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In order to measure tungsten isotopic composition in presolar stardust grains that contain a limited number
of atoms, we developed a new three-photon three-color resonance ionization scheme using
titanium:sapphire lasers and the Laser lonization of Neutrals (LION) instrument at Lawrence Livermore
National Laboratory. The first two transitions can be easily saturated, while approximately 84% of
available atoms can be ionized in the third transition with our current laser irradiance. When ionizing

from the ground state, measurements demonstrate a W useful yield of 14.4% + 1.6%. Experiments that
Received 29th September 2022 intenti 1l fl q l th to simulat tential iati duri vsi
Accepted 20th December 2022 intentionally cover a range of laser power and wavelength to simulate potential variations during analysis
show that laser-induced W isotopic fractionation, if it occurs, is within measurement error. Overall, this

DOI: 10.1039/d2ja00320a new W resonance ionization scheme can be employed in future studies of atom limited samples to

rsc.li/jaas obtain W isotopic measurements.
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1. Introduction

Heavy element isotopic analyses of stardust grains are vital to
understanding heavy element nucleosynthesis in stars. Presolar
stardust grains are micrometer-sized grains that condense from
stellar gaseous ejecta.'” Therefore, the isotopic compositions of
stardust record a snapshot of nucleosynthesis in a star at
a specific moment in its evolution. Isotopic compositions of
heavy elements (e.g., Sr, Zr, Mo, Ba) in stardust grains have
elucidated s-process (slow rate of neutron capture relative to p-
decay) nucleosynthesis.*® For example, obtaining isotopic
compositions of Zr in stardust is important for constraining the
stellar conditions that favor neutron capture or B-decay at *°Zr,
a branching point in the s-process as it lies between two stable
isotopes (**Zr and °°Zr) and has a relatively long half-life of 64
d.® Similar to **Zr, '®*W is a branching point in heavy element s-
process nucleosynthesis with a half-life of 59 d,* under typical
s-process conditions of 3 x 10® K and an electron number
density of 3 x 10%® cm .

Obtaining W isotopic data from stardust grains presents
many challenges. Because the vast majority of the larger-sized
stardust grains are only a few um in diameter, micro-analytical
tools are required for analyses. These techniques must have
high useful yield (ions detected per atom consumed)
because W is present in extremely low concentrations in star-
dust grains. Tungsten enrichment in SiC stardust grains is
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approximately a factor of 10 relative to CI chondrite composi-
tion, or ~1 ppm.*™" Tungsten measurements in stardust
grains are inherently more difficult than Zr because the
abundance of W in the universe is two orders of magnitude
lower than Zr."

In fact, the one study that has investigated W in stardust
grains' used secondary ionization mass spectrometry (SIMS).
However, these analyses were largely performed on grain
aggregates instead of single grains due to spot-size limitations
of SIMS; only five exceptionally large individual stardust grains
that had at least one dimension ranging between 7 and 26 um
were analyzed as single grains.

Fortunately, resonant ionization mass spectrometry (RIMS)
is an analytical technique that has been utilized to analyze
heavy element (e.g., Sr, Zr, Mo, Ba) isotopic compositions in
stardust grains due to its high spatial resolution, sensitivity,
and useful yield.*® Previous theoretical and experimental
studies have established resonant ionization wavelengths
for W;"” our aim in this work is to develop a practical reso-
nance ionization scheme (RIS) scheme for the demanding
micro-analytical study of W isotope ratios within individual
stardust grains. We present a new three-photon three-color W
RIS scheme and demonstrate its useful yield and isotopic
accuracy for this application.

2. Methods

2.1. Samples

Tungsten metal foil and W cast metal (assumed to be terrestrial
isotopic composition) were used to develop the RIS and to
evaluate useful yield. Both samples were polished with 2000 grit
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sandpaper to ensure a flat surface and cleaned in isopropanol
before being mounted on sample stubs with carbon tape.

2.2. RIMS

All RIMS measurements were conducted on the LION instru-
ment at Lawrence Livermore National Laboratory. Details on
RIMS, the LION instrument, and data evaluation have been
previously published.**?* For all analyses, an IonOptika liquid
metal ion gun with a 15 keV Ga' ion beam focused to ~1 pm and
oriented at an incident angle of 60° from the surface normal
was used to sputter material with either a 10 or 20 um square
raster. After the primary ion pulse, secondary ions were ejected
from the system by applying a 5000 V pulse to the sample. Then,
three tunable titanium:sapphire (Ti:Sa) lasers tuned to W
resonance ionization wavelengths and collimated at ~1.5 mm
full-width half mass (FWHM) were pulsed through the sput-
tered neutrals to ionize W atoms. These photoions were then
extracted into the time-of-flight mass spectrometer and sepa-
rated by their mass-to-charge ratios, before being detected in
ion counting mode on a MagneTOF™ (ETP ion detect®)
discrete dynode detector. The repetition rate of the mass spec-
trometer was 1 kHz.

