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SECTION 1

INTRODUCTION

The first phase of the work consisted in the design, construction and
assembly of a novel ion source for solids, whereby the sampla is bombarded
with an intense basam o0f fast noble gas idna, which results in sputtering of
tha sample material. A fraction of the sputtered material was expected to

be ionized, Thesa ions can be accelerated and analyzed in a mass spectrometex.

A final report covering the first phase was submitted to JPL on 28 January 1962.

The sucuuu puasa of the work involved the testing of the lfon source wata
particular emphasis on operational performance and applicability to the
qualitative analysis of different types of solids., A final report covering

the second phase was submitted to JPL on 15 December 1962,

The third phase of the work, which is now completed, dealt mainly with
improvements of thae source and powar supply and the applicability of the iom

gourca for tha quantitative analyvsis of solids.



SECTION 2
MODIFICGATION OF THE APPARATUS

2.1° GENBERAL

-

The fivst task was the medification and improvement of the ion source
built under JPL Contract No. 950118, including the associated power supply,
with the aim ¢o parmi:’é%era:ion at higher enargies of tha primary beam, to

increase the density of the bowbarding ion beam and to reduce its cross section.

Oparation of tha.ian sourca constyructed in the first phase of the investiga;io
was limited to a beam energy balow 15 kv because of flashovers which occured
between-tha duoplasmatron an;de and the ion acceleration electrode, or at tha
einzel lens.. As a consequence of those flashovers, high vcléage transients
reachad the duoplasmatron power supply, causing freq#ant component breakdowns
Therefora, the purposs of the radesign was not only to allow operation at ﬁighér
voltagas, but also to prevent component breakdown in case of flashover. With

this aim in wind, & new duoplasmatron and power supply was built.

2.2 DUOPLASMATRON

.+ The following considarations led to tha new design: The plasma density on
the axis of the ducplasmatron neaaxr the anode increases rapidly with magnetic field

strength until, after passing a f£lat maxiwum it decraases slightly. In pracuice,



therefore, the duopiasmatron must be operated above a minimum magnetic f£ield
strangth to ﬁrovida maximum plaswa density along tha axis. In conventional
duoplasmatrons, the magnetic field is produced by a solencid of 2,000 to 7,000
ampere turns, providing a magnetic f£ield of the order of 2,000 Oerstedt beatween
the pole plecea. Therefore, replacemenl of the solencid by a parmaneac‘magnet
of’equivalent strength appeared to be feasible and offerad the follbwing
advantages:

(1) - No power supply for tha magnetic field is needad, This is especially
advantageous becausa the duoplasmatron operates at a high potential above ground
- and tha power for the solenoid has to ba supplied by a high voltage iaolaniop

transformer,

(2) The heat genarated in the solenoid is of the same order g8 the heat
generated by the ‘arc; for a glven cooling rate, a higher arc current can be

drawn Lif the solenoid is replaced by a parmanent magnet.

{3} Since the baffle electrode, which forms one pole of the magnetic fiald,
operatas at an electrical potential differant from that of the ancde, which
forms the otheyr magnetic pole, it is necessary in the case of a solenoid to
have an additional air gap in the paéy of the mégnetic flux through the iron
enclosure to provids elactrical insulation. For a given magnetic field strangth
the presence of the air gap requires add;gional magnetic induction. This is
avoided if one chooses ceramic permanent magnetic material, whicﬂ is electrically

insulating.

{4) There ars ceramic magnets on the markatkwhich have an exceptionally
high coarcive forca, typically around 2,000 Oeratedt. -Thus the required magnetic

length is relativaly small; therefore, less irom is needed, and sinca the ceramic



material itsalf Ls much lighter than copper, the whole assembly becomes
conaidera&iy shorter and lighter than an equivalent design employing a

magnat coil.

