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Abstract 26 

For the purpose of devising methods for minimally destructive multi-element 27 

analysis, we compare the performance of a 266 nm – 213 nm double-pulse scheme 28 

against that of the single 266 nm pulse scheme.  The first laser pulse at 266 nm ablates 29 

a mica sample.  Ten ns later, the second pulse at 213 nm and 64 mJ cm
-2

 orthogonally 30 

intercepts the gas plume to enhance the analyte signal.  Emissions from aluminum, 31 

silicon, magnesium and sodium are simultaneously observed.  At low 266 nm laser 32 

fluence when only sub-ng of sample mass is removed, the signal enhancement by the 33 

213 nm pulse is especially apparent.  The minimum detectable amount of aluminum is 34 

about 24 fmol; it will be a hundred times higher if the sample is analyzed by the 266 35 

nm pulse alone.  The minimum detectable mass for the other analytes is also reduced 36 

by about two orders of magnitude when the second pulse at 213 nm is introduced.  37 

The spectral and temporal properties of the enhanced signal are consistent with the 38 

mechanism of ultra-violet laser excited atomic fluorescence of dense plumes. 39 

 40 
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1. Introduction 46 

While laser-induced breakdown spectroscopy (LIBS) has proven to be a 47 

versatile analysis technique, its sensitivity can be further enhanced by a two-pulse 48 

approach [1,2].  The enhanced sensitivity is particularly useful when the mass 49 

removed has to be minimized, as in nondestructive analysis [3] or in high spatial 50 

resolution mapping [4].   51 

We previously demonstrated two-pulse LIBS analysis of crystalline silicon at 52 

better than 2 m lateral resolution [5].  The first laser pulse of 500 fs at 343 nm 53 

ablated the sample to create a plume of short luminous lifetime.  A second laser pulse 54 

of 6 ns duration at 355 nm orthogonally intercepted the plume to enhance and sustain 55 

the signal.  The analyte spectral intensity was amplified by two orders of magnitude 56 

while the minimum detectable mass was reduced 50-fold. 57 

In another recent study, we performed two-pulse forensic analysis of inks and 58 

pigments on questioned documents [6].  For this application, visible damage of the 59 

legal specimen was not allowed.  Here again, the first laser pulse removed only sub-60 

ng of the sample.  The plume produced was too cold to be emissive.   The analyte 61 

signal was induced by a second laser pulse of 10 ns width at 193 nm that intercepted 62 

the plume perpendicularly.  Minimum detectable mass in the atto-mole range was 63 

achieved.   64 

The signal enhancement mechanisms in the two studies are very different.  In 65 

the silicon case, the second laser pulse at fluences of tens of J cm
-2

 reheated and 66 

ionized the plume to generate spectral emission that lasted hundreds or even 67 

thousands of ns and outlived the initial continuum background.  This situation is 68 

typical in two-pulse LIBS configurations [1].  In the questioned document case, the 69 

fluence of the second laser pulse was only 42 mJ cm
-2

, there was minimal background 70 
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and the enhanced emissions lasted no more than 100 ns, all suggestive of 193-nm 71 

laser excited atomic fluorescence (LEAF) of dense plumes. 72 

Various applications of the plume-LEAF scheme at 193 nm excitation have 73 

been reported [789-101112].  Plausible models of the physical mechanism were also 74 

discussed [8,13].  It was conjectured that two factors are essential for the signal 75 

enhancement, near-solid plume density and high photon energy.  Accordingly, plume 76 

interception at other ultra-violet wavelengths should be equally effective.  For 77 

example, the fifth harmonic of the Nd:YAG laser at 213 nm would be an interesting 78 

alternative, not only because of the high photon energy, but also because of the ease 79 

of operation when compared to the 193 nm ArF excimer laser. 80 

In this work, we investigate the effectiveness of using a 213 nm laser pulse as 81 

the signal enhancing second pulse.  We quantify the improvement by estimating the 82 

minimum detectable mass with and without the second pulse, and draw observations 83 

that help to elucidate the signal enhancement mechanisms.   84 

 85 

 86 

  87 
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2. Experimental 88 

  Mica samples were chosen as test samples because they were atomically flat 89 

and contained major and minor elements of interest [14].  Their surface properties and 90 

chemical compositions were consistent from batch to batch.  The major elements were 91 

Si and Al; the minor elements were Mg and Na [14].  These analytes have strong 92 

emission lines that are spaced spectrally without interferences.    93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

