. Doba
potøebná k oèi¹tení zrna (dosa¾ení rovnová¾ného stavu) závisí na relativní energii
iontù a také na jejich druhu. Mìøení ukázala, ¾e vybíjecí charakteristika dosáhne
rovnová¾ného stavu po nìkolika minutách bombardování argonovými ionty o energii
5 keV (400 eV relativní energie).

Z obrázku 5.7 je vidìt, ¾e rovnová¾ná vybíjecí charakteristika se po èase mù¾e
zmìnit. Tento efekt mù¾e být zapøíèinìn modi�kací struktury povrchu iontovým
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Obrázek 5.5: Závislost mìrného náboje (q/m) na èase pro typické mìøení polní ion-
tové emise.

bombardováním. Pro hlub¹í porozumìní tomuto efektu je v¹ak tøeba je¹tì dal¹í sys-
tematické studium.

Z vybíjecích charakteristiky znázornìných na obrázcích 5.6 a 5.7 je patrno, ¾e
vybíjecí proud klesá s odli¹nými sklony pro rùzné rozsahy intenzity elektrického pole.
Je tedy mo¾né, ¾e se na vybíjení podílí více procesù souèasnì. Z tohoto dùvodu jsme
vytvoøili jednoduchý model pro ovìøení této teorie, ve kterém jsme pøedpokládali
dva rùzné procesy.

1. Polní ionizace zbytkové atmosféry, která pùsobí bìhem celého vybíjení a domin-
uje kdy¾ zaèíná být vliv druhého procesu zanedbatelný.

2. Difuze a následná polní desorpce implantovaných argonových iontù, která
pøevládá v poèátcích vybíjení. Pøedpokládáme, ¾e mno¾ství desorbovaných iontù
ze zrna klesá exponenciálnì v èase.
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Obrázek 5.6: Vybíjecí charakteristiky pro uhlíkové zrno o polomìru 2,08 µm.

První slo¾ka vybíjecího proudu, Jion závisí exponenciálnì na intenzitì elektrického
pole na povrchu F jako

jion = ae
F
b , (5.1)

kde konstanta a je dána mno¾stvím (tlakem ve vakuové komoøe) a druhem okol-
ních atomù a b kombinací parametrù neutrálních atomù (ionizaèní energie a polari-
zovatelnost) a výstupní prací materiálu zrna. Jeliko¾ implantované ionty mohou být
obecnì odli¹né od tìch v okolní atmosféøe, mù¾e se tento parametr li¹it pro polní
ionizaci a polní desorpci. Pro zjednodu¹ení v¹ak v na¹em modelu pou¾íváme stejné
hodnoty pro oba procesy.

Druhá slo¾ka vybíjecího proudu závisí na èase od ukonèení iontového bombar-
dování a na intenzitì elektrického pole jako
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Obrázek 5.7: Vybíjecí charakteristiky pro uhlíkové zrno o polomìru 1,64 µm.

jdif = ce
F
b e

−t
d , (5.2)

kde d je èasová konstanta difuze a následné desorpce implantovaných iontu ze zrna
a c je úmìrné toku neutrálních atomù ze zrna v okam¾iku vypnutí iontového svazku
(t = 0). Souèet proudù 5.1 a 5.2 pøedstavuje teoretický vybíjecí proud sestávající se
z polní ionizace a polní desorpce, daný vztahem 5.3. Tento proud odpovídá velmi
dobøe experimentálním datùm z obrázku 5.8.

jsum = (a+ ce
−t
d )eF

b . (5.3)
Slo¾ka v závorce závisí na toku neutrálních atomù ze zrna a na tlaku zbytkové

atmosféry. V obrázku 5.9 je tato slo¾ka porovnána z èasovou závislostí vybíjecího
proudu j dìleného faktorem e(F/b). Z obrázku je patrno, ¾e závislost toku neutrálního
plynu z povrchu zrna odpovídá exponenciánímu poklesu s èasovou konstantou d

52



Obrázek 5.8: Porovnání vybíjecí charakteristiky pro uhlíkové zrno s teoretickými
závislostmi.

= 0,54 h. To potvrzuje ná¹ pùvodní pøedpoklad, ¾e je vybíjení zpùsobeno nejen
polní ionizací okolní atmosféry, ale i ionizací desorbujících atomù z povrchu zrna
implantovaných bìhem nabíjení [Jeøáb et al., 2010; Vaverka et al., 2012].

Difuzi a následnou desorpci argonových iontu studoval také Beranek et al. [2010].
Èasová konstanta desorpce iontù z èasového vývoje hmotnosti zrna po iontovém bom-
bardování byla v tomto experimentu urèena jako d = 7.21 h. V tomto pøípadì bylo
prachové zrno bombardováno ionty o relativní energii 7 keV zatímco v na¹em pøí-
padì byla relativní energie iontù men¹í ne¾ 0,5 keV. Pøedpokládáme, ¾e difuze iontù
ze zrna závisí na hloubce jejich implantace. Jeøáb et al. [2010] ukázal, ¾e maximum
implantovaných iontu se nachází 2 nm pod povrchem zrna pro relativní energii iontù
450 eV a 10 nm pro 7 keV, co¾ vysvìtlují men¹í èasovou konstantu v experimentu.

Pro ovìøení pøedpokladu, ¾e velikost vybíjecího proudu pøi polní iontové emisi
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Obrázek 5.9: Závislost mno¾ství desorbovaného plynu na èase.

závisí na tlaku okolní atmosféry jsme realizovali experiment, pøi kterém jsme stejné
prachové zrno nechali vybíjet ze stejného potenciálu (stejná intenzita elektrického
pole na povrchu) za rùzných tlakù. Bì¾ný provozní tlak v aparatuøe, který èiní 10−8
Torr jsme zvý¹ili pøipu¹tením CO2 na 10−7 Torr a 10−6 Torr. Z obrázku 5.10 je vidìt,
¾e s rostoucím tlakem vzrostl vybíjecí proud, ale charakteristický prùbìh závislosti
tohoto proudu na intenzitì elektrického pole se nezmìnil. Toto odpovídá pøedstavì,
¾e s rostoucím tlakem v okolní atmosféøe roste koe�cient a pou¾itý ve vzorcích 5.1
a 5.3. Nelinearita v nárùstu vybíjecího proudu mezi prvním a druhým zvý¹ením tlaku
je dána nepøesností v mìøení tlaku bìhem experimentu. Je nutno poznamenat, ¾e
prachové zrno se nachází uprostøed relativnì uzavøené iontové pasti, a proto nárùst
tlaku ve vakuové komoøe nemusí pøesnì odpovídat nárùstu tlaku uvnitø pasti.
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Obrázek 5.10: Vybíjecí charakteristiky pro rùzné tlaky zbytkové atmosféry.
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Kapitola 6

Model nabíjení prachových zrn v

plazmatu

Modelù pro nabíjení prachových zrn v plazmatu existuje velké mno¾ství. Nìkteré
se zabývají nabíjením prachu ve vesmíru [Horányi, 1996; Whipple, 1981; Meyer-
Vernet, 1982], jiné ve fúzních zaøízení. Této problematice se vìnují komplexní 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 nezabývají pouze nabí-
jením prachových zrn, ale rovnì¾ jejich transportem, zahøíváním a zánikem. ®ádný
z vý¹e uvedených modelù v¹ak nebývá pou¾íván pro prostøedí s teplotou elektronù
vìt¹í ne¾ 100 eV. V¹echny tyto modely pøi výpoètu proudu sekundárních elektronù
vycházejí ze Sternglassova [Sternglass, 1957] modelu pro výtì¾ek pravých sekundár-
ních elektronù, který byl vytvoøen pro velké rovinné vzorky. Jak bylo popsáno ve
druhé kapitole, model nezahrnuje rozptyl primárních elektronù a ani neuva¾uje vliv
koneèné velikosti prachových zrn. V pøedchozí kapitole bylo experimentálnì ukázáno,
¾e model z vý¹e popsaných dùvodù není vhodný pro popis nabíjení prachových zrn
v horkém plazmatu, kde hraje významnou roli rozmìr zrn a rozptyl primárních elek-
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tronù.
Z tohoto dùvodu jsme vyvinuli vlastní model nabíjení prachových zrn v plazmatu,

který principiálnì navazuje na modely pøede¹lé, ale je roz¹íøen o nový zpùsob výpoètu
proudu sekundárních elektronù, který odstraòuje nevýhody Sternglassova pøístupu.
Jak uká¾eme nový model lépe popisuje nabíjení prachových zrn v prostøedí, kde SEE
hraje významnou roli.

