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Prace je zaméfena na studium nabijecich procest prachovych zrn. Experimen-
talni ¢ast se zabyva interakei elektront s prachovym zrnem a procesy samovybi-
jeni zrn — polni emisi a polni ionizaci. Druhé ¢ast prace se tyka realizace nového
konceptu linearni elektrodynamické pasti pro studium nabijeni prachovych zrn.

Bylo pozorovano nabijeni prachovych zrn na vysoké kladné potencidly do-
padem vysokoenergetickych primarnich elektronii a narist vytézku sekundarni
elektron-elektronové emise u nabitych zapornych zrn. Déale byly zméfeny cha-
rakteristiky samovybijeni kladnych a zapornych zrn. U kladnych zrn byla pozo-
rovana souvislost mezi samovybijenim polni ionizaci a difuzi atoma ven ze zrna,
ktera ukazuje na vysokou pravdépodobnost ionizace odchazejicich ¢astic i pri
nizsich intenzitach pole, nez bézné uvadéné prahy pro polni ionizaci.

Na zakladé navrhu v diplomové praci byla zkonstruovana linearni kvardu-
polova past a ispésné provedeno ovérovaci méfeni, které potvrdilo ocekavané
vlastnosti pasti. Pomoci numerického modelu elektrického pole v pasti byl ana-
lyzovan mozny vliv nékterych konstrukénich nepfesnosti na chovani pasti.

prachové zrna, polni emise, polni ionizace, linearni elektrodynamicka past, kvad-
rupol

Laboratory Investigation of Dust Grain Charging
Martin Beranek

Department of Surface and Plasma Science

Prof. RNDr. Zdenék Némecek, DrSc.
Zdenek.Nemecek@mlff.cuni.cz

The present thesis is focused on study of dust grain charging. The experimen-
tal part covers interaction between dust grains and high-energy electrons and
self-discharging of grains by both field electron emission and field ionization.
The second part of the thesis describes construction and evaluation of a linear
electrodynamic trap of the novel design.

We have observed charging of small dust grains towards high positive elec-
tric potentials when bombarded by the high-energy electron beam. We have
described an increase of the secondary electron-electron emission yield from
negatively charged grains due to the surface field. Further, self-discharging char-
acteristics for both positively and negatively charged grains were measured. The
relationship between discharging rate and the rate of the flow of atoms leaving
the grain surface due to diffusion was observed for positively charged grains.
This suggests significantly lower surface field necessary for ionizing such atoms
compared to the ionization of atoms of surrounding gas and compared to the
typically published field ionization thresholds.

Based on the design published in the master thesis, a linear quadrupole trap
of novel design was constructed. Testing measurements confirmed functionality
and expected characteristics of the trap. In addition, effects of possible mechan-
ical imperfections of the trap construction was analyzed utilizing the numerical
model of the electric field inside the trap.

dust grains, field emission, field ionization, linear electrodynamic trap,
quadrupole
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1. Uvod

Vyrazem prachova zrna se oznacuji malé pevné castice. Obvykle se pod tento pojem
zahrnuji objekty o velikostech od jednotek nanometri do desitek az stovek mikrometrii.
Jsou tvorena Sirokou skalou béznych materialti. Napiiklad kfemicitany, uhlik a slouce-
niny uhliku, Zelezité minerély [Draine, 2003, Leinert & Griin, 1990], vodni nebo jiny led
[Eiroa & Hodapp, 1989, Hansen a kol., 2006], uhlikovy a kovovy prach v tokamacich
[Sharpe a kol., 2002] a mnoho dalsich materiali v riznych prostfedich.

Prachova zrna maji z divodu své velikosti nékteré fyzikalni vlastnosti podstatné
odlisné od makroskopickych objektti. Navic samotny rozmér miize byt parametrem
kvalitativné ovliviiujicim stav a chovani zrna. Vyznamné odchylky nastévaji u nabi-
jecich procesi a pfi interakci zrn s nabitymi c¢asticemi. Rozmér zrna mize ovlivnit
i vysledné znaménko rovnovazného naboje v daném okolnim prostiedi, viz naptiklad
Goertz [1989].

Prachovéa zrna vyskytujici se v plazmatu také ovliviiuji své okoli. Elektrony a ionty
mohou byt prachem zachyceny, pfipadné rozptyleny. Nové nabité castice se dostavaji do
okolniho prostiedi diky fotoemisi, sekundarni nebo polni emisi. Silné pole kolem zrna
miiZe ionizovat neutralni atomy.

Zmnalost nabijecich procesti, a tedy vysledného naboje zrna, je diilezita i pro analyzu
a modelovani pohybu prachu. Uz pfi béznych povrchovych potencidlech se projevuje vy-
soky mérny naboj a pohyb prachového zrna je ovlivnén elektromagnetickymi silami. Le-
inert & Griin [1990] napfiklad uvadi, Ze pohyb zrn o velikosti 0,1 pm v meziplanetarnim
prostiedi slunecni soustavy je fizen predevsim magnetickym polem, elektromagnetické
sily také transportuji prach v tokamacich [Krasheninnikov a kol., 2004] a umoziuji i
tvorbu prachovych krystaltt [Thomas a kol., 1994].

Tato prace se zabyva predevsim laboratornim vyzkumem jednotlivych nabijecich
procesti a jejich parametri. V laboratofi ziskana zakladni data mohou byt vstupem kom-
plexnich modeli popisujicich pohyb a nabijeni prachovych zrn v realnych prostiedich.
Studium nabijecich procesti prachovych zrn také dopliiuje vSeobecna experimentalni
data o podminky tézko dostupné jinymi méficimi technikami (napiiklad extrémné malé
nabijeci a vybijeci proudy).

Experiment na katedfe fyziky povrchit a plazmatu [Cermak, 1994, Pavli a kol.,
2004], na kterém je ziskana vétsina dat pro tuto praci, vyuzivéa elektrodynamickou past
s valcové symetrickym kvadrupodlovym polem, ve kterém je zachyceno jediné zkoumané
zrno izolované v ultravysokém vakuu. Na zéakladé frekvence jeho vlastnich kmitd je
optickym systémem urc¢ovan okamzity mérny naboj a s vyuzitim specidlnich postupii
a pomoci fiditelnych elektronovych a iontovych svazk je mozné urcit dalsi parametry
zrna a mérit jak hodnoty rovnovazného potencialu, tak sledovat dynamické nabijeci a
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vybijeci procesy. Timto zptisobem je mozné méfit i proudy mensi nez jednotky elektroni
za sekundu z celého povrchu zrna.

Jednim z problémti experimentalni aparatury kritickym pro urcité experimenty
jsou pozadové proudy tvorené predevsim sekundarnimi elektrony z elektrod pasti. Tyto
proudy nezndmym a z vétsi ¢asti nekontrolovatelnym zptisobem zasahuji do nabijeni
zrna, proto je snaha omezit jejich velikost riznymi konstrukénimi metodami a postupy.
Snizeni nezadouciho pozadi bylo motivaci pro vyvoj nové elektrodynamické pasti vyuzi-
vajici tycové elektrody. Teoreticky navrh pasti byl pfedmétem diplomové prace Beranek
[2007], v této préaci prezentujeme ovérovaci méfeni pasti sestavené podle odkazovaného
navrhu.

Predlozena prace se sklada ze Sesti kapitol a prilohy v podobé péti ¢lankd publi-
kovanych v recenzovanych ¢asopisech ¢i sbornicich. Po prvni tivodni kapitole nasleduje
shrnuti soucasného stavu feseného problému a popis metod pouzivanych pro studium
nabijeni prachovych zrn. Tteti kapitola shrnuje cile prace. Ve ¢tvrté kapitole jsou uve-
deny ziskané experimentalni vysledky vyzkumu nabijeni prachovych ¢astic, které jsou
také obsahem ptilozenych ¢lanki. Pata kapitola se tyka nové konstrukce tycové kvad-
rupdlové pasti. Popisujeme v ni princip funkce pasti, vliv mechanickych nepresnosti
konstrukce urceny na zakladé numerického vypoctu elektrického pole a kapitolu zakon-
cuji vysledky testovaciho méreni prachového zrna zachyceného v pasti. Posledni, Sesta
kapitola pak shrnuje dosazené vysledky.

Prace vznikla na katedie fyziky povrchi a plazmatu a byla béhem méfeni pod-
porovana fadou projektl. Finan¢né narocna realizace kvadrupélové pasti podle navrhu
v diplomové praci byla podporovana Vyzkumnym zamérem MSM 0021620860, v soucas-
nosti pak jeji dalsi rozsitovani projektem PRVOUK 45. Védecké vysledky byly podpo-
rovany nékolika projekty Grantové agentury CR (nyni napi. P209/11/1412) a Grantové
agentury Univerzity Karlovy (v soucasnosti 1410203).



2. Prehled soucasného stavu

2.1. Prachova zrna a nabijeci procesy

Vzhledem k vyznamu elektrického naboje pro chovani prachovych zrn jsou rtzné na-
bijeci procesy vedouci k ustanoveni rovnovazného povrchového potencidlu dilezitou
oblasti vyzkumu. Jednotlivé ptfispévky k nabijeni zrna ovliviiuje jak okolni prostiedi,
tak i vlastnosti a okamzity stav samotného zrna. Mezi procesy urcujici ndboj zrna patii
zachyt nabitych castic z okoli, sekundarni elektronova emise, fotoemise, vybijeni zrn
polni emisi a polni ionizaci, triboelektrické nabijeni a dalsi.

Sekundarni elektron-elektronova emise (SEEE) se projevuje pfi energiich dopadaji-
cich elektront v desitkach eV a vyssich. To nastava ve vysokoteplotnim plazmatu nebo
v pfitomnosti supertermalnich elektront. Na rozdil od prostého zachytu je SEEE kom-
plexnéjsi proces o vytézku ménicim se jak s energii primarnich elektroni, tak i s vlast-
nostmi konkrétniho zrna. Nabité prachové zrno urychluje nebo zpomaluje dopadajici
primarni elektrony a zaroven, v pripadé kladného naboje, zachycuje zpét nizkoenerge-
tickou c¢ast spektra sekundarnich elektroni, ¢imz méni efektivni nabijeci proud. Z téchto
diivodli, mize mit rovnovazny naboj zrna v prostiedi se sekundarni emisi vice stabilnich
hodnot [Meyer-Vemet, 1982].

Vytézek sekundérni emise silné zévisi na tvaru (zakfiveni) a velikosti zrna [Draine &
Salpeter, 1979, Bringol & Hyde, 1997]. To je zptisobeno rozméry srovnatelnymi s hloub-
kou priiniku priméarnich elektronti, jak pomoci numerického modelu podrobnéji ukazuje
Richterova a kol. [2010]. Nartst rovnovazného potencialu pii vysokych energiich pri-
mérnich elektront pro mald zrna byl potvrzen i experimentalné (napt. Richterova a kol.
[2007]). Abbas a kol. [2007] popisuje experimentalné zjisténou zavislost rovnovazného
potencialu na velikosti pro zrna meési¢niho prachu i pfi energiich primarnich elektroni
v fadu desitek eV.

Pro kosmicky prach v meziplanetarnim prostoru je podstatnym nabijecim proce-
sem také fotoemise vyvoland UV fotony slune¢niho zafeni. I v tomto pfipadé existuje
u prachovych zrn zavislost na rozméru [Mukai, 1981, Draine & Lee, 1984] a vysledny
rovnovazny potencial izolovaného zrna bude mimo jiné funkci tvaru spektra fotoelek-
tront.

Mala zrna, pripadné zrna nepravidelného tvaru, mohou na svém povrchu dosdhnout
vysokych intenzit elektrického pole v fddu V/nm i pfi pomérné nizkych potencidlech.
Napf. Draine & Salpeter [1979] uvadi na zékladé Fowler-Nordheimovy teorie prahovou
intenzitu elektrického pole pro polni elektronovou emisi fadové 1 V/nm. Pole potiebné
pro autoemisni vybijeni kladnych zrna by mélo byt vice nez o fad vyssi [Miiller &
Bahadur, 1956, Draine & Salpeter, 1979]. Na druhou stranu laboratorni experimenty
s jednotlivymi prachovymi zrny poukazuji na existenci autoemise z kladnych zrn uz
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pii podstatné nizsich intenzitach [Sternovsky a kol., 2001] spolu se zavislosti na historii
predchoziho nabijeni konkrétniho zrna [Jefab a kol., 2007, Pavlu a kol., 2008a].

Vzhledem k exponencidlnimu naristu autoemisnich proudt s intenzitou elektric-
kého pole je timto prakticky urc¢ena horni mez naboje zrn. Konkrétni hodnota mezni
dosazitelné intenzity ma potom dusledky pro pfipadnou fragmentaci zrn elektrickymi
silami (napf. Mendis [2001]).

I pole o intenzité mensi nez prah potfebny k autoemisi ovliviiuje vytézek sekun-
darnich elektront. Nartst vytézku SEEE a fotoemise z tenkych nevodivych vrstev diky
elektrickému poli byl popsdn mnoha autory, napt. Buzulutskov a kol. [1995]. Abbas
a kol. [2007] popisuje narust vytézku fotoemise z jednotlivych zrn mési¢niho prachu
pri potencialech v fadu desitek volt na pm poloméru zrna. Elektrické pole ménici prav-
dépodobnost priichodu elektronti pres povrch [Chung, 1975] ovliviiuje i sekundarni emisi
z vodivych materiali, ackoliv se tento vliv casto zanedbava.

2.2. Laboratorni experimenty

V laboratorni experimentech jsou zkoumdany budto jednotlivé nabijeci procesy pfi inte-
rakci jediného izolovaného zrna a nabitych castic nebo fotont, nebo se pozoruje kom-
plexni interakce prachu a plazmatu (napf. Sheehan a kol. [1990], Walch a kol. [1994]).
Vzhledem k zaméteni predkladané prace se budeme podrobné vénovat pouze prvnimu
typu experimentii.

Experimenty s izolovanymi prachovymi zrny byly vyuzity ke studiu fotoemise vy-
buzené mékkym Rontgenovym zafenim (napiiklad Grimm a kol. [2006]) i UV zafenim
(napt. Abbas a kol. [2006]) nebo sekundéarni elektronové emise (napi. Svestka a kol.
[1993]). Dalsimi zkoumanymi jevy bylo napiiklad samovolné vybijeni zapornych zrn
polni elektronovou emisi [Pavli a kol., 2008a] a kladnych zrn polni ionizaci [Sternovsky
a kol., 2001]. Tématy vyzkumu bylo i odprasovani zrn a dalsi specifické jevy spojené
s malymi rozméry a velkym zak¥ivenim povrchu zrn (napiiklad Pavli a kol. [2008b] a
odkazy v tomto ¢lanku).

Tyto experimenty jsou zpravidla zalozeny na zachyceni izolovaného zrna ve volném
prostoru ve stiidavém elektrickém poli. Existuji i konfigurace, kde zrno pouze jednora-
zové propadne nabijejicim svazkem a méfi se ziskany naboj (naptiklad Sickafoose a kol.
[2001]), ale kratka doba interakce zrna se svazkem a nemoznost delsich ¢i opakovanych
méfeni na stejném zrnu umoznuji pouze nekteré typy meéreni. Pro zachyt zrna ve stiida-
vém elektrickém poli se pouziva prakticky vyhradné valcové symetricka kvadrupdlova
past [Paul & Steinwedel, 1956, Wuerker a kol., 1959] nebo jeji drobné modifikace ma-
jici za cil zjednodusit tvary elektrod, pripadné umoznit lepsi ptistup ke zkoumanému
Zrnu.

Pfimo méfenou veli¢inou je mérny naboj zrna (podil ndboje a hmotnosti). Ten
se experimentalné urcuje naptiklad podle velikosti elektrického pole potiebného pro
vyrovnani vlastni tihy zrna [Arnold & Hessel, 1985, Abbas a kol., 2002], nebo na zakladé
frekvence vlastnich kmité zrna zachyceného ve stiidavém poli pasti [Cermak, 1994,
Hars & Tass, 1995, Schlemmer a kol., 2001]. Druhé z uvedenych metod umoziuje ziskat
presnéjsi vysledky pro podstatné vétsi rozsah hodnot mérného naboje a je pouzivana
v predkladané praci.
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Vyuzitim dalsich specifickych experimentéalnich postupt je mozné na zakladé zna-
mého mérného naboje a jeho zmén za urcitych podminek zjistit dalsi informace o zkou-
maném zrnu. Nékteré z téchto metod jsou popsany v dalSich kapitolach.

2.3. Nabijeni izolovaného prachového zrna

Vlastni potencidl zrna snizuje nebo zvysuje energii dopadajicich nabitych primarnich
Castic. Uéinny prifez pro interakci s elektrony nebo ionty se méni Gmérné tomuto
potencialu. Kladné nabité zrno pritahuje zpét pomalé sekundarni elektrony a tim snizuje
efektivni vytézek sekundarni emise.

V nésledujicim textu rozeberu podrobnéji mozné chovani zrna pfi interakcei se svaz-
kem nabitych castic.

Elektronovy svazek

Zamérime se na zménu povrchového potencidlu zrna vyvolanou dopadem monoener-
getického elektronového svazku na jeho povrch. Procesy, které svazek vyvolava, se lisi
v zévislosti na jeho energii. Ve vypoctech je tfeba vzit v iivahu, Ze energie dopadajicich
elektronti je energie svazku zvySena nebo snizena o povrchovy potencial zrna.

Pro popis zmény naboje izolovaného zrna se hodi zadefinovat vytézek 6* jako pocet
emitovanych sekundéarnich elektronii ku poc¢tu zachycenych primérnich elektron, tedy

0= L , (2.1)
L—=n
kde 6 je vytézek sekundarni emise (pocet sekundéarnich elektront na jeden dopadajici
primarni) a n vytézek rozptylenych elektronti. Efektivni vytézek je déle pro kladné zrna
snizeny o nizkoenergetické sekundarni elektrony, které nemaji dostatecnou energii na
prekonani potencialu zrna.

Typicky tvar zavislosti 0* na energii dopadajicich elektroni je nakreslen v grafu 2.1.
Oblast (c) neni pfitomna u vSech materidli a velikosti zrn. V fadé ptipadu vytézek po
prekroceni F; uz neklesne pod jednotku. Prudky nartst vytézku v oblasti (d) a energie,
u kterych nastane, zavisi podstatné na rozmeéru a tvaru zrna [Bringol & Hyde, 1997,
Richterova a kol., 2010].

P |

]
-

[¢)

o

Y Ye A Y

El E2 E3 Egun + ep

Obr. 2.1 — Vytézek sekundarni elektron-elektronové emise a smér nabijeni
zrna v zavislosti na energii dopadajicich elektront. Vytézek 6* je definovan
rovnici (2.1).
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Procesy probihajici v jednotlivych oblastech:

a) Energie dopadajicich elektront je zhruba desitky eV a méné (konkrétni hod-
nota F) zavisi na materidlu zrna). Vytézek sekundarni elektron-elektronové
emise je mensi nez jedna, dochazi predevsim k zachytu elektronti a naboj zrna
se méni zdpornym smeérem.

Pokud je zrno nabito zaporné, je mozné vzdy zvolit energii déla tak, ze
dopadajici elektrony budou mit energii v této oblasti a budou zrno nabijet do
vyssich zapornych potenciali. Nabijeni se zastavi ve chvili, kdy se potencial
zrna vyrovna s energii svazku a uc¢inny prurez interakce klesne k nule. Postup-
nym zvySovanim energie svazku v souladu s nartistem naboje lze postupné
zvednout potencidl zrna az k limitu danému podle konkrétni situace budto
maximalni dostupnou energii elektronového déla, nebo vyrovnanim nabijeciho
a autoemisniho proudu.

b) Vytézek sekundarni elektronové emise je vyssi nez jedna. Zrno se bude nabijet
smérem k vyssimu kladnému potencialu.

Néboj kladného zrna snizuje efektivni vytézek zpétnym zachytem nizko-
energetickych sekundéarnich elektronti. Jeho potencial se proto stabilizuje na
malé kladné hodnoté v fadu jednotek volti tak, aby efektivni vytézek SEEE
byl pravé jedna.

Zaporné zrno se bude vybijet tak dlouho, dokud energie dopadajicich elek-
tronit nedosdhne hodnoty FEj.

c) Vytézek SEEE je mensi nez jedna. Potencial zéporného zrna se stabilizuje na
takové hodnoté, aby energie dopadajicich elektronii byla pravé E,, kladné zrno
se bud zcela vybije, nebo jeho potenciél klesne natolik, Ze energie dopadajicich
elektronti bude nizsi nez Fy a vybijeni se zastavi.

d) Draha priméarnich elektronti v zrnu je srovnatelna s velikosti zrna. Mnozstvi
zachycenych primarnich elektroni klesa, ale béhem svého priletu stale vytvari
sekundary. Vytézek 0* roste nade vSechny meze.

Zaporné zrno bude v této oblasti brzy vybito. Naopak potencial kladného
zrna miiZe nariist do velmi vysokych hodnot. Cést sekundarnich elektront je
zachycena zpét vlastnim polem zrna, ale diky zanedbatelnému zachytu pri-
marnich elektronii staci i zbyla vysokoenergeticka cast spektra sekundarnich
elektront k nabijeni zrna do kladnych potencialii.

