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Abstract

Femtosecond near-infrared (NIR, 1030 nm) and near-ultraviolet (NUV, 257 nm) laser ablation (fs-LA) were
evaluated for U-Pb dating of zircons using inductively coupled plasma mass spectrometry (ICP-MS). The
apparent ages are in agreement with the reference ages, within expanded combined uncertainties, at both
wavelengths, but NIR fs-LA produces poorer uncertainties and a =3.5% bias on the reference age of
Mudtank and PleSovice zircon. The time resolved 23U signal intensity rises sharply and progressively
decreases in NUV, whereas patterns in NIR follow progressive increase and then decrease during ablation.
Synchrotron X-ray micro-tomography (XRMT) imaging of an ablated quartz permitted to link the
morphology and dimensions of fs-LA craters to the performances of fs-LA-ICP-MS analyses on zircons.
Average ablation rates are similar at 3 J.cm™ for both wavelengths. However, the ablation rate is higher in
NIR at 7 J.cm than in NUV at 2 J.cm™, whereas the fs-LA-ICP-MS yield (in counts.shot™.ppm™) is lower in
NIR at 7 J.cm™2thanin NUV at 2 J.cm™. This paradox as well as the biased or imprecise fs-LA-ICP-MS analyses
are explained by nonlinear shot-to-shot ablation in NIR compared to NUV, induced by: (i) catastrophic
ablation, (ii) incubation effects, and, to a minor extent (iii) preferential ionization of U relative to Pb.

Consequently, NIR fs-LA is capable of producing accurate U-Pb ages thanks to the properties of
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femtosecond laser matter interactions, but with a higher fluence, sample consumption and poorer

statistics than those obtained with NUV fs-LA.

1. Introduction

Laser ablation coupled to inductively coupled plasma mass spectrometry (LA-ICP-MS) has become a
leading technique for multi elements and isotopes analyses within the last thirty years. With laser systems
that use nanosecond long pulses, the emission wavelength (A) of the laser has been shown to directly
relate to the analytical performances of the technique [1-3]. Indeed, matter removal rate, thermal
diffusion and chemical fractionation [4-8] depend on the optical and heat penetration of the laser pulse
[9,10] into the irradiated volume of the sample. The smaller A, the higher the optical absorption from the
sample [11], the more efficient the processes of atomic bonds breaking within the irradiated volume [12-
14]. Then, increasing A from 193 to 266 nm decreases the optical absorption and produces larger particles
(>1 pm), which results in an increase of the laser induced chemical fractionation [15][16]. With the
emergence of ultra-short pulses laser ablation systems, i.e. with a pulse width of several hundreds of
femtosecond, this knowledge has been simply transposed and femtosecond laser ablation (fs-LA-ICP-MS)
[17] has been directly compared to preexisting nanosecond laser ablation (ns-LA-ICP-MS) [13,18,19] even
though the ablation mechanisms are very different than in the nanosecond regime. In theory, fast energy
delivery (<1 ps) saturates the superficial atomic layers of the target in a deterministic fashion [20] and
induces multiphoton ionization (MPI) [21,22], followed by ablation according to mechanisms of spallation,
homogeneous nucleation, vaporization or fragmentation as described by Perez et al.[17] which are shorter
in time than the average thermal diffusion rate in a solid [23]. In addition, non-linear processes affect the
optical properties of the target by locally changing its refractive index [9,24] , and make the irradiated
volume less transmissive to pulse energy. Hence, fs-LA laser-matter interactions should eliminate most of
the A-dependent effects inherent to ns-LA-ICP-MS, but no study has assessed that question in detail, using
different wavelengths and a single laser — ICP-MS apparatus. The improved ablation efficiency, sensitivity,
precision [25], and wide range of potential applications have led researchers to rather focus on the
optimization of fs-LA-ICP-MS using its single emission wavelength in their respective laboratory conditions.
Horn et al. [26] showed that Deep-UV 196 nm is optimal for Fe isotope analysis, a result confirmed for Si
isotope analysis [27]. Other works [28,29] showed that 800 nm NIR provides accurate and reproducible U-
Pb ratios and Fe isotopes analysis. D’Abzac et al [30,31] showed that NUV 266 nm fs-LA particles are similar

in size and morphology to those produced with NIR fs-LA [32], for conductors and semi-conductors, which
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may be a hint of the similarities of fs-LA mechanisms in NIR and NUV, but was not yet conducted on

comparable lasers and ICP-MS apparatuses.

