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Multi-element detectable laser excited atomic fluorescence (LEAF) technique has been regarded as

impressive progress in the analytical field because it possesses high sensitivity and overcomes the

specific resonant wavelength constraint. However, a limited understanding of the universal signal

enhancement mechanism restricts its further development and follow-up studies. In this study,

experiments of LEAF are conducted to investigate the details of the ablation process, excitation process,

and coupling behavior. Multi-element signals were dramatically enhanced with 1.49 mJ ablation laser

energy at tip = 200 ns, and quantitative analysis with minimal destruction was obtained. Compared with

the literature, the following new understandings are firstly proposed: (1) the ablated mass from the

ablation process was plasma instead of just a plume, which was stimulated by an excitation laser; (2)

photoexcitation contributes to the enhanced signal other than the electron thermal excitation supported

by the fact that the signal gains its higher intensity when the re-excited plasma was less bright. That is,

the multi-element excitation may relate to the atom energy-level distortion by the electric field. With the

elucidation of key processes and mechanisms, there would be a much broader application for laser

ablation-assisted ultraviolet LEAF due to its distinctive advantages.
1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a powerful
detection technology that plays a key role in the atomic spec-
troscopy family.1–3 Its good capabilities of rapid, in situ, multi-
element analysis and minimal sample preparation have been
successfully demonstrated in many elds, such as coal
utilization,4–6 geochemistry,7 metallurgy industries,8 and
cultural heritage.9 Despite its increasing popularity, the quan-
titative performance of LIBS oen cannot meet the detective
requirements due to its modest sensitivity and precision.10,11

The laser-excited atomic uorescence of plume, plume-LEAF for
short, rst proposed by Cheung et al., possesses high sensitivity
and its excellent analytical performance has been
demonstrated.12,13

The typical setup of plume-LEAF is a two-laser pulse scheme.
The rst laser, the ablation laser pulse is focused on the sample
surface to ablate a small amount of the material. Then, the
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expanding material is intercepted by the excitation laser, in
which an ultraviolet (UV) laser is normally employed.13 When
the species are excited by the UV photon, signals of various
elements are enhanced hundreds of times. Cheung et al. stim-
ulated the uorescence of several elements in aluminum alloys
with an ArF excimer laser and obtained sensitivity orders of
magnitude higher than that in LIBS.14,15 Since less sample mass
is required for the detectable signal, lower ablation laser energy
is employed and the sample is going to be minimally des-
tructed. Thus, metal segregation is prevented, which made
depth proling possible.16 This technique is also capable of
detecting various elements in different kinds of samples, such
as stainless steel, ceramics, and polymer.14,17–19 Moreover, in the
artwork analysis, which has to be almost nondestructive,
plume-LEAF is able to detect the minor and trace signature
elements in the ink.20 Therefore, sensitive, minimally destruc-
tive, and multi-elemental analysis was achieved in this
technique.

Although the impressive capability of plume-LEAF appeals to
great interest,1,21,22 until now, there is no report on other
researchers successfully repeating the outstanding results,
except for Prof. Cheung's group because of the lack of
a convincing mechanism. To interpret the behavior of the
unselective signal enhancement, Cheung et al. proposed
a plausible dense plume model based on the experiment
phenomenon.13,23 Based on the generally applied low ablation
J. Anal. At. Spectrom., 2023, 38, 873–882 | 873
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Table 1 The major components of the samples

Sample no. Cu (%) Pb (%) Zn (%) Fe (%)

ZBY901 73.00 2.77 23.99 0.028
ZBY902 64.43 1.87 33.45 0.036
ZBY903 60.28 0.766 38.79 0.047
ZBY904 59.14 1.50 38.85 0.167
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laser energy, the authors assumed that the ablation laser just
created a vapor plume without igniting the ionized plasma. The
plume refers to the ow of two uids with a density difference,24

from which the name came. The species embedded in the
nascent plume had high density in a short delay time (about 60
ns). Therefore, the electron energy levels broadened and
smeared with each other to form the band-like structure
resulting in unnecessary specic wavelengths of the excitation
laser and broadening the spectra.14,25 However, some detailed
processes in plume-LEAF are still unclear, which will be further
discussed in the following paragraphs. Therefore, it is difficult
to summarize the key processes to repeat the experiment
results.