The replacement of the solenoid by & permanent magnet is considerad to ba

an important step towards the development of a flyable modal,

Figure 1 shows tha new duoplasmatron in detail. The wagnetic fiald is
produced by thres rings (15, cogeisniug of Indox V, which were magnetizad
axially. The magnetic flux paeséﬁ through tha cover plate F2) into the baééle
alactrode {3}, across the gap and through the snode holdar (4) and the base
plate (5) back to the magnet. All these parts are made of Armco iron and are
nickel plated. The axial £ield ge&era:ed i; the gap amounts teo asbout 7,000 gauss.
The anode (6) is of copper and carries a .008 inch canter hole through which the
ions are extracted, The anode is pressed against tha céoling plate (7}, also
of copper, by the magnetic force which the field exerts on the anoda holdex.

Tha baffle electrode is centered and kept at ihe corract dietance-froﬁ the anode
by a short tubular insulator (8), made uf‘alumina; A coppar ring (9) is brazed
to the baffle electrode, and six insulated screws (10) hold the inner assenbly
together. The ¢ooling plate, the insulator, the bhaffle glectrode with the
copper ring,andla teflon ring (1l) carrying two gaskets enclose a circular
cggnnel (12) for the coolant. A stainless steel flange (13)-§arrias'the LWo
filamenr, feadthroughs (14) and the gas inlet tube (15). The filament (16)
consiéta of platinum wira mesh. This is coated with barium carbonate briar to

installation; it is subsequently reducad to barium oxide by an activation process.



The performance of the new duoplasmatron excaeded expectations.

2.3 POWER SUPPLY

Figure 2 reprasents a schematic of the new power supply for the duop}asmatron.

The components are mounted within a cabinet with xounded coxmers in ordexr to
avoid corona discharges., The cabinet is insulated from'ground and comnnected
to tha high voltage terminal, Thefefora it haa to be placed inside a grounded
screen to protecé the operator and to shield tha other equipment against -
transients, - A distance of four inches between cabinet and scveen eliminates
the possibility of flashover to ground. Due to the reduced power consumption
of the new duoplasmatron, the rating of ché 30 kv isolation transformer was
reduced below that required praviously, As a consequence of the more compact
desigﬁ of the power aupfly, the total capacitance to ground is glao Faduced
considerably, less electrostatic energy is stored, and any internal flashover:

are less energetic. No breakdown of rectifier diodes, which was the main

trouble bafors has occured with the new power supply.

2.4 'PRIMARY ION BEAM OPTICS

:One of the maian ob}ectives of the new design was the increase of tha
operating voltage. For this purpose tha distance betwaen tha)dion acceleration
alegtrodg énd the lon extraction hole in the duoplasmatron anode was increased
to ‘an optimum valua where the ion beaﬁ just misged striking tha.innar wall of

the opaning in the apex of the accaleration alaectrode, This change in addition



toe a careful polish of all the edges of tha einzel lens componants permitted

the acceleration of tha ion beam up to at least 25 kv.

Anothex objactive was the reduction of the diameter of the bombarding beam.
With tha previous arrangament, tha diamatar of the primary ion baam at tha
target could not ba raduced to leaa thaa 3 wm, mainly becausa of distortion
by the daflec:ivu condenser; Two alternatives were available to corraect this,
aither to’}ébaiid the deflection condemser in a moxe sophisticated form, or
simpler, to eliminate it completely and let the beag travel down straight to
tha target.,’ In this case the target had to be tilted, so Fhan tha secondavy
ion optics was no longer axially symmetwic. Although'it was expected that
this latter wmodification might significantly decrease tha secondary ion
coliec:gon afficiency, ghia was not the case and this design was adoptad

accordinalv.

"It was also considered desirable to operata the center electrode of
the ainzel lans at tha same voltage as the anoda of the duvoplasmatwon. Thus,
the high voltage feedthrough, a likely source of £lashovers, could be eliminated
by coqnecting the center electrode interﬂally with the duoplasmatron anode.
fhis algo rasulted in thalélimination of tha voltage divider raquired‘in the
pravious desing; the corresponding decrease in power consumption reducds the

rating of the hﬁgh-voltage pewar supply.



