
Bosco et al., Sci. Adv. 2021; 7 : eabj1175     29 October 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 8

A T M O S P H E R I C  S C I E N C E

New horizons in microparticle forensics: Actinide 
imaging and detection of 238Pu and 242mAm in  
hot particles
Hauke Bosco1, Linda Hamann1, Nina Kneip2, Manuel Raiwa1, Martin Weiss1,  
Klaus Wendt2, Clemens Walther1*

Micrometer-sized pollutant particles are of highest concern in environmental and life sciences, cosmochemistry, 
and forensics. From their composition, detailed information on origin and potential risks to human health or 
environment is obtained. We combine secondary ion mass spectrometry with resonant laser ionization to selec-
tively examine elemental and isotopic composition of individual particles at submicrometer spatial resolution. 
Avoiding any chemical sample preparation, isobaric interferences are suppressed by five orders of magnitude. In 
contrast to most mass spectrometric techniques, only negligible mass is consumed, leaving the particle intact for 
further studies. Identification of actinide elements and their isotopes on a Chernobyl hot particle, including 
242mAm at ultratrace levels, proved the performance. Beyond that, the technique is applicable to almost all 
elements and opens up previously unexplored scientific applications.

INTRODUCTION
Small particles in the range of few micrometers and below are 
released into the environment by various processes (1, 2). When 
investigating such particles, isotope signatures of specific elements 
give insight into genesis, origin, and age (3). In the fields of radio-
ecology and nuclear forensics, in particular, the isotope ratios of 
uranium, plutonium, minor actinides, and fission products are of 
the highest relevance. They carry information on enrichment, chemi-
cal separation, and/or interaction processes with specific neutron 
fields, which could take place during normal reactor operation (4), 
a nuclear explosion, or a nuclear accident (5, 6). In the case of 
meteoritic particles, minute amounts are probed to conclude on 
their origin and production mechanisms from isotope ratios (7, 8).

Radioactive particles pose a substantial health hazard due to 
inhalation when they contain alpha-emitting nuclides such as 
uranium, plutonium, or some minor actinides (9, 10). They are 
mainly released by accidents in military or civil nuclear facilities. 
While larger fragments sediment close to the release site, particles 
of micrometer size and smaller might undergo long-range transport 
by local and global atmospheric circulation for considerable distances. 
For example, nuclear fuel particles from the Chernobyl accident 
have been detected several 1000 km away in Northern Europe (11).

When exposed to environmental conditions in the biosphere, 
depending on their chemical composition and oxidation state 
(12, 13), some particles dissolve over time, while others remain stable 
over many years. Hence, detailed knowledge of their stability and 
analysis of the isotopic inventory of single separated particles is of 
great interest in various disciplines. At the same time, it is desirable that 
characterized particles stay intact for further analysis, e.g., for detailed 
chemical leaching experiments. This requires a nondestructive and 
ultrasensitive analysis technique as micrometer-sized particles 
contain only a limited number of atoms.

Scanning electron microscopy (SEM) is frequently used for 
localization and analyses of such micro- and nanostructures (14). 
The high spatial resolution of secondary electron detection combined 
with the elemental contrast of backscattered electrons (BSEs) and 
the analysis of characteristic x-rays by energy-dispersive x-ray spec-
troscopy (EDS) analysis delivers information on morphology and 
general elemental composition. However, EDS requires several 
1000 ppm (parts per million) analyte concentration and lacks isotopic 
information. Nevertheless, BSE and EDS analyses allow fast localiza-
tion and identification of heavy element–bearing particles. In addi-
tion, the minimal sample preparation needed for SEM and its low 
level of invasiveness allow for subsequent use of the unaltered 
analyzed material (15).

