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ABSTRACT
 

We report on the further development and mass spectrometric characterization 

of our Smoke-Ion Source. This ion source is capable of generating intense. 

continuous beams of both positive and negative cluster ions of metals. metal 

oxides. and other relatively high temperature materials. This device is the 

result of the marriage of the inert gas condensation method for generating 

metal smokes with techniques for injecting electrons directly into expanding 

jets. Intense cluster ion beams have been generated from metal smokes of 

lead, lithium. sodium, magnesium. and from mixed lithium-magnesium smokes. In 

addition. metal oxide cluster ions of lithium and of magnesium have also been 

generated. Future studies will focus on mass spectral studies involving new 

materials and on probing. via negative ion photoelectron spectroscopy and 

photoabsorption experiments. the electronic energy levels of size-selected 

cluster ions generated with this source. 
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BACKGROUND 

We report on the continuing development and characterization of a source 

for generating intense. continuous beams of metal and metal oxide cluster 

ions. This device 1 is the result of combining the inert gas condensation 

method with techniques for injecting electrons directly into expanding jets. 

Inert gas condensation is a proven approach for generating strong beams of 

large neutral clusters comprised of relatively high temperature 

materials. 2- 9 In inert gas condensation cells. an oven evaporates the 

material of interest into a bath of cool inert gas. The evaporated material 

supersaturates in this cool environment and nucleates to form a dilute smoke 

composed of ultrafine particles and clusters. The inert gas, along with its 

entrained smoke. then exits the cell through a small aperture into a high 

vacuum region where it forms a beam. The injection of low energy electrons 

directly into the high density region of supersonic expansions has been shown 

to be a highly efficient method for generating beams of both positive and 

negative cluster ions. 10-12 

Several investigators had previously generated positive cluster ions 

from inert gas condensation cells, usually in the course of mass spectrometric 

characterization studies. In each case. this was accomplished well downstream 

of the cells' exit apertures by subjecting the neutral cluster beams to either 

electron bombardment ionization or to photoionization. 4-9 In the present work 

however, electrons from a biased filament are injected in a close-coupled 

manner directly into the weak jet expansion of the smoke-containing inert gas 

as it leaves the condensation cell. allowing the generation of intense beams 

of large positive and negative cluster ions. We refer to the unique union of 

these two techniques as the Smoke-Ion Source . Below. we describe the Smoke­
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Ion Sour ce al ong with i t s as sociat ed app ar atu s . and pr esent th e re s ults of 

mass sp ec trom etr ic inve stigati ons inv olvin g c l us t er i ons of le ad . lith ium, 

sodi um, and ma gne sium ; mi xed clu ster io ns of lithium and magnesium ; and 

cl us ter io ns of li t hi um oxi de and ma gnesium oxi de. 

EXPERIMENTAL 

A sc hemat i c diagram of th e Smoke -I on Source is pr esented in Figure 1 . 

Th e mat e ri al of in t e r es t i s evaporated from a heat s hie lded cr uci bl e (capab le 

of achievi ng temperature s t o 2 , 300 K) by di r ect re si stive heati ng. The 

as sem bly cont a i ni ng th e c r uci bl e i s s epar at ed fr om t he in ert gas condens at i on 

ce l l by a wat e r - cool ed copper box whi ch t her ma l ly i sol at e s t he cool i ne r t gas 

f r om the high temperatur e envi ro nment of the cru cible r eg ion . Vapor effus ing 

from th e cr uc ib l e ente rs th e condensat i on cel l . whic h t ypi cal l y cont a i ns fr om 

0.5 t o 10 torr of hel i um and can be ma i ntained a t cons t ant t em pe r a tu r es 

between 77 K and 285 K by a coolant reservoir . The cool in ert gas thermally 

quenche s t he va por . caus in g su per satu r ation wi t h su bsequent nucl eati on and 

clu ste r gr owt h . Met al ox ide clu s t er format ion i s ac comp li sh ed by doping t he 

inert gas with a small per centage (0 .5 -2 .5 %) of rea ctant gas (typi cally O2 ) , 

Th e con densa ti on ce l l i s cou pl ed to hi gh va cuum by a smal l ( 1. 0-2.5 mm 

dia meter ) ape r tu re . cr eat i ng a fl ow of helium whi ch ent rain s the cl us t ers and 

tran sport s them int o the high vacuum reg ion via a wea k jet expansi on . A 

negativ el y bi ased hot fil amen t inje ct s l ow ene r gy el ectron s in t o the smoke ­

containin g helium fl ow immediately as it exits th e ape rtu re . The presen ce of 

axial ma gneti c f ields in t he expansio n re gion gr eat l y enhance s clu ster ion 

pr oduc t i on. The entire sour ce i s e lec t ri ca l l y f l oated at e i t her ± 500 V or 
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±1 kV wi th respect to gr ound pot enti al. Thi s el ectro n inj ection conf igur at ion 

is used to generate bo th positive and negativ e clus ter ions. 

