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Abstract

A Nier-type mass spectrometer coupled with a Knudsen cell was used for the ionisation cross-section measurements of Bg, BaO, BaF
and Baj, using appropriate internal standards with known ionisation cross-sections. The vapour pressure ratio of standard to investigated
compound, needed for calculation was obtained via the chemical analysis of the effusate. The use of this approach eliminated several sources
of uncertainties. The problems concerning the preferential loss of fragment ions was also discussed and partly eliminated. The results obtained
were compared with predictions, usually used in the field of high temperature mass spectrometry and a more recent approach using a model
for ionisation cross-sections of high temperature molecules (MCM).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction [1]. It implies the summation of atomic cross-sections (usu-
ally taken from Mann’s[2] theoretical calculations), fol-
The outstanding importance of barium oxide in the elec- lowed by arbitrary correctiof] and it is assumed that the
tronic and lamp industries inspired a number of researchersmolecular cross-sections obtained are within acceptable lim-
to study its evaporation thermodynamics using various meth- its (20-30%). In the works of Inghram et #)], Farber and
ods starting with Langmuir evaporation in the early work of Srivastavd5] and Hilpert and Gerad§] silver was used as a
Thompson in 1829. More recently, the vapour pressure of reference material with a Ag to BaO relative cross-section of
BaO was determined by Hilpert et al. in 1974 using Knud- 0.5, 0.57 and 0.42, respectively. Despite the different energy
sen effusion combined with mass spectrometry (KCMS). of the ionising electrons used by authors, they all employed a
Considering the results obtained by different authors one similar cross-section ratio. Considering 0.5 as a mean value
realises that regardless of the method applied the resultingand 54 x 10~6cn? as the ionisation cross-section of sil-
vapour pressure of BaO is surprisingly consistdible 1. ver we find that a value of 1@ x 10-1®cn? was taken
To be more specific, the results obtained by KCMS agree for the ionisation cross-section of BaO. Although, the way
with those obtained by other methods. It must be pointed out the authors applied the additive rule was different the fact
here, that unlike Langmuir or the Knudsen method, KCMS is that all obtained a similar BaO vapour pressure, which
is not absolute since it implies the use of the ion current agree with those obtained by classical evaporation meth-
ratio and the ionisation cross-section ratio of the investi- ods (Table 1. Thus, the value of 10 x 10~1®cn? could
gated compound and the standard, which is usually silver.be assumed as a reliable approximation for the ionisation
Thus, the reliability of the measured vapour pressure directly cross-section of BaO. However, recently Hagf§ intro-
depends on the accuracy of the ionisation cross-section ofduced a novel concept into the additivity rule involving
the measured compound. In most cases, this is obtained usthe ‘ionic’ instead of ‘atomic’ cross-sections to predict the
ing the additive rule introduced by Otvos and Stevenson molecular cross-sections. The model proposed that in the
case of strongly ionic molecules (such as high temperature
species) it is mainly the anionic part of the molecule that
* Tel.: +386-1-47734009; fax:-386-1-2519-385. looses the electron by ionisation. Following the procedure
E-mail address: arkadij.popovic@ijs.si (A. Popog). described iff7] a value of 16x 10~ 16 cn? is obtained for the
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Table 1

Vapour pressure of BaO at 1523 K obtained by different authors using various methods

Author Method pBaO at 1523 K/atm
Claassen and Veenemani% Rate of evaporation (Langmuir experiment) 1.133E
Blewett et al.[10] Knudsen evaporation; the amount of evaporate measured 1-026E
Newbury et al.[11] Knudsen evaporation coupled with thermobalance 1.138E
Semenov et al[12] KCMS, isothermal total evaporation 1.251F
Inghram et al[13] KCMS, silver used as a reference 1.17E
Farber and Srivastad4] KCMS, silver used as a reference 1.0212
Hilpert and Gerad$6] KCMS, silver used as a reference 8.358E
JANAF [15] Recalculated 1.7074r7
IVTANTHERMO [16] Recalculated 1.371E7

aCalculated from Farber’s original data.

