Physics of the Solid State, 2025, Vol. 67, No. 8

08,13

Effect of continuous-wave CO, Laser beam scan rate on the composition
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Film samples of laser-induced graphene (LIG) were synthesized on the surface of polyimide film through line-
by-line scanning with a focused beam of a continuous-wave carbon dioxide laser. The structure and chemical
composition of the near-surface layer of the synthesized material were investigated as a function of the scanning
speed v of the laser beam. It was found that a decrease in v from 400 to 10 mm/s leads to an increase in nitrogen
concentration by more than 11 times. At an optimal laser power of 0.55 W and a speed of v = 10 mm/s, the nitrogen
concentration reaches 5.7 at.%. It has been demonstrated that the increase in nitrogen concentration with a decrease
in v occurs due to the pyridine and pyrrole configurations of nitrogen in the nanocrystalline structure of graphite,
which is accompanied by a significant reduction in the sheet resistance of LIG. The obtained results correlate with
the previously established multiple increase in the electrochemical capacitance of LIG with a decrease in v.
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1. Introduction

The first quarter of the twenty first century was marked
by explosive development of nanotechnologies, which re-
sulted in discovery of graphene and other nanocarbon
materials that have great potential for practical applications.
One of these materials is laser-induced graphene (LIG),
which was synthesized for the first time on a polyimide
film by a method of laser pyrolysis of its subsurface layer in
air under normal conditions using a pulse carbon-dioxide
laser [1]. The LIG is a high-porosity conducting film
structure, which consists of nanocrystallites of turbostratic
graphite, whose Raman light scattering spectrum resembles
a Raman spectrum of graphene with defects [2]. Thanks to
technological simplicity of synthesis, the LIG film structures
are of high interest for various applications and widely used
when designing and creating diverse electronic devices of
various purpose, varied gauges and sensors. They include
sensors for various gases [3-5], photodetectors [6-8],
various flexible human body-portable biosensors [9,10],
microsupercapacitors [11-15], etc.

Various carbon-containing materials can be used as a
precursor for LIG synthesis [16-20]. It is known that the
LIG can be produced on a surface of organic materials, for
example, on wood, bread and on a coconut surface [21].
However, a widespread precursor for LIG synthesis is a
polyimide film [22-24], which is commercially produced. It
has excellent elasticity and thermal stability, thereby making
it possible to produce flexible LIG film structure on its
surface for creating various electronic devices.

The LIG on the polyimide film can be synthesized
using pulse [1,4] or continuous-wave COs-lasers [6,13,25]
with the wavelength of 10.6 um as well as by applying
short-wave diode lasers with the wavelength 405 and
450nm [10,26,27], whose radiation is well absorbed by
the polyimide film [28]. Other lasers are also used for
LIG synthesis on the surface of the polyimide film, for
example, femtosecond lasers designed to operate at other
wavelengths [29).

The LIG synthesized on the surface of the polyimide film
can be used as electrodes for producing flexible microsu-
percapacitors. These LIG electrodes can be produced by
well-suited continuous-wave CO;-lasers that have power of
up to several tens of watts and are commercially available
for cutting wood and plastics. With the power at a level of
just several watts, they allow synthesizing LIG with much
higher capacity than in case of application of the pulsed
diode lasers.

It is known that electric capacitance of the LIG electrodes
that are synthesized in line-by-line scanning of a laser beam
along the surface of the polyimide film significantly depends
on their thickness, specific surface area and electrical
properties. These LIG parameters are in turn affected by
synthesis modes, such as a laser power P, a diameter of
the focused beam d, a speed of beam motion v in line-by-
line scanning and a distance between the lines [13,30,31].
Electric capacitance of the LIG can be also increased by
doping a carbon frame with heteroatoms, such as N, B, S
and P [32,33]. Of the listed elements, the N atoms are
contained in a composition of the very polyimide film (an
initial precursor for LIG synthesis), which consists of imidic
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and aromatic groups (see, for example, the study [34]).
During laser pyrolysis of the polyimide film covalent bonds
C—N, C—0 and C=0 are broken; as a result low-molecular
gases are released and an atomic structure of the subsurface
layer of the film is changed and rebuilt to form a graphene-
like material. At the same time, nitrogen atoms can be
embedded in a crystal structure of the carbon material,
which was observed in many studies for LIG synthesis
on the surface of the polyimide film [32,35-37]. The LIG
formation process and the LIG elementary composition, in
particular, the N concentration, can be affected by the laser
synthesis modes. However, except for some papers [16,37],
which investigated the influence of laser power on the LIG
elementary composition, such studies do not exist.