Besides, Uranium-lead dating (U-Pb) is among the most widespread application of LA-ICP-MS[33,34], with
increasing versatility, from zircons to high common Pb loaded minerals, e.g., baddeleyite [26], monazite
[35] or apatite [36]. Measurements of <2% (2s) uncertainty on 2°Pb/%8U ages on zircons[33,37] now reach
a level of relative uncertainty of about 0.5% (2s)[34]. Because of the high interest in zircon dating, a wide

variety of natural reference zircons of variable U-Pb concentrations and ages are available.

Non-invasive and non-destructive 3D X-ray micro-tomography (XRMT) using synchrotron source has
demonstrated its usefulness to direct visualization of 3D samples with sub-micrometric resolutions, i.e.
with a voxel size up to about 50x50x50 nm3[38], and has the potential for 3D imaging of the morphology

of ablation craters.

In this study, we compare the analytical performances of NIR 1030 nm emission wavelength of one fs-LA
system with its fourth harmonic NUV 257 nm coupled to one sector field ICP-MS. For the first time, XRMT
was applied to image the ablation craters made in natural quartz to define their shape, volume and
exposed surface areas, thereafter to extrapolate precise ablation patterns to zircons in order to confront
them to the corresponding fs-LA-ICP-MS measurements and unravel the cause of inaccuracies and

uncertainties of U-Pb dating in zircons.

2. Material and methods

2.1.Samples

Four zircon reference materials were used in this study: zircon 91500 (Kuehl Lake in Lot, Ontario, Canada)
[34][39], Plesovice (Southern Bohemian Massif, Czech Republic) [40], Fish Canyon Tuff (San Juan Volcanic
Field, Colorado, USA) [41] and Mudtank (Strangways Metamorphic Complex, Northern Territory, Australia)
[34)[42]. Table 1 reports their provenance, accepted age, radiogenic lead (Pb*) and uranium
concentrations, size of the studied crystals along the c-axis and the corresponding references. Although
3D geometry of about 60x150 um? zircons has been recently made available using XRMT imaging [43],
imaging of craters in a 1mm large PleSovice zircon failed to provide data of sufficient high quality due to
the size of the sample regarding the high X-ray absorption of the ZrSiO, matrix. To overcome this problem,
a natural pristine quartz grain from Torres del Paine [44] of ~1 mm along the c-axis and ~500 pm wide was
used as an analogue to study fs-LA craters. Although the SiO; matrix has a low X-ray absorption and high

contrast with air, in the femtosecond regime, ablation mechanisms are independent on the matrix [45].
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Therefore, we consider that the evolution of the crater morphology made in quartz is comparable to that

of craters in zircon.

Sample Location Age (Ma) Pb (ppm) U (ppm) Size (mm) References
91500 Canada 1063.51+0.39  22-135 71-86 =0.5 16, 39
Plesovice Czechrep. 337.13+0.37 21-158 465-3084 0.5-1 40

Fish Canyon Tuff  USA 28.49+.0.03 1-6 200-850 =0.05-0.1 42
Mudtank Australia  731.65+0.49 0.73-4.39 6.1-36.5 =10 34,41

Table 1: Characteristics of the zircon reference materials. Sizes are estimations along the c-axis. Ages are
determined by (chemical abrasion) — Isotope dilution — Thermo ionization mass spectrometry (CA)-ID-TIMS

with 2s uncertainties.
2.2. Femtosecond Laser Ablation system

The Géosciences Environnement Toulouse laboratory is equipped with an ESI “UC Femto” femtosecond
laser ablation system (Portland, OR, USA). The apparatus is composed of a chirped pulse amplification
system which delivers 1030 nm NIR pulses of =280 fs width with a gaussian energy distribution. The “Dual
Wave” system is a mechanical switch allowing to re-direct the fundamental NIR beam towards a fourth
harmonic generator in order to convert NIR into Gaussian-shape, 257 nm NUV pulses of =280 fs with a
conversion yield of =35%. The repetition rate ranges from 1 to 250 Hz. The spot size on the sample is
controlled from 1 to 60 [Am using a beam imaging system, i.e. the aperture at the laser output is the object
side plane of an optical system which sample surface is the image side plane. One inch polished sections
are placed in a two volume cell with a wash out time <700 ms. The aerosol is carried with helium into a 2

m PTFE-coated tubing and mixed with argon using a Y-connector about 40 cm before the plasma torch.
2.3. U-Pb dating

