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Abstract

Laser ablation behavior of a suite of 10 Cu]Zn binary alloys was studied using inductively coupled plasma mass
Ž .spectrometry. Three laser systems 20 ns KrF excimer, 6 ns and 35 ps Nd:YAG were used for ablation. Non-linear

calibration plots for both Cu and Zn were observed using all three lasers, despite significant differences in laser
ablation mechanisms and good stoichiometry of ablated mass. Crater volume measurements were used to determine
the amount of mass removed during repetitive laser ablation from each sample. A change in mass ablation rate for
samples with different composition explains observed phenomena. Despite the differences in ablation behavior of
these alloys, linear calibration curves were obtained when Zn signal intensity was normalized to signal intensity of Cu
or to crater volume. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Development of laser ablation LA sampling
for chemical analysis is supported by the need to
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directly characterize various solid samples, includ-
ing environmental and geological samples, thin

w xfilms, semiconductors, and others 1]19 . Minimal
amount of sample andror no sample preparation,
and reduced amounts of waste are only some of
the benefits that make laser ablation a technology
of choice compared to conventional liquid neb-
ulization sample introduction, when the original
sample is in the solid form. To date, laser abla-
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tion has not experienced the extent of studies as
has liquid nebulization; many years of research
have been devoted to accurate digestion proce-
dures. What is needed is a commitment to the
research to solve the impediments } similar to
what has been done for many years with liquid
nebulization.

Successful applicability of laser ablation sam-
pling for chemical analysis depends on several
criteria. Among these are: sampling a sufficient
and known amount of mass; spot-to-spot repro-
ducible sampling; absence of matrix effects, such
as different ablation rates, preferential vaporiza-
tion, or fractionation; and quantitative entrain-
ment and transfer of the ablated mass to the
detection system. However, mass ablation rate is

w xa function of the sample composition 20]23 and
preferential vaporization of low meltingrboiling

w xpoint elements can occur 24 . To understand
these phenomena, numerous studies have
addressed laser-ablation sampling using a variety
of laser and sample conditions. Encouragingly,
UV lasers with short pulse durations provide
higher ablation rates, as well as good stoichiome-

w xtry of the ablated mass 22,24,25 . By understand-
ing mechanisms influencing the mass ablation rate
and stoichiometry, laser ablation sampling can
evolve into a routine chemical analysis tool.

Laser ablation of brass alloys demonstrates the
potential for elemental fractionation; brass seems

w xto represent a worst case scenario 24,26]29 . It
has been shown that laser ablation with UV

Ž .picosecond ps pulses and power densities of
several Gigawatts per centimeter squared pro-
vides ZnrCu ratios very close to that in the bulk
sample. However, the wrong choice of laser power
density can provide inaccurate, non-stoichio-
metric ratios. The low meltingrboiling tempera-
tures of Zn are believed to be responsible for Zn-
enrichment in the ablated mass; thermal vapor-
ization significantly influences the ablation
processes when low power density, long-pulse du-

w xration laser are used for ablation 28 . A thermal
model of evaporation from a brass surface was
successfully used to predict the ZnrCu induc-
tively coupled plasma atomic emission spectros-

Ž .copy ICP-AES signal intensity ratios for 30-ns

KrF excimer laser ablation of brass at low power
w xdensities 24 . As power density was increased

above 0.3 GWrcm2, the ZnrCu ratio did not
follow thermal evaporation predictions, but in-
stead became close to the stoichiometric value.
As laser pulse duration decreases, non-thermal
mechanisms of ablation become significant. In
addition, an order of magnitude increase in the
amount of ablated mass was measured for a ps-

Ž .laser ablation compared to a nanosecond ns
w xlaser, for the same fluence and energy 25 . These

studies have demonstrated how the laser]material
interaction can be regulated simply by changing
the power density.