The two laser pulses are supposed to cleverly couple with
each other. The basic procedure of plume-LEAF consists of two
laser pulses, corresponding to the ablation process and the
excitation process, respectively. It is of great importance to
further investigate the mechanism and to elucidate the key
processes enabling the plume-LEAF phenomenon. Firstly, in
the ablation process, whether it is plume or plasma still has not
been studied, which is affected by many factors, such as laser
parameters, focal conditions, andmaterial properties.26,27 When
the uence of the ablation laser is below the ionization
threshold, the ablated mass is only the vapor plume without
free electrons.24 If the energy of ablation laser is sufficient to
overcome the threshold, plasma generated. In the early stage of
plasma, the broadened spectral may be a consequence of stark
broadening and self-absorption.28 The product of the ablation
process, which is closely related to the subsequent process, is
still confusing. Thus, the name of the technique will be changed
to LEAF in the following discussion.

Secondly, in the excitation process, there are some experi-
mental phenomena inconsistent with the dense plume model.
If an energy level is broadened to some extent, for example,
±0.5 eV, the emission line with the upper energy level near
6.4 eV (photon energy of 193 nm laser) is supposed to have
priority to be enhanced. But in the experiment from ref. 23, the
intensity of Cu 510.55 nmwas higher than that of Cu 515.32 nm.
The study and application of LEAF are hindered by the
confusing mechanism interpretation. Moreover, the geomet-
rical conguration of the LEAF experiment setup is similar to
the reheating double-pulse (DP) LIBS. The multi-element signal
enhancement behavior by single wavelength UV-photon is
similar to the intense electron-impact excitation (thermal exci-
tation), which relies on the local high temperature of
electrons.29–31 Therefore, the excitation process needs to be
further characterized to obtain a convincing mechanism.

The present work makes efforts to repeat the LEAF
phenomenon and unveil the underlying details of the ablation
process and excitation process. The effect of the experimental
parameters on the process's coupling behavior was demon-
strated on a brass sample. Then, for a better fundamental
understanding of the two key processes, spectra at different
delay times and time-resolved plasma images were obtained.
Finally, based on the results, a new perspective for explaining
signal enhancement is proposed.
874 | J. Anal. At. Spectrom., 2023, 38, 873–882
2. Experiments
2.1 Samples

Considering the multi-element components, the alloys, stan-
dard brass samples from the Central Iron and Steel Research
Institute (CISRI) of China, were employed, which are commer-
cially available and calibrated accurately, as shown in Table 1.
The samples were machined into a column billet of 38 mm
diameter and 10 mm height. Before the test, the sample was
polished with sandpaper (1500mesh per inch) and then cleaned
with ethanol to make the surface smooth. The sample ZBY901
was used to demonstrate the effect of experiment conditions,
other samples were only used to establish a calibration curve.
2.2 Experimental setup

The experiment system is schematically shown as Fig. 1. A Q-
switched Nd:YAG laser pulse (Quantel, CFR, 1064 nm, 1 Hz),
with a pulse duration of 8.4 ns, beam diameter of 4.55 mm,
maximum energy of 200 mJ, was introduced as the ablation
laser. It was focused with a plano-convex lens of 50 mm (lens 1)
vertically onto the at surface of the sample for ablation. The
sample was on an electric translation stage to avoid repetitively
ablating the same area. The lens was intentionally placed about
46 mm above the sample surface. The ablation laser beam
passed a variable attenuator to adjust the laser energy (Ea).

Aer a certain inter-pulse delay time (tip), an ArF excimer
laser pulse (Coherent, Compex 201, 193 nm, 1 Hz, 20 ns) was
triggered as the excitation laser. It was defocused with a plano-
convex lens of 100 mm (lens 2) to horizontally intercept the
plasma and re-excite the species. The rectangular excimer laser
beam was 21 × 10 mm. Beam divergence was 0.4 × 0.4 mrad.
The beam was reshaped by a diaphragm. The distance from the
plasma to the lens was about 80 mm with a defocused spot size
of about 2 × 1 mm, in which the short side was parallel to the
sample surface. The energy of the excitation laser (Ee) was
0.6 mJ.