Single spots of 30 um diameter at 4 Hz were made with a fluence of 2 J.cm™in NUV. Two fluences needed
to be set in NIR for a robust comparison: one fluence-equivalent of the NUV (noted F-eq) and one signal-
equivalent to the NUV (noted S-eq). However, a 2 J.cm™ fluence could not be used in IR-F-eq mode because
of a too low signal intensity. Instead, the minimum fluence of 7 J.cm™ for signal quantification was used.
The IR-S-eq mode required 13 J.cm™ to reach the signal intensity obtained in NUV. Tuning was performed
as usual on NIST SRM 610 certified glass standard in NUV and rastering mode, using a spot of 20 Um in
diameter, a fluence of 2 J.cm?, a 10 Hz repetition rate and raster speed of 10 um.s™ on masses 23U, 2°°Pb

and by keeping the oxide level (38U*0/%8U) below 0.5%. In these conditions, sensitivity is reproducible
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around 5.10%ps.ppm™ on 28U. Analyses were performed on a Thermo Element XR ICP-MS. Nine masses
204 Hg+Pb), 2%Pb, 2°7Pb, 28Pb, 232Pb, 23°U and 238U were acquired in E-scan mode (i.e., without magnet jump)
with a 2% mass window and 200 samples per peak. Data were processed under lolite™ using zircon 91500
as an external standard analyzed every 5 unknowns. The data processing workflow is inspired from
Horstwood et al. [34] and comprises background subtraction, downhole fractionation correction,
normalization to the external standard. Statistical treatment and evaluation of the age uncertainty and

MSWD of concordance are computed under IsoplotR [34]. Analytical conditions are reported in Table 2.

Sample type/mineral Zircon single crystals

Sample preparation One inch polished sections

Laser ablation system ESI “Femto UC”

Mode NUV NIR-F-eq NIR-Seq
Wavelength 257 nm 1030 nm 1030 nm
Fluence 2J.cm? 7J.cm™ =13 J.cm?
Repetition rate 4 Hz 4 Hz 4 Hz
Spot diameter 30 um 30 ym 30 ym
Pulse width 280 fs 280 fs 280 fs
Ablation cell Two volumes (ESI)

Sampling mode Single spot

Carrier gas He: 0.3-0.55 L.min™!

Sample gas Ar: 1 L.min'

Background 15s

Ablation duration 25s

Wash-out time 11s

ICP-MS Thermo Fisher “Element XR”, HR-ICP-MS

Sample introduction Dry transport via PTFE tubing

RF power 1280 W

Sampler cones H type (Ni)

Skimmer cones X type (Ni)

Data acquisition Time resolved analysis
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Scanning mode E-scan, peak hopping, one point per peak

Detector mode Pulse counting, dead time correction applied, analog mode when signal

intensity > 10° cps

Masses acquired 204(Hg+Pb), 2°Pb, 2°7Pb, 2°8Pb, 232Th, 235U, 238U
Integration time 300 runs, 20 ms per mass, i.e. 54 s
Sensitivity 5.10% cps.ppm* on 238U

Oxide production 238160 /238J<0.5%

Data processing lolite™, IsoplotR

Table 2: Setup of fs-LA-ICP-MS apparatus. Sensitivity was calculated from tuning using raster ablation at
10 pm.s™ speed, 10Hz repetition rate, with a 20 tm diameter spot size and 2 J.cm™ on the NIST610 certified
standard. The sensitivity during U-Pb analyses must be different because of the different laser settings used
(fluence, spot size, wavelength, repetition rate). Data processing included background correction,
correction of systematic bias using zircon 91500, downhole fractionation correction using a smooth spline
fitting function and temporal drift using a smooth spline fitting function over sequences of =1h. See Paton

et al.[46] and Horstwood et al.[34] for details.
2.4.Synchrotron X-ray micro-tomography

The quartz crystal was ablated in NUV and NIR with a 40 pim spot size at 40 Hz. This higher repetition rate
was chosen in order to generate the series of craters in a shorter time. Neither the mechanism of ablation
nor the shape of the craters will be different from fs-LA operated at 4 Hz since, in both cases, each pulse
of <300 fs is independent in time from the previous/next one. The slightly larger spot size was chosen in
order to obtain craters that would fit better the micro-tomography imaging resolution. This will not have
any influence on the comparison with U-Pb measurements on zircons since the energy density was kept
similar. Indeed, three fluences were used, including the one used for U-Pb dating on zircons, to study the
morphology over a large range of LA-ICP-MS conditions, i.e., 1.1, 2.1 and 3 J.cm™2 in NUV and 3, 7 and 13
J.cm?2in NIR. Each time, seven craters were generated in line with a number of shots ranging from N=5 to
1500. Imaging was carried out at the TOMCAT beamline [47], Swiss Light Source (Paul Scherer Institute,
Switzerland). The data were collected with a pixel size of 0.65 um, using a 10x magnification diffraction-
limited microscope optics. Each data set is composed of 1701 radiographs collected over a 180° rotation
range. Each radiograph was recorded with a monochromatic and parallel beam at 20 keV and an exposure