The dependence of mass ablation rate on
matrix forces the use of matched standards for
calibration. However, ‘good’ standards may be
unavailable, especially for complex environmental
samples. Normalization of analytical data to the
acoustic signal generated during laser ablation
and to the excitation temperature in the laser-in-

Ž .duced plasma LIP , were successfully used to
w xcorrect for ablation-rate differences 23 . How-

ever, if the extent of elemental fractionation is
different for different samples, these normaliza-
tion techniques fail, and matrix matching is
required.

w xRecently, Gagean and Mermet 29 reported
poor Cu calibration for a series of brass samples
during LA-ICP-AES experiments. The authors
reported an enhancement of Zn signal intensity
as Zn concentration in brass increased, resulting
in non-linear calibration plots for this element.
This enhancement was suppressed, however, when
Nd:YAG laser at 266 nm and high power density
above 80 GWrcm2 were used for laser ablation.
In their discussion of possible reasons for poor
calibration data, the authors stated that sample
origin and sample structure, related to thermal
treatment during sample preparation, may have
influenced the observed behavior.

Ž .LA-ICP mass spectrometry MS of binary
Cu]Zn alloys was investigated in this work to
further address the non-linear calibration issue.
Significant differences in physical properties, such
as melting and boiling temperatures of Cu and
Zn make these binary alloys ‘difficult’ samples for
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laser ablation. The approach in this work was to
first establish laser ablation conditions where the
ZnrCu ratio of the ablated mass was close to
stoichiometric. Secondly, we studied whether ele-
mental fractionation was the same or different for
alloys with different ZnrCu ratio in the bulk.

w xThirdly, as reported by Gagean and Mermet 29 ,
we sought to determine if the non-linear calibra-
tion behavior for Cu and Zn was attributed to
different thermal treatment and different origin
of the samples. Thus, the basis of this work is to
study how different laser ablation conditions
affect Zn and Cu calibration behavior. In this
case, three laser systems: a ns excimer, and a ns
and ps Nd:YAG laser were used for ablation of
the brass alloys. The binary Cu]Zn alloys were of
the same origin with similar thermal treatment to
exclude possible origin-related differences in the
samples. Crater volumes, after repetitive ablation
of a sample, were measured with a white-light
interferometric microscope, and these data were
used to relate the amount of ablated mass with
ICP-MS signal intensities.

2. Experimental

The experimental system includes three laser
Ž .systems, a PQ3 VG Elemental inductively cou-

Ž .pled plasma mass spectrometer ICP-MS
equipped with simultaneous mode detector, and

an ablation cell. The lasers include: a Nd:YAG
Ž . ŽNew Wave Research frequency quadrupled 266

.nm with a 6-ns pulse width, a KrF excimer
Ž .Lambda Physik with a 30-ns pulse width at 248

Ž .nm, and a Nd:YAG Continuum frequency
Ž .doubled 532 nm with a 35-ps pulse width.

Instrumentation and experimental conditions used
in this work are summarized in Table 1. The laser
beam was attenuated prior to focusing and trans-
ferred to a sample surface by means of series of
mirrors. A plano-convex lens with a nominal focal
length of 20-cm was used in the ablation experi-
ments with the KrF and the ns and ps Nd:YAG
lasers. All lasers were operated at 10 Hz repeti-
tion rate. The laser beam energy from the ns
Nd:YAG laser was adjusted with a built-in optical
attenuator. Due to the fact that this beam was
only 2 mm in diameter, an optical beam expander
was used before the lens to achieve better focus-
ing of the beam onto the sample surface. The KrF
excimer laser beam energy was attenuated with a
series of beam splitters placed in the beam path
to give a final energy for ablation of approxi-
mately 1.0 mJrpulse. The beam energy from the
ps Nd:YAG was adjusted using a variable wedge

Ž .attenuator Model 935-10, Newport Corporation .
The laser beam spot diameter was measured by

Žusing a single laser pulse with low energy approx.
.200 mJ to cause melting on a single crystal Si

sample. Ablation craters were measured using a
Žwhite-light interferometric microscope New View

Table 1
Instrumentation and laser-ablation experimental conditions

Laser systems KrF excimer Nd:YAG Nd:YAG

Pulse duration 30 ns 6 ns 35 ps
Ž .Energy mJ 1.25 1.10 1.00

2Ž .Power density GWrcm 1.71 2.30 168.0
Ž .Repetition rate Hz 10 10 10

Ž .Wavelength nm 248 266 532
Ž .Detection system Quadrupole ICP-MS PQ3,VG elemental