ionisation cross-section of BaO. This value was confirmed spatial distribution of the evaporating substances (due to
by the same author if8] as 18 x 10~ 16cn?, this being possible creeping) can also be ruled out since only the axial
the only experimental value for the ionisation cross-section part of the molecular beam entering the ion source and is
of BaO obtained so far. This disagreement between the re-collected and thus chemically analysed. The relative vapour
sults certainly calls for the re-determination of the ionisa- pressure {f,/p,) inside the cell can be obtained from con-
tion cross-section of BaO, which is the main objective of siderations given 18] by
the present work.

Px Ny M;

== [ )

Pr ny M,
2. Experimental approach here,n,/n, is the molar ratio of samplex( and reference

_ ) ] material ¢) found in collected material and is the molec-

A common approach in KCMS experiments is to evapo- yjar mass. A typical amount of deposited material in our
rate the substance under investigation simultaneously with 3experiments was within microgram range. It was removed
standard material (under Knudsen conditions) from a Knud- from the tape by dissolving it in 20l of appropriate acid
sen cell, positioned in front of the ion source of the mass (ultra pure acids HCI, HN®or aqua regia were used) and
spectrometer. The narrow, axial part of the effusing molec- jjyted with water to 2 ml an amount sufficient for analysis
ular beam is admitted into the ionisation region where ions by inductive coupled plasma-atomic emission spectroscopy
are created and further analysed by their mass nu.mber a”%nalysis (ICP-AES). A combination &gs. (1) and (2yjives
abundance. The vapour pressure of the substance is then oby,e relative ionisation cross-sections free from all system-

tained according t&q. (1) atic errors except those introduced by discrimination effects
S I, oy concerning transmission of ions through the mass spectrom-
px = ( F ) x (;) X pr 1) eter. From an analytical point of view, it is desirable to use
r X

a standard with a similar vapour pressure and a well-known
wherep, o andl refer to the pressure, ionisation cross-section cross-section. In the case of BaO, gold was selected as the
and ion currents of the reference materidlgnd measured  most appropriate as far as vapour pressure is concerned.
compound X). If, the relative ionisation cross-section is of For inter-comparison and method validation, several other
interest, the relative vapour pressure (or activities) must be systems were additionally studied such as; Au/Cu, Ba/Al,
known. Using this approach Alcodk 7] measured the rel-  Ag/Cu, BaR/Cu and Baj/Ag.
ative ionisation efficiencies of Cu/In, Ni/Fe, Co/Fe, Al/Fe,

Ag/Au and Cu/Ag alloys. It is obvious, however, that the 2.1. Mass spectrometer and the ion source

reliability of the results depends on the pressures and/or the

activities of the components. In the present study, the in- 2.1.1. lon source

vestigated material was evaporated together with the refer- A 60° magnetic low resolution mass spectrometer with a
ence, but the relative pressurgs/p,) have been obtained modified Nier-type ion source was used. Electrons were ob-
by analysing the Knudsen cell deposited material, indepen-tained from a V-shaped tungsten cathode inside a Vehnelt
dently form literature pressure data. To accomplish this, the cylinder and extracted through a 1.5 mm hole by a positively
condensed material was collected on Scots tape pasted orharged plate§15 V with respect to the cathode) positioned
the water cooled wall of the vacuum chamber opposite the 2mm away from the cathode. The electrons were guided
Knudsen cell. Using this approach, a number of problems through the ionisation chamber to a Faraday cup (3 mm deep,
can be overcome, such as vapour pressure and activity dat2 mm in diameter) by an axial magnetic field. The cathode
uncertainty, questions involving evaporation and condensa-current was regulated to ensure a constant electron trap cur-
tion coefficients and possible temperature gradients. Unevenrent of 10pA. The trajectories of the electrons were directed
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Fig. 1. (a) Top: Detail of the ion source WY plane. Shown are simulated trajectories for ions with 0.7 eV kinetic energy with starting angles°from 0

to 180°. Equipotential line indicates 1997.5V. The potential gradient within the electron—-molecule interaction volume is 1.5 V/mm. All ions are extracted
from the ionisation chamber. Bottom: Detail of the ion source at the exit slit. Blocked are all ions with a starting angle befwagh 129. However,

all molecular ions with energy0.1eV can pass through the exit slit. (b) Simulation of trajectories for ions with a starting angle freon360° and