time of 200 ms. Volume reconstruction was performed from the radiographs corrected from flat field and
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background noise using an algorithm based on the Fourier transform method[48]. Image processing was
achieved with Avizo® software. After reconstruction, two volumes of 500x1000x200 and 600x1100x200
voxels containing the NUV or NIR craters were extracted from the sample. The 3D grayscale volumes were
converted to 8-bit integers, and denoised with a 3D median filter. In addition, the volumes were registered
using a linear interpolation so that the flat, polished surface of the crystal that was ablated fits with the
horizontal plane. Then, the images were segmented with a region growing algorithm [49] in order to
separate the solid from air and the individual craters were labeled and extracted from the 3D images. A
few artifacts inherent to the imaging technique, namely ring artifacts, were removed manually. The
volume of each crater was calculated from the number of voxels (a voxel is 0.65 x0.65x0.65 pum3)
comprised between the horizontal surface plane and the surrounding quartz matrix. The surface area of
the craters was calculated from the number of air-quartz interface pixels (a pixel is 0.65 x0.65 pm?2). The
depth of the craters was defined as the longest segment normal to the initial polished quartz surface.
Equivalent diameters (D) of the craters were calculated from the top surfaces extracted from the
horizontal surface plane (S) following eq1. The crater aspect ratio is the depth-to-equivalent diameter ratio

of each crater.

D=2(5/7) eq1

3. Results

3.1. U-Pb dating

Concordia ages are shown in Figure 1 with the corresponding data in Table S1 (Appendix). In NIR-F-eq, the
235 signal intensity was too low to calculate a 2°’Pb/?%U age so it was derived from the 28U intensity based
ona 1/137.88 238U/%3°U abundance ratio[50]. Rejected data are highlighted in Table S1 (Appendix) and are
based on high degree of shifting from the Concordia curve (>10%) or aberrant precision on 2°’Pb/?*U
(generally >0.5% (2RSD)), except for Mudtank which error ellipses are large enough so that 10% of
discordance still fits the Concordia, so the threshold was set to 30%. The latter settings are usually avoided
during U-Pb analyses of such low [U] and [Pb] samples but were required for the sake of comparison in
this study. All uncertainties are given as 2s (95% interval). Although zircon 91500 is the external standard,
lolite™ calculates U-Pb ages from the data by bracketing each of its measurement using their two

corresponding zircon 91500 closest neighbors. Zircon 91500 ages are then accurate in the three modes.
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Near IR-S-eq produces a poorer relative standard deviation of 0.8% (2RSD) than NUV, even poorer in NIR-

F-eq with 2.6% (2RSD).

91500 PleSovice Fish Canyon Tuff Mudtank
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Figure 1: Concordia diagrams of the U-Pb ages for the zircons 91500, Plesovice, Fish Canyon Tuff and
Mudtank. The diagrams are presented in a double entry table with the NUV, IR-S-eq and NIR-F-eq modes.
Uncertainty is 95% confidence level (2s), n is the number of data points after rejection. Data are available

in Table S1.

Fish Canyon Tuff and PleSovice zircons show the same increasing uncertainties when switching to NIR
modes. Still, ages are accurate except for PleSovice zircon in IR-S-eq mode with 325.22 + 2.85 Ma, which
is offset by =3.5%. Mudtank zircon has much lower U and Pb concentrations and shows higher
uncertainties than the other zircons, albeit comparable in the three modes, i.e. 4% (2RSD). Concordant
ages of 749.50 £ 30.10 and 709.90 + 30.30 Ma are found with NUV and NIR-S-eq, respectively, the latter
being offset by =3.5%. The NIR-F-eq setting provides an age of 810.80 + 38.5 Ma that is highly biased from

the reference age (Table 1).