Ž .Power W 1350
Ž .Plasma Ar gas flow rate lrmin 14
Ž .Auxiliary Ar gas flow rate lrmin 0.8

Ž .Carrier Ar gas flow rate lrmin 0.9
Ž .ICP-MS dwell time ms 24

Ž .Intensity integration time s 6
63 64Analytes Cu 69.09% abundant, Zn 48.6% abundant
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.200, Zygo Corporation . The software, supplied
with this microscope allows crater parameters
such as depth, width, and volume to be
determined. Crater volume, above and below a
reference surface, can be determined. In this
work, net ablated crater volume is defined as the
volume below a reference surface minus the
volume above this surface. The sample surface,
not ablated by laser irradiation, was used as the
reference. Considerable effort was made to
achieve a uniform laser beam profile and craters,
which could be reliably measured. If laser power
density was too high and spot size too small,
crater aspect ratio and a very sharp rim surround-
ing a crater, did not allow for the reliable volume
data to be measured.

A description of the ablation chamber can be
w xfound elsewhere 30 . Samples were placed on an

XYZ translation stage with manual controls. ICP-
MS signal intensity data were acquired in the
time-resolved mode during continuous ablation
on a single sample surface, using time-resolved

Ž .analysis TRA software supplied with the instru-

Table 2
ŽCu]Zn binary alloys composition Glen Spectra Reference

.Materials

Samples: Cu]Zn Cu wt.% Zn wt.%
binary alloys

Sample a1 51.48 48.52
Sample a2 55.6 44.4
Sample a3 60.6 39.3
Sample a4 65.2 34.7
Sample a5 69.5 30.5
Sample a6 74.8 25.2
Sample a7 82.0 18.0
Sample a8 85.1 14.9
Sample a9 89.5 10.5
Sample a10 93.8 6.2

ment. Due to the transient nature of the signal
from laser ablation, a short dwell time of 24
msrpeak and single peak per isotope were used
throughout these experiments. In most cases, data
reduction was performed by averaging signal in-
tensities over 6-s time intervals, unless otherwise
specified. The reported data represent an average

Fig. 1. Zn64rCu63 signal intensity ratio after 120 s of pre-ablation, normalized to certified bulk ratio, as a function of KrF excimer
laser power density.
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of laser ablation on three, randomly selected
areas on the sample surface. ICP-MS operating
parameters were optimized to provide a sufficient
number of counts without saturating the detector
Ž .operated in a pulse counting mode , achieved by
changing the voltages applied to the ion-optic
elements. This procedure was necessary because
isotopes of the major elements in the samples
were analyzed.

Samples used in this study were a suite of 10
Žbinary copper]zinc alloys Glen Spectra Refer-

.ence Materials, England of various composition.
Zn concentration in these samples ranged from

Ž .6.2 to 48.5 wt.% see Table 2 for details . The
samples were polished and kept in an evacuated
dessicator.

3. Results and discussion

3.1. Thirty nanosecond KrF excimer laser ablation

Fractionation during laser ablation of brass is a
well-known phenomenon. In fact brass probably
represents a worst case for analytical purposes,
but an ideal case for studying laser ablation

Ž . Ž .Fig. 2. Calibration curves for Cu A and Zn B with 120 s of pre-ablation as a result of ablation of binary Cu]Zn alloys with KrF
excimer laser.
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mechanisms because the degree of fractionation
significantly depends on the laser power density.
The data in Fig. 1 show the dependence of
Zn64rCu63 ICP-MS signal intensity ratio on laser
power density for several copper]zinc binary
alloys during KrF excimer laser ablation. The
data are normalized to the certified ratio in each
of the samples. At low power density, the mea-
sured ratios are significantly larger than the stoi-
chiometric values, indicating a high degree of
fractionation at these power densities. The degree
of fractionation for samples with different compo-
sitions also can be different, however, no clear
trend was seen for these samples at low power
densities. As power density increases to greater
than ;0.2 GWrcm2, the ratio decreases and
reaches certified values, indicating no significant
fractionation at the higher laser power densities.
This power density region would be ideal for
chemical analysis. To minimize andror eliminate
fractionation and study calibration behavior in
this work, a KrF excimer laser power density
larger than 0.2 GWrcm2 was used.