We have recently shown that electric capacitance of
the LIG electrodes that are synthesized on the surface
of the polyimide film can be increased by many times
by decreasing a continuous-wave CO,-laser beam scanning
speed and tuning the laser power [38]. The detected
effect was explained by an increase of the thickness and
the specific surface area of the synthesized nanocarbon
material. However, another essential factor that results in the
increase of electric capacitance of the LIG can be variation
of the concentration of the nitrogen atoms in the synthesized
material. In this regard, it is interesting to investigate the
influence of the laser beam scanning speed on the elemental
and chemical composition of the LIG during its synthesis,
which is an aim of the present study.

2. Objects and methods of research

The LIG film structure was formed on the surface of the
Kapton H polyimide film wit the thickness of 4 = 200 um,
which was purchased from LLC ,,Estrokom“, Moscow (TU
6-19-102-78 with amend. 1-3, batch Ne P1826C). The
film is a semitransparent material that has a characteristic
saturated red-brown color. The spectral dependences of
optical constants of the studied film, which are found in the
wavelength range 240—2500 nm, are given in the study [28].
The LIG was synthesized by means of the continuous-wave
COy-laser (10.6 um) in air by line-by-line scanning of the
focused beam with the diameter of 120 um. The line-by-line
motion of the laser beam along the surface of the polyimide
film was carried out by means of two reflecting mirrors
installed on an automated two-axis table. The laser power
in relative units (as a percentage of the maximum power)
Pyer, the speed v of beam motion along the line and the
distance between the lines (25um) were programmatically
pre-defined in a laser operation control unit. The actual
laser radiation power P incident to the polyimide film
was determined by a pre-measured calibration dependence
P(Pper). The laser beam motion speed v varied within the
range from 10 to 400 mm/s. Top speed of 400 mm/s was
limited by parameters of the laser beam scanning system,
and for v < 10mm/s it was difficult to obtain the good-
quality LIG films due to strong warping of the polyimide

Modes of synthesis of the studied LIG samples

Desig- Synthesis conditions

nation
of the samples Speed v, mm/s | Power Pop, W
v_10_P_0.55 10 0.55
v_20_P_0.69 20 0.69
v_30_P_0.8 30 0.8
v_60_P_1.2 60 12
v_120_P_2.0 120 2
v_220_P_3.1 220 31
v-400_P_4.5 400 4.5

film. In the experiments, the LIG samples of the size
of 10 x 10mm were synthesized at various P and v. At
the same time, for each fixed speed v the power P = Py
was selected, at which electric capacitance of the LIG film
structure synthesized at this speed v was the highest [38].
As a result, for studies, at quasi-permanent laboratory
conditions (during one working day) seven pairs of the LIG
samples were manufactured in air and their designations and
synthesis modes are listed in the table.

The chemical composition of the LIG subsurface layer
was studied by X-ray photoelectron spectroscopy (XPS)
in an updated spectrometer ES-2401. Photoelectrons were
excited using X-ray radiation MgK, with a quantum energy
of 1253.6eV. The energy scale of the spectrometer is
calibrated by electron binding energies of Au 4f;,, (84.0eV)
and Cu 2p3;» (932.8¢V). The value of full width at half
maximum (the FWHM parameter) of the peak of Au 4f;),
is 1.0eV. The obtained XPS spectra were processed using
the CasaXPS software package (version 2.1.34). At the same
time, the concentration of the elements was determined with
a relative error of £3 %. During the XPS studies, a sample
of highly-oriented pyrolytic graphite (HOPG) was used as
a reference. In order to carry out the XPS studies, the LIG
film structures were synthesized on the polyimide film fixed
on a glass substrate by a double-sided carbon adhesive tape.

