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Abstract

The trace elements in quartz, Al and Ti, contain considerable information about mineral genesis, and determining their concentrations is of
great importance in geology. Electron probe microanalysis has the advantages of non-destructive testing and high spatial resolution; how-
ever, it is a challenge to improve the accuracy and precision of trace element detection using this method. The important factors affecting
accuracy include the fragility of quartz lattices at high beam currents and the methods used to determine the background. In this paper, the
peaks of Al-Ka and Ti-Ke, and their backgrounds, were found to exhibit intensity variations at high beam currents and small beam diam-
eters; therefore, it is necessary to select a large beam diameter (up to 20 ym) to avoid variations in intensity at high currents (500 nA). For
background determination of Al, a multipoint background method is proposed to determine the background value, which greatly improves
the accuracy of the results. For Ti, the choice of background measurement does not affect the result. In addition, it is verified that the back-
ground obtained from other quartz samples can be used as the background of an unknown quartz sample, which reduces the analysis time
and minimizes sample damage.
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Introduction Frelinger et al., 2015; Drivenes et al., 2016; Garate-Olave et al.,
2017). Therefore, it is of crucial geological significance to accu-
rately determine the concentration and distribution of trace ele-
ments in quartz. In situ microanalysis of trace elements by
techniques such as laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) has been widely used to obtain
reliable results. However, LA-ICP-MS damages samples during
analysis, and the large beam diameter (usually ranging from doz-
ens to even a hundred micrometers) is required for trace element
detection levels in quartz; thus, the spatial resolution is low. When
the beam diameter of laser ablation is larger than the width of a
thin mineral zone, a mixed signal would be obtained from
more than one zone (e.g., Miiller et al., 2003b; Rusk et al., 2011;
Breiter et al., 2012; Cruz-Uribe et al., 2017).

Electron probe microanalysis (EPMA) has the advantages of
non-destructive testing and high spatial resolution; however, the
achievement of high accuracy and precision can be an issue. In
trace elemental analysis by EPMA, the precision is typically
enhanced by changing the acceleration voltage, increasing the
counting time, or increasing the beam current (e.g., Jercinovic
et al.,, 2012; Batanova et al,, 2015). In addition, the simultaneous
use of multiple crystals for single elements can improve the ana-
lytical precision (e.g., Donovan et al., 2011; Goemann et al., 2014).
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Quartz is a common mineral in the Earth’s crust, formed in many
geological environments. The concentration of trace elements in
quartz provides considerable information about how the mineral
was formed. For example, the temperature at the time of forma-
tion can be calculated by determining the Ti content of quartz
(e.g., Larsen et al, 2004; Wark & Watson, 2006; Wiebe et al.,
2007). The Al content in quartz is closely related to the content
of Al in hydrothermal fluids, and the latter is influenced mainly
by pH. Thus, the change in Al content in quartz can reflect
changes in the fluid pH (e.g., Rusk et al,, 2008). Quartz crystals
formed at different stages (magmatic, hydrothermal, etc.) may
have different cathodoluminescence (CL) textures and trace ele-
ment compositions, as quartz possesses the geochemical signature
of the medium where it crystallizes. By combining CL images with
the distribution of trace elements such as Al, Ti, Ge, and K in
quartz, the relationship between trace elements and CL textures
can be established. As a result, quartz has been used to interpret
geologic processes, including those in crustal metamorphism and
anatexis, magma genesis and evolution, and hydrothermal ore
formation (e.g., Miiller et al,, 2003a, 2010, 2015; Larsen et al.,
2009; Breiter et al., 2012; Audétat, 2013; Tanner et al, 2013;
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(a) Quartz lattices are easily damaged at high beam currents,
resulting in the migration of elements (e.g., Miiller et al,
2003b; van den Kerkhof et al., 2004; Kronz et al., 2012),
which changes the characteristic X-ray count intensity over
time and leads to inaccurate analytical results. While some
research into time-dependent intensity (TDI) behavior at
high currents has been carried out, these studies have tended
to be on other materials, such as olivine (800 nA, Batanova
et al,, 2015) and monazite (200 nA, Jercinovic et al., 2008),
and it is not clear whether these studies are applicable to
quartz. In addition, TDI research on the background is unex-
plored. The background measurement will be inaccurate if
the background intensity exhibits time-dependent variations
at high beam currents.

