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Abstract: The effects of varying the pulse energy of a picosecond laser used in the pulsed-laser atom-probe
~PLAP! tomography of an as-quenched Ni-6.5 Al-9.5 Cr at.% alloy are assessed based on the quality of the mass
spectra and the compositional accuracy of the technique. Compared to pulsed-voltage atom-probe tomography,
PLAP tomography improves mass resolving power, decreases noise levels, and improves compositional accuracy.
Experimental evidence suggests that Ni2�, Al2�, and Cr2� ions are formed primarily by a thermally activated
evaporation process, and not by post-ionization of the ions in the 1� charge state. An analysis of the detected
noise levels reveals that for properly chosen instrument parameters, there is no significant steady-state heating
of the Ni-6.5 Al-9.5 Cr at.% tips during PLAP tomography.
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INTRODUCTION

Pulsed-laser atom-probe ~PLAP! tomography permits atom-
probe tomography ~APT! with increased mass resolving
power and pulse repetition rate, and allows the study of
materials with poor electrical conductivity ~Tsong, 1978;
Kellogg & Tsong, 1980; Kellogg, 1987!. PLAP tomography
extends the range of study of the APT technique, though
there are some inherent drawbacks, such as inaccurate quan-
titative results that can arise due to the complexity of the
evaporation mechanism ~Smith et al., 1982!. Additionally,
surface diffusion can occur if heating of samples is excessive
under laser illumination. PLAP tomography has become an
increasingly popular technique for the study of metals and
semiconductors ~Larson et al., 2004; Cerezo et al., 2007a;
Gault et al., 2007a; Kelly et al., 2007; Kelly & Miller, 2007!,
thus a quantitative understanding of the effects of pico- or
femtosecond laser pulsing on the evaporation behavior of
investigated materials is essential to obtain physically mean-
ingful results.

The extant theories of field evaporation, the image
hump theory ~Müller, 1956!, and the charge exchange theory
~Gomer, 1959, 1961; Gomer & Swanson, 1963! were success-

ful in predicting both the correct charge state of evaporat-
ing atomic species and the electric fields required for
evaporation, though refinement was required ~Brandon,
1966a; Tsong, 1978!. The ionic model upon which these
theories are based treats the temperature dependence of the
evaporation field to be exclusively from the heat of sublima-
tion, which, from Kirchhoff ’s equation, displays very little
temperature dependence from absolute zero to the melting
point of metals ~Zemansky, 1957!. Hence, the ionic model is
incapable of explaining the observed experimental temper-
ature dependencies of the evaporation field, as the calcu-
lated values of the evaporation field in the literature are
essentially 0 K values. While no fully satisfactory theoretical
treatment of field evaporation is currently available ~Miller
& Smith, 1989; Tsong, 1990!, modification of the image
hump theory of field evaporation led to an expression for
the temperature sensitivity of the evaporation field at con-
stant evaporation rate ~Brandon, 1964, 1965, 1966a!. Bran-
don predicted an increase in the rate of evaporation with
increasing temperature—predictions that were validated ex-
perimentally ~Brandon, 1966a; Southon, 1968; Tsong &
Müller, 1970; Ernst, 1979; Kellogg, 1981a, 1982; Wada, 1984;
Miller & Smith, 1989!. Currently, the mechanism by which
laser pulsing induces field evaporation remains somewhat
controversial, particularly for femtosecond laser pulsing ~Ce-
rezo et al., 2006, 2007b; Vella et al., 2006; Vurpillot et al.,
2006; Bunton et al., 2007; Gault et al., 2007b!. We note that
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there is convincing evidence of heating of the tip under
laser illumination with picosecond pulsing in other fields,
such as scanning tunneling electron microscopy ~Gerstner
et al., 2000; Grafstrom, 2002!. The theoretical and experi-
mental work performed to measure the temperature rise
due to laser illumination in field-ion microscopy has been
reviewed in detail ~Miller et al., 1996!, though more work
remains to be done, particularly for the new generation of
atom probes using pico- and femtosecond laser pulsing.