0.7 eV kinetic energy. Top: 3D-view. Bottom: View X-Z plane.
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along the ion extraction slit (3mm long, 1.5mm wide), at Table 2a

a distance of 2mm. lons were drawn from the ion source Raw data from BaO-Au system

using a penetrating field, provided by an adjustable poten- Run Aur Au** BaO" Ba' Ba/BaO

tial extraction plate (with a.slit 5mm !ong py 1 mm wide) lon intensities in counts per 0.1s

placed 1.5 mm beyond the ion extraction slit. lons were fur- 16697 2714 944 516 055

ther focused by changing the respective potential (50 V) of 16555 2681 966 512 0.53

two semi plates, 2.5 mm apart. These plates served to focus 16847 2710 967 503 0.52

the ion beam onto the exit slit of the ion source. This slit (the 16244~ 2556 993 491 049
: . . . 15408 2546 923 503 0.54

resolution defining slit) was kept unusually wide (1 mm). By

setting the slit to 1 mm, we decreased the resolving power Average 16350 2641 959 505 053

of our device to avoid artefacts in the ionisation curves and Reéat'f’e.smngard 8 3 3 2 4

gained better transmission for more dispersed ions (energetic eviation (%)

fragment ions). The most important feature of our ion source 'ntegrated area under tiscan (arbitrary unif)

ab~rwnN

was that while scanning 'Fhe electron energy from 6 to 100 eV ; 321385 ?gggi %Zgg giggg g:;g
the total electron emission current (28) altered by less 3 437287 69451 26846 22002 0.82
than 10%, and remained constant from 15 up to 100 eV when 4 460685 70389 25946 22597 0.87
keeping the current of ionising electrons (trap current) con- 5 454920 69431 25842 22445 0.87
stant within specified limits 18 0.1 pA. It was not neces- Average 447277 68838 26563 22094 0.83
sary to readjust the penetrating field strength to optimise the Relative standard 2 3 3 2 4

ion peak intensity. It was kept unchanged in all experiments ___deviation (%)

(40V), regardless of the applied electron energyEtn (1)

terms}_ I, andl, represent the sum of fragment abundance tain their velocity in they direction but the fragments gain a
originating from the molecule of interest and reference ma- significant portion of energy (comparing to the thermal part)
terial, respectively. It was shown in several studies by Maerk in all directions. As a result, one would expect extremely
and co-worker$19] and Gorokhov and Khandamiro{20], narrowZ-scan distribution of molecular ions. In reality, the
that taking simple sum foy | I, is not adequate. Itis known  observed broadening of the molecular ions is because that
that fragment ions can possess a significant amount of ki- they are created within the non-equipotential volume. In our
netic energy. Such ions are subjected to different kinds of experimental arrangement, a potential gradient as high as
discrimination during their passage through the mass spec-1.5 \//mm was obtained by a SIMION calculation, within the
trometer. In particular, they are not extracted from the ion jonisation volume. Broadening is also caused by scanning
source with the same efficiency as are the thermal (molec-over a magnet slit of finite height (3mm). In any case, the
ular) ions.Fig. 1lashows SIMION simulation (irXY plane)  z-scan distribution of molecular ions can easily be distin-
of the extraction properties of our ion source for ions with guished from fragments by being essentially narrower. Also
0.7 eV kinetic energy. While they can be all extracted from the Z-scan of background molecular (thermal) ions (such as
the ionisation volume, a part of them is blocked at the exit N,, H,O, Ar etc.) show even broader distribution than frag-
slit. Energetic ions are also preferentially lost at the mag- ments of high temperature species. The reason is probably
net slit since unlike the molecular ions they are significantly that the latter are created within a smaller volume (defined
dispersed in th& direction (parallel to the magnet field). by beam cross-section) than the former.