Copper and Zn calibration plots, obtained dur-
ing laser ablation of these binary alloys at power
density of 1.7 GWrcm2 are shown in Fig. 2.
ICP-MS Cu signal intensity is almost independent
of Cu concentration in these samples, whereas Zn
signal intensity non-linearly increases with Zn
concentration. Similar behavior of calibration
graphs was recently reported by Gagean and

w xMermet 29 . The measured non-linearity of cali-
bration plots for Cu and Zn in these alloys is an
interesting phenomenon from a fundamental
point of view.

ICP-MS ion counts from both Cu and Zn iso-
topes, measured during ablation of these binary
alloys, is defined here as the total ion count, and
is assumed to be proportional to the amount of

Ž .ablated massrunit time ablation rate . The valid-
ity of this assumption depends on the transport
efficiency of the ablated mass. Transport effi-
ciency is determined by the particle size distribu-
tion. It is assumed that particle size distribution
does not significantly change for the suite of
Cu]Zn binary alloys. The total ion count, as a

Fig. 3. ICP-MS total ion counts as a function of ZnrCu ratio in the sample after 120 s of pre-ablation with KrF excimer laser.
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function of ZnrCu ratio in each sample, is shown
in Fig. 3. The total ion count increases with
increasing Zn concentration in the binary alloys
for the same laser power density. Assuming
transport efficiency is similar, the ablation rate is
different for the suite of binary Cu]Zn alloys,
increasing with increasing Zn concentration. From
these data, it follows that the amount of ablated
mass must be a function of sample composition,
possibly explaining the Zn and Cu calibration
non-linearities.

Reference to an internal standard is frequently
used in chemical analysis to correct for differ-
ences in laser ablation sampling efficiency and
instrument response. Different ablation rates,
observed in the suite of alloys can be compen-
sated for by normalization of experimental data
to the signal intensity of a matrix element. When
Cu was used as an internal standard, a linear

Ž 64 63calibration curve ICP-MS Zn rCu intensity
.ratio vs. certified ZnrCu ratio in the sample for

Zn with correlation coefficient, R2, of 0.998 and
slope of 1.10"0.01 was measured. These data

demonstrate how internal standardization suc-
cessfully corrects for different ablation rates in
the series of binary Cu]Zn alloys.

3.2. Thirty-fi¨e picosecond Nd:YAG laser ablation

Laser ablation using ps pulses provides
w xenhanced sensitivity and improved accuracy 24 .

Power density dependence of ZnrCu ratios mea-
sured during ps-laser ablation is significantly dif-
ferent from ablation with the 30-ns excimer laser
pulses. ICP-MS ZnrCu ratios, normalized to the
certified bulk levels, during ablation with ps-laser
are shown in Fig. 4 for three alloys. The ZnrCu
ratios increase slightly as laser power density in-
creases, but the ratios for different samples follow
each other more closely than in the ns-laser case
Ž . 2cf . Fig. 1 . At power densities above 10 GWrcm ,
the ratio composition is stoichiometric.

Providing that ps-pulsed laser ablation mecha-
nisms are different than those from longer ns-
pulses, one may expect that calibration curves for
the suite of binary CurZn alloys may be differ-

Fig. 4. Zn64rCu63 signal intensity ratio after 60 s of pre-ablation, normalized to the certified ratio in the bulk, as a function of
power density during ps-Nd:YAG laser ablation with 532-nm pulses.
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ent. However, when the signal intensities for Cu
and Zn were plotted against their concentration
in the sample, non-linear calibrations also were
observed, as shown in Fig. 5. The calibration
curve for Cu had a negative slope; signal intensity
decreased as Cu concentration in the sample
increased. On the other hand, Zn signal intensity
was significantly enhanced as Zn concentration in
the sample increased. The non-linear calibration
behavior is very similar to that shown for 30-ns-

Ž .pulsed excimer laser ablation cf. Fig. 2 despite
significant differences in laser ablation conditions
and mechanisms.