(b) Accurate modeling and measurement of background inten-
sity. The measurement of the background is vitally important
for trace element analysis. In EPMA, the two-point back-
ground interpolation method is often used. However, the
background shape of some elements is not a straight line,
but a curved line. The two-point background interpolation
method is often not an issue in major element analysis
with high peak/background ratios, but it will significantly
affect the accuracy of trace elements when the background
shape is a curved line or other major element peaks are
near the trace element peak. To address this problem,
Jercinovic & Williams (2005) used detailed wavelength scan-
ning and overlap peak separation with an advanced multi-
point background model to obtain accurate U, Th, and Pb
concentrations for monazite dating. Donovan et al. (2011)
used the two-point background with exponential curve fitting
and blank correction to determine the background intensity
of Al in quartz. The exponential fit equation is complex
and is currently only available in Probe for EPMA software,
or is obtained by manual calculation. Recently, the mean
atomic number background calibration curve method in
Probe for EPMA software has been applied to correct the
background intensity, which can avoid background measure-
ment artifacts (Donovan et al., 2016). The use of blank cor-
rections is often not possible due to the lack of suitable
blank samples in most laboratories. Therefore, it is of great
significance to determine a simple method to accurately
determine the background.

(c) Background interference peaks (such as the interference of
Al-Kf, which may cause background measurement errors)
and secondary fluorescence (such as a neighboring feldspar
or rutile close to quartz producing an apparent signal of
Al-Ka and Ti-Ka within the quartz). While choosing back-
ground positions, any possible background interference
peaks should be avoided. For secondary fluorescence, it is nec-
essary to maintain a safe distance from the interference mineral
or to correct the interference (e.g., Jercinovic & Williams, 2005;
Fournelle, 2007; Jercinovic et al., 2012; Kronz et al., 2012).
Monte Carlo simulation (e.g.,, PENEPMA or DTSA-II) can
provide guidelines for the spatial extent of possible secondary
fluorescence from fluorescing phases.

In this study, we investigate the TDI variations of the peaks of Al
and Ti and surrounding background positions at high currents;
our aim is to find an analytical method that can improve the accu-
racy and precision of these measurements. Based on detailed
wavelength scanning, the concentration of trace elements in
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quartz is determined by the multipoint background method,
through manual calculation.

Experimental Materials and Establishment of Measurement
Protocol

Three samples are used in this experiment: (a) a natural and color-
less quartz sample, named Q-Nature; (b) synthetic SiO, glass,
named Q-Glass; and (c) a reference quartz standard sample with
homogeneous Al (154+15ppm) and Ti (57 +4 ppm), named
Q-Std, which is from a miarolitic cavity within granite from the
Shandong Province, China (Audétat et al, 2015). These samples
are embedded in epoxy resin and then polished such that most
of the quartz grains are exposed to the surface. The precautions
suggested by Zhang & Yang (2016) were used to minimize the dif-
ference in carbon film thickness between samples and obtain a uni-
form coating of approximately 20 nm. The experiment was
conducted on a JEOL JXA-8100 with four wavelength-dispersive
spectrometers at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences (Wuhan).

Accelerating Voltage, Beam Current, and Detection Limit

To determine the relationship between the accelerating voltage
and the detection limit, measurements of Al (Ka, PETJ) and Ti
(Ko, TAP) were determined at different accelerating voltages
(15, 20, and 25 kV) and beam currents (100, 200, 300, 400, 500,
and 600 nA). The optimal experimental conditions for analysis
of Ti and Al in quartz are discussed below.

EPMA for TDI Variations of Elemental X-ray and Backgrounds

The counting stability of Al and Ti in Q-Std was examined with
beam diameters of 0 (focused), 1, 2, 5, 10, 15, and 20 ym, at an
accelerating voltage of 20 kV and beam current of 500 nA. The
“chart record” function in the original equipment manufacturer’s
probe software was used to record the TDI variations of elemental
X-rays upon irradiation with different beam diameters. Under all
conditions, the total data acquisition time was 600 s in consecu-
tive 9 s counting intervals (no beam blanking). The X-ray inten-
sities of Al (Ka, TAP) and Ti (Ka, PET]) were investigated.

