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Abstract

Measuring the isotopic composition of trace Zr in presolar stardust grains allows us to study the environment of slow neutron-
capture nucleosynthesis in asymptotic giant branch stars. Here, we present a newly characterized Zr resonance ionization
scheme that can be saturated with state-of-the-art titanium-sapphire lasers and yields a useful yield of (5.4 +0.4)%. Resonance
ionization is achieved in two steps: after first being excited with a photon at 319.215 nm, neutral Zr atoms are then ionized
with a photon at 388.988 nm, where both wavelengths are reported as in vacuum.
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Introduction

Presolar grains, or “stardust” particles that are retrieved
from meteorites [1], condensed in the outflows of dying
stars and thus their isotopic composition recorded their par-
ent stars’ nucleosynthetic fingerprint. Acid-resistant preso-
lar phases, such as silicon carbide (SiC), are removed from
their meteoritic host by acid-separation, which is generally
followed by acid cleaning of the grains’ surfaces to remove
any residual meteoritic contamination. Analyses of these
cleaned micrometer-sized particles yield valuable insights
into stellar nucleosynthesis and galactic chemical evolution.
However, due to the small size of these grains (of order um),
trace element isotopic analyses of presolar grains require
suitable mass spectrometry techniques such as resonance
ionization mass spectrometry (RIMS), which is capable of
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detecting atoms that only occur in trace amounts. RIMS is
therefore ideally suited to analyze these atom-limited star-
dust grains. Most presolar SiC grains originate in asymptotic
giant branch stars that are up to a few times the mass of the
Sun. These stars are the hosts of the slow neutron-capture
process (also known as the s-process) and produce about
half the abundance of elements between Sr and Pb. “Slow”
neutron-capture refers to the case when neutron capture pro-
duces a p-unstable nucleus, which subsequently decays to
its stable daughter prior to capturing another neutron. How-
ever, branch points exist where the 3~ -unstable nucleus has a
long enough half-life that even slow neutron capture may be
competitive with p~-decay. One such nucleus is *Zr, which
has a half-life of 64 days. Neutron capture on *Zr yields
%7r, a stable nucleus. Analyzing the Zr isotopic composi-
tion of presolar grains thus enables studying the neutron
flux in a star during the s-process, which can be used as a
sensitive thermometer to study stellar evolution [2—4]. Due
to the low abundnace of Zr in presolar SiC grains and the
presence of interfering isotopes such as °>**+**Mo and *°Ru,
RIMS is the only technique to date that has been used to
successfully analyze individual stardust particles for their
isotopic Zr composition.

Our recent efforts to analyze Zr isotopes in presolar grains
using a previously published resonance ionization scheme
[3] gave unsatisfying sensitivity, resulting in low Zr counts
and hence large uncertainties. Here we present a newly
characterized Zr resonance ionization scheme accessible by
titanium-sapphire lasers.
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Experimental

All measurements presented here were performed on
high-purity Zr foil. RIMS analyses were performed using
the Laser Ionization Of Neutrals (LION) mass spectrom-
eter at Lawrence Livermore National Laboratory. An over-
view of RIMS can be found in [5] and specific details on
LION in [6]. In brief, Zr atoms were sputtered from the
foil using a pulsed 15 keV Ga't beam at 60° incidence.
For measurements, the ion beam was rastered over an area
of ~20x 20 pm. Secondary ions created during the sputter-
ing were cleared from the system by applying a brief voltage
pulse to the sample, which effectively ejects them from the
mass spectrometer. Neutral Zr atoms were then ionized using
titanium-sapphire lasers specifically tuned to Zr resonance
ionization transitions (Fig. 1). These photoions were then
extracted, separated, and detected in a time-of-flight mass
spectrometer. Arrival times of individual ions were recorded
using a time-to-digital converter (FastComTec MCS 8a).