Konkrétni velikost dosazitelného potencialu a hodnota energie E5 vyrazné
zavisi na rozmérech, tvaru a materialu zrna. Pti dostatecné energii primérnich
elektronti bude v praxi omezenim potencidlu autoemisni vybijeni.

lontovy svazek

Kladné ionty, které maji dost energie, aby dopadly na zrno, jej nabijeji vzdy smérem ke
kladnym potencidliim. Dosazitelny potenciél zrna je kviili pozadovym proudiim mirné
nizsi, nez energie primarniho svazku.

Pokud na kladné zrno miii svazek s nizkou energii, jsou vSechny primérni céstice
odklonény a mohou vyrazet pozadové sekundarni elektrony z elektrod v okoli zrna a
ionizovat zbytkovou atmosféru. Takto vzniklé elektrony zrno pomalu vybijeji. Efekt je
vyuzit u metody méteni specifické kapacity popsané nize.
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Autoemisni vybijeni

Dostatecné nabité zrno ponechané v pasti se po vypnuti elektronového nebo iontového
svazku zac¢ne samovolné vybijet. Protoze je izolované a jedinym proudem je autoemisni
vybijeni, mtzeme velikost tohoto proudu zjistit zderivovanim casového vyvoje mér-
ného naboje. Okamzitd intenzita pole na povrchu je pfimo timérnd mérnému naboji
(pro dokonale kulova zrna je konstanta imérnosti mérna kapacita podélena polomérem
Zrna).

Tento postup méreni spojuje dohromady ¢asovy prubéh vybijeni se zménou naboje,
a tedy i pole. Pokud mtizeme predpokladat, ze vybijeci proud neni primo zavisly na case,
zbyva pouze zména elektrického pole a z jednoho pribéhu vybijeni v Case je mozno
zrekonstruovat zavislost autoemisniho proudu na intenzité elektrického pole. Pokud je
naopak cilem ¢asovou zavislost zkoumat, potfebujeme upravit metodu.
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Obr. 2.2 — Schéma mé¥ici aparatury. Vysokonapétovy zesilova¢ (QPS) poskytuje Fiditelné st¥idavé

napéti pro elektrody pasti o typické amplitudé ve stovkach volt a frekvenci od stovek Hz do deseti

kHz. Informace o poloze zrna ziskana PIN diodou z rozptyleného svétla slouzi pro ¢itani frekvence

kmitt a pro zpétnovazebni stabilizaci a tlumeni kmitti pomoci slabjch pridavnych elektrickych

poli. Nabijeni zrna je mozné ¥idit elektronovym (EG) a iontovym (IG) délem s regulovatelnymi
energiemi a proudem svazkii.

2.4. Experimentdlni aparatura

V nésledujici ¢asti popiseme podrobnéji aparaturu, na které byly ziskany experimentalni
vysledky predkladané v této praci, a jeji moznosti. Zakladem aparatury je kvadrupolova
elektrodynamicka past umisténa v komote vycerpané na ultravysoké vakuum (pracovni
tlak fadové 1077 Pa). Mérny naboj jediného zachyceného zrna je uréovan na zakladé
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frekvence jeho vlastnich kmit a znamych parametri elektrického pole. Poloha a pohyb
zrna se sleduje pomoci rozptyleného svétla dopadajicitho na obrazovy zesilova¢ a na-
sledné PIN diodu. Diky informaci o okamzité poloze zrna je mozné fidit a tlumit jeho
kmity v pasti jen pomoci slabych elektrickych poli a udrzet jej v spolehlivé zachycené
v pasti béhem rfiznych experimentii po principialné neomezenou dobu [Cermak, 1994,
Pavlt a kol., 2004].

Schéma aparatury je na obrazku 2.2. K samotnému provadéni nabijecich experi-
mentl slouzi elektronovy a iontovy zdroj. Na zrno mtzeme nechat dopadat svazky s fi-
ditelnym proudem i energii podle potieb konkrétniho experimentu. Dosazitelna energie
je 12,5keV pro elektronovy a 10keV pro iontovy svazek.

Detekce kmitti probihajici optickou cestou urcuje spodni mez velikosti zrna, kdy
bude rozptylené svétlo nedostatecné pro fungovani detekce, na zhruba primér pul mik-
rometru. Opacnou mez urcuje nejnizs$i mérny naboje, pti kterém je jesté mozné zrno
mozné spolehlivé udrzet v pasti. Pro nizké mérné naboje klesd hloubka potencialové
jamy a sila udrzujici zrno v pasti. Mezni hodnota je zhruba 5mC/kg. S ohledem na
hustotu zrna a pozadavky konkrétniho experimentu je primér zkoumanych zrn s hustou
f4du malych jednotek tisic kg/m? limitovan shora asi deseti mikrometry.

Uréeni hmotnosti

Zakladni metoda urceni hmotnosti zrna spociva v detekci zmény mérného naboje pfti
nabiti nebo vybiti o maly celociselny pocet elementarnich naboju.

Jako priklad vezméme zrno ze skelného uhliku o primeéru 3,7 pm a hmotnosti 35 pg.
Pokud je nabito 2 000 elementarnimi naboji, bude jeho mérny ndboj 9 mC/kg, tedy stéle
v limitu moznosti pasti. Kratkodoba stabilita a Sum meéfeného specifického naboje je
fadové 107> nebo lepsi, a diky tomu jsou jednoelektronové skoky dobfe odlisitelné.
Graf 2.3 ilustruje skutecny pribéh méreni hmotnosti tohoto zrna.
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Obr. 2.3 — Méfeni hmotnosti uhlikového zrna o praméru 3,7 um. Jeden
elementarni ndboj odpovida skoku o 4,6 pC/kg.

Vzhledem k existenci spodniho limitu mérného naboje zrna pro udrzeni v pasti, je
uvedend metoda méfeni hmotnosti dobie pouzitelnd pouze pro zrna do urcité velikosti,
fadove stovek pg. S klesajici hmotnosti zrna se zvysuje jeji spolehlivost i presnost.

Dlouhodobéa stabilita pasti a absolutni presnost je vyrazné horsi, nez vyse uve-
dena kratkodoba stabilita, proto bude ziskand hodnota hmotnosti zrna zatizena chybou
typicky jednotek procent.
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Mérna kapacita zrna

Pomér mezi mérnym nabojem zrna a jeho povrchovym potencidlem mtzeme v experi-
mentalni aparatute zjistit nékolika zptisoby.

Ptrimocara a jednoduchd metoda je zalozenad na limitnim potencidlu, ke kterému
se nabije zdporné zrno bombardované elektrony nebo kladné zrno bombardované ionty.
Pokud zvolime energii svazku mirné nad skutecnym potencidlem zrna, bude dochazet
prakticky jen k zachytu primarnich c¢astic bez sekundarni emise a zrno se teoreticky
nabije presné k potencidlu odpovidajicimu energii svazku.

Uvedena jednoducha metoda bude v praxi vykazovat systematickou chybu. Na zrno
mimo primarniho svazku dopadé také pozadovy proud (ionty zbytkové atmosféry na za-
porné zrno, pripadné elektrony vyrazené sekundarni emisi z elektrod a vzniklé ionizaci
atmosféry pro kladné zrno). Jak se potenciél zrna ptiblizuje energii svazku, klesa pri-
mérni proud az k nule a pozadovy proud nabyva na vyznamu.

Vyjdeme-li z opodstatnéného predpokladu, ze G¢inny prirez zrna pro zachyt elek-
tronil nebo iontl z pozadi je tmérny jeho naboji, miZzeme tento proud z méfeni odecist
a ziskat o¢istény vliv primarniho svazku. Uéinny priifez zrna pro nabijeni primarnim
svazkem je opét timérny jeho naboji.

Pti praktickém provedeni popsaného meéreni namifime na zrno primarni svazek
s energii niZs7, nez je povrchovy potencial. Céstice primarniho svazku na zrno nedopad-
nou, ale vytvori pozadovy proud, ktery bude zrno pomalu vybijet. Z této ¢asti vybijeni
ziskdame odhad vlivu pozadi. Jakmile potencial zrna klesne pod energii svazku, pfida se
proud primérnich ¢astic, ktery po dalsim poklesu naboje zcela vykompenzuje pozadovy
proud a naboj zrna se stabilizuje.

Jsou-li zkoumana zrna kulova, mizeme ze zmérené kapacity odhadnout primeér
zrna a pri pouziti znamé hustoty také jeho hmotnost.
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3. Cile prace

Predklddana prace ma dva dil¢i cile. V prvni ¢asti jsme se zamérili na vyzkum elektron-
elektronové sekundarni emise z prachovych zrn a autoemisni vybijeni, v druhé casti
pak na vyvoj, konstrukci a ovéreni nového typu elektrodynamické pasti pro zachyt
prachovych zrn.

Podrobnéji:

(1) Vyzkum nabijeni prachovych zrn provedeny na experimentalni aparatufe s valcové
symetrickou pasti:

a) Interakce elektronii s prachovymi zrny a ovlivnéni sekundarni emise rozmeéry
zrna nebo elektrickym polem na jeho povrchu.

b) Vyzkum autoemisnich procesti pro zéporna (polni emise) i kladna (polni ioni-
zace) zrna.

Modelovym materidlem pouzitym pro obé témata byla kulova zrna ze skelného
uhliku riznych velikosti s primérem v fadu mikrometri, kterda jsou svym jed-
noduchym slozenim a kulovym tvarem vhodné zejména k ziskani zakladnich dat.
Néktera méreni pak byla provedena na dalSich materidlech — simulantech mési¢niho
a marsovského prachu.

(2) Realizace a testovani aparatury s linedrni kvadrupélovou pasti podle ndvrhu v dip-
lomové praci Beranek [2007]. Cilem testt je praktické ovéfeni funkénosti nové elek-
trodynamické pasti a doplnéni podrobnéjsiho popisu jejich vlastnosti.
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4. Nabijeni a vybijeni prachovych zrn

V casti prace zameérené na experimentalni studium nabijecich procesii se zabyvame
méfenim rovnovaznych charakteristik zrn bombardovanych elektronovym svazkem a
dynamickymi procesy pii autoemisnim vybijeni.

Rovnovazny potencial kladné nabitého zrna, na které dopadé elektronovy svazek
s dostatecnou energii pro vybuzeni sekundarni emise, nastane v okamziku, kdy se mnoz-
stvi zachycenych priméarnich elektrontt vyrovna s mmnozstvim sekundarnich elektronti
s dostatecnou rychlosti pro prekonani pritazlivé sily nabitého zrna. Vytézek sekundarni
emise z malych zrn je silné zavisly na jejich velikosti a tvaru. Méfeni zahrnuje rovno-
vazné charakteristiky nepravidelnych zrn mési¢niho a marsovského simulantu a ovéreni
modelovych predpovédi prudkého nartistu rovnovazného potencialu pti hloubce priiniku
primarnich elektronii srovnatelnych s velikosti zrna.

Dalsim zkoumanym jevem je vliv silného elektrického pole na povrchu zaporného
zrna na vytézek sekundarni elektronové emise.

Polni emise nebo polni ionizace muze byt v nékterych pripadech klicovym jevem,
ktery brani roztrzeni zrna (viz napf. Mendis [2001]), pfipadné procesem urcujicim vy-
sledny potencial zrna. Prahova intenzita elektrického pole uvadéna v pracich tykajicich
se prachovych zrn [Axford & Mendis, 1974, Mendis, 2001, Mann a kol., 2014 a dalsi]
jsou znatelné vyssi nez hodnoty ziskané v laboratornich experimentech jak pro polni
emisi [Pavli a kol., 2007], tak pro polni ionizaci [Pavli a kol., 2008a]. Vybijeni kladné
nabitych zrn ovliviiuje nejen velikost elektrického pole, ale i dalsi okolnosti. Napt. Jerab
a kol. [2007] uvadéji experimentalné zjisténou zavislost na historii pfedchozich nabijeni
prislusného zrna. Vétsina aplikaci a jinych experimentii se zaméiuje na polni emisi a
ionizaci v oblasti proudii a proudovych hustot, které jsou o mnoho radd veétsi, nez
odpovida typickym situacim u prachovych zrn.

4.1. Pouzité materialy

Skelny uhlik

Vétsina dat pro predkladanou praci byla namérena na kulovych zrnech ze skelného
uhliku (glassy carbon). Mezi jejich vyhody patfi mimo pravidelného kulového tvaru
s hladkym povrchem a dobfe definovaného slozeni také chovani pii bombardovani vyso-
koenergetickymi elektrony. Volna draha vysokoenergetickych primarnich elektront je ve
skelném uhliku dostate¢né velkd, aby i pfi omezeni méfici aparatury (minimalni prameér
zrna ~ 1pum a energie elektronového svazku < 12,5keV) bylo mozno nabit kladné zrna
az k autoemisnimu potencialu pouze pomoci elektronového svazku metodou popsanou
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1um

Obr. 4.1 — Ukazka pouzitych zrn ze skelného uhliku.

v kapitole 2.3, ¢asti Elektronovy svazek. Diky tomu je mozné fidit naboj zrna bez im-
plantovani dalsich ionti.

Zrna byla dodéana firmou HTW Hochtemperatur-Werkstoffe GmbH. Hustota mate-
rialu je 1540kg/m?, zrna jsou vodiva (mérny odpor 50 2 - pm). Rozméry jsou v §irokém
rozmezi od priiméru 0,4 pm vyse.! Fotografie pouzitjch zrn pofizend elektronovym mik-
roskopem na obrazku 4.1 dokumentuje kulovy tvar zrn.

Simulanty mési¢niho a marsovského prachu

Néktera méreni interakce elektront s prachovymi zrny byla provedena na simulantech
meésicniho a marsovského prachu. Konkrétné se jednalo o mald zrna mikronovych roz-
meért z LHT analog a JSC Mars-1. Typicky tvar zrn je vidét na fotografiich z elektro-
nového mikroskopu 4.2.

Obr. 4.2 — Fotografie zrn mési¢niho simulantu LHT (vlevo) a marsovského simulantu
JSC-1 (vpravo) pouzitych v experimentu.

! Specifikace vyrobce, viz http://www.htw-germany.com.
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4.2. Sekundarni elektron-elektronova emise

Rovnovazny potencidl zrn ustanoveny dopadem vysokoenergetickych
elektron(i

P1i studiu SEEE jsme se zmé¥ili rovnovazny potencial malych zrn ze skelného uhliku a
simulantii mési¢niho a marsovského prachu, ktery se ustanovi pii ozafeni vysokoenerge-
tickym elektronovym svazkem. Dle pfedpokladii rozebranych v sekci 2.3 v ¢asti tykajici
se elektronového svazku by mél byt tento potencidl kladny a zavisly na rozmérech
Zrna.

Obrazek 4.3 dokumentuje zméteny nartist kladného rovnovazného potencialu s kle-
sajici velikosti zrn. Energie monoenergetickych elektrontt dopadajicich na povrch zrna,
ktera je potfebna k ustanoveni daného rovnovazného potencialu, roste pro zmérena zrna
priblizné logaritmicky s hmotnosti.
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Obr. 4.3 — Zavislost energie monoenergetickych primarnich elektront potiebné
pro ustaveni urcitého rovnovazného potencialu na velikosti zrna mési¢niho
nebo marsovského simulantu; pro srovnani hodnoty nameétené pro kulova zrna

ze skelného uhliku.

Rozptyl hodnot je zptisoben pravdépodobné rtznorodym nepravidelnym tvarem
zrn. Oba simulanty se v ramci rozptylu vzajemné nelisily. Hladky kulovy skelny uhlik
potfebuje pro dosazeni stejného potencialu dle oc¢ekavani vyssi energie.

Vysledky méfeni zvyseného vytézku sekundarni elektronové emise z malych nepra-
videlnych zrn jsou soucasti ¢lanku Pavli a kol. [2014], kde diskutujeme mozny vliv na
stéle nedofesenou otazku elektricky vlastnosti prachovych bouti na Marsu [Yair, 2012].
Na zéakladé toho, Ze Gurnett a kol. [2010] nenalezli v datech ze sondy Mars Express
teoreticky ocekavané radiové projevy bleskt, 1ze ocekavat mimo triboelektrického nabi-
jeni i existenci dalSich jevi, které snizuji intenzitu elektrickych poli v atmosfére. Pavla
a kol. [2014] navrhuji sekundarni elektronovou emisi jako jeden z vlivii, ktery mize
pusobit proti triboelektrickému nabijeni rozdélujicimu naboje zrn podle jejich velikosti
[Forward a kol., 2009], a snizovat tak intenzitu elektrického pole ve vyssich vrstvach
marsovské atmosféry pii prachovych boutich.

Pro zrna ze skelného uhliku a pro danou intenzitu elektrického pole na povrchu
je potiebna energie dopadajicich elektronti v rozsahu zmétrenych dat imérna poloméru
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Obr. 4.4 — Potfebnd energie dopadajicich primarnich elektront pro do-

sazeni konkrétni intenzity elektrického pole u povrchu kulového zrna ze

skelného uhliku v zavislosti na jeho poloméru. Prevzato z Beranek a kol.
[2011] (ptiloha A3).

zrna, jak je patrno z grafu 4.4. Tento graf také ukazuje, ze v pouzité experimentalni apa-
ratufe s dostupnou energii elektronového svazku 12,5 keV je mozné takto az k autoemisi
nabijet zrna s polomérem pfiblizné 0,8 pm a mensi.

Vliv nizkoenergetickych elektroni

Zméfeny rovnovazny potencial zrn bombardovanych nizkoenergetickymi elektrony (¥a-
dové 100eV) nezavisi na velikosti zrna, ale pouze na materialu. To nicméné odporuje
zavérum, které publikoval Abbas a kol. [2007] pro mési¢ni prach. Na zakladé popisu
méfici aparatury, kterou Abbas a kol. [2007] pouzil jsme analyzovali pohyb elektro-
nového svazku v této aparatufe kvadrupdélovym polem k zrnu. Z analyzy vyplyva, ze
energie dopadajicich primarnich elektront byla podstatné zménéna polem pasti a vy-
sledky jsou proto zatizeny systematickou chybou. Zavérem je, Ze pro primarni elektrony
s energii ~ 100eV a pro zrna o rozmeérech desetiny pm a vétsi neni rovnovazny poten-
cial zavisly na velikosti, jak je podrobnéji rozebrano v ¢lanku Némedek a kol. [2011]
(pfiloha A4).

Vliv elektrického pole na vytézek SEEE

Protoze vytézek SEEE zrn ze skelného uhliku klesa ve stifednich energiich pod jed-
notku, je mozné vyuzit prusec¢iku jednotkového vytézku (bod odpovidajici energii Fjy
v grafu 2.1) ke sledovani zmény vytézku nabitého zdporného zrna. Zrno bude pii bom-
bardovani monoenergetickym elektronovym svazkem udrzovat stabilné rovnovazny po-
tencial pravé o Fy nizsi, nez je energie déla. Zaroven je mozné zménou energie svazku
ménit absolutni potencial zrna, a tedy i intenzitu elektrického pole na jeho povrchu.

Pfi intenzitach elektrického pole na povrchu mezi 100 a 600 V/pm byl vlivem nartstu
vytézku sekundarni emise pozorovan posun rovnovazného bodu v rozmezi 1,6-2,2keV
umérné intenzité pole. Vice podrobnosti je uvedeno v ¢lanku Beranek a kol. [2009a]
(pfiloha Al).

Nésledujici méteni vedla k zjisténi empirického vztahu pro zvyseny vytézek sekun-
darni emise ze skelného uhliku v diisledku pfitomnosti elektrického pole [Beranek a kol.,
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2009b]:

S(F,E) = dp_o(E)- | 1+ g , (4.1)

kde Fj je experimentalné urcend konstanta v fadu jednotek kV/pm. Na nékolika rtiznych
zrnech byly zméfeny hodnoty od 2,5 do 13 kV/pm, pravdépodobnym divodem je rozdil
mezi uvazovanou intenzitou pole pocitanou z predpokladu dokonale kulového zrna a
realnou situaci, kdy je pole zesileno geometrickym faktorem povrchovych nerovnosti
zrna.

4.3. Polni emise

Potrebna intenzita elektrického pole na povrchu

Pti zkouméani polni emise bylo zachycené uhlikové zrno s polomérem v fadu mikrometri
v pasti nabito na zaporny potencial o velikosti stovek volt az jednotek kilovolt a nasledné
ponechano vybijet autoemisi. V grafu 4.5 je vynesena velikost prahového potencialu ku
polomeéru zrna pro nékolik riiznych zrn.

Referenéni emisni proud byl zvolen 1e™/s-pm? ~ 0,2pA/m?. Diky exponencial-
nimu nardstu proudu v zavislosti na intenzité pole je konkrétni volbou referenc¢niho
proudu zméfend hodnota intenzity pole ovlivnéna jen slabé. (Pro desetindsobny proud
sta¢i zvysit pole pfiblizné o 5 %.) Zvoleny proud lezi v oblasti dobfe métitelné v apara-
tufe a také radoveé odpovida ocekavatelnym nabijecim proudim v kosmickém prostiedi
(naptiklad Draine & Salpeter [1979] uvazuji pro zrno v mezihvézdném prostiedi pole,
pii kterém je hustota autoemisniho proudu 10e™ /s - pm?).
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Obr. 4.5 — Zmétena velikost napéti potiebné pro vyvolani emisniho proudu o veli-

kosti 1e~ /s pm k poloméru zrna pro nékolik riznych zrn. Na horizontalni ose je

vynesen polomér zrna. Vertikalni rozsah hodnot pro kazdé zrno odpovida hodnotam
ziskanym opakovanymi méfenimi na prislusném zrnu.