In addition, we conducted a TDI study on surrounding back-
ground positions of the Al-Ka and Ti-Ka peak, using Q-Std at an
accelerating voltage of 20 kV and beam current of 500 nA, to
examine the intensity variation of the background.

Detailed Wavelength Scanning

Detailed wavelength scanning of Q-Nature was carried out on the
Al region of TAP and the Ti region of PET]. The scan was run at
10 um/step (spectrometer units) and 5 s/step with a 20 ym beam
diameter, 20 kV accelerating voltage, and 500 nA beam current.
This was performed to determine the shape of the background
slope, and consequently, suitable locations for obtaining back-
ground measurements. In addition, the wavescans allowed us to
search for potential interference peaks.

Results and Discussion
Choice of Accelerating Voltage and Beam Current

The results indicate that, with an increase in the accelerating volt-
age, the detection limit of Al first decreases slightly and then
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Fig. 1. Detection limit of (a) Al and (b) Ti in Q-Std as a function of beam current and accelerating voltage.

increases slightly (Fig. 1a). As the accelerating voltage increases,
the detection limit of Ti decreases (Fig. 1b). This indicates that,
with the increase of X-ray excitation depth, the emission at greater
depths of Ti-Ke is not affected by absorption as much as that of
Al-Ka (Reed, 2000). To effectively improve the analytical preci-
sion and lower the detection limit of Al and Ti in quartz, it is
ideal to choose a higher accelerating voltage (we chose an acceler-
ating voltage of 20 kV in this study). However, when the beam
current continues to increase to over 500 nA, the effect of raising
the beam current to improve the detection limit becomes less
noticeable (Fig. 1). Therefore, for the analysis of Al and Ti in
quartz, a 20 kV accelerating voltage and a 500-nA beam current
were selected.

Processing of Interference

For the analysis of major elements, small interferences have min-
imal impact, but for trace element analysis, this will cause errors.
Therefore, any interference must be determined and accounted
for. Four key aspects relating to interference were considered:

(1) Interference peaks: the Al-Kf; ; peaks (at 86-87 mm on the
spectrometer) and an Al-SKf peak (at ~88 mm on the spec-
trometer) were found in the background by a detailed wave-
length scan (Al region of TAP, Fig. 2a); therefore, it is
necessary to avoid these potential background interference
peak positions when choosing background positions.

Secondary fluorescence: some neighboring phases that con-
tain Al and Ti (such as rutile, ilmenite, and feldspar) will pro-
duce an apparent Ti/Al-signal in the detector which can be
mistaken as coming from the quartz. This effect can be mod-
eled using simulation software, such as PENEPMA (Llovet &
Salvat, 2017); this program is included in Probe Software’s
free CalcZAF/Standard software (http:/probesoftware.com/
download/CalcZAF.msi). In this study, the simulation of sec-
ondary fluorescence effects in two mineral pairs (quartz-rutile
and quartz-sanidine) were run. Secondary fluorescence can
extend to hundreds of micrometers, depending upon the
low level present in the real sample; the Monte Carlo model-
ing can generate apparent values out hundreds of microme-
ters. Here, we are defining a level of ~10 ppm (K ratio of
0.001%). The modeling results for Al and Ti are given in

2)

Fig. 3. For Al excited in an adjacent sanidine, the influence
of Al-Ka secondary fluorescence ends at a distance of approx-
imately 16 yum. For Ti-Ke in quartz-rutile, an elevated signal
was seen up to a distance of 360 ym. Consequently, for sec-
ondary fluorescence, it is necessary to maintain a safe dis-
tance from the interference mineral or correct for the
interference, if possible (e.g., Jercinovic & Williams, 2005;
Fournelle, 2007; Jercinovic et al.,, 2012; Kronz et al., 2012;
Borisova et al., 2018).

“Step”: an instrument artifact on PET] spectrometers is at a
position of 82-83 mm (Fig. 2b). The “step” on the wavelength
scanning curve can be handled by keeping a safe distance
from the “step” when choosing background positions.
“Hole”: caused by secondary Bragg diffraction at other lattice
planes at some angle to the preferred lattice plane; a “hole” in
the background can occur both adjacent to and directly
underneath the Ti-Ko X-ray peak position in quartz
(Donovan et al., 2011). However, these are not always
observed. In our experiment, a “hole” was not seen.