In pulsed-voltage APT, variables such as sample prepa-
ration, instrument specifications, and the instrumentation
parameters selected to evaporate ions, contribute to the
quality of the data collected. Material- and specimen-
dependent parameters, such as the evaporation behavior of
the phases being studied and the crystallographic direction
being examined, are also of critical importance and must be
considered on a material-by-material basis. With the contin-
ued improvement in both instrument capability and sample
preparation techniques ~Bunton et al., 2007; Cerezo et al.,
2007a; Kelly & Miller, 2007; Seidman, 2007a, 2007b!, opti-
mization of data quality must be performed by fine-tuning
the instrumentation parameters, specifically ~1! the speci-
men base temperature; ~2! the pulse fraction, the ratio of
the pulse voltage to the steady-state voltage; ~3! the speci-
men evaporation rate, the number of ions evaporated per
pulse; and ~4! the pulse repetition rate. This has been
performed extensively for pulsed-voltage atom-probe mi-
croscopy; see, for example, Yamamoto & Seidman, 1982,
1983; Herschitz & Seidman, 1983, who used a time-of-flight
atom-probe field-ion microscope ~Hall et al., 1977!. Little,
however, has been published on the quantification of the
effects of the controllable experimental parameters in PLAP
tomography ~Smith et al., 1982!, particularly for the new
generation of high-performance instruments employing ul-
trafast pico- or femtosecond lasers. The instrumentation
parameters for PLAP tomography are the same as those for
pulsed-voltage APT, though the pulse fraction is replaced by
the effective pulse fraction, which is not a directly tunable
instrumentation parameter. The effective pulse fraction is
defined as one minus the ratio of the steady-state tip voltage
during laser-assisted data acquisition to the steady-state dc
tip voltage required to field evaporate ions from a specimen
at a rate of 103 ions per second ~Bunton et al., 2007!. The
laser adds a further degree of complexity by introducing
instrumentation variables such as the laser pulse energy,
spot diameter, wavelength, and pulse widths. In the case of
the LEAP 3000X SiTM instrument used in this study, these
variables have been set by the instrument manufacturers
~Bunton et al., 2007!, with the exception of the laser pulse
energy, which remains a variable instrumentation param-
eter under the control of the experimentalist.

It has been demonstrated that decreasing the laser
pulse repetition rate and increasing the shank angle of
specimen tips improves mass resolving power, m/Dm, the
signal-to-noise ratio, S/N, and the compositional accuracy
of PLAP tomography for materials with small values of the

thermal diffusivity ~Bunton et al., 2007; Cerezo et al., 2007b!;
the thermal diffusivity is equal to the ratio of the thermal
conductivity to the product of the density and the specific
heat at constant pressure. Little work has been performed to
model the field evaporation of atoms in concentrated alloys
because the relevant thermodynamic quantities are gener-
ally unknown ~Miller & Smith, 1989!, though some pioneer-
ing work was performed to model the field evaporation of
solute atoms in dilute alloys of iron ~Brandon, 1966b!. The
present study determines the effects of the laser pulse en-
ergy on the evaporation behavior of a concentrated model
Ni-Al-Cr superalloy. The quality of the mass spectra and the
compositional accuracy obtained for the same specimen,
with varying picosecond pulse energies, are compared at
constant base specimen temperature. These results are com-
pared with those of a test of the effect of specimen base
temperature on the evaporation behavior of the Ni-Al-Cr
alloy, conducted by performing pulsed-voltage APT at dif-
ferent tip temperatures.

