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Abstract

Ultrafast laser ablation is an efficient method for precise micro-machining. Thanks

to the recent development of high repetition rate ultrafast lasers, high speed

laser scanning of surfaces is more and more employed to generate micro-/nano-

surface structures on metals for a vast variety of applications. Issues associated

with these lasers are also identified in micro-machining practice. It is commonly

believed that, due to possible shielding effects, the conditions of high fluences

and high repetition rates compromise an efficient material removal. However,

in this study, based on topography and differential weighing evaluations, we

report that the material removal rate holds constant even in sub-MHz regime,

up to about 20 J/cm2. The morphology of the post-irradiated surface is found

to be determined not only by laser processing conditions but also by the mate-

rial properties on the other hand. Two trends are experimentally identified in

surface laser ablation of Ni, Cu, titanium alloy TA6V and stainless steel 316L:

while the former two show a low roughness (Ra below 0.5µm) at all irradiation

conditions, the machining quality of the two later ones degrades rapidly with

increasing fluences and repetition rates. In such a scenario, a rugged surface
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layer of 10-20µm thickness is formed with the presence of numerous subsurface

voids. Microstructural analysis is carried out in order to infer physical transition

involved in the micro-machining process. Possible mechanisms accounting for

the observation are discussed, especially those related to the electron-phonon

coupling, plasma dwelling, and capillary waves. These insights pave the way for

tailored, material dependent optimizations of ultrafast laser micro-machining

processes.

Keywords: ultrafast laser ablation, fluence, repetition rate, removal rate,

surface roughness, heat accumulation.

1. Introduction

Ultrashort pulse laser ablation of metals has been investigated extensively

for decades and successful applications have been demonstrated in vast fields

including surgery, biology, tribology, wettability, color marking and cutting

[1, 2, 3, 4, 5, 6, 7, 8, 9]. A metal surface irradiated by an intense femtosec-5

ond laser pulse experiences rapid heating of its electronic system and undergoes

phase explosion of the superheated melt layer [10, 11, 12]. The ablation takes

place including ejection of nano-particles and leaves behind a minimum heat-

affected zone. Therefore, material removal by femtosecond laser pulse ablation

is characterized by an ultimate high precision. The rapid advances in laser10

technology make high-performance ultrashort pulse lasers readily available on

the market, with pulse repetition rate up to MHz and a few hundreds Watts

output power [13]. This technology boom undoubtedly opens up more ultra-

short laser processing potentials and boosts up existing applications. However,

new issues associated particularly with high fluence and repetition rate limit15

the potentialities of ultrafast laser ablation. For instance, particle shielding

and heat accumulation were found to have significant influence on the abla-

tion in this regime, negating the machining efficiency and quality, respectively

[14, 15, 16, 17, 18, 19, 20]. Weber demonstrated numerically that in percussion

drilling CrNi-steel scenario the residual heat accumulation is more pronounced20
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at high repetition rate of 250 kHz than at lower one of 50 kHz [15]. Although

such thermal effect along with particle shielding should be supposedly miti-

gated by raster scanning of the laser beam over a large surface and supporting

experimental results are obtained from Cu micro-machining [21], seemingly con-

troversial adverse impacts on ablation quality of stainless steel have also been25

reported in literature and the cause was attributed to a substrate temperature

related empirical factor [14]. It is obvious that the accumulative heat effect,

particle shielding effect, and possibly other role-playing effects, are dependent

on both laser processing conditions and certain thermal properties of the tar-

geted metal, therefore a comparative study on micro-machining of typical metals30

should shed lights on the underlying issues.

In the present work we investigate the influence of laser fluence and rep-

etition rate on micro-machining by raster scanning of several commonly used

industrial metals/alloys. The material removal rate and the resulting surface

topography are thoroughly characterized. Based on the micro-machining qual-35

ity, these metals/alloys can be categorized into two groups: one group can be

micro-machined under the combination of high fluence and repetition rate with-

out undermining the quality degradation, while greater care has to be given to

the other group as the machining quality of these materials degrades markedly

at aforesaid laser processing conditions. Microstructural analysis and review of40

the material properties are also employed in this study to help interpret the

observations.