3)

4

Effect of Beam Current, Beam Diameter, and TDI Variation

At high beam currents, it is very easy for the crystal structure of
quartz to be destroyed (e.g., Miiller et al., 2003b; van den
Kerkhof et al., 2004; Kronz et al., 2012). However, previous stud-
ies suggest that a breakdown in the lattice does not appear to
affect strongly bonded trace elements (Ti and Fe) (e.g., Kronz
et al.,, 2012). In general, increasing the beam diameter can reduce
the TDI variation effectively, but a beam diameter that is too large
will cause a loss in spatial resolution. In addition, too large a beam
diameter can lead to X-ray defocusing (off the Rowland Circle) on
some parts of its outer perimeter. Thus, it would be beneficial to
find the smallest possible beam diameter that can still maintain a
stable signal intensity.

The signal intensity of Ti in quartz is not as stable as previ-
ously reported (e.g., Kronz et al., 2012). At beam diameters of
0, 1, and 2 pm, the signal intensity of Ti-Ka first decreases and
then increases gradually. Throughout the process, the signal
intensity acquired at a beam diameter of 0, 1, and 2 ym is lower
than that at a beam diameter of 20 ym (Fig. 4). At beam diameters
of 5, 10, and 20 ym, the Ti signal intensity increases from 5 to
20 ym along a quadratic polynomial curve (Fig. 4). Although
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Fig. 2. Wavelength scanning of the (a) Al-Ka region of TAP and (b) Ti-Ka region of PETJ. The green and blue lines represent the linear (two point) and polynomial

interpolations, respectively, of the background.
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Fig. 3. k-ratio profiles for a quartz sample in contact with (a) sanidine and (b) rutile.

the difference is small, it can have a significant impact on the
accuracy of the results. At a beam diameter of 20 ym, the signal
intensity of Ti is steady and the best fit line for the data is straight.
These results indicate that Ti in quartz also exhibits TDI variation
under a small beam diameter and that the characteristic X-ray
intensity of Ti decreases rapidly under electron beam bombard-
ment and then varies according to the energy density of the beam.

At beam diameters of 0, 1, and 2 ym, the signal intensity of
Al-Ko remains stable initially and then rises rapidly before stabi-
lizing (Fig. 5a). During the analysis, Al had a higher count rate at
diameters of 0, 1, and 2 ym relative to 20 ym, especially during
the first 100 s. At a beam diameter of 5 ym, the signal intensity
of Al-Ke is higher relative to that at 20 ym and rises gradually.
At a beam diameter of 10 ym, the signal intensity of Al-Ke first
rises and then stabilizes; it remains stable at 15 and 20 ym
(Fig. 5a).

The absorbed currents were also monitored during TDI mea-
surements. The absorbed currents are stable at a beam diameter of
20 ym, but decline at 0, 1, 2, 5, 10, and 15 ym; furthermore, the
rate of decline decreases from 0 to 15 ym (Fig. 5b). There is a
slight increase in the final 200 s of the analyses with beam diam-
eters of 0 and 1 ym (Fig. 5b). This may be related to the destruc-
tion of the carbon film under high beam current conditions
causing a decrease in conductivity.
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The above results show that to ensure the stability of detection,
a beam with a diameter of 20 ym is a suitable option at a beam
current of 500 nA, but there is a clear loss in spatial resolution.
If a small beam diameter is chosen, a lower current must also
be chosen; this will reduce the precision of the detection. In
these cases, using large spectral crystals or many crystals simulta-
neously can also improve the precision; however, this is not dis-
cussed in this paper.

At high beam currents, the background count of Al-Ke at a
beam diameter of 20 ym is lower than that at 5 ym (Figs. 6a,
6b). This indicates that there are some variations in intensity in
the background as well. The background count for Ti-Ka is
always stable (Figs. 6¢c, 6d); however, it can be observed, from
the quadratic polynomial trend line, that the signal intensity for
a beam spot diameter of 5 ym is generally lower than that for
one with a diameter of 20 ym (Figs. 6¢, 6d). Thus, the background
positions on both sides of the Al-Ka and Ti-Ke peak exhibit var-
iations in intensity, and it is necessary to choose a large beam
diameter in the analysis process to avoid variations in TDI.