3.2. Crater development and fs-LA-ICP-MS
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Figure 2 shows 3D images and top-surface maps of the ablated quartz. Numerical data (volumes, surface,
depth and aspect ratio) are available in Table S2 (Appendix). At 3 J.cm™ in NUV, only one 5-shots crater
damaged the surface enough to be visible on the images. In NIR at 13 J.cm™, five craters were damaged
(labeled “removed volume” and “n/a” in Figure 2) by transport and because of the weakening of the
crystalline structure by multiple ablations, so that no calculation was possible. The Near IR crater borders
are irregular whereas the NUV craters have rounded shapes. Near UV craters, under 500 shots, display a
shallower bottom in the center than on the sides. This is due to light diffraction through the diaphragm
placed at the laser output, which generates a first ring of diffraction that has a higher energy density than
the center part of the beam. Diffraction also occurs in NIR but it is not imprinted on the sample surface
because the longer wavelength expands the diffraction rings diameter so that their energy density is lower
and only the center part of the beam provides energy for ablation. Figure 3A shows the crater volume (in
pm?3) as a function of the number of shots (N) in NIR and NUV at 3 J.cm™. The evolution of the crater is
comparable between the two wavelengths. At first, a logarithmic fitting function was thought to link the
crater volume to N. Unfortunately the fitting was neither satisfactory at high values of N (Figure S1,
Appendix) nor the curve did reach the origin, which is a requirement as the ablation volume should be null
for zero shot. Hence a two-step fit was preferred, with the first one built over the first 100 shots and forced
to the origin and the second extrapolated for higher values of N (Figure 3A). We obtain two ablation rates
from each two-step fit, expressed as the slopes of the linear extrapolations, which transition is the point
at which the two linear fits are equal. During the first stage, <260 shots in NUV and <103 shots in NIR, the
ablation rates are 131.2 pm3.shot™ and 153.4 um?3.shot?, respectively, with linear regression coefficients
>0.97. The second stage, >260 shots in NUV and >103 shots in NIR, shows ablation rates close to near zero
values, i.e. =7 pm*shot™ in NUV and =1um?3.shot? in NIR, with poor regression coefficients. This change
correlates with a loss of fluence of >75% to >90% in NUV and NIR as the irradiated area in the crater
increases by factors of 10 and 4 respectively, after 500 shots (Table S2, Appendix). Figure 3B presents the
average ablation rate as a function of fluence calculated as V/N with N= 100 shots. The obtained values
(Table S2, Appendix) at 3 J.cm-2 are very close to the slopes of linear extrapolations forced to the origin in
Figure 3A, which attests for the validity of the two-step fit model. The two trends show that the effect of
wavelength on the ablation rate is limited below 100 shots at fluences <3 J.cm?, since a change of only
=33 um?3/shot at 3 J.cm2 is displayed between NIR and NUV. Above, however, the rate becomes higher in

NIR than in NUV.
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Figure 2: 3D volume rendering of the craters (bottom-to-top) obtained from X-ray micro-tomography
imaging, and 2D surface maps of the crater series made in the quartz sample in NUV (1, 2 and 3 J.cm™) and
NIR (3, 7 and 13 J.cm™ ) In NUV, craters from 1-6, 7-12 and 14-19 result from 25, 50, 100, 500, 1000 and
1500 shots. Crater 13 is the only 5-shot ablation which resulted in a visible damage. In NIR, craters from 1-
6 and 7-12 result from 25, 50, 100, 500, 1000 and 1500 shots. The “n/a” are associated with the “removed

volume” on the 2D map and only crater 13 (1500 shots) can be characterized.
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242  emphasize the shape of the time-resolved signal. For each set up, a specific and repeatable pattern can be

243 observed.
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245  Figure S2: Time-resolved signal intensity of 233U measured in all the zircon samples in NUV, NIR-S-eq and
246  NIR-F-eq, represented as moving average model fittings of the discrete time-resolved signal intensity. The
247  four measurements were acquired within a five minutes time range. The different intensities for each zircon
248  were normalized to the intensity pattern of PleSovice in order for the patterns to be visually comparable.
249 The ordinate scale changes between modes to emphasize the shape of the time-resolved signal. The same
250  specific and repeatable patterns as that observed on Figure 4 are shown. The different pattern of zircon
251 91500 in NIR-F-eq is similar to the spreading of signal intensity rising schemes observed over ten

252  acquisitions of Plesovice zircon in Figure 4. Moreover, zircon 91500 has the same behavior as other zircon
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samples in the other two modes, so the time-resolved signal intensity pattern cannot be considered as

sample-dependent.