Th e res ult i ng beam of cluster i ons and acco mpany i ng neut ral s i s sk i mme d 

bef ore ent e ring th e remaini ng pa r t of th e apparat us . Bri ef l y, th i s cons ists 

of an ion optic al beam l ine , an ExB mass separ ator (Wien filt er) and a 

Fa r aday cup for i on det ecti on. Th e Wi en f i lte r ca n be operated at a hi gh 

elec t rosta t ic f i eld where i t ach ieves norm al mass reso lut ion over a l imi t ed 

mass r ange, or at a l ow ele ctros t at ic f ield wh er e it exhibits poor re solut i on 

but over a mu ch l arge r mas s range . Th e l at t er mode i s par t ic ular ly useful f or 

detec t ing very large cluster i ons. 

GENERATI ON OF METAL AND METAL OX I DE CLUSTER ION S 

( 1) ~: Cl uster i ons of lea d were genera t ed unde r t wo dif f eren t set s 

of source condi t ions. 1 The f irst set emp loyed a source aper ture diameter of 

1.0 mrn , a helium pressure of 6.0 torr maintained at 195 K. and a crucible 

t em pera t ure of 1,4 60 K. Figu re 2 pr esent s mas s spectra f or both pos i t i ve and 

negati ve l ead cluster ions recorded under these condi tions . I n order to 

obta in these spectra . the Wie n filt e r was operated i n i t s hi gh mas s range 

mode. Both spectra exhi bit a pro gressi on of unr eso l ved cl uste r i on peaks 

ranging from approximately 40 -400 atoms per cluster ion . and for both ion 

polar ities, t he in t ensi t y maximum i n t he size distr ib ut ion correspo nds to -200 

at oms per clu s ter i on. As sumin g thes e cl uster ion s are spher ic al in shape. 

their diameters can be estimated t hrough the expression D = 2 Zl/3 wher e DRs' 

i s the cl uster di ame t e r, Z i s t he tota l num be r of val ence e lectro ns i n th e 

cl uster , and Rs i s t he Wign e r -Sei t z ra di us of th e bulk me t al. Thes e lea d 

clust er ion s are estimated to ran ge in si ze f rom ~1 5 -30 A in di ameter wi th the 
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peak of the s i ze distribution at - 20 A. In the anion s pec t rum, an ion cur r ent 

of 600 pA wa s observed at thi s max imum . If aver age cur r ent s of cl us t e r ani ons 

are compared, thi s i s about five order s of magnitud e mo re i nte ns e tha n th os e 

available vi a l aser vaporization te chniques,13 In the cat i on ma ss spectrum, a 

se r i es of l ow ma s s peak s due to Pb++ and + observed in addition toPb n=1 -3 wa s 

the high ma s s di st ributio n. Inte re stingly. these low ma s s peaks were absent 

in the anion spec t r um. sugge sting th e smal l lead c l us t e r cat i ons may have 

re s ult ed from fragm entation. However. the s i mi l ar i t y between the high ma s s 

dis tri but ion s i n t he cation and anion spectra ma y indi cate that they reflect 

the neutral cl us t e r distrib uti on . 

In an effort to expl ore the sourc e 's ability t o acce ss different cluster 

ion s i ze distribution s. a s econd set of so urc e conditions wa s sele cte d. Thi s 

s e t utili ze d a so urc e ape r t ur e di ameter of 1.5 mm, a helium pre s su re of 

1.6 to r r at 27 3 K. and a crucible tempera tur e of 1.4 60 K. Fi gure 3 show s the 

resultant lead cl us t e r ani on mas s spec t r um with the Wien filter operating in 

its low ma s s rang e mode . A vari ety of smal l lead clu ste r anions was obse r ved 

dem onstrating the ability t o s hi f t the clu ster i on size di stributi on by 

manipulating sour ce condi t io ns. 

(2 ) Lithi um: Ne gativel y and positively char ged clu st er s of lithium were 

generat ed utilizing a 2 . 0 mm diameter sour ce aperture, 1. 5 tor r of He at 

273 K. and a crucible temper atu re of 1,1 00 K. Figure 4 pre sent s a typical 

ma ss s pec tr um of lithium cl us te r ani ons gen e rat ed unde r the se condit i ons . 

Thi s set of sour ce conditi ons pr oduced lithium cl us t e r ion di stributi ons th at 

ranged fr om 650- 2 ,800 atoms pe r clus t e r i on ( D = 30- 50 A). The inten sity 

ma ximum in th e s i ze di st ributi on cor re sponded t o about 1,200 atoms per cluster 

i on (D =3 5 A). By utilizing s l i ght l y higher He pr es s ure s in th e condensati on 
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cell (3-5 torr). cluster anions comprised of 11.500 lithium atoms (0 =80 A) 

have been generated. 