Model je vytvoøen pro kulová prachová zrna, u kterých existuje pøímý vztah mezi
jejich nábojem, povrchovým potenciálem a intenzitou elektrického pole na povrchu.
Dal¹í výhodou pou¾ití kulových zrn je jednoduchá geometrie, která vede k snad-
nìj¹ím výpoètùm jednotlivých nabíjecích proudù. Pro zjednodu¹ení bylo poèítáno
s Maxwellovským rozdìlením rychlostí elektronù a iontù v plazmatu popsaných po-
mocí jejich teplot Te a Ti. Pro výpoèet proudù primárních èástic, termoemisního-
proudu, fotoproudu a proudu zpùsobeného polní elektronovou emisí je tedy mo¾no
vyu¾ít vzorcù uvedených v kapitole 2. Maxwellovo rozdìlení bylo pou¾ito rovnì¾ pro
energetické rozdìlení pravých sekundárních elektronù, fotoelektronù a termoelek-
tronù opou¹tìjících povrch. Pro výpoèet sekundárního elektronového proudu model
jednak vyu¾ívá vzorec odvozený v kapitole 2 ze Sternglassova modelu pro výtì¾ek
pravé sekundární elektronové emise, který je nezávislý na velikosti zrn (dále oz-
naèován jako S model). Tento zpùsob výpoètu proudu sekundárních elektronù vyu¾í-
vají ostatní modely [Horányi, 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 nabíjení pra-
chových zrn v plazmatu. Nový zpùsob vyu¾ívá výtì¾kù sekundární elektronové emise
vypoètených pomocí modelu Richterová et al. [2010], který uva¾uje geometrii zrn a
rozptyl primárních elektronù (dále oznaèován jako R model). Tento model je popsán
v sekci 2.2.1. Tyto dva odli¹né pøístupy je tak mo¾no porovnat a kvanti�kovat rozdíl
zpùsobený vlivem velikosti zrn a zanedbáním rozptylu primárních elektronù.
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Rozsah platnosti modelu je dán platností pou¾itých vztahù pro výpoèet jed-
notlivých nabíjecích proudù popsaných v kapitole 2. Vztah pro záchyt primárních
èástic 2.2 je odvozen pro prostøedí, ve kterém je mo¾no zanedbat vzájemné srá¾ky
nabitých èástic (polomìr zrna je mnohem men¹í ne¾ Debyeova stínící délka, která
je zároveò mnohem men¹í ne¾ støední volná dráha èástic v plazmatu). Je nutno
pøipomenout, ¾e tento vztah je pou¾íván i pøi výpoètu proudu sekundárních elek-
tronù, a tak tato podmínka limituje platnost celého modelu. Díky malým rozmìrùm
prachových zrn je aproximaci mo¾no pou¾ít od øídkého plazmatu v kosmickém pros-
toru a¾ po husté plazma ve fúzních zaøízení. Jak je uvedeno v sekci 2.2, platnost S
modelu je omezena pouze na vodivé vzorky a maximální energie primárních elek-
tronù je limitována ètyønásobkem energie v maximu výtì¾ku SEE (tento model je
v¹ak hojnì pou¾íván i pro nevodivé vzorky a vysoké energie primárních elektronù).
Na druhé stranì je mo¾no pou¾ít R model pro energie primárních elektronù vìt¹ích
ne¾ 10 eV jak pro vodivé, tak i nevodivé materiály. Vzhledem k tomu, ¾e je pøi
výpoètu proudu SEE pou¾ito Maxwellovo rozdìlení energií, je teplota elektronù lim-
itována kolem 100 eV, pøi které je mno¾ství primárních elektronù s energií men¹í
ne¾ 10 eV zanedbatelné. R model obecnì umo¾òuje pou¾ití i jiných tvarù zrn ne¾
kulových [Richterová et al., 2012], ale pro zjednodu¹ení ostatních výpoètù vycházíme
pouze ze sférické geometrie. Nejmen¹í velikost prachových zrn je pøi pou¾ití R mod-
elu limitována desítkami nanometrù. Model tak popisuje nabíjení prachových zrn
pro ¹iroký rozsah jejich velikostí.

Vstupními parametry modelu jsou jednak vlastnosti prachového zrna jako je ve-
likost, výstupní práce, energie sekundárních elektronu, hodnoty Em a δm (pro pøípad
výpoètu SEE pomocí S modelu) a nebo sada vypoètených energetických závislostí
výtì¾kù pravých sekundárních elektronu a rozptýlených elektronu pro konkrétní ve-
likost a slo¾ení prachového zrna (v pøípadì pou¾ití R modelu). Dal¹í vstupní parame-
try jsou pak koncentrace elektronù a iontù a jejich teploty popøípadì teplota pra-
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chového zrna pøi zapoèítání termoemise a teplota fotoelektronù v pøípadì uva¾ování
fotoemise.

Z vý¹e popsaných vztahù a parametrù je mo¾no vypoèítat jednotlivé nabíjecí
proudy pro konkrétní plazmatické prostøedí a prachové zrno v závislosti na potenciálu
zrna. Model standardnì prochází potenciál zrna od -20 do 20 V s krokem 1 V.
Proud sekundární emise je poèítán souèasnì pomocí obou zpùsobù uvedených vý¹e.
V dal¹ím kroku jsou dle vzorce 2.1 seèteny proudy, které se v konkrétním pøípadì
podílejí na nabíjení zrna a dostaneme tak závislost celkového nabíjecího proudu na
potenciálu zrna v daném prostøedí.

Nabíjecí procesy se nachází v rovnováze v pøípadì, kdy je celkový nabíjecí proud
roven nule. V tomto okam¾iku je zrno nabito na rovnová¾ný plovoucí potenciál. Ze
závislosti celkového nabíjecího proudu na povrchovém potenciálu je následnì urèen
potenciál, který odpovídá nulovému nabíjecímu proudu. Výsledkem jsou dva rùzné
rovnová¾né potenciály vypoètené pomocí R a S modelu.

Prachová zrna se ov¹em v plazmatu mohou nabít na mnohem ni¾¹í záporný poten-
ciál ne¾ je -20 V, který tvoøí limit vý¹e popsaného zpùsobu výpoètu. Tuto hranici je
mo¾né samozøejmì jednoduchou modi�kací roz¹íøit, ale pro pøípad horkého plazmatu,
kde mohou prachová zrna získat velmi vysoké záporné potenciály, je lep¹í kvùli èasové
nároènosti výpoètu zvolit snadnìj¹í zpùsob ne¾ je prosté roz¹iøování mezí, ve kterých
se rovnová¾ný potenciál hledá. Jednou z mo¾ností je sledovat vývoj náboje (poten-
ciálu) zrna v èase. V tomto pøípadì není pøi výpoètu v jednotlivých krocích mìnìn
potenciál zrna o konstantní hodnotu, ale mìní se dle výsledného proudu vypoèteného
v kroce pøede¹lém. Rovnová¾ný potenciál je pak stanoven jako koneèná hodnota na
jaké se potenciál zrna ustálí. Tento zpusob výpoètu umo¾òuje sledování potenciálu
a jednotlivých nabíjecích proudu v èase i v prùbìhu zmìn prostøedí (teplota elek-
tronù èi iontù, koncentrace nabitých èástic, èi pøechod z osvìtleného do neosvìtleného
prostøedí, kde není fotoemise) a dovoluje tak urèit dobu za jakou se rovnová¾ný po-
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tenciál ustálí.

60



Kapitola 7

Aplikace modelu v plazmatu

zemské magnetosféry

Vý¹e popsaný model nabíjení prachových zrn v plazmatu je mo¾no aplikovat na prach
nacházející se v kosmickém prostøedí v blízkém okolí Zemì a urèit jeho rovnová¾ný po-
tenciál, co¾ je obsahem této kapitoly. V úvodní kapitole bylo uvedeno, ¾e prach vysky-
tující se v hojném mno¾ství na povrchu Mìsíce je bìhem jeho obìhu kolem Zemì vys-
taven pùsobení sluneèního vìtru, UV záøení Slunce a v dobì, kdy se Mìsíc nachází ve
chvostu zemské magnetosféry, také energetickým elektronùm a iontùm pocházejícím
z plazmové vrstvy. Pro výpoèet jsme zvolili sklenìná zrna, které se z hlediska sekun-
dární elektronové emise chovají velmi podobnì jako ta, nacházející se na povrchu
Mìsíce (viz kapitola 5), a pro které také existuje velké mno¾ství laboratorních dat.
Závislosti výtì¾ku pravých sekundárních elektronù δ a rozptýlených primárních elek-
tronù η na energii primárních elektronù pro nìkolik velikostí sklenìných zrn pou¾itých
pøi výpoètu rovnová¾ného potenciálu pomocí R modelu SEE jsou znázornìny na
obrázcích 2.2 a 2.3. Výtì¾ek pravých sekundárních elektronù je porovnán rovnì¾
s daty získanými pomocí Sternglassova vztahu 2.10 (S model) pro hodnoty δM =
3,36 a EM = 350 eV. Jako modelové prostøedí jsme zvolili plazma chvostu zemské
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magnetosféry, ve kterém se Mìsíc nachází po nìkolik dní bìhem ka¾dého obìhu kolem
Zemì, a ve kterém mù¾e teplota plazmatu dosahovat a¾ 2 keV. Pro zjednodu¹ení jsme
poèítali se stejnou koncentrací elektronù a iontù (ne = ni = n = 0,1 cm−3) a brali
jsme v úvahu jak pøítomnost UV záøení Slunce, tak i pøípad, kdy se prachová zrna
nachází na noèní stranì Mìsíce a UV záøení na nì nedopadá. Pro teplotu sekundár-
ních elektronù a fotoelektronù jsme pøi výpoètu pou¾ili hodnotu 3 eV, podrobnì bude
vliv teploty sekundárních elektronù na rovnová¾ný potenciál zrna rozebrán ní¾e.

Jednotlivé nabíjecí proudy pro sférické sklenìné zrno o polomìru r = 1 µm pro
plazma odpovídající chvostu zemské magnetosféry se stejnou teplotou elektronù a
iontù (Te = Ti = 1 keV, co¾ je jistá aproximace) v závislosti na povrchovém po-
tenciálu zrna U jsou znázornìny na obrázku 7.1 (a). Z obrázku je jasnì patrno, ¾e
pro pøípad zápornì nabitého zrna je proud elektronù ze zrna zpùsobený fotoemisí
Jpho konstantní, jeliko¾ v¹echny tyto elektrony mohou povrch zrna opustit. Zmìní-li
se potenciál zrna ze záporného na kladný, tak zaène mno¾ství elektronù, které zrno
opustí, znaènì klesat, proto¾e povrch zrna mohou opustit pouze elektrony, které mají
energii vìt¹í ne¾ je velikost potenciálu. Dále je vidìt, ¾e poèet zachycených iontù Ji je
neporovnatelnì men¹í ne¾ poèet zachycených elektronù Je, proto¾e rychlost lehèích
elektronù je vy¹¹í, proto iontový proud hraje pouze minoritní úlohu pøi nabíjení
prachového zrna.

Pro výpoèet proudu sekundárních elektronù byly pou¾ity oba modely Jsec(S),
Jsec(R). Z obrázku 7.1 (a) je vidìt, ¾e pøi pou¾ití R modelu je proud sekundárních
elektronù vìt¹í ne¾ v pøípadì S modelu, a to díky vìt¹ímu výtì¾ku SEE (viz kapitola
5).

Celkové nabíjecí proudy v závislosti na povrchovém potenciálu zrna vypoètené
z obou modelù (indexy R a S) pro pøípady, kdy bylo zrno osvìtleno UV záøením
Slunce (index UV ) a nebo se nacházelo ve stínu (bez indexu) jsou znázornìny na
obrázku 7.1 (b). Rovnová¾ný potenciál se na zrnu ustanoví v okam¾iku, kdy je celkový
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(a) (b)
Obrázek 7.1: Jednotlivé nabíjecí proudy pro sférické sklenìné zrno o polomìru r

= 1 µm pro plazma odpovídající chvostu zemské magnetosféry se stejnou teplotou
elektronù a iontù (Te = Ti = 1 keV) v závislosti na povrchovém potenciálu zrna (a).
Celkový nabíjecí proud získaný s pou¾itím R a S modelu SEE (indexy R a S) a pro
pøípady, kdy bylo zrno osvìtleno UV záøením Slunce (index UV ) a nebo se nacházelo
ve stínu (bez indexu) (b).

proud roven nule. Je tedy patrné, ¾e pøi tìchto podmínkách se prachové zrno nabije
na kladný potenciál nezávisle na pou¾itém modelu SEE a na tom, zda bylo osvìtleno
UV záøením. V pøípadì pou¾ití R modelu v¹ak bude výsledný rovnová¾ný potenciál
vy¹¹í, a to jak pro pøípad s UV záøením, tak i pro pøípad, kdy se zrno nacházelo ve
stínu. Je také zøejmé, ¾e zrno osvìtlené UV záøením se nabije vlivem fotoemise na
vy¹¹í kladný potenciál, co¾ jsme oèekávali [Horányi, 1996].

