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Time-resolved Micro-Raman Measurement of Temperature Dynamics
during High-Repetition-Rate Ultrafast Laser Microprocessing
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We employed time-resolved micro-Raman spectroscopy to investigate the temperature dynamics
inside glass during high-repetition-rate femtosecond laser microprocessing. We measured the temperature evolutions as functions of the distance from the focus of femtosecond laser pulses, although
it was difficult to acquire Raman spectra at locations near the focus due to the onset of strong background emissions. The measured temperature data were fitted by, taking the heat accumulation of
successive laser pulses into account. We further investigated the dependence of temperature increase
on the processing parameters. Our results suggest that the monitoring of thermal process is useful
not only for process optimization but also for detailed in situ analysis of thermal process in highrepetition-rate femtosecond laser microprocessing.
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1. Introduction
When a transparent material such as glass is irradiated
by tightly focused femtosecond laser pulses, localized material modification can occur inside the material. Such
modification has been utilized for the fabrication of microphotonic devices and the microwelding of transparent materials [1, 2]. However, the mechanisms behind the process
therein are still not completely understood and there is a
need for quantitative investigation of the process. Among
several mechanisms involved in femtosecond laser processing such as multiphoton ionization, plasma formation,
thermal relaxation and its diffusion, thermal processes play
important roles because they strongly affect the resulting
structural change and material characteristics after processing [3].
Previously, we investigated the temperature dynamics
during ultrafast laser microprocessing of glass by using
time-resolved micro-Raman spectroscopy. We reported the
spatial and temporal heat diffusion around the focal volume
caused by the irradiation of low-repetition rate femtosecond pulses [3]. On the other hand, high-repetition-rate ultrafast laser pulses can induce smooth modifications and
enable the usage of higher processing velocities [4-6].
Temperature dynamics is much more important therein
because the processed area is strongly influenced by the
heat accumulation effect, where successive pulses irradiate
the sample before the induced heat diffuses out.
In this paper, we report our measurement of temperature dynamics inside glass by time-resolved micro-Raman
spectroscopy during high-repetition-rate femtosecond laser
microprocessing to investigate the temperature dynamics
under the heat accumulation.
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Fig. 1. Schematic of Raman temperature measurement system.
OB1: Objective lens (20×, NA 0.46); OB2: Objective lens (5×,
NA 0.13); L: Achromatic lens, L1: f = -75 mm, L2: f = 100
mm, L3: f = 30 mm), L4: f = 120 mm, L5: f = 150 mm, L6: f =
100 mm); SPF: 900 nm short pass filter; NF: 532 nm notch
filter; M: Mirror; BS: Beam splitter; DM: Dichroic mirror;
Gated ICCD: Gated intensified charge-couple-device. The
diameter of the pinhole is 25 µm.

2. Experimental setup
A schematic of the Raman temperature measurement
system is shown in Fig.1. For microprocessing, we used an
amplified Ytterbium fiber laser system producing 600-fs
pulses at a wavelength of 1044 nm and a repetition rate of 1
MHz. For Raman pump, a frequency-doubled Nd:YAG
laser was used to generate 10-ns pulses at a wavelength of
532 nm and a repetition rate of 10 kHz. The pulse energy of
Raman pump pulse was set to 0.3 µJ. These pulses were
electrically synchronized with a pulse delay generator and
then focused inside a sample 200-µm below the surface by
a 20× microscope objective lens with a numerical aperture
of 0.46. As a sample, we used borofloat glass (Schott B33).
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Fig. 2. The measured temperature distribution for a processing pulse energy of 1100 nJ and a scanning velocity of 10
mm/s.
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Fig. 4. Fitting results and the optical image of inscribed modification. The pulse energy of processing pulse was set to
1100 nJ and the scanning velocity was set to 10 mm/s.