However, the correct image adjustment of the einzel lens had now t¢ be
determined by experimenting with several inserts in the center electrode
with different inner diametexa. W?thvthe‘final setting, a beam diametar at
the target of about one half of a millimeter has baen achieved, However,
this inteuse coraAof‘th; bean ia’surroundad by a waak halo of scattered
ions, “A mask with 4 one ﬁ@llimeter hole has been mounted above tha aample

to prevent the halo of the baam hicting the sampla.

2.5 SECONDARY ION OPTICS

Since in the new arrangement thae sur?ace of the target has to be inclined

t
at an angle of 30 dagreas to the previons vaertical position,stheisample holder
had to be redeaigned. Again, six samples c¢an be mounted simultanaously, which

are brought into the primary beam by rotation of the shaft.

A series of experiments was carried out in order to determine the optimum
1length of tha £irst Bubulavrelectrode of the secondary ion optics for bast
fon collection efficiency. It turned out o be the same as Tha one used im

the pravious arrvangement.



SECTION 3
RESULTS

3,1 1ON SPUTTERED FROM PURE ELEMENTS

Complete secondary fon ppectra up to mass number 350 were taken from

the following elements: Al, Fae, Co, Wi, Cu, 2a, 2r, Nb, Ag, ¢d, Sn, Ta, Pb.

Figure 3 48 an example of a typical spectrum obtained f£xom & pure iron

sample.

Tha Bamples were made up from the purest elements available. "All elements

wera bombarded wich 10 kv argon ions.

In the following table only those ions are listed which are daduced from
the major peaks; the ioms known as instrumental background and the ions from

alemants present as impuritias are omitted.

Table 1
Aluminums

T 3 N g + +
AT, M, AL, A_lz'_ AL,0", AL0H, Al 37 A143 Als , A16 . A17 , Als . Al9 » AL T

1
Iron:
]

rerac”, Pa0¥, retE”, 7o, ¥, e 07, 7a, 07, Fe T, FaylT, Faao , Fa302 ) Fe,"y Fo,0'



Cobalt:

cot,con’, coot, coout, C9on2+, -Coz"‘, ‘COZH:F, Cozc+, Co=20+, c:ozon"", Co;*',
COBH-+, 0030+, coson*",- c%'",' c%o'*'.‘ Cos+. cosoj"°
Nickals
wet, wiox", wion,”, 'mz*".- f»zizg"‘. N1, 06", N1, Niao_*, ne, ¥, w07, e Neg0"
Copper':
', gat’, ‘cuol”, cuor,”, Gu,*, cuu, ou,0r", cu,¥, Gu0t, cu,c,t .
Zine:
ot zon®, 200", ZnoET, za,7, g_n20+.' z“z°2+' Zn203+, 'Zns"', Zn30+, Zn302+.
Zirconium:
22, 2%, 2ot zrQ*, 2x0,%, 20,", zr,%, irzo+.
NioDium:
szgt‘, w*, wrt, Wet, wo*, M,*, Ww,u", No,c, 0%, W, w,0%
Silvcjxr:
Azz*:.‘Aa*.Azzf. agy", ag;0"
Cadmiuis -

% oa*. cat.cao". cat.

Cd



Tin:

$a°t, sut, s 7.

2
Tantalum:
7a2*, 1at, Ts0%, 7a0, "

Generally, the parent peak of tha singly charged ion is by faxr the largest
paak, Tha_intensities of the doubly charged ions :nd of the diatomic ions are
lower by about ome order of magnitude than the Intensities of the singly charged
ions, and the intensities of the triply charged ions and the triatomic ions are
lower by two orders of magnitude. Quadruply charged ions wera not detected,

howaver higher pdblymeric ions have been found, in the ¢ase of aluminum as high

4~
as Allo °

A surprisingly large number of oxide and hydroxide ions bave been found.
It sesems to be rather unlikely that these are actual constituents of the sample,
since the surface layer, which might contain those components, is rapidly removed
by the bombarding beam. Contamination of the bombarding aréon beam by smgll
amOugtB-of water vapor and air might cause the production of thesa ioms. A
thoxough investigation is planned with the new equipment designed aspacially

to reduce the background.
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The following table contains preliminary figures for the sensitivity of

pura elements relative to iron if the samples are bombarded by 10 kv argon

ions.
Tabla 2

Fa 1 (by dafinition) ir 0.18i
Al 65¢ b 2.35
Co 0.72 Ag 0.25
NL  0.56 cd 1.52
cu  0.18 Sn 0.28
Zn 0,61 Ta 0.05