In order to ensure the light-collecting efficiency, a double-
lens group was arranged. Then, the signal was guided by an
optical ber into a two-channel spectrometer (Avantes, AvaSpec-
Dual) to obtain the emission spectra. The resolution was
0.07 nm. For the time-integrated spectra, the spectrometer was
turned on about 1 ms earlier than the ablation laser. The gate
width was the default value for the CCD instrument in the
spectrometer, 1.05 ms. To monitor the plasma evolution, its
image was acquired horizontally by an sCMOS camera (iStar
sCMOS, Andor, UK) with a two-lens imaging unit. A broad
ZBY906 56.62 0.581 41.76 0.037

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematics of the LEAF scheme experimental system.

Fig. 2 The spectra of LIBS and LEAF scheme. Ea = 1.49 mJ, Ee = 0.6
mJ. tip = 200 ns.
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bandpass lter with high transmission in the visible region
(400–800 nm) was placed just before the camera to avoid the
irradiation of the laser. Imaging of Cu, Pb, and continuum
radiation was performed by inserting a narrow bandpass lter
centered at 510 nm (bandwidth FWHM ∼ 10 nm), 400 nm
(bandwidth FWHM ∼ 40 nm), and 420 nm (bandwidth FWHM
∼ 10 nm), respectively, between the broad bandpass lter and
the camera. A digital generator (DG645, Stanford Research
Systems, USA) was used to synchronize the system.

2.3 Data processing

Each displayed spectrum was the average of 60 pulses. The peak
intensity of the spectrum was regarded as the signal intensity
because of the ignorable background. The noise was dened as
the standard deviation of the regions of 485–508 nm. The dis-
played plasma image was the average of 20 pulses and then
smoothed with a 9 × 9 pixel sliding average.

3. Results and discussion
3.1 Coupling of the ablation and excitation process

The LEAF spectrum was produced by a 193 nm laser inter-
cepting the 1064 nm-laser ablated plasma, while the LIBS
spectrum was generated by the ablation laser alone. For the
purpose of minimally destructive analysis, the ablation laser
energy (Ea) was gradually decreased. When the LIBS signal
disappeared, the intensity of the characteristic lines in the LEAF
spectrum remained at a high level, as shown in Fig. 2. When the
excitation laser was introduced, the intensities of Cu 510.55 nm,
515.32 nm, and 521.82 nmwere dramatically enhanced to∼500,
100, and 170 in CCD counts, respectively. While the enhance-
ment of Zn emission lines was insignicant. The emission of
the minor element, Pb 405.78 nm, was greatly elevated. It
seemed that 193 nm photons preferred to excite Pb species as
was demonstrated in previous studies.12,13 Nevertheless, the
background of the LEAF spectrum was negligible. The noise for
both spectra was about 39 in CCD counts. Compared with
This journal is © The Royal Society of Chemistry 2023
previous work, the spectra shape, such as background intensity
and relative intensity of Cu emissions, was consistent with that
in ref. 23. Therefore, the LEAF phenomenon was repeated.

Then, the coupling behavior of the ablation and excitation
process was investigated by revealing the inuence of the key
experimental parameters, ablation laser energy (1.02–3.53 mJ),
and inter-pulse delay time (0–1500 ns), as shown in Fig. 3. At the
bottom le, the LIBS spectra intensity and the same symbol
represents the same Ea. For Cu 510.55 nm, with Ea increasing,
more target atoms were ablated resulting in the increased LEAF
signal. But the signal enhancement amplitude of LEAF
compared to LIBS decreased with increasing Ea.

There was an optimal tip for Cu emission and the tip was
delayed with increasing Ea. At the beginning of the nascent
plasma, the electron density was high and the excitation laser
was mainly absorbed by electrons. It may relate to the thermal
excitation when tip was 0 ns. When electrons died out, the
J. Anal. At. Spectrom., 2023, 38, 873–882 | 875
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Fig. 3 Effect of ablation laser energy and inter-pulse delay (tip) on
spectra intensity. Ee = 0.6 mJ. (a) Cu 510.55 nm; (b) Pb 405.78 nm.
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absorbance of the excitation laser was dominated by atoms
resulting in an enhanced signal. With the plasma further
expanding, the atom density decreased in the viewing zone, and
the signal intensity declined.18 For Pb 405.78 nm, the optimal Ea
and tip were about 2.53 mJ and 200 ns, respectively. When Ea
was higher than the optimal value, high electron density may
prevent the excitation of Pb atoms.