A great number of radioactive particles were released during the 
accident of 26 April 1986 in reactor block number 4 of the Chernobyl 
nuclear power plant (16–18). Even today, many of these so-called 
hot particles can be found, predominantly within the Chernobyl 
exclusion zone (CEZ) 30 km around the reactor (19, 20). They are 
distinguishable from the surrounding bulk soil due to their high 
specific gamma activity (137Cs content of the fuel particles) and due 
to their high density and high atomic number (fuel fragments). 
They are mainly composed of uranium oxide but also often contain 
plutonium and americium produced via neutron capture of uranium 
and subsequent beta decays. The alpha emitter 241Am, which gives 
rise to an additional gamma line, continues to grow in because of 
the beta decay of 241Pu with a half-life of 14.3 years.

A particle from the so-called Red Forest within the CEZ of ~10 m 
by 10 m by 15 m was localized by a combination of SEM-BSE 
(Fig. 1) and SEM-EDS after alpha track detection. EDS proved 
uranium to be the main component of the particle. The alpha activity of 
the localized particle indicates the presence of further alpha-emitting 
radionuclides with half-lives much shorter than those of 235U and 
238U, hinting at plutonium and americium isotopes. Furthermore, 
the BSE image revealed the structure of the particle surface. The 
porous structure on the nanometer scale matches that of nuclear 
fuel fragments rather closely. Most likely, it developed because of 
fission gas accumulation during the reactor operation (21).
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RESULTS AND DISCUSSION
The analysis presented so far comprises of well-established routine 
techniques frequently reported before (14). In contrast to preceding 
work making use of subsequent destructive analysis techniques 
(22, 23), the quasi-nondestructive static time-of-flight secondary 
ion mass spectrometry (TOF-SIMS) was used to determine the 
isotopic signature of the particle’s main elemental component, 
uranium. The four long-lived uranium isotopes 234–236, 238U are well 
resolved in the mass spectrum shown in Fig. 2.

The ratios of 235U/238U = 0.0081(1) and 236U/238U = 0.0024(1) 
are typical for spent nuclear fuel of low initial enrichment and rather 
moderate burnup (24, 25). The isotopes 234 to 236 do not suffer 
from any notable isobaric interferences apart from a minor mo-
lecular background, which is an omnipresent by-product of the 
sputter process (26). In principle, 238U may interfere with 238Pu. In 
the present case, however, this effect does not play a role for uranium 
isotope determination due to the high 238U/238Pu ratio, in excess of 
7.5 × 104.

This advantage is reversed, when the low abundance isotopes of, 
e.g., plutonium and americium, are to be measured in the presence 
of a large excess of unwanted isobars. SIMS cannot discriminate 
isobars due to its nonselective ionization process. Hence, an 
unambiguous assignment of the peaks is not always possible as 
indicated in Fig. 2. For example, the species 238UH+ might con-
tribute, in at least a small fraction, to the peak at mass/charge ratio 

(m/z) = 239 assigned to 239Pu. At m/z = 241, the isotopes 241Pu 
and 241Am interfere with each other. In addition, the peak at 
m/z = 243 is not clearly separated from the background.

Resolving these isobaric interferences is a most challenging task. 
Optimizing mass spectrometry for high mass resolution strongly 
decreases sensitivity, and chemical separation is time consuming 
and does not always achieve the required suppression (27, 28). In 
the present work, multicolor laser resonant ionization (RI) was 
chosen for an element-selective production of ions and highly 
efficient suppression of isobaric interferences. Stepwise absorption 
of precisely tuned laser radiation selectively excites, and lastly ionizes, 
atoms of one specific target element for further mass separation and 
single ion detection (29–31).

Combining RI with SIMS is called resonant laser secondary 
neutral mass spectrometry (rL-SNMS), a technique also used for 
investigation of nuclear materials (32), in the field of cosmochemistry 
(33) and with low spatial resolution for plutonium imaging on clay 
(34). The sputter process produces initially formed ions and neutral 
atoms. The initial ions are removed by a pulsed electric field, while 
the neutral atoms (and molecules) form a slowly expanding cloud 
above the investigation spot. Pulses from three titanium:sapphire 
(Ti:Sa) lasers are focused into this cloud to produce “resonant ions” 
(29). The delay in the arrival of the laser pulse after the initial 
sputter pulse is optimized at about 0.7 s for a balance of ionization 
efficiency versus suppression of unwanted diffusing secondary ions 
left over from the sputtering process. For further detailed technical 
information, see fig. S5.