2.3. Wavelength scans

Initially, one Ti:Sa laser was tuned to the published first tran-
sition wavelength that has been shown experimentally and
theoretically to excite neutral W atoms (Fig. 1)."*** The first
transition and ionization potential (25983.61 cm ' and 63
427.7 em™ ', respectively) were previously published in ref. 14.
However, these published transitions were established using
dye lasers and the short wavelength of the second transition has
a relatively high energy per photon, which could result in high
backgrounds in RIMS analyses of solids.

Therefore, we selected a second excited state and auto-
ionizing (AI) state suited for the Ti:Sa lasers in the LION
instrument. To determine the second excited state, the longest
accessible wavelength (to avoid noise) with a A = +1 transition
was obtained from the NIST Atomic Spectra Database.”> To
investigate transitions to Al or Rydberg states, we performed
coarse wavelength scans around the ionization potential
determined by ref. 14. Then, fine wavelength scans were con-
ducted around the wavelengths, at which 63 480.27 cm™" yiel-
ded the highest ionization efficiency.

We performed high resolution scans around the second
transition and AI state wavelengths to confirm the optimal
wavelengths for Ti:Sa lasers to 1 pm resolution. We systemati-
cally scanned the wavelength of the transition of interest while
fixing the laser wavelengths for the other two transitions. These
scans were performed at 195 mW, 150 mW, and 1200 mW for
the first, second, and third transitions, respectively. Every two or
three wavelength scans were bracketed by repeating the
measurement at a given wavelength. We collected the total
number of W atoms ionized for each isotope (180, 182, 183, 184,
and 186) for a fixed number of laser pulses (5000 laser pulses for
the first and second transitions; 2000 laser pulses for the third
transition). To negate any systematic variation during the run
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Fig. 1 Tungsten resonance ionization scheme presented in this
work. First and ionizing transition (IP) wavelengths are after ref. 14.
The second and autoionizing (Al) transition wavelengths are from this
study.

that may affect the ionization, we normalized the sum of W ions
for each scanned wavelength by the average number of W ions
from the bracketing measurements. Optimal wavelengths for
each transition were chosen based on ionization efficiency and
the sensitivity of the ion yield to changes in wavelength.

2.4. Saturation curves

Saturation curves (observed ion signal as a function of irradi-
ance) were constructed to determine the optimal laser power for
each transition. The power of two of the lasers were fixed at their
maxima while the third was varied randomly. As in the wave-
length scans, bracketing was used to avoid drift in the number
of atoms sputtered over time.

2.5. Useful yield

To calculate the useful yield, the W sputter yield was measured.
First, the sample surface was cleaned using a 20 pm X 20 um
raster of a continuous 15 keV Ga* beam at 8 nA for one minute
to remove the top WO, layer. Then, a 20 um x 20 um pit was

This journal is © The Royal Society of Chemistry 2023
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Fig.2 Representative images of pits sputtered into (A) W metal foil and
(B) W cast metal. The depth (um) is color-coded according to the
depth of the pit relative to the sample surface. Square edges around
the pits are a remnant of the step-size used by the ZeGage optical
interferometer to image the pit.

sputtered into the sample (Fig. 2). This was repeated for a total
of five pits. The Ga" ion current was measured using a Faraday
cup and picoammeter. A ZeGage optical interferometer (Zygo
Corp.) was used to determine the volume of each pit. Useful
yield measurements were then made by collecting 5000 mass
spectra in pulsed mode using a 300 ns Ga' pulse for each
spectrum (Table 1).

3. Results

3.1. Transition wavelengths

Wavelength scans for each transition are shown in Fig. 3. The
optimal wavelengths for the first through third transitions are
384.858 nm (°D, — °F;), 407.469 nm (°F; — °D,), and
771.908 nm (°D, — Al), respectively (Fig. 1). Peaks centered
around each optical wavelength are quite broad. The first and
second transitions have symmetrical peaks ~19 and ~36 pm
FWHM, respectively. The third transition has a FWHM ~34 pm,
and a distinguishable adjacent peak at longer wavelength.