As in the case of ns-pulsed excimer laser abla-
tion, a good calibration curve can be obtained by
rationing the Zn signal intensity to that of Cu. A
calibration, presented as Zn64rCu63 intensity
ratio as a function of ZnrCu concentration ratio,
with slope of 0.998"0.01 and correlation coeffi-
cient, R2, of 0.996 was achieved.

3.3. Six nanosecond Nd:YAG laser ablation and
crater measurements

The non-linear behavior of Cu and Zn in these
binary alloys was investigated further using a 6-ns

Ž . Ž .Fig. 5. Calibration curves after 60 s of pre-ablation for Cu A and Zn B as a result of ablation of binary Cu]Zn alloys with
ps-Nd:YAG laser.
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Table 3
64 63Ž .Calibration plots Zn rCu vs. ZnrCu concentration ratio

for analysis of Cu]Zn binary alloys after different ablation
atimes

Ablation Slope Correlation
2Ž .time s coefficient R

10 0.553"0.007 0.996
30 0.526"0.006 0.998
45 0.543"0.005 0.999

a Cu is used as an internal standard. Laser energy and
power density are, respectively, 1.10 mJ and 2.3 GWrcm2.

pulsed Nd:YAG laser. In this case, the spatial
profile of the laser beam was expanded and aper-
tured so that its spatial profile was essentially a
top-hat power distribution. The improved beam
quality of this laser insures that the energy den-
sity is constant across the diameter of the spot,
which facilitates measurement of the craters in

Ž .the samples cleaner crater . A strong time
dependence of Cu and Zn signals, for both ICP-
AES and MS detection, during continuous laser

w xablation is well documented 26,31 . Thus, it is

Ž . Ž .Fig. 6. Calibration curves for Cu A and Zn B as a result of ablation of binary Cu]Zn alloys. Five second integration time after
Ž . Ž . Ž .10 v , 30 I , and 45 % s of ablation with ns-Nd:YAG laser.
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important to investigate the effect of this time
dependence on analytical calibration and ensure
that the non-linear behavior is not a manifesta-
tion of time. Cu and Zn calibration curves are
plotted for 5-s integration intervals at the differ-
ent times of 10, 30, and 45 s after the start of

Ž .ablation Fig. 6 . As seen from the data in Fig. 6,
Cu signal intensity does not increase with Cu
concentration in the samples in contrast to the
non-linear increase of the Zn signal, as its con-
centration in the series increases. At 10 s of
ablation, the Cu signal is almost independent of
Cu content in the sample. As ablation time in-
creases, Cu calibration graphs gain a negative
slope, especially seen by examining the Cu behav-
ior after 45 s of ablation. At the same times the
shape of the Zn calibration plots becomes more
non-linear with an increasing value for a second
order coefficient using polynomial curve fitting
equation. This behavior cannot be attributed to
changes in degree of fractionation at different
ablation times; Zn64rCu63 ratios did not change
with time for each of the alloys at this laser power

Ž .density. However, for each case time when Zn
signal intensity was rationed to that of Cu, linear
calibration curves were established; Table 3 sum-
marizes these results. It is clearly seen that Cu
can be used as an internal standard for Zn analy-
ses in these Cu]Zn samples despite the non-lin-
ear behavior of the individual species. Thus, by
rationing the Zn signal intensity to that of Cu,
correction for different ablation behavior in these
difficult alloys is achieved.

One way to investigate the behavior of the Cu
and Zn in these alloys is to measure the volume
of the craters formed after laser ablation. A typi-
cal depth profile across a crater, formed after 45 s
of repetitive ablation at power density of 2.3
GWrcm2, is shown in Fig. 7. Craters are charac-
terized by a relatively flat bottom with evidence of
melting and a sharp rim. The laser power density
of 2.3 GWrcm2 was used to ensure measurable
craters and to provide stoichiometric ablation. If
power density is increased by decreasing the spot
size, deep narrow craters with a sharp tall rim
makes volume measurements difficult, especially
for longer sampling times.