Takto urèené rovnová¾né potenciály v závislosti na teplotì plazmatu pro sférická
sklenìná zrna rùzných polomìrù s pou¾itím Rmodelu jsou znázornìny na obrázku 7.2,
opìt pro osvìtlené (a) a neosvìtlené (b) zrna. Bylo zvoleno ¹iroké rozmezí teplot plaz-
matu, jeliko¾ se jedná o parametr, který silnì ovlivòuje rovnová¾ný potenciál zrn. Pro
porovnání je uveden i potenciál vypoètený s pou¾itím S modelu, který na velikosti
zrna nezávisí (teèkovaná køivka).

63



(a) (b)
Obrázek 7.2: Rovnová¾né potenciály v závislosti na teplotì plazmatu pro sférická
sklenìná zrna rùzných polomìrù v podmínkách odpovídajících magnetosféøe: s UV
záøením Slunce (a), bez UV záøení (b).

Z obrázkù je vidìt, ¾e rovnová¾ný potenciál nezanedbatelnì závisí na velikosti
prachových zrn pro plazma s teplotou vìt¹í ne¾ 1 keV. Pøi tìchto energií ji¾ hraje
významnou roli rozptyl primárních elektronù, je¾ mohou pronikat malými zrny. Men¹í
zrna tak pro vysoké teploty plazmatu nabývají vìt¹í kladný potenciál ne¾ zrna vìt¹í.
Uplatòuje-li se fotoemise (obrázek 7.2 (a)), jsou v¹echna zrna nabita na kladný poten-
ciál bez ohledu na jejich velikost a teplotu plazmatu. Pro zrna vìt¹í ne¾ 5 mikrometrù
je útlumová dráha primárních elektronù men¹í ne¾ rozmìr zrn, a tak rovnová¾ný po-
tenciál ji¾ nezávisí na jejich velikosti.

Prachová zrna jsou rovnì¾ nabita kladnì i bez pùsobení fotoemise (obrázek 7.2
(b)), a to díky sekundární elektronové emisi. Výjimkou tvoøí zrna vìt¹í ne¾ 5 mi-
krometrù, pro nì výtì¾ek SEE v oboru vysokých teplot klesá pod jednièku, co¾
vede k vysokému zápornému potenciálu. V tomto pøípadì velikost zrn neovlivòuje
pouze velikost kladného potenciálu, ale i jeho znaménko. Pøi pou¾ití S modelu se
prachová zrna nabijí na vysoký záporný potenciál ji¾ pro teploty plazmatu vìt¹í ne¾
1,5 keV. Pou¾ití R modelu tak pro plazma chvostu zemské magnetosféry o teplotách
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vìt¹ích ne¾ 1,5 keV bez pøítomnosti UV záøení dává zcela odli¹né výsledky ne¾ S
model [Vaverka et al., 2012, 2013a]. V pøedchozí kapitole bylo uvedeno, ¾e R model
popisuje lépe interakci energetických elektronù a prachovými zrny, a tak výsledky
obdr¾ené pomocí tohoto modelu jsou v tìchto podmínkách pøesnìj¹í.

Mìsíc v¹ak bìhem obìhu kolem Zemì stráví vìt¹inu èasu ve sluneèním vìtru, kde
se teploty iontù a elektronù pohybují kolem 10 eV. Takto nízké energie jsou ji¾ za
hranicemi platnosti na¹eho modelu, ale dá se pøedpokládat, ¾e zrna osvìtlena UV
záøením Slunce budou nabita na malé kladné potenciály bez ohledu na jejich velikost.
Zrna nacházející se na noèní stranì Mìsíce budou naopak nabita na nízké záporné
potenciály, proto¾e výtì¾ek SEE v oboru nízkých energií je ni¾¹í ne¾ jedna a nezávisí
na velikosti zrn.

7.1 Vliv energetického rozdìlení plazmatu

Celý výpoèet rovnová¾ného potenciálu prachových zrn je zalo¾en na pøedpokladu, ¾e
plazma má Maxwellovo rozdìlení energií elektronù a iontù. V kosmickém prostoru
se v¹ak velmi èasto vyskytuje plazma spí¹e s kappa rozdìlením energií [Pierrard
and Lazar, 2010], u kterého je vìt¹í podíl energetických èástic. Pro zji¹tìní vlivu
pøítomnosti vìt¹ího mno¾ství energetických elektronù jsme upravili model tak, aby
zahrnoval dvì rùzná Maxwellova rozdìlení o odli¹né teplotì a koncentraci. Druhé
Maxwellovo rozdìlení, které simuluje pøítomnost energetických èástic, má desetkrát
vy¹¹í teplotu ne¾ pùvodní. Koncentraci horkých elektronù jsme zapoèetli jako 1 % a 5
% z celkové koncentrace. Závislost rovnová¾ného potenciálu pro zrno o polomìru r =
1 µm v prostøedí odpovídajícímu chvostu magnetosféry bez UV záøení Slunce v závis-
losti na teplotì plazmatu porovnané s prostøedím s výskytem vìt¹ího mno¾ství ener-
getických elektronù je znázornìno na obrázku 7.3. Z obrázku je vidìt, ¾e pøítomnost
energetických elektronù o desetinásobné teplotì do 5 % z jejich celkového mno¾ství,
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má na celkový rovnová¾ný potenciál jen napatrný vliv. Díky tomu je mo¾no pou¾ít
Maxwellova rozdìlení pro výpoèet rovnová¾ných potenciálù i pro prostøedí, která
obsahují nízké mno¾ství energetických elektronù.

Obrázek 7.3: Závislost rovnová¾ného potenciálu pro zrno o polomìru r = 1 µm
v prostøedí odpovídajícímu chvostu zemské magnetosféry bez pøítomnosti UV záøení
Slunce v závislosti na teplotì plazmatu porovnané s prostøedím s výskytem vìt¹ího
mno¾ství energetických elektronù.

7.2 Vliv energetického rozdìlení sekundárních elek-
tronù

Dal¹í pøedpoklad, který jsme do výpoètu zanesli, je energetické rozdìlení sekun-
dárních elektronù a fotoelktronù. Tyto elektrony mohou opustit kladnì nabité zrno
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pouze pokud je jejich energie vìt¹í ne¾ povrchový potenciál zrna. Zvý¹ením energie
sekundárních elektronù èi fotoelektronù tak mù¾eme zvý¹it celkový rovnová¾ný po-
tenciál. Je nutno poznamenat, ¾e pro zápornì nabitá zrna nemá energetické rozdìlení
sekundárních elektronù a fotoelektronù na výsledný potenciál ¾ádný vliv. Pro zji¹tìní
vlivu teploty sekundárních elektronù a fotoelektronù na rovnová¾ný potenciál jsme
provedli výpoèet pro rùzné teploty sekundárních elektronù a fotoelektronù (TS =
Tpho = 1, 2,5, 3 a 5 eV). Na obrázku 7.4 jsou znázornìny rovnová¾né potenciály pro
zrno o polomìru r = 1 µm v prostøedí odpovídající chvostu zemské magnetosféry pro
rùzné teploty sekundárních elektronù s pøítomností fotoemise (a) a pro pøípad stínu
(b). V pøípadì extrémnì nízké teploty sekundárních elektronù (TS = 1 eV) dosahuje
maximální potenciál pouze nìkolika eV, zatímco v pøípadì vysoké teploty (TS = 5
eV) se mù¾e rovnová¾ný potenciál významnì zvý¹it. Pro pøípad realistických hod-
not teploty sekundárních elektronù (TS = 2,5 a 3 eV) je v¹ak rozdíl rovnová¾ných
potenciálu relativnì malý (∼ 2 V).

(a) (b)
Obrázek 7.4: Rovnová¾né potenciály pro zrno o polomìru r = 1 µm v prostøedí
odpovídající chvostu zemské magnetosféry pro rùzné teploty sekundárních elektronù
s pøítomností fotoemise (a) a pro pøípad stínu (b).
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7.3 Èasový vývoj potenciálu prachových zrn

Pomocí modelu je rovnì¾ mo¾no sledovat èasový prùbìh jednotlivých proudù a po-
tenciálu pøi nabíjení, který nám umo¾òuje jednak urèit dobu potøebnou k ustálení
rovnová¾ného potenciálu, a jednak najít z nabíjecích proudù ty, které mají v konkrét-
ním pøípadì dominantní úlohu. Jako pøíklad jsme zvolili nenabité zrno o polomìru 5
mikrometrù v plazmatu odpovídajícímu chvostu zemské magnetosféry bez UV záøení
s teplotou 8 keV. Pøi tìchto podmínkách dosahuje rovnová¾ný potenciál vysokých
záporných hodnot. Po ustavení rovnová¾ného potenciálu jsme skokovì sní¾ili teplotu
plazmatu na 2 keV, pøi které je naopak rovnová¾ný potenciál zrna kladný (obrázek 7.2
(b)). Na obrázku 7.5 (a) je je znázornìn èasový vývoj jednotlivých nabíjecích proudù
a obrázek 7.5 (c) pak znázoròuje èasovou závislost potenciálu. Obrázky (b) a (d)
jsou detaily vý¹e popsaných obrázkù zamìøené na zmìnu parametrù plazmatu. Z ob-
rázku je vidìt, ¾e ustálení rovnová¾ného potenciálu pøi teplotì 8 keV trvá z dùsledku
nízké koncentrace nabitých èástic pøibli¾nì 50 dní. Proudy sekundárních elektronù
Jsec a primárních elektronù Je dosahují sice hodnot stovek elektronù za sekundu, ale
celkový nabíjecí proud J je v øádu desítek a¾ jednotek elektronù za sekundu. Celkový
náboj zrna v takovém prostøedí, tak silnì ovlivòuje i doba, po jakou se zrno v tomto
prostøedí nachází. Zrno nemusí pøi èasté zmìnì prostøedí vùbec rovnová¾ného po-
tenciálu dosáhnout. Pøi následném sní¾ení teploty plazmatu na 2 keV se zrno zaène
vybíjet a potenciál dosáhne rovnová¾né hodnoty pøibli¾nì za 15 dní. Z obrázku 7.5
(d) je vidìt, ¾e vybíjení probíhá výraznì rychleji pøi nízkém záporném potenciálu. Z
-500 eV se zrno na nulový potenciál vybije po 12 hodinách a z -100 eV je k vybití
na nulový potenciál potøeba ji¾ jen jedné hodiny.