View Article Online
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3.2. Saturation parameters

To determine the optimal laser irradiance for each transition,
the normalized ion signals were fit to a first-order rate model:*

;1
N = N + Nopay | 1 — s (1)

where N is the measured signal, N; is the measured signal at
zero irradiance, N, is the maximum signal, I is the laser
irradiance, and I, is the saturation irradiance of the transition.
As a general rule of thumb, laser irradiance more than three
times the saturation irradiance (corresponding to ~95% of the
maximum signal) results in little extra signal while increasing
non-resonant backgrounds in complex sample matrices, which
ultimately increases measurement uncertainty.*

The saturation data and first-order rate model fits for all
three transitions are shown in Fig. 4. Optimal irradiances for
each transition are summarized in Table 2.

3.3. Useful yield

The sputtering yield for both the W metal foil and cast metal
samples is 3.3 (Table 1). The calculated useful yield ranges from
12.8-16.4% for the W metal foil and 11.2-16.3% for the W cast
metal. Overall, the sputtering and useful yields of W metal foil
and cast metal are nearly identical. The average useful yield
calculated from both the W metal foil and cast metal is 14.4% +
1.6% (1 standard deviation). Implantation of Ga' ions during
sputtering was not taken into account when calculating the
useful yield.

4. Discussion

Wavelength scans at each transition confirm the optimal
wavelength for the first transition™ and second and Al transi-
tions (Fig. 1). The wavelength scans show broad peaks centered
around the optimal wavelengths (Fig. 3). Therefore, the

Table 1 Calculated sputter and useful yields for W metal foil and cast metal samples

Crater number Sputtering yield” Useful yield?*
Polished W metal foil 1 3.6 12.8%
2 3.4 13.4%
3 3.2 14.8%
4 3.3 14.3%
5 2.9 16.4%
Average 3.3 14.3%
Standard deviation 0.2 1.2%
Polished W cast metal 1 2.9 16.3%
2 4.0 11.2%
3 3.0 15.8%
4 3.2 14.6%
Average 3.3 14.5%
Standard deviation 0.4 2.0%
All W metal data Average 3.3 14.4%
Standard deviation 0.3 1.6%

“ W atoms sputtered per incident Ga* ion. ” Number of W ions detected per W atom consumed. © See Table 2 for laser parameters.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Wavelength scans for all three transitions. The laser bandwidths
were ~10 nm (FWHM) for the first and second transitions and ~20 nm
for the third transition. Normalized W counts refers to the sum of W
ions for each scanned wavelength normalized by the average number
of W ions from the bracketing measurements. Data collected are
shown as circles and solid lines are super Gaussian least-squares fit
through the data which we used to estimate FWHM. For the third
transition, data points associated with the adjacent second peak were
not incorporated in the model fit. Dashed lines represent the wave-
lengths chosen for the resonance ionization scheme.
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Table 2 Optimal laser run parameters

Laser” Wavelength (nm) Power (W) Diameter”* (mm) Pulse width? (ns) Irradiance? (MW cm?)
W(1) 384.858 0.033 1.24 11.4 0.24
W(n) 407.469 0.135 1.09 29.0 0.50
W () 771.908 1.373 1.35 11.2 8.56

“ The pulse repetition rate for all lasers was 1 kHz. Roman numerals refer to the step in the ionization process (see Fig. 1). * The full width half
maximum. ¢ Average of major and minor axes; ellipticities ranged from 0.83 to 0.90. ¢ Irradiance calculated at 95% of the maximum signal for
each transition.

wavelengths of the lasers could be allowed to vary over the scans were conducted using the maximum laser irradiance
course of an analysis by several picometers without a significant available. Broad peaks are beneficial during analyses because
loss of signal. The peaks are broad because the wavelength laser wavelengths can vary slightly as a function of time. At
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Fig. 5 Plots comparing measured W isotopes varying wavelength and 95% maximum laser power (saturation irradiance) associated with power for
the first transition, which are representative of scans performed for all three transitions. Graphs compare the W isotope ratio normalized to #4W with
varying (A) wavelength and (B) laser power. Plots (C) and (D) show 182 183 186w normalized to 4w, denoted as 6*WY,. The §*W9, are the permil
deviations from solar W isotopic abundance, which is the assumed composition of the W samples. These plots compare the 6184W%0 with varying
wavelength and laser power, respectively. Squares are the W isotopic data with one sigma errors. The dashed lines show either the optimal
wavelength (384.858 nm) in the first transition or the saturation irradiance. The colored horizontal lines show the linear fit to the data with a 95%
confidence band. Because W is present in such low abundance (0.12% solar abundance), the §'8°W9, data are not presented due to the high
scatter and large uncertainties. Graphs (A) and (C) were conducted using lasers powers of 185 mW, 605 mW, and 1.2 W for the first through third
transitions, respectively. Graphs (B) and (D) were conducted using laser parameters listed in Table 2 but varying the laser power for the first transition.
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Table 3 Precision of measured isotope ratios during power scans for each transition using the laser parameters listed in Table 2. Laser power
with one of the transitions was varied while the laser powers for the other two lasers were kept constant