Compared to the typical LIBS detection system, LEAF can
remarkably reduce the ablation energy with detectable signals,
as shown in Fig. S1†.32 More detailed information on emission
intensity and relative standard deviation (RSD) of Cu 510.55 nm
and Pb 405.78 nm in different ablation energy and inter-pulse
delay time is displayed in Fig. S2 and S3.† The RSD of Cu
emission was about 10% when the ablation laser energy was
1.46 mJ. So, it has great potential for LEAF to realize the
quantitative analysis of minimal destruction.
3.2 Quantitative analysis performance of LEAF

To evaluate the quantitative analysis capability, calibration
curves were established on the brass samples, as shown in Table
1. The most intensied emission lines in Fig. 2, Cu 510.55 nm
876 | J. Anal. At. Spectrom., 2023, 38, 873–882
and Pb 405.8 nm, were adopted as the analytical lines. Fig. 4
shows the peak intensity versus the concentration, and the
standard deviation is represented by error bars. Higher ablation
laser energy led to better performance analysis of Cu, as shown
in Fig. 4(a) and (b). Satisfying quantitative performance was
obtained when Ea was 1.49 mJ, in which R2 was 0.915 and 0.950
for Cu and Pb in the LEAF scheme, respectively. Pb was more
sensitive in the LEAF scheme than Cu and a better linear
correlation was observed. In order to compare the performance
of LEAF and LIBS, LIBS experiments were conducted at higher
ablation energy, Ea = 4.48 mJ. Although the intensity of the
emission lines was similar, the linear correlation of the
concentration and peak intensity was poor. It also needs to be
mentioned that LIBS was more destructive.

In order to fully reveal the extent of destruction in LIBS and
LEAF scheme, the ablation crater was imaged with confocal
microscopy under a 10× objective lens, as shown in Fig. 5. The
uence distribution in the focal plane was inuenced by focal
condition and laser beam parameters. For counting the overall
irradiated area, the diameter was measured on the crater in the
LIBS scheme, 4.51 mJ, 20 pulses, which was about 750 mm. The
ablation energy density of LEAF was 233 mJ cm−2 and 330 mJ
cm−2 at 1.03 mJ and 1.46 mJ, respectively. At such low laser
uence, only a small mass of the sample was removed. The
crater was generated by 20 pulses for easy observation. The
enhanced signal was not originated from the mass increment in
LEAF scheme because of the similar crater within which the
LIBS scheme under the same ablation energy. When the abla-
tion energy increased, the crater grew larger and deeper, espe-
cially at 4.51 mJ.33,34

In the LIBS scheme, sufficient laser energy needs to be
applied to overcome the ablation and ionization thresholds. For
a detectable signal, the energy is supposed to be higher than the
detection threshold, as shown in Fig. 6.35 High ablation energy
results in increased ablation mass. In addition, there is inad-
vertent removal of the more unexcited ablate material ejected by
the expending vapor.32 While in the LEAF scheme, with the
assistance of an excitation laser, ablation laser energy can be
reduced below the detection threshold of LIBS. Therefore, the
ablation laser energy and the mass removal can be signicantly
reduced. With the advantage of low absolute LOD, LEAF
provided a viable solution for the elemental analysis of valuable
objects and scarce specimens.36,37
3.3 Characterization of the ablation process

To study the ablation process, the ablated mass was directly
observed by the time-resolved image in LIBS and LEAF scheme,
as shown in Fig. 7. The pictures in a dashed frame shared the
same color bar. It was clearly demonstrated that the ablated
sample was luminous and ionized. The evolution of plasma was
tracked. The duration time of plasma was about 1000 ns.38,39

When the excitation laser was introduced transversely, the
position and morphology of plasma were barely changed in the
LEAF scheme. It is different from the traditional orthogonal
double pulse LIBS, in which another plasma was induced in the
core area by the second laser.40,41 But the plasma was ignited
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Calibration curve for brass sample analysis. LEAF spectra of Cu 510.55 nm, tip = 200 ns, (a) Ea = 1.02 mJ, (b) Ea = 1.49 mJ. LEAF spectra of
Pb 405.78 nm, tip = 200 ns, (c) Ea = 1.02 mJ, (d) Ea = 1.49 mJ. LIBS spectra at Ea = 4.48 mJ, V Cu 510.55 nm, (f) Pb 405.78 nm.