Thus, rL-SNMS allows the measurement of isotope ratios of 
isobaric nuclides such as 238Pu and 238U at trace concentrations, 
something not possible by conventional low-resolution mass 
spectrometry. By alternately tuning the laser excitation to the reso-
nances of different elements, which recently became possible within 
a few minutes for access to most of the elements by a thoughtful 
selection of the excitation schemes, power density, and relative laser 
beam polarizations (35), an effective suppression of isobaric inter-
ferences of typically more than five orders of magnitude is achieved. 
The ionization efficiency in SNMS may vary slightly for different 
isotopes of an element (36, 37) and can be compensated by calibration 
measurements if needed.

In the following section, the use of rL-SNMS to measure the 
plutonium isotope composition of the Chernobyl particle is pre-
sented. The lasers were tuned to plutonium resonances, yielding a 
spectrum of plutonium isotopes at a mass resolution well above 
1000 (see Fig. 3). The spectrum in red was acquired with all lasers 
tuned to the corresponding resonant transitions of plutonium for 
efficient RI. The nonresonant background (black) was measured by 
detuning the first-step laser, which normally drives the excitation 
from the ground state to the first excited state (FES), off resonance 
by 150 GHz (table S1), while all other parameters were kept con-
stant. The main isotopes, 239-242Pu, were detected almost background 
free. The unexpected peak at m/z = 238.5 in both spectra originates 
from a small leftover fraction of the vast surplus of 238U+ secondary 
ions, which was not fully suppressed but left over from the initial 
sputter process. The slight adjustments in the electric fields for 
ion extraction during SNMS versus SIMS shift this peak to the ap-
parent m/z = 238.5. The m/z = 238 SNMS signal is clearly composed 
of two contributions: first, the resonantly ionized 238Pu, and second, 
the nonresonantly ionized 238U atoms. By simple background subtrac-
tion, the fraction of 238Pu is calculated.

Fig. 1. SEM-BSE image of the ~10m particle taken after localization. The 
bright porous structure in the center has been identified as a nuclear fuel particle. 
It was pressed into indium for fixation, which is visible as the smooth gray struc-
ture around it. HV, high voltage; WD, working distance.
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In comparison to the conventional SIMS spectrum given in 
Fig. 2, the relative ion signal strength at m/z = 241 is substantially 
reduced in the rL-SNMS spectrum compared to the neighboring 
mass peaks. This is not an artifact but rather additional proof of the 
high element selectivity of rL-SNMS. Conventional SIMS does not 
discriminate between isobars. Hence, 241Pu (half-life 14.3 years) 
and its decay product 241Am both contribute to the peak at m/z = 241 
(Fig. 2). rL-SNMS tuned to Pu resonances, however, fully suppresses 
the americium fraction. This explanation is further corroborated by 
the absence of any peak at m/z = 243 despite the known presence of 
243Am in the particle (see below).

The plutonium isotope ratios calculated from the peak areas in 
Fig. 3 are given in Table 1. Previously, synthetic samples with a 
U/Pu ratio of only 10 were analyzed (38). The present measurement 
reports a direct mass-spectrometric determination of 238Pu in an 
environmental sample without the need for elaborate chemical 
pretreatment and at a much more challenging U/Pu ratio than in (38).