MATERIALS AND METHODS

Ni-6.5 Al-9.5 Cr at.% solid solutions were homogenized at
1573 K for 20 h, solutionized at 1123 K for 3 h then water
quenched to room temperature. The as-quenched solid
solutions did not contain g '-precipitates, and the chemical
composition of the as-quenched samples was measured by
inductively coupled plasma ~ICP! atomic-emission spectros-
copy to be Ni-6.24 Al-9.64 Cr at.%. Pulsed-laser and pulsed-
voltage APT were performed employing an Imago Scientific
Instrument’s local-electrode atom-probe ~LEAPTM! tomo-
graph ~Bajikar et al., 1996; Kelly et al., 1996; Kelly & Larson,
2000!, and APT data were analyzed employing the IVAS�
3.0 software program ~Imago Scientific Instruments, Madi-
son, WI, USA!.

The data presented herein are obtained from two Ni-
6.5 Al-9.5 Cr at.% tips: the first was analyzed by PLAP
tomography to study the effects of the laser pulse energy,
while the second tip was analyzed by pulsed-voltage APT to
study the effects of specimen base temperature on the
evaporation behavior of the Ni-Al-Cr alloy. Datasets of ;5
million atoms were collected for each laser pulse energy and
specimen base temperature studied, and the first 0.5 million
atoms were discarded due to the initial instability of evapo-
ration upon application of the pulsed-laser or pulsed-
voltage source. The depth of analysis of the datasets collected
by pulsed-laser APT was constant at 21 6 3 nm, with
cross-sectional areas of 3,8006 300 nm2, as determined by
calculations based on the theoretical density of this alloy,
with the tip radius estimated from the evaporation field of
pure Ni at 73 K. PLAP tomography was performed at a
constant specimen base temperature of 40 6 0.3 K and
ambient pressure of ,6.7 � 10�8 Pa, a pulse repetition rate
of 200 kHz, a specimen evaporation rate of 0.04 ions per
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pulse, and laser energies of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, or
2.0 nJ. A laser with a wavelength of 532 nm, a pulse duration
of ;12 ps was used. Pulsed-voltage APT at a specimen base
temperature of 40 6 0.3 K was performed after the PLAP
tomography runs at laser pulse energies of 0.6, 1.0, or 2.0 nJ
to study the cumulative long-range effects of laser pulsing
on the alloy composition.

Pulsed-voltage APT of a second tip was performed at a
constant background pressure of ,6.7 � 10�8 Pa, a pulse
repetition rate of 200 kHz, a voltage pulse fraction ~pulse
voltage/steady-state DC voltage! of ;19%, a constant evap-
oration rate of 0.04 ions per pulse, and specimen base
temperatures of 40, 60, 80, 100, 125, 150, or 175 6 0.3 K.
The depth of analysis of the datasets collected by pulsed-
voltage APT was constant at 276 2 nm, with cross-sectional
areas of 2,200 6 200 nm2, as determined above. The
steady-state tip voltages required to achieve a specimen
evaporation rate of 0.04 ions per pulse for both pulsed-laser
or pulsed-voltage APT are shown in Figure 1. We note that

the tips had different initial radii of curvature and taper
angles, and hence, under the same field evaporation condi-
tions, the specimens required different steady-state voltages
to evaporate atoms at the same rate. As such, results from
the two Ni-Al-Cr tips studied herein are not comparable in
a quantitative manner, though trends in the evaporation
behavior provide insights into the effects of the picosecond
laser pulse energy. The differences in the tip shapes and
dimensions were such that the evaporation rates of the two
tips differed when normalized to the effective area sub-
tended by the detector. Normalized evaporation rates of
1.16 0.1 � 10�5 ions pulse�1 nm�2 and 1.8 6 0.2 � 10�5

ions pulse�1 nm�2 were achieved for pulsed-laser and pulsed-
voltage APT, respectively.

Ni-Al-Cr samples in the as-quenched state were studied
to avoid g '~L12!-precipitation due to the problems associ-
ated with differences in the evaporation fields of the atomic
species in the g~ face centered cubic!-matrix and g '-
precipitate phases. No g '-precipitates are detected in the
APT reconstructions, though partial radial distribution
functions ~Sudbrack et al., 2006a! of the as-quenched
samples indicate small Ni-Al ordered domains, which evolve
into g '-precipitates upon subsequent aging. We note that
deconvolution of the overlapping 27Al1� and 54Cr2� peaks
was performed based on the relative abundances of Cr
isotopes. The standard errors, 2s, for all quantities are
calculated based on counting statistics and reconstruction
scaling errors, using standard error propagation methods
~Parratt, 1966!, and represent two standard deviations from
the mean.