Fig. 7. Cross-section profile of a crater, formed after 45 s of
repetitive ns-Nd:YAG laser ablation of Cu]Zn alloy sample,
measured with a white-light interferometric microscope.

Laser ablation craters were measured for all
the binary Cu]Zn alloys used in this work. A
good correlation was established between the
total ICP-MS ion count for both Cu and Zn

Ž .isotopes and the net crater volume data Fig. 8 .
Due to the transient nature of laser ablation,
total counts were calculated as an integrated sig-
nal intensity for both Cu and Zn isotopes over 45

Žs of laser ablation, minus background signal
.recorded with no laser ablation . The volume

measurements represent the average of three
craters in each of the 10 different samples. These
data demonstrate how the signal intensity is in-
fluenced by sample-specific changes in the amount
of ablated mass, i.e. the ablation rate. The amount
of ablated mass is different for different samples,
increasing with increasing Zn concentration in
the samples.

The mass ablation rate was examined for sam-
Žples with high and low Zn concentration sample

.nos. 2 and 10 in more detail. Laser ablation
craters, after laser ablation with 1, 5, 10, 50, 200,
and 500 laser pulses, were used to determine the
mass ablation rate. Densities of 8.4 and 8.8 grcm3

were used in converting volume data to mass,
respectively, for samples nos. 2 and 10. Results
are summarized in Table 4. The mass ablation
rate depends on sample composition, and is
approximately 3.5 times less for samples with
lower Zn contents. Addition of Zn to the Cu
matrix improves the mass ablation rate. Forma-
tion of a rim, defined as the mass above the
sample surface, is essentially the same for the two
samples. Properties of the molten layer such as
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Fig. 8. Correlation between total ion counts and a net crater volume after repetitive ns-Nd:YAG laser ablation of the suite of
Cu]Zn binary alloys. Data corresponding to samples nos. 1 and 10 are indicated on the graph.

depth, surface tension, and area of the molten
pool determine crater shape and thus the amount
of mass re-solidified into a rim.

Measurements of crater volume clearly demon-
strate that the amount of ablated mass is a strong
function of the Cu]Zn alloy composition. This
mass-ablation rate dependence causes the non-
linearity of calibration curves for Cu and Zn as
shown in Fig. 6. A decrease in the amount of
ablated mass with increasing Cu concentration in
the samples results in a zero or even negative
slope for Cu calibration curves, depending on the
ablation time. In contrast, Zn signal from samples
with larger Zn concentration is enhanced due, to
increased amounts of mass entering the ICP. As

Ž .shown in Fig. 9 A , the net crater volume linearly
correlates with the ZnrCu ratio in the samples.
Based on this behavior, one can estimate the

Table 4
Ž .Coefficient g ngrpulse , mass ablation rate, for equation:

UMasssg Pulse Number, during ns-Nd:YAG laser ablation
aof two Cu]Zn binary alloys

Ž .Mass ng Sample a2: Sample a10:
55.6% Cu, 93.8% Cu,
44.4% Zn 6.2% Zn

Above the surface 1.27"0.05 1.52"0.03
Below the surface 6.2"0.1 2.9"0.1
Net ablated mass 5.0"0.2 1.4"0.1

a Laser power density is 2.3 GWrcm2.

approximate shape of calibration curves for Zn
and Cu as a result of laser ablation of these
alloys. Defining M as a total ablated mass, the
correlation between ablated mass and Zn-to-Cu
certified concentration ratio, R, is given by:
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Ž .Msaqb=R 1

with a and b coefficients determined from
experimental data to be 0.67"0.05 mg and 1.6"
0.1 mg, respectively. During laser ablation of these
binary Cu]Zn alloys, the total mass M is equal to
m qm , where m and m are, respec-Zn Cu Zn Cu
tively, the mass of ablated Zn and Cu. Providing