2. Experimental and calculation details

The experimental study is focused on the ablation rate and surface geometry

development upon laser irradiation at different fluence and at different repetition45

rate. A schematic drawing of the laser setup and raster scan strategy is depicted

in Fig. 1(a). The materials of interest are commonly used engineering/industrial

metals and alloys, including Ni, Cu, titanium alloy TA6V and stainless steel

316L. The targets were prepared by conventional metallography procedures with
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a final surface roughness average Ra = 20 nm. The micro-machining was carried50

out using a fiber fs laser system (Tangerine HP of Amplitude Laser Group).

The laser has a central wavelength of 1030 nm with a pulse duration of 350 fs

at full width half maximum and a repetition rate (R) tunable from single shot

to 2 MHz. The linearly polarized laser pulses were attenuated, sent through a

galvano scanner and focused through a 100 mm telecentric f-theta lens. The55

focused laser spot exhibits a Gaussian profile and the spot diameter (at 1/e2)

measures 2ω0 = 22µm. For micro-machining a surface area, a raster scanning

strategy was used. The overlap ratio of 0.91 between successive laser pulses and

between successive laser scan tracks was kept constant for all the experiments

and all the materials. The laser fluence quoted in this paper is the peak fluence60

F = 2ε/πω2
0 , with ε being the laser pulse energy. The laser fluence variation

window was 0.6 - 18 J/cm2, from just above to a few tens of times of the ablation

threshold for the materials. The repetition rate was varied between 31 kHz and

500 kHz. The lower bond of the repetition rate was set on a value below which

the machining throughput would be no longer of interest from an industrial65

processing point of view. The upper value was set based on a joint consideration

of maximum available laser pulse energy and scanner speed limit.

The topographical analysis of surface modifications in the laser impacted

area was performed using a chromatic confocal microscope (Stil). A 3-dimensional

representation given in Fig 1(b) is re-constructed surface topography of the laser70

micro-machined trenches. The ablation volume and surface roughness of laser

irradiated areas were derived from topographical analysis. As reported later in

this study, certain laser processing conditions may cause the formation of deep

micro-holes and/or enclosed cavities to form on the irradiated surface, the depth

of which is no longer measurable by the confocal microscope. In such case, the75

ablation rate was evaluated using a differential weighing method, which was

based on a mass measurement of ablated material. The sample is weighed be-

fore and after machining [22]. The difference in the sample mass corresponds

to the mass of ablated material. The micro-balance is of model XP26 from

Mettler-Toledo. In order to inspect the surface morphology and the microstruc-80
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ture beneath the surface, some selected areas were analyzed with a dual beam

SEM/FIB. Two types of analyzes are presented in this paper: the SEM obser-

vations on the surface after laser irradiation; and FIB cross sections on ablated

areas in order to observe the microstructure evolution in the longitudinal di-

rection (from the irradiated surface down to the bulk). The aforementioned85

analyzes were achieved on a FEI Helios Nanolab 600i dualbeam workstation.

An example of surface and cross-section inspections by SEM/FIB is presented

in Fig. 1(c).

Figure 1: Sketch of the experimental procedure: (a) Each sample was irradiated with the

same total number of laser pulses following the illustrated scan path with ∆x=∆y=2µm, and

2ω0 being the spot diameter at 1/e2. (b) Surface topography analysis was carried out using

a confocal microscope, and ablation rate was evaluated based upon the topographical mea-

surement. In addition, differential weighing before and after laser irradiation was also carried

out to access ablation rate in certain circumstances. (c) SEM-based imaging techniques were

performed for surface morphology (upper image) and FIB-prepared cross-section inspections

(lower image). The bold dashed line in the upper image indicates where the cross-section was

to be made, and the lower image shows the FIB-prepared cross-section.