Ph 0.45

This comparison has been performed with the parent peaks only, which are due

to singly charged ions., Tha samplas were tested by keeping the primary ion

beam as constant as possible and adjusting the secondary ion beam for maximum
output of the mass spectromater, Corraections were applied to compensata for

the effect of different voltages used to accelerate the aacondarf ions. Naturally,
the accuracy of this method fs rather limited and the measurements will be
repeated with the new source, now und&r‘developmanc, which will permit a more
direct comparison. Navartheléﬁs, it can be saeen already that the sensitivities

for the majority of elements lie within one order of magnitude,

It might be expected that the relative secondary ion yields of the comnstituents,
of an alloy will differ significantly from the relative secondary ion yields
obtained from pure elements, It can be argued that the probability of producing

a sputtered-ion rather than a sputtered neutral particle depends not only on

11



certain physical properties of the particle, in particular, its jonization
potential, but also on certain physical or chemical properties of bulk material
as a whole from which the particle originates, in p;rticular, its work functiom.
Fortunately, it has been foun& experimentally (See SECTION 3;2.6) that the
compogsition of the supporting bulk ma;erial'has only little influencé on the

sputtering yield and ionization of ome particular component.

3.2 IONS SPUTTERED FROM ALLOYS
3.2.1 General

In ovder to fnvestigate the quantitative behavior of sacondary ions

raleasad from the surface of alloys, a number of certifidd samples were obtained
Vi

from tha National Bureau of Standards .7hThese - were:

Xron Alloys:

NBS Standard #4644, 62,9% Fe, .0.019% TL, 0.,12% V, 20.5% Cr, 4.627% ¥n, 10.1% Wi,

'0,222 Co,

NBS standard #4bk, 96,5% Fe, (0.01% Ti), 0.024% V, 0.13% Cx,. 0.36% Mn, 1.73% Ni,

0.26% Co.

NBS Standard #4665, 99.4% Fe, 0.20% Ti, 0.002% V, 0.004% Cr, 0.032% Mn, 0.026% Ni,

0.008% Co.

The sample materiasl was supplied in the form of 7/32-inch diamater rods}
from these, discs of 1/16-inch thickness waere cut: The f£lat surfaces gf the

discs to be exposed to the bombarding beam of argon ions wera polished.

FPigure &4 is an exampla of a spactrum from a steel sampla.

12



Tin Alloys:
NBS Standard #54d, 88.57% Sa, 7.04% Sb, 0.627% Pb, 3.62% Cu, 0,088% As.

NBS Standard $#127A, 30.03% Sn, 0.79% Sb, 69.0% Pb, 0.004% Cu, 0.129% ‘As.
BS Standard #53d, 4.94% Su, 9.92% Sb, 84.6% Pb, 0.268% Cu, 0.045% As.

These samplacmaterials are supplied in powder form from which cuau

sellets werae pressed.

3.2.2, Effect of sample preparation on ralative spesctral peak heights

The effect of sample preparation prior to mounting in the ion
source was invaatigated with three samples!of stainlesas ateel Standard #4464,
After polishing with emery cloth, the first sample waa wiped only with tissue
paper, the second was rinsed in acetona and the third was dipped in a 501

solution of hydrochloric acid, rinsed with distilled water and dried with

tank nitrogen.

The velative peak heights of iron; chromivm and manganese showed
no significant variation from sawple to sample.” It appears that any contaminating
surface layer was removed in a pariod aﬁpt&cidbly shorter than that required to

racord the spactrum.