By comparing the results to the ones obtained from the destructive 
analysis of macroscopic amounts of reaktor bolshoy moshchnosti 

kanalnyy “high-power channel-type reactor” (RBMK) fuel (39), the 
suppression ratio for uranium has been estimated. The particle’s 
plutonium isotope ratios are very close to the ones of sample 9 of the 
analyzed RBMK fuel samples in Makarova et al. (39), which are in-
cluded in Table 1. For comparison with these reference values, decay 
corrections were performed. The content of 238U per ton of initial 
uranium (U0) was determined to be 974.7(15) kg/tU0, whereas the 
238Pu content was given as only 12.8(2) g/tU0. Assuming the nonreso-
nant laser-dependent background of 194 counts at m/z = 238 to be 
solely caused by the enormous 238U surplus and ascribing the resonant 
excess of 202 counts to 238Pu, the suppression of the isobaric inter-
ference 238U against 238Pu is estimated to be about 75,000. Almost 
five orders of magnitude in isobaric suppression are obtained without 
any chemical separation and with the particle remaining quasi-intact.

Americium
All rL-SNMS measurements on plutonium presented above were 
performed in the so-called spectrometry mode of the primary ion 
beam, limited to a spatial resolution of about 5 m, with a mass 

Fig. 2. TOF-SIMS spectrum of the hot particle. The spectrum represents a region-of-interest analysis of the particle’s uranium signal. The uranium peak areas are marked 
in individual colors for the different isotopes. In addition, the masses of higher actinides with isobaric interferences are marked in red.

Fig. 3. Resonant laser–SNMS with the lasers tuned to plutonium resonances. The spectrum in red was acquired with all lasers stabilized on the corresponding 
resonances. The spectrum in black was acquired under the same conditions as the resonant signal with one exception. The laser for the first excitation step was detuned 
by 150 GHz off the resonance frequency.
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resolution of ca. 4000. In this way, isotopic contents can be deter-
mined with low statistical uncertainty. Alternatively, in the so-called 
fast imaging mode (40), the primary ion beam spot can be focused 
down to ca. 100 nm on the target for spatial resolution of specific 
details in the isotopic or molecular sample composition. By two- 
dimensional imaging of the ion intensity of a given mass interval, 
the structure of the analyzed sample and the spatial origin of the 
individual isotopes can be imaged. The trace isotope 241Am was 
screened by rL-SNMS in fast imaging mode while, simultaneously, 
the nonresonantly laser ionized uranium oxide signal was recorded. 
A further minor experimental modification concerned the choice of 
laser excitation: Two externally frequency doubled Ti:Sa lasers 
emitting radiation in the blue spectral range were used to excite a 
two-step RI scheme (41) instead of three steps. A clear spatial 
correlation of 238UO+ and 241Am+ was observed. The ion images 
given in Fig. 4 show very similar patterns. This leads to the conclusion 
that the vast majority of ions detected originate from the particle 
itself and that no substantial contamination from any object located 
close by was measured. Furthermore, some fine details in the surface 
structure are revealed, which match the ones observed by SEM 
(such as depicted in Fig. 1). Note that for exact comparison of the 
images of SEM and SNMS, the 45° angle of view by SNMS and some 
minor distortions originating from the effective acceleration field 
geometry need to be considered.

Following the ion imaging, additional mass spectra were recorded 
in spectrometry mode (Fig. 5). Apart from the two-step excitation, 
the experimental setup for rL-SNMS on americium and curium 
isotopes was identical to the conditions for plutonium analysis. As 
mentioned before, the particle’s high specific alpha activity already 
suggests the presence of alpha-emitters with half-lives considerably 
shorter than the ones of 238U or 235U, which is confirmed by the 
observation of 241Am and 243Am (Fig. 5, top, red mass spectrum). 
Only minor nonresonant background shows up on the plutonium 
masses m/z = 239 to 242 (black).

In comparison to the plutonium spectrum of Fig. 3, the americium 
peaks show a slightly enhanced tailing caused by a setting optimized 
for signal-to-background ratio. Nevertheless, the isotopes are clearly 
separated.