Results and discussion
Zirconium resonance ionization scheme

The Zr resonance ionization scheme determined in this work
and detailed in the following sections is shown in Fig. 1.
Neutral atoms in the °F, ground state are excited to a >G,
state at 31,326.81 cm™' [7] using a photon at 319.215 nm.
From here, we performed a wavelength scan and detected
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Fig.1 Zirconium resonance ionization scheme chosen in this work
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two autoionizing (Al) states above the ionization potential
(IP). The state at 57,034.544 cm™' shown in Fig. 1 was ulti-
mately selected as superior for the reasons described below.
Details on laser parameters for the selected scheme are given
in Table 1. The Zr resonance ionization scheme presented
is very similar to the one by [8]. These authors however
provide no details about their scheme and the ionization
wavelength they report is slightly different from the one
determined in this work.

Wavelength scan of the ionization laser

To find a suitable ionization transition from the *G; interme-
diate state, we performed a wavelength scan between 387.5
and 390.5 nm in steps of ~50 pm. Note that all wavelengths
in this manuscript are reported in vacuum. Previous work
by our group indicates that this region should contain an
autoionization transition. For each peak identified within a
region, a finer wavelength scan in steps of ~5 pm was con-
ducted to determine the exact peak position and width of
the transition.

Figure 2 shows all wavelength scan measurements for
transitions originating from the 3G3 intermediate state in the
range 387.5-390.5 nm. Blue triangles represent the rough
wavelength scan. Because the count rate slowly drifted over
the measurement period, we applied a linear drift correction.
The peak at 388.988 nm was measured in the beginning of
the scan and at the end. Previous studies [9, 10] showed that
these count rate drifts are due to re-oxidizataion of the sur-
face and are mostly linear over the timescale of these scans.
The first and last measurements at 388.988 nm were thus
used to correct the acquired signal for count rate drifts. Red
circles and green squares show the finer wavelength scans
around the identified peak areas of interest.

The three scans shown in Fig. 2 were performed at differ-
ent times. Therefore, each scan was normalized to its highest
signal. Due to this normalization, the peak at 388.335 nm
and 388.988 nm appear to have equal intensity, though this
was not the case in absolute terms, which can be deduced
from the difference in saturation power.

The ionization step reported by [8] is 388.86 nm (in
vacuum). Figure 2 shows that the peak transition found in
this work is 128 pm further to the red. Pellin and Nico-
lussi [8] do not discuss the details of their Zr resonance

Table 1 Characterization of the Zr resonance ionization lasers

Wavelength in Pulse width ~ Bandwidth Saturation
vacuum (nm) (ns) (nm) irradiance (W
cm™?)
319.215 13 ~3 1.54 x 10°
388.988 14 ~5 1.98 x 10*
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Fig.3 Saturation curve measured for the first Zr resonance ionization
transition at 319.215 nm

ionization scheme aside from presenting it in a figure. The
origin of the difference compared to this work can there-
fore not be easily determined. One speculation is that a
transition with a full-width at half maximum of < 10 pm is
present at 388.86 nm. Our wavelength scan would not have
found such a transition. However, such narrow transitions
are generally not ideal for a stable ionization scheme, since
small variations in laser wavelength would result in large
signal fluctuations.

Wavelength (nm)

Saturation curves

An ideal ionization scheme requires, among other things,
that (1) the transition can be easily saturated and (2) that
the useful yield of the given transition is high. We record
saturation curves for the resonance transition (Fig. 3) and
for the two Al transitions (Fig. 4). These saturation curves
show the signal level with respect to the irradiance of the
laser transition of interest. The laser power for the transi-
tion under investigation was varied while the laser for the
transition from the ground state to the intermediate state was
held at constant power. Saturation curves are fitted with a
first-order rate model [11]:

o)
sat

where N, is the signal at zero irradiance, N,,,, the maxi-
mum signal,  the laser irradiance, and I, the saturation
irradiance of the transition. Note that the saturation irradi-
ance in Eq. (1) corresponds to a signal level of ~ 63% of the
maximum.