Multipoint Background Method

The results of wavelength scanning (Figs. 2 and 7) indicate that
using the traditional two-point background method to detect
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Fig. 4. Ti-Ka counts as functions of beam diameter and time.

elements with a curved background is problematic because it
increases the background value. In this study, we used a
multipoint background method to determine the background
value accurately and obtain accurate quantitative analytical
results.

Several points on both sides of the Al-Ka and Ti-Ka peaks
were chosen to determine the background value. The background
and peak counts were determined using a beam diameter of
20 um, an accelerating voltage of 20 kV, and a beam current of
500 nA. The counts detected were converted to counts per second
and then fitted into a curve equation. In this experiment, qua-
dratic polynomial, exponential, logarithmic, and power functions

Irradiation time(s)

were used to fit the background curve of Al and Ti in Q-Pure. The
resulting curves were compared to those obtained using the tradi-
tional two-point background method. After the equation of the
fitted curve was obtained, the spectrometer position of the peak
was regarded as a variable and brought into the equation, after
which the background count at the spectrometer position of the
peak can be calculated from the equation of the fitted curve.
The net on peak count is obtained by subtracting the background
count from the uncorrected on peak count. The element concen-
tration can be obtained by comparing the net count of character-
istic X-rays from the sample with the net count from the standard;
counts from the sample and standard must be corrected for
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Fig. 5. a: Al-Ka counts as a function of beam diameter and time and (b) variations of absorbed current during TDI measurements.

matrix effects. This study used the ZAF (atomic number, absorp-
tion, fluorescence) correction.

Comparisons of the fitting results for Al show that the
background values obtained by the quadratic, exponential, loga-
rithmic, and power curves are lower than those using the two-
point background method, and that the background value
obtained by the logarithmic curve is slightly higher than the
other three (Fig. 7a). The Al concentration obtained using the dif-
ferent fitting methods is within the range of the reference values,
except for the values calculated by the two-point background
method, which are lower (Table 1). Comprehensive analysis
shows that the results obtained using quadratic, exponential,
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and power fitting are more reliable. For the Ti background
curve, there is no distinction between the background values
obtained by the different fitting methods (Fig. 7b). When com-
bined with the data in Table 1, the results obtained by the differ-
ent fitting curves and two-point background method are very
close to the reference values. Thus, all kinds of fitting methods
are reasonable to measure Ti.

In this experiment, three samples of Q-Nature, Q-Glass, and
Q-Std were used to determine the background count; these were
then calculated using the quadratic curve. It was found that the
background values from the different samples are very similar
(Fig. 8). Ten points were measured on Q-Std with an on peak

5 Mar 2019 at 01:43:00, subject to the Cambridge Core terms of use, available at


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S1431927618015672
https://www.cambridge.org/core

Microscopy and Microanalysis

1000 T T T T T T T T T T

- (a)

Q-Std, AI-BG 20kv 500nA, TAP

Intensity (cps/s)

—— P+2 Spm(trendline) _|
= P+2 20um(trendline)

» —P—IP—4 Sum  —— P+2 20pm

—+— P-4 20pm —— P-4 Spm(trendline)

400 -«GT P+2 Iﬁum - P-4 EP;lm(nl"cnd]inlc) Eulcrror I:am .
0 1 00 200 300 400 500 600
1050 0 1

Q Std T1 BG 20kv SOHA PETJ

-
(=%
=
z
wn
=
&
-
)
——P-45um  —e— P+220pum —— P+2 Sum(trendline)
750 —4+-P-420um —— P-4 Spm(trendling) P+2 20um(trendline) |
—&— P+2 S5um = P-4 20um(trendline) 2a error bars
700 1 1 I 1 1 1 1 I L 1 1 1
0 100 200 300 400 500 600

Irradiation time(s)

Intensity (cps/s)

Intensity (cps/s)

53

Q-Std, AI-BG 20kv 500nA, TAP

900 (b)

1

1

800

?00

—— P+4 Spm(trendline)