Fig. 1bshows simulated ion trajectories ZX plane having

0.7eV average kinetic energy. Such a divergent ion beam2.1.2, Evaporator

cannot be focused by a Nier-type of magnet to the detec- Samples were evaporated from a cell (@ 10 mm) with
tor and also not all the ions can pass the magnet slit (3mma 0.1 mm orifice. To avoid thermal gradients, the cell was

high in Z direction). To compensate the effects of this dis- embedded in a 2-mm thick Mo crucible, placed inside a
crimination, Maerk and co-workers proposed scanning the

ion beam over the slit using two electrodes. Gaussian-like Taple 2
curves are obtained and the area rather than the intensityDouble ratio for parent (Au) to fragment (Ba) ions deviates from unity
are taken for ion abundance. From this point on we shall by 60%

call those curveZ-scan distributions. This method was also ryn (AU* /AU int/ (Au*/Ba0" )it/ (AU* /Bat )ine/
used in the present work. Scanning was accomplished by two (AUt /AU )area (AU /BaO)area  (AUT/Bat)area
semi-electrodes (45 mm of length 14.5 mm apart), mounted 1 0.88 1.08 1.55
immediately after the ion exit slit, ségg. 1h 2 1 1.06 1.63
It is important to note, that in KCMS experiments the 3 0.99 1.07 1.69
sample is introduced into the ion source as a narrow beam? g'gz 8'32 12?
(3mm in diameter in our case) of neutral molecules with a ' ' '
Average 0.95 1.01 1.60

thermal velocity predominantly in thédirection with little
or noZ component. After ionisation, the molecular ions re- More Ba" ions are lost due to the divergence of ‘Baeam.
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Fig. 2. (a)Z-scan curves for Bg, BaO" and Au" ions measured at 50 eV. BaO—Au system at 1523 K. Notice broader distributiontofr&ment ion
in comparison with parent BaDand atomic Ad and AZt. (b) Relative ionisation cross-section curves forB&8aOt and Aut ions. BaO—Au system
at 1523 K. Total BaO is obtained by summation of the Ba@bundance and abundance of‘Ba&orrected by factor of 1.6.
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Fig. 3. (a)Z-scan curves foP3Cut and Aut measured at 1523 K and 40eV. System Au0.53/Cu0.47 alloy. (b) Relative ionisation cross-section curves
for 83Cut and Au" obtained from an Au0.53/Cu0.47 alloy at 1523 K. Also shown are the theoretical curves of Mann and experimental curves of Freund
et al. [26] and Bolorizadeh et a[27]. A perfect match could not be obtained in this case.
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Fig. 4.105Ag*/83Cut ratio in variation with time. The calculated average ratio is 3.55.

quartz tube heated by a Mo spiral. The temperature wasTable 3a
measured by a Pt/PtRh (10%) thermocouple (0.1 mm in di- Raw data for a Cu-BaFsystem

ameter) spot welded to the Mo crucible, and maintained by Run Cu Ba' BaF*

a EUROTHERM programmable regulator at a givgn_tem- Intensity in counts per 0.15

perature to better thait1 °C. Two layer tantalum radiation 1 18229 14234 38214
shields were installed around the Mo heating spiral to min- 2 13698 14031 35283
imise the heat loss and thermal gradients. The distance from 3 15374 14092 35934
the cell orifice to the ion source sample entrance hole (& 4 14331 11810 31446
3mm) and the electron path was 2 and 3 cm, respectively. Average 15408 13542 35219
A 5-mm thick copper plate (with a circular opening, 3mm  Relative standard 13 9 8

in diameter) was placed between the Knudsen cell and ion ~ déviation (%)

source, cooled by liquid nitrogen, on which most of the ef- Area (arbitrary unit)

fusing material condensed to prevent ion source contami- ; %ig‘z‘i gégggz igigggg
nation. Between this plate and the Kn_udsgn cell, a maljual 3 482016 608916 1374000
operated shutter was installed, to distinguish between ions 4 445769 529219 1208800
formed from background gases 'and |on.sI or|g||(nat|ng frohm Average 476163 501617 1343320
the effusing molecules. 'I_'o minimise thg 0i _bac ground,_t €  Relative standard 16 7 7