RESULTS AND DISCUSSION

Mass Spectra

Figure 2 shows a comparison of the mass spectra obtained
by PLAP tomography with laser energies of ~a! 0.2 nJ per
pulse and a steady-state tip voltage of 7.40–7.70 kV, ~b! 1.0 nJ
per pulse and a tip voltage of 8.0–8.3 kV, and ~c! 2.0 nJ per
pulse and a tip voltage of 6.55–6.85 kV. The amount of
noise increases with increasing laser pulse energy; the per-
centage of evaporation events that are detected in expected
ranges decreases from 97.24% at 0.2 nJ, to 95.15% at 1.0 nJ,
to 93.96% at 2.0 nJ. We note that at a laser pulse energy of
2.0 nJ, the mass-to-charge state, m/n, spectrum is populated
by numerous metal hydride peaks, particularly Ni1� hy-
drides, and unexpected peaks at m/n ratios that correspond
to hydrides, oxides, and metal ion clusters, which are prob-
ably a result of overheating of the tip. Because these peaks
affect the quality of the compositional data obtained by
PLAP tomography, laser energies greater than 1.0 nJ per
pulse should be avoided for this alloy to minimize back-
ground noise and undesirable peaks. A section of the m/n
range displaying the Ni2� peaks is presented in Figure 3, to
highlight both the improved m/Dm values of PLAP tomog-

Figure 1. The steady-state dc voltage applied to the tip to main-
tain a specimen evaporation rate of 0.04 ions per pulse for a Ni-6.5
Al-9.5 Cr at.% alloy is shown as a function of ~a! the laser pulse
energy applied in PLAP tomography at a specimen base tempera-
ture of 406 0.3 K and a pulse repetition rate of 200 kHz, and ~b!
the specimen base temperature used in pulsed-voltage APT at a
pulse repetition rate of 200 kHz and a pulse fraction of ;20%.
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raphy when compared to pulsed-voltage APT, and the im-
proved m/Dm values at higher laser pulse energies.

The most striking feature of Figures 2 and 3 is the
dramatic change in the m/n ratios of the evaporating spe-

cies with increasing laser pulse energy. The relative frequen-
cies of the Ni2� peaks from the data set collected at a laser
energy of 2.0 nJ per pulse ~Fig. 3! are nearly two orders of
magnitude less than the relative frequencies of the Ni2�

peaks at 0.2 nJ per pulse. The Ni atoms are observed to
evaporate as Ni1� ions with increasing regularity as the laser
pulse energy is increased. This trend is observed to hold for
all the atomic species to varying degrees ~Fig. 4!. While Ni

Figure 2. A comparison of the mass spectra obtained by PLAP
tomography with laser pulse energies of ~a! 0.2 nJ per pulse at a tip
voltage of 7.40–7.70 kV, ~b! 1.0 nJ per pulse at a tip voltage of
8.0–8.3 kV, and ~c! 2.0 nJ per pulse at a tip voltage of 6.55–6.85 kV.
The frequencies of detected events are normalized to the number
of events detected in the most populous m/n bin. The m/n ratios
of the evaporating species change by over four orders of magni-
tude with increasing laser pulse energy. At a laser pulse energy of
2.0 nJ per pulse, the m/n spectrum is populated by numerous
hydrides, oxides, and metal ion clusters peaks, which are a result of
overheating and are undesirable.

Figure 3. A section of the m/n range showing the Ni2� peaks,
highlighting both the improved mass resolving power of PLAP
tomography when compared to pulsed-voltage APT, and the im-
proved mass resolving power with increasing laser pulse energy.
The relative frequencies of the Ni2� peaks from the data set
collected at a laser pulse energy of 2.0 nJ per pulse are nearly two
orders of magnitude smaller than the relative frequencies of the
Ni2� peaks from the set collected at 0.2 nJ per pulse.