Na svislé ose je vynesen podil potencialu zrna k jeho poloméru. To v piipadé doko-
nale kulového zrna odpovida intenzité elektrického pole, nicméné realné nepravidelnosti
povrchu budou intenzitu nad emisnim mistem navysovat. Nameéfend data nevykazuji
zadnou systematickou zavislost na poloméru zrna a rozdilné hodnoty prahové intenzity
jsou pravdépodobné zptisobeny pravé rozdilnou kvalitou povrchu zrn, tedy liSicim se
geometrickym zesilenim elektrického pole.
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Zobrazeny rozptyl intenzit pro dany polomér byl pozorovan pfi zvoleném proudu
béhem opakovanych méreni na stejném zrnu. Dtivodem jsou vyrazné fluktuace emisniho
proudu. I bez vnéjsiho pisobeni na zrno se emisni proud ¢asto skokové méni piiblizné
o tad pri nezménéném potencialu. Typicka situace je ve Fowler-Nordheimové grafu 4.6
a Casovy prubéh v grafu 4.7. Vzhledem k tomu, zZe Slo o trvalé vybijeni, proud stale
klesal a zobrazeny casovy pribéh ukazuje relativni zmény vici extrapolovanému expo-
nencialnimu pribéhu bez skokii. Velmi mald nebo zddné zména smeérnice ukazuje na
zménu vystupni prace nebo geometrického zesileni pole béhem skoku mensi nez 5 %.
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Obr. 4.6 — Zavislost proudu na potencidlu u uhlikové ¢astice o poloméru 1,8 pm
se skokovymi zménami emisniho proudu. Smérnice zistava nezménéna.
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Obr. 4.7 — Casovy pritbéh emisniho proudu normovany k piimce I, z grafu 4.6.
Na horni ose je pro orientaci uvedena okamzitd hodnota I;.

Obdobné pozorovani skokovych zmén proudu popsal Yamamoto a kol. [1979], nic-
méné nami pozorované skoky nastavaji pti proudovych hustotach o mnoho radu nizsich,
coz je v rozporu s empirickou proudovou zavislosti, kterou autor predklada. Yamamoto
[2006] uvadi, ze fluktuace mohou byt zptisobeny lehce migrujicimi adsorbovanymi mo-
lekulami Hy, které zvysuji vystupni praci uhliku. V ptipadé prachového zrna znamena
toto zvyseni vystupni prace pravdépodobné efektivni zastaveni emise z piislusného bodu
a nadale proud tece jen pres ostatni mista (s niz$im geometrickym zesilenim pole), tudiz
pozorujeme mensi proud pfi stejném potencidlu zrna.
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Vystupni prace

Kromé urceni samotné prahové hodnoty povrchového potencidlu zrna jsme data zis-
kana béhem vybijeni zpracovali podle standardni Fowler-Nordheimovy teorie [Murphy
& Good Jr, 1956]. Po vynesenim hodnot In(7/U?) a 1/U do grafu je mozné usuzovat na
skutecnou (,,mikroskopickou*) intenzitu elektrického pole v emisnich mistech a srovnat
zméfenou proudovou hustotu s predpovédmi FN teorie.

Vzhledem k tomu, Ze mérnou kapacitu zrna je mozné v experimentu primo zméfit,
kdezto intenzitu elektrického pole je potfeba pocitat za urcitych predpokladi (typicky
predpoklad kulového tvaru zrna), pouzili jsme pro zpracovani autoemisnich charakte-
ristik povrchovy potencial a nikoliv intenzitu. Vztah mezi potencidlem (U) a intenzitou
pole (F) bude vyjadfovat koeficient 5 (f = F/U). Vztah pro emisni proud je mozné
podle Forbes [2006] psat:

I (4.2)

tpraSBAU? —vpbp3/?
=———— exp| —2— | ,
@ pU
kde a = 1,54-107%A-eV-V 2 b =6,83eV 2. V.nm™!, S je emisni plocha, ¢ v§-
stupni prace, koeficient ¢tz je mozné s ohledem na presnost méfeni povazovat za rovny
jedné a pfiblizny vztah pro vy je [Forbes, 2006]

BU  BUmBU/Fy

Fg je pole potiebné pro snizeni povrchové bariéry, F = 0,6945eV 2.V -nm™! - ©?.

[Forbes & Deane, 2007]
Za téchto predpokladii a zndmé hodnoty ¢, je vhodné rovnici (4.2) pfepsat pro
zpracovani méfenych dat do tvaru

I s
In = Inr — iR (4.4)

kde
bo®?  1,64eVY/?
TR B
aS3? b/ (6 — In B/ Fg) aSB* [(Fg\°
r= - ex 67y = 2 (7> -exp bx =
=a-(280,2eV72-V.nm ). 5. o1 g7
s =bo"?/B.

Pro skelny uhlik je mozné najit zméfenou vystupni praci ¢ = 4,2eV [Kelemen &
Freund, 1987], takze konkrétné

x=0,8,

r=330-10"" .5 (Bmm )",

V12.nm?
s =588V .nm ' 5L,
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r=18um r=19um r=2,6um r=15um r=14um
B=24/r 6=22/r B=30/r G =30/r B=31/r
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Obr. 4.8 — Fowler-Nordheim diagram vybijeni nékolika riznych uhlikovych zrn. Nad grafem je
uveden pramér pfislusného zrna (odhad pro idealné kulové zrno), koeficient 8 udavajici vztah
mezi potencidlem a intenzitou pole na zdkladé smérnice prolozené pfimky a nakonec emisni plo-
cha S extrapolovand z namérenych dat. Horizontalni osa je skalovana podle skute¢ného poloméru

kazdého zrna.

Nameétené pribehy pro nékolik riiznych zrn jsou vyneseny v grafu 4.8. Smérnice vy-
bijeni ukazuje, za predpokladu vystupni prace 4,2 eV, na intenzitu elektrického pole nad
emisnimi misty 2x az 3x vyssi, nez by vychazelo pro pfesnou kouli. To neni v rozporu
s o¢ekavanymi hodnotami pro drobné poruchy povrchu [Forbes a kol., 2003].

Odhad emisni plochy je silné zavisly na konkrétnim prolozeni pfimky a spocteny
vysledek mize byt zatizen podstatnou fadovou chybou. Tomu nasvédcuje znacny rozptyl
hodnot mezi zrny a také pozorované skokové zmény proudu poukazuji na emisni mista
spise atomarni velikosti.

4.4. Polni ionizace

Vybijeni kladnych zrn potiebuje mimo dostatec¢né intenzity pole také zdroj neutralnich
castic, které mohou byt v poli ionizovany. V tivahu pripadaji dva principialné odlisné
jevy — Castice dopadajici na zrno z okolniho prostredi a ¢astice opoustéjici zrno.

Jak uz bylo zminéno v tvodnim pfehledu, samovolné vybijeni kladnych zrn je
v experimentalni aparatufe pozorovano uz pfi intenzitach elektrického pole fadové niz-
sich, nez kolik predpovidaji teorie polni ionizace. Déle byl pozorovan vliv konkrétniho
pribéhu predchozich nabijeni a bombardovani zrna ionty na vybijeci proud. Tyto expe-
rimenty shrnuji v ivodu ¢lanku Pavli a kol. [2008a].

Nabijeni a udrzovani naboje kladného zrna pomoci iontového svazku je prova-
zeno podstatnym ovlivnénim materidlu samotného zrna (implantace ionti svazku a
vyznamné odprasovani), naopak samovolné vybijeni zrna bez pfitomnosti svazkt ne-
umoznuje sledovat ¢asovy vyvoj proudu pri konstantni intenzité pole. Proto jsme pro
dalsi experimenty zvolili jinou metodiku umoznujici oddélit fizeni ndboje a bombardo-
vani zrna ionty.

Vyuzili jsme toho, Ze néktera kladnéd zrna je mozné v aparatuie nabijet az k au-
toemisi i samotnym elektronovym svazkem, jak bylo zminéno v ¢asti 4.2. Rizeni elek-
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Obr. 4.9 — Méfeni ¢asového priibéhu autoemisniho proudu za konstantniho pole.

tronového déla jsme doplnili automatickou regulacni smyckou nastavujici proud svazku
podle okamzitého mérného naboje zrna. Tu je mozné pouzit dvéma zptisoby. V prvnim
pripadé zpétna vazba reguluje kontinualné proud svazku tak, aby naboj zrna zistaval
konstantni. Proud déla je pak timérny autoemisnimu proudu ze zrna. Metoda je vhodna
pro situace, kdy potiebujeme velké proudy, ale nemoznost presné absolutni kalibrace a
dlouhodoba nestabilita vztahu mezi fidicim signalem a skute¢nou proudovou hustotou
svazku elektronového déla limituji jeji presnost. Druhou, presnéjsi moznosti je nabijet
zrno pouze kratkymi pulsy a v dobé mezi nimi urcovat emisni proud podle rychlosti
poklesu mérného naboje. Typicky prubéh takového méfeni ilustruje graf 4.9.

Zdroje Castic pro polni ionizaci

Atomy, které se v elektrickém poli zrna ionizuji a tim umoznuji vybijeni, rozdélime
podle ptivodu na:

— Dopadajici ¢astice zbytkové atmosféry (tlak fadové 1077 Pa) ve vakuové ko-
more.

— Dalsi plyn vpoustény do aparatury, zménou jeho tlaku miiZzeme ménit dopa-
dovou frekvenci na povrch.

— Adsorbat a dalsi slabéji vazané slozky opoustéjici zrno po jeho zahtati lasero-
vym paprskem (jak bylo napiiklad u zrn marsovského simulantu pozorovano
na zakladé poklesu hmotnosti, viz Pavlt a kol. [2014]) nebo desorbujici pii
bombardovani elektronovym svazkem |[Drinkwine & Lichtman, 1977].

Tato slozka proudu by méla vykazovat pokles v case s tim, jak se zrno
¢isti od slabé vazanych slozek a méli bychom pozorovat napiiklad i zavislost
na teploté zrna.

— Atomy iontového svazku implantované do zrna a nasledné difundujici ven. Pro
odhad velikosti proudu téchto ¢astic jsme vyuzili pozorovani difuze implanto-
vaného argonu na zakladé zmény hmotnosti zrna [Beranek a kol., 2010 (pfiloha

A2)].

Slabé vazané slozky zrna

U zrna marsovského simulantu jsme po zachyceni do pasti a nabiti vysokoenergetic-
kym elektronovym svazkem pozorovali zavislost samovybijeciho proudu na intenzité
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laserového svazku osvétlujictho zrno. Mimo tohoto ¢erveného svétla na zrno v daném
okamziku nedopadaly zadné jiné svazky.

Vzhledem k tomu, zZe tepelna bilance zrna ve vakuové komorte je urcena prakticky
pouze zafenim, ma zména intenzity laseru za nasledek zménu teploty zrna, a tim i
desorb¢éniho proudu. Skute¢nou teplotu zrna nemizeme z intenzity spocist kvili ne-
znamému presnému tvaru a nezndmému indexu lomu v dostatecné sirokém intervalu
vlnovych délek, nicméné vysledky v grafu 4.10 ukazuji, Ze teplotné zavisla slozka tvori
majoritni ¢ast vybijeciho proudu.
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Intenzita laseru ohfivajiciho zrno [mW/mm?]
Obr. 4.10 — Teplotni zavislost autoemisniho proudu ze zrna marsovského si-

mulantu o primeéru piiblizné 0,7 pm. Povrchovy elektricky potencil zrna byl
béhem méteni 280 V.

Obdobné méteni jsme provedli na zrnech ze skelného uhliku. Vzhledem k tomu, ze
tato zrna pfi zvysSeni teploty neuvolnuji zadné pozorovatelné mnozstvi tékavych slozek,
zvolili jsme pro iniciaci desorpce elektronovy svazek. To ndm umoznuje provést celé
méfeni s konstantni intenzitu elektrického pole na povrchu. Na druhou stranu budeme
pozorovat kombinaci efektl iontového vytézku elektrony stimulované desorpce a polni
ionizace.

Protoze naboj zrna je konstantni, musi se navzajem vyrovnat nabijeci proud diky
sekundarni elektron-elektronové emisi, vybijeni zrna odchazejicimi desorbovanymi ionty
a vybijeni polni ionizaci nezavislou na desorpci. Posledni slozku, oznacime ji [x;, miizeme
odecist ze smérnice zmény naboje zrna béhem vybijeni po vypnuti elektronového svaz-
ku.

Koeficient imérnosti mezi primarnim elektronovym proudem dopadajicim na zrno
I, a nabijecim proudem sekundarni emise Igg oznacime « (je to soucet vytézku rozp-
tylenych elektronu a efektivniho vytézku sekundarnich zmenseny o jednicku). Béhem
celého méteni je konstantni, protoze se neméni ani energie svazku, ani potencial zrna.
Potiebny proud primérnich elektrond pro udrzeni konstantniho nédboje bude nejnizsi
ve chvili, kdy uz nedochézi k desorpci. Tuto hodnotu, Iy = Ip/«, pouzijeme jako
zéklad a primarni elektronovy proud budeme vyjadiovat jako I, = kly . Tim se vyh-
neme potiebé znat presné pomér mezi mérenym celkovym proudem svazku a jeho c¢asti
dopadajici na zrno.

Plati tedy

kI
Isgy = nB0ogesle + Iyr kler = nB0ges TFI + Iy, l=——++ -+
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kde 04¢ je UCinny prifez desorpce, [ je pravdépodobnost ionizace desorbované Castice
a n je povrchova hustota ¢astic, které mohou desrbovat. Po tprave:

Odes = % (1 - %) . (45)

Pro obsazeni povrchu zjevné plati

dn o Iel(t)
E = —O0des Se n(t) (46)

kde S je plocha povrchu zrna. Dosazenim za og4. a I, ziskdme

dn IFI

o~ " se O -1 (4.7)

Integral znamé hodnoty [k(t) — 1] podle ¢asu je pfimo tmérny ¢asovému pritbéhu ob-

sazeni povrchu: ; .
FI

— —1dr = ) 4.
o [ ko —1ar=pn (43)

Spojenim rovnic (4.8) a (4.5) mizeme napsat pfimou imérnost

Odes IFI > o 1

Pokud do grafu vyneseme naméfené hodnoty k ve tvaru (1 — 1/k) vaéi levé strané rov-
nice (4.8), ktera obsahuje také pouze zméfena data, dostaneme ve shodé s rovnici (4.9)
piimku (viz graf 4.11). Uéinny priifez desorpce je jeji smérnice vynasobena .. Hodnoty
na horizontalni ose odpovidaji pokryti povrchu vynasobenému tc¢innosti ionizace f3.
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Obr. 4.11 — Cisténi povrchu zrna elektrony stimulovanou desorpci pro dvé rfizna zrna. Na horizon-
talni ose je hodnota odpovidajici pokryti povrchu vynasobeného tcéinnosti ionizace desorbovanych
¢astic. Smérnice piimky je ucinny prifez desorpce vydéleny nabijeci tcinnosti SEEE.

Smérnice v grafu pro dvé zméfena zrna jsou postupné 0,07 nm? a 0,13 nm?. Hodnotu
a muzeme odhadnout z celkového proudu elektronového svazu a velikosti jeho prifezu.
Spolu s efektivnim prifezem zrna pro zachyt elektronti svazku tim urcime I, a proud
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Ig1 zname. Kvili nedostatku informaci o presném tvaru svazku je takto mozné dojit jen
k fadovému odhadu ae ~ 0,01. To vede na ucinny prifez elektrony stimulované desorpce
107" cm?, coz odpovid4 typickym publikovanym hodnotdm [Drinkwine & Lichtman,
1977].

Naopak podil ionizovanych ¢astic (f) je tomto piipadé vyrazné vyssi nez hodnoty
publikované pro situaci bez elektrického pole (typicky 1 : 100, viz napf. opét Drinkwine
& Lichtman [1977]). Pokud zvolime za horni odhad obsazeni povrchu 18 &4stic na nm?
(hustota uhlikovych atomt na zékladé meziatomové vzdélenosti), musi byt S pro prvni
zrno alespon 3/4 a pro druhé vyssi nez 1/4.

lonizace atom0 plynu v okolni zrna

Sledovanim zmény rychlosti vybijeni polni ionizaci pfi pripousténi argonu do vakuové
aparatury jsme se pokusili kvantifikovat G¢innost ionizace atomt dopadajicich na na-
bité zrno z okolni atmosféry. Méfitelnd zména proudu byla zaznamenana teprve pii
zvyseni tlaku na hodnotu fadové 1072 Pa. Porovnanim vybijeciho proudu s dopado-
vou frekvenci Castic pii riznych tlacich jsme ziskali odhad efektivity ionizace argonu
1077 pro elektrické pole 3kV /pm, jak je podrobnéji popsano v Beranek a kol. [2011]
(ptiloha A3).

lonizace castic difundujicich ven ze zrna

Po nékolika hodinach bombardovani zrna argonovym svazkem jsme, uz bez pouziti
iontt, prubézné sledovali vybijeci proudu polni ionizace pti konstantni intenzité elek-
trického pole. Zaznamenali jsme postupny pokles proudu s ¢asovou konstantou v fadu
hodin, ktery dobfe souhlasil s dfive pozorovanym pribéhem difuze argonu ze zrna [Bera-
nek a kol., 2010 (piiloha A2)]. Srovnani polni ionizace a difuze je publikovano v ¢lanku
Beranek a kol. [2011] (pfiloha A3) a na jeho zdkladé vyvozujeme uéinnost ionizace
odchézejicich atomii na 0,1 pfi poli 3kV /pm.

Ucinnost polni ionizace pro riizné zdroje Castic

Méfeni polni ionizace probihalo pfi intenzité elektrického pole v jednotkach kV/pm,
tedy s hodnotami intenzity zhruba o fad nizSimi nez jsou typicky spojovany s polni
ionizaci [Miiller & Bahadur, 1956, Draine & Salpeter, 1979]. Emisni proud 1e~ /s - pm?
vytvoreny zbytkovou atmosféru v experimentalni komotre byl pozorovan pii elektrickém
poli o intenzité pfiblizné 2kV /pm.

Zdroj castic Intenzita pole Uéinnost
[kV/pm] ionizace
Ar, plyn v okoli zrna 3 ~ 1077
Ar, difundujici ven ze zrna 3 ~ 0,1
Adsorbat uvolnény z povrchu zrna elektrony 41-44 >1/4
stimulovanou desorpci

Tabulka 4.1 — U¢innosti polni ionizace pro rtizné zdroje neutralnich ¢astic podle vysledkil v této
kapitole a v Berdnek a kol. [2011] (pfiloha A3).
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Pomoci mérici techniky vyuzivajici nabijeni zrna na vysoké kladné potencialy po-
uze elektronovym svazkem jsme ziskali oddélené tc¢innosti ionizace ¢astic riizného pivo-
du. Pravdépodobnost ionizace atomt argonu z okolni atmosféry je dle ocekavani niz-
ka. Oproti tomu dosahuje Gc¢innost ionizace ¢astic odchazejicich ptfimo z povrchu zrna
hodnot o mnoho Fadt vyssich. Ziskané vysledky jsou shrnuty v tabulce 4.1. U¢innost
ionizace tékavych slozek opoustéjici zrno po zvyseni teploty se ndm nepodafilo kvanti-
fikovat, nicméné na zakladé velikosti vlivu zmény teploty miizeme odhadnout, ze bude
opét fadove vyssi, nez ucinnost ionizace okolni atmosféry.

Polni ionizace tedy mtize ovliviiovat ndboj zrn uz pii pomérné nizkyjch intenzitach
elektrického pole. Vybijeci proud bude siln€ zaviset na proudu c¢astic opoustéjicich zrno.
Kromé difuze sledované prednostné v tomto experimentu se da ocekavat podobné cho-
vani napiiklad pro ¢astice vypafujicich se z povrchu. Ve vsech pfipadech bude vybijeni
a naboj zrna zaviset i na dalsich vlivech mimo intenzity elektrického pole, napriklad na
jeho teploté, slozeni nebo obsahu slabé vazanych slozek.
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5. Linearni kvadrupodlova past

Jak bylo zminéno v tivodu, podstatnou prekazkou pro nékteré laboratorni experimenty
zkoumajici nabijeni prachovych zrn je nekontrolovatelny a neznamy proud pozadovych
elektronii z elektrod pasti. Jednou z cest ke snizeni tohoto pozadi je konfigurace pasti,
ve které bude zrno obklopeno mensi plochou elektrod.

Névrh takové pasti byl obsahem diplomové prace Beranek [2007]. Testovaci méfeni
sestavené pasti s linedrnimi elektrodami je popsédno v ¢lanku Berdnek a kol. [2012]
(pfiloha A5). Zde shrnujeme popis pasti doplnény o analyzu vlivu rozdilti mezi ideél-
nim modelem a realnou pasti provedenou na zakladé numerickych vypoctu elektrického
pole.

5.1. Zakladni princip

Past je tvofena ¢tyimi dvojicemi valcovych elektrod. Kazda dvojice lezi na spolecné ose
a je oddélené pouze tzkou izolacni mezerou. Osy dvojic jsou rovnobézné s hlavni osou
pasti a lezi od ni ve vzdélenosti ry + R. Schematicky nékres elektrod a jejich oznaceni
je na obrazku 5.1.

(/ - ((/[ - @{Q
<

/ - —— // ——+ 0 0]
. O

. ( - (( -

Obr. 5.1 — Usporadéani tycové pasti. Jednotlivé elektrody jsou symbolicky oznaceny podle toho ve kterych
polorovinach urc¢enych postupné koordinaty x, y a z lezi. Poc¢atek soufadnic je uprostfed pasti.