‘pure’ vacuum was provided by a liquid nitrogen sorption deviation (%)

pump followed by a He cryo-pump. The detector part of the
analyser tube was additionally pumped by an turbomolecu-
lar pump. The typical operating pressure in the ion source
region and detector region was below 10nbar.

lons were detected by an ETP active film electron mul- Table 3b _ o _
tiplier (AF151H) operating in the counting mode using a A different value for the ratio of Ba and BaF indicates, that Ba ions

h ltioli fed b are more dispersed (gain higher kinetic energy by ionisation of;BaF

225MHz HP 5315A counter. The multiplier was fed by a .41 the Bar ions

—3.5kV voltage supply which is sufficient to avoid mass

i /Bat): i+ Y.
discrimination on the first multiplier dynode. During mea- Run ESHEZ@;‘Q@ ESHEZE;:{ZE\
surements, when the shutter was closed the counting rate 1379 1.200
was less than 10 Hz, at afi/z of interest. 2 1.481 1.299

To obtain the ionisation cross-section curves in the range 3 1.378 1.220
from the threshold to 100V, a scan of electron energy was 4 1.441 1.236
made using a constant speed motor drive coupled to a 10average 1.420 1.239
turn precision potentiometer, simultaneously acquiring the Relative standard 3.07 3.00

ion abundance at a rate of 10 points per second. deviation
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3. Results

16000

fore

40000

in this work, gold was selected as better choice as far
as vapour pressures are concerned. In a typical experiment
As seen inTable 1 in all cases silver was used as the ref- 300 mg of pre-baked BaO was loaded in the alumina cell
erence material, which is surprising since the much higher together with 100 mg of pure gold. The cell was then trans-
(5000 times) vapour pressure relative to BaO prevents si-ferred into the mass spectrometer, evacuated and degassed
multaneous measurements at the same temperature. Therdor 24 h at 1273 K. The temperature was finally raised to
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Fig. 5. (a) Cu-Baf system.Z-scan curves measured at 70 eV. (b) Relative ionisation cross-section curves for ions obtained from, Gysteaf. Match

with Freund’s shape for Cu is also shown.

electron energy /eV (scale not corrected)
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1523 K and kept constant for several days. During this pe- Geradg6] measured in a non-reducing cell. From data col-
riod the ion abundance was occasionally measured by scaniected inTable 2aand chemical analyses of deposited mate-
ning the ion beam over the magnet slit in tBedirection. rial (31.8g Au and 2.1ug Ba) we obtained the ionisation
Only Bat, BaO", AuT and Ai*t were measured. A typical  cross-section of BaO usirigg. (3)

run is presented ifrig. 2a(Tables 2a and 2b

A series of five runs were evaluated and data collected in mau/Mau May
Table 2alonisation cross-section curves were also measured  22° mBao/ MBao Mgao
from 6 to 100 eV. The runs are shownhig. 2h The ionisa- I N
tion threshold of the B& ion of about 10 eV indicates that <&‘O;—Ba) x (%) X AU (3)
Aut Ba

the Ba" ion is a product of dissociative ionisation of BaO

rather than simple ionisation of the Ba atom. The"Ea
ionisation curve appears markedly different than"BaO
(see B4 curves inFigs. 5b and B Finally, the Ba/BaO*"

here,m, M, | andn represent mass, molecular mass, ion
abundance or area and isotope abundance corregign=