Žthat the ablation is stoichiometric which is accu-
.rate at the power density used here , the ratio

m rm is proportional to the ZnrCu concen-Zn Cu
tration ratio in a sample. Because the signal
intensity for Cu and Zn is proportional to ablated
mass, one can show that:

aqb=R Ž .I sB=m sB= 2Cu Cu Rq1

Ž .aqb=R =R Ž .I sA=m sA= 3Zn Zn Rq1

I AZn Ž .s =R 4I BCu

where I and I are the ICP-MS signal intensi-Zn Cu
ties from Zn and Cu isotopes, A and B are
correlation coefficients, and R is the certified
ZnrCu ratio. Coefficients A and B incorporate

Ž . Ž . 63 Ž . 64 Ž . Ž .Fig. 9. Amount of laser ablated mass mg A and integrated signal intensity for Cu v and Zn I B as a function of ZnrCu
Ž . Ž .certified ratio in a sample. Solid lines in B are results of fitting experimental data with Eqs. 2 and 3 , respectively, for Cu and Zn.

Total ablation time was 45 s.
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instrument sensitivity, mass transport from the
ablation site to the torch, differences in ionization
efficiencies of Zn and Cu in the ICP-MS, and
abundances of corresponding isotopes.

Total signal intensities, integrated over 45 s of
63 64 Ž .ablation, for Cu and Zn are shown in Fig. 9 B

as a function of ZnrCu certified level in the
samples. Mass ablation dependence on sample
composition can be demonstrated by fitting exper-

Ž . Ž .imental data with Eqs. 2 and 3 , using coeffi-
cients A and B as the variables and values for a
and b , determined from the linear fit with Eq.
Ž .1 . Results of fitting these experimental data are

Ž .shown in Fig. 9 B as solid lines. Coefficients A
Ž . 7and B are equal to 18.3"0.6 =10 countsrmg

Ž . 7and 9.5 " 0.3 = 10 countsrmg, respectively.
These data clearly indicate that difficulties in
establishing good calibration plots for Cu and Zn
during ablation of binary alloys are solely due, to
a sample-dependent mass ablation rate even dur-
ing stoichiometric ablation. Linear dependence of
mass ablation rate on Zn-to-Cu ratio in these
samples can be compensated for by signal nor-
malization procedures, utilizing Cu as an internal

Ž .standard. From Eq. 3 , it follows that the ratio of
Zn signal intensity to that of Cu is independent of
the amount of ablated mass and is determined by
the ratio of coefficients A and B. The ArB

Ž . Ž .ratio, based on fitting with Eqs. 2 and 3 , equals
an 0.52 " 0.03. When experimental data for
ZnrCu signal intensity ratio was plotted as a
function of ZnrCu certified concentration ratio

Ž 2 .in these samples, linear correlation R s0.998
was established with a slope of 0.537"0.005.
Both values, one directly determined from a slope
and the other indirectly derived from ArB ratio,
are in excellent agreement.

Successful application of an internal standard-
ization method to chemical analysis of multi-com-
ponent samples requires knowledge of the inter-
nal standard concentration in the standards and
in the samples. Unfortunately, this information is
not always available, especially for unknown sam-
ples. On the other hand, differences in mass
ablation rate can be compensated for by normal-
ization of experimental intensity data to total
mass removed from a sample surface during
repetitive laser ablation. Here, total ablated mass

was determined from crater volume measure-
ments. When ablated mass was used for signal
intensity normalization, linear calibration plots,
defined as

I Ž .sd=C 5M

were established. I is integrated Cu63 or Zn64

Ž .signal intensity counts , M is amount of ablated
Ž .mass mg , and C is Cu or Zn concentration

Ž . Ž . 6 Žwt.% . Slopes, d , of 1.89"0.03 =10 and 1.02
. 6"0.02 =10 , and linear correlation coefficients,

R2, of 0.901 and 0.997 were observed, respec-
tively, for Cu and Zn calibration. These data
clearly demonstrate that despite different mass
ablation rates, characteristic of these binary
alloys, linear Cu and Zn calibrations can be
established if one knows the amount of ablated
mass. From these data and linear calibration plots

Ž .for Cu and Zn, based on Eq. 5 , it seems that
particle size distribution does not significantly
change for the suite of binary Cu]Zn alloys.
Poorer calibration-curve linearity for Cu than for
Zn probably comes from narrow dynamic range in
Cu concentrations.