Napéti na kazdé elektrodé je souctem komponent vyznacenych na obrazku 5.2.
Komponenty u,, u, a u, jsou harmonické napéti o stejné frekvenci a fazi tvorici efek-
tivni potencial, ktery drzi zachycené zrno. Zbylé komponenty (u,,, .. a w,.) slouz
k manipulaci se zrnem (tlumeni a ¥izeni kmit, kompenzace tihy zrna atd.).

Pro méreni a pohyb zrna vseobecné nas zajima jen mala oblast pasti kolem jejiho
stfedu. V prvnim pfiblizeni budou pro popis pasti podstatné pouze nejnizsi pritomné
¢leny multipélového rozvoje jednotlivych poli.
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Obr. 5.2 — RozloZeni napéti na elektrodach pro jednotlivé komponenty pole. Napéti na tmavych
a svétlych elektrodach ma stejnou velikost, ale opac¢nou polaritu.

Polomér valce vepsaného pasti, ry, vyuzijeme jako skalovaci faktor a vztah mezi na-
pétimi na elektrodach a polem ve stfedu pasti budeme charakterizovat bezrozmérnymi
geometrickymi koeficienty \.

Pole vyvolané nékterym z napéti u,, u, nebo u, bude jako nejnizsi multipélovou
slozku obsahovat kvadrupdl. Dipdlové pole neodpovida symetrii napajecich napéti. Ze
symetrie napajecich napéti také plyne konkrétni tvar kvadrupdlového pole:

u$A$
0. (r) = 2 Yz, (5.1)
0
Uy A,

py(r) = =5~ 2, (5.2)

> O

u

pu(r) = —5 - ay. (5-3)

Spyz(r) = % “ T, (54)
u:vz)\zz

szz(r) = To "y, (55)
Ugy Ay

par) = 59

Celkové elektrické pole v pasti, ¢(r) je sou¢tem téchto dil¢ich poli.

Ze symetrie konstrukce pasti mizeme vyvodit rovnost A, = A,. Tuto spolecnou
hodnotu oznac¢ime );. Stejné tak budou navzéjem shodné hodnoty A, a A..

Pfi méfeni v pasti volime pro napéti w,, u, a u, synchronni harmonicky pribéh
s thlovou frekvenci w a amplitudami postupné V,, V,, a V.. Za pfedpokladu V, =V,
(dale oznacuji ;) je mozné definovat koeficient C' popisujici tvar pole v pasti:

Vi

C:VZ)\Z.

(5.7)

Geometrické koeficienty spoc¢tené na zakladé numerického vypoctu potencialu elek-
trického pole (viz nasledujici kapitola) pro dvé verze pasti s konfiguraci R/ry = 0,8 a
R/rq = 1,0 jsou uvedeny v tabulce 5.1.
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R/TO ‘ )‘z O/(W/‘/;') /\xy )‘xza >‘yz
0,8 1,942 0,869 1,12 1,11
1.0 3,092 0,875 1,42 1,40

Tabulka 5.1 — Geometrické koeficienty pasti ve dvou uvazovanych
konfiguracich.

Podle priblizeni efektivniho potencialu [Gerlich, 1992] mtiZzeme pii dostatecné vy-
soké frekvenci w budiciho napéti uvazovat nabité zrno pohybujici se v poli

Q2

Amw?

Uett (1) JE(n)” (5-8)

kde E; je amplituda intenzity elektrického pole v pasti, () je naboj zrna a m jeho
hmotnost. Pohybova rovnice zrna bude

d?r
m W = —Vueff(r) . (59)
) SRS e
=l /o
© z z z
10/ SRR SRS SRR -
. N
0 0,5 1 1,5 2

Obr. 5.3 — Transformace soufadnicové soustavy do sméra vlastnich kmitt. Nejprve
rotace kolem osy z o 7/4, poté kolem nové osy x’ o thel 6 dany koeficientem C'.

Operator gradientu efektivniho potencidlu je diagonalni v transformované souradné
soustavé (x',y’,z') [Berdnek a kol., 2012 (pfiloha A5)]. Smér bazovych vektoru je
vyznaceny na obrazku 5.3 a pro thel 8 plati

tg 20 = 2v/2C'. (5.10)

Transformované osy jsou vlastni vektory operatoru a zrno podél nich mize stabilné
kmitat. Frekvence kmiti ve sméru jednotlivych os pro zrno s mérnym nabojem @Q/m
jsou
V2 pro smér x’,

V1+4C? ++/1+8C? pro smér y', (5.11)
V1+4C? — /1 +8C? pro smér 2.

Vzéajemné poméry jednotlivych frekvenci zavisi na parametru C' (pro danou past
tedy na poméru napéti V, a V}) a jsou znazornény v grafu 5.4.

Jak je ukazéno napiiklad v Berdnek a kol. [2012] (pfiloha A5) kmity zrna podél
osy x' nejsou diky symetrii pasti ovlivnény vys$simi multipélovymi ¢leny poli ¢, a ¢,,.

VoA,
-9 .

m 2wrd
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Obr. 5.4 — Pomér frekvenci kmitd zrna v jednotlivych vlastnich médech.

Pole ¢, je polem tyc¢ového kvadrupdlu s nizkou nelinearitou a smér x’ je tim vhodny
pro méreni ndboje zrna. Zbylé dva médy by meély byt béhem méteni zatlumeny.

Pro provoz pasti je kvili dynamickym experimentim s rychlou zménou naboje
zrna dilezita nizka selektivita vii¢i mérnému naboji. Z toho plyne pozadavek na poméry
vsech frekvencich co nejblizsi jedné. Zaroven je vhodné vyhnout se poméru pfesné jedna,
ktery znac¢i degenerovany stav bez vyznacného sméru x’. Aby nebylo potfeba napéajet
nekteré z elektrod zbytecné vysokym napétim, je vhodné zachovat C' < 1. Pro praktické
pouziti budou tedy vhodné parametry pobliz V, = V.

5.2. Numericka analyza pole v pasti

Pro urceni koeficientd A a pro posouzeni vlivu riiznych odchylek realné pasti od idea-
lizovaného modelu je potfeba spocist numericky tfirozmérny model elektrického pole.
Vhodnou reprezentaci vysledku pak mize byt bud multipélovy rozvoj elektrického po-
tencialu nebo primo tvar jamy efektivniho potencialu.

Pro numericky vypocet byl zvolen model konfigurace pasti o rozmérech shodnych
se sestavenou a zkouSenou verzi (viz nasledujici kapitola), tj. polomér ty¢i R = 6 mm a
polomér prazdného vélce vepsaného pasti 7o = 7,5 mm, tedy R/ro = 0,8. Siika izola¢ni
mezery mezi polovinami tycové elektrody je, pokud neni feceno jinak, 0,5 mm. V takto
simulované pasti (véetné zjednodusené reprezentace uzemnéné upeviiovaci konstrukee,
kterou je vidét na obrazku 5.10) jsme pomoci Fesi¢e Laplaceovy rovnice z programu
SIMION? numericky vypocetli elektricky potencial.

Jako dalsi krok jsme urcili reprezentaci tohoto spocteného pole v okoli stiedu pasti
pomoci nékolika nejnizsich radd multipélovych ¢lenti tak, aby byl minimalizovan soucet
¢tvercti odchylek mezi multipdlovou reprezentaci a spoctenymi hodnotami potencialu.
Pro reprezentaci pole do vzdalenosti 1cm od stiedu pasti s odchylkou srovnatelnou
s chybou numerického vypoctu pole staci multipélovy rozvoj do desatého radu. Zahrnuti
¢lentt vyssich fadd nesnizuje odchylku a neovliviiuje vyznamné hodnotu koeficientt
hlavnich slozek pole.

Druhou metodou zpracovani bylo spocteni efektivniho potencialu jako ¢tvercu dife-
renci numerickych hodnot potencialu elektrického pole a nalezeni reprezentace pomoci

2 http://simion.com
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polynomt v z, y a z. Opét jsme hledali reprezentaci minimalizujici sumu ¢tverci odchy-
lek a pro polynomy druhého fadu jsem urcili sméry a délky os jimi popsaného elipsoidu,
tedy hodnoty, které jdou pifmo srovnat s vlastnimi ¢isly €2/, Q,/, €2, a tthlem ¢ pop-
sanymi v predchozi sekci.

Velikost izolaéni mezery

V redlné pasti je potieba elektricky oddélit dvé poloviny kazdé z tyci. To je vyreseno
vyrobenim jedné poloviny tyce v podobé dutého valce, ktery je nasunuty na druhou,
nosnou, ¢ast. Na povrchu elektrody je tedy izola¢ni mezera o Sifce w. Pro vypocet jsme
pouzili zjednoduseny model podle obr. 5.5.

= ——

Obr. 5.5 — Prifez izola¢ni mezerou mezi dvéma polovinami
tyce. Skuteéné fyzické provedeni vlevo, vpravo model pouzity
pro vypocet pole.

Izola¢ni mezera nezptisobuje zadné neziadouci ovlivnéni kmitt podél osy x’ napétim
V}, nicméné zmeéna Sirky mezery mirné snizuje velikost geometrického koeficientu \,, a
tim kvadrupolovy ¢len ¢, . Pti rozsitovani nebo zuzovani mezery se také méni velikosti
vyssich multipélovych ¢lent vytvorenych napétim V,, které jsou pritomné i u idealizo-
vané pasti bez izola¢ni mezery kvili zvoleni vice oteviené geometrie R/ry = 0,8 (viz
Beranek [2007]). Zmensovani hlavniho kvadrupdlového ¢lenu snizuje méfenou frekvenci
kmiti 2, a vyssi multipolové Cleny zptisobuji anharmonicitu kmiti, kdy je méfena
frekvence mirné zavisla na amplitudé kmitd zrna.
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Obr. 5.6 — Modelovana odchylka frekvence kmitt zrna od teore-
tické hodnoty pro nekonecny tycovy kvadrupdl v zavislosti na Sifce
izola¢ni mezery w mezi dvéma polovinami tyce.

Namodelovand relativni odchylka frekvence kmitd ve sméru x’ vici teoretické hod-
noté spoc¢tené z 2D modelu tycového kvadrupdlu (A, = 1,945 [Beranek, 2007]) v zavis-
losti na Sifce mezery w je vynesena v grafu 5.6. Relativni zména frekvence kmiti pro
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Obr. 5.7 — Zavislost frekvence kmit na amplitudé pro riznou

sitku izola¢ni mezery w. Na svislé ose je vynesena relativni od-

chylka frekvence pfi dané amplitudé kmitti A oproti kmittim
s limitné malou amplitudou.

nékolik rtznych velikosti amplitudy oproti kmittim v ¢isté kvadrupélovém poli (nebo
pfi velmi malé amplitudé) je uvedena v grafu 5.7.

Je vidét, ze zména frekvence kvili zeslabeni pole je ale zanedbatelna — pro velikost
mezery do 1 mm pouze jednotky promile. Tato odchylka ovliviiuje pouze absolutni kalib-
raci mérného naboje, nikoliv stabilitu béhem méreni. Pfesnost poloméru pasti rq, ktery
je ve vztahu (5.11) v druhé mocniné bude mit ve vysledku vétsi vliv. Anharmonicita
kmitl zacina s rostouci sitkou mezery nartstat, nicméné mizeme konstatovat, ze pro
mezeru mensi nez 1 mm je pro ucely méreni stabilita dostatecna. Navic se ukazuje, ze
pro w ~ 0,5mm se vliv vyssich ¢lent pole slozi takovym zptisobem, ze anharmonicnost
bude nizsi, nez pro zcela hladké elektrody.

Asymetrie pasti

Nezavislost métfené frekvence (), na ,,pfi¢nych* slozkach pole ¢, a ¢, plyne ze symetrie
pasti, kdy se vliv nezaddoucich sloZek pole podél osy x’ vyrusi. Pro posouzeni vlivu pii-
padnych mechanickych nepiesnosti na chovani pasti jsme modelovali variantu s drobnou
asymetrii. Konkrétné se jednalo o zménu sitky jen jedné izola¢ni mezery, posunuti jedné
izola¢ni mezery ve sméru osy pasti a poruseni souososti dvou polovin jedné tyce.

Ukazalo se, ze zména $itky jedné mezery pri zachovani jejiho stfedu v roviné sy-
metrie pasti ma na vysledné pole a pohyb zrna zanedbatelny vliv v porovnani s dalsimi
zkoumanymi odchylkami.

Posunuti izola¢ni mezery podél osy pasti (beze zmény jeji Sitky) pfidda do multi-
pélového rozvoje poli ¢, a ¢, cleny zy a 2* — (2 + y?)/2, které ovlivituji efektivni
potencidl ve sméru x’. Frekvence kmiti 2, bude tedy zavisla i na napéti V}, resp. na
koeficientu C. Uz posun o 0,1 mm miiZze zpusobit odchylku frekvence 1%. Situace je
zobrazena v grafech 5.8

Piispévek k efektivnimu potencidlu je, stejné jako zména frekvence, pfimo amérny
koeficientu poméru napéti V;/V,. Diky tomu je mozné past experimentalné zkalibrovat
a tento vliv odecist.

Obdobny efekt ma poruseni souososti dvou polovin jedné tyce. Uvazovali jsme si-
tuaci, kdy bude elektroda posunuta ve sméru kolmém na osu pasti smérem ven. Zmény
pole jsou podobné jako v predchozim piipadé, ale navic se jesté posunutim snizi hodnota
koeficientu A,. Prislusné zmény jsou nakresleny v grafech 5.9.
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Obr. 5.8 — Vlevo: relativni odchylka frekvence kmitt €, kvili nesymetrickému posunuti jedné izola¢ni
mezery v zavislosti na poméru napéti V;/V,. Vpravo: koeficienty multipélovych ¢leni vzniklych v rozvoji
(s + @,) a smérnice odchylky frekvence kmitt v zavislosti na poméru napéti.

5 T T T 5 T T T T
O posun 0,1mm : O coef(xy)/A;
Vi U N S LR R R R R EEEERERRRRRRRRRTYY b §' 4 + 2002 L i
S A posun 0,2mm = A coef(z? — =EX) /A,
X
ch 3 E 3+ O A, T
% @] -
g S
\g 2 ~— 2 “““““““““““““““
s g
ERR Y e T N S I SN N St
° : >
° 0 : T 0 [ b
-1 I I I -1 I i l
0 05 1 1,5 2 0 005 01 015 02 025
v,/ V, posun jedné elektrody [mm]

Obr. 5.9 — Vlevo: relativni odchylka frekvence kmita €, kvili poruseni souososti jedné tyce pasti
v zavislosti na poméru napéti V;/V,. Vpravo: Koeficienty multipélovych ¢lenti nové vzniklych v rozvoji
(¢z + ¢y), zména koeficientu A, a smérnice odchylky frekvence kmitii v zévislosti na poméru napéti.

5.3. Ovérovaci méreni

Pro testovani byla sestavena popsana past s optickou detekci polohy zrna sledujici
pohyb v roviné xz. Méd urdeny k méfeni, x’, ma nulovy primét do sméru z, takze
zatlumenim kmitd ve sméru z zajistime, ze zrno bude kmitat pouze s frekvenci €,/
odpovidajici pozadovanému médu.

Pokud na elektrody pfivedeme napéti u,, s vhodnou frekvenci, lze naopak selektivné
vybudit zbylé dva médy.

Pro tlumeni kmitl ve sméru z jsme vyuzili napéti w,, fdzové posunuté proti de-
tekovanému polohovému signalu ve sméru z. Fazové posunuty signal byl ziskan filtro-
vanim nizkofrekvencni propusti druhého radu. Tento systém tlumeni se pouziva pro
difve zkonstruovanou valcové symetrickou past [Cermdk, 1994]. V ptipadé tycové pasti
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Obr. 5.10 — Vyrobena a sestavena kvadrupdlova past, ve které byla pro-
vedena zde prezentovana méfeni.

jde o kompromisni feSeni, kviili rozdilnym frekvencim €2,/ a 2./, nicméné pro ovéfovaci
méfeni bylo dostatecné.

Experimentem bylo postupné ovéteno zachyceni zrna v pasti, tlumeni jeho pohybu
a Tizeni kmitd pomocnymi elektrickymi poli, frekvence a sméry vlastnich kmita dle
teorie. Obrazek 5.11 ukazuje zrno kmitajici postupné ve vsech trech zakladnich mo-
dech zaznamenané kamerou. Na fotografii je vyznacen ocekavany smér primétu kmiti
spoc¢teny podle teorie uvedené vyse.

/ S 4

4

- ’

— —
0.1mm 0.1 mm 0.1mm

Obr. 5.11 — Kmity zrna v jednotlivych zakladnich mdédech zaznamenané

kamerou.

relativni zména frekvence [%)]

0,75 1 1,25
Vi/ Ve

Obr. 5.13 — Zména pozorované frekvence zrna pii pravé pomeéru napajecich napéti
pasti. Referencni frekvence pro V; = 0 byla extrapolovana z prolozené primky.
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Obr. 5.12 — Zméfené poméry frekvenci kmitii zrna pfi ruznych nastavenich pasti.
Carkované ¢ary jsou oc¢ekdvany teoreticky pritbéh (viz obr. 5.4).

Pfi Gpravé poméru napajecich napéti se frekvence vlastnich kmiti ménily trochu
odlisné od predpokladaného vztahu (5.11), viz grafy 5.12 a 5.13. Jak je ukdzéno v pred-
chozi sekci, odchylku €2, od idedlni hodnoty tmérnou poméru napéti V;/V, mize zpuso-
bit vyrobni asymetrie pasti. V pripadé zde pozorované odchylky 1,6 % pii V, = V. to
ukazuje naptiklad na posun jedné délici izola¢ni mezery o 0,2 mm ve sméru osy pasti.
Sestavend past méla skutecné izola¢ni mezery nepravidelné, a odchylka velikosti 0,2 mm
miize odpovidat realité.
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6. Zavér

Predlozena prace se zabyva experimentalnim zkoumanim vybranych aspektti nabijecich
procest prachovych zrn; konkrétné vlivem velikosti zrna a intenzity elektrického pole na
jeho povrchu na vytézek sekundarni elektron-elektronové emise a predevsim analyzou
autoemisniho vybijeni kladnych i zdpornych zrn. Hlavni vysledky prace miizeme shrnout
nasledovné:

(a) Pfi méfeni rovnovaznych potenciali kladnych prachovych zrn ustanovenych do-
padajicim monoenergetickym elektronovym svazkem bylo potvrzeno dosazeni vy-
sokych potencialtt pro vysoké energie svazku v souladu s teorii a predpovédmi
numerického modelu [Beranek a kol., 2011 (pfiloha A3), Pavli a kol., 2014].

(b) Bylo opakované potvrzeno, ze primarni elektrony s energii kolem 100eV nabiji
zrno na povrchovy potencial nezavisly na jeho velikosti. Odlisné tvrzeni, které
publikoval Abbas a kol. [2007] bylo identifikovéno jako systematické chyba pouzité
metody [Némecek a kol., 2011 (piiloha A4)].

(c) Byl pozorovan narust vytézku sekundarni elektronové emise z vodivych uhlikovych
zrn diky intenzivnimu elektrickému poli na povrchu [Berdnek a kol., 2009a (pti-
loha A1)], ktery byl na zékladé dalsich méfeni kvantifikovan empirickym vztahem
[Beranek a kol., 2009b].

(d) Vlastnosti samovybijeni zapornych uhlikovych zrn odpovidaji teorii polni emise.
Nizsi zméreny prahovy potencial, nez uvadi jini autofi na zakladé teorie je prav-
dépodobné zptlisobeny lokalnim zesilenim elektrického pole nad drobnymi nepra-
videlnostmi povrchu pfes ktera prochéazi emisni proud. U kulovych zrn s pomérné
hladkym povrchem jsme urcili zesileni 2-3x oproti modelu dokonalé koule. U ne-
pravidelnych zrn je mozné cekat vyrazné vétsi hodnoty, a tedy nizsi prahovy po-
tencial pro autoemisi.

(e) Pozorovali jsme elektrony stimulovanou desorpci z povrchu kladné nabitého zrna.
Uéinny prifez desorpce v fadu 10717 cm? odpovida typick§m publikovanym hod-
notam, nicméné vlivem elektrického pole je podil ionizovanych castic témér jedna
(oproti typickym publikovanym hodnotdm bez piftomnosti pole 1072).

(f) Upravou metodiky pro méfeni autoemisniho vybijeni jsem ziskali ¢asovy pritbéh
emisniho proudu polni ionizace pii konstantni intenzité pole. Porovnanim exponen-
cialniho poklesu proudu s diive zméfenym prubéhem difuze argonu v prachovém
zrnu [Berdnek a kol., 2010 (pfiloha A2)] jsme odhadli u¢innosti ionizace atomt
argonu opoustéjicich povrch zrna. Zavérem je konstatovani, zZe G¢innost ionizace je
o mnoho radd vétsi nez pro argon dopadajici na povrch zrna z okolni atmosféry a
uz pri intenzité pole 3kV /pm (o fad mensi, nez jini autofi uvadi jako limit pro vy-
bijeni kladnych prachovych zrn) je G¢innost ionizace fadové 10 %. Obdobné G¢inna
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je ionizace Castic desorbujicich z povrchu zrna. ProtoZze se ionizovatelny material
uvolniuje ze samotného zrna, miize byt vybijeni a vysledny povrchovy potenciél
zrna ovliviiovan napfiklad jeho teplotou [Beranek a kol., 2011 (pfiloha A3)].

