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ABSTRACT

Relative Sensitivity Coefficients (RSC) in aluminium, copper and iron
using SSMS were determined with deep cooled electrodes. A straight line de-
pendence was observed between log RSC and the boiling points of the impur-
ities. The experimental results clearly indicate the importance of the re-
lative heat of sublimation of the impurities.

AHHOTALWA

MeToLoM MCKPOBOW Macc-CNeKTPOCKONUU onpegesieHsl Ko3PPULMEeHTh OTHOCUTE/ b-
HO uyBCTBUTENbHOCTU /KOY/ B asoMuHMM, mMegu u CcTam. HailgeHa npsivas 3aBuUcu-
MOCTb Mexay norapudmamy KOY m TemnepaTypamm KUMEHUS MNpuUMeceli. JKChepuMeHTa/lb-

Hble [JaHHble CBUAETENbLCTBYWT 06 onpejenswwein poim OTHOCUTENbHOW 3HTanbnuuM cy6-
numauun npuMecein B obpasoBaHum KOY.

KIVONAT

Szikraforras tomegspektroszkopiai analizis soran fellépb relativ érzé-
kenységi egyltthatdkat hataroztunk meg aluminiumban, rézben és acélban mé-
lyen hitott elektrddokkal. Azt talaltuk, hogy a relativ érzékenységi egyitt-
hatdk logaritmusa a szennyez8k forraspontjanak linearis fuggvénye. A kisér-
leti adatokbdl kovetkeztetni lehet a relativ szublimacidés hé meghatarozé
szerepére a relativ érzékenységi egyltthatok kialakulasaban.



INTRODUCTION

Spark source mass spectrometry is a powerful analytical
method for the trace impurity determination of metals and alloys
but the quantification of data remains a real problem. Although
quite a number of papers have dealt with this problem, the con-
clusions are by no means unanimous. It is generally accepted that
by standardizing sparking conditions, i1.e. the pulse length and
frequency (repetition rate), spark voltage and source geometry,
the standard deviation does not exceed 10-30 rel.%. In favourable
cases and using appropriate standards the iInaccuracy does not ex-
ceed this value either but sometimes reaches 100% or more. The
reason is that constant readings of sparking parameters do not
always result in the same sparking conditions. It is the energy
consumed iIn the spark that influences most the condition of the
plasma [1] and this energy is related to the true breakdown volt-
age [2], which i1s on the other hand a function of the electrode
gap- This is why the relative sensitivities for different elements
change according to the electrode gap [3]- From the works cited
above and also from earlier ones [4,5,6,7] 1t is not too diffi-
cult to understand the variation of the relative sensitivities
found in the literature (for a compilation, see ref.[8]), but one
cannot understand completely why they differ from 1.

Van Hoye et al. [9] found that the 1on energy distribution
in the spark is similar - In fact almost identical - for all el-
ements and no significant discrimination occurs either in the
electrostatic analyser or in the magnetic field. So the reason
for not having i1dentical sensitivities for all elements i1s not
in the i1on optical system. Honig [10], Vidal et al. [11] and
lately Shelpakova et al. [2] stated that the relative sensitiv-
ities would show a direct correlation with the 1onization cross
sections. According to our experiences however, this iIs generally
not the case - at least not with highly dilute metals.



We fTully accept that without considering the electrical
parameters of plasma the ionizing processes cannot be understood
and controlled [2]; at the same time, however, we believe that
for a better understanding of relative sensitivities the condi-
tion of the sample as a macroscopic system should also be taken
into account.

Halliday et al. [12] found large variations in relative sen-
sitivities for impurities iIn steel when the repetition rate - 1.e.
the temperature of the electrodes - was drastically changed. This
finding has not always been reported [13]. Owens and Girardino [14]
Addink [15,16] and Honig [10] were the first to indicate the
importance of the electrode temperature for the relative sensi-

tivity coefficients (RSC). Throughout this paper the following
XA¥m

definition of RSC will be used: RSC = — ——— where x/y 1is the
x/ytr «

ratio of the concentrations of elements x and y as determined
from Single charged i1ons and X/Ytr is that of the true concentra-
tion. A standardized electrode temperature can be reached by
cooling the electrodes - as was first indicated by Nyary et al.[17]
and recently demonstrated in detail by Van Hoye et al. [18].

In this report we will present RSC values obtained experi-
mentally and we will discuss their dependence on the boiling
points of the impurities.