The reasons for this mass-ablation-rate behav-
ior are not well established; several factors are
likely to play a role. Laser-energy losses due, to
heat diffusion into a bulk, energy converted into
acoustical waves, energy carried away by a vapor,
absorbed, scattered, and reflected by a sample
surface and laser-induced plasma energy can all
effect the mass ablation rate. The thermal con-
ductivity, which determines heat dissipation into
the bulk, for these binary alloys is a non-linear

w xfunction of sample composition 32 . These
changes in thermal conductivity are, thus, unlikely
to explain the observed ablation-rate differences
for these Cu]Zn alloys. As Zn concentration in
the samples increases, melting temperature al-
most linearly decreases. Melting temperature
difference for the alloys with the lowest and the
highest Zn concentration is approximately 2008C,
changing from approximately 10508C for the sam-
ple with the lowest Zn concentration to approxi-
mately 8508C for the sample with the highest Zn
concentration. Assuming that the same amount of
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laser energy is coupled to each sample, the depth
of the molten pool will be effected by the thermal
characteristics of a sample. Assuming that ejec-
tion of molten particles is a significant contribu-
tion to the laser ablation mechanism, more mass
will be removed from the sample with the lower
melting temperature. However, the different
reflectivity of these samples probably plays a sig-
nificant role in determining the amount of laser
energy coupled to each sample surface. To the
best of our knowledge, reflectivity data for this
suite of binary Cu]Zn alloys is not available,
although, reflectivity is expected to change during
the laser pulse, further complicating the energy
absorption behavior.

4. Conclusion

Non-linearity in calibration graphs during laser
ablation of binary Cu]Zn alloys was found to be
due to a change in the mass ablation rate, which
was related to the relative concentration of Zn
and Cu in these alloy samples. An increase of Zn
concentration in the bulk samples resulted in an
increase in the amount of ablated mass, thus the
addition of Zn to brass matrix improves mass
ablation rate, probably due to lowering melting
temperature of the alloy. Determination of mass
ablation rates was done by measuring ablation
crater volumes with a white-light interferometric
microscope. The amount of ablated mass was a
linear function of the certified ZnrCu ratio in the
suite of binary alloys. This dependence explains
Zn and Cu calibration-curve non-linearity,
reported here and by other researchers. The re-
sults were independent of laser pulse width, and
were shown to be similar for 30 ns, 6 ns, and 35 ps
laser pulses.

Good calibration for the analysis of Cu]Zn
binary alloys was possible when signal normaliza-
tion procedures were used. Two normalization
procedures were used in this work, one with Cu
as an internal standard and another, external
standardization with the amount of ablated mass
as an indicator of ablation efficiency. When Zn
signal intensity was normalized to that of Cu,
linear calibration curves were observed; here, Cu

signal intensity corrects for changes in an amount
of ablated mass. Different mass ablation rates,
characteristic to these alloys, can also be compen-
sated for if one knows an amount of mass ablated
and transported to the ICP torch. In this work,
amount of ablated mass was determined from
crater volume measurements. When integrated
signal intensity for Cu63 and Zn64 was normalized
by an amount of ablated mass, linear calibration
curves were observed. These results indicate that
both normalization procedures can be success-
fully used in analysis of these samples. Although
the understanding of brass ablation has been
improved, from a practical viewpoint, routine
analysis may still be a problem if knowledge of
the internal standard concentration is not avail-
able or if external standardization procedures are
not available.

Good stoichiometry of ablated mass was
achieved during ablation of all 10 binary Cu]Zn
alloys at high power densities, despite the differ-
ences in ablation mechanism, characteristic to
each of the laser systems used in this work.
Although Zn and Cu ICP-MS signal intensities
exhibit strong time dependence during continu-
ous laser ablation at these high power densities,
Zn-to-Cu ratios do not change with time and
remained constant. For future work, it will be
interesting to study craters at different laser abla-

Žtion conditions such as power density and pulse
.duration , to determine if conclusions made in

this work about the sample-dependent mass abla-
tion rate hold true at various laser ablation condi-
tions.
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