Na obrázku 7.6 jsou znázornìny detaily podobného nabíjení pro pøechod plazmatu
z teploty 8 keV na 3 keV (a) a (c) a pro pøípad zachování teploty plazmatu na 8 keV
a pøidání fotoemise v dùsledku osvìtlení zrna UV záøením Slunce (b) a (d). V obou
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tìchto pøípadech dojde k vybití zrna z vysokého záporného potenciálu podstatnì
rychleji ne¾ v pøípadì prvním. Pro plazma o teplotì 3 keV se zrno vybije na nulový
potenciál za 5 dní, z -500 V v¹ak ji¾ pouze za 5 hodin a z -100 V za hodinu. Pro pøípad
pøidání fotoemise zpùsobené sluneèním záøením se zrno na nulový potenciál vybije
za necelé 4 hodiny, z -500 V dokonce za pouhých 15 minut a z -100 V jen bìhem 3
minut, a to díky vysokému proudu fotoelektronù, který dosahuje 2000 elektronù za
sekundu (obrázek 7.6 (b)).

(a) (b)

(c) (d)
Obrázek 7.5: Èasový vývoj jednotlivých nabíjecích proudù (a), (b) a potenciálu (c),
(d) nenabitého zrna o polomìru 5 mikrometrù v plazmatu odpovídajícímu chvostu
zemské magnetosféry s teplotou 8 keV bez pøítomnosti UV záøení Slunce se zmìnou
teploty plazmatu na 2 keV.
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(a) (b)

(c) (d)
Obrázek 7.6: Èasový vývoj jednotlivých nabíjecích proudù a potenciálu zrna o
polomìru 5 mikrometrù pøi zmìnì teploty plazmatu odpovídajícímu chvostu zemské
magnetosféry z 8 keV na 3 keV (a), (c) a pøi pøechodu s neosvìtleného prostøedí UV
záøením Slunce na prostøedí osvìtlené pøi konstantní teplotì plazmatu 8 keV (b),
(c).

7.4 Vícenásobné rovnová¾né potenciály

Pøedchozí studie ukázaly, ¾e existuje také teoretická mo¾nost, kdy existuje více rov-
nová¾ných potenciálù [Meyer-Vernet, 1982; Horányi, 1996]. Závislost celkového nabí-
jecího proudu na potenciálu zrna má pøi tìchto podmínkách více koøenù. Dvì stejná
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prachová zrna by ve stejném prostøedí mohla mít odli¹ný náboj díky odli¹né historii
nabíjení, a to vèetnì polarity. Touto problematikou se podrobnì zabývá práce Meyer-
Vernet [1982], která zkoumá podmínky, pøi kterých existuje více rovnová¾ných poten-
ciálù. Jeliko¾ hlavní nabíjecí procesy jsou záchyt primárních elektronù a sekundární
elektronová emise, tak dùle¾ité parametry pro existenci vícenásobných koøenù jsou
teplota elektronù Te, teplota sekundárních elektronù Ts a parametry Em a δm pou¾í-
vané pøi výpoètu proudu sekundárních elektronù v S modelu. Pøevzatý obrázek 7.7
z Meyer-Vernet [1982] znázoròuje mapu tìchto parametrù, pøi kterých existuje víc
rovnová¾ných potenciálù v Maxwellovském plazmatu pro Em/kTs = 120. Z této
studie je vidìt, ¾e vícenásobné rovnová¾né potenciály teoreticky existují pro ma-
teriály s velmi vysokým výtì¾kem SEE δm v plazmatu s nízkou teplotou elektronù
(Te ∼ 1 eV). Pro tyto hypotetické podmínky jsme pou¾ili ná¹ model s pou¾itím S
modelu pro výtì¾ek SEE a ovìøili existenci vícenásobných rovnová¾ných potenciálù.
Závislost jednotlivých nabíjecích proudù a celkového proudu na potenciálu zrna pro
pøípad koncentrace elektronù a iontù n =10−6 m−3, teploty plazmatu T = 1 eV, vy-
poètených S modelem pro �ktivní materiál s parametry Em = 500 eV a δm = 30 jsou
znázornìny na obrázku 7.8. Pøi tìchto podmínkách opravdu existuje více rovnová¾-
ných potenciálù, ale je dùle¾ité si uvìdomit, ¾e bì¾né materiály mají výtì¾ek SEE v
maximu δm podstatnì ni¾¹í ne¾ 10 (sklo 3,4, uhlík 1,25 a wolfram 1,3). Rovnì¾ pou¾ití
Sternglassova modelu SEE pro teploty plazmatu v jednotkách eV je diskutabilní.
Pro plazma s vy¹¹í teplotou elektronù klesá pomìr Em/kTe a dostáváme se mimo
oblast s více rovnová¾nými potenciály. Pro bì¾ná prostøedí a materiály, které jsou
popisovány v této a následující kapitole, k existenci více rovnová¾ných potenciálù
docházet nemù¾e. Existuje tedy pouze jeden rovnová¾ný potenciál, který nezávisí na
historii nabíjení zrna.
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Obrázek 7.7: Mapa parametrù, pøi kterých existuje víc rovnová¾ných potenciálù
v Maxwellovském plazmatu pro Em/kTs = 120. Pøevzato z Meyer-Vernet [1982].
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Obrázek 7.8: Závislost jednotlivých nabíjecích proudù a celkového proudu na poten-
ciálu prachového zrna pro pøípad koncentrace elektronù a iontù 10−6 m−3, teploty
plazmatu T = 1 eV, vypoètených pomocí S modelu pro hypotetický materiál
s parametry Em = 500 eV a δm = 30.
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Kapitola 8

Aplikace modelu v plazmatu

tokamakù

Dal¹í prostøedí, kde se vyskytují energetické elektrony, a ve kterém se projeví vliv
rozmìru prachových zrn na jeho rovnová¾ný potenciál, je plazma v tokamacích.
Studium rovnová¾ných potenciálù zrn z materiálù relevantních pro tokamaky ve
fúzním plazmatu bude pøedmìtem této kapitoly. Mezi tyto materiály patøí zejména
uhlík, wolfram a berylium. Energetické pro�ly jednotlivých výtì¾kù SEE vypoètené
pomocí R modelu pro tyto materiály jsou uvedeny v obrázku 8.1. Je patrno, ¾e ka¾dý
z tìchto materiálù má odli¹ný energetický pro�l výtì¾ku SEE a tak se dá oèekávat
i výraznì odli¹ný prùbìh rovnová¾ných potenciálù pro tyto materiály.

Jednotlivé nabíjecí proudy pro sférické uhlíkové zrno o polomìru R = 0.5 µm
v prostøedí odpovídajícímu fúznímu plazmatu tokamaku COMPASS-D [Pánek et al.,
2006] (ne = ni = n = 1018 m−3, Te = Ti = T = 300 eV) v závislosti na povrchovém
potenciálu zrna jsou znázornìny na obrázku 8.2 (a). Je vidìt, ¾e proud SEE vy-
poètený pomocí R modelu Jsec(R) je vìt¹í ne¾ proud SEE odpovídající S modelu
Jsec(S), a to z dùvodu vìt¹ího výtì¾ku pravé sekundární emise a zapoètení rozptylu
primárních elektronù, který není v pøípadì S modelu uva¾ován. Proud termoelek-
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Obrázek 8.1: Energetické pro�ly výtì¾kù SEE pro uhlíková, wolframová a beryliová
sférická zrna porovnané s teoretickou Sternglassovou køivkou. Horní panel (a, b, c)
odpovídá celkovému výtì¾ku SEE, prostøední panel (d, e, f) výtì¾ku pravé SEE,
a dolní panel (g, h, i) výtì¾ku rozptýlených primárních elektronù. První sloupec
pøedstavuje uhlík (a, d, g), druhý sloupec wolfram (b, e, h), a koneènì tøetí sloupec
berylium (c, f, i) (z Vaverka et al. [2013b]).

tronù je vypoèten pro dvì odli¹né teploty zrna (3000 K a 4000 K). Pøi teplotì 3000
K je tento proud Jtherm3000 oproti proudu primárních elektronù Je a sekundárních
elektronù Jsec(R) výraznì men¹í. A¾ pøi nereálnì vysoké teplotì zrna 4000 K je proud
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Jtherm4000 významný.

(a) (b)
Obrázek 8.2: Jednotlivé nabíjecí proudy pro sférické uhlíkové zrno (R = 0.5 µm)
v prostøedí odpovídajícímu fúznímu plazmatu v závislosti na povrchovém potenciálu
zrna (a). Celkový nabíjecí proudy pro stejné zrno a stejné podmínky v závislosti na
povrchovém potenciálu zrna pro jeho rùzné teploty s pou¾itím R a S modelu SEE
(indexy R a S) (b).

Celkové nabíjecí proudy pro stejné zrno a stejné podmínky v závislosti na povr-
chovém potenciálu zrna pro jeho rùzné teploty (300, 3000 a 4000 K) s pou¾itím R
a S modelu SEE (indexy R a S) jsou znázornìny na obrázku 8.2 (b). Zde je patrný
jen malý rozdíl mezi zrny s teplotou 300 K a 3000 K. A¾ pro zrna s nerealisticky
vysokou teplotou 4000 K je celkový nabíjecí proud významnì ovlivnìn termoemisí,
ov¹em pouze pro zápornì nabitá zrna popøípadì pro malé kladné potenciály, jeliko¾
pro vìt¹í kladné potenciály nemohou nízkoenergetické elektrony povrch zrna opustit.

Efekt teploty je jasnì ukázán na obrázku 8.3, kde jsou znázornìny rovnová¾né
povrchové potenciály pro stejné zrno v plazmatu o stejné koncentraci nabitých èástic
v závislosti na teplotì plazmatu pro rùzné teploty zrna (300, 3000, 3250 a 3500 K).
Vliv teploty zrna je relativnì malý. Pouze pro støední teploty plazmatu vede ter-
moemise ke kladnému náboji zrna pokud jeho teplote pøekroèí 3000 K. Je dùle¾ité
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poznamenat, ¾e koncentrace nabitých èástic v plazmatu v tokamacích mù¾e dosáh-
nout 1020 m−3, a tak mù¾e být vliv termoemise výraznì ni¾¹í, jeliko¾ ostatní nabíjecí
proudy s vyjímkou proudu polní emise jsou umìrné koncentraci nabitých èástic. Pro
sní¾ení parametrù modelu budeme pro dal¹í výpoèty pøedpokládat studená (< 3000
K) zrna a zanedbáme tak vliv termoemise.