To account for variations in the amount of material sput-
tered from the Zr foil over time, the signal for each point in
the saturation curve was corrected by bracketing with meas-
urements made at standard laser powers. Figures 3 and 4
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show the saturation curves for the first resonance transition
to the intermediate state, and the two Al transitions found
during the wavelength scan, respectively. Parameters for the
fit to Eq. (1) are given in the figures. Note that N, is zero
within uncertainties for all fits and is thus omitted.

Fitting Eq. (1) shows that the first resonance transition is
saturated at an irradiance of 1.54 x 10° W cm™2 (Fig. 3). As
seen in Fig. 4, only the Al transition at 388.988 nm could be
saturated with our lasers. The saturation irradiance for this
transition is 1.98 x 10* W cm™2. The other, broader, ioniza-
tion transition could not be saturated with our system. Our
fit of Eq. (1) to the saturation curve estimates that a total
irradiance of 8.36 x 10* W cm™2 would be required, and
approximately half of the atoms are efficiently ionized at our
maximum laser power. We therefore selected the transition
at 388.988 nm as the preferred wavelength for Zr ionization.

Useful yield

Useful yield is defined as the number of ions detected
divided by the number of atoms consumed during analy-
sis. We standardized the conditions for ion detection as
10,000 measurements cycles (10 s @ 1 kHz) consisting of
300 ns Ga™ pulses followed by resonanance ionization and
detection. The number of Zr atoms consumed in a cycle is
then determined by the Ga* current and the sputtering yield,
s, which is the number of Zr atoms sputtered per Ga* atom
incident on the surface. The useful yield is then given by:
cXq,

Uy =
Sy X AT XTI XnXa, @

where c is the number of Zr ions counted in n measurement
cycles, g, is the elementary charge, At is the Ga* pulse dura-
tion at a current of /. Finally, a,, is the Zr concentration of
the sample surface. Gallium is implanted into the material
during sputtering, thus lowering the Zr concentration. In
equilibrium, the Zr surface concentration is expressed as

Sy

=Ty 3

y

The Zr sputtering yield was determined by rastering the
Ga* beam in continuous mode to sputter five ~20x 20 um
pits for five minutes each. The crater volume was then deter-
mined by optical interformetry (ZeGage, Zygo Corp.). The
Ga* ion current was measured using a Faraday cup and
picoammeter. Knowing the total number of Ga* ions deliv-
ered and the crater volume, we calculated a Zr sputtering
yield of 3.62+0.27. The uncertainty is expressed as one
standard deviation of the five measurements.

In order to determine the quality of the resonance ioniza-
tion scheme, useful yield measurements are typically done
on an ideal surface, such as a surface where all of the Zr
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sputters as atoms rather than molecules. Since the top layer
of Zr metal accumulates oxygen to form ZrO even at the
pressure of our ultra-high vacuum chamber (1 x 10~° mbar),
we pre-sputtered the sample surface prior to every measure-
ment using the Ga* ion beam at the highest current setting.
Pre-sputtering was conducted in an area slightly larger than
the measurement area in order to avoid edge effects. We
calculated useful yields from surfaces that were pre-cleaned
between five and ten minutes, and did not find that the longer
cleaning times resulted in more signal. We therefore con-
clude that a cleaning time of five minutes was long enough
to reach a steady-state condition in which the ZrO fraction
is minimized. This is analogous to previous studies [6, 10,
12]. The maximum useful yield determined for our selected
resonance ionization scheme under these sputtering condi-
tions is (5.4 +0.4)%.