400+ —— P22 Sum  —A— P+4 20pm Bl
== P-220um —— P-2 Spm(trendline) = P+4 20pm(trendline)
- —&— P+4 5um P-2 20pm(trendline) 20 error bars ]
300 1 1 I I I 1 1 1 | L
0 100 200 300 400 500 600
T T T T T T T T T T T
1000 (d) Q-Std, Ti-BG 20kv 500nA, PETJ E
T50F - b-z Spum + P+4 2.U1|m I — P+4 Spnﬁtrcnd]inc} -
—— P-220pm —— P-2 Spmftrendline) = P+4 20pum(trendline)
700F —% P+45um - P-2 20um(trendline) —— 2o error bars -
L 1 1 1 1 1 1 1 1 1 L]
0 100 200 300 400 500 600

Irradiation time(s)

Fig. 6. Background counts of both sides of (a, b) Al-Ka and (c, d) Ti-Ka peaks as functions of beam diameter and time. “P — N” indicates that the left background
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Fig. 7. Fitting background curves of (a) Al and (b) Ti using different functions.

count time of 200 s. To test whether there was any difference in
the backgrounds between the three samples, the Al and Ti content
in Q-Std were calculated using the background values from those
samples (Table 2). The results reveal that by using the background
values from Q-Nature, Q-Std has 158.0 + 3.4 ppm Al and 55.3 +
2.0 ppm Ti. If the background values of Q-glass were used, the
results were: Al=158.3+4.3 ppm and Ti=55.6+2.0 ppm. And
if the background values of Q-Std itself were used, the results

(b)
1100 T T T T T T T T T T T
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. ad - t .
1000} = g)l(lp ratic "
2 B Log i
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were: Al=158.1+5.7 ppm and Ti=53.9+1.9 ppm. These are
all very similar to the reference values (154 + 15 ppm for Al and
57 +4 ppm for Ti; Audétat et al, 2015). Therefore, the back-
ground signal from different quartz samples can be applied to
other unknown quartz samples being examined, and only the
counts of the peaks are measured on the unknown quartz samples
to improve efficiency. However, we suggest that a secondary stan-
dard (such as the sample Q-Std from Audétat et al., 2015) should
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Table 1. Calculation Results of Different Fitting Functions and the Two-Point Background Method.

Ji-Qiang Cui et al.