EXPERIMENTAL

The measurements were carried out on an MS-702/R (AEl) mass
spectrometer with Ilford Q-2 thin glass photoplate 1on detection.
The photoplate development was carried out with an ID-19 developer
using the manufacturer®s recommended figures of 20 °c and three
minutes 1In each case; the blackening of the lines was measured
by a modified type G-11 microdensitometer (Carl Zeiss, Jena, GDR).
Two 1x1x10 mm pieces were prepared from the bulk, and after
degreasing iIn acetone and washing with twice-distilled water they
were put into the i1on source. When the required vacuum was reached,
the samples were presparked for one minute on each side with a
pulse length of 200 us at a repetition rate of 300 Hz. Then the



cold finger was fTilled with liquid nitrogen and after 20 minutes
waiting time we started aparking. The electrode cooling was ac-
complished by connecting the electrodes via braided copper wire
to the cold finger. The samples were arranged so that they faced
each other.

The measuring parameters were as follows:

Spark voltage 30 kv
Pulse length 100 US
Repetition rate 100 Hz
Accelerating voltage 22 kV
Magnet current 230 mA
Pressure in the source ~2 .10 r Pa.

Graded exposures were taken and the quasi-linear part of the
blackening-log exposure (C) curve was used for evaluation. Nei-
ther the multiply charged nor the polyatomic ions were taken
into consideration.

RESULTS AND DISCUSSION

Table 1 gives the RSC values obtained for the standard
samples IJM-CA 4 and CC 2 copper, Alcan Series 15010-1 aluminium
and low alloy steel NBS-661. The values for impurities iIn the
aluminium standard were collected over a period of five years,
those for copper and i1ron standards are averages for ten separate
measurements. The overall precision is about 20% (rel.). The
silicion In iron was not determined because of line interferences.
In aluminium and iron the iInternal standard was iron, 1In copper
we used chromium. The results obtained were subsequently normal-
ized to chromium because i1t was present in all three samples.
This i1s the reason why the value for iron in the iron standard
equals 0.8 instead of 1.

The data obtained by us in aluminium agree reasonably well
with those Yamaguchi and Suzuki [19] and the RSC values for the
iron matrix with those obtained by McCrea [20] and Konishi [21].
Data obtained by Van Hoye et al. [18] for an aluminium matrix,



with a spark-source voltage of 30 kV and a repetition rate of
1 kHz and cooled electrodes agree quite well with ours apart from
zinc magnesium and titanium.

From the data of ref. [18] i1t can be seen that the cooling
of electrodes decreases the RSC values, especially those of the
elements with low boiling points (As, Sb, Mn,*Sn, Zn, Mg, Pb) and
it has practically no effect (or at least less) on the values of
elements with higher boiling points (i, Cu, Cr, Ni, Fe, T1, V,
Nb, Co).

The alkali and alkali earth elements also become '"measur-
able by electrode cooling. Dietze [22] obtained a constant ion
beam for sodium iIn an aluminium matrix after 30 minutes of
presparking and found an RSC value of ~60. Table 1 clearly shows
the decrease of RSC"s for this and also for other alkali elements
as a result of electrode cooling.

In Fig. 1 the log RSC values obtained for an aluminium and
copper matrix, In Fig. 2 those for an iron matrix are plotted
against the boiling points of the impurities. Trial fits of the
RSC values for the copper and aluminium matrices showed that no
significant differences iIn least squares parameters occur there-
fore the data were TfTitted together to a common line. The equa-
tions of the straight lines are given in the figures. The slope
of the straight line for the 1iron matrix is similar to that of
aluminium, expecially if the elements with high boiling points,
not present in aluminium, were omitted. If the data of Van Hoye
et al. were to be plotted they would show a similar character
(see Table 5 in [18]).

The RSC"s for the alkali and alkali earth elements fall on
a separate straight line whose slope is much greater than that
of the line for other elements. This may be due to some surface
ionization.

The results can qualitatively be explained by the mechanism
proposed by Addink [15,16]. According to his theory, elements
with boiling points lower than that of the matrix can addition-
ally evaporate from an "additional zone [2]" to the actual 'spark
zone [1]" where the evaporation of the material occurs. The size
of zone [2] 1s different for different Impurities; greater for
elements of lower and smaller for elements of higher boiling



points, and 1t changes during sparking according to the heat
transferred instantaneously to the electrode. Using deep cooled
electrodes the size of zone [2] and the effect of additional
vaporization decreases and the RSC®"s approach 1, and the relative
heat of sublimation (AH)”, becomes the dominant factor iInfluenc-
ing the RSC"s. (AHM) represents the standard enthalpy of sublima-
tion from bulk to mono-atomic state of the iInternal standard
divided by that of the element (impurity). This 1is supported by
Fig. 3* where the relative heat of sublimation is plotted against
the boiling points of the impurities. The straight line has a
similar slope to those of Fig. 1 and Fig. 2.