The time-resolved evolution of the signal intensity of 23U throughout fs-LA-ICP-MS acquisition is
represented in Figure 4. PleSovice zircon was selected due to its higher 233U concentration so that the time-
resolved intensity pattern is well defined and allows detailed comparisons between modes. All ablations
of PleSovice of one measurement sequence in each of the three modes were superimposed and moving
averages model fittings on seven data points were plotted in order to assess the signal intensity pattern
of each mode. In NUV, the intensity is maximal near 2.10° cps within 5 s after ablation starts, then
decreases until ablation stops. In NIR-S-eq, the intensity increases by one order of magnitude during the
first 5 s of ablation and matches that of the NUV mode as set up, then decreases quickly by the same
amount within the next 5 seconds, and finally decreases linearly until ablation stops. In NIR-F-eq, the
intensity increases by one order of magnitude after 10 s of ablation, then decreases until ablation stops.
The maximum intensity is 10 times lower than that obtained with the NUV mode. Finally, whereas the NUV
mode exhibits sharp rises of intensity, the NIR modes have more progressive and random patterns of
intensity increase, spreading between 18 s and 23 s. Figure S2 (Appendix) complements this result with
the same information for all the zircon samples in the three modes and shows that the time-resolved signal
intensity patterns are not sample-dependent. These results agree with those obtained by Borisov et al.

[51] who showed time-resolved fluence-dependent patterns.

Time-resolved signals and crater geometries give access to the total fs-LA-ICP-MS yield, defined as the ICP-
MS signal intensity in counts per unit of volume (Um?3), normalized to the concentration of the element of
interest (in ppm). We considered the comparable NUV and NIR-F-eq modes, 233U as the element of
reference, and 4 successive fs-LA-ICP-MS measurements acquired out of a run of 60 analytes. The blank-
corrected 2*8U signal intensity was integrated over 6.25 s (25 shots), 12.5 s (50 shots) and 25 s (100 shots),
and plotted against the corresponding crater volumes. The slope of the linear fitting forced to origin is the
raw ablation yield (in counts.um), normalized to the uranium concentration to provide the fs-LA-ICP-MS
yield in counts.um3.ppm™ U (Figure S3). This approximation proves meaningful since all the zircons show
similar values for a given mode (Table S3, Appendix). The yield of NUV fs-LA ranges from 37.5 to 62
counts.um.ppm™, which is 30 to 70 times higher for all samples than that of NIR fs-LA, for which the yield
ranges from 0.5 to 1.4 counts.um?3.ppm™. The difference is significant considering that the sensitivity
(Table 2) remains constant, and the shape of the time-resolved signal is reproducible through the session

(Figure 4).
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285  Figure S3: fs-LA-ICP-MS signal intensity of 23U as a function of the ablated volume determined from XRMT
286  imaging in quartz and extrapolated to all the zircons in NUV (2 J.cm™) and NIR (7 J.cm?). Linear trends are

287  forced to the origin. The slopes are the ablation yields in counts. um?.

288 4, Discussion

289 4.1. Inaccurate U-Pb data

290  The performance differences of U-Pb dating in NIR and NUV result from differences of the crater evolution.
291 Inaccurate ages of the Mudtank zircon in both NIR modes and PleSovice for NIR-S-eq are 25, 81 and 12 Ma
292  off from the reference age, respectively. For Mudtank in NIR-F-eq mode, this effect could be linked to the
293 low concentrations of [Pb*] (<0.73 ppm) and [U] (<6 ppm), but these values are still significantly above the
294  limit of quantification (Intensity/Background >10). In addition, since 2*U is calculated from the intensity
295 of 238U and apparent ages are concordant within uncertainty, inaccurate data are likely induced by a biased
296  counting of 238U atoms relative to 2°®Pb* and 2°’Pb* atoms. On the other hand, a bias of 3.5% toward
297  younger ages than the reference ones is observed with Mudtank and PleSovice in NIR-S-eq . This indicates
298  that inaccurate data in NIR-S-eq are induced by fundamental ablation processes during crater

299 development.

300 4.2. Ablation rate and wavelength
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For equivalent fluences, the effect of wavelength on the ablation rate is limited. Similar rates are found at
3 J.cm™ (Figure 3A) and the crater aspect ratio remains <1 (Table S2, Appendix), which is safe for
performing fs-LA without chemical fractionation due to the crater depth [51]. This shows that there is no
preferential pulse energy loss through optical transmission or thermal diffusion in NIR, what Ben Yakar et
al. and Le Harzic et al. [52,53] showed for semiconductors and metals. Unchanged optical transmission at
all wavelengths is explained by nonlinear effects as ultra-short pulses locally modify the refraction index
of the target towards less transmissive medium [54]. The effect of wavelength on the physical properties
of the target appears then extremely limited against that of the ultra-short pulse width. Phenomena such
as self-focusing within the solid still occur [24,55], so a small fraction of the pulse energy can be
transmitted, but the data show that this effect is negligible since inaccurate data are not produced for a
specific sample or wavelength. However, irregular crater shape in NIR (Figure 2) strongly suggest that
catastrophic ablation occurs as ejection of large chunks of crystal during ablation (>100 pm in
diameter)[56], which is not observed in NUV. Such differences should be reflected by the shape of the time

resolved signal.