(g) V ramci FeSeni prace byla také realizovana nova konstrukce kvadrupdlové pasti,
ktera umozni dalsi rozsifeni studia nabijecich procest prachovych zrn. Jeji teore-
ticky popis byl doplnén numerickym vypoctem elektrického pole a byly diskutovany
vlivy nékterych konstrukénich odchylek na funkénost pasti.

Sestavena past umoznuje spolehlivé zachyceni zrna a jeji vlastnosti odpovi-
daji teoretickym ocekavanim. Pozorovana odchylka méfenych frekvenci o velikosti
1-2 % byla na zakladé podrobnéjsiho numerického modelu pole v pasti identifiko-
véna jako disledek nepfesného zarovnani hran elektrod u stfedu pasti [Berdnek
a kol., 2012 (pfiloha A5)].

Aparatura vyuzivajici tuto past je Gspésné vyuzivana pro probihajici studium
nabijeni prachovych zrn UV zéafenim [Nouzdk a kol., 2014].
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Abstract. Surfaces in contact with a plasma can influence its characteristics and, on the other hand, the
impact of plasma particles can change surface properties of materials immersed in a plasma. Carbon is
often present in plasma systems either as a building material or a product of technological processes, thus
its behavior is an important factor of these applications. The paper deals with investigations of secondary
emission of 1-6 um spherical grains from amorphous carbon under the electric field of the order of 10% V/m.
We have found that the secondary emission yield increases with the electric field at the sample surface
nearly linearly and does not depend on the grain diameter. Long-lasting (hours) electron irradiation of
the sample surface leads to a significant decrease of the yield that was attributed to the removal of an
absorbed layer from the grain surface. This conclusion is supported by the fact that a similar effect was
achieved after several minutes of simultaneous electron and ion treatments.

PACS. 79.20.Hx Electron impact: secondary emission — 96.50.Dj Interplanetary dust and gas

1 Introduction

Many recent works on dusty plasmas have focused on the
charging of dust grains in plasmas. The collection of ions
and electrons from the plasma is not the only possible
charging mechanism. Electrons can also be emitted from
the particle surface due to thermionic, photoelectric, and
secondary electron emission processes. Among these pro-
cesses, secondary electron emission from the dust grains
plays an important role [1-6]. Electrons hitting a single
dust grain may ionize its material and eject new elec-
trons producing the secondary electron current. This is
equivalent to the flow of a positive current to the grain
surface. While plasma parameters can be usually deter-
mined relatively well, important material properties (e.g.,
coefficient of photoemission, yield of secondary emission,
electron work function) of dust grains are approximated
from the data measured on planar samples. The secondary
electron yield depends on various aspects, e.g., the kinetic
energy of the incident electrons, the physical properties of
the dust material, the size and shape of the dust grains and
also on different electron-dust impact geometry [1,7-9].

Electron emission and concomitant charge accumula-
tion near the surface of insulators is central to understand-
ing spacecraft charging [10]. On the other hand, a study of
variations of electron emission yields as a result of inter-
nal charge buildup due to electron dose plays a significant
role in the electron microscopy.

The electron emission properties of conductors are rel-
atively easy to measure (e.g., [11]), in contrary to di-

# e-mail: jiri.pavlu@mff.cuni.cz

electrics because yield measurements on them are more
difficult due to their charging (e.g., [12-17]). Surface po-
tentials resulting from the accumulated charge can af-
fect yields by altering incident (or landing) energies or
by affecting the escape energies of secondary electrons
(SEs) and backscattered electrons (BSEs). Accumulated
charge in insulators interacts with incident charged par-
ticles through Coulomb interactions and affects electron
emission.

The total electron yield, o, is the ratio of emitted flux
to incident flux. By convention, the SE yield, §(E) is the
ratio for emitted electrons with energy <50 eV, and the
BSE yield, n(E) is the ratio for emitted electrons with en-
ergy >50 eV. A typical profile of the secondary emission
yield as a function of the energy of primary electrons, E
is shown in Figure 1. The total yield curve can be charac-
terized in terms of the following parameters [10]: the first
and second crossover energies, Fc1 and FE¢g, which occur
when the total yield is equal to unity and no net charge
is deposited; the yield peak, oyax, which is the maximum
yield and occurs between the crossover energies at Eyax
(the maximum yield is typically found between 200 and
1000 eV); and the rate at which the yield approaches the
asymptotic limit.

For planar samples or large dust grains exposed to an
electron beam, o decreases monotonously with the beam
energy above Eco. However, Némecek et al. [3] found that
micron-sized glass grains exhibit a new rise of ¢ in the keV
range of beam energies. Richterova et al. [18] showed that
this effect is general and can be observed for all grains of
an appropriate size. The increase of o leads to a presence



50 PRiLOHA Al
300 The European Physical Journal D
(o}
O max
1- — Fig. 1. An example of electron emission yield profile as a function of
"""" - the primary beam energy and an determination of parameters. The
full line represents small grains and the dashed line stands for planar

OE.E

max

of a new, third crossover energy, Ecs (Fig. 1). It should
be noted that o does not decrease below unity for any en-
ergy above Ey,.x for very small grains from materials with
sufficiently large oymax and no second and third crossover
energies can be observed in this case [18].

The aim of this work is to determine experimentally an
evolution of the second crossover energy profile of carbon
dust grain under continuous electron beam irradiation.
Different variations of the yield were referred in the litera-
ture for metals as well as for insulators. Baglin et al. [19] il-
lustrated the discrepancies of the secondary electron yield
between technical materials and pure metals (realized by
300° bake-out and an argon glow discharge). The authors
observed an decrease of secondary electron yields after
surface treatments. They explained it by a presence of
insulating layers (e.g., oxides as well as adsorbed water)
that significantly enhance the emissivity of metal surfaces
and thus, various treatments involving a modification of
the surface (i.e., ion bombardment) or coatings can reduce
the secondary electron yield of such materials.

Similar results presented by Le Pimpec et al. [20]
show that the yield of technical aluminium surface un-
der electron conditioning decreases with the increasing
electron dose until it reaches a saturation. Many other
studies dealt with insulating materials because these di-
electrics are submitted to continuous electron beam ir-
radiation in scanning electron microscopes (SEM). In this
case, they have a tendency to accumulate negative charges
and consequently to repel the incident beam during their
observations (e.g., [16,17,21,22]).

In this paper, we study the changes of electrical prop-
erties of carbon surface under impact of energetic elec-
trons. Our investigation method is based on levitation of
a single charged grain in the quadrupole. We have used
1-6 pm spherical samples from amorphous carbon. These
grains were charged/discharged by an electron beam with
the energy tunable in a range from 40 V to 10 keV. During
this process, the grain charge is continuously monitored. If
the grain is charged by an appropriate energy (1-4 keV in
our experimental conditions), its charge (and correspond-
ing surface potential and the surface electric field) is set
to a value when the yield of secondary emission is equal to
unity. Our investigations reveal that this energy changes
proportionally to the grain potential. This effect can be at-
tributed to an increase of the yield of secondary emission
due to a large electric field at the grain surface. Moreover,
we have observed a shift of charging characteristics after
a long-time electron bombardment. It suggests that the
surface layers are modified by the impinging electrons.

samples.

2 Experiment description and methodology

A single grain is trapped in the cylindrical-symmetric elec-
trodynamic quadrupole trap under high vacuum condi-
tions (about 107 Pa). The quadrupole frequency and
voltage is set to achieve adiabatic conditions over a wide
range of the grain charge. Using the electronic damping
system, we can either to damp or stabilize the amplitude
of grain oscillations in each direction. The grain is illumi-
nated with a red laser light. The dispersed light is detected
by a system of lens, image intensifier, and position sensi-
tive detector. Therefore, we can detect the actual grain po-
sition in the trap and the frequency of its oscillations [23].
From the motion equations of the grain in the trap, we
can determine the actual specific charge (charge-to-mass
ratio) when we know the trap radius, R, the voltage, Ve,
and frequency, firap Of its electric supply, and the grain
oscillation frequency, ferain:

Q _ ﬂ_sz ftrap fgrain )
m Veft

(1)

Using the electron gun with the energy tunable from few
tens of eV up to 10 keV, we can charge the grain both
positively and negatively. The ion gun is installed to al-
low the surface treatment of the trapped grain (a detailed
description of the experiment can be found in [23-25]).

The experimental set-up allows us to measure only the
grain specific charge according to equation (1). All other
parameters of the grain and/or charging processes should
be determined by appropriate techniques that are based
on estimations of the net current on the grain.

The grain is electrically isolated in the trap, therefore if
we measure its charge as a function of time, the derivative
of the charge is a sum of all currents going onto or from the
grain. Note that the negative surface potential can be as
high as few keV and the energy of primary electrons has to
be computed from the difference between the electron gun
energy and surface potential. As the grain charge changes,
the primary energy (supposing fixed beam energy) and the
secondary emission yield changes too. A brief description
of few methods related to estimations of the secondary
emission yield follows. An interested reader can find de-
tails on these methods in [25].

2.1 Grain surface potential, capacity, and size
With a sufficiently low primary electron energy, the yield

is less than unity for any material. Primary electrons in-
crease the negative grain charge until its surface potential
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reaches the energy of the electron beam and no more elec- 23 —a-- 33um 1 F
trons can hit the grain. Under these conditions, we can 9ol == 33um i ot
suppose that the surface potential, ¢ of the grain is equal I ggﬁ: /,/" " Y
to the beam energy (which is set on the electron gun and 21 --@-- 5.4um i g ZO' ’
therefore known). We apply the spherical grain, thus > e
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specific capacity, Cs and when the grain mass density is °© . R PP
known, we can compute the radius, r. The ratio of the R T
surface potential and the radius equals to the electric field 16 Lo
at the grain surface, F'. TS
15
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2.2 Secondary emission yield F[V/um]

When the grain is charged by the electron beam with
a particular energy Ej, Eco < E, < E¢s its surface po-
tential ¢ can reach large negative values and the energy
of electrons impinging the grain surface, E, decreases:

E=E,—ed. 3)

The charging process stops when E reaches the second
crossover energy. If we change the beam energy, the grain
starts to charge or discharge because the electron emission
yield differs from unity. We differentiate the charge with
respect to time to get the charging current. This current
is given by the equation:

I(E) = <O’(E,F) - 1) Iro (1 - gﬁ) (4)

where [ is the current onto the uncharged grain (¢ = 0)
that can be determined from the grain size and the beam
current density. The term in the last brackets reflects the
change of the grain cross-section with the grain poten-
tial. If a possible (and unknown) dependence of o on the
surface electric field is omitted, the measurement provides
directly o as a function of the beam energy. Otherwise, the
measurements should by repeated many times with differ-
ent beam energies and it would allow us to plot a 3D plot
of o as a function of both E and F'. However, it should be
noted that the measurements that use currents are based
on many assumptions like the homogenous electron beam,
spherical grain of a known mass density, etc. and they are
not too reliable.

2.3 Crossover energy

A rough estimation of the dependence of o on the electric
field can bring the measurement of the crossover energy
Eco. When the grain is illuminated with an electron beam
(fixed energy), its charge is in a stable equilibrium. Ap-
proaching electrons are decelerated by a negative potential
of the grain and the final energy is a difference between
the grain surface potential and the gun energy. If the grain
has lower charge than the equilibrium one, the energy of

Fig. 2. The crossover energy as a function of the surface elec-
tric field for different grain diameters.

impacting electrons is higher, yield is less than unity and
the grain is charged toward higher negative potential. If
the charge is greater than the equilibrium, the yield is
higher than unity and the grain charge decreases.
Therefore, the grain reaches the charge, where a dif-
ference between the surface potential and gun energy is
exactly equal to the crossover energy. Varying the gun en-
ergy, we can get the crossover energy for different grain
potentials. The method provides only one point on the
whole o(E, F) profile but this point is determined very
reliably because the method is not based on currents.

3 Results

We have measured the second crossover energy, Eco for
several carbon grains of different diameters. As the best
parameter that sorts the data, we found the surface field
intensity, F' and thus the E¢o is plotted as a function of F'
in Figure 2. It can be seen that Eco depends on F' linearly
in a broad range of surface fields starting from ~50 V/um
up to the field that is sufficient for the field emission
(500-600 V/um). The sequences measured on different
grains just after their trapping (i.e., without a preliminary
treatment) do not exhibit any systematic dependence on
the grain diameter.

We think that the observed shift of the second
crossover energy in Figure 2 is connected with the overall
increase of o due to a strong electric field at the grain sur-
face. This field leads to a thinning of the potential barrier
at the grain surface and more electrons are able to escape
into vacuum. Such effect would be independent on the
beam energy and thus our hypothesis can be confirmed
by measurements of ¢ as a function of the beam energy
on grains charged to different surface potentials. We will
discussed this point later.

Although the dependences in Figure 2 are generally
similar, the measurements of grains with various radii
differ in the both value and slope. We think that the
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Fig. 3. The crossover energy as a function of the surface elec-
tric field prior to and after the electron treatment of the grain.

differences in the slope can be attributed to errors in a de-
termination of the surface electric field. We calculate the
electric field under assumption of sphericity of the grain
(Eq. (2)) but individual grains can exhibit deformations
that increase locally the field intensity.

Differences in values of ¢ measured on grains can be
again partly connected with an error in a grain radius de-
termination and partly with differences in cleanness of the
grain surfaces. The effect of the surface layers can be es-
timated from a comparison of measurements carried out
on an untreated grain and repeating the same measure-
ments after several hours of the electron bombardment.
Such observation is present in Figure 3. E¢o increases
with F', however, the slopes slightly differ for fresh and
treated grain and the values of E¢o are significantly lower
after treatment. We think that the effect of the electron
treatment is connected with the overall decrease of the
secondary emission yield due to the electron induced des-
orption. As noted above, such effect was reported for ex-
ample by Dennison et al. [21] for technical Al samples.
We believe that we observe a similar effect because we
noted a slow relaxation of E¢o towards the values prior to
the treatment with a characteristic time of several tens of
hours. This slow recovery suggests that not only absorp-
tion of a surface layer but some chemical reactions [20]
are required to return ¢ to the values prior to an electron
irradiation.

In order to confirm the effect of the surface layer, we
have applied the ion beam for surface cleaning. The grain
was illuminated simultaneously by the keV electron and
keV Ar ion beams. The beams were applied on a prelim-
inary negatively charged grain and the ion current was
kept to be lower than that of electrons. Measurements
prior to and after the treatment are shown in Figure 4.
One can note that the effect of combined ion and elec-
tron beams is similar to the case when the only electron
beam was used. However, the combined beams were ap-
plied only for several minutes, whereas a comparable shift
was achieved after several hours of the electron bombard-
ment. A similarity of electron and ion beam effects is bro-
ken at F' &~ 300 V/um. At this field, the crossover energy
rapidly increases after the ion bombardment. The increase

F[V/um]

Fig. 4. The crossover energy as a function of the surface elec-
tric field prior to and after the Ar™ ion treatment of the grain.
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Fig. 5. The normalized total yield (with respect to omaz)
as a function of the incident energy for three electron beam
energies.

is so rapid that it cannot be explained by a rise of o and we
suggest that the field emission current is added to the sec-
ondary emission current and causes an apparent increase
of the crossover energy. This effect will be a subject of
separate investigations but we would like to note that the
observed threshold is consistent with earlier investigations
of electron field emission from dust grains of different ma-
terials [26].

The observed changes of the crossover energy can be
caused either by an overall increase of o or by a broadening
of the peak on the o(E) profile. To resolve between these
two possibilities, we measured this profile for several elec-
tron beam energies. Due to the mentioned problems with
determinations of absolute values, the profiles in Figure 5
are normalized with respect to opax. These preliminary
results suggest that a broadening of the op,.x peak with
the increase of the surface electric field. We should note
that this conclusion does not follow directly from Figure 5
because the surface field continuously changes along the
measured profile. However, the profiles measured with the
electron beam with higher energy were observed with a
large charge (and larger surface field) on the grain. Never-
theless, a possible change of the shape of the op,,x profile
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with the electric field is surprising because it implies a dec-
lination of this profile from the universal curve [6]. A fur-
ther investigation and modeling is required to final solve
which part of secondary electrons (backscattered primary
electrons or true secondary electrons) is responsible for
observed broadening.

4 Summary and discussion

The secondary electron emission yield from the amorphous
carbon grains is significantly affected by the electric field
of the order of 100 V/um. We have observed a linear in-
crease of the crossover energy with the increasing electric
field. The crossover energy values are similar for different
grain sizes. However, we should note that the diameters
of investigated grains differ by a factor of 2 and this dif-
ference cannot lead to a notable change of o [18].

We have observed the effects of a long-time electron
irradiation. After few hours of bombardment with the en-
ergy between 2 and 3 keV (the current impacting the
grain was of the order of 10* e~ /s), the crossover en-
ergy decreases significantly. This implies the decrease of
the secondary emission yield, at least for energies around
the crossover energy. We suggest that this decrease is
caused by removal of an adsorbed layer from the grain
surface [27].

The decrease of the surface field sufficient for field
emission has been observed after the Ar™ bombardment.
Observed decrease of field emission threshold is probably
caused by surface structure changes. Using the SEM tech-
niques, we found that an ion irradiation increases rough-
ness of the grain surface [28] that can increase a local elec-
tric field allowing higher field emission currents. This ef-
fect is remarkable in the case of carbon nanotubes. Somani
et al. [29] report the field emission threshold of these ma-
terials as low as 2 V/um but this value refers to the mea-
surements far away from the emitter surface. Their actual
value of the field at the surface is unknown but the small
(~ 20 mm) curvature of the nanotubes suggests that the
real surface field would be by a factor of 10-100 larger.

It is generally expected that the charge accumulated
on the surface and corresponding repulsive electrostatic
forces could fragment the grains. Since the total charge,
@, and the grain radius, R, are known, we can simply
integrate the electrostatic force over the surface to get the
expression of tensile stress, o:

_ 1 Q
0_260 ATR?2 )

We can express the surface field, F', in terms of charge and
radius:
I Q

- 4dmey R?’

()

(6)

therefore substituting (6) into (5), we get

1
U:2€0F2.
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The field emission limit of surface field is about 700 V/pm
which gives the stress about 2 MPa. This value is signif-
icantly lower than the flexural strength specified by the
manufacturer of used carbon grains, 210 MPa. Comparing
above numbers, we can conclude that the field emission
prevents our compact grains from electrostatic fragmen-
tation. On the other hand, the electrostatic fragmentation
can destroy the clusters of grains or weakly bounded ag-
gregates.

The decrease of the crossover energy after the ion bom-
bardment can be attributed to the surface cleaning. The
surface adsorbate which can increase the electron emis-
sion yield [30] is removed more effectively by ions than by
electrons [31].
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Dust as a Gas Carrier

Martin Berdnek, Marek Vysinka, Jifi Pavlu, Ivana Richterovd, Zdenék Némecek, and Jana Safrankova

Abstract—Dust in space can collect particles from surrounding
plasma and transport them over long distances. Release of the
implanted particles can then change the mass composition in a
particular place of the space. The depth of ion penetration into
the dust body strongly depends on an initial mutual energy and
differs with ion species as well as with the grain composition.
The same holds for diffusion constant of implanted ions (already
neutralized) exiting back to the free space. We have used our
measurements of the release of Ar ions implanted into glassy
carbon dust grains for determination of the diffusion coefficient.
Our calculations provide the limits for the amount of gas that can
be dissolved in the grain as well as its release rate. We discuss
the influence of the dust sputtering and dust temperature on the
aforementioned quantities.

Index Terms—Dust charging, gas diffusion, interplanetary dust.

I. INTRODUCTION

UST as a common constituent of space as well as labora-

tory plasmas is bombarded by energetic ions (e.g., dust in
the solar wind is exposed to HT of about 1 keV, He™™ of about
4 keV, etc.). lons not only modify and sputter the dust surface
but also can penetrate into the material of the grain itself. Then,
the diffusion starts to release atoms, and its rate depends on the
diffusion coefficient that is generally an exponential function of
temperature.

In the interplanetary space, the dissolved ions (already neu-
tralized) could be transported in the dust safely across long dis-
tances due to a low temperature. Once the gas leaves the grain,
it becomes usually ionized again quickly by solar UV or by
charge exchange. The ions are picked up by the interplanetary
magnetic field and carried outward with the solar wind as a
distinct component of the solar wind called pick-up ions [1].
Pick-up ions are often considered to be produced by ionization
of neutral interstellar gas that penetrates the solar system [2].
Dust interactions with the solar wind provide a further source
that contributes to a different elemental composition of the
pick-up ion population. Pick-up ions are clearly identifiable
due to their distinctive charge state and velocity distribution
[3]. Dust may contribute to the formation of pick-up ions
through a number of processes: 1) sublimation of the grain
material; 2) sputtering of the grain due to an ion bombardment;
3) by recycling of solar-wind particles into pick-up ions by
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adsorption and desorption; and 4) by release of the atoms that
were previously implanted and stored in the grain.