Figure 4. The ratio of the ions detected in the 2� charge state to
those detected in the 1� charge state, as a function of laser pulse
energy. The Ni and Al ions appear to have similar evaporation
behavior, whereas Cr atoms evaporate exclusively as Cr2� until the
laser energy reaches 1.0 nJ per pulse.
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and Al have similar evaporation behavior in terms of the
m/n ratio, Cr evaporates exclusively as Cr2� until the laser
energy reaches 1.0 nJ per pulse, at which point the trend of
the Cr2�/Cr1� ratio with increasing laser pulse energy is
similar to that of Ni2�/Ni1� and Al2�/Al1�. Similar trends
have been observed previously for other materials such as
pure W, Si, Ni, Rh, Mo, Re, Ir, and Pt ~Kellogg, 1981b, 1982,
1987; Cerezo et al., 2007b!. High charge states on the order
of 5� and 6� were detected for 5d transition metals
evaporated at very high electric fields ~Müller & Krish-
naswamy, 1976!.

It was previously suggested that field evaporated ions
with lower than predicted m/n ratios were a result of post-
ionization of desorbed ions by an electron tunneling mecha-
nism similar to that involved in field ionization of gas atoms
above the surface of the tip ~Müller & Tsong, 1969; Forbes,
1976; Nakamura & Kuroda, 1977; Haydock & Kingham, 1980;
Kingham, 1982!. It was reasoned that the increased electric
field required to maintain a constant evaporation rate at
smaller laser pulse energies led to progressively more post-
ionization of atoms, and to the appearance of lower m/n
ratios. In Kellogg’s PLAP tomography experiment with tung-
sten, for example, the ions field evaporated predominantly
as W3� at voltages greater than 3.6 kV, while they evaporated
as predominantly W2� at voltages less than 2.9 kV ~Kellogg,
1981b!. For the Ni-Al-Cr alloy studied here, when the laser
pulse energy is varied between 0.4 and 1.0 nJ, the Ni2�/Ni1�

and Al2�/Al1� ratios both decrease by more than two orders
of magnitude. Over this range of laser pulse energies, the tip
voltage required to maintain an evaporation rate of 0.04
ions per pulse only varies between 8.15 and 8.30 kV. Given
that the applied electric field varies by no more than 2%
over this range of laser energies, it is difficult to ascribe the
dramatic changes in the charge state ratios exclusively to
post-ionization. Additionally, if post-ionization is responsi-
ble for the higher charge states, the conditions required to
post-ionize Ni1� and an Al1� ions differ significantly from
those required to post-ionize Cr1�. Thus, it may be that
post-ionization is not solely responsible for the change in
the charge state of the evaporated species in the Ni-Al-Cr
alloy. We note that the average depth of the datasets was
216 3 nm, thus the change in the radius of curvature, which
affects the local electric field at the tip surface, is not respon-
sible for a decrease in the ratio of the Ni2�/Ni1� and Al2�/
Al1� of more than four orders of magnitude over the range
of pulse energies studied herein.

Previous work with PLAP tomography at constant
steady-state tip voltage and varying specimen base temper-
atures showed that temperature had no effect on the m/n
ratio of evaporating species ~Kellogg, 1981b, 1982!. These
results were interpreted to mean that the activation energies
of desorption for ions of different charge states are identical
and thus provided evidence for the post-ionization model.
To quantify the importance of post-ionization in our model
ternary alloy, a test at a constant specimen evaporation rate
of 0.04 ions per pulse and varying specimen base tempera-