Obrázek 8.3: Rovnová¾né povrchové potenciály uhlíkového zrna (R = 0, 5 µm) pro
plazma odpovídajícímu fúzním podmínkám v závislosti na teplotì plazmatu pro
nìkolik teplot zrna (300, 3000, 3250 a 3500 K) vypoètený pomocí R modelu.

Obrázek 8.4 ukazuje rovnová¾ný povrchový potenciál pro uhlíkova (a), wolframová
(b) a beryliová (c) chladná zrna nìkolika velikostí vypoètených pomocí R modelu
v závislosti na teplotì plazmatu. Pro porovnání jsou zobrazeny i potenciály vy-
poètené pomocí S modelu, který neuva¾uje závislost na velikosti zrn. Malá (R <

0,25 µm) uhlíková zrna jsou nabita na kladné potenciály v celém rozsahu teplot
plazmatu. Na druhé stranì jsou zrna støedních (0,25 µm < R < 1,0 µm) velikostí
nabita zápornì pro støední rozsah teplot plazmatu a velká zrna (R > 1,0 µm) jsou
nabita zápornì pro teploty plazmatu vìt¹í ne¾ 1 keV. Tyto výsledky korespondují
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s pro�ly výtì¾kù SEE z obrázku 8.1 (a). Na druhé stranì výpoèty s u¾itím S modelu
vedou k zápornému potenciálu pro teploty plazmatu vìt¹í ne¾ 0,7 keV pro v¹echna
zrna bez ohledu na jejich velikost. Rùst záporného potenciálu zvy¹uje proud iontù
dopadajících na zrno a sni¾uje mno¾ství primárních elektronù do okam¾iku, kdy je
celkový proud roven nule. Záporný potenciál mù¾e být také pro malá zrna limitován
polní elektronovou emisí (v¹echny pro�ly s indexem fe). Je nutno poznamenat, ¾e
záporná èást vertikální osy má odli¹né mìøítko, ne¾ poloosa kladná. Pro�l oznaèený
Sfe odpovídá potenciálu vypoètenému pomocí S modelu se zapoètením polní elek-
tronové emise pro zrno o polomìru 1 µm. Je vidìt, ¾e záporný potenciál je polní
elektronovou emisí v tomto pøípadì limitován na hodnotì -4 keV. Wolframová zrna
se s pou¾itím S modelu nabíjí zápornì pro teploty plazmatu vìt¹í ne¾ 1 keV, ale
s pou¾itím R modelu jsou v¹ak nabita kladnì bez ohledu na teplotu plazmatu a
jejich velikost. Pou¾ití nového modelu SEE tak dává velmi odli¹né výsledky ne¾ kla-
sický pøístup. U beryliových zrn vede u¾ití S modelu k zápornému potenciálu bez
ohledu na teplotu plazmatu. Pøi pou¾ití R modelu v¹ak mohou malá (R < 0,325 µm)
zrna pøi vysokých (T > 2 keV) teplotách plazmatu získat potenciál kladný. Záporný
potenciál beryliových zrn obdobnì jako u zrn uhlíkových limituje polní elektronová
emise.

Obrázek 8.5 znázoròuje mapy znamének rovnová¾ných potenciálù pro uhlíkova
(a) beryliová (b) zrna v závislosti na velikosti zrn a teplotì plazmatu. Zrna v bílé
oblasti (R+) budou mít kladný rovnová¾ný potenciál typicky v øádu jednotek voltù
zatímco zrna ve vy¹rafované oblasti (R−) se nabijí na záporný potenciál v øádu
kilovoltù. ©edá oblast oznaèená jako S+ reprezentuje podmínky, pøi kterých jsou
zrna nabita kladnì s pou¾itím S modelu. V pøípadì beryliových zrn (obrázek 8.5
(b)) tato oblast chybí, jeliko¾ v¹echna zrna by byla nabita zápornì v S modelu.
Z obrázkù je patrný obrovský rozdíl pøi urèování rovnová¾ných potenciálù pomocí R
a S modelu. Tento rozdíl není jen ve velikosti potenciálu, ale hlavnì v jeho znaménku.
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(a) (b) (c)
Obrázek 8.4: Rovnová¾né povrchové potenciály pro (a) uhlíková, (b) wolframová a
(c) beryliová zrna rozlièných polomìrù a porovnání s potenciály vypoètenými pomocí
S modelu.

Napøíklad uhlíkové zrno o polomìru 0,5 µm je pøi pøechodu z chladného prostøedí (T
∼ 100 eV) do horkého (T > 4 KeV) nejprve nabito na kladný potenciál. Pøi teplotì
plazmatu 1 keV se zaène nabíjet zápornì a pro teploty vìt¹í ne¾ 4 keV bude mít opìt
náboj kladný. Proto¾e prachové zrno bude procházet oblastí s rùznou teplotou, bude
se mìnit i jeho potenciál.

(a) (b)
Obrázek 8.5: Mapy rovnová¾ných potenciálù pro (a) uhlíková a (b) beryliová zrna
v závislosti na velikosti zrn a teplotì plazmatu [Vaverka et al., 2013b].
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8.1 Èasový vývoj potenciálu zrn v tokamacích

Obdobnì jako v pøede¹lé kapitole jsme sledovali èasový vývoj nabíjecích proudù a
potenciálu pro uhlíkové zrno o polomìru 1 µm v plazmatu s koncentrací nabitých
èástic ne = ni = n = 1018 m−3 a po skokové zmìnì teploty plazmatu z Te = Ti = T =
0,5 keV na T = 1 keV, následnì na T = 2 keV a návratem opìt na pùvodní teplotu
T = 0,5 keV. Prùbìh jednotlivých nabíjecích proudù je znázornìn na obrázku 8.6
(a) a prùbìh potenciálu je na obrázku 8.6 (b). Z obrázkù vidíme, ¾e i velké zmìny
potenciálu probíhají v øádù desítek nanosekund. V takto vysokých teplotách mohou
zrna pøed vypaøením vydr¾et pouze krátkou dobu (øádovì milisekundy) [Krashenin-
nikov et al., 2011; Tanaka et al., 2011], vzhledem k velmi rychlé zmìnì náboje pra-
chová zrna dosáhnou rovnová¾ného potenciálu napøíklad pøi pøechodu z okrajového
plazmatu do centrálního, kdy teplota plazmatu prudce roste [Krasheninnikov et al.,
2011]. Na výrazné zmìnì potenciálu zrn se rovnì¾ mù¾e podílet zmìna jejich ve-
likosti bìhem odpaøování, kdy se rovnová¾ný potenciál mù¾e výraznì li¹it pro zrna
odli¹ných velikostí (viz obrázek 8.4). Dynamika zrn v závìreèné fázi jejich existence
tak mù¾e být ovlivnìna zmìnou jejich náboje [Vaverka et al., 2013b].
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(a) (b)
Obrázek 8.6: Èasový vývoj jednotlivých nabíjecích proudù (a) a potenciálu (b), uh-
líkového zrna o polomìru 1 µm ve fúzním plazmatu s poèáteèní teplotou T = 0,5 keV
se skokovou zmìnou na T = 1 keV, T = 2 keV a návratem na T = 0,5 keV [Vaverka
et al., 2013b].
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Kapitola 9

Závìr

Pøedlo¾ená práce se zabývá experimentálním i teoretickým studiem interakce plaz-
matu s prachovými zrny. Výchozí data poskytlo experimentální studium sekundární
elektronové emise ze zrn, které je mo¾no nalézt v kosmickém prostøedí, konkrétnì
jsme se vìnovali simulantùm mìsíèního (MLS-1) a marsovského (JSC Mars-1) prachu
[Nìmeèek et al., 2011; Pavlù et al., 2013]. Získaná data ukázala nárùst rovnová¾ného
povrchového potenciálu pøi bombardováním zrna svazkem monoenergetických elek-
tronù pro energie vìt¹í ne¾ 4 keV a jeho závislost na hmotnosti zrn, co¾ je v souladu
s pøede¹lými experimenty provedenými na kulových zrnech známého slo¾ení, [Rich-
terová et al., 2007]. V práci Pavlù et al. [2013] bylo ukázáno, ¾e zrna nepravidel-
ných tvarù se chovají obdobnì jako sférická zrna o prùmìru men¹ím ne¾ odpovídá
hmotì nepravidelného zrna. Mìøení rovnì¾ naznaèila, ¾e oba studované simulanty
mají podobné pro�ly rovnová¾ných potenciálù jako sklenìný vzorek, pravdìpodobnì
díky obdobnému a vysokému obsahu SiO2 v obou vzorcích.

Studium polní iontové emise na zrnech ze skelného uhlíku odhalilo efekt spojený
s èi¹tìním povrchu bìhem prvních nìkolika minut bombardování argonovými ionty o
energii 5 keV (400 eV relativní energie). V prùbìhu mìøení mìnící se sklony vybíjecích
charakteristik vedly k domnìnce, ¾e se na vybíjení podílí více procesù souèasnì.
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Pro ovìøení tohoto pøedpokladu byl vytvoøen jednoduchý model [Vaverka et al.,
2009; Jeøáb et al., 2010], který zahrnul polní ionizaci zbytkové atmosféry a polní
desorpcí implantovaných argonových iontù. Tento model vykazoval dobrou shodu
s experimentálními daty [Jeøáb et al., 2010].

Na závìr studia polní emise byl proveden experiment se závislostí vybíjecího
proudu na tlaku zbytkové atmosféry. Zvý¹ení vybíjecího proudu pro vìt¹í tlaky
odpovídá pøedstavì, ¾e s tlakem roste podíl polní ionizace okolní atmosféry na
celkovém vybíjecím proudu [Jeøáb et al., 2010].

Vìt¹ina stávajících modelù nabíjení prachových zrn v plazmatu nebere obvykle
v úvahu efekty spojené s vlivem velikosti zrn na sekundární elektronovou emisi.
Z tìchto dùvodù byl v minulosti vytvoøen hybridní Monte Carlo model sekundární
elektronové emise [Richterová et al., 2006, 2010], který popisuje emisi jak z planárních
vzorkù, tak z rùzných tvarù zrn. Tento model byl implementován do bì¾ného modelu
nabíjení prachových zrn a takto vzniklý model byl aplikován na plazmatická prostøedí
s vy¹¹ím podílem energetických elektronù, ve kterých se vliv velikosti zrn na jejich
rovnová¾ný potenciál mohou výraznìji projevit.