The synthesized LIG samples were also studied using
an Raman spectrometer (HORIBA HR800). The Raman
spectra were excited by radiation of a He-Ne laser at the
wavelength of A, = 632.8nm. A x50 magnification lens
was used when doing so. The resultant spectrum was
found by averaging spectra that were recorded in at least
five various points of the LIG surface. A scanning-electron
microscope (SEM) (Thermo Fisher Scientific Quattro S)
was used to obtain a magnified image of the LIG surface.
Sheet resistance of the films was measured by a four-
point method (JG ST2258C) with measurement electrodes
arranged along one line. The sheet resistance was measured
with orientation of the electrode line perpendicular and
parallel to a direction of laser beam scanning along the
surface of the polyimide film.
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Figure 1. Photos of the six LIG samples synthesized on one
piece of the polyimide film at the scanning speeds a — 10, b —
30, c — 60, d — 120, e — 220 and f— 400 mm/s at the optimal
powers 0.55, 0.8, 1.2, 2, 3.1 and 4.5 W, respectively.

3. Results and discussion

Figure 1 shows the photos of the six LIG samples
produced at the various combined parameters (v, Popt) of
laser synthesis on one piece of the polyimide film. It is
clear that a color palette of the samples depends on the
synthesis modes. The most saturated black color belongs
to the sample v_400_P_4.5 that is synthesized at the highest
laser beam scanning speed v = 400 mm/s. The SEM images
of the same LIG samples are shown in Figure 2. It follows
from this that the LIG is a spongy material and it consists of
interwoven nets of open cavities that are different in shape
and size. The LIG surface also exhibits lamellar formations

of various spatial orientation. This structure is typical for
the LIG synthesized on the surface of the polyimide film
and was observed in many studies (see, for example, the
studies [6,39,40]). The LIG structure obtained at the high
speeds v (Figure 2,f) is distinguished by presence of a net
of carbon fibers. Such fibers were previously produced on
the surface of the polyimide film during its pyrolysis by
pulse [41] and continuous [30,42] radiation of the CO,-laser.

The typical Raman spectrum of the nanocarbon film
structure synthesized when v = 30—400 mm/s is shown in
Figure 3,a. It includes the well-known D-, G-, D’- and 2D-
bands of scattering with the frequency shifts 1330, 1583,
1616 and 2653 cm~!, respectively. This Raman spectrum
is typical for the LIG and is described in a large number
of the studies (see, for example, the studies [17,23,38,43]).
The scattering spectrum has also a band D+D’ with the
frequency shift of 2923 cm~!, which is a combination of the
D- and D’-bands [44,45]. Generally, this Raman spectrum
is also typical for the carbon nanofibers [46]. It is known
that the Raman spectra of defective graphene and graphite
contain all the listed scattering bands. But their spectra
significantly differ from the spectrum of Figure 3,a by the
following characteristics of the 2D-band: 1) the spectral
form of the band; 2) the value of Aw;p of the half-width
at the half-height; 3) the frequency shift wyp. The 2D-
band of single-layer graphene is described by one Lorentz
curve with Awyp = 25cm~!, and the 2D-band of graphite
is described by two Lorentz curves that noticeably differ
by the frequency shifts. The increase of the number of
the graphene layers results in deviation from the Lorentz
envelope of the 2D-band with simultaneous increase of its
frequency shift w,p from 2640cm~! to 2688 cm~! when
Aex = 632.8nm [47]. It follows from Figure 3 that the 2D-
band of our synthesized material with w,p ~ 2653 cm™!

3 P RS R

Figure 2. SEM images of the six LIG samples synthesized at the scanning speeds a — 10, b — 30, ¢ — 60, d — 120, ¢ — 220 and
f— 400 mm/s at the optimal powers 0.55, 0.8, 1.2, 2, 3.1 and 4.5 W, respectively.
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Figure 3. ¢ — the Raman spectrum of the LIG synthesized at
v = 60mm/s, Popt = 1.2 W (the dashed line marks approximation
of a 2D-band by the Lorentz function); » — the dependences of
the ratios I})/1, I2p/16 and Aw,p which characterize the Raman
spectra, on the laser beam scanning speed.

is described by one Lorentz curve. At the same time,
depending on the scanning speed Awyp takes the values
from 73 to 120cm~'. Whence, it follows that the
spectral characteristics of the LIG 2D-band significantly
differ from those for graphene and graphite. On the
other hand, it is known from literature data that the
2D-band of turbostratic graphite with w,p = 2663 cm~!
(when Aex = 632.8 nm) [48] is described by one Lorentz
curve with Awyp ~ (50—60)cm~! [47,49]. Based on
this and data obtained in other studies for high-resolution
microscopy (see, for example, the study [1]), it can be
assumed that during laser pyrolysis of the polyimide film
the carbon material that consists of the turbostratic graphite
nanocrystallites is synthesized.