ture was performed for a second Ni-6.5 Al-9.5 Cr at.% tip
to understand the effect of specimen base temperature on
the evaporation behavior of this model Ni-Al-Cr alloy. The
mass spectra from pulsed-voltage APT for specimen base
temperatures ranging from 40–125 6 0.3 K do not exhibit
any evidence of evaporation of any of the atomic species in
the 1� charge state. At specimen base temperatures of 150
and 1756 0.3 K, however, when the tip voltage is a constant
5.26 0.2 kV, Ni1� ions are detected and increase in relative
frequency of occurrence with increasing temperature ~Fig. 5!.
Thus, Ni atoms at specimen base temperatures below 150 K
seem to field evaporate as Ni2� ions and do not result from
post-ionization of Ni1� ions. For the evaporation condi-
tions employed herein, Ni1� ions field evaporate by a ther-
mally activated process at temperatures of ;150 K and
greater. Neither Al1� nor Cr1� ions are detected by pulsed-
voltage APT, suggesting that, for the given evaporation
conditions, the base specimen temperatures chosen herein
are insufficient for evaporation of these ionic charge states.
From these results, the change in the abundances of the
charge states with increasing laser pulse energy in PLAP
tomography ~Fig. 4! may be partly or completely due to
thermally activated field evaporation of ions in the 1�

charge state at the higher tip temperatures that result from
laser illumination.

Compositional Accuracy: Effects of Laser Energy

The concentrations of Ni, Al, and Cr measured by PLAP
tomography as a function of laser pulse energy are pre-
sented in Figure 6 and clearly demonstrate that the mea-
sured composition of the alloy differs with increasing laser

Figure 5. The relative frequencies of the Ni1� peaks at specimen
base temperatures of 125, 150, and 175 6 0.3 K, at a constant
steady-state dc tip voltage of 5.2 6 0.2 kV. The increase in the
relative frequency of Ni1� ions with increasing specimen base
temperature suggests that the evaporation of Ni1� ions occurs by a
different thermally activated mechanism than the evaporation of
Ni2� ions.
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pulse energy. Interestingly, the alloy composition differs
from both the nominal composition obtained by ICP chem-
ical analysis, and the values measured by pulsed-voltage
APT after the PLAP tomography runs at laser pulse energies
of 0.6, 1.0, and 2.0 nJ. The compositions measured by
pulsed-voltage APT were found to be 82.94 6 0.08 Ni,
6.986 0.02 Al, and 10.076 0.03 Cr at.% and did not vary

beyond experimental error. Even at the largest laser pulse
energy, 2.0 nJ, the laser power has no cumulative, long-
range effect on the tip composition.

The compositions measured by PLAP tomography are
closer to the nominal composition of the alloy than those
measured by pulsed-voltage APT of the same tip at 40 6
0.3 K ~Fig. 6!. Previous studies of Ni-Al-Cr alloys by pulsed-
voltage APT showed evidence of preferential field evapora-
tion of Ni atoms resulting in differences between the expected
and measured Ni concentration of 2.7 at.% for Ni-5.23
Al-14.77 Cr at.% ~Schmuck et al., 1996!, and 3.0 at.% for
Ni-5.2 Al-14.2 Cr at.% ~Sudbrack, 2004; Yoon, 2004; Sud-
brack et al., 2006b, 2007; Booth-Morrison et al., 2008!.
These differences are greater than the 1.18 6 0.08 at.% Ni
measured here by pulsed-voltage APT. At a pulse energy of
0.6 nJ, the difference between the nominal Ni concentration
and the value measured by PLAP tomography is 0.226 0.14
at.%, suggesting that for the experimental conditions used
herein, preferential evaporation is less severe in PLAP tomog-
raphy than in voltage-pulsed APT, leading to improved
compositional accuracy. The value of the effective pulse
fraction at a laser pulse energy of 0.6 nJ per pulse is ;20%,
which is close to the pulse fraction of ;19% that was
determined to minimize preferential evaporation in Ni-
Al-Cr systems in a pulsed-voltage APT ~Schmuck et al.,
1996; Sudbrack, 2004; Yoon, 2004!. In both pulsed-voltage
and PLAP tomography, the pulse fraction, or effective pulse
fraction, respectively, has been recognized as the most im-
portant instrumentation parameter for controlling preferen-
tial evaporation; values of 15–20% are often cited as giving
the most accurate compositional results ~Bunton et al.,
2007!. In the case of PLAP tomography, an excessive effec-
tive pulse fraction can lead to overheating of the specimen
tip, causing diffusion on the tip surface and resulting in a
loss of spatial resolution ~Kellogg & Tsong, 1980; Miller
et al., 1996; Cerezo et al., 2007b!.