It is known that the surface layers of lunar samples are
doped with solar-wind particles. Banks [4] studied theoretically
this effect for dust grains. Rajan et al. [5] reported large “He
concentrations in collected micrometeorites (e.g., small inter-
planetary particles which enter the Earth’s atmosphere without
being melted by frictional heating), and the authors concluded
that this helium comes from the implanted solar wind. Nier [6]
performed experiments to determine the amount and isotopic
composition of helium and neon found in individual inter-
planetary dust particles collected in the Earth’s stratosphere
in order to distinguish between particles of cometary and
asteroidal origin. He found that the *He degassing pattern of
the dust is comparable to that of the lunar samples. However,
while implantation of heavier ions would also be expected,
heavier elements have not been measured. Based on obser-
vations of solar-wind implantation, Fahr et al. [7] suggested
that the implantation of solar-wind particles into the surface
layer of dust can lead to subsequent desorption of neutrals.
They predicted that, inside 0.5 AU (0.05 AU, respectively), the
density of neutral hydrogen (helium, respectively) produced by
this process exceeds that of the interstellar hydrogen (helium,
respectively) found at these distances from the Sun. The amount
of dust-generated neutral molecular hydrogen was calculated by
Gruntman [8]. He considered the efficiency of various processes
for conversion of the Hs molecules to H; ions and their
subsequent destruction. He concluded that a significant part
of H2+ ions should survive and make unique molecular pick-
up ions.

Vernazza et al. [9] analyzed the sources of reddening
of asteroid surfaces. They concluded that implantation of
solar-wind ions is the favorite mechanism causing reddening.
Plainaki et al. [10] modeled space weathering processes that
take place on the surfaces of near-Earth objects. Starukhina [11]
studied deposition of solar-wind ions on the surface of Moon.
She identified polar regions as possible repositories of gases
related to the solar wind.

In the laboratory plasma, e.g., in tokamaks, dust can
accommodate plasma ions—retention of tritium and deu-
terium being particularly important for safety reasons [12].
Yoshida et al. [13] studied the carbon—tungsten dust prepared
by deuterium arc discharge and measured the desorption rate
of heated samples. They concluded that the deuterium concen-
tration in the carbon dust was estimated to be 0.2 of the atomic
ratio (D/C) and even higher in carbon—tungsten grains, and they
suggested to increase the temperature of the outer walls. Since
the dust is charged, it moves and accelerates within the tokamak
[14]. Rudakov et al. [15] examined a migration of dust in the
DIII-D tokamak, and they gave an experimental evidence that a

0093-3813/$26.00 © 2010 IEEE

Authorized licensed use limited to: Charles University. Downloaded on April 14,2010 at 07:08:07 UTC from IEEE Xplore. Restrictions apply.



26

PRILOHA A2

BERANEK et al.: DUST AS A GAS CARRIER

micrometer-sized carbon dust contained in a tokamak divertor
can become highly mobile and reach the core plasma. However,
a dust contribution to the core contamination is still unclear.

As a side effect of measurements of sputtering yields, it
was also found recently [16] that carbon traps ions at the
surface more efficiently than metallic materials, which may
significantly bias mass loss measurements on samples that have
been subjected to high irradiation doses (Xe™ in this particular
case).

Based on these observations, we can expect that the mass of
the dust grain exposed to the ion bombardment can increase
with time as the sputtering could be less efficient than trapping
in some cases. These ions (now neutrals) can later diffuse
within the grain and leave it when they reach the surface.
In this paper, we focus on the observation of the diffusion
and successive desorption of Ar ions in the micrometer-sized
amorphous carbon sphere. The mass-change rate is evaluated
and successfully modeled.

II. EXPERIMENT

The experiment has been performed on a single glassy carbon
grain trapped inside the cylindrical quadrupole electrodynamic
trap. The frequency of the grain oscillations inside the trap
is proportional to the ratio of the grain charge and its mass
[17], [18]. Special techniques described in [19] can be used for
determination of the other parameters of the investigated grain.
The optical detection of the motion of the grain and electrical
damping of its oscillations allow us to perform measurement
under UHV conditions (10~7 Pa) and hold the grain in the trap
for a long period (on the order of weeks) [17]-[19].

The analyzed spherical glassy carbon samples have been
produced by HTW Hochtemperatur-Werkstofte. The diameter
of the grains lies between 1 and 5 pm. According to the
specification of the manufacturer, grains are amorphous and
isotropic with the mass density of 1500 kg/m3. The specific
resistance (50 €2 - um) is low enough to prevent the presence
of electric field inside the grain.

The glassy carbon grain with a mass of (6.27 4+ 0.01) -
107'% kg and a diameter of 1.93 um has been trapped and
treated with an Ar* beam for 8 h. The energy of impinging ions
was 7 keV. The total current of ions has been approximately
35000 particles per second, and the corresponding beam inten-
sity is on the order of nanoamperes per square millimeter. This
value was determined from the initial field ion emission current
measured on another grain after switching the ion gun off.

The surface potential of the grain was held low enough to
eliminate the ion field emission [20] using simultaneous elec-
tron bombardment. After the treatment, the grain was held in
the trap for a few days, and its charge-to-mass ratio was contin-
uously monitored. According to our previous observations [19],
the charge of the trapped grain remains constant over days when
there is neither field emission nor beams of charged particles.
Because of the constant charge of the grain, we attributed the
observed changes of specific charge to variations of the grain
mass. Note that we can observe relative changes of the mass on
the order of 10~*. This long-term stability has been achieved
subtracting the temperature drift.
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(b) Frequency of the grain corrected for the temperature drift.

A. Correction of the Temperature Drift

In our experiment, there are many devices and circuits that
are potentially sensitive to the change of temperature. It is not
possible to analyze each device independently; therefore, we
found out an appropriate temperature correction experimen-
tally through the following procedure: We have measured the
frequency of the grain oscillation together with the ambient
temperature (Fig. 1). Under the assumption that there is no mea-
surable change in the charge-to-mass ratio after a sufficiently
long time, we fit a linear dependence between the measured
temperature and oscillation frequency starting at 25th hour after
treatment [Fig. 2(a)], when the frequency copies the measured
temperature (compare the lines in Fig. 1). Furthermore, we
have applied this fit to correct the measured frequency in the
full range of time [Fig. 2(b)]. We suggest that the remaining
roughly exponential increase of the frequency (which is directly
proportional to the charge-to-mass ratio) after the treatment
is caused by deposited Ar atoms leaving the grain due to
diffusion.

III. DIFFUSION COEFFICIENT

We have utilized a simple model of diffusion to find a
diffusion coefficient D. We neglect the surface effects and
compute the diffusion inside the homogeneous grain. Since the
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Fig. 3. [(a) and (b)] Probability of deposition of the 7-keV Ar ion in a
given depth (left axis) and computed by the SRIM code [21]. (c) Distrib-
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N =35000s"".

problem has a radial symmetry, the general equations of the
diffusion can be written as

dp 1 02

o P a2 m
__por

J=-Dy 2)

where p is the mass density and J is the mass flux. The density

of gas outside the spherical grain is set to zero in our model;

therefore, the mass of argon leaving the grain of radius R due

to the diffusion according to (2) is
dm

= —4rR?2.D- @ )
dt or|,_p

3)

During the treatment, there is an additional source term
representing the incoming argon ions. We have computed the
distribution f(z) dz of the impinging ions deposited in a given
depth under the surface by the SRIM code [21], [22]. We
suppose that the grain rotation in the trap is fast enough to
distribute the incoming ions with a radial symmetry. The radial
distribution of 7-keV Ar ions is shown in Fig. 3. The dotted line
stands for the profile provided by the SRIM code that expects a
perpendicular impact of ions. The full line considers the effect
of varying incident angles over the sphere [23].

Having the total number of impinging ions per second, i.e.,

N, we can modify (1) in the following way:

0 1 62 Nma,f(R—1

5 =Dy g+ % @
where R is radius of the grain and ma, = 6.64 - 10726 kg is
the mass of the argon atom. f(R — r) represents a source term
shown in Fig. 3 (profile a). The analytic expression of the source
term is unknown; nevertheless, we can solve the equations
numerically.

We have modeled the conditions in our experiments, i.e., the
8-h-long treatment (4) and the subsequent diffusion without the
source term (1). Distribution of argon just after the treatment is
shown in Fig. 3 as the dashed-dotted line.

The results of our model for various values of diffusion
coefficients have been compared to the measured data. We are
not able to measure the change of mass during the treatment, but
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we compare the model and measured data in the period after
the treatment. A modeled mass of the grain versus measured
mass at the same time is shown in Fig. 4 for three values of
D. The uncertainty of absolute values of the primary current
and the final mass of the grain imply uncertainty of the linear
scaling of the model result. Nevertheless, the relation is close to
linear for the diffusion coefficient, D = 5 - 10716 cm?/s only,
and the value of incident current, 32400 particles per second,
is in good agreement with the value estimated from other
measurements. The value of diffusion coefficient will be used
in further considerations. In order to demonstrate the agreement
between measurement and model, the data from Fig. 4 are
replotted in Fig. 5 that compares the computed and measured
temporal changes of the grain mass.

IV. AMOUNT OF THE GAS DISSOLVED
A. Stable Solution of Diffusion Equation

In our experiment, we have implanted more than 10717 kg
of argon into a single 2-pum glassy carbon grain. This is ap-
proximately 0.2% of the total mass. The majority of the gas is
dissolved in a thin layer at the surface (see Fig. 3, curve c). The
mass fraction of Ar in this layer was about 1%.

After a long treatment, the equilibrium state would be
reached when the amount of gas inside the grain remains
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constant over time. The diffusion equation without a source
term (1) is valid for (R — r) that is higher than the implantation
depth, i.e., approximately 50 nm. This equation can be solved
analytically. Angularly independent solution without singular-
ity at the origin is a constant density. The particular value of
this density depends on the boundary conditions which are set
by the source term in the thin surface layer. The equilibrium
density of gas inside the grain is constant in the majority of
grain and decreases in the thin layer at the surface (note that, in
equilibrium state, there cannot be any flux toward the center).
The actual density and its decrease at the surface have been
obtained numerically.
We numerically found the stable solution of (4)

Bz Nma, f(R—
oty = - N JEZT)

(&)

in the range of the implantation depth. The conservation of total
mass of the gas inside the grain gives us the second boundary

condition at the surface
R
dp(r) _ ~ Nma, fo f(R—r)dr ©)

dr |g D 4T R2

The solution of (5) and (6) depends on a spatial distribution
of implanted ions and on the grain radius. The primary current
and diffusion coefficient act as the multiplicative factor (N/D).
The maximum total mass of argon dissolved m,.x depends on
the diameter of the grain approximately linearly in the case of
fixed number of ions hitting the grain, N; in other words, the
implanted mass is proportional to the volume of the grain in the
case of the fixed ion flux /

s 1

mmax—a~mAr~R~5—a~mAr~7rR~B 7
where R is the radius of the grain, IV is the total number of
impinging ions per second, D is the diffusion coefficient, and
I is the flux of ions (particles per square meter per second). A
coefficient o depends on the spatial distribution of implanted
ions. An actual value for 7-keV Ar ions on glassy carbon
sphere is & = 3.08 - 10~ cm. Note that (7) is not an analytical
solution of (5) and (6) but the linear fit of the numerical results.
The difference between numerically computed mass and fit
(7) is approximately 0.5% at R =1 pum and decreases for
larger grains where the implantation depth becomes negligible
compared to the grain radius.

When we put the parameters of the investigated 2-um grain
into (7), we get

Mumax = (1.97-1073¢ kg - ecm?) - N/D = 1.38 - 10716 kg.
®)

B. Effect of the Sputtering

The grain sputtering and ion implantation act simultaneously,
and rates of both processes are directly proportional to the
number of impinging ions. However, the sputtering decreases
the grain radius and, according to (7), limits the amount of gas
that can be dissolved in the grain. The analysis has shown that
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Fig. 6. Modeled increase of the mass of the 2-yum grain under the Art
bombardment due to the dissolved gas and the sputtering of the material of
the grain. The vertical axis is scaled with respect to the maximum amount of
the gas (7); the scale of the horizontal axis is such that the unit value represents
1/e of total mass. The investigated grain is represented by the curve (2). Time
in hours is shown for the conditions of our measurement.

the dependences of the mass of the dissolved gas on the time
of the grain bombardment can be parameterized by a factor
Y - N/D, where Y stands for the sputtering yield. The results
obtained for several values of Y - N/D are shown in Fig. 6.
The dissolved mass is given as a fraction of my,.y, and the
time is scaled by D; thus, the dashed line can be considered
as a universal curve describing a temporal evolution of the
implanted mass if the sputtering is neglected. The effect of
the grain sputtering is demonstrated by profiles computed for
different values of Y - N/D.

Other parameters influencing the temporal evolution of the
dissolved amount of the gas are the grain diameter. Since the
dependence on the grain diameter is rather complicated and
the computation is time consuming, Fig. 6 shows the results for
the 2-pm grain. It allowed us to use other parameters from our
experiment (N = 3500081 and D = 5- 10716 ¢cm?/s) and to
put the absolute time scale to the top of the panel. Since the
sputtering yield for Ar™ is about unity in the kiloelectronvolt
range of energies [24], the line 2 describes the cumulated effect
of sputtering, implantation, and diffusion under our experimen-
tal conditions.

V. DISCUSSION

The presented numerical results use the value of the diffusion
coefficient determined from the experiment. In order to relate
this experiment to conditions in the space, we should estimate
the dust grain temperature that cannot be directly measured.
The temperature of the grain in the vacuum is determined
by the radiation balance since the contribution of ion impact
to the heating is several orders of magnitude lower. The grain
is heated by background environment radiation (7},g =~ 300 K)
and by the laser beam (635 nm, with an approximate beam in-
tensity of 1.7 mW/mm?). The incoming power is compensated
by the grain thermal radiation.

We have utilized the MiePlot software [25], [26] to compute
the spectral emissivity of the grain. The refractive index of
the glassy carbon was set according to [27] and [28]. We
integrated the product of emissivity and spectral intensity of
a black body radiation over the range of wavelengths, and we
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scaled the result to the grain surface area. The result is the
total radiated power at a given temperature. A power of the
laser beam is multiplied by the emissivity factor (635 nm =
0.264). Equilibrium temperature plotted versus laser intensity
is shown in Fig. 7. We added a similar dependence for the
solar spectrum (g, = 0.286) without background (we neglect
the 4-K space background radiation). The comparison of two
profiles in this figure shows that the temperature of the grain
in our experiment is similar to that expected near the Venus
orbit.

An exponential dependence of the diffusion coefficient on
the temperature means that this coefficient can differ by several
orders of magnitude in different places of the space. The gas
accumulated during a long time in the cold interstellar medium
can then be quickly released near the Sun and change the mass
composition of the pick-up ions.

The change of the diffusion coefficient with temperature
influences strongly the amount of the gas that can be dis-
solved. Fig. 8 shows a computed maximum of the dissolved
mass as a function of the N/D ratio for the sputtering yield,
Y = 1. The dashed line neglects the grain sputtering, and it
rises without limitations, whereas the full line exhibits a clear
saturation that results from the fact that the grain is sputtered
off earlier than the diffusion established an equilibrium density
profile of the dissolved gas. However, we should point out
that the results for large portions of the dissolved gas should
be taken with care because our computation does not include
structural changes of the grain that occur due to implantation
of ions.
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VI. CONCLUSION

We have presented the measurements of the diffusion of Ar
atoms that were implanted into the amorphous carbon grain.
This measurement was compared with theoretically obtained
solutions of the diffusion equation. Our calculations show that
the number of atoms that can be dissolved in a particular grain
is directly proportional to its mass and inversely proportional
to the diffusion coefficient of a given ion in the grain material.
The time needed to reach this saturation level increases with the
grain dimensions and decreases with the diffusion coefficient.
Under our laboratory conditions, the maximum amount of
the dissolved gas is as high as 2.2% of the grain mass, and
this equilibrium density would be reached in ~ 1000 h if the
grain sputtering is neglected. On the other hand, the sputtering
would completely destroy the grain in a comparable time. Since
the diffusion coefficient strongly increases with temperature
whereas the sputtering rate does not, the grain radiation budget
should be taken into account in all considerations.
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Self-discharging of Dust Grains by Ion Field Emission
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Abstract. Dust grains can be charged to a positive surface potential by various
processes. Grains of irregular shapes can reach high surface field even with moderate
potential and the electric field initiated self-discharging of such charged grains can
be of a high importance for determination of its equilibrium charge. We have
measured the self-discharging current from single positively charged glassy carbon
dust grains trapped in the electrodynamic quadrupole under various conditions.
The surface electric field was in the range from 1 to 4kV/um. Measured increase
of the current after implanting Ar ions into the grain indicates that the ionization
probability of atoms leaving the grain surface is six orders of magnitude higher
compared to the ionization of same atoms of surrounding gas.

Introduction

Small, micron or sub-micron sized solid particles denoted thereafter as dust grains can be
found in various plasma environments. Such grains can reach relatively high charge-to-mass
ratio by various charging processes. Therefore their motion will be significantly affected by
the electromagnetic forces and knowledge of their charge is essential for understanding of their
dynamics [Hordnyi, 1996; Smirnov et al., 2007].

The aim of the present paper is to investigate the self-discharging of the dust grains charged
to a positive surface potential. Small and/or irregular grains can reach a very high surface field
even for the moderate surface potential and therefore, self-discharging processes related to high
positive electric fields are important.

Dust grains immersed in cold plasma are mostly charged to a small negative surface poten-
tial due to the electron attachment (e.g., Whipple et al. [1985]). However, there are conditions
under which grains are charged positively or even both positively and negatively depending on
other circumstances such as grain size or its initial charge.

In the plasma, such conditions include, for example the plasma containing negative ions.
According to Kim et al. [2006], in this environment, both positive and negative grains can be
found. In the space, the grains are typically charged mostly to potential about +5V by pho-
toemission caused by UV radiation [Hordnyi, 1996]. Hot electrons found in fusion devices (e.g.,
Sharpe et al. [2002]), magnetospheres (e.g., Hordnyi [1996]) as examples can charge sufficiently
small grains to very high positive potentials [Richterovd et al., 2010].

The self-discharging of grains charged to high positive potentials is possible due to the
field ionization (FI) process. One or more electrons are removed from a neutral particle in
the proximity of dust grain by quantum tunneling. An electron is catch by the positive dust
grain, discharging it, and remaining positive ion is pushed away. Based on the source of neutral
particles to be ionized the self-discharging current can be divided into several components:

e The FT of the surrounding gas - broadly studied in connection with field emission mi-
croscopy (e.g., Miller et al. [1956]; Joy [1987]; Shimizu and Ding [1992]; Dubus et al.
[1993]).

e The FI of the gas desorbed from the grain surface (e.g., Tsong [1990]). The desorption
rate can be enhanced by the electric field at the surface.

e The FT of the volatile content of the grain material that leaves the surface (note that the
ions implanted into the grain by the bombardment with the ion beam can be considered as
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a volatile content). For example, Jerdb et al. [2007, 2010] studied this effect and developed
a simple model of the discharging process.

e The field evaporation (and consecutive ionization) of the grain bulk material. This effect
was reported for the electric field of the order 10'°V/m, however, Cermdk et al. [1995]
found the threshold of FI from spherical glass grains about 5 - 10% V/m. Sternovsky et al.
[2001] received similar thresholds for spherical glass and irregular Zn grains. The authors
concluded that the electric field above the threshold can be caused by photoemission from
nanometer sized grains and field evaporation can lead to their vanishing.

The relative weights of these components of the discharging current depend on experimental
conditions and on the grain charging history but all of them discharge the grain simultaneously.

As we noted, experiments performed on single dust grains in laboratory report self-
discharging currents observed for surprisingly low electric field values [C‘erma’k et al., 1995;
Sternovsky et al., 2001] and discussed a possible relation between discharging current and dif-
fusion of the gas inside grain [Jefdb et al., 2007, 2010]. However, all these studies neglected
one or more components of the discharging current. It is the main reason for this short but
comprehensive study of the self-discharging current and related processes.

Samples and the experimental set-up

Results presented here were obtained on amorphous carbon grains with diameters ranging
from 1 to 5 um. These samples are manufactured by the HTW Hochtemperatur-Werkstoffe.
The grains are of spherical shape (Fig. 1), are conductive and their mass density is 1540 kg/m?
according to the manufacturer’s specifications. We have obtained the same value of the mass
density by our measurement.

1pm

Figure 1. Scanning electron micoscope image of the glassy carbon microspheres.

The work is focused on fundamental aspects of the FI under a low pressure and low field
conditions, therefore we have selected these grains for their known and simple composition,
regular shape and zero porosity. We are able to investigate other materials which match real
dust grains better too but the interpretation of the results would be difficult without the prior
knowledge of the fundamental processes.

The single grain was trapped in the center of the electrodynamic trap [Cermdk et al., 2004].
The trap is placed inside the UHV chamber, pumped down to approximately 10~8 Torr. We
can control charging of the grain by either electron or ion guns. The energy and current of both
guns can be tuned according to the requirements of the experiment.

The actual frequency of oscillations of the trapped grain is related to its charge-to-mass
ratio (specific charge) according to the equations of the trap [Cermdk, 1994]. The motion of the
grain is detected optically using the scattered laser light. Besides measurement of the frequency,
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the optical detection is utilized to control auxiliary electric fields affecting the amplitude of grain
movement. Our system allows us to stabilize the amplitude of oscillations and to damp unwanted
modes of oscillations without increasing the pressure inside the chamber, thus we can keep a
single grain in the trap for a long time (in order of days).

We have developed techniques to measure directly the absolute mass of the grain, m, and
its specific capacitance, Cy,, (and therefore the grain diameter, D, under the assumption of
its spherical shape) [Pavli et al., 2008]. The specific charge is detected continuously, so we
can differentiate its temporal changes and obtain the net current from the grain. The surface
potential and field of the conducting spherical grain are (Q/m)/Cr, and 2-(Q/m)/(D - Cn)
respectively where Q/m is directly measurable specific charge.