In addition to the expected peaks of americium at m/z = 241 
and 243, the resonant spectrum shows an unexpected resonant 
enhancement of the ion signal at m/z = 242 by 348 excess counts 
(red minus black spectrum). A selective RI of molecules with this 
m/z can be excluded, because only atoms are selectively resonantly 
ionized by rL-SNMS. Any explanation based solely on non-RI of 
242Pu can also be ruled out: The plutonium peaks at m/z = 239 and 

240 do not change for the red (resonantly tuned to americium) ver-
sus the black (nonresonant) spectra; hence, there is no reason to 
expect the 242Pu contribution to change. Non-RI of 226RaO is ruled 
out for two reasons: Only ca. 10−6 g/t are expected in spent fuel 
[data for boiling water reactor (BWR) spent fuel in (42)] and a non-
resonant production would not change upon detuning of the first 
laser. Consequently, there has to be an americium isotope causing 
the excess in the m/z = 242 peak in the red spectrum. The only am-
ericium isomer at mass 242 still detectable 34 years after the acci-
dent is 242mAm with a half-life of 141 years (43). This isotope has a 
production path with rather low probability as shown in Fig. 6. It 
originates from a minor neutron capture branch (10%) of 241Am, 
which, in turn, is the beta-decay product of 241Pu produced during 
reactor operation (44, 45). The total abundance of 242mAm lies in 
the range of a few mg/tU0, depending on burnup. The low beta- 
decay energies together with the low abundance make 242mAm ex-
tremely difficult to detect radiometrically (46,  47). In the present 
work,  242mAm has been detected in a fuel sample without any chem-
ical pretreatment. The isotopic signature of americium measured 
in this work is given in Table 2. As no 242mAm data were given by 
Makarova et al. (39), the reference value for 242mAm was calculated 
based on the 242Cm and 243Am data [4.7 g/tU0 of 243Am according to 
(39)] and following a suggestion by Bowen et al. (48). Assuming a 
particle volume of 1.5 × 10−9 cm3 and a density similar to UO2 with 
11 g/cm3, the total estimated mass of the particle amounts to 
16.5 ng. Combined with the calculated 242mAm mass fraction of 
0.18 g/tU0 according to Makarova et al. (39), the total content of 
242mAm in the particle is thus estimated to be only 3 fg (ca. 107 atoms) 
and ca. 80 fg 243Am.

Stimulated by a specific two-step resonant excitation scheme for 
curium developed at the Institute of Physics, Johannes Gutenberg 
University Mainz, a measurement of the ultralow level isotope 
244Cm was performed to quantify the production mechanisms 
described in Fig. 6. The transition energies and laser powers are given 
in table S1. The mass spectrum in Fig. 5 (bottom) shows that on 
resonance, a total of 41 counts were detected on m/z = 244 at a back-
ground of just 10 counts in the nonresonant measurement, which 
points to a successful identification of 244Cm in the sample. Using the 
particle mass of 16.5 ng estimated above and the measured mass frac-
tion of 0.6 g/tU0 of 244Cm in RBMK-fuel, as given by Makarova et al. 
(39) in sample 9, the total mass of 244Cm corresponds to 2.7 fg present 
in the particle at the time of measurement (decay-corrected).

For the americium as well as for the curium measurement by 
rL-SNMS, only a very small amount of sample from the particle’s 
surface is consumed. This is demonstrated by comparing SEM 

Table 1. Isotope inventory of plutonium. Integrated signal counts in the peak areas of the spectrum of Fig. 3 as measured, together with nonresonant 
background. Extracted ratios are compared to expected values from Makarova et al., sample 9 from table 7 including decay correction (39).  

238Pu 239Pu 240Pu 241Pu 242Pu

Signal [measured counts] 396 68,084 36,148 2387 2636

Background [measured counts] 194 11 1 1 1

Rel. content [%] this work 0.22(3)* 57.2(2) 30.4(2) 10.0(2)* 2.21(4)

Rel. content [%] from (39) 0.288(6) 59.23(11) 30.12(6) 8.13(16) 2.23(5)

Mass [g/tHWM] from (39) 12.8(2) 2290(30) 1165(12) 315(5) 86.1(2)

*Values were decay-corrected back to 26 April 1986.
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images of a second and much smaller particle in fig. S3 before and 
after obtaining plutonium and americium spectra (the latter is 
depicted in fig. S4). In the case of curium analysis, this means that 
orders of magnitude less than the estimated 2.7-fg curium content 
of the whole particle are consumed to obtain the rL-SNMS spectrum.