Autoionizing
First transition Second transition state
Isotope ratio Number of analyses 13 17 2
Power scanned 109 557 1500
(mw)
180wyt 8 W Average 0.004 0.004 0.005
1 SD 0.001 0.001 0.002
Uncertainty 25% 25% 40%
MSWD 1.4 0.55 0.68
B2yt Average 0.85 0.85 0.82
1 SD 0.020 0.017 0.12
Uncertainty 2.4% 2.0% 15%
MSWD 1.2 1.2 1.3
1w/ W Average 0.48 0.50 0.51
1SD 0.012 0.025 0.054
Uncertainty 2.5% 5.0% 11%
MSWD 0.84 3 0.5
8oyt w Average 0.89 0.91 0.90
1SD 0.023 0.029 0.11
Uncertainty 2.6% 3.2% 12%
MSWD 1.3 1.9 0.98

lower power, such as those determined to be optimal (approx-
imately three times the saturation power) the peak widths
would be expected to be narrower.

4.1. Isotope ratio accuracy and precision

It is important to establish whether the W RIS scheme results in
laser induced isotopic fractionation. Fig. 5 shows W isotope
ratios as functions of power and wavelength (Table 3). It is
unsurprising that the "**W/'®'W ratios are the least precise
given that '®°W is the least abundant W isotope (the five
isotopes of W have solar abundances of 0.12% '*°W, 26.5%
182\, 14.31% %W, 30.64% '%*W, and 28.43% '**W; Table 3);?
however, the slopes of the lines fit to the data are close to zero,
showing minimal W isotopic fractionation with varying power
or wavelength (Fig. 5).

The W isotope ratios are normalized to “~°*W and presented
as ¢-values (permil deviations from the solar isotopic compo-
sition). The 6'**WY,, value shows a slight enrichment relative to
solar (e.g., greater than one) while the even isotope ratios
(6"*WY, and 6'**W9,) show a slight depletion (Fig. 5d). The
relative enrichment of odd isotopes in RIMS analyses is
a phenomenon known as the “odd-even” effect.***** Owing to
hyperfine splitting, odd isotopes have more paths to ionization
than even isotopes and ionize at a faster rate. This can favor the
ionization of odd isotopes relative to even isotopes even in
nominally saturated transitions, since atoms in the wings of the
laser power distribution will not experience saturation irradi-
ance. This can cause small odd-even fractionation during RIMS
analyses. The enhancement seen in '®*W is significantly less
than the well-documented enhancement of odd isotopes for
resonance ionization of Gd, Ti, and 0s.>*****®* When analyzing
samples of unknown composition small isotopic fractionations
such as these are easily corrected by normalization with

184
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standard materials. The important point here is that, as shown
in Fig. 5, the small changes in 6*W9, occur over very large laser
power and wavelength variations. Over the course of an anal-
ysis, the Ti:Sa lasers are stable within a few mW in power and
=2 pm in wavelength. Therefore, the measured isotopic ratios
will not drift and standard normalization will correct for the
small isotopic fractionation inherent in the resonance ioniza-
tion process.

5. Conclusions

This work presents a new RIS scheme for W using three tunable
Ti:Sa lasers as determined by conducting spectroscopic surveys
and saturation measurements. The first two transitions can be
easily saturated, while approximately 84% of the maximum
expected signal can be saturated in the third transition. Tung-
sten isotopic measurements show that small variations in laser
power or wavelength do not result in variations in measured
isotope ratios. The same W sputtering and useful yields (3.3
atoms sputtered per Ga' ion and 14.4%, respectively) calculated
from sputtering two different W samples show that the removal
and ionization of W is consistent between different materials.

Though previous studies determined wavelength transitions
experimentally (e.g., spectroscopic surveys) or computationally,
this work fills the void of a W RIS scheme necessary for
investigating W isotopic compositions preserved in material.
For instance, this new high-efficiency W RIS scheme will be
implemented to measure W isotopic measurements of presolar
stardust grains to provide information on heavy element
nucleosynthesis.
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