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Resonant effect is found in femtosecond laser ablating Pr–Nd glass. When processed with resonant wavelength of
807 nm, resonant ablation efficiency (RAE) with a single pulse can be improved by 45.22%. Furthermore, RAE
closely relates to laser intensity. For resonant ablation, RAE is increased significantly when laser intensity
<0.556 × 1014 W∕cm2 at which multiphoton ionization dominates, while it fades away when laser intensity
>0.556 × 1014 W∕cm2 at which tunnel ionization dominates. Besides, it is also found that the ablation depth
increases along with the wavelength rise when multiphoton ionization dominates, while the change rule is
inversed when tunnel ionization dominates.
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Femtosecond (fs) laser has many unique characteristics[1,2],
e.g., it is flexible, nonpolluting, noncontacting, and has
nonlinear absorption, which make it a promising tool for
cross scale micro/nano-processing. However, the balance
between quality and efficiency is still a bottleneck for the
fs laser microfabrication[3,4]. At present, by adjusting the
temporal and spatial intensity distribution to control
the transient localized photon and electron dynamics,
the efficiency of fs laser micro/nano-machining has been
enhanced in some laboratories[5–7], but it is still not enough.
In fact, besides optical field, physical properties of target
materials, such as the bandgap of dielectrics, also have un-
neglectable effect on photon absorption and phase change
of the materials, and they finally influence the quality and
efficiency of fs laser fabricating[8–10]. In this work, we focus
on researching the influence of different ionization mech-
anisms on efficiency of fs laser ablating one kind of special
silicate glass whose absorption property has been changed
by doping rare-earth elements praseodymium (Pr) and
neodymium (Nd).
The initial and very important step of fs laser ablating

dielectrics is converting bound electrons into free elec-
trons, i.e., promoting the electrons from valance band
to conduction band, which happens mainly through
impact ionization and avalanche ionization. However,
the seed electrons for these two kinds of ionization mech-
anisms are mostly produced by photoionization which
includes multiphoton ionization and tunnel ionization[11].
Keldysh showed that the multiphoton ionization and tun-
nel ionization can coexist in the same process of fs laser–
matter interaction, and the ratio depends on Keldysh
parameter (γ) which is determined by laser intensity
and ionization potential of target material. Multiphoton

ionization dominates when γ > 1, while tunnel ionization
dominates when γ<1[12,13]
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where IP is the ionization potential, I is the laser intensity,
e is the electron charge, m is the electron mass, ω is the
incident laser frequency, and r ¼ x2 þ y2. At any point
in spatial intensity distribution, the laser intensity I
can be calculated based on Eqs. (2)–(4).

As mentioned previously, the target material used in
this work is Pr–Nd doped silicate glass (Pr–Nd glass;
PNB586, China Jiangsu Hai’an Huihong Photoelectric In-
strument Factory), whose selective absorption spectrum,
measured with general weak light resource, is shown in
Fig. 1. Because it is only from 700 to 810 nm that the laser
has a fine fundamental transverse mode (TEM00 mode) of
Gaussian distribution in our laboratory, 807 nm is selected
as the resonant wavelength, which matches the energy gap
between ground state 4I9∕2 and excited state 4F5∕2 þ 2H9∕2
of Nd3þ and whose absorption rate is 1.311. The photon
energy of 807 nm is 1.536 eV and the bandgap of regular
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silicate glass is about 9 eV, so six photons should be ab-
sorbed simultaneously in order to ionize. Wavelengths of
775 and 720 nm are selected as nonresonant wavelengths,
whose absorption rates are 0.1118 and 0.066, respectively.
Six-photon ionization also occurs when irradiated by these
two wavelengths. Besides, transparent fused silica is
chosen as another target material for comparison, whose
absorption spectrum is a horizontal line almost through
zero in the wavelength range from 700 to 810 nm.
Figure 2 shows the schematic of the experiment setup.

The laser source is a Ti:sapphire laser regenerative
amplifier system (Spectra Physics), which provides a
fundamental Gaussian beam with central wavelength of
800 nm, pulse duration of 120 fs, and repetition rate of
1 kHz. The laser wavelength can be tuned from 290 to
2600 nm through an optical parametric amplifier
(OPA). After passing through a shutter, the laser energy
is attenuated to 3 μJ∕pulse by a pulse energy controlling
unit which includes an attenuator, a half-wave plate, and
a polarizer. Finally, the laser beam is focused into a tightly
spot by an objective lens (Olympus, 20×, NA ¼
0.45). The measured waist radius is 1.50 μm, and laser

energy is measured behind the objective lens. In order
to monitor the fabrication process and the morphology
of ablated microstructures, an observation system is built,
which mainly consists of an illuminator to provide lighting
and a charge-coupled device (CCD) to receive the
reflected light from the sample, as shown in Fig. 2. After
irradiation, confocal laser scanning microscope (CLSM;
Zeiss LSM700) and atomic force microscope (AFM;
Bruker Dimension Icon) are used to investigate the
morphology.

As noted previously, laser intensity is one of the influ-
ential factors of ionization mechanism. In order to ablate
Pr–Nd glass with different laser intensities, we can put the
sample in different positions in the direction of laser
propagation, because focused Gaussian beam will diverge
behind beam waist and the central intensity will reduce
gradually along with the beam propagation. Therefore,
during processing, the sample first is placed far enough
away from the focus (at least the surface cannot be dam-
aged), then is translated close to the focus at a rate of
5 μm∕step and moved 20 μm∕step in the x-axis direction
to separate micro-holes, as shown in Fig. 2, inset. All of
these motions are performed with a high-precision 3D
translation stage (XMS, Newport).