4.3. Time-resolved signal and crater development

The time-resolved signal (Figure 4) shows more differences between the NUV and NIR modes than
expected from the corresponding ablation patterns obtained with XRMT (Figure 2 and 3). At 7 J.cm™, NIR
modes are 30 to 70 times less effective than NUV at the fluence of 2 J.cm™, even though Figure 3B predicts
a higher ablation rate in NIR than in NUV at these fluences, i.e. 400 um?3.shot? and 100um?3.shot?,
respectively. This should result in a higher yield in NIR, which is not the case (Table S3, Appendix).
Moreover, similar ablation rates are found over 100 shots in both NUV and NIR (Figure 3A), whereas the
corresponding time-resolved signal intensities are different (Figure 4).The inconsistency can be explained
by: i) re-deposition and losses of particles during ablation and transport, ii) incomplete ionization of
particles in the ICP oriii) a nonlinear evolution of the crater during acquisition, which biases the calculated
average yields. The first hypothesis requires large particles to be produced (>1 pUm in diameter),
electrostatic deposition on the tubing walls, or particles deposition within the ablation cell [57,58].
Previous works [30,32,59] showed that the size and morphology of fs-LA particles are similar and matrix-
independent in NIR and NUV, so that transport losses can be considered as equivalent for a given
apparatus, which is confirmed by the correct U-Pb ages measured at both wavelengths, and the similar
degree of inaccuracy between samples for a specific mode (Figure 1). Products of catastrophic ablation in

NIR can be spotted as outliers on time-resolved 2°°Pb/?8U signal (Figure S3, Appendix) for random
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337
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341

ablations of Plesovice zircon. This observation depends on the probability of large ejecta to reach the ICP,
and so, is a random phenomenon, as shown by the stable 2°°Pb/?33U in NIR-S-eq (Figure S4, Appendix).
Hence, catastrophic ablation and transport losses cannot fully explain the systematic low yield of NIR as
compared to NUV, but it certainly biases our estimation of the average ablation rate, with overestimation
of the removed volume at each acquired data point. Incomplete ionization is unlikely to happen for
particles as small as those produced by fs-LA [32], unless they are the result of catastrophic ablation. This
hypothesis is then linked to the first one and hardly explains our results. This supports the third option of

a nonlinear evolution of the crater.
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Figure S4: Measured ?°Pb/?*4U ratios in Ple$ovice zircon on random acquisitions. NUV ablation is low-noise
throughout ablation, whereas NIR-F-eq displays some high-frequency noise. The NIR-F-eq mode shows
outlying peaks attributed to large particles transported to the ICP. Small negative artifacts are visible in
NUV because of high frequency noise on the time-resolved intensity of individual measured masses and

further data processing, which is developed in Appendix B.

The crater may evolve in a nonlinear fashion from shot to shot because of the photon energy of the laser.
In fs-LA, ablation yield depends on the fluence [60], but triggering avalanche ionization also depends on
the energy of the photons, which depends on the wavelength following E=hc/A. The photon energy of a
1030 nm laser pulse is four times lower than that of a 257 nm laser pulse. Multi photon ionization (MPI)
[21,22] is then less efficient in NIR than in NUV. In NUV at 2 J.cm™, the photons carried by one pulse have
enough energy for triggering ablation following MPI and the possible processes of fragmentation or
vaporization [17]. In NIR, the fluence is above the ablation threshold at 7 J.cm but, due to less energetic
photons, a significant fraction of these photons is used within the target lattice to generate local defects,
a process named incubation by Seydoux Guillaume et al.[61]. Incubation drives to fast ablation when the
lattice becomes weak enough against the pulse fluence. This explains the time-resolved signal shapes
(Figure 4) which we explain on Figure 5. This diagram is the interpretative framework of the crater
evolution during ablation based on the time resolved ICP-MS signal, and considering the laser-matter
interaction in both NIR and NUV. In the NUV mode, a sharp increase (1) and (2) progressive decrease of
the signal intensity are explained by the deterministic (i.e. systematic) triggering of ablation and the
decrease in fluence inherent to the expansion of the irradiated surface (Figure 2). For the first 50 shots,
the crater surface develops to =6.5 Um in depth (Table S2, Appendix) and ablation creates a rough surface
(Figure 2), more favorable to ablation. Meanwhile, the yield increases up to >3000 c.shot*.ppm™. Beyond
50 shots, the intensity decreases with fluence because the latter, defined as the pulse energy to the
irradiated area ratio, decreases quickly. In both NIR modes, the patterns are more complex. The
progressive intensity raise (3, 6), and sudden increase (4, 7), before a progressive decrease (5, 8) is
explained by the predominance of incubation during the first pulses. The slow intensity increase reflects
the low amount of ablated particles. The maximum peak of intensity corresponds to the threshold at which
ablation becomes dominant over incubation, and matter removal faster than during the first 30 to 50 shots
for IR-S-eq and IR-F-eq, respectively. The following intensity decrease is due to the decrease of fluence
with the development of the exposed surface. The difference between intensities in the two NIR modes is
explained by the initial fluence which is much lower and close to the ablation threshold in NIR-F-eq than