(3) Sodium: Cluster anions of sodium were generated utilizing a 2.0 mm 

diameter source aperture. 1.9 torr of He at 273 K. and a crucible temperature 

of 785 K. Figure 5 presents the mass spectrum of sodium cluster anions 

generated using these conditions. A sodium cluster anion distribution that 

ranged from 700 (0 =35 A) to well beyond 1.750 (0 =50 A) atoms per cluster 

anion was observed. The intensity maximum in the size distribution 

corresponded to about 1,250 atoms per cluster anion (0 =45 A) . 

(4) Magnesium: Cluster anions of magnesium were generated utilizing a 

2.0 mm diameter source aperture, 1.2 torr of He at 273 K, and a crucible 

temperature of 975 K. The resultant magnesium cluster anion distribution 

ranged from 150-850 (0 =20-35 A) atoms per cluster anion. with the intensity 

maximum in the size distribution at 375 atoms per cluster anion (0 =25 A). 

(5) Lithium-Magnesium: Mixed lithium-magnesium cluster anions were 

generated by evaporating lithium and magnesium metals from separate chambers 

in a single crucible at a temperature of 1.015 K. The evaporation rates per 

unit area of each metal were controlled so that the ratio of Mg to Li atoms in 

precondensed metal vapor would be 3:1. Other source conditions used included 

1.2 torr of He maintained at 273 K and a 2.0 mm diameter source aperture. The 

mass spectrum of mixed lithium-magnesium cluster anions recorded under these 

conditions is presented in Figure 6. The (LixMg y) cluster anions observed 

ranged in mass from -2.000 amu to well over -20.000 amu with the intensity 

maximum of the mass distribution at -7.000 amu. The ion current at this 

maximum measured approximately 1 nA. 
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(6) Metal Oxi des: Ox ides of li thium and ma gnesium clu ster anions were 

gener at ed under esse nti ally the same source condition s used to generate pure 

metal cluster anions, but a smal l percentage of 0z was added to the helium 

inert gas. In the ca se of the lithium-oxygen sys t em, 1 .5 % 0z i n helium was 

used i n the conden sa ti on cel l . Th e re su ltan t ma s s s pect r um, pre sented in 

Figur e 7, s hows a ser i es of un re solv ed (Li xOy) cl ust e r anion s as well as ° 
and 0Z' For the formation of (MgxOy) anion s. 1.0 % oxygen i n heli um was used 

in th e condensa t io n cell . Th e r esult ant mass spect r um, pre sented in Figure 8, 

wa s record ed with the Wie n f i l t er operating in its low ma s s ran ge mode. Peaks 

cor r es pondi ng to (MgxO y) cl us t e r anions of variou s s t oic hio met r i es are 

evident along with 02 and 0 . In both cases , the addi ti on of small amo unts of 

oxygen to the conden sa t i on ce ll dr amatic all y lowe r ed the s i zes of the 

par ticl es pr oduced i n t he sourc e . 

CO NCLUSION 

We have shown the Smoke-Ion Sour ce to be a powe rful and ver satile tool 

fo r generating intense beams of positive and negativ e clus t er ions comp r is ed 

of metal s and metal oxide s , Fut ure experi me nt s wi t h t he Smoke- Ion Sou r ce fall 

i nt o on e of t wo cat egories . The firs t cat egory will involve th e generation of 

cl ust er ion s f rom addi t i onal mate rial s. and the se experi me nt s shall pr i mar i l y 

be ma s s s pec t r ometr ic in natu re . The second category i nv olve s probing the 

el ect r oni c ene rgy 1evel s of th e cl ust er s and cl uster ions produced by thi s 

sourc e . Negative ion photoele ct ron spec t roscopy performed on s i ze-s el ec t ed 

cl ust e r anions will reveal the ground and low-lying exci te d e lectroni c state 

st r uctu re of a cluster anio n' s cor r es pond ing neutr al (a t t he anion geomet ry) , 

I n additi on. photo destr ucti on and photo di s so ci ation expe r i me nts will be 
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perf ormed on s i ze -se l ecte d bea ms of positive and negative cluster ion s to 

examine Mie-like resonances and other photoa bs orp t i on pr oce s s es i n the se 

sys t ems . 
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FIGURE 1. SCHEMATIC DIAGRAM OF THE SMOKE-ION SOURCE 
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FIGURE 2. MASS SPECTRA OF LARGE POSITIVE AND NEGATIVE CLUSTER IONS OF 
LEAD GENERATED BY THE SMOKE-ION SOURCE 

155 



i 

:z: 
o ..... 

-
Pbg 

\ 

-
PbS-

T 
MASS -+
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GENERATED BY THE SMOKE-ION SOURCE 
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