The useful yield of Zr is significantly lower than the 38%
measured for U on the same instrument [12]. The mean
velocity v of sputtered atoms from a metal surface has been
demonstrated [13—15] to be:

s=4. /% 4)
T m

Here, U, is the binding energy and m is the mass of the
sputtered atom. For a clean Zr surface, the binding energy is
6.3 eV [16, 17]. Using a binding energy of 5.4 eV for U [14,
18, 19], we determine the ratio of average velocities between
Zr and U as 1.7. Furthermore, assuming that ion sputtering
results in a spherical cloud of atoms with radius r above the
sample, the total volume of the cloud V, scales as V, « v,
since the cloud radius 7 o v. Assuming the ionization laser is
cylindrical and goes through the center of the sputtered atom
cloud, the ionization volume V; scales as V; « r « v. This
means that the useful yield between two species should scale
asUY x V,/V, « v%. Assuming the same instrumental con-
ditions for Zr as U we expect a useful yield for Zr of roughly
13%. This is higher than the 5.4% we measured. This crude
comparison shows that much but not all of the difference
in useful yield between Zr and U is due to the mass differ-
ence between the two species, as shown in Eq. (4). The rest
could be due to sputter-initiated population of the low-lying
’F, and °F, electronic states [20], which are not accessed
in this resonance scheme. Another possibility that could
explain the slightly lower-than-expected useful yield is
residual oxygen causing formation of ZrO in the sputtered
material. Our useful yield measurements show a small peak
at m/z 106 (°°Zr'®0). The non-resonance ionization of ZrO
is likely orders of magnitude less effective than resonance
ionization of Zr. Since the ionization efficiency of ZrO is not
easily quantifiable, sputtering of atoms as ZrO instead of Zr
could account for a significant part of the difference between
the crude estimate and the actually measured useful yield.



Journal of Radioanalytical and Nuclear Chemistry (2022) 331:5199-5204

5203

Finally, the possibility exists that a fraction of the atoms in
the excited °G and Al states decay to other bound electronic
states, rather than to Zr*. Such dark states would not be re-
excited by the available photons and would thus represent
another potential loss channel. While our newly developed
Zr resonance ionization scheme shows a useful yield that is
close to the expectations, future work could also investigate
the existence of other schemes that could result in an even
higher ionization rate.

Pellin and Nicolussi [8] reported a useful yield for their
Zr resonance ionization scheme of >2%. No further details
are given on how the useful yield was determined and for
which of the presented Zr resonance ionization schemes
it applies. The useful yield determined in this work is still
more than a factor of two higher than the one in [8], which
is likely due to the fact that the LION instrument has an
improved mass spectrometer, and therefore a higher trans-
mission, compared with the instrument used by [8].

The useful yield reported here is lower than expected,
however it is still significantly higher than that of the most
appropriate comparable technique, secondary ion mass spec-
trometry (SIMS). A useful yield of ~1.5% is reported for Zr
using SIMS in a low-resolution mode [21]. Higher resolving
power results in significantly lower useful yield, but would
not resolve the atomic Mo and Ru interferences with Zr.
The combination of useful yield and isobar discrimination
makes RIMS the only technique capable of analyzing heavy
elements such as Zr in stardust grains.

Conclusions

We present a newly characterized Zr resonance ionization
scheme based on two transitions that can be saturated with
current generation titanium-sapphire lasers. Ionization of
neutral Zr takes place via an Al state above the IP. The Al
transition at~57,035 cm™! can easily be saturated with a
photon irradiance 1.98 x 10* W cm™2. For 15 keV Ga™ sput-
tering on Zr metal at 60° incidence, we determined a Zr
sputtering yield of 3.62 +0.27 using optical interferometry.
Combined with resonance ionization mass spectrometry
measurements, we showed that the Zr resonance ioniza-
tion scheme yields an overall useful yield of (5.4 +0.4)%.
Previous studies have shown Zr concentrations in presolar
SiC grains of up to around 1%o by weight [22]. Assuming a
presolar grain with 1 um diameter and this given concentra-
tion, we can expect that the grain contains a total of around
107 atoms of Zr. Assuming the measured useful yield, our
new resonance ionization scheme should allow us to meas-
ure a *%Zr/**Zr isotope ratio to a precision of around 1%,
which would be an order of magnitude better than previous
work [3]. Since *°Zr can only be reached in AGB nucleo-
synthesis if the unstable *Zr is efficiently branched, such

presolar grain measurements will allow us to determine the
neutron exposure conditions during the s-process in asymp-
totic giant branch star.
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