Prvním z tìchto prostøedí je plazma chvostu zemské magnetosféry, co¾ má význam
zejména pro studium nabíjecích procesù na povrchu Mìsíce. Výsledky vypoètené pro
sklenìná zrna, která mají obdobné vlastnosti jako prach nacházející se na povrchu
Mìsíce, ukazují závislost rovnová¾ného potenciálu zrn na jejich velikosti. Obecnì
se men¹í zrna nabíjejí na vìt¹í kladný potenciál ne¾ zrna vìt¹í. Rozdíl mezi námi
navr¾eným a klasickým pøístupem k výpoètu rovnová¾ných potenciálù je nejvíce
patrný pro teploty plazmatu vìt¹í ne¾ 1,5 keV v pøípadì, kdy nebereme v úvahu
UV záøení Slunce (tj. napøíklad ve stínu Mìsíce, který se pohybuje v magnetosféøe
Zemì). Pøi tìchto podmínkách vede pou¾ití klasického model k vysokým záporným
potenciálùm v øádech keV, ale implantace nového modelu sekundární elektronové
emise vede naopak ke kladným potenciálùm zrn v øádech eV [Vaverka et al., 2012,
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2013a].
Obdobný pøístup byl pou¾it i pro studium dynamiky simulantu prachu nacháze-

jícího se na povrchu Marsu a v jeho okolí. V práci Pavlù et al. [2013] byly ¹iroce
diskutovány pøípady, kdy se v plazmatickém prostøedí v atmosféøe Marsu vyskytují
energetické elektrony, které mohou ovlivnit sekundární emisi ze zrn. Diskuze procesù
spojených s oèekávanými výboji (blesky) zpùsobenými triboelektrickým nabíjením
prachu bìhem píseèných bouøí vedla k závìru, ¾e sekundární elektronová emise mù¾e
dokonce pùsobit jako stabilizující faktor.

Vytvoøený model byl rovnì¾ aplikován na prachová zrna vnoøená do fúzního plaz-
matu tokamaku. Jedná se sice o jiné prostøedí, ale i zde pøítomnost energetických
elektronù hraje nezanedbatelnou roli, by» tento vliv ve vìt¹inì souèasných numer-
ických modelù není zahrnut [Vaverka et al., 2013b]. Výsledky obdr¾ené pro zrna
z uhlíku, berylia a wolframu ukázaly podstatnou závislost rovnová¾ného potenciálu
zrn nejen na jejich slo¾ení a teplotì plazmatu, ale i na jejich velikosti. Vliv velikosti
zrn mù¾e vést nejen k odli¹né hodnotì rovnová¾ného potenciál zrna, ale i k jeho
rùznému znaménku. Zatímco malá zrna mohou být nabita na malé kladné poten-
ciály, velká zrna mohou ve stejném prostøedí nabývat vysokých potenciálù záporných.
K vysokým záporným potenciálùm nezávislým na velikosti zrna vede klasický pøístup
výpoètu nezávisle na jejich velikosti.

Pøedlo¾ená práce prokázala, ¾e pro popis nabíjení prachových zrn v horkém plaz-
matu je nutno pou¾ívat odpovídající model sekundární elektronové emise a zahrnout
i vliv polní emise. Oba tyto procesy ovlivòují náboj prachových zrn, a tím i jejich
dynamiku.
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Ion Field Emission from Micron-sized Carbon Dust
Grains

J. Vaverka, M. Vyšinka, M. Beránek, J. Pavl̊u, Z. Němeček, and J. Šafránková

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 µm 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. Čermák 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 Sternovský et al. [2001] on glass grains of different diameters with the same result. Jeřáb
et al. [2005] and Jeřáb et al. [2007] studied field ion emission from gold dust grains. They
observed that the discharging occurs if the surface electric field is above 109 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. Jeřáb et al. [2007] and Pavl̊u 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. Pavl̊u 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 Ion 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 fz and to the parameters of the quadrupole
trap (the amplitude Vac and the frequency fac of the ac voltage ):

Q

m
=
√

2π2r0
2

1
facfz

Vac

1√
1 + (1.8 fz

fac
)
2
, (1)

where r0 is the inner radius of the middle quadrupole electrode [Čermák et al., 1995]. This
approximate equation is valid when fac

fz
> 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 Čermák et al. [1995]; Žilavý et al. [1998],
and Pavl̊u et al. [2004].

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 µm 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 (Q/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 [Sternovský 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 µm 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 109 V/m. It is in a good agreement with previous experiments [Čermák et
al., 1995] and [Sternovský et al., 2001].

Figure 2. SEM image of used carbon grains.

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 [Jeřáb 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.

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 µm). 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, jion depends exponentially on the surface
electric field:

jion = ae
F
b , (2)
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Figure 5. The time sequence of measured FIE discharging characteristics. The carbon dust
grain (R = 1.64 µm) was charged by the Ar+ ion beam with the energy of E = 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.

jdif = ce
F
b e

−t
d , (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 t = 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):

jsum = (a + ce
−t
d )e

F
b . (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
temporal dependence of the measured current j divided by the factor e

F
b . It 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 Beránek 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. Vyšinka
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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 Beránek et al. [2010].

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).

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 ce

−t
d 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 [Čermák et al., 1995] and [Sternovský 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 Beránek 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 Beránek et al. [2010] can by explained by a different depth of implanted ions for
various energies as calculated by Vyšinka 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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Relation of Charging History to Field Ion Emission
From Gold and Carbon Dust

Martin Jeřáb, Jakub Vaverka, Marek Vyšinka, Zdeněk Němeček, and Jana Šafránková

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

DUSTY 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], [8]. 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.

Jeřáb 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-μm radius was charging by the He+ ion beam
Ek = 5 keV (relative energy Ek = 3.8 keV) for 3 h. The characteristic times
determined by an exponential fit are (a) τ = 13.9 h and (b) τ = 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 μm 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 Ek 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. Jeřáb et 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

Fig. 2. Time sequence of FIE discharging characteristics after 6-h Ar+

treatment. Carbon dust grains were charged by the Ar+ beam with the relative
energy Ek = 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 Beránek et al. [16] revealed a relative increase
of the 2-μm carbon grain mass by a factor of about 1.5 · 10−3

after 8 h of the grain bombardment with 7-keV Ar ions. For this
reason, we repeated the experiment of Jeřáb et al. [11] using
carbon grains and Ar ions.

The carbon grain of 5.94-μm 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
Ek ≈ 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. 



800 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 38, NO. 4, APRIL 2010

Fig. 3. Field emission current as a function of the time elapsed from the 6-h
Ar+ ion-beam treatment. The carbon dust grain of 2.97-μm radius was charged
with the relative energy Ek = 0.45 keV. The characteristic time of discharging
is 14.8 h.

Fig. 4. Density profiles of implanted ions into a spherical grain.
(a) Carbon target (mass density ρ = 1.54 g/cm3). Relative ion energy Ek =
0.45 keV. (Full line) Ar+ ions. (Dashed line) He+ ions. (b) Gold target
(ρ = 19.311 g/cm3). Ek = 3.8 keV. (Full line) Ar+ 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 Jeřáb 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

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 jion depends
exponentially on the surface electric field F

jion = aeF/b (1)

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 jdiff depends on
the time elapsed since the stop of the ion bombardment and on
the electric field

jdiff = ceF/be−t/d (2)

where d is the time constant for the diffusion and consecutive
desorption of the implanted ions and c 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

)
eF/b (3)

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 j 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.

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 III) 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
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Fig. 5. Comparison of the measured discharging of the carbon grain with the
simple model of FIE. The discharging current is composed of two terms (1)
and (2), and their sum is denoted as (3) in accordance with the numbering of
the corresponding equations in the paper.

Fig. 6. Comparison of (gray dots) measured data with theoretical predictions.
The constant would be proportional to the (dotted line) pressure of a residual
gas and c exp(−t/d) is proportional to a (dashed line) flux of the neutral gas
from the grain.

of the Ar ions implanted into the carbon dust grains were
measured by Beránek 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 Beránek 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 μm 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; Pavlů et al. 2009).

Richterová 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 η (the backscattered yield defined as the mean
number of backscattered electrons per one primary electron) nor
δ (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 μm.

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 η 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 μm 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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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., Richterová 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 μm) 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
Čermák (1994), Čermák et al. (1995), Žilavý et al. (1998), and
Pavlů 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.

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 (Žilavý et al. 1998; Pavlů 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
(Čermák 1994) lead to the following relation between the
grain oscillation frequency and its charge-to-mass ratio (spe-
cific charge, Q/m):

|Q|
m

= π2r2
0 · fAC · f

Veff
· 1
√

1 + (1.8f/fAC)2
, (1)

where Veff = VAC/
√

2 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 r0 denotes the inner
radius of the quadrupole ring electrode (r0 = 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 (10−9 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 10−9 torr, the mean free path of electrons is of
the order of 106 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 × 10−16 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 (Žilavý 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 (Žilavý et al. 1998; Pavlů 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

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, φ, 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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Figure 4. Dependence of the equilibrium surface potential on the energy of the
primary electron beam. The crosses show the experimental data, and the full
line presents the model prediction (Richterová et al. 2010).
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Figure 5. Modeled yields of the true, δ and backscattered, η secondary electrons
for LHT spheres with 0.4 and 1 μm 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 (Richterová 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, η 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, δ 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

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 Richterová et al. (2010) model, and the dashed lines
represent the mean values.