Quadratic Exp Log Power Linear
Al Ti Al Ti Al Ti Al Ti Al Ti
Number (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
1 155.0 54.4 151.4 54.8 147.3 55.0 152.1 57.1 123.6 53.0
2 156.3 53.8 152.6 54.2 148.6 54.3 153.4 56.4 124.9 52.4
3 163.6 54.3 159.9 54.7 155.8 54.8 160.7 56.9 132.1 52.9
4 154.1 55.6 150.4 56.0 146.3 56.1 151.2 58.2 122.6 54.2
5 154.4 55.9 150.8 56.3 146.7 56.4 151.5 58.5 123.0 54.5
6 160.4 53.1 156.8 53.5 152.7 53.7 157.5 55.8 129.0 51.7
7 159.8 54.1 156.1 545 152.1 54.7 156.9 56.8 128.4 52.7
8 157.1 54.5 153.5 54.9 149.4 55.1 154.2 57.2 125.7 53.1
9 161.7 58.5 158.1 58.9 154.0 59.0 158.9 61.1 130.3 57.1
10 161.4 59.0 157.8 59.4 153.7 59.5 158.5 61.6 130.0 57.6
Avg 158.4 55.3 154.7 55.7 150.7 55.9 155.5 58.0 127.0 53.9
Stdev 3.4 2.0 3.4 2.0 3.4 2.0 3.4 2.0 3.4 2.0
(a) (b)
— T 1 T T T T T T T 1100 T T T T T T T T T T
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Fig. 8. Quadratic polynomial fitting background curve based on Q-Nature, Q-Glass, and Q-Std samples of (a) Al and (b) Ti.
Table 2. Simultaneous Detection of Al and Ti in Q-Std Using Three Samples as Background Values.
Q-Pure Q-Glass Q-Std
Number Al (ppm) Ti (ppm) Al (ppm) Ti (ppm) Al (ppm) Ti (ppm)
1 154.7 53.1 156.5 53.4 163.6 51.7
2 155.9 59.0 157.8 59.2 155.0 57.5
3 163.2 53.8 155.6 54.0 162.3 52.4
4 153.7 58.5 149.1 58.7 152.8 57.0
5 154.1 54.1 155.9 54.4 153.2 52.7
6 160.1 55.9 161.9 56.1 159.2 54.4
7 159.4 54.3 161.3 54.5 158.5 52.9
8 156.8 55.6 158.6 55.8 155.8 54.1
9 161.4 54.4 163.3 54.7 160.5 53.0
10 161.1 54.5 162.9 54.8 160.1 53.1
Avg 158.0 55.3 158.3 55.6 158.1 53.9
Stdev 3.4 2.0 4.3 2.0 3.7 1.9
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Table 3. Analytical Results of Al in a Secondary Q-Std Standard Sample (Al=154 + 15 ppm) Using Different Currents and Beam Diameters.
20 kv 20 kv 20 kv 20 kv 20 kv 20 kv 20 kv 20 kV 20 kv
500 nA 500 nA 500 nA 300 nA 300 nA 300 nA 100 nA 100 nA 100 nA
Number 5pum 10 ym 20 ym 5pum 10 ym 20 ym 5um 10 ym 20 ym
1 226.9 176.6 159.5 2233 163.9 163.8 230.5 162.2 156.3
2 232.6 181.0 154.4 234.8 162.4 150.2 206.2 159.0 154.4
3 229.8 171.9 155.8 242.2 167.6 156.7 215.4 161.3 150.8
4 227.5 173.7 157.7 243.5 169.0 152.9 218.1 159.5 154.4
5 233.2 174.7 157.8 220.0 159.5 153.7 214.0 166.8 148.0
6 224.9 172.5 158.2 218.7 167.9 154.0 207.6 164.1 155.8
7 257.0 179.3 150.6 214.3 163.5 151.7 282.3 159.0 155.4
8 230.1 172.7 153.3 2154 161.5 152.2 212.2 163.6 159.0
9 244.2 177.9 156.9 254.5 157.8 152.3 198.9 157.7 156.3
10 221.0 173.6 160.8 243.5 160.3 156.0 219.5 166.8 156.7
Avg 232.7 175.4 156.5 229.8 163.3 154.3 220.5 162.0 154.7
Stdev 10.5 3.1 3.0 14.4 3.8 3.8 233 33 3.2
Table 4. Analytical Results of Ti in a Secondary Q-Std Standard Sample (Ti=57 +4 ppm) Using Different Currents and Beam Diameters.
20 kv 20 kv 20 kv 20 kv 20 kv 20 kv 20 kv 20 kv 20 kv
500 nA 500 nA 500 nA 300 nA 300 nA 300 nA 100 nA 100 nA 100 nA
Number 5um 10 ym 20 ym 5um 10 yum 20 ym 5um 10 ym 20 ym
1 37.9 50.0 54.5 35.0 42.7 52.6 44.4 55.0 66.8
2 35.9 51.6 58.8 20.3 42.7 58.1 51.0 49.1 51.0
3 35.5 53.4 62.6 328 47.1 56.1 33.9 53.7 58.9
4 323 534 57.2 27.1 52.1 63.5 29.9 59.6 64.2
5 39.0 49.7 514 27.5 47.1 58.3 43.1 62.9 64.9
6 28.2 52.3 56.8 34.3 52.6 56.7 37.2 72.1 62.2
7 13.6 46.7 55.0 27.1 45.1 51.5 49.7 62.2 51.0
8 28.8 49.4 53.3 23.1 45.1 53.4 38.5 58.9 58.3
9 35.1 50.4 55.5 28.4 44.2 59.2 49.1 54.3 55.6
10 33.0 47.1 56.3 37.6 51.2 55.6 35.9 60.9 51.7
Avg 31.9 50.4 56.1 29.3 47.0 56.5 41.3 58.9 58.5
Stdev 7.3 2.3 3.1 5.5 3.8 3.5 7.3 6.4 6.0

be selected as a monitor sample to evaluate data quality and deter-
mine whether the calculated background curve is still applicable.
Furthermore, a more uniform quartz sample can be used in the
background test and a large beam diameter and high beam cur-
rent can also be used to determine the background value
accurately.