3. Results and discussion

The ablation rate is evaluated in the form of ablation volume per laser pulse.90

The surface finishing quality is characterized by surface roughness essentially ex-

tracted from surface topography measurement. The four materials investigated
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in the present work, according to their evaluation characteristics, can be divided

into two categories, the first including Ni and Cu, and the second being stainless

steel 316L and TA6V.95

A typical panel of Ni micro-machining evaluation, following above-mentioned

criteria, is represented in Fig. 2, where the material removal rate, surface rough-

ness, morphology and topography are given. The material ablation is plotted

against laser fluence and repetition rate in Fig. 2(a). As expected, at any

given repetition rate, the higher the laser fluence, the greater the removal rate.100

The plot is based on confocal surface topography measurement. The tendency

shown in Fig. 2(a) is also cross checked using the data from the differential

weighing based mass change measurement, as well as existing data from the

literature (with presumably negligible differences in terms of pulse duration

120 fs, wavelength 800 nm and repetition rate 5 kHz) [23]. Across the entire105

range of repetition rate tested, the removal rate appears to be fairly constant.

This near-constant ablation removal rate agrees well with high repetition rate fs

laser drilling reported in literature [24]. The ablation removal rate only slightly

increases at higher repetition rate observed for high laser fluence, i.e. 18 J/cm2.

Regarding the surface finishing of laser machined Ni surface, Fig.2(b) depicts110

the correlation between surface roughness Ra and the laser conditions employed

to produce these surfaces. It is clear that the resulting Ra remains remark-

ably low, even at high fluence and high repetition rate. The SEM image (Fig.

2(c)) shows the homogeneous morphology attained at the center of the laser-

irradiated surface. The reconstructed surface topography at the border area115

of the laser machined surface, shown in Fig. 2(d), also reveals a homogeneous

surface finishing from a 3-dimensional perspective. All these facts suggest an

excellent machinability of Ni. For industrial processing purposes, where the

machining throughput is demanding, the high power and high repetition rate of

modern femtosecond lasers can be fully exploited.120

An analogy in terms of machinability is drawn between Ni and Cu. For the

sake of simplicity while being informative, only the removal rate and surface

roughness are plotted against the laser conditions and given in Fig. 3.
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Figure 2: Near constant ablation rate at any repetition rate, and all over low surface roughness

for nickel micro-machining. (a) Removal rate per laser pulse; (b) Surface roughness Ra is plot-

ted against laser repetition rate and laser fluence; (c) A SEM micrograph showing the typical

surface finishing of micro-machined Ni. The black arrow indicates the laser polarization; and

(d) reconstructed 3-dimensional surface topography illustrates good quality and fast ablation

achievable even at high fluence and repetition rate. The process conditions in (c) and (d) are

F= 18 J/cm2 and R = 500 kHz.

Fig. 4 shows the evaluation panel for stainless steel 316L from the second

group. A marked departure from Ni and Cu, especially pronounced in high125

fluence and high repetition rate regime, is captured by the confocal probe based

measurements, i.e. the removal rate derived from topography in Fig. 4(a) (solid

lines), and surface roughness evolution (Fig. 4(b)). The ablation removal rate

is plotted in the same fashion in Fig. 4(a) as in Fig. 2 and 3. As far as degraded

surface topography is concerned, confocal microscope based approach fails to130

deduce a reliable material removal rate, because of geometrical confinement to

the probing light at such surfaces (dedicated geometry study will be given in

the later section). This is the reason why one observes a forward-falling curve

with repetition rate, at 8 J/cm2 in the removal rate plot (solid lines). For

the sake of clarity and readability of the plot, the material removal rate data135
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Figure 3: Ablation rate and micro-machining quality of copper are comparable to those of

nickel. (a) Removal rate per laser pulse of copper; (b) surface roughness Ra is plotted against

laser repetition rate and laser fluence.