The important parameters of the Raman spectra are
integral characteristics /f; and I}, which are areas under
curves of dependences of intensity of the bands G and D,
respectively, on the frequency shift. According to the
study [50], the integral characteristics I, and I}, can be
used to evaluate nanocrystallite sizes L, along the graphene
layers by the formula L, [nm] = (2.4 - 1071924 (13, /1%)~".
It follows from Figure 3,5 that within the wide range of
variation of v the ratio I})/I does not significantly change
and takes the minimum and maximum values 2.2 and 2.8 at

v = 60 and 30 mm/s, respectively. Whence, it follows that
when the speed v varies from 10 to 400 mm/s, L, varies
within a small range 13—17nm. However, it follows from
Figure 3,b that the ratio Iop/Ig (Where Ip and Ig are
intensities of the peaks Iop and Ig, respectively) remains
virtually unchanged for v > 60 mm/s, but significantly de-
creases when v < 60 mm/s and vanishes at v = 10 mm/s.
According to the study [51], disappearance of the 2D-band
in the Raman spectrum indicates a significant increase of
the concentration of defects in the graphite nanocrystallites.
At the same time, according to the Figures 1 and 2, the
LIG synthesized at v = 10 mm/s differs little in terms of
a morphology of its surface from the LIG synthesized,
for example, at v = 30 mm/s, while its electric capacitance
in several times exceeds electric capacity of the LIG
synthesized at v = 30 mm/s [38].

Figure 4 shows the XPS panoramic spectra for the
five LIG samples synthesized at the various modes. It
is clear that except for the carbon lines Cls all the
spectra exhibit the oxygen lines Ols. The spectra of the
samples v_10_P_0.55 and v_30_P_0.8 synthesized at the
speeds v = 10 and 30 mm/s also clearly exhibit the nitrogen
lines Nls, but these lines practically do not manifest
themselves for the samples v_120_P_2 and v_220_P 3.1
synthesized when v = 120 and 220 mm/s, respectively.

Figure 5 shows the XPS Cls-spectra for the HOPG
reference sample and the three LIG samples synthesized
when v =10,60 and 120mm/s. The figures 6 and 7
show the spectra of oxygen Ols and nitrogen Nls for
the four LIG samples synthesized when v = 10, 30, 60
and 120 mm/s.
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Figure 4. Panoramic XPS spectra of the five LIG samples
synthesized at various v and Pop;.
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Figure 5. Cls-spectra: of the three LIG samples synthesized at v = 10 (a), 60 (b), 120 mm/s (c¢) and d — of highly-oriented pyrolytic
graphite with the following peaks of binding energy decomposition (by chemical bonds): C1 — 2844 ¢V (C—C), C2 — 2853V (C—N),
C3—286.7¢V (C—0), C4 —288.5eV (C=0), C5—290.8¢V (m—n*), C6 — 287.2eV, C7 — 291.2 eV. The insert shows a dependence
of a ratio u of the area under C2 (the second component) Scn with E, = 285.3 eV to the full area Scis on the Cls-spectrum on v.

It follows from Figure 5,d that the HOPG Gls-spectrum
has a maximum when the binding energy E, = 284.4¢V.
The spectral line corresponds to the bonds C—C of graphite
atoms, i.e. to sp2—hybridization (see, for example, the
studies [52,53]). A peak asymmetry at half maximum was
1.6:1. According to the study [54], the asymmetry of the
Cls-spectrum is caused by presence of surface defects. In
addition to this basic component, the HOPG Cls-spectrum
includes an additional component when E, = 290.8 ¢V (the
bond m—m*, the shake-up satellite), which by the binding
energy is removed by 6.4eV from the base peak. It
corresponds to a peak of losses of weakly bound s-electrons
and characterizes the graphite material [55]. The third
weakly-intensive peak with the binding energy of 286.7 eV
can be due to the influence of trace amounts of oxygen that
is adsorbed on the surface and interacts with carbon [56].

13 Physics of the Solid State, 2025, Vol. 67, No. 8

The obtained XPS spectra are analyzed to show that the
peak intensities of the Cls-spectra of all the LIG samples
synthesized at the various speeds also correspond to the
binding energy of 284.4eV.