1, nga = 0.72), respectively. With the supposition that

abundance ratio also match the ratio obtained by Hilpert andoay(maxX = 5.84 x 10~16cn? (Mann’s[21] value) we get
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Fig. 6. (a) System Bal-Ag. Z-scans curves measured at 40 eV and 973 K. Due to the low pressures, a second accumulation was used for each experimental
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point in this case. The distribution of the iodine ion is narrower, proving that it is not a fragment of Baé existence of atomic iodine probably
accounts for the Agl formation. (b) Relative ionisation cross-section curves for ions obtained from AgyB&Em at 820K.
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Fig. 6. Continued).

a value of 906 x 1018 cn? for the ionisation cross-section  in Au/%3Cu ion abundance ratio of @& + 0.1). The ioni-

of BaO if area is considered. From this point the nota- sation cross-section curves of an Au/Cu system Zisdan
tion, o will mean o(max). Some lower value is obtained spectra (measured at 40 eV) are showkig 3a and b
(7.46 x 10~16cm?) if ion intensities are considered. Prior to From the ICP-AES analysis of the deposit (18 Au,
chemical analysis of the deposit, an auxiliary non-destructive 3.5ug Cu) andocy = 4.09 x 10~ 18¢cn? (Freund et al.’s
method was applied in order to analyse the thin film deposit [26] experimental value) we obtain.5x 10~ 16cn? for
composition. The result of proton induced X-ray emission oay, which is close to Mann’s value of. &4 x 10~16cn?,
(PIXE) analysis differed from the subsequent chemical and 1.274 is our experimental value for then(/ocy) ra-
determination of the deposit (Au:Ba 20:1 by weight), tio. PIXE determination of the Au/Cu deposit film showed
leading to a higher value fargao (13.4 x 10~16cnP). The better agreement with the ICP-AES analysis, resulting in
first term of Eq. (3) represents the vapour pressure ratio 5.7 x 10~16cn? for oay and 1.38 for ¢au/ocy). Using
(Pau/PBac) at 1523 K, which is 11.96. Taking a value of the average value of.&5 x 10~16cn? for oy, we obtain
0.09904 P416] for the vapour pressure of gold at 1523K, 9.9 x 10 ®cn? for ogao, based on Freund et al.[26]

we get 8281 x 108 bar for the vapour pressure of BaO experimental result foscy (4.09 x 10-16cn?). However,

at 1523 K, agreeing with Hilpert and Gerad$] value Bolorizadeh et al[27] consider Freund et al.’R6] value
(see Table ) obtained in a more indirect way, through for ocy too high and a lower value of.31 x 10~16cn?
Ag—-BaO cross-section consideration. Taking Mann'’s value was obtained in the author27] own work. The reason
of 5.84 x 10~ 16¢cn? for oy is an arbitrary choice. So far,  for the criticism was on account, that the fast atomic beam

no measured data for the absolute value Qf exists. How- of Cu in Freund’s experiments contained a substantial ad-

ever, several measured valug2—25] for the (au/ocu) mixture of metastable species whose effect on the measured
ratio can be found, ranging from 0[22] up to 2.1[23], cross-section ‘is impossible to assess’. Due to rather signif-

while the theoretical value of Mari@1] for this ratio is 1.5. icant differences inrcy value (~25%) we decided to con-

It was therefore a straightforward decision, to confirm the firm Bolorizadeh'’s result by measuring a Ag0.05Cu0.95 al-
latter value with a separate experiment. To accomplish this, loy. To accomplish this, 50 mg of alloy was evaporated at
an Au/Cu alloy (0.53/0.47) was additionally measured at 1373K from a BN cell for 24 h. During evaporation, the

1523 K. Ten measurements were also performed resulting(1°’Ag/%3Cu) ratio was measured occasionally. The results
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are shown irFig. 4 Fig. 4 shows that thelf’Ag/3Cu) ra- one obtainedia the literature vapour pressures of Batnd

tio decreases with time due to the higher vapour pressure ofCu. Taking both values from IVTANTHERMQL6] we get

Ag and its increased removal from the liquid alloy. The ex- 3.2 x 10~'®cn? for opar,. By using Pankratz'$28] pres-

perimental points were further fitted to an exponential decay sure for Ba, 9.5 x 10~ ®cr? can be obtained fosgar,,

function, from which the average ratio could be calculated as Which agrees with our accepted value o8 & 106 cn?.