Fig. 1.  Experimental schematics for doing 266-213 two-pulse laser sampling of mica samples. 103 
 104 

  The experimental setup was similar to the one reported previously [5].  It is 105 

shown schematically in Fig. 1.  Briefly, a Nd:YAG laser pulse (New Wave, fourth 106 

harmonic at 266 nm, 10 Hz, 6 ns) was delivered normally through a 100 mm f.l. lens 107 

onto the mica sample which was either stationary or translated.  The laser fluence 108 

ranged from 330 mJ cm
-2

 for gentle ablation to more than 800 mJ cm
-2

 for LIBS 109 

analysis.  The corresponding crater diameter ranged from 16 m to 150 m.  After a 110 

delay t, the ablated plume was intercepted transversely by a second Nd:YAG laser 111 

pulse (Quantel, fifth harmonic at 213 nm, 10 Hz, 6 ns).  The 213 nm beam was 112 

focused through a 150 mm focal length lens to a waist of about 40 m in diameter and 113 
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10 mm in front of the plume.  It diverged to a 2 mm diameter spot at the plume.  The 114 

inter-pulse delay t was set at 10 ns so that the second pulse could interact with the 115 

expanding plume at its maximum density.  At such short interpulse delay, the plume 116 

was extended only tens of m above the target so the 213 nm beam had to be close to 117 

the target surface.  The energy of the second pulse was therefore capped at 2 mJ to 118 

avoid ablating the sample.  The corresponding fluence was about 64 mJ cm
2

 at the 119 

plume.   120 

  The spectral emissions were collected along a direction 45 from the surface 121 

normal of the mica sample and focused through a 50 mm focal length lens onto an 122 

optical fiber bundle.  The other end of the fiber bundle was connected to a 60 m-123 

wide slit entrance of a spectrometer/ICCD camera system (Acton SP150/Princeton 124 

Instruments PI-MAX).  The gain of the ICCD was set to 250.  The instrumental 125 

spectral resolution was about 0.3 nm, which was preserved in all off-line spectral 126 

smoothing.  The ICCD was gated on ten ns after the 266 nm pulse, and stayed on for 127 

500 ns.   128 

  The morphology of the ablated crater was characterized by a white light 129 

interferometer (Zygo Multiview 6K) that featured an x-y resolution of 710 nm (with 130 

20 NewView TM6000 objective) and a z-resolution of 0.1 nm.   131 

  Further experimental details specific to particular data sets are given either in 132 

the relevant sections or in the figure captions.    133 

 134 

  135 
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3. Results and Discussion 136 

The spectra produced by a low fluence 266 nm pulse of 330 mJ cm
-2 

 are 137 

shown in the lower panel of Fig. 2.  The spectrum produced by the 266 nm pulse 138 

alone is shown in red.  That produced by the 266 nm-213 nm two-pulse scheme is 139 

shown in blue.  Each spectrum is the sum of 100 sampling events.  The two traces are 140 

offset vertically for clarity, with the leading and trailing pixels zeroed to indicate the 141 

baseline.  As can be seen, the 266 nm single-pulse configuration produced no analyte 142 

emission while the 266 nm -213 nm scheme produced strong signals.   143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 
Fig. 2.  Spectra produced by 266 nm laser sampling of mica at two laser fluences, 330 mJ cm

-2
 (bottom 154 

panel) and 380 mJ cm
-2

 (top panel).  In each case, two spectra are shown, one generated by the 266 nm 155 
laser pulse alone (red trace) and one produced by the 266 nm – 213 nm scheme  (blue trace).  Each 156 

trace is the sum of 100 sampling events.  The y scale of the bottom panel is amplified 5.5 relative to 157 
the top panel.  The intensity scale bar represents 40,000 CCD counts in each panel.   The Mg II 279.6 158 
and 280.3 nm doublet, the Mg I 285.2 nm and Si I 288.2 nm lines, and the Al I 308.2 and 309.3 nm 159 
doublet are shown.   Inset shows the corresponding craters after 100 sampling events.   Scale bar is 50 160 

m.   161 

 162 

 163 

We should point out that without the 266 nm first pulse, the 213 nm pulse 164 

produced neither ablation nor analyte signal.  However, with the 266 nm ablative first 165 

50 m 
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pulse, the 213 nm second pulse removed additional sample material despite the 166 

orthogonal arrangement.  This is evident from the crater images shown in the inset of 167 

Fig. 2.  We estimated the mass removed based on the crater volume and the mica 168 

density.  With 266 nm pulse alone, 0.34 ng was removed after one hundred shots.  169 