Further Verifications of the Effect of Variations in TDI
After the Q-Nature sample was used to determine the background

with a beam diameter of 20 ym, the content of Al and Ti in the
secondary Q-Std standard sample was determined at beam

currents of 100, 300, and 500 nA (Tables 3 and 4) with beam
diameters of 5, 10, and 20 ym, respectively. According to the
results, analysis of Al using a beam diameter of 5 ym shows a
range of values that are clearly higher than the reference value
and are affected significantly by variations in the TDI. With a
beam spot diameter of 5 ym for Ti, the results are clearly lower
than the reference value range (Table 4), which is significantly
affected by the variation in TDI. This is different from the find-
ings of Kronz et al. (2012). Therefore, a small current must be
used with small beam spot diameters and the precision should
be improved using other methods.

In addition, the count rates of backgrounds in the Q-Std sam-
ple were determined at an accelerating voltage of 20 kV and a
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Table 5. Analytical Results of Al and Ti in a Secondary Q-Std Standard Sample Using Beam Diameters of 5, 10, and 20 yum to Measure Background values.

Al (ppm) Ti (ppm)
Number 5um 10 um 20 um 5um 10 um 20 um
1 74.1 142.3 164.3 7.5 64.0 60.2
2 67.3 135.5 157.5 74.1 60.5 56.8
3 69.8 138.0 160.0 71.5 58.0 54.2
4 72.1 140.4 162.4 78.0 64.5 60.7
5 72.1 140.4 162.4 75.8 62.3 58.5
6 72.6 140.9 162.9 74.0 60.5 56.7
7 69.9 138.1 160.1 75.3 61.8 58.1
8 68.8 137.1 159.0 81.2 67.7 63.9
9 66.4 134.7 156.7 76.5 63.0 59.2
10 71.9 140.1 162.1 82.3 68.7 65.0
Avg 70.5 138.7 160.7 76.6 63.1 59.3
Stdev 2.5 2.5 2.5 33 33 33

beam current of 500 nA, with beam diameters of 5, 10, and
20 um, respectively. The count rates of peaks of Al and Ti in
the secondary Q-Std standard sample were then determined at
beam currents of 500 nA and a beam diameter of 20 ym. The
Al and Ti contents in the secondary Q-Std standard sample
using these conditions were obtained (Table 5). Analysis of Al
obtained at a background of 5 ym shows a range of values that
are clearly lower than the reference value, and similar analyses
of Ti show a range of values that are clearly higher than the ref-
erence value. When the backgrounds were determined at 20 ym,
both the Al and Ti results were close to the reference value.
These results indicate that there are indeed some variations in
background intensity when different beam diameters are used.

Conclusions

At high beam currents, the crystal structure of quartz can be
destroyed easily and element migration can occur, affecting the
accuracy of trace element analysis using EPMA. This paper pre-
sents a detailed TDI study on the peaks of Al-Ka and Ti-Ka
and both sides of these peaks at high beam currents (500 nA).
The peaks of Al-Ka and Ti-Ka were found to show variations
in TDI, and the background on both sides of the peaks were
found to have some variations in intensity at high beam currents
and small beam diameters. The signal intensity of Al initially
increases over a very short period when the beam diameter is
small and is stable only for large beam spot diameters. The signal
intensity of the Ti in quartz, however, is not stable; this has not
been described in previous research (Kronz et al., 2012). The
Ka peak signal intensity of Ti using small beam diameters is ini-
tially lower than that using large beam diameters over a short time
period. Although this difference is small, it can have a great
impact on the accuracy of the detection results. Therefore, a
large beam diameter is needed to avoid variations in TDI at
high beam currents.

Detailed wavelength scanning indicates that the background of
Al in quartz is a concave curve, not a straight line. In this case, the
traditional two-point background method will produce incorrect

results. By using the multipoint background method to fit the
background curve equation and calculate the background value,
the detection accuracy can be improved greatly. For the Ti in
quartz, the background is approximately a straight line, and the
results of the two-point background method are no different
than those of the multipoint background method. In addition,
measurements of the background count rate for three different
quartz samples were all identical, suggesting that background Al
and Ti values can be measured from any quartz sample and
applied to the sample of interest, saving time and reducing sample
damage.
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