' 3.2.3 Effect of bombarding period on relative spectral psak heights

mple of #444 Stainless steel was mounted and the primary

veam of S5kv argon Lons was switched on. ‘After apperiod of geveral minutes, -

iy



which is required for adjustments, the first secondary ion spectrum was
recordad; tha recording wag vepated dvdly 5 iThutes” for d period ‘6f oneé hour.
The relative peak amplitudes remained unchanged within the experimental limits
of repraducfbility. This result indicates that an equilibrium is reached withia

the period required for initial adjustmentss

.3.2:4 Effect of primary beam energy on absolute spectral peak heights

The spectrum Ox & sampie Of {#t44s Stainless Steel was recordad wicﬂ
primary beaw energieé varying in steps fxom J kv to 23 kv (Figure 5, curve 1) ,'
and then a‘second time, starting from 5 kv again (curve 2). The intensity
'-see?a to level off for Fe above 20 kv, whila for Cr it c¢ontinues to 1ncreasa£;
The yigher intenéity at the second rua may be the result of surface cleanup

luring the first run.

3,2.5 Effect of primary beam energy on ralative sensitivities

From the run described above thg sensitivities of Ni, Mn, Cr and V
calative to iron were evaluated by dividing the peak haightsratios by the actusl
ralative atomic concentrations (Figure 65. It was expected that the discrimin-
ation betwean different_elemeqts would decrease with increasing bombarding
energy (See Final Report = Second Phase ¢ Section 4). For'the'alemen:a Vanadium
and Chromium, Which have a mucn nigner gensitivity than irom, the curves show
indead a slightly decreasing tendency up fo about 20 kv.-.From thera on, howevaer

thay increase again. ‘With manganese and nickal this effect is not noticeable.

14



One possible explanation for this behavior might be that up to about
20 kv the argon ions loose their energy close enough to the surface, so that
the "apparent temperature" of the surfaca increases. At energies above 20 kv,

they panatrate deeper into tha lattice and less energy.is absorbed in the surface

layers, so that the 'apparent temperature" decrsases again.

This ' result indicates that one does not gain anything by using bombarding
enargies -highaw than 20 kv as £ar as discrimination between different elements

15 concernad,

3,2.6 Effect of concentration on relative sensitivities

The relative sensitivities of the main comstituents in the three
iron alloys wera obtained from the mass spéctra in thq'same manner as described
in 3.2.,5 and coﬁpared with the actual certified concentrations. The relative
sensitivities thus deduced for three different concentrations are plotted in

?igura 7 for 10 kv and 15 kv primary beam energy.

Generally, it seems that the vrelative sensitivities of each element
tested go far (Ni, Cr,.co, Ti, W) deviaée from the mean value byiless than #50%
over the wide range of.doncentrations covered.‘ The only exception is manganese,
mass number 55, where on one sample a larger deviation has been found. Further
experiments will be needed to explain this abnormal behavior. The-isolated
poiq@s, which are not connacted with the}curves are shifted by the instrumental

background, which becomes significant at these low concentrations and tends to

15
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increase tha apparent sensitivity for minor constituyents. Extension of
quantitative measurements to lower concentrations will be possible with the

improved design of the fon source, now under development.

Pigure 8 shows a similar plot obtained from thae threa tin alloyas. Here,
the maximum deviatiod of the relative sensitivities bf the constituents (Cu, As,
éb, Pb) 1lie within 128%, with the only excaption of copper at the lowest concen<

tration of 0.00004, which again can be explained by imstrumental background.

The fact that the relative sensitivities are essentially independent of
:ha velative concentrations %s of extreme importance for tha performance of a
juantitativa analysis. The best way to pérform such an analysis is to compare
the mass spectravof the unknown sample with two or more calibration samples
of known composition, These calibration samples should consist of the same
constituents ag éha sample to be analysed. The concentration of the components
of tha calibration samples whould cover a wide range which covers the concentra«
tions to be.expected in the sample to be'analyaed. Naturally, before this
quantitative analysis can ba done, it is necessary to know approximately the
composition of the -sample. A qualitative mass spectrum with an evaluation of
the peak heights is the first step in this .direction. After the relative
sensitivities of all components have been measured with the calibration samplas,
these figures,can be applied to the unknown sample and relative concentrations
of its components can be computed. Judging from the results obtained so.fav, -

it {s axpacted that in this way the error in the measured composition can be

16



reduced to less than *50%. The use of a single calibration sample is poseible;

1f a slightly higher error is tolerable. A fair accuracy can be achieved even
without any sgeciai’gaiibration, if the relative sensitivity-values of the

pure elements are used for the evaluation of.the mass spectra. For iunstance,

tha sensitivity rat19 Ni/Fa and Co/Fe agreed perfactly, and Pb/Sa within the

50% exrror limit; only the semsitivity ratio of Cﬁ]éﬁ as. derivad 'from pure elements

was slightly below the value obtained from alloys.