With 213 nm pulse added, 0.60 ng was removed.  The extra mass removed might be 170 

explained by the fact that the 213 nm beam glanced and further vaporized part of the 171 

hot and presumably molten sample surface (see Fig. 1).  Another possibility is that the 172 

213 nm beam enhanced the plume-target interactions.   173 

When the fluence of the first pulse was increased to 380 mJ cm
-2

, the analyte 174 

signal became visible in the 266 nm laser-induced spectrum.  This is depicted by the 175 

red trace in the top panel of Fig. 2.  Notice that the vertical scale is shrunk 5.5 176 

relative to that of the bottom panel for plotting convenience.  The crater was bigger 177 

now, as shown in the corresponding inset.  The mass removed was 1.8 ng after one 178 

hundred shots.  With the 213 nm laser interception, the signals were orders of 179 

magnitude enhanced (blue trace) and the mass removed was 3.0 ng.   180 

To quantify the enhancement of the 213 nm laser interception, we repeated the 181 

ablation sampling at a few more 266 nm laser fluences.  We plotted the signal-to-182 

noise ratio (SNR, in unit of thousands) of the aluminum Al I 308.2 and 309.3 nm 183 

doublet against the mica mass m removed per 100 shots.  The results are shown in 184 

Fig. 3 for both 266 nm (red crosses) and 266 nm-213 nm (blue circles) schemes.  185 

Signal and noise are defined as follows.  For each 100-shot spectrum, the analyte 186 

intensity was defined as the average intensity of the aluminum doublet over a 4.6 nm 187 

spectral width with the background subtracted; and background was defined as the 188 

average intensity of a featureless region from 329.73 nm to 334.33 nm.  Signal was 189 

defined as the average analyte intensity of five 100-shot spectra.  Noise was defined 190 
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as the standard deviation of the background intensity among the five sets.  As can be 191 

seen, at low m, the 266 nm-213 nm trend line (blue) is much steeper than the 266 192 

trend line (red line).  Correspondingly, the mass limit-of-detection (mLOD) is much 193 

lower.   194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

Fig. 3.  Plot of 100-shot SNR against the sample mass m ablated for the 266 (red crosses) and 266-202 
213 (blue circles) sampling schemes, for the case of Al I 308.2 and 309.3 nm doublet.  For the 266 203 

scheme, five laser fluences were used: 0, 330, 380, 410, and 460 mJ cm
-2

, corresponding to five m’s.  204 
For the 266-213 scheme, three 266 nm laser fluences were used: 0, 330, and 380 mJ cm

-2
.  The data 205 

points were curve-fitted with the best trend lines.   206 
 207 

We estimated the mLOD for the detection of aluminum by interpolating m at 208 

SNR equals to three and computed the corresponding analyte mass based on the 209 

known aluminum content in mica [14].  For the 266 scheme, mLOD is 2.5 nmol.  For 210 

the 266 nm-213 nm scheme, it is 24 fmol, or 110 more sensitive.  The trend in Fig. 3 211 

suggests that the sensitivity of the 266 nm configuration will improve significantly at 212 

higher m, though at the expense of considerably more sample mass removed. 213 

We generalized the mLOD estimates to other analytes whose spectral lines 214 

were visible.  They included magnesium, silicon, and sodium.  Their SNR versus m 215 

plots are shown in Fig. 4.  The corresponding mLODs are summarized in Table 1.  As 216 

can be seen from the table, the 213 nm interception reduced the mLOD by about two 217 
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orders of magnitude for all analytes except Mg I.  The mLOD of Mg I was lowered by 218 

only 37, but it was compensated by the 170 improvement in the detection of its ion.  219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

Fig. 4.  SNR plotted against the sample mass m ablated, for the 266 (red crosses) and 266-213 (blue 228 
circles) sampling schemes.  Data based on four analyte emissions are shown: Si I 288.2 and Mg I 285.2 229 
nm lines, and Mg II 279.6 and 280.3 and Na I 589.0 and 589.6 nm doublets.  Data processing was 230 
similar to that of Fig. 3.   231 

 232 

 233 

Table 1.   234 
Mass LOD based on the various analyte emissions, as measured by the 266 nm and the 266 nm -213 235 
nm schemes. 236 
 237 

 238 

 239 
 240 
 241 
 242 
 243 
 244 
 245 
 246 
a 
Vendor specification [14]. 247 

  248 

 

    