in NIR-S-eq. This interpretation explains the contradictory results which are: (1) similar ablation rates in
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NUV and NIR over 100 shots (Figure 3) and (2) different time-resolved signal intensity pattern in NUV and
NIR. Indeed, in Figure 3A, the crater volume from NUV ablation is measurable from 5 to 100 shots,

following a linear ablation pattern, whereas the crater volume from NIR ablation is not measurable below

25 shots, which highlights the occurrence of incubation effects.
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Figure 5: Interpretative framework of fs-LA in NUV and NIR modes. The intensity scale is adapted to the
maximum signal intensity recorded in both the NUV and NIR-S-eq modes. The maximum signal intensity in
NIR-F-eq is about ten times as low as that in the NUV mode. The dash lines indicate the start of ablation

and the maximum signal peaks. See section 4.3. for description of the stages 1 to 8.

Ablation patterns and elemental fractionation The large amount of rejected U-Pb acquisitions and the

higher uncertainties in NIR-F-eq can be linked to elemental fractionation during ablation.
Phenomenologically speaking, elemental fractionation can result from incomplete ionization of very large
particles in the plasma torch [26] and was invoked in UV fs-LA [8] for fluences close to the ablation
threshold. Such near-threshold conditions fit our NIR-F-eq mode, as it shows close to the limit of
quantification of Pb*/U ratios. In addition, Garcia et al [4] described elemental fractionation as a function
of the number of shots, depending on the fluence. Namely, at low fluence, a large amount of shots is
needed for stoichiometric sampling to occur. In our study, the low repetition rate that was used (4 Hz)

potentially delays the onset of stoichiometric ablation in NIR modes. Fundamentally speaking, the same
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authors discussed preferential ionization as a source of elemental fractionation. In the NIR modes, photons
of lower energy than UV photons are more favorable to the preferential ionization of U against Pb because
of the 20% higher first ionization potential of Pb. The subsequent lower amount of measured Pb* would
result in younger measured apparent ages and would explain the similar =3.5% bias towards younger ages
obtained with PleSovice and Mudtank (Figure 1 and Table S1, Appendix). Nevertheless, this is not observed
with the Fish Canyon Tuff zircon, which is dated accurately against the reference age, or to a lesser extent,
i.e. <1% of bias towards younger ages (28.31 Ma). The non-linear ablation pattern in NIR and the
probabilistic (i.e. random) extent of incubation effects may explain why this effect is not as highly

reproducible as expected from the theory.
5. Conclusion

Near IR and UV wavelengths in fs-LA-ICP-MS were compared in the frame of U-Pb dating of reference
zircon materials. The evolution of the crater morphology was studied using high-resolution synchrotron X-
ray micro-tomography. Near UV pulse energy realizes ablation of the sample in a deterministic fashion.
Near IR laser-matter interactions are more prone to incubation effects due to the lower energy photons
as compared to NUV. These effects induced: (1) a nonlinear development of the crater shape because of
catastrophic ablation and delayed ablation, (2) a much lower fs-LA-ICP-MS yield than in the NUV mode
because only a small fraction of the pulse energy was used to effectively ablate the sample, and (3) a
potential role of preferential ionization that generates elemental fractionation between U and Pb* at near
ablation threshold conditions. In IR-F-eq, several measurements must then be rejected because of a high
bias from the Concordia curve (>15%) or a lack of precision. The remaining dataset is accurate but
statistically poor for a robust age estimation. In IR-S-eq mode, i.e. at high fluence, the data are statistically
robust and accurate, but suffer from high uncertainties relative to the actual expectations from LA-ICP-
MS. Finally, NUV is the most powerful mode to obtain statistically robust datasets and its high yield
provides room for improvement to increase the actual high spatial resolutions reached for various type of

multi-elements analysis, e.g. <10 Um in diameter.
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