Fig. 5 Confocal microscopic image of ablation craters.

This journal is © The Royal Society of Chemistry 2023 J. Anal. At. Spectrom., 2023, 38, 873–882 | 877
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Fig. 6 Schematic of the relationship of signal intensity and ablation
laser fluence in LIBS and LEAF scheme.

Fig. 8 Time-integrated spectra at each delay of LEAF. Ea= 1.5mJ, tip=
200 ns. An excitation laser was induced at 0 ns of the graph.
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again and became brighter. Then, the bright plasma decayed
rapidly within ∼200 ns, especially in the central area.

According to the dense plume model,13,23 the pre-condition
of the ablation process enabling the LEAF phenomenon
should make the ablation laser lower than the ionization
threshold, as the blue dashed line suggested in Fig. 6. However,
the results indicated that it should overcome the ionization
threshold, and the ablated mass was plasma instead of plume,
as shown by the blue solid line in Fig. 6.
Fig. 9 Plasma image of LIBS (relative to ablation laser) and LEAF
(relative to excitation laser), through the broad bandpass filter. The
gate delay time of all pictures is 0 ns. Gate width 100 ns; Ea= 1.5 mJ; tip
for LEAF scheme was labeled.
3.4 Characterization of the excitation process

In order to explicitly reveal the details of the excitation process,
the spectra, and plasma images were collected. The spectrom-
eter was controlled at a certain delay time relative to the exci-
tation laser and the spectra were time integrated at each delay to
estimate the signal lifetime, as shown in Fig. 8. The LEAF
spectra of Cu and Pb optical emission lines were closely
accompanied by the excitation laser. The duration of all the
emission lines was very short, only about 80 ns.

As can be seen in Fig. 3, the signal enhancement of LEAF at
an inter-pulse delay time of 0 ns was less signicant than at 200
ns. The reason was further explored by imaging the plasma of
LEAF at different inter-pulse delay times, which is shown in
Fig. 9. Although the plasma was ignited brighter when tip was
0 ns, the signal was elevated to a higher level when tip was 100 ns
or 200 ns. Therefore, the signal enhancement mechanism of
LEAF is quite different from that of the reheating double pulse
LIBS since the latter mainly originated from higher plasma
temperature.42,43
Fig. 7 Plasma image evolution with a delay time of LIBS (relative to ablation laser) and LEAF (relative to excitation laser), through the broad
bandpass filter. The delay time was labeled on the graph. Gate width was 100 ns; Ea = 1.5 mJ; tip = 200 ns for LEAF scheme.

878 | J. Anal. At. Spectrom., 2023, 38, 873–882 This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ja00002h


Paper JAAS

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ri

 2
02

3.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7/

05
/2

02
5 

09
:3

3:
03

. 
View Article Online
In the excitation process, there is a question as discussed in
the introduction section how to simultaneously enhance the
multi-element signals of the LEAF scheme. Firstly, the signal
enhancement is unlikely due to the broadband of the excimer
laser. In addition to the commonly used 193 nm laser, Cai et al.
veried that the 213 nm laser was also sufficient to excite the
uorescence signal.44 As such, when the deep ultraviolet
phonon was introduced into the plume, the distinct wavelength
constraint can be eliminated. Secondly, the universal signal
Fig. 10 Plasma image with a bandpass filter of LIBS (relative to ablation la
bandpass filter (400–800 nm). Gate delay 0 ns; Gate width 100 ns; Ea =

Fig. 11 Partial Grotrian diagrams of transitions of Cu, Zn, and Pb for refe

This journal is © The Royal Society of Chemistry 2023
enhancement was also different upon reheating the double-
pulse LIBS relying on the thermal excitation because the
brighter plasma was accompanied by lower signal intensity, as
shown in Fig. 9. According to previous studies, the signal should
be attributed to the photoexcitation, which is independent on
the electron temperature and LTE condition.23,45

In addition, the plasma was imaged with a narrow bandpass
lter, as shown in Fig. 10. The gate delay time was 0 ns, which
was relative to the ablation laser in the LIBS scheme and the
ser) and LEAF (relative to excitation laser), accompanied with the broad
1.50 mJ; tip was 200 ns for LEAF scheme.

rence.