The most striking feature of Figure 6 is the variation of
the concentrations of the constituent elements with laser
pulse energy during PLAP tomography. At laser pulse ener-
gies of 0.2–0.6 nJ, the measured Ni concentration increases,
and the Al and Cr concentrations decrease, with increasing
pulse energy. This suggests that the severity of Ni preferen-
tial evaporation decreases with increasing laser pulse en-
ergy, leading to a decrease in the detected concentration of
solute atoms. At laser energies greater than 0.6 nJ per pulse,
the Ni and Al concentrations do not vary beyond the
experimental error. The measured Cr concentration in-
creases with increasing pulse energy at energies of 1.0 nJ per
pulse and greater. At a laser pulse energy of 2.0 nJ, the Cr
concentration has increased by a statistically significant
0.116 0.08 at.% Cr value over the value obtained for 0.6 nJ
per pulse. The increase in the Cr concentration at 1.0 nJ per
pulse and greater coincides with the evaporation of Cr1�

~Fig. 4!. This effect cannot be ascribed to post-ionization
but may be a result of a thermally activated evaporation
mechanism for Cr1�.

Figure 6. Variation in the detected composition of as-quenched
Ni-6.5 Al-9.5 Cr at.% as a function of laser pulse energy ~solid
line! compared to the concentration measured by pulsed-voltage
APT ~dashed line! and the nominal composition of the alloy
~dotted line!. Preferential evaporation of Ni is responsible for the
inaccuracy in the concentrations measured by pulsed-laser and
pulsed-voltage APT.
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Compositional Accuracy—Effects of Specimen Base
Temperature

The effect of varying the specimen base temperature on the
alloy composition measured by pulsed-voltage APT is dis-
played in Figure 7. The measured Ni concentration in-
creases with increasing temperature, reaching the nominal
composition at a temperature of 175 6 0.3 K. Over the
specimen base temperature range of 40–175 6 0.3 K, the
measured Al concentration remains constant, while the Cr

concentration decreases by 1.43 6 0.04 at.% Cr. As the
specimen base temperature increases, and the tip voltage
reaches a plateau value ~Fig. 1a!, and Ni preferential evapo-
ration is diminished, while the preferential evaporation of
Cr increases. This is a result of differences in the required
evaporation fields of Ni and Cr at different temperatures.

Analysis of Events Detected at Mass-to-Charge State
Ratios of 100–300 amu

An analysis of the events detected at m/n ratios between
100–300 amu, ranges where peaks are neither expected nor
observed for this Ni-Al-Cr alloy, provides some insight into
random field evaporation due exclusively to the steady-state
dc tip voltage. Figure 8a shows that for PLAP tomography,
the extent of random evaporation is directly proportional to
the steady-state dc tip voltage and does not increase with

Figure 7. Variation of the detected composition of as-quenched
Ni-6.5 Al-9.5 Cr at.% as a function of specimen base temperature
by pulsed-voltage APT. At higher temperatures, preferential evap-
oration of Ni is less severe, while preferential evaporation of Cr is
more severe.