As the laser intensity weakens rapidly in the laser
propagation direction, only one pulse is used in fabricating
each micro-hole to keep laser intensity from reducing too
much. Figure 3 shows micro-holes processed by the reso-
nant wavelength of 807 nm and each hole is fabricated in a
single illumination step with only one pulse. As the depth
of micro-holes depends on the strongest laser intensity
(SLI) at the central point of each pulse and laser intensity
determines ionization mechanism, we choose to measure
micro-holes’ depths to reflect the ablation efficiency.

The measured depths of micro-holes, processed by fs
laser with three selected wavelengths (720, 775, and
807 nm) on Pr–Nd glass and fused silica, are detailed in
Fig. 4. The inflection point of each data curve indicates

Fig. 1. Absorption spectrum of Pr–Nd glass. Resonant wave-
length is 807 nm, whose absorption rate is 1.311. Nonresonant
wavelengths are 775 and 720 nm, whose absorption rates are
0.118 and 0.066, respectively.

Fig. 2. Schematic of setup used for fs laser microprocessing.
Fig. 3. AFM image of micro-holes fabricated by fs laser with
resonant wavelength of 807 nm.
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that the beam waist plane locates on the surface of sample
at this point. And the farther away the data point is from
the inflexion, the lower the corresponding laser intensity
is. It can be seen from Fig. 4(c) that the two data curves
separate obviously in the middle section, which means the
efficiency is improved when ablating with resonant wave-
length. However, processed with nonresonant wave-
lengths, the measured depths are almost equivalent to
each other between on Pr–Nd glass and on fused silica,
as shown in Figs. 4(a) and 4(b). That is because excited
state lifetimes of rare-earth elements are very long,
reaching up to several milliseconds (ms)[14], and the action
time is just several fs between photons and electrons, as if
only five photons were needed to excite multiphoton
ionization for resonant wavelength 807 nm. The stable
excited state just like an additional stair, which makes
the resonant ionization easier compared with normal
six-photon ionization. So far, it can be concluded that
the ablation efficiency can be improved significantly when
meeting resonant wavelength under a specific condition.
In this work, the resonant ablation efficiency (RAE) is
defined as

η ¼ ðHPN − HFSÞ∕HFS × 100% (5)

whereHPN andHFS are the measured depth of micro-holes
processed on Pr–Nd glass and fused silica, respectively.
The RAE is improved the most at the 11th micro-hole
in Fig. 4(c), and it reaches 45.22%.
Relying on the calculation method mentioned previ-

ously, the SLIs corresponding to each micro-hole are cal-
culated, as detailed in Fig. 5. The red circles represent

Keldysh parameter γ. It is noted from Fig. 5 that the
Keldysh parameter γ is 0.942ð≈1Þ at 14th micro-hole,
where the SLI is 0.556 × 1014 W∕cm2. Combined the theo-
retical analysis with experimental results in Fig. 4(c), it
can be concluded that the multiphoton ionization
dominates when laser intensity is lower than 0.556 ×
1014 W∕cm2 while the tunnel ionization dominates when
laser intensity is higher than 0.556 × 1014 W∕cm2, and
RAE is only significant for multiphotion ionization. The
RAE reaches maximum at the 11th micro-hole where
the SLI is 0.258 × 1014 W∕cm2.

Compared the experimental results processed by 807
and 720 nm, as shown in Fig. 4(d), it can be found that
the ablation depth with 807 nm is deeper than that with

Fig. 4. Comparison of depths processed on Pr–Nd glass and fused silica by fs laser with a single pulse at different wavelengths:
(a) 720 nm; (b) 775 nm; (c) 807 nm. (d) Overall contrast between 720 and 807 nm.

Fig. 5. SLI matching micro-holes processed by resonant wave-
length of 807 nm and the corresponding Keldysh parameter γ.
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720 nm during multiphoton ionization domination, while
the relationship is inversed during tunnel ionization domi-
nation. Following the analysis in the previous section, the
multiphoton ionization mainly depends on photon den-
sity. As photon energy of 720 and 807 nm are 1.722 and
1.536 eV, respectively, the photon density with 807 nm is
almost 1.12 times than that with 720 nm at the illumina-
tion with equal laser energy. Therefore, the multiphoton
ionization is easier for 807 nm. However, the tunnel ion-
ization is chiefly determined by ponderomotive potential
UP (UP ¼ e2I∕4mω2, referring to the quiver energy of an
electron in electric field) and photon energy[15]. The pon-
deromotive potential of 720 nm is 42.906 eV which is
almost equal to that of 807 nm with 43.017 eV, but the
photon energy of 720 nm is 1.12 times than that of
807 nm, so the tunnel ionization is easier for 720 nm. All
of these rules also work well with wavelength of 775 nm,
which can be learned by comparing Figs. 4(b) and 4(d).
In conclusion, this work mainly studies the influence of

different ionization mechanisms on efficiency of fs laser
resonantly ablating Pr–Nd glass which owns special ab-
sorption spectrum. Three different wavelengths (720,
775, and 807 nm) are investigated, where only 807 nm
is the resonant wavelength of Pr–Nd glass. When proc-
essed with resonant wavelength, the RAE is improved
by up to 45.22%. While for nonresonant wavelength,
the RAE almost fades away. Furthermore, RAE closely
relates to laser intensity. When the laser intensity is less
than 0.556 × 1014 W∕cm2 at which the multiphoton ion-
ization dominates, RAE is increased obviously. When the
laser intensity is higher than 0.556 × 1014 W∕cm2 at
which the tunnel ionization dominates, RAE vanishes.
Compared the experimental results processed with differ-
ent wavelengths, it is found that the ablation depth
increases along with the growth of wavelength when

multiphoton ionization dominates. However, this change
rule is inversed when tunnel ionization dominates.
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