(δ) and backscattered (η) secondary electrons calculated for
two LHT spheres (0.4 and 1 μm 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;
Richterová 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, Dm in a spherical approximation. This diameter
can be compared with the value of DC 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, Dm/DC , are given in
Table 1 for all investigated grains. As it can be seen from the
table, the Dm/DC 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 Dm/DC 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 Dm and DC. The dashed lines stand for the mean values of
the measured potential for each energy. The full lines show the
results of the Richterová et al. (2010) model. The model predicts
a constant grain potential in the range from 0.2 to 3.5 μm 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) Dm (μm) DC (μm) Dm/DC φ75 (V) φ100 (V)

(6.4 ± 1.1) × 10−16 (5.0 ± 1.1) × 10−17 (0.75 ± 0.12) (0.97 ± 0.18) (0.8 ± 0.3) (4.2 ± 0.4) (5.3 ± 0.4)
(2.69 ± 0.04) × 10−14 (1.68 ± 0.08) × 10−16 (2.61 ± 0.03) (3.01 ± 0.15) (0.87 ± 0.05) (3.7 ± 0.8) (5.2 ± 0.3)
(1.12 ± 0.05) × 10−14 (1.3 ± 0.1) × 10−16 (1.95 ± 0.09) (2.37 ± 0.18) (0.82 ± 0.10) (3.7 ± 0.3) (4.9 ± 0.3)
(1.44 ± 0.08) × 10−16 (3.5 ± 0.3) × 10−17 (0.46 ± 0.03) (0.63 ± 0.06) (0.73 ± 0.12) (4.3 ± 0.4) (5.3 ± 0.4)
(6.6 ± 0.5) × 10−17 (2.9 ± 0.4) × 10−17 (0.35 ± 0.03) (0.53 ± 0.06) (0.66 ± 0.13) (4.4 ± 0.6) (5.3 ± 0.6)

Notes. m is a measured mass of the grain, C is a measured capacitance, Dm and DC are estimated effective diameters based on measured mass and
capacitance, respectively, φ75 and φ100 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, Dm/DC 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., Richterová
et al. 2004, 2006; Pavlů 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; Richterová et al. 2010).

Fitting of our measurements to the model leads to the
secondary emission yield δ ≈ 2 at 100 eV and δ � 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 δ ≈ 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 δ 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. Horányi 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 μm 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

r©
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 μm 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

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 10−5 to 10−6 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 ≈10−3. 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 Pavlů 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 10−8

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 10−3 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 μm. 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 μm (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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Sternovsky, Z., Horányi, M., & Robertson, S. 2001, J. Vac. Sci. Technol. A, 19,

2533
Stubbs, T. J., Vondrak, R. R., & Farrell, W. M. 2006, Adv. Space Res., 37, 59
Tankosic, D., & Abbas, M. M. 2008, in Lunar and Planetary Institute Science

Conference (Lunar and Planetary Science XXXIX) (League City, TX: LPI),
1391
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NUMERICAL CALCULATION OF AN
EQUILIBRIUM DUST GRAIN POTENTIAL IN
LUNAR ENVIRONMENT

J. Vaverka, I. Richterová, J. Pavl̊u, J. Šafránková, Z. Němeček

Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic.

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 ∼ 106

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

dt
= J = Je + Ji + Jpho + Jsec. (1)
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In most space environments, electron Je and ion Ji collection currents, secondary electron
current caused by an impact of energetic electrons Jsec, and photoemission current Jpho 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, T and electron and ion densities, ne and
ni, respectively.

djα

dE
=

2πE

m2
α

nα

(
mα

2πkTα

3/2
)

exp
(
− E

kTα

)
(2)

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.

Electron current

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

Je = J0e ×
{

exp(+eU/kTe) U < 0
(1 + eU/kTe) U ≥ 0,

(3)

where U is the surface potential of the grain, e is an elementary charge, k is the Boltzmann
constant, and J0e = 4πa2ne(kTe/2πme)1/2.

Ion current

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

Ji = J0i ×
{

exp(−eU/kTi) U ≥ 0
(1− eU/kTi) U < 0.

(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

Ji =
J0i

2

[(
M2 +

1
2
− eU

kTi

) √
π

M
erf(M) + exp(−M2)

]
, (5)

where M = w/(2kTi/mi)1/2 is the relative Mach number (the ratio of the dust-plasma
relative velocity over the ion thermal speed) and

erf(x) =
2√
π

∫ x

0
exp(−y2)dy (6)

is the error function.
In the case of positively charged grains, the ion flux is given by
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Ji =
J0i

4

{(
M2 +

1
2
− eU

kTi

) √
π

M

[
erf
(

M +
√

eU/kTi

)
+ erf

(
M −

√
eU/kTi

)]
+

+

(√
eU

kTiM
+ 1

)
exp

−(M −
√

eU

kTiM

)2
−

−
(√

eU

kTiM
− 1

)
exp

−(M +

√
eU

kTiM

)2
 . (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 kTpho (≈ 1-3 eV). The photoelectron flux from the grain is given by

Jpho = 2.5× 1010πa2eκ/d2

{
1 U < 0
exp(−eU/kTpho) U ≥ 0,

(8)

where d is the distance from the Sun measured in AU, and κ 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]

δ(E) = ε2δM (E/EM ) exp[−2(E/EM )1/2], (9)

where ε is Euler’s number and δM is the maximum of the secondary electron yield at the
energy EM . For a glass sample, δM = 3.356 and EM = 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

Jsec =
ε2

2
δ(M)J0e exp(+eU/kTe)F5(EM/4kTe), (10)

where

F5(x) = x2
∫ ∞
0

u5 exp−(xu2+u) du. (11)

For positively charged grains (U > 0)

Jsec =
ε2

2
δ(M)J0e(1 + eU/kTs) exp(+eU/kTe − eU/kTs)F5,B(EM/4kTe), (12)

where

F5,B(x) = x2
∫ ∞

B
u5 exp−(xu2+u) du (13)

and

B = (4eU/EM ) . (14)
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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, σ is a sum of a true secondary electron
emission yield, δ and backscattered primary electron yield, η. 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.

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.

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 µm) immersed in the plasma under
conditions like as in the plasma sheet (ni = ne = 105 m−3, Te = Ti = 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.

Figure 3. Left - Charging currents for the spherical glass grain (r = 1 µm) and plasma sheet
conditions (ni = ne = 105 m−3, Te = Ti = 1 keV, w = 200 km/s) with respect to the grain surface
potential. Je electron current, Ji - ion current, JsecST secondary electron current calculated by
Sternglass E.J. [1957], Jsec 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. JSt = Je + Ji + JsecST ,
J = Je + Ji + Jsec, JUV St = Je + Ji + Jpho + JsecSt, JUV = Je + Ji + Jpho + Jsec.

The equilibrium surface potentials, U for spherical glass grains, plasma sheet conditions
(ni = ne = 105 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.

Figure 4. Left - The equilibrium potential of spherical glass grains in plasma sheet conditions
(ni = ne = 105 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 (ni = ne = 106 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.

Figure 5. Left - The equilibrium potential of spherical glass grains in solar wind conditions
(ni = ne = 106 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, σ 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 µm 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 Richterová, Jiří Pavlu◦ , Jana Šafránková, and Zdeněk Němeček

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

THE 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−3) 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

dQ

dt
= J = Je + Ji + Jpho + Jsec. (1)

In typical space environments, electron Je and ion Ji currents,
the secondary electron current caused by an impact of energetic
electrons Jsec, and the photoemission current Jpho 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 T and electron and ion densities ne and ni,
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 Je can be estimated
according to [11] as

Je = J0e ×
{
exp(eU/kTe), U < 0
(1 + eU/kTe), U ≥ 0

(2)

where U is the surface potential of the grain, e is the
elementary charge, k is Boltzmann’s constant, and J0e =
4πa2ne(kTe/2πme)

1/2.
The ion flux can be generally calculated by the same way as

the electron flux as

Ji = J0i ×
{
exp(−eU/kTi), U ≥ 0
(1− eU/kTi), 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

Ji =
J0i
2

[(
M2 +

1

2
− eU

kTi

) √
π

M
erf(M) + exp(−M2)

]

(4)

where M = w/(2kTi/mi)
1/2 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

Ji=
J0i
4

⎧
⎨
⎩
(
M2+

1

2
− eU

kTi

)√
π

M

·
[
erf(M+

√
eU/kTi) + erf(M −

√
eU/kTi)

]

+

(√
eU

kTiM
+ 1

)
exp

⎡
⎣−

(
M −

√
eU

kTiM

)2
⎤
⎦

−
(√

eU

kTiM
−1

)
exp

⎡
⎣−

(
M+

√
eU

kTiM

)2
⎤
⎦
⎫
⎬
⎭ .

(5)

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 kTpho

(≈1–3 eV). The photoelectron flux from the grain can be
written as

Jpho = 2.5× 1010πa2eκ/d2
{
1, U < 0
exp(−eU/kTpho), U ≥ 0

(6)

where d is the distance from the Sun measured in astronomical
unit (AU), and κ 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

δ(E) = ε2δM(E/EM) exp
[
−2(E/EM)1/2

]
(7)

where ε is the Euler number, and δM is the maximum of the
secondary electron yield at energy EM. For a glass sample,
δM = 3.4 and EM = 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 σ: a true secondary
electron emission yield δ and a backscattered primary electron
yield η. 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 σ [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 σ 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 μm)
immersed in the plasma under conditions such as those in
the plasma sheet (ni = ne = 0.1 cm−3, Te = Ti = 1 keV, w =
200 km/s) calculated using (2)–(6) are shown in Fig. 2(a). The
secondary emission current is calculated in two ways: Jsec(S)
uses the S formula, whereas Jsec(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

Fig. 2. (a) Charging currents for the spherical glass grain (r = 1 μm) and
plasma sheet conditions with respect to the grain surface potential. Je is
the electron current, Ji is the ion current, Jsec(S) is the secondary electron
current calculated according to [18], Jsec(R) is the secondary electron current
according to [19], and Jpho 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. J(S) = Je + Ji + Jsec(S), J(R) = Je + Ji +
Jsec(R), JUV(S) = Je + Ji + Jpho + Jsec(S), and JUV(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 μm 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 μm) 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 experiments in 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 1µm. 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 particle
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 yield (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 yield 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 yield 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 yield 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 10µm 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 yield 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 SiO2

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 SiO2 grain. 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-µm SiO2 grain computed according to the Sternglass theory [33].

The tokamak grain marked by a black color exhibits a large and nearly constant (≈ 200 V)
potential for the primary energy above≈ 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-µm SiO2 grain computed using the Sternglass theory [33] and corrected on the angular
dependence of the SEE yield. 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,Ji and electron,Je currents. We include the SEE current,Jsec and the thermionic current,
Jtherm because the grain can be heated by the hot dense plasma. A contribution of the field
emission current,Jfe 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:

dQ

dt
= J = Je + Ji + Jtherm + Jfe + Jsec. (1)

The differential flux density of electrons or ions,Je,i toward a dust grain charged to a surface
potential,φ can be generally written as:

Je,i =
∫

∞

max(0,±eφ)
(1∓ eφ/E)

dje,i
dE

dE, (2)

where

dje,i
dE

=
2πE

m2
e,i

ne,i

(
me,i

2πkTe,i

)3/2

exp

(
−

E

kTe,i

)
. (3)

The positive and negative signs correspond to electrons and ions, respectively,e is the
elementary charge, andE is the energy of impacting electrons. We assume the neutral
ne = ni = n, isothermalTe = Ti = T , hydrogen plasma with the Maxwellian energy
distribution. When the spherical dust grain radius,a is smaller than the Debye-length, the
electron and ion currents,Je,i can be estimated according to [10, 37]. In such case, we can
write for the electron current,Je :

Je = J0e ×

{
exp(+eφ/kT ) φ < 0

(1 + eφ/kT ) φ ≥ 0,
(4)

wherek is the Boltzmann constant, andJ0e = 4πa2en(kT/2πme)
1/2.