Figure 8. The relative frequency of detected events between 100–
300 amu, as a function of ~a! laser pulse energy in PLAP tomogra-
phy and ~b! specimen base temperature in pulsed-voltage APT.
The amount of noise measured by PLAP tomography is directly
proportional to the tip voltage and does not increase with increas-
ing laser pulse energy, thus increasing thermal energy. On the
contrary, the noise measured by pulsed-voltage APT increases as
the specimen base temperature increases. This result demonstrates
that the Ni-Al-Cr tips are not affected by significant steady-state
heating during PLAP tomography.
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increasing pulse laser energy, and concomitantly increasing
input thermal energy. The events detected in this same mass
range for pulsed-voltage APT increase in frequency with
increasing specimen base temperature ~Fig. 8b! as a result of
the decrease in the evaporation fields required for evapora-
tion of the atomic species. This direct experimental result
demonstrates clearly that results from PLAP tomography
with picosecond laser pulsing for this Ni-Al-Cr alloy are not
affected by significant steady-state heating of the tip. This is
consistent with previous calculated estimates of the increase
in tip temperature on the order of 200–300 K due to laser
illumination ~Kellogg, 1981a; Cerezo et al., 2006! and esti-
mates of tip cooling times that are on the order of hundreds
of nanoseconds ~Lee et al., 1980!.

The relative frequency of detected evaporation events
with m/n ratios between 100–300 amu in the three pulsed-
voltage APT measurements made between pulsed-laser analy-
ses averaged 1.36 0.1% of the total spectrum at an average
tip voltage of 10.5 6 1.0 kV. This should be compared to a
value of 1.06 0.1% of the total spectrum measured for the
same tip, run by PLAP tomography at a steady-state dc
voltage of 8.0–8.3 kV, for a laser energy of 0.6 nJ per pulse,
and an equivalent pulse fraction of ;20%. Evaporation
between pulses is less severe in PLAP tomography due to
the lower steady-state dc voltage required to achieve a field
evaporation rate of 0.04 ions per pulse, minimizing the
preferential evaporation of Ni, as previously discussed.

SUMMARY

The effects of picosecond laser pulse energy on the compo-
sitional accuracy and the quality of the mass spectra ob-
tained for as-quenched Ni-6.5 Al-9.5 Cr at.% solid solutions
analyzed by PLAP tomography are assessed. For the condi-
tions used herein, it is found that when compared to pulsed-
voltage APT, PLAP tomography yields improved mass
resolving power and compositional accuracy and decreased
noise levels. The most accurate compositional results are
found at a laser pulse energy of 0.6 nJ per pulse, a specimen
base temperature of 40 6 0.3 K, a pulse repetition rate of
200 kHz, and a specimen evaporation rate of 0.04 ions per
pulse; these conditions correspond to an effective pulse
fraction of ;20%. An analysis of the events detected at m/n
ratios of 100–300 amu by PLAP tomography with varying
laser pulse energies shows no evidence for steady-state heat-
ing of the tips due to laser illumination.

The laser pulse energy is found to have an important
impact on the observed m/n values of the evaporated spe-
cies. The Ni1�, Al1�, and Cr1� ions are observed to evapo-
rate predominantly at higher laser energies, while at lower
laser pulse energies, Ni2�, Al2�, and Cr2� ions are predom-
inantly detected, an effect that had previously been ascribed
to post-ionization. The post-ionization model, however, is
unable to account for ~1! the decrease in the Ni2�/Ni1� and

Al2�/Al1� ratios by more than two orders of magnitude
when the laser energy is varied between 0.4–1.0 nJ per pulse
at steady-state tip voltages ranging from 8.15–8.30 kV;
~2! the detection of Ni1� ions in pulsed-voltage APT exclu-
sively at specimen base temperatures above 1506 0.3 K with
a constant steady-state dc tip voltage. The latter indicates
that the evaporation of Ni1� occurs by a thermally activated
process at higher temperatures, and thus it is unlikely that
the evaporation of Ni2�, Al2�, and Cr2� ions is due primar-
ily to post-ionization of ions in the 1� charge state.

This study demonstrates the importance of selecting
the correct instrumentation parameters to achieve composi-
tional accuracy for a Ni-Al-Cr alloy, analyzed by either
pulsed-laser and pulsed-voltage APT. A similar investigation
is recommended for all materials systems, particularly those
with small thermal diffusivities, prior to in-depth APT
analysis to achieve optimal evaporation conditions and the
highest degree of compositional accuracy.
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