Displacement
2 µm
6 µm

-1000

0
-1
Wavenumber [cm ]

focal position of the processing pulses was scanned perpendicularly to the scan direction of the sample. The temperature distributions around the focus along the line perpendicular to the scanning direction were measured. In this
way, we measured the time-resolved temperature distribution during high-repetition-rate femtosecond laser processing.
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Fig. 3. Measured spectra for a displacement of 2 and 6 µm.

3. Results and Discussions

A computer-controlled xy-stage was used for raster scanning of the sample. By changing the scanning velocity, we
controlled the number of irradiated pulses incident on the
focal volume. The back-scattered Stokes and anti-Stokes
Raman signals from the focus passed through a confocal
pinhole and were detected by a gated intensified chargecoupled device (ICCD) camera, whose gating time was set
to 10 ns. The gate of ICCD was synchronized with the Raman pump pulses. The time-gated Raman signal was accumulated 20 000 times. With increasing temperature,
mainly the intensity of the anti-Stokes Raman signal increases. Assuming a Boltzmann distribution of phonon
population, the temperature can be estimated from the following equation [3]:
I 
 hv 
(1)
T    R  ln AS  ,
 kB 
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3.1 Measurement of temperature distribution
Figure 2 shows the measured temperature distributions
for a processing pulse energy of 1100 nJ and a scanning
velocity of 10 mm/s. Within the range of ±3 µm from the
center of the processing pulses, it was difficult to measure
the temperature due to the onset of large background signals as shown in Fig. 3 (blue line). Nevertheless, we measured the temperature in the periphery of the focus of processing pulses as shown in Fig. 3 (red line). As shown in
Fig. 2, we confirmed the decrease of the temperature depending on the position from the focus as expected. Note
that the spatial distribution has broad tails and is different
from a Gaussian profile, with which thermal diffusion occurs when the heat is deposited by single-shot irradiation
[3]. This result suggests that the measured temperature is
affected by the accumulation of heat by the successive processing pulses.

where IS and IAS are the intensity of Stokes and antiStokes Raman scattering, respectively, h is the Planck constant, νB is the Raman frequency, and kB is the Boltzmann
constant. Note that Eq. 1 works even for Raman spectra at
high temperatures under the assumption that population of
phonons obeys the Boltzmann distribution. Such assumption is reasonable considering that the typical phonon relaxation time is on the order of picoseconds, while we
measure the temperature 10 ns after the irradiation. The
emissivity of materials may change at high temperature,
but its effect will be canceled out by calculating the ratio
between Stokes scattering and anti-Stokes scattering. In
order to measure the spatial distribution of temperature, the

3.2 Fitting curve of temperature distribution with heat
accumulation effect
In order to validate whether the origin of the difference
from a Gaussian profile is the heat accumulation effect, the
measured temperature data were fitted by the following
equation [7]:
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where wth is the 1/e width of the initial heated volume, Dth
is the thermal diffusivity of the material, N is the number of
pulses before the measured pulse arrives, frep is the repetition rate of processing pulses (i.e. frep = 1 MHz), t is the
delay time, A is a free fitting parameter including the energy absorptivity, B is the spatial offset and C is the aspect
ratio of the initial heated volume. Assuming that the diameter of the initial heat is 2 µm and that the scanning speed is
10 mm/s, we considered that the heat accumulation was
caused by 200 pulses (i.e. N = 200). Furthermore, we assumed that the heat source was elliptical, and neglected the
dependences of the thermal diffusivity (Dth) and the energy
absorptivity (A) on the temperature. Figure 4 shows the
fitted curves assuming that wth, Dth, A, B, and C are constant for all delay times t. Especially in the outer region, the
curves fit well. On the other hand, at the displacement
smaller than 5 µm, the fitted curves yield slightly lower
temperatures. The origin of this discrepancy could be the
temperature dependence of Dth and the energy absorptivity.
Also the assumption of the ellipsoidal heat source might
not be adequate [8, 9]. Nevertheless, the presented results
indicate the successful measurement of heat accumulation
because the measured temperature fit well with Eq. (2),
taking into account the heat accumulation of multiple successive pulses.
In order to check the validity of the fitting routine, we
compared the fitting result with an optical image of the
inscribed modification. The modification with the pulse
energy of 1100 nJ and the scanning velocity of 10 mm/s is
shown in Fig. 4. From the optical image of the modification,
we can see that the modification consists of two regions:
one is the outer region, which has a bright contrast, and the
other is the inner region, which has a dark contrast. From
the comparison between the widths of the modification and
temperature distribution, we can speculate that the outer
region was formed in the range of temperature above 820 K,
which is the softening temperature of B33 glass. On the
other hand, the inner region was formed in the range of
temperature above 1270 K, which is the working temperature of B33 [10]. In this way, the temperature distribution
given by the fitting with Eq. 2 reasonably explains the resultant morphology of modifications.
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Fig. 5. Temperature dependence on pulse energy. Scanning
velocity was set to 10 mm/s.