However, the forms of the lines of the Cls-spectra of the
LIGs synthesized at the various conditions noticeably differ
from each other by full width at half maximum, AEc,. It is
clear from Figure §,a that shows a decrease of AEc;s with
an increase of v. With increase of the scanning speed, AE¢j;
approaches the value of 1.35eV that is obtained for the
HOPG Cls-spectrum. Thus, with decrease of v, the Cls-
spectrum is broadened. The Cls-spectrum of the sample
v_10_P_0.55 produced at the lowest speed v = 10 mm/s can
be decomposed into five components (Figure 5,a), whose
maximums correspond to the following values of Ey, (to the
chemical bonds): 284.4eV (C—C, sp?), 2853eV (C—N),
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Figure 6. Ols-spectra of the LIG samples synthesized at v = 10 (a), 30 (b), 60 (c), 120 mm/s (d). The peaks O1, 02, O3, 04, OS5, 06,
O7 and O8 correspond to the binding energies 531.4, 532.2, 533.2, 537.0, 532.0, 532.8, 533.8 and 535.7 eV, respectively.

286.7¢V (C—-0), 288.5¢V (C=0), 290.8eV (r—n*). The
binding energies of the first ones of these peaks coincide
with data obtained in the studies [32,57]. It is noteworthy
that the ratio u of the area Scn under C2 (the second
component) with E, = 285.3¢eV to the full area Scis of
the Cls spectrum decreases rapidly with increase of v
(Figure 5,a, the insert), so that this components is absent
in the Cls-spectrum of the sample v_120_P _2.0 synthesized
when v = 120 mm/s (Figure 5, ¢).

It follows from Figure 6 that the Ols-spectrum of the
sample v_10_P_0.55 can be decomposed into three compo-
nents (O1, O2 and O3) with the binding energies 5314,
5322 and 533.2eV. According to the studies [58-60], the
peaks O1, O2 and O3 can be assigned to bonds of quinine
carbonyl oxygen, O=C and O-C, respectively. Decom-
position of the Ols-spectrum of the sample v_30_P_0.8
has an additional peak O4 with the binding energy of
537.0eV, which can be assigned to bonds C—H,O [61].
The sample v_60_P_1.2 is characterized by the peak Ol

and the three other peaks O5, O6 and O7 with the binding
energies 532.0, 532.8 and 533.8 eV, respectively. According
to the study [62], the peak O7 can be related to adsorbed
moisture. The Ols-spectrum of the sample v_120_P_2.0 can
be decomposed into four components — O1, O5, O6 and
O8 with the maximum value of the last one at the binding
energy of 535.7eV. It is difficult to precisely identify all the
above-listed peaks, since values of the binding energy of
the same type of the chemical bond given by many authors
from the known literature sources differ from each other
by at least 0.1 eV. But Figure 6 clearly shows that the laser
beam scanning speed in a complex way affects the Ols-
spectrum during its synthesis.

It follows from Figure 7 that the Nls-spectrum of the
sample v_10_P _0.55 can be decomposed into three nitrogen
components, N1, N2 and N3, with peak values of the
binding energy 399.0, 400.1 and 401.5 eV, which correspond
to the pyridinic N, pyrrolic N and graphitic N [53,63-65]
configurations, respectively. They belong to the nitrogen

Physics of the Solid State, 2025, Vol. 67, No. 8
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atoms that are in the various configurations of the crystal
structure of defective graphene [63]. The Nls-spectra of
the samples v_60_P_1.2 and v_120_P_2.0 have additional
peaks with the nitrogen binding energy N4. It corresponds
to 4029eV, which according to the study [66] can be
ascribed to oxidized nitrogen of the pyridinic configuration
(Nt—07), i.e. to the nitrogen atom bound to two carbon
atoms and one oxygen atom. It is noteworthy that the
binding energies of the four listed nitrogen configurations
that are listed above coincide with the values obtained
in the studies [66,67). The Nls-spectrum of the sample
v_30_P_0.8 is distinguished by that its decomposition
has a peak with the binding energy of 403.9eV, which
corresponds to nitrite NO, [68,69].