points from the confocal microscope-based approach at high fluence and repe-

tition rate are left out, namely, those for 8 J/cm2 at 500 kHz, 18 J/cm2 at 250

and 500 kHz. The accurate removal rates at these conditions are derived from

the more direct differential weighing based approach (dashed lines). Strikingly,

the ablation rates at 250 kHz and 500 kHz, notwithstanding the rugged surface140

appearance, remain the same as those at 31 kHz and 100 kHz. Overall, the re-

moval rate for 316L, alike those for Ni and Cu, is only dependent on fluence but

independent on the repetition rate in the investigated parameter range between

31 and 500 kHz, despite the sharp contrast in morphology and topography of

the micro-machined surfaces at low and high repetition rates. Higher repetition145

rates (typically from the MHz to a few tens of MHz) are accompanied by inter-

action phenomena that can be detrimental for surface scanning ablation quality,

such as heat accumulation [15, 19], and particle ejection and shielding observed

on the µs timescale [25]. Noteworthy, this corresponds to the MHz repetition

rate limit. The surface roughness of micro-machined surfaces is plotted in Fig.150

4(b). Compared to the Ra values of micro-machined Ni and Cu, the surface

roughness of 316L is obviously more sensitive to laser processing parameters,

the fluence and repetition rate. At 31 and 100 kHz, the micro-machined surface

remains smooth for all fluences used in this study (Fig. 4(b)). A sharp transi-
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Figure 4: Removal rate per laser pulse on stainless steel 316L (a) differential weighing (DW,

dotted lines) based evaluation also presented to indicate ablation rate, in certain conditions

where the confocal microscope based approach failed to yield reliable information; surface

roughness Ra is plotted against laser repetition rate and laser fluence (b); A SEM micrograph

in (c) showing rugged surface morphology obtained at high repetition rate (8 J/cm2, 500 kHz).

The white arrow points out the laser polarization; and (d) corresponding 3D surface profile

depicting the topography, the inset on the upper corner showing an extracted 2D profile,

demonstrating partial laser machined surface raised above the initial surface level.

tion is observed at higher repetition rates. An up to 10 to 20 folds greater Ra155

is observed for 316L than that for Ni and Cu, when the combination of high

fluence and high repetition rate is applied. For many micro-machining applica-

tions, this could be a strong drawback and should be avoided. A representative

SEM image taken from the surface irradiated at 8 J/cm2 and 500 kHz reveals

the rugged nature of the resulting morphology (Fig. 4(c)). A 3D topography of160

the irradiated surface and its vicinity is reconstructed in Fig.4(d). The inset

is an extracted 2D profile right across micro-machined and un-irradiated sur-

face. The bumpy nature of this micro-machined surface is evident, with many

hillocks rising beyond the initial surface level. Analogous morphologies are pro-

duced typically at high fluence and repetition rate, namely, 8 J/cm2 at 250 kHz165
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and beyond.

The removal rate and surface roughness of titanium alloy TA6V machining

are summarized in Fig. 5(a) and 5(b), respectively. TA6V exhibits a similar

behavior to 316L. Regardless of repetition rate applied and resulting surface

topology, at a given fluence, the removal rate is constant. Compared to 316L,170

TA6V is little less sensitive to repetition rate, and the process window is slightly

extended to medium fluence, up until 8 J/cm2. Beyond this value, the surface

finishing degrades rapidly.

Figure 5: Removal rate per laser pulse of titanium alloy TA6V (a) differential weighing (DW,

dotted lines) based evaluation also presented to indicate ablation rate, in certain conditions

where the confocal microscope based approach failed to yield reliable information; surface

roughness Ra is plotted against laser repetition rate and laser fluence (b).

The observation of constant material removal rate but significantly degraded

surface morphology, sometimes with surface profile rising beyond the initial175

surface at high fluence and high repetition rate regime (for instance, see Fig.

4(a), 4(b) and 4(d)), is somewhat counterintuitive. In order to illustrate the

topography transition to a greater extent, a schematic is drawn in Fig. 6(a).