Analyte  Conc.  mLOD (fmol) Enhancement 

emissions (%)
a 

266 266 - 213 factor 
     

Mg II   279.6/280.3 nm 0.23 57 0.33 170 

Al I      308.2/309.3 nm 17.5 2500 24 110 

Si I      288.2 nm 21.3 4300 54 80 

Na I    589.0/589.6  nm 0.46 220 3.2 70 

Mg I   285.2 nm 0.23 68 1.8 37 
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The mechanism of the 213 nm enhancement is briefly considered in the 249 

present study.  On the one hand, the simultaneous emission by multiple analytes 250 

suggests non-selective electron-impact excitation as in LIBS.  On the other hand, the 251 

prompt signal and low background seems to imply fluorescence.  Earlier, we reported 252 

similar enhancements by 193 nm ArF laser interception [8,13].  We presented 253 

observations that precluded laser-induced breakdown by the ArF pulse.  Instead, the 254 

observations were more consistent with ArF laser-induced fluorescence of dense 255 

plumes [13].  Here, we have similar observations.  First, the very weak 213 nm pulse 256 

at 64 mJ cm
2

 could not induce thermal breakdown of the cooling plume.  Second, the 257 

optical background at the initial time was too dim to be plasma continuum emissions 258 

(see Fig. 2).  Third, the analyte signal promptly emerged with the 213 nm pulse.  No 259 

plasma cooling delay was observed.  This is shown in Fig. 5 when the various analyte 260 

emission intensities are plotted against the ICCD gate delay.  Fourth, the signal 261 

persistence was too short for typical LIBS signal.  Based on Fig. 5, the Al I 262 

persistence was measured to be about 15 ns, which is consistent with the 14 and 17 ns 263 

radiative lifetime of the doublet [15].  The measured persistence of the other analytes 264 

ranged from about 8 ns for Mg II to about 11 ns for Si I, which is consistent with the 265 

convolution of the 6 ns width of the 213 nm pulse and the radiative lifetimes of the 266 

respective transitions [15].  .  The fifth observation further supports fluorescence over 267 

plume heating.  If this was two-pulse LIBS, we would expect to see stronger signal if 268 

the wavelength of the second pulse was longer because it would heat the plasma more 269 

efficiently by inverse Bremsstrahlung [16,17].  However, as Fig. 6 shows, our 270 

observation was the opposite.  The signal produced by 266-266 (red) was weaker than 271 

the 266-213 case (blue).  All in all, the spectral and temporal properties of the 272 



12 

 

enhanced signal were consistent with the plume-LEAF model [8,13].  More 273 

experiments are underway to further elucidate the mechanism.   274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

Fig. 5.  Signal versus ICCD delay for the four analyte emissions indicated.  The first 266 nm pulse was 285 
at a fluence of 330 mJ cm

-2
.  Ten ns later, the plume was intercepted by the 213 nm pulse.  ICCD gate 286 

delay was measured from the second 213 nm pulse; the gate width was 500 ns.  Best exponential fits 287 
are shown. 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

Fig. 6.  Spectra produced by laser sampling of mica using two schemes: (1) 266-266 (red trace) and 304 
266-213 (blue trace).  The fluence of the first (266 nm) laser pulse was 330 mJ cm

-2
.  Ten ns later, the 305 

plume was intercepted by the second (213 or 266 nm) laser pulse at a fluence of 64 mJ cm
-2

.  The 306 
ICCD was gated on 5 ns from the second pulse, and remained on for 500 ns.   The spectra shown were 307 
the sum of 100 events.   308 

 309 

 310 

 311 

 312 
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4. Conclusion. 313 

In conclusion, we laser analyzed mica samples using two orthogonal laser 314 

pulses.  A weak (< 330 mJ cm
2

) first pulse at 266 nm ablated the sample to create a 315 

material plume but no analyte emissions were observed.  When the plume was 316 

intercepted transversely by a second laser pulse at 213 nm wavelength and 64 mJ 317 

cm
2

 fluence, strong analyte emissions were induced.  Without the 213 nm beam, the 318 

mLODs of the analytes were two orders of magnitude higher.  The enhancement 319 

mechanism was briefly discussed.  The spectral and temporal properties of the 320 

enhanced signal were consistent with our plume-LEAF model.  Given the turn-key 321 

nature of the 213 nm laser and the significant signal enhancement at low mass 322 

removal, this technique should be particularly useful for minimally destructive and 323 

high spatial resolution analysis. 324 

 325 
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