This may be taken as a justification for "substitution™ of
() values for the RSC values as a fTirst approximation. It
emphasizes the governing role of the sublimation heat iIn the
ionization process during sparking. In constructing the straight
line the sublimation heats (from bulk to the atomic state) for
the elements arsenic, phosphorus, sulphur and selenium were not
taken 1nto account because of the uncertainty as to which atomic
state 1s present In the gaseous phase. It can be seen however,
that the values obtained by using the heats of sublimation iInto
polyatomic states (probably SN, S e P2"e”c“"see T°r examPle [23])
would fall on the straight line.

There is another interesting point which should be mentioned.
The GW*r) values for alkalis and alkali earths also fall on the
straight line; this suggests that with more effective cooling the
RSC values for alkalis and alkali earths may decrease further.

Goshgarian and Jensen [24] proposed that use be made of the
heat of sublimation (AH), the atomic area, the ionization poten-
tial, and the isotopic masses of the elements in the calculation
of RSC"s. Honig [10] suggested the use - apart from the heat of
sublimation - of the atomic areas and the ionization cross section
(sum of valence electrons, weighted by their mean square radiil)

*The heat of sublimation values are from the book "Energii razryva
khimicheskikh sviazei. Potencialy i1onizatsii 1 srodstvo K elek-
tronu'™, Kondrat®ev V.N., Nauka, Moscow, 1974; the boiling points
from ""Handbook of Chemistry and Physics'™ 52nd Edition, 1971-72,
Ed.: R.C. Weast, The Chemical Rubber Co., Cranwood Parkway,
Cleveland, Ohio, USA.



and he neglected the ionization potential on the basis of theor-
etical considerations. The importance of the i1onization cross
section has lately been proposed also in [Z].

We also tried these methods and we concluded that iIn some
cases the agreement between the calculated and the experimentally
found RSC"s is good; in others, however, 1t is very poor. This
does not necessarily mean that the ionization potential, 1oniza-
tion cross section or other microscopic parameters, do not play
any role iIn the initiation of the ion beam [8,25], but i1t probably
does iIndicate that the approach used so far iIn the literature to
describe the i1onization processes In the spark is not complete
(e.g. see Table 1 In [26]). Probably another approach leading to
an understanding of the spark source ionization process would be
more suitable. This would start with a fully i1onized state that
occurs during the first breakdown of the high voltage, and the
final charge distribution between the different i1onized states
and elements would be the result of the ion recombination pro-
cesses during the expansion of the plasma, as has also been point-
ed out recently by Ramend®ik [27].

We consider our results to be mainly of practical mportance.
Once the RSC values for some Impurities in a matrix have been de-
termined, those for the others can be estimated with reasonable
confidence from the log RSC - boiling point straight line depend-
ence. Even though we have analysed only three matrices (or rather
only two) on the basis of known results (our own and those from
the literature), we are iInclined to the view that a significant
matrix effect iIn conductive dilute metallic samples is not ex-

pected .
The authors would like to thank Dr. G. Jancsé for valuable
discussions and Miss 1. Pummer for her excellent technical

assistance.
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Table 1
Experimentally found RSC values in aluminium,
copper and i1ron standards
RSC (=20% rel))
Aluminium Copper Iron
(Alcan 15010-1) (IM-CA 4; CC 2 (NBS-661)
3.0 3.0
2.5
5.0 3.5
3.0
15.0
11.2
3.5 3.5
6.4
4.0
1.8 1.6 1.8
1.8 1.4 1.6
1.8 1.5 1.4
1.3 1.4
1.5 1.5
1.4 1.3 1.1
1.0 1.0
0.6
0.8 1.1
1.1 1.1 1.1
0.7 0.6
1.0 1.0 0.8
0.6
o8 1.2
0.8
0.6 1.0
1.5
0.8
0.5
0.4
0.3
0.23



RSC

Fig-l.

RSC=93,2e18I153K

Dependence of experimental RSC values on boiling points in
aluminium and copper matrices
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Fig. 2. Dependence of experimental RSC values on boiling points in iron matrix
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Fig.2. Plot of relative sublimation heats against boiling points
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