The illustration depicts the key disparity of surface finishing achieved at different

processing conditions, and it is further elaborated by cross-sections extracted180

from such surfaces shown in Fig. 6(b). The SEM micrographs in Fig. 6(b)

are from stainless steel 316L. Similar morphological and cross-sectional analysis

has been done with titanium alloy TA6V, and similar behaviors are observed
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(therefore the results from TA6V are not shown here). The surface micro-

machined at 31 kHz falls below the initial surface level, and is featured by185

grooves with peak-to-valley amplitude typically smaller than 5 µm, as is shown

in Fig. 6(b), left column, and Fig. 6(c). On the other side, the surface made at

500 kHz is full of hillocks with dimensions ranging 15 to 30 µm, the contour of

micro-machined surface alternates between above and under the initial surface

level. The hillocks are relatively sparse and µm-sized valleys may hide under190

the hillocks, as is unveiled from the cross-section image, shown in Fig. 6(b)

right column, or Fig. 6(d). Since these images are of the same magnifications

(for the purpose of comparison), the difference in topography development on

the two surfaces manifests itself unarguably. The surface machined at 500 kHz

is evidently more rugged and porous. Attempt has been made to evaluate the195

size and distribution of the valleys lodged between the hillocks. By FIB milling

on the cross-section face continuously, the volume evolution was characterized

and some of the valleys were indeed proved to be voids or cavities. In order

to visualize these, a standing cross-section was made by FIB milling from the

foreside and the backside of the selected site (see Fig. 6(d)). Hollows of roughly200

circular-shape of 5-10 µm in dimension are seen about 10 µm underneath the

surface. Some voids of this sort can be seen in Fig. 6(d).

Metallurgical investigations were also pursued. The grain contrast micro-

graphs of cross-sections sampled from 31 kHz and 500 kHz micro-machined

surfaces are displayed in Fig. 6(c) and 6(d). Owing to the strong channeling205

effect of the chosen imaging mode, the crystal grains with different orientations

differentiate themselves by the contrast. It is visible from Fig. 6(c) that the size

of the grains in the contour region of the surface undulation, of approximately

5 µm thick, is smaller than the size of the grains in the bulk region under-

neath the undulations, suggesting grain regrowth associated with melting and210

re-solidification in the skin region of the surface undulation. Similarly, small

grains are also identified within the hillocks. However, compared to 31 kHz

case, the distribution of small sized grains at 500 kHz is much broader, occupy-

ing at least 10 to 15 µm surface region, from the top of the hillocks down into
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Figure 6: (a) Schematic illustration of different surface topography developments at a given

laser fluence (8 J/cm2) while different repetition rates (31 and 500 kHz). (b) Underneath the

schematic drawings, the SEM images of stainless steel 316L samples micro-machined at the

two repetition rates, providing more detailed supporting information. The color boxed areas

from the upper surface SEM micrographs are the sites chosen for cross-section investigation.

The cross-sections are shown underneath the surface SEM images. The boxes c and d in the

cross-section images are chosen for FIB fine polishing and further illustrated in (c) and (d); (c)

The grain structure revealed from the cross-section (8 J/cm2, 31 kHz) after FIB etching and

polishing suggests a melting - re-solidification transition in the groove region, within a few µm

surface zone; (d) The grains structure (8 J/cm2, 500 kHz) suggests a melting - re-solidification

transition in the entire spikes region, of a few 10 µm surface zone. Pt denotes the Platinum

protective layer necessary to the FIB etching process.

the bulk. Furthermore, at the edge of the hillocks, including the hollow region215

located between the two hillocks in Fig. 6(d), the grains are significantly smaller

than the grains inside the hillocks. This might suggest that the formation of

the central and skin parts of the hillocks did not occur at the same moment of

the micro-machining, and/or the cooling speeds for the two counterparts were

different. A complex interplay may be involved for the formation of such a mi-220

crostructure. The bumpy surface finishing may be regarded as undesirable from

standard view. Nevertheless, the porous status and increased roughness Ra may

render the surface a superhydrophobic nature, thereby becoming appealing in
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certain wetting applications [26, 4].