The Cls-, Ols- and Nls-spectra of the synthesized
samples allowed determining the influence of the scanning
speed on the concentrations nc, no and ny of carbon,
oxygen and nitrogen, respectively, therein (Figure 9). It
is clear that the increase of the concentration of oxygen
and nitrogen with decrease of the scanning speed v is
accompanied by the decrease of the carbon concentra-
tion. With the decrease of v within the entire range
of its variation, the decrease and the increase of the

concentrations of carbon and oxygen are by 1.15 and
1.68 times, respectively. At the same time, it follows from
the obtained data that the nitrogen concentrations in the
subsurface layer of the LIG synthesized at v = 10 mm/s,
Popy = 0.55W and v =400mm/s, Py, =4.5W are 5.7
and 0.5at%, respectively. It means that by decreasing
the laser beam scanning speed from 400 to 10 mm/s and
selecting the laser power it is possible to increase the
nitrogen concentration in the synthesized carbon material
in more than 11 times. At the same time, according to data
from the insert of Figure 9,c, the concentrations nn1, nN2
and nn3, of the various nitrogen forms N1, N2 and N3,
respectively, depend on vfollowing the different patterns.
It is clear that the total nitrogen concentration significantly
increases with reduction of the speed v due to the increase
of the concentrations of the pyridinic and pyrrolic nitrogen
configurations. It is noteworthy that a specific concentration
of all the nitrogen atoms in the nanocrystalline structure
of carbon monotonically increases with the decrease of
v (Figure 9,d). Thus, during LIG synthesis it is self-
doped with nitrogen, wherein the lower the scanning speed,
the higher the nitrogen concentration. Doping the carbon
material with nitrogen shall result in decrease of its electric
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Figure 10. a — the sheet resistance of the LIG, which is measured by the four-probe method parallel (||) and perpendicular (L) to laser
beam scanning lines; b — the LIG thickness as a function of the scanning speed.

resistance, which is exactly observed in the experiment
(Figure 10,a). It is clear from the figure that indeed with
the decrease of v from 400 to 10 mm/s the values of the
sheet resistance of the samples synthesized at P = Py
decreaseby several times. It should be noted that self-doping
of the synthesized material with nitrogen at the small v is
just one of the causes of a decrease of the sheet resistance.
With the decrease of v there is a noticeable increase of
the thickness of the LIG film structure (Figure 10,5) and
its density [2], which also contributes to the decrease of its
sheet resistance.

The above-given results of the studies of the composition
of the LIG film structure are attributed to its subsurface
layer. Meanwhile, it is known that the LIG composition
can be inhomogeneous with depth, which is indicated by
the different Raman spectra recorded at the various section
points of the LIG film structure, which are at the different
depths [14]. Investigation of variation of the composition
and the properties of the LIG depending on its depth is a
separate nontrivial problem and can be an object of further
research in the future.

4. Conclusion

We have studied the influence of the line-by-line scanning
speed of the focused beam of the continuous-wave laser on
the chemical composition of the nanocarbon film structure
that is synthesized on the surface of the polyimide film
during its laser pyrolysis. We obtained the XPS spectra
for the LIG samples that are synthesized within the range
of the scanning speeds v from 10 to 400 mm/s and at the
powers that provide maximum electric capacitance. The
synthesized LIG samples exhibited the peaks Cls, Ols
and Nls that correspond to the atoms of carbon, oxygen
and nitrogen, respectively. It is shown that with the
increase of the speed v the width of the Cls-spectrum
significantly decreases. The Nls-spectrum of the LIG

Physics of the Solid State, 2025, Vol. 67, No. 8

sample produced at v = 10 mm/s is deconvoluted to show
that the nitrogen atoms in the nanocrystalline structure
of the graphite material are in the pyridinic, pyrrolic and
graphitic configurations, wherein the concentrations of the
first two configurations decrease with the increase of v.
With the decrease of the scanning speed from 400 to
10 mm/s, the nitrogen concentration in the LIG’s subsurface
layer increases 11.4-fold to 5.7at.%, whereas the carbon
concentration decreases 1.15-fold from 89.8 to 78 at.%. The
increase of the nitrogen concentration in the synthesized
film material is accompanied by the decrease of its sheet
resistance and is in agreement with a previously found
pattern on a significant increase of electric capacitance of
the LIG with a decrease of the line-by-line scanning speed
during its synthesis to 10 mm/s.
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