Measuring procedure

Amorphous carbon grains of various diameters up to few microns were put into the vacuum
chamber and baked out to remove adsorbed layers. The non-charged dust grain dropped into
the trap was instantly charged by the 300eV electron beam to approximately 4V which is
equilibrium potential set by secondary electron emission (SEE), and trapped. Then, the mass
of the grain was measured by the “single electron step” method described in Pavli et al. [2008].
The size of the grain was derived from its mass and manufacturer specified mass density (which
was also approved by our previous measurements of grain capacitance).

The positive charges of the grain are often achieved by the ion bombardment in laboratory
experiments. However the ions are implanted into the grain and can be considered as a volatile
component that is gradually released and can affect the consecutive grain discharging [Jerdb
et al., 2010]. In order to quantify a possible influence of this process, we have applied a slightly
modified method described hereafter.
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Figure 2. The necessary energy of incident monoenergetic electrons to charge the spherical
carbon grain to the surface field shown with respect to the grain diameter.

The grain was illuminated by the monoenergetic electron beam with the energy about 9 keV
(exact value depends on the size of the particular grain) to charge it to small positive potential.
Further increasing of the primary beam energy leads to rapid increase of the secondary electron-
electron yield and to the subsequent increase of equilibrium potential which is determined by
the SEE. This is because of the penetration depth of primaries becomes comparable to the grain
size, see Richterovd et al. [2010] for details. We have utilized this effect and we increased the
energy of the beam gradually until the self-discharging current appeared.
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The monoenergetic electron beam of energy around 10keV is enough to charge the 1 um
carbon grain to necessary field strength. In Fig. 2, there are results of our measurements of
necessary primary electron energy to charge the carbon grain to a given surface field with
respect to the grain diameter. The plotted energy is the energy of incident electrons. In larger
distance (in the aperture of the gun) the energy of electrons can be even lower because they are
accelerated by positive charge of the grain.

We kept the grain at a sufficiently high field by the electron beam compensating the self-
discharging current. We observed a gradual decrease of the self-discharging current over the
time for a fixed field. The subsequent self-discharging of the grain was measured and the field-
current characteristics were derived from the measured data. A similar self-discharging was
measured again with the background pressure in the chamber increased to get the dependence
of the discharging current with respect to the pressure. Finally, the grain was treated by the
Art beam for a time to implant a portion of gas inside and the time development of the self-
discharging current has been observed.

Surface cleaning after reaching the high electric field

After charging the grain to a given high field by the electron beam for the first time, the
beam current was regulated to keep the field constant. The gradual decrease of the necessary
beam current reflects a decrease of the grain self-discharging current.

Such decrease was observed only after first charging of a particular grain, therefore we
suggest that its source is the ionization of the desorbing particles from the surface. The surface
cleaning is enhanced either by the electric field at the grain surface (field desorption, FD) or by
the electron bombardment (electron stimulated desorption, ESD).

We observed exponential decrease of the self-discharging current over hours. The asymp-
totic value is the current due to ionization of residual gas in the charmber. In Fig. 3, there is
plotted the total charge released from the surface due to the desorption. The constant current
due to the FI of residual gas was subtracted and a remaining current was integrated with respect
to time. Each grain was charged to the given surface field at time ¢ = 0.
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Figure 3. Total charge released from given surface area of the grain charged to a high potential
for the first time. These two curves were measured on two different grains (the one charged to

4.4%kV/um is 1.44 pm in diameter, second one charged to 5.3kV/um is 1.33 ym in diameter).
The dashed lines are the exponential fits, the bold ones are measured data.

Assuming approximately 18 carbon atoms per square nanometer of surface (the estimated
interatomic distance is based on glassy carbon mass density), there is about one ionized particle
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released per each surface atom.

Discharging due to the FI of residual gas

We have measured field-current characteristics of discharging by field ionization of residual
gas in the chamber. In Fig. 4, there are plotted characteristics of three grains of various sizes.
The surface field is computed from the grain charge under assumption that the grain is perfectly
spherical. Imperfections of the surface can cause the actual field to be slightly higher. Therefore,
the real current density can vary over the surface and can differ from that assumed.
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Figure 4. The self-discharging current density due to the FI of residual gas with respect to
the surface field. There are plotted characteristics of three grains of various sizes. Note that
the scaling of the axis assumes a smooth spherical grain.

The measured currents can be compared to the impingement rate to get the ionization
probability. The pressure in the chamber is approximately 1078 Torr. This corresponds to
impingement rate of approximately 1.4 - 10°s™! - um~2 for hydrogen and proportionally lower
rate for heavier particles.

The polarization of the atoms and molecules in the strong field and subsequent dipole
attraction can increase the effective surface collecting the gas. But the field in our experiment
is not high enough to make this effect important. The potential energy of the dipole interaction
at the surface of the grain is comparable to the thermal kinetic energy (approximately 0.04eV).
For example, polarizability of 0.002nm? and the surface field of 4kV/um makes the dipole
attraction potential equal to the kinetic energy at the distance two times greater than radius
of the grain.

According to the consideration above and measured currents plotted in the Fig. 4, the
maximal ionization probability of residual gas is of the order of 0.1 % for the field of 4kV /um
and less than 0.01 % for the field of 3kV/um.

Increase of the FI rate at increased Ar pressure

We increased the pressure in the chamber using the pure argon during the self-discharging
and we have observed the increase of the discharging current as it is shown in Fig. 5. This
measurement was performed with single grain 1.03 ym in diameter.

Unfortunately, we are unable to control the pressure in the chamber precisely in our current
set-up. The oscillations of the measured discharging current at the higher pressure are caused by
such imperfection. Moreover, there is unavoidable time factor—the highest currents (beginning
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of discharging) cause the most rapid change of the field, therefore rightmost parts of curves are
influenced by a gradual increase of the pressure toward the value shown in key. The purpose
of this measurement is to get the rough estimate of ionization probability of the argon. We
extracted values for the field of 3kV /um because of consequent measurements at this field. The
increase of the current density due to the pressure is plotted with respect to the impingement
rate of argon. According to this plot, we can assume ionization probability in order of 10~7 for
this field. This is consistent with other papers, for example Miiller et al. [1956].
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Figure 5. The increase of the FI due to an increased pressure of argon in the chamber measured
on the carbon grain 1.03 um in diameter. Label “pumped down” refers to ultimate pressure of
the system, exact partial pressure of Ar is unknown. In the right plot, there is a current density
for field of 3kV/um as a function of the impingement rate of argon.

Self-discharging after treatment by Art beam

After cleaning of the surface by field desorption and from measuring increase of the cur-
rent due to the increased pressure of argon, the same grain was treated for one hour by the
4.7keV Art beam. Subsequently, we kept the surface field of the grain oscillating around the
2.95kV /um charging it by the electron beam only (therefore not introducing additional Ar after
the treatment). The actual self-discharging current was derived by the linear fit of the grain
charge with respect to the time (see Fig. 6 for details).

We have plotted the values of actual current with respect to the time elapsed after the
end of treatment in Fig. 7. The self-discharging current exponentially decreases and the time
constant is 4.2 hour.

Discussion and conclusion

We have utilized charging by the electron beam to distinguish particular self-discharging
processes. We suggest that three principally different processes differing by its temporal char-
acteristics have been observed. Namely, time-independent field ionization of the surrounding
gas (possibly including a field evaporation of the grain bulk material too), ionization of parti-
cles released from surface by desorption which fade out after initial charging of the grain, and
ionization of particles previously dissolved in the bulk volume of the grain and leaving it due
to diffusion.

The ionization probability of residual gas in the vacuum chamber increases with field and it
is roughly 0.1 % for the field of 4kV/um and of the order of 107 for the field of 3kV /um. The
detailed composition of residual gas is unknown so these values provide only general overview of
our experiment. Nevertheless we have measured the increase of the discharging current caused
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Figure 6. Measurements of the self-discharging current at the fixed field over the time. The
grain was charged by the electron beam, then the discharging current was measured and the

grain was charged again.
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Figure 7. The self-discharging current with respect to time after one hour treatment by the
Art beam. The current exponentially decreases and the asymptote is the FI of residual gas.

The field is 2.95kV /um.

by argon (see Fig. 5) and we have obtained ionization probability of argon to be of the order of

1077 for 3kV/um of surface field. Since this value is in an agreement with the measurements

that used different methods (see e.g., Miller et al. [1956]), we can conclude that our method is

feasible for the determination of the ionization probability.

The probability of ionization of particles released by desorption is probably much higher.

We have measured total charge of tens elementary charges released from square nanometer of
surface until desorption faded away. The characteristic time of desorption is of the order of
hours in our setup. The total charge is similar for both 4.4kV/um and 5.3kV/um, but the
desorption is faster for higher field. Because this effect is limited to first charging of particular
grain only and because time constant is related to surface field, we suggest that the source of
ionized particles is on the surface of grain. Assuming at most only a few monolayers adsorbed
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under our experimental conditions (pressure about 1078 Torr) the ionization probability would
be in a range 0.1-1.

We have observed significant increase of the self-discharging current after treatment by
argon. In our recent paper [Berdnek et al., 2010], we have measured decrease of the grain mass
after treatment by Ar™ beam under similar conditions. The change of the mass was due to
argon implanted into the grain during the treatment and diffusing out after that. We matched
this measurement to integral charge from Fig. 7. Result is plotted in Fig. 8 and according to
this comparison we suggest the ionization probability of escaping Ar have to be in order of 0.1
for field 3kV /um. This is six orders of magnitude higher than the probability of ionization of
impinging Ar.

Due to a high efficiency of ionization, we suggest that processes affecting the diffusion (for
example the temperature or the history of a particular grain) should influence the discharging
current and therefore the total charge of the positive grain would be strongly affected by the
grain temperature under certain conditions.
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Figure 8. Total charge released due to ionization by Ar leaving the grain compared to the
previously measured mass decrease after the similar treatment.
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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 .um in an electron beam with energy below 700 eV.
This investigation is focused on a low-energy part, i.e., <100 eV. We found that the equilibrium surface potential of
this simulant does not depend on the grain size in our ranges of grain dimensions and the beam energies, however, it
is a function of the primary electron beam energy. The measurements are confirmed by the results of the simulation
model of the secondary emission from the spherical samples. Finally, we compare our results with those obtained
in laboratory experiments as well as those inferred from in situ observations.

Key words: dust, extinction — planetary systems

1. INTRODUCTION

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

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

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

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

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

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

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

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

2. EXPERIMENTAL SETUP

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

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

NEMECEK ET AL.

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

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

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

101 _ 20 Jac f !
m Vett 1+(1.8f/fAC)2’

where Ve = VAC/ﬁ 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 r(y denotes the inner
radius of the quadrupole ring electrode (rp = 10 mm).

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

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

ey
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Figure 2. Determination of the grain mass by the elementary charge method.

The grain mass calculated from frequency jumps is 6.44 x 1076 kg.

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

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

The specific charge (charge-to-mass ratio) is determined
from the grain oscillation frequency using Equation (1). The
charge and mass are separated by a method analogous to the
Millikan experiment (Zilavy et al. 1998). A procedure is as
follows: the grain is charged by a small (up to several hundreds)
number of electrons to be reliably trapped. Then, its charge is
changed by a few electrons and the variances of its oscillation
frequency together with the known elementary charge allow us
to determine the grain mass. We used a low-energy electron
beam with a minimum possible intensity, a duration of the
sampling pulse ~1 ms and with a repetition period of ~6
minutes. Figure 2 shows an example of such measurements.
There are three scales on the vertical axis—the measured
oscillation frequency of the grain, f in the axial direction, the
values of the Q/m ratio calculated according to Equation (1)
(two right-hand scales), and the grain charge in units of the
elementary charge (the left axis) that was obtained by the linear
regression of the data that assigned the steps to the number
of electrons (Zilav;’/ et al. 1998; Pavla 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 (X2 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
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Figure 3. SEM photo of LHT analogs.

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

3. EXPERIMENTAL RESULTS

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The potentials from the table are plotted in Figure 6 as a
function of the grain diameter. Since there are two different
estimations of the grain diameter in Table 1, each measured
point appears twice in Figure 6; at the positions corresponding
to D,, and D¢. The dashed lines stand for the mean values of
the measured potential for each energy. The full lines show the
results of the Richterova et al. (2010) model. The model predicts
a constant grain potential in the range from 0.2 to 3.5 m of the
grain diameter and a small rise of this potential for smaller
grains. Taking into account the model prediction and the fact
that a constant value fits to all measured data if the measuring
error is considered, we can conclude that the surface potential
is a rising function of the beam energy but it does not depend
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Table 1
Details of Five Picked Grains
m (kg) C(F) Dy (um) D¢ (um) Dy /Dc ¢75 (V) é100 (V)
6.4+ 1.1) x 10716 (5.0 1.1) x 10717 (0.75 £ 0.12) (0.97 £ 0.18) (0.84+0.3) (4.24+0.4) (5.34+0.4)
(2.69 £0.04) x 10714 (1.68 £0.08) x 10~1¢ (2.61 +£0.03) (3.01 £0.15) (0.87 £ 0.05) (3.7£0.8) (52£0.3)
(1.12 £0.05) x 10~ (1.340.1) x 10716 (1.95 % 0.09) (2.374£0.18) (0.824+0.10) (3.7+£0.3) (4.9+£0.3)
(1.44 +£0.08) x 10~1° (3.54+0.3) x 10717 (0.46 +0.03) (0.63 £ 0.06) (0.73+£0.12) 4.3+04) (5.3£04)
(6.6 +0.5) x 10~17 (2.940.4) x 10717 (0.35+0.03) (0.53 £ 0.06) (0.66 +0.13) (4.4+0.6) (5.34+0.6)

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

respectively. The errors represent three standard deviations.

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

4. DISCUSSION OF RESULTS

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

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

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

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

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

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

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

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

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

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

and 100 eV (black), respectively, on the 1 um grain. The amplitude of the AC
voltage is 500 V and geometry of the used model is described in the text. The

simulation was performed using the SIMION ™ software package.

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

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

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

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

4.2. Influence of the Residual Gas Pressure

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

4.3. Determination of the Grain Mass and Potential

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

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

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

5. CONCLUSION

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

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

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

3. The surface potential does not depend on the dust grain
mass, shape, and dimensions for the grains larger than
0.3 um (effective diameter) and electron energies lower
than 2200 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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Investigations of charging processes on a single dust grain under controlled conditions in laboratory
experiments are the unique way to understand the behavior of dust grains in complex plasma (in space,
in laboratory, or in technological applications). An electrodynamic trap is often utilized for both hold-
ing a single grain and continuously measuring its charge-to-mass ratio. We propose a modified design
of the linear quadrupole trap with the electrodes split into two parts; each of them being supplied by
a designated source. The paper presents basic calculations and the results of the trap prototype tests.
These tests have confirmed our expectations and have shown that the suggested solution is fully ap-
plicable for the dust charging experiments. The uncertainty of determination of the dust grain charge
does not exceed 1073. The main advantages of the suggested design in comparison with other traps
used for dust investigations can be summarized as: The trap (i) is more opened, thus it is suitable for
a simultaneous application of the ion and electron beams and UV source; (ii) facilitates investigations
of dust grains in a broader range of parameters; and (iii) allows the grain to move along the axis in a

controlled way. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766955]

I. INTRODUCTION

After its invention in the 1950s, an electrodynamic
quadrupole trap (generally referred to as Paul trap') and/or
its different modifications quickly proved to be an extremely
powerful tool for the experimental investigation of a wide
range of phenomena. Various designs of traps are applied
in formation of ion Coulomb crystals, in quantum computa-
tions, for application in optical frequency metrology, ion mass
spectrometry, or high-resolution optical and microwave spec-
troscopy and many others.

Although originally developed for ion spectroscopy,” the
method of trapping charged particles with time-varying elec-
tric fields is not restricted to atomic or molecular ions but is
used equally to charged microparticles. It has been success-
fully employed to investigate single micron-sized grains.? Us-
ing this technique, photoemission experiments with the UV
radiation®> and rotation and alignment of dust grains by the
radiation pressure® have been performed. A similar set-up was
used in laboratory experiments where micron-sized grains
bombarded by keV electrons were stored and a size depen-
dence (observed by Svestka, Cermak, and Griin’ and qual-
itatively explained by Chow, Mendis, and Rosenberg®) was
investigated. An electrodynamic quadrupole inside an ultra-
high vacuum chamber was applied by Cermak, Griin, and
Svestka® to trap grains of micron and submicron sizes which
were charged by electron and ion beams of energies up to
S keV.

In recent years, a 3D quadrupole trap operating un-
der ultrahigh vacuum conditions (10~7 Pa) was used for inves-
tigations of different charging processes on single grains from
various materials. The experiments focused on secondary and
ion or electron field emissions and on grain sputtering were
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reported.'*!? Also Grimm et al.?® studied the charging of
dust particles in a high vacuum quadrupole trap, however, the
grains were exposed to soft X rays in this case.

In the paper, we propose a linear quadrupole trap based
on the ion trap technique for investigations of dust grains in
wide ranges of their parameters. Our modified version of a
trap uses each rod divided into two parts and split into two
isolated cylinders. The paper discusses different requirements
on both ion and dust traps, presents basic equations governing
the motion of the grain within the trap and analyzes possible
errors. We also describe the trap realization, its properties, and
its experimental verification based on its first prototype.

Il. DIFFERENCES BETWEEN ION AND DUST TRAPS

Although the problems of trapping a single charged dust
grain or an ensemble of ions are similar in principle, there are
important differences that should be taken into account in the
trap design. Let us list the expected ranges of parameters of
the investigated grains:

e Grain dimensions: 0.1-100 um

e Grain mass: 10718-10% kg

® Specific charge: £(1073-10%) C/kg

e Rate of specific charge changes: up to 10 C/(kgs)

As it can be seen from this list, the trap for the dust
charging experiment should enable a stable grain trapping in
much broader ranges of parameters than the ion trap. An-
other important difference is that the ion trap is used for
trapping of a limited number of ion species that differ only
slightly in their specific charges and these specific charges are
known. Moreover, the fact that the ion outside a given range of

© 2012 American Institute of Physics
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specific charges will leave the trap can often help to purify the
trap content. By contrast, the dust trap should allow measur-
ing the grain specific charge and provide the stable trapping
even under fast changes of this charge by several orders of
magnitude.

The known specific charges of ions can be used for cali-
bration of a trap. However, the dust trap cannot be calibrated
in this way and the only possibility for absolute measurements
is to rely on calculations. Such calculations are difficult even
for a very simple geometry, thus it is important to keep the
trap design close to that used in calculations.

lll. PROBLEMS OF DUST PARTICLE TRAPS

The charge of the trapped micron and submicron grains
can be determined either by the additional dc field [as demon-
strated e.g., by Ref. 21] or by measuring the frequency of the
grain oscillations (so-called the secular frequency) [e.g., Refs.
9 and 11]. The latter technique is more precise and reliable if
the grain oscillatory motion does not depend on the oscilla-
tion amplitude and/or on the grain location within the trap. It
means that the force holding the grain inside the trap (con-
fining force) should be proportional to its displacement or, in
other words, the corresponding potential should be parabolic.
Thus, the only non-zero term of the expansion of the elec-
tric field inside the trap should be the quadrupole (harmonic)
term and higher multipole (anharmonic) terms should be sup-
pressed in a sufficiently large volume of the trap.

Since the gravitational forces acting on a weakly charged
grain significantly exceed the confining force that is propor-
tional to square of the grain charge in quadrupole traps, the
gravity should be compensated by an additional dc voltage.
However, the electric force is proportional to the grain charge
and fast variations of the grain charge lead to a corresponding
change of the location of the investigated grain with respect to
the trap center. As noted above, the confining force depends
on the grain charge and its variations lead to the changes of
the oscillation amplitude. Many dust charging experiments®
use an interaction of the trapped grains with the surrounding
gas for the damping of grain oscillations. However, a simu-
lation of the conditions in the interplanetary space requires
ultrahigh-vacuum conditions and another method of control
of the oscillation amplitude is required.

The damping force should be in anti-phase with the
grain motion, thus the grain position should be continuously
recorded and this signal used in the feedback loop. In order to
reach a sufficient accuracy of the damping system, the ampli-
tude of the grain motion would be approximately 1 mm. Since
the maximum size of the trap is limited by the applied RF
voltage (=up to several kV), the amplitude of grain oscilla-
tions is approximately 1/10 of the trap inner radius. Cermak,
Griin, and Svestka® suggested using auxiliary electrodes for
this purpose but their application leads to increase of a con-
tent of higher multipole terms inside the trap, thus a solution
that uses the trap electrodes for the damping voltages would
be preferred.

To ensure a homogeneous illumination of the trapped
grain with particle beams, their cross-sections should be
larger than the expected amplitude of motion. Consequently,

Rev. Sci. Instrum. 83, 115109 (2012)

only a small portion of the beam particles will interact with
the investigated grain and the rest of particles should leave the
trap without any interaction with its electrodes because pho-
toelectrons and/or secondary electrons generated due to such
interaction would spoil the measurements. This is the major
problem of traps that use the rotationally symmetric design
[e.g., Refs. 6, 7, 9 and 21].

IV. SUGGESTED SOLUTION OF A LINEAR TRAP

From these limitations it follows that the trap based on
a linear quadrupole?? would be a possible solution because it
can be designed as open as possible and provides free path for
particle and photon beams along its major axis and two planes
among trap rods. However, a standard linear four-rod trap can
confine the grain along the trap axis rather than just in a single
point of the coordinate space.