Similarly, the ion current,Ji can be written as:

Ji = J0i ×

{
exp(−eφ/kT ) φ ≥ 0

(1− eφ/kT ) φ < 0,
(5)

whereJ0i is defined similarly toJ0e.
To include of thermionicJtherm and field electronJfe emission currents, we use the

Richardson-Dushman formula and the Fowler-Nordheim equation, respectively:

Jtherm = 4.8× 106πa2ekT 2
d exp(−wf/kTd)

{
1 φ < 0

exp(−eφ/kTd) φ ≥ 0
(6)

and

Jfe = 13.7× 10−7πa2e

(
φ

a

)2

exp

(
6.52× 1010a

φ

)
(7)

wherewf is a material work function,Td is the dust grain temperature. The work function is
set towf = 4.5 eV in our calculations.

The SEE current is generally determined by the flux of impinging electrons (2), the total
SEE yield,σ, 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,δ(E) (defined as the ratio of numbers of true secondary and primary electrons) can
be described by the Sternglass universal formula [33]:

δ(E)

δM
=

E

EM
exp

[
2

(
1−

√
E

EM

)]
(8)

whereδM is the maximum of the true SEE yield at the energyEM. 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 example,δM = 1.25 andEM = 300 eV for a glassy carbon sample.
Although the author limited a validity of this universal curve toE < 4EM 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 electrons,η

increases with the material density and with the atomic number up toη ≈ 0.5 for a normal
incidence angle. Thus, the total SEE yield,σ is a sum of the true and backscattered yields,
σ = δ + η. Since both the yield of true SEE,δ and total yield,σ 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.,η = 0 andσ = δ are supposed.

Under assumptions that the energetic distribution of secondary electrons is Maxwellian
and parametrized by the temperatureTs (Ts = 3 eV in our calculations), the SEE current from
positively charged grain can be written as:

Jsec = nAe×




∫
∞

−eφ(1 + eφ/E)dje
dE

σ(E + eφ)dE φ < 0

(∫
∞

0 (1 + eφ/E)dje
dE

η(E + eφ)dE+

+(1 + eφ/kTs) exp(−eφ/kTs)·

·
∫
∞

0 (1 + eφ/E)dje
dE

δ(E + eφ)dE
)

φ ≥ 0

(9)

whereA 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.

Richterováet 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 yield,δ andη for spherical grains of
different materials, and diameters. Since the model does not provide an analytical formula, we
useδ(E) andη(E) 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 yieldη, we 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 ofσ 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 enhanceδ by a factor of≈ 1.3 [34,42] but the profile remains unchanged.

At high primary energies (above about 2 keV forD = 0.2 µm grain),σ 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 electrons,η increases toward unity
and the yield of true secondary electrons,δ is 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 (D = 1 µm)
immersed into a hydrogen plasma with the density corresponding to that in a small tokamak
(n = 1018 m−3). The charging currentsJe, Ji, Jtherm andJfe are computed according to the
equations 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 calculations ofJsec(S) use the S-model of
SEE and analytical solution from [37], whereas (2)Jsec(R) is computed numerically using the
R-model (we use following SEE parameters for glassy carbonδM = 1.25 andEM = 350 eV,
for berylliumδM = 0.5 andEM = 200 eV, and for tungstenδM = 1.3 EM = 600 eV).

Charging currents of the spherical glassy carbon grain (D = 1 µm) andT = 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-model,Jsec(R) is higher thanJsec(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 ofσ are compared with the results of
the S-model (black dashed lines in top panels).

thermionic current is calculated for two different temperatures of dust:Jtherm3000 for 3000 K
andJtherm4000 for 4000 K. We would like to note thatJsec(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 (< 800 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 = 1018 m−3 but the expected plasma densities in tokamaks can reach1020 m−3. The
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Figure 3. (a) Charging currents of the spherical glassy carbon grain (D = 1 µm) 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 (D = 1 µm) 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
exceptJtherm andJfe are proportional to the plasma density. In order to decrease the number
of free parameters, we expect a cold (< 3000 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 µm) carbon grains reach a positive equilibrium potential in the whole range of
plasma temperatures. On the other hand, grains of intermediate (0.5 µm< D < 2.0 µm) 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 and large (D > 2.0 µm)
grains are charged negatively for the temperatures exceeding 1 keV. These results correspond
to SEE yield 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 excess of≈ 0.7 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
asSfe-model forD = 2.0 µm. The field emission current increases with decreasing grain
diameter (all profiles with subscripts “fe”), 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 white area (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 area (S+) describes 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 of the 1µm cold
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 temperatures (0.1–10 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 (< 3200 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 cold (T < 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 from≈ 2.5 keV for a 100 nm grain to≈ 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 (< 1 keV) plasma regardless of their sizes.
Positive charges can be expected for small (< 250 nm) grains in a whole range of
temperatures, whereas the grains of an intermediate size (0.25–1 µm) 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,
Richterováet 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 tail
above≈ 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.



Influence of SEE on the floating potential of tokamak-born dust 14

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. Krasheninnikovet al [14] have shown that the
equilibrium temperature of the dust grain in the edge plasma would vary between 1500 K
for plasma densitiesn = 1018 m−3 and 4000 K forn = 1020 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 = 1019 m−3. It means that all dust grains would be charged positively for this and
larger densities but our calculations expect the plasma density ofn = 1018 m−3 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 (n = 1020 m−3)
edge plasma [14, 53] and it would be significantly longer at lower densities. The ion drag
accelerates dust grains to≈ 10-100 m/s [28] and a collision with the wall can direct the grain
toward the core where it is rapidly charged. Figure 7(a) demonstrates a relaxation of charging
currents (1µm carbon grain andn = 1018 m−3 are assumed) after abrupt changes of the
plasma temperature.

The calculation starts att = 0 with the plasma temperature of 500 eV. The grain is
slightly positive at this temperature. Att = 10 ns, the temperature was changed to 1 keV,
then to 2 keV att = 60 ns and, finally, back to 500 eV att = 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 for 1µm 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 1µm grains from the tokamak-relevant materials and
the heat flux of5 × 106 W/m2 [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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Figure 9. The total (a), true (b), and backscattered (c) yields for a10 µm glassy carbon grain
(solid),1 µm glassy carbon grain (dotted), and glassy carbon flake with the thickness of0.5 µm
and the mass of10 µm grain (dashed).

of the grain diameter. The figure shows that the negative potential depends only weakly on the
grain size above≈ 0.5 µm. 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 yield 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 a 10µm carbon sphere
and compares them with the yields of a flake with the same mass but only 0.5µm thick. A
comparison in figure 9 reveals that the yields of the flake exhibit very similar profiles to those
of the≈ 1 µm 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 energies (< 100 eV).

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 yield 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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[43] X. Wang, M. Horányi, and S. Robertson. Investigation of dust transport on the lunar surface in a laboratory
plasma with an electron beam.J. Geophys. Res., 115(A14):11102, 2010.
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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 µm) 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 SiO2 [Allen et al., 1998a, b].

In this study, we focus on the secondary electron emis-
sion from small (in the range of 1–10 µm) JSC Mars-1 grains,
similarly as the fine atmospheric dust on Mars, which has a
diameter of around 2-4 µm [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 (10−6 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, fz, the value of the
quadrupole supply voltage, Vac and its frequency, fac. Ac-
cording to Čermák [1994], the Q/m ratio is given by

Q

m
= π2 r0

fac · fz
Vac

· c(fz/fac) (1)

where r0 stands for the inner radius of the middle
quadrupole electrode and c is a correction function (close
to unity) which reflects the fz/fac 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 Čermák
[1994]; Žilavý et al. [1998]; Pavl̊u et al. [2004]; Pavl̊u et al.
[2008]; Němeček 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 [Žilavý et al., 1998]). The
relative accuracy of this method is ≈ 10−3.

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 ≈ 10−6 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 Beránek 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].

Figure 3. SEM image of Mars Soil Simulant (JSC Mars-
1) grains used in the experiment.

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/m2. 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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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,
φ. The previous experiments and simulations of the interac-
tion between the dust and electron beam [Pavl̊u 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.

Pavl̊u 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−2/3 because Q/m is proportional
to square of the grain diameter, D and the grain mass rises
as D3. 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 “+”
in Fig. 2 belongs to a heavier grain than that plotted by
“×” and its equilibrium Q/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 Richterová
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 µm, [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 [Pavl̊u et al., 2004].

This procedure is complicated and it was applied only to one
of samples because we can expect, in accord with Pavl̊u 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 Pavl̊u 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 Richterová 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 [Richterová et al.,
2006, 2007; Němeček et al., 2011]. Here, we are showing
the model results for SiO2 spheres [Richterová 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, Deff assuming its spherical shape and
mass density equal to ≈ 1910 kg/m3 (computed according
to Allen et al. [1998b]). Even a very brief inspection of
Fig. 4 shows that a smaller grain (“×”) exhibits a lower
surface potential than larger one (“+”). This observation
is not surprising, we have already commented an analogous
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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 Richterová 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
TM 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, TD 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 µm SiO2 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:

f(ε) =
A

εµ
(2)

where ε denotes the energy of secondary electrons, µ is the
Sickafus index, and A is an arbitrary constant scaling the
spectrum. A and µ are constants for a particular material
at a given primary energy. Note that Sickafus [1977] found
µ to be typically ≈ 1; Greenwood et al. [1994] measured ex-
perimentally the parameters A and µ with an incident beam
of 20 keV for 32 various elements and found that the values
of µ 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
Ese = 50 eV leads to A = 0.158 and µ ≈ 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, TD) 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 SiO2 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. Yair [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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fit to all experimental data by the Draine and Salpeter
distribution; grey dashed line – the fit to experimental
points with Ese > 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 ≈ 104 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

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., Jeřáb 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 µ ≈ 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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Krauss, C. E., M. Horányi, and S. Robertson (2003), Experimen-
tal evidence for electrostatic discharging of dust near the sur-
face of Mars, New J. Phys., 5 (1), 70.1–70.9, doi:10.1088/1367-
2630/5/1/370.
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