J. Anal. At. Spectrom., 2023, 38, 873–882 | 879
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excitation laser in the LEAF scheme. The parameters are labeled
in the pictures. The continuum radiation was dened by the
wavelength range of 410 nm to 430 nm. The background was
not efficiently enhanced in the LEAF scheme. While the emis-
sions of Pb and Cu were dramatically excited in a larger area
than the continuous background radiation. Therefore, the
photoexcitation process has priority to excite atoms than
electrons.

Common transitions of the major elements in the target are
shown in Fig. 11.23 Some transitions were sufficiently populated
as displayed in Fig. 2, while others were not. The transitions
that originated from levels above 6.4 eV, such as the lines of Zn
481.05 nm and Zn 472.22 nm, were inefficiently excited. While
the emissions at Cu 510.55 nm and Pb 405.78 nm dramatically
enhanced with high efficiency than the lines at the higher upper
energy levels, such as Cu 515.32 nm and Cu 521.82 nm. The
plasma image in Fig. 9 suggested that it was not attributed to
thermal excitation, which had a priority to stimulate the low
energy levels when electron temperature was low. It was the
photoexcitation that contributed to the intensied uorescence
signals.

From such results, the mechanism of universal signal
enhancement behavior by single wavelength laser can be
summarized. The product in the ablation process needs to be
ready to be subsequently excited. As suggested in Fig. 7, the
mass was ionized and free electrons were introduced in the
ablation process. Thus, it is reasonable to speculate that the
electrons played an important role in the LEAF excitation
process and invoked the electric eld mechanism. As the elec-
tric eld of charged particles can decrease the ionization energy
of atoms and ions, the electrons in the ablation product may
change the energy-level structures of atoms to bemade available
to absorb the photons.28,46 The energy levels around 4 eV were
possible to be distorted and have priority to be induced to
uoresce. Because the breakdown phenomenon was captured
by plasma image, it is inaccurate to describe the process with
plume-LEAF. Thus, considering the compatibility of lasers at
other ultraviolet wavelengths, it is reasonable to rename the
technique as laser ablation-assisted ultraviolet LEAF. Up to now,
there is barely any interpretation of the properties of plasma,
and the LEAF technique may provide a new approach to probe
the interaction of plasma and laser.

4. Conclusion

The experiment of LEAF was systematically conducted by
employing a 193 nm laser to intercept the ablated plasma
resulting in the dramatically enhanced uorescence signals.
The details of the key processes, which were essential to
understanding the mechanism were demonstrated. For the Cu
510.55 nm line, the maximum intensity was obtained at an
inter-pulse delay time of 200 ns when ablation energy was 1.46
mJ. Under the minimally destructive laser energy, the content of
Cu and Pb can be quantitatively determined. More details were
revealed in the ablation process and excitation process: (1) from
the detailed spectra and images, the generation of plasma in the
ablation process was rstly claried instead of the plume; (2)
880 | J. Anal. At. Spectrom., 2023, 38, 873–882
the signal enhancement originated from photoexcitation other
than thermal excitation. Moreover, the photoexcitation was
supported by the following facts. Firstly, the signal has a short
duration time, which was accompanied closely by the excitation
laser. Secondly, the signal gained its higher intensity when the
re-excited plasma was less bright. Thirdly, the atoms in the
plasma were excited efficiently by the energetic ultraviolet
photon in a larger zone compared to that of the electrons.
Finally, the mechanism was discussed from a new perspective
and the technique was renamed laser ablation-assisted ultra-
violet LEAF.

The LEAF spectra possess the advantages of high signal-to-
background ratio and simultaneous multi-element detection,
which has great potential to be used in minimally or none
destructive applications. Moreover, the interaction of ultraviolet
photons and plasma may provide new diagnostic information
about the nascent plasma.
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