3.3 TIONS SPUTTERED FROM COMPOUNDS

Some preliminary runs were made in order to compare the secondary ion
spactrum of ametal with that of some of ics compounas. The element chosen was
zirconium, and the compounds were zirconium oxide z:ozg zirconium oxychloride
Zrociz-suzo, zirconium nitrate Zr(N03)4, zirconium sulphate Zr(SOA)é becausa

this region 6f -the mass spectrum is relativaly'ffee of instrumental background.

The pure zirconium metal was supplied in the form of a rod, 3um in diameter,
fxom which a short piace was cut and mounted on the' sample holder. The compounds
wera supplied in the powder form which was pressed into pallets of 1/4 inch
diameter and 1/16 inch thickness, mounted on tha samplae holder simultaneously

with the metal.

The spactrum of the pure zirconlum metal showed the peaks listed in Table 1.
The ZrT and zeot peaks were about equally high, and about ten times as intense

as the Zr02+ and Zr2+ peaks, tha Zr20+ peaks were about ond third as high as



the 3r2+ peaks. The other peaks were extremely small. Strong outgassing from
the compound samples must have occuxrred, since the chlorine peaks appeared also

in the spectrum of the pure alement.

“+
2

sbout the same relative ratio as with the pure metal, however the intensity

With the zirconium oxidae sample the ions Zr+, ZJ:O+ and ZrQ, appearaed in

was reduced to about 1/10." The zr;' peaks did not appear -at all, whereas, the

+

Zrzoz paaks appsarad with about tha same intensity as the 21:‘0:' peaks, Thera

was also a weak O ‘peak, but no 02+ peak,

The spectrum of zirconium oxychloride showad tha paaks Zr', Zr0', ZrCl’,

c1¥ in about equal iatensities.. Besides thess 0'*', H,}Gﬁ', é: and

2
Cl+ peaks appearad.

21.*2{}* snd 2T

When zirconium nitrata was bombarded, it commencad_ho putpds so vehemently
that the praessure vose considerably. Intense peaks appeared rapresenting Zr i‘,
2207 and Zrazﬂ'} The 20’ peaks were about twice as high as ths Zr peaks. Ho

+
¥ "peaks was found, only a weak ﬁ;' paak.

With zirconium sulphate, only very wealt peaks of Zr . and Zyr0  wara found.

None of the other constituents appeared.

18



‘SECTION 4
CONCLUSION

The spuftering ion source for the analysis Dfr solids, which was built
and tested under Contract No. 950118, has been modified and improved during
this phase of the contract, in order to allow operation at higher bombarding
io§ anavgies (up.to 25 k;) and to reduce the diamacervcf the bowbardad spot

on the sample to about one-half willimetex.

Extensive runs have been performed to investigate whether the new ion
source can be used for a aquantitative analysis. Tha conclusion so far iz
that the sputtering ion source showed superior performance compared with the
standard spavk source in ragard to precision of the analysis, and it is
expacted that the -sputtaring sourca will becoms an extremely valuable tool
for solida analyais. However, the complexity oé the problems and the large
number of parvameters involved demand still much more ¢alibration work withh
s wider variety of test samples, in order to fully understand the behavior
OX The Sputfering 1om source and to evaluate the overall accuracy of this
analytical mathod., So far, the choice of samples was seriocusly limited because
of interference with instrumental bacégroundo‘ The wveduction of this background

L8 the main objectiva ¢f tha proposed future work.
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ATOMIC CONCENTRATION RELATIVE TO TIN
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