3.55 or 4.77 after isotope correction. The ICP-AES analysis

found 2.8ug of Ag and 0.8.g of Cu in the deposited film. 3.2 Ag-Bal, system

From these data, thefg/ocy) ratio was obtained as 1.776. _

Using Freund’s value fosag = 5.47 x 10-16cn? we get n the mass spectrum of a Ag-Bainixture, the Agtt

3.08 x 1018 cn? for oy which confirms the assumptions 10N Was also detected in addition to AgBal, ™, Bal™, Ba"

of Bolorizadeh et al[27]. and ﬁ Due to its similar abundance to Agit was not
Thus, our result forgao (9.9 x 10-16 crr?) must be con- possible to obtain an accurate Ag/Bahtio vapour pres-

sidered as an upper limit, in agreement with the estimations SUré by chemical analysis of the deposited material, and
of the authorg4,6,14] but still being in serious contradic-  the values were taken from IVTANTHERMO. It was also

tion with the experimental results of Hastie et 8] and necessary to investigate the fragmentation pattern of pure
considerations if7] Agl to make the necessary correction on*Agn due to
Certainly such a situation calls for a cross examination 9" /Agl fragmentation process. Agl was probably formed
of some additional Ba compounds with the (MCM) model by a direct reactlon_between Ag and iodine, rather than by
[7]. Barium difluoride and barium diiodide were selected 20 €xchange reaction. To keep the abundance of Agl as
as a appropriate compounds due to the high difference in!0W @S possible we made measurements at the lowest pos-
ionisation cross-section of the two halogens, for which a Sible temperature (973K). IRig. 63 a typicalZ-scan run

classical approach of additivity suggests much higher sigmalS Shown. At 973K, Te absolute vapour pressures of Ag
value for Bap than for Bak. and Bap are 24 x 10~*Pa and 43 x 10 ° Pa, respectively

[16] and 18.2 is the ratio. The integrated area ratio, with
3.1. BaF,—Cu system isotope correction (sefeig. 69 is 44.1. Here, no iodine ion

was included in the summation since it is evident from its

Copper was used as the reference material in case of theZ-scan shape that'lis not a fragment ion. lodine is prob-

BaF due to similar vapour pressure and that no Cu—F com- ably contained in Baland is at the same time responsible
pounds were found in the mass spectrum during evapora-for the Agl formation. The area of Agwas therefore cor-
tion. The sample was evaporated at 1323 K for 45h. Four rected by subtraction of 50% (obtained from mass spectra
runs were made, the results are showrTables 3a and  Of pure Agl) of the Agl" area. From these data angy =
3b andFig. 5a and bin deposit 3.9ug Cu and 8.6.g Ba 5.47 x 10~ 18cn?, the resulting ionisation cross-section of
was found using ICP-AES. Applyingg. (3)for the present  Balp is 133 x 108 cm?. A much lower value is obtained
case, we obtain.8 x 1018 cn? for opar, if the areais used (9.1 x 10-*®cn?) using ion intensities instead of areas. The
for ion abundance or.8 x 10~ cn? if ion intensities are  shape of cross-section curves measured at 820K are shown
considered. It is interesting to compare this result with the in Fig. 6k
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Fig. 7.13"Ba*/*%Ag* ratio in variation with time. Average ratio is 2.27.
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3.3. BaO-Al system 4. Reliability of measurements and sources of errors