Several modifications were proposed for the grain con-
finement along the quadrupole main axis. Some authors sug-
gested to split each quadrupole rod into two? or three’*?>
parts allowing a dc voltage to be applied to the eight end-
electrode pieces. Another possibility is to use auxiliary dc
electrodes®® that produce the confining electric field. Such
trap variations are often used in quantum computations?’ and
in investigations of large ion Coulomb crystals.?%?

An analysis of these trap configurations?® has shown that
splitting of the electrodes into three parts and an application of
the dc confining voltage on the end parts of rods substantially
increases the anharmonic terms of the trap field. This prob-
lem can be partly compensated by a combination of RF and
dc voltages on these parts of electrodes [e.g., Ref. 26]. Since
the peculiarities of the dust charging experiment require an
addition of the dumping signals to the voltages supplying the
electrodes, this solution leads to 12 high-voltage broadband
RF amplifiers. On the other hand, the solution with additional
dc electrodes does not spoil the quadrupole field within a rea-
sonable volume around the trap center but it requires an appli-
cation of large voltages. Reaching typical values of confining
force achieved in our present quadrupole trap would require
~50 kV of the dc voltage and the damping signals would be
added to this voltage. Pedregosa et al.’® suggested a modifica-
tion of the shape of the dc electrodes that leads to decrease of
this voltage but such version enhances the anharmonic terms
of the quadrupole field.

Moreover, the confining dc electric field would affect the
trajectory of low-energy ion and electron beams used for the
grain charging. In the case of the ac electric fields, the beams
can be switched-on for a short period around the zero voltage
but the dc voltage would be switched-off when the particle
beams are in operation. A periodic switching of the high-
voltages would cause problems of sensitive detection elec-
tronics because relatively large electrodes would serve as ef-
fective antennas.

Last but not least, the dc confinement depends on the sign
of the trapped grain charge. This is not critical for ion traps,
however, the charge sign of the dust grain can change even in
course of the experiment and one of our aims is investigation
of this process.
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FIG. 1. The geometry and dimensions of the trap. The origin of coordinates
is situated in the center of the trap.

Beranek et al.

A. The electric field in the trap

We propose to use the classical (four-rod) linear
quadrupole and to split each electrode into two parts with a
small insulating gap in between. The main idea of the trap is
based on a superposition of three ac quadrupole fields. The de-
sign of such solution is shown in Fig. 1. The figure shows the
trap geometry and defines the coordinate system used in our
calculations. The parts of rods are labeled with a, b, ..., h.
Figure 2 schematically demonstrates the voltages providing
three quadrupole fields. If we neglect the insulating gap, the
voltages +V, shown in the left part of the figure will create
the quadrupole field in the plane z = 0 because this is a stan-
dard linear quadrupole. The middle and right panels show the
potentials creating the quadrupole fields in planes x = 0 and
y = 0, respectively. We would like to note that we expect the
same frequency and zero phase shift of both V, and V. The
voltage applied onto the particular electrode is a sum of par-
tial voltages shown in Fig. 2. It means that the half-rods will
be supplied by

Ve = _Vz + ny - ny = _VZ’

Vo = +V; = Viy = Viy = +V; — 2V,

Ve =4V 4 Vi + Vo = +V. 42V,

Vo=~V Vg + Viy = =V, 0
Vo= =V, = Vo + Vi = =V,

Vi =4V, + Viy + Viy = +V. +2V,,,

Ve =4V, — Viy — Voy = +V. =2V,

Vi= V.4 Vi = Vi = = V.

The simplified view suggests that only three different HV sup-
plies (amplifiers) can be used. This is true for the grain con-
finement but additional requirements such as a compensation
of the gravity force or damping of the grain oscillation am-
plitude lead to a requirement of a dedicated supply for each
half-rod.

The voltage supplying the trap maintains the central sym-
metry (the voltage on the electrodes and the potential inside
the trap do not change if we invert the coordinates). The low-
est multipole term that such field can form is the quadrupole
term. The electric potential ¢ inside the trap is a result of su-
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perposition of three partial potentials referred hereafter as ¢,,
¢y, and @.. The potential ¢ is generated by an alternating
voltage of amplitude V, applied to the rods according to Fig.
2. The resulting electric field does not change the sign if we
invert direction of the z axis but changes the sign if the di-
rection of any of remaining two axes is inverted. Therefore,
the only possible quadrupole term is proportional to xy. In-
troducing the geometrical factor A, and neglecting the higher
multipole terms, we can write the equation,

J - cos wt,

X
)
ro

Y. =2V 2
where ry is the radius of the inner void cylinder (see Fig. 1,
right) and w is the angular frequency of the applied voltage.
Note that the quadrupole term does not depend explicitly on
the rod radius R in this approximation. The exact solution
of the potential inside the trap®® shows that the parameter A,
weakly depends on the ratio R/ry that determines the content
of higher multipole terms. These terms lead to an anharmonic
motion of the trapped grain but, according to Douglas et al.?!,
they are suppressed for the R/ry ratio around 1.1.

Analogously, we take advantage of the symmetry of other
components of the potential (see Fig. 2). The geometrical fac-
tor for both of them is the same and we define A, = A, = A,.
The both fields are formed by the voltage of amplitude V,,.
The respective equations are

yz

@x = AyyVyy - =5 - cOs o, 3)
"o
Xz

@y = AxyVyy - — - COS L. 4)
) ) "

The amplitude of the electric potential can be written as
©o(r) = (@x, ¢y, ¢-)i=0 and the corresponding amplitude of
the electric field as Eo(r) = Vgo(r). Using the amplitude of
the electric field, we can define the effective mechanical po-
tential (i.e., the potential of the virtual field affecting the mo-
tion of the charged grain inside the electric field of sufficient
frequency) according to Gerlich:3

2

Ue(F) = - [Eo(r)]?,

where Q and m are the charge and mass of the trapped grain,
respectively.

(&)

B. Secular frequency

The superposition of the potentials given by Eqgs. (2)—(4)
forms the effective potential with a minimum in the center of
the trap. Free oscillations of the grain inside the trap can be

A\

v, v, Ve Vo Vi ey )
VTN RTINS LR VIR NP
Ea \——a T S | R R S | N R
VIR TR T VP WP Y VIR N

FIG. 2. Sketch of the voltages on electrodes forming the electric potentials ¢, ¢y, and ¢,, respectively. The voltage applied on a particular segment of the rod

is a sum of partial voltages shown in the figure.



82

PRILOHA AD

115109-4 Beranek et al.

thus described by eigenvectors and eigenvalues of the opera-
tor, —Vues (the operator of the force induced by the effective
potential acting on the trapped grain). The equation of this
operator can be simply obtained by the substitution of (2)—(4)
into (5).

X Q2
(=Vuer) [ ¥ | === - VIEo(r)*
-mao
Z
0? 5
=——— - V|Vg(r
2 VIVeo)
QZ
= _41’11(1)21‘3 . V‘()‘-xyvxyz + A Vey, )‘xy nyz
+ 0 Vo, Ay Vi (x + ) (6)

We define the ratio of components of the electric field:

Axy Vi
C=—"212 @)
A Vz
and apply this relation to the previous expression:
x
(—Vuer) | ¥
z
Q*2v? 2
=——7-VI(Cz+y,Cz+x, Clx+y))l
Amaw?ry
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C?+1 c? C

2)2v2
=2EE ]l e enoc | y] e
0
c C 2C? z

We can rotate the coordinate system in such a way that
the matrix representation of the operator will be diagonal. We
get a new coordinate system (x', ', ') rotating by 7/4 around
the z axis and then rotating by 6 around the x’ axis. The exact
value of 6 depends on C as it is depicted in Fig. 3. The trans-
formation matrix from the coordinates in a system (x, y, z) to
the coordinates in the system (', ¥/, 7') is

1 0 0 IN2 =12 0
0 cosf —sind V2 IN2 0.
0 sinf cosf 0 0 1
where
1 1
cost = [= — ———. (10)
2 2/8C?2+1

Since the operator —Vueg is purely diagonal in the new
coordinate system, its eigenvectors (thus the principal di-
rections of oscillations) are the base vectors of the new
coordinate system:

oy 2 0 0
(~Viuer) = =5 [0 4C2 41— VBCT 0 (a1
M@F,
* \o 0 4CT +1+/8C2+ 1

The eigenvalues, «;, of this operator determine the frequency of oscillations of the grain along the respective axis (secular

frequency), €2;:

V2 fori =1,

Lo Vacr 11— V8CT+ 1 fori =2,

12)

VAC 11+ /8CTF1 fori =3.

The factor A, is easy to compute because it is a geomet-
rical factor of an ordinal quadrupole consisting of four cylin-
drical rods. We slightly modified our design from the optimal
ratio of a rod diameter and rod spacing and used 0.8 instead of
1.1 to get a more open trap. Berdnek et al.>° have shown that
such deviation does not significantly affect the trap character-
istics and the value of the geometrical factor of this particular
trap geometry is

A, =1.95. (13)

On the other hand, the determination of the second geo-
metrical factor, Ay, is difficult because it belongs to the com-
ponent of the field generated by the voltage between the two

[

parts of a single rod; solving such field is a three-dimensional
problem.

(b)

FIG. 3. Transformation of the coordinate system.
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To make the calculations easier, we introduce symbols for
general electric potentials, ®, and ®,, induced by the voltages
according to Fig. 2 (center and right). We do not limit the cal-
culations to the quadrupole term only but we assume a basic
symmetry reflecting the symmetry of voltage supplies. It can
be expressed by following identities:

Du(x,y,2) = Pu(—x,y,2) = —Du(x, -y, 2)

- _q)x(xa Y, _Z)a (14)

Dy(x,y,2) = —Dy(—x,y,2) = Oy(x, -y, 2)

—®y(x, y, —2), (15)

Dr(x, y,2) = Py(y, X, 2). 16)

Both ®,(x, y, z) and ®,(x, y, z) are even functions of vari-
able z, therefore they are equal to zero in the whole plane
z = 0 together with partial derivatives, d/dx and 9/dy. A sum
of ®, and ®, is zero in the plane x = —y that follows di-
rectly from equations above and the same is true for the partial
derivative 0/9dz in this plane. In the intersection of both planes
(i.e., along the line x = —y, z = 0), there is the zero sum of po-
tentials &, + @, and the zero electric field generated by such
potential. Thus, the oscillations along this line (i.e., the axis
x') are independent of an actual amplitude and form of the
electric field induced by the voltage V.,. The only remain-
ing field is the standard electric field of the linear quadrupole
generated by the voltage of V.

While not important for measurements of a charge-to-
mass ratio, the shapes and magnitudes of ®, and @, electric
fields are principal for the trap design. We have solved this
three-dimensional problem using the Laplace solver of the
SIMION® software® for dimensions of the trap used in our
prototype. The results of numerical calculations have been fit-
ted by spherical harmonics. The most significant terms of the
fit are as follows:

xz3 —3x37 — 3y%xz

4
o

4
D (x.y.2) = (1.70% ~126
"o

3 2
—0.47 w> Vyycosor.  (17)
o
A formula for the potential ®, is same but with x and y in-
terchanged. The grain should move in the region where the
distance from the trap center is less than 0.1ry, therefore the
original assumption of the quadrupole field can be considered
to be valid with a sufficient accuracy based on the numerical
results.
According to Eq. (17), we can express the coefficient C
as a function of the ratio of voltages:

Ay =170 = C=087-Vy/V.. (18)

Nevertheless, we would like to note that the first eigenvalue
of operator Eq. (11) does not depend on C and thus the de-
termination of the grain charge from 2; would not depend
on V.
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FIG. 4. The photo of the mechanical set-up of the new trap with holders.

V. EXPERIMENTAL VALIDATION

This section describes briefly a prototype of the trap that
was built with motivation to check the theoretical consider-
ations given above and analyzes the results of the prototype
tests.

The trap is formed from four cylindrically shaped elec-
trodes, each of them being split into two isolated cylinders of
equal length on the common axis. The dimensions of the trap
are as follows: the radius of each of four rods, R, is 6 mm,
the rods are positioned around an inner empty cylinder of ra-
dius ro = 7.5 mm. The total length of the trap is 90 mm and
the gaps dividing the rods are 0.5 mm wide. A photo of the
assembled trap is shown in Fig. 4.

A. Experimental set-up

The trap was mounted inside a vacuum chamber that can
be pumped down to ultrahigh vacuum (<10~° Pa). For vali-
dation, spherical SiO, grains 3-8 um in diameter were used
for several reasons: (1) the electron microscope revealed their
almost perfectly spherical shape; (2) we have already investi-
gated these grains and thus we know that they do not tend to
form clusters; and (3) according to preliminary calculations,
this diameter fits well to frequency and amplitude ranges of
HYV amplifiers used for the tests.

We dropped the grains into the powered trap from a dis-
penser and charged them during their fall by the electron beam
until one of them had been trapped. The charge-to-mass ratio
of the grain was of the order of 1072 C/kg. The oscillations of
the trapped grain were damped by a buffer gas (helium) and
then the chamber was pumped down again. A trapped grain
is irradiated by an red diode laser modulated by 10 kHz. The
laser light scattered by the grain is collected by a simple lens
system, and the magnified grain image is projected onto the
entrance fiber optics of an image intensifier. The intensifier
output is optically coupled to a PIN diode serving as a po-
sition sensitive detector. Signals from the PIN diode are am-
plified by narrow band and lock-in amplifiers prior to the co-
ordinates of the light spot are determined.'®'!3* The system
provides electrical signals that are proportional to the grain
current position in two axes. Processing of these signals al-
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lows us to estimate the grain oscillation frequency and ampli-
tude. The frequency of the vertical projection is then used for
a determination of the grain specific charge. Both vertical and
horizontal projections of the oscillations are used for produc-
tion of signals for the amplitude stabilization. The electronic
systems for detection of the motion and damping are similar
to those used in another dust charging experiments [for more
apparatus details, see Refs. 11 and 34].

All electrodes of the trap were powered by synchronous
signals generated by a single tunable RF generator. The sig-
nals for each rod consisted of this RF signal amplified by an
appropriate factor and summed with the signals for the gravity
compensation and for damping of grain oscillations. Finally,
these signals were amplified 500 times by eight independent
linear high voltage amplifiers. Consequently, we can arbitrary
change the V,,/V; ratio during the measurement.

B. Verification of the trap operation

We measured all three secular frequencies of a single
grain at various settings of the trap supply (voltage and fre-
quency). We plotted the ratio of these frequencies (Fig. 5) and
fitted the theoretical curve given by Eq. (12). As it can be seen
from the figure, the measured frequency ratios (points) follow
their predictions, small disagreements are not systematic and
they can be attributed to the noise of the detection system.

We recorded the motion of the grain by a video camera
oriented roughly in the direction of the x axis (diverted 17°
toward the z axis). The trap supply was set in such a way that
C = 0.914 and three principal modes of oscillations observed
by the camera are shown in Fig. 6. The expected directions
of the grain oscillations in a particular mode according to the
theory presented above are indicated by the arrows. Due to a
symmetry of the trap, the oscillations along the x’ direction
are driven by the “ordinary” field of the linear quadrupole,
¢, and the frequency should not be affected by the remaining
components of the electric field. We can compute the charge-
to-mass ratio of the grain from the angular frequency, €2; of

25 ‘
e o/
o /%
2 l
e
15 -
_—:'
1 —
=3
e
0.5 —=
AT
A
ol
0 0.2 0.4 0.6 0.8 1 1.2

Viy/ Ve

FIG. 5. The ratio of measured frequencies of three modes of oscillations at
various settings of the trap. The curves are computed according to the theory
shown above, coefficient A,y is determined by least squares fit.
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FIG. 6. The principal modes of oscillations inside the trap observed by the
video camera (from left to right: €2, Q3, ©3). Note that the camera was
tilted with respect to quadrupole axes. The ratio of voltages was such that
C=00914.

the oscillations along this axis:

o ﬁrg Qw
m. A v, '

(19)

Equation (19) is based on an approximation of the effec-
tive potential which is not exact. There is a necessary assump-
tion that the supply voltage frequency is much larger than the
secular frequency. Therefore, the error decreases with a de-
creasing ratio of the secular frequency to the supply voltage
frequency.

The precise solution of the motion in an alternating
quadrupole field employs the Mathieu’s differential equation.
Solving this equation, we can obtain an additional factor cor-
recting the result of Eq. (19). This factor can be expressed by
an infinite sum but we can limit ourself to first two terms and
express the correction factor, K as**

1
K= — (20)

J1+ (1.8 %)

where 2, is the angular frequency of the oscillations of the
grain and o is the angular frequency of the voltage supplying
the trap.

We measured the secular frequency of the same grain
keeping a constant charge-to-mass ratio under various values
of the frequency of the supply voltage (therefore, varying the
Q)/w ratio). Figure 7 shows the relative change of the com-
puted charge-to-mass ratio of the grain without and with the
correction. We can conclude that the correction according to

3 T T T
without correction ---A---
2.5 S with correction - -@-- _|
7 .
&£ 2
— 5
E 1.5 -
~ AL
SANY R
< A
0.5
A
0 Py ol o | o 1 -
—0.5
6 8 10 12 14 16 18 20 22
w/

FIG. 7. A change of the measured charge-to-mass ratio at various values of
the ratio of the supply voltage and secular frequencies. The correction term
(20) almost makes the effect of the low w/2; ratio negligible.
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FIG. 8. A change of the measured charge-to-mass ratio, Q/m at various val-
ues of the ratio of Vy and V;. The determined Q/m is almost independent on
the ratio of the secular and supply frequencies and obeys a linear dependence.

Eq. (20) provides the charge-to-mass ratio almost independent
of the frequency applied on the quadrupole.

As a next step, we measured the change of the secular fre-
quency, 2, while varying the voltage V,,. As we mentioned
above, there should be no change of the grain oscillation fre-
quency because the electric field inside the trap is symmetric
(see Eq. (11)). However, the calculations neglect the gap be-
tween half-rods and the manufacturing of the prototype can
introduce some asymmetries.

The measured data show a linear dependence of the rela-
tive error of the Q/m ratio on the V,, / V_ ratio (see Fig. 8). One
would intuitively expect that a correct value of Q/m is that for
Vyy = 0 but we are not able to measure the secular frequency
when the voltage V., is too low because the grain would not
be safely trapped. As it can be seen in Fig. 8, the linear fit
is an appropriate description of the dependence of measured
Q/mon Vy,/V,, thus it can be easily corrected. Nevertheless,
we did an additional modeling in order to find the most prob-
able source of this error.

We simulated few possible inaccuracies of the trap ge-
ometry and computed the electric field under such assump-
tions. We have found that the mechanical design of the trap is
sensitive to misalignment in the z direction. While a change
of the width of the insulation gap between two parts of each
half-rod has a negligible effect, the longitudinal shift of the
whole gap is important. The measured dependence of Q/m on
Vyy/ V. matches the assumed effect of the shift of a single rod
by approximately 0.15 mm. It is difficult to eliminate such er-
ror because the gaps should be open and no insulators can be
used to fix their positions and widths. Nevertheless, the rela-
tive errors analyzed in Figs. 7 and 8 are of the order of 1072
and suggested compensations would decrease these errors by
an order of magnitude.

The determination of the absolute values of the grain spe-
cific charge relies on the calculations that use the trap dimen-
sions, amplitude of the voltage on quadrupole electrodes and
its frequency as an input. Thus, the resulting error is a func-
tion of the errors of all these parameters. Among them, the de-
termination/stabilization of the amplitude of the high voltage
(often kV) in a broad range of frequencies would be prob-
ably the major contributor to the resulting error of the spe-

Rev. Sci. Instrum. 83, 115109 (2012)

cific charge determination. Moreover, the calculations assume
the harmonic potential inside a sufficiently large volume of
the trap. The anharmonic components of this potential would
cause the change of the oscillation frequency with its ampli-
tude and/or an increase of the oscillation amplitude with time.
‘We have changed the oscillation amplitude between 0.1 and 1
mm and did not observe measurable change of the grain fre-
quency. We did not find any recordable change of the oscilla-
tion amplitude in course of several minutes with an electrical
damping switched off. We believe that it means a contribution
of higher multipole terms is negligible.

VI. SUMMARY

We propose a novel design of the electrodynamic trap ge-
ometry that allows us to catch and hold a charged grain inside
the trap and to measure its charge-to-mass ratio. It is possible
to control and damp oscillations of the grain by small aux-
iliary voltages applied on the rods of the trap. Including the
suggested corrections, a relative error of the order of 1073
over a broad range of operational settings can be reached.

Computed charge-to-mass ratio is inversely proportional
to the supply voltage, thus the relative error of the voltage con-
tributes to the total error. Taking into account that this voltage
is in the kV range, we suppose that the uncertainty of the volt-
age amplitude will be a major source of the errors, especially
when operating over a broad range of frequencies.

As we expected, the proposed geometry is much more
open than the trap with hyperbolic electrodes. Its configura-
tion allows the trapped grain to oscillate in the almost purely
quadratic effective potential even at a relatively large distance
from the trap center.

The trap can be used in a wide range of values of the
Vyy/ V. ratio. It is even possible to switch-off V., completely
and to let the grain to leave the trap along the axis in a
controlled way. This feature could be utilized in the experi-
ments where another measurements on a particular grain prior
to or after its investigation in the quadrupole trap are needed.
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