To explain the observed difference for various metals after multipulse high-225

intensity laser ablation, we analyze the material properties for the metals under

investigation summarized in Table 1. The properties of titanium alloy TA6V are

not well-known, therefore, we use here the properties of pure Ti. The striking

difference is evident by comparing electron-phonon coupling constants γ and

thermal conductivities Ki of these metals. The electron-ion transfer occurs230

significantly faster for stainless steel and Ti than for Ni and Cu, whereas the

thermal conductivity of stainless steel and Ti is more than twice smaller than

that of Ni and Cu. The electron-phonon coupling constant γ as well as the

other material properties are used to calculate the heat penetration depth for

different metals as follows x = 8

√
128
π

(
K2

eTeCiρ
Tmγ2Ce

)1/4
[27], where Ce and Ke are235

the electron heat capacity and conductivity, Te is the electron temperature, Tm

is the melting temperature, and Ci is the material heat capacity. The results are

indicated in Table 1. The heat penetration depths are found to be greater for

Ni and Cu than for Ti and stainless steel. This result indicates that the thermal

energy is stronger confined on the surface of Ti and stainless steel. Additionally,240

more energy is absorbed on Ti and stainless steel surfaces for the same laser

fluence, due to larger absorbance coefficients A (see Table 1). Both of these

facts stand for higher surface temperatures and hotter laser-induced plasmas.

The plasma can still remain on the surface for hundreds of nanoseconds, heating

and explosively remelting the surface [28]. If we take account the fact that the245

cooling of Ti and stainless steel takes longer time than for Ni and Cu due to

both lower thermal conductivities and hotter laser-induced plasma, we come

to the conclusion that Ti and stainless steel should be more sensible to higher

repetition rates. The ablation in this case typically leads to larger amount of

surface roughness [29].250

Another interesting observation is related to the formation of micrometer

spikes after multipulse laser irradiation. Here, we verify the scenario of capillary

wave role in spikes formation by making estimations of liquid lifetime defined

as τl = ρCix
2

2Ki
, the characteristic time of capillary wave establishment τcw1 =
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λ2

2π

√
ρ
σx , where λ ≈ 2µm is the capillary wavelength corresponding to the typical255

size of formed spikes, ρ is the liquid density, and σ is the surface tension, and

the characteristic period of capillary wave defined as τcw2 = ρλ2

8π2ν , where ν is

viscosity [30]. The used values for different metals, as well as the results, are

indicated in Table 1. According to the estimations, the characteristic times

τcw1 and τcw2 are much longer than the liquid lifetime, which is of order of few260

nanoseconds for Ni and less than nanosecond for other metals. The additional

heating of the surface melt layer by laser-induced plasma, however, is not taken

into account by the simple expression. Nevertheless, an argument can be drawn

upon, independent of the estimated liquid lifetime, is that the conditions for

spike formation by capillary wave τcw1 < τcw2 are satisfied only for Ni. Spikes,265

however, have been observed as well for titanium alloy TA6V and stainless steel

316L experimentally, which implies that other physical phenomena are involved

in spike formation, such as pulse overlapping, plasma-induced surface debris or

thermo-fluidic effects arising by thermal accumulation [31, 32].

4. Conclusion270

We investigated the machinability of a few technologically important metals

and alloys, including Ni, Cu, titanium alloy TA6V, and stainless steel 316L, in

a wide range of laser fluences and repetition rates, namely 0.6-18 J/cm2 and 31-

500 kHz. The material removal rate and surface finishing were evaluated. The

removal rate for all the materials is shown to be dependent on laser fluence,275

but independent on repetition rate. Concerning surface finishing, Ni and Cu

appear to withstand harsh conditions: low surface roughness (Ra < 500 nm)

can be achieved, even at the combination of high fluence and high repetition

rate. TA6V and 316L are, on