To measure thega/oa ratio, a mixture of BaO with the The experimental approach used in this work completely
excess of Al was heated at 1253 K in a graphite Knudsen eliminates systematic errors due to vapour pressure uncer-
cell. Barium was generated through the following reaction: tainties. It also minimises errors concerning the discrimina-

tion of energetic fragment ions relative to molecular and/or
3BaQ(s) + 2Al(s) — 3Ba(g) + Al20s3(s) atomic ions at the magnet slit (id-direction). It does not,
however, eliminate the problems involving the extraction of

According to the IVTANTHERMO data, the equilibrium  energetic fragment ions from the ion source. In our recent
pressure of Ba for this reaction is 109 Pa which is 10,000 study[30], the extraction efficiency was studied by SIMION
times higher than the equilibrium pressure of Al (0.01Pa) for such ions. We found, that 30% ions with an average en-
at the specified temperature. The experimental ratio of ion ergy of 0.3 eV was lost, i.e., did not pass our ion source exit
currents {38Bat/AlT) was 5.15 at the beginning of evap- slit being as broad as 1 mm (Mxdirection). In the present
oration and showed a decreasing tendency through 45 h ofwork, no such analysis was done since the energy distribu-
evaporation, seEig. 7. The unexpected low Ba signal could tion of the fragment ions was not measured. Therefore, our
be explained by the low BaO activity in the reaction mix- results must be considered as the lower limit in the cases,
ture and/or the kinetic limitation of the reaction rate. The where the fragment ions are of significant abundancex(Bal
experimental points for Ba/Al ratio shown iRig. 7 were BaO and Bap). It should be pointed out again, that a simple
fitted to sigmoidal function, from which the average ra- intensity comparison between standard (Ag) and measured
tio was calculated as 2.27. In the deposit, 1gsBa and compound which fragments after ionisation is not an ade-
399 Al was found. The calculated maximum cross-section quate procedure leading to erroneous pressures of a factor
of Ba (at 24 eV), based on the Al cross-section at 24 eV of two in case of Bap.

(9.5 x 10 16¢cn?, Freund) is 184 x 10~ 16cn?, whereas Another source of error in the present work (and KCMS
the ogaloa ratio is 1.69 at 24 eV. IFig. 8 our measured  measurements in general) is the difficulty in reproducing the
cross-section curves for Al and Ba are shown together with correct shape of the ionisation curves by mass spectrom-
Dettmann and Karstenser29] for Ba and Freund et al.’s  eter. Either the maximum appears at an incorrect position
[26] for Al. Also shown is the theoretical curve for Ba ob- or the decreasing trend after maximum is altered. It was
tained from[21]. A perfect match is also noticed for the a usual procedure in this work, that priBrscan measure-
auto-ionisation structure of Ba at 19 and 24 eV. At higher en- ments were run, the shapes of the ionisation cross-section
ergies, our curve decreases more slowly than in caf2opf curves of the standard were checked (compared with the lit-
which has already been noticed in our former w{sg]. erature). A typical example of this problem can be seen by

20+

BaMann

18d s e BaDettmann
= AlFreund

16
14

12 +

ionisation cross section /cm?x10™"®

0 10 20 30 40 50 60 70 80 90 100 110
electron energy/ eV

Fig. 8. Absolute ionisation cross-section of Ba, based on Freund’s valuesof 80-16cn? for Al at 24 eV. There is an excellent agreement for the
absolute value as well as the shape to that published by Dettmann and Karggdjdeom threshold to 40 eV. At higher energies, our curve shows less
decreasing tendency.
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comparing the shapes of the Au curvedrigs. 2b and 3b the effusate. The results obtained for BaO, BaRd Ba)
They differ to some extent, introducing a certain degree of cross-sections were in good agreement with predictions
uncertainty to the final result. Also, the measured curve of obtained by the MCM model of Hastig’] provided that
CuinFig. 3bshows a steeper decrease than in the literaturethe partly covalent character of the measured molecules is
[26]. We consider this problem less important than the pre- considered.

vious one, leading to uncertainties of less than 10% (in our

case) for cross-section ratio with supposition that all ions
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