The detection and localization of ultratrace concentrations of 
radioactive actinides on the 100-nm scale have been demonstrated 
on a hot particle with minimal sample consumption. SEM analysis 
as well as TOF-SIMS and rL-SNMS analysis were combined, keeping 
the original particle sample intact for further analyses. Miniscule 

Fig. 5. Resonant laser–SNMS with the lasers tuned to americium (top) and curium (bottom) resonances. The mass spectra are overlays of resonant and a nonresonant 
SNMS spectrum in analogy to the plutonium case in Fig. 3. The particle contained ca. 80 fg 243Am, 3 fg 242mAm, and ca. 2.7 fg curium. The high background in the bottom 
spectrum is due to increased laser power needed for curium detection.

Fig. 4. Ion images of uranium oxide and 241Am. Images were created from a fast-imaging measurement in combination with resonance ionization of americium. The 
left-hand image shows the spatial distribution of the nonresonantly ionized UO+ signal, and the right-hand image shows the resonantly ionized 241Am+ signal.
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amounts of isotopes contained within the particle were unambiguously 
identified, and distributions within the hot particle were imaged in 
ion maps. Without any sample preparation, minor trace isotopes 
like 238Pu, 242mAm, or 244Cm were detected with lowest isobaric 
interferences. In the assessment of these findings, one has to keep in 
mind that the information is obtained from the particle’s surface 
and may not necessarily be representative for the entire particle. On 
the other hand, influences resulting from leaching processes or 
precipitation at the sample surface could be measured by depth 
profiling. The isotopic signatures given here allow further interpre-
tation: Americium forming during reactor operation (243Am) is 
built and fixed into the uranium oxide lattice. 241Am formed after 
the accident via decay of 241Pu might be easier to leach from the 
particle. However, because the 241Am/243Am isotope ratios (Table 2) 
still agree with the (decay-corrected) bulk data obtained in (39), no 
isotope selective losses during the 30-year weathering period occurred.

For future investigations of isotopic chemical stability from a 
single particle, sequential chemical extraction, or leaching, will be 
performed. This becomes possible by the fact that only a thin 
surface layer is consumed by SNMS firmly preserving the particle 
for subsequent investigations.

This work took several iterations of refinement of measurement 
conditions to reach the actual rather optimum state with now a 
minimum of time consumption in sample handling and data acqui-
sition. A sample can be prepared via particle extraction and separa-
tion from the surrounding matrix within 1 to 2 hours. Subsequent 
transfer into the TOF-SIMS for determination of isotopic signatures 
additionally takes 1 to 2 hours for general analysis by TOF-SIMS 

and 4 hours of plutonium, americium, and curium analysis by 
rL-SNMS, with a tuning time of only a few minutes between ele-
ments due to the use of grating Ti:Sa lasers. Hence, under optimum 
conditions, a full sample analysis including preparation of a single 
particle sample, SEM imaging, EDS analysis, TOF-SIMS, and 
rL-SNMS for few elements, e.g., plutonium, americium, curium, or, 
for example, lanthanides or other fission products, is achievable 
within one working day. This makes this new technique attractive 
not only as a routine tool for nuclear forensics but also as part of 
emergency preparedness.