Temperature increase [K]

2

6000

6000
5000
4000
3000
2000
1000
200

2000
20000
Incident pulses

Fig. 6. Scanning velocity dependence of temperature distribution. Pulse energy was set to 1100 nJ.
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Fig. 7. Optical image of the inscribed modification with the
scanning speed of (a) 10, (b) 1 and (c) 0.1 mm/s. The pulse
energy was set to 1100 nJ. Scale bar: 10 µm.

3.4 Dependence on scanning velocity
We further investigated dependence of the temperature
on the scanning velocity, which is inversely proportional to
the number of pulses irradiated to a certain region. Here,
the scanning velocity is varied from 0.1 to 10 mm/s (i.e.
assuming the diameter of the initial heat of 2 µm, the effective number of pulses incident on a particular position (N)
is varied from 20000 to 200). The dependence of temperature on the effective number of incident pulses is shown in
Fig 6. When a few hundred pulses are incident, the temperature at the center of the focal volume was estimated to be
as high as 5000 K. Unexpectedly, the temperature decreased as the number of incident pulses increased. In order
to investigate this point, we observed the inscribed modifications by optical microscopy. Figure 7 shows the optical
images of the processed regions. We can see that the modi-

3.3 Dependence on pulse energy
Figure 5 shows the maximal temperature increase induced with the various energies of the processing pulses.
The scanning velocity was set to 10 mm/s. The temperature
at the center for a delay time of 10 ns after the last pulse
was extrapolated by the fitting. As shown in Fig. 5, the
temperature increases by increasing the pulse energy. The
temperature is highly sensitive to the incident pulse energy.
This result indicates the need for the optimization of processing parameters when the high-repetition-rate ultrafast
laser is used for material welding and the fabrication of
photonic devices [11, 12].
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fied region elongates as the number of incident pulses increase. On the other hand, the widths of the modifications
are not enlarged. Assuming that the outer modification is
induced in the broad tails of the temperature distribution,
caused by the heat accumulation effect, heat is not accumulated so much although the number of incident pulses was
increased. These results suggest that the processing pulses
are scattered by the inscribed modifications, leading to the
temperature decrease at the center of modification. In this
way, we conducted in situ investigation of the temperature
dynamics and its dependence on processing parameters.
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4. Conclusion
We have investigated temperature dynamics in femtosecond microprocessing of glass with high-repetition-rate
femtosecond pulses. The measured temperature data were
fitted taking the heat accumulation effect of successive
pulses into account. The fitted results were in good agreement with the optical image of modification. We further
investigated the influence of the pulse energy and the translation velocity on the temperature distribution. The latter
result revealed the influence of structural modification on
the processing temperature. The results of thermal process
during the femtosecond laser microprocessing may provide
useful information for its optimization, and it was confirmed that the time-resolved micro-Raman temperature
measurement technique is a useful tool for in situ observation of the process.
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