MATERIALS AND METHODS
Sampling was performed in the CEZ (N51°22′59″, E30°4′42″). Soil 
samples were gradually sieved, and the smallest fraction exhibiting 
the highest specific activity was separated and pressed into indium 
foil for fixation (Haines & Maassen, In 99.99%, 100 m thickness). 
After localization by alpha track detection using CN-85 cellulose 
nitrate detectors by Kodak, the particles were extracted with a 
biopsy punch. The sample was fixed on an aluminum block and ex-
posed to a new alpha track detector for another 15 min (fig. S1). 
Exposed detectors were etched in 10% sodium hydroxide solution 
at 60°C for 22 min and rinsed subsequently with high- purity wa-
ter for another 22  min. The alpha tracks in the detector material 
were analyzed by a light microscope LV DAF (Nikon) (fig. S1). The 
sample was transferred to an environmental scanning electron mi-
croscope ESEM XL-30 (Philips). BSE images were recorded in high 
vacuum mode at 10−3 mbar (Fig. 1 and fig. S2).

Fig. 6. Production scheme of 242mAm and 244Cm. Neutron capture induced nuclear reactions of 241Am from 242mAm. 244Cm forms via beta decay of 243Pu followed by 
subsequent neutron capture. SF stands for spontaneous fission. Only decay channels relevant for production of 242mAm and 244Cm are shown. Transition probabilities are 
taken from calculations and measurements (49). ec, electron capture.

Table 2. Isotope content of the particle in the americium region. Peak areas taken from the mass spectrum of Fig. 5. 

Mass 239 Mass 240 241Am 242mAm 243Am

Signal [counts] 1177 555 724,475 348 16,435

Background [counts] 1097 484 561 66 23

Rel. content [%] this work - - 97.73(1) 0.04(1) 2.24(1)

Rel. content [%] from (39) - - 97.702(1)* 0.049(1)† 2.249(1)

Mass [g/t U0] from (39) - - 251.8(40)* 0.18(1)† 4.7(1)‡

*Values calculated from 241Pu masses taken from table 7 of Makarova et al. (39).   †Values calculated from 242Cm values of Makarova et al. (39).   ‡Values 
taken from table 8 of Makarova et al. (39).
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TOF SIMS and rL-SNMS
All analyses were performed in a TOF.SIMS5 (IONTOF). The mass 
spectrometer is equipped with a Bi Nanoprobe liquid metal ion gun 
(Bi3

+ ion pulses at 30 kV impinging onto the surface at a 45° angle 
of incidence). The mass spectrometer can be operated at spectrometry 
mode (high mass resolution, high ion transmission, and low lateral 
resolution of a few micrometers) or in fast imaging mode (high 
lateral resolution, low primary, and secondary ion fluxes). The mass 
spectra given in Figs.  2,  3, and 5 were obtained in spectrometry 
mode at a pixel count of 128 × 128 and a measurement window of 
30 m by 30 m.
rL-SNMS
Three Ti:Sa lasers individually pumped by DM60-532 internally 
frequency doubled Nd:YAG lasers (photonics industries) are tuned 
to wavelengths according to table S1, evaluated by a WS6-600 
(HighFinesse) wavemeter. The temporal overlap of the Ti:Sa laser 
pulses was realized by synchronizing the trigger signal of the pump 
lasers relative to a master trigger signal of the SIMS with a delay 
generator DG645 [Stanford Research Systems (SRS)]. For each mass 
spectrum, two measurements were taken and combined in an overlay. 
The first measurement was taken with all lasers stabilized on their cor-
responding resonance frequency. A second measurement of identi-
cal duration was taken directly afterward with the laser exciting the 
transition from the ground state to the FES slightly detuned (table S1).
Imaging
The exact calibration of the lateral resolution in rL-SNMS images 
cannot be realized because of a lack of an americium or plutonium 
lateral resolution calibration standard. In SIMS mode, a dedicated 
copper mesh structure is used for adjustment and calibration pur-
poses. After the adjustment and calibration of the ion source, the 
timing of the ion pulse is changed relative to the suppression and 
following extraction field. Hence, the effective field changes and 
causes a lateral distortion in the x direction, distorting (stretching) 
the resulting ion image in the x direction. Therefore, the rL-SNMS 
ion images are slightly magnified relative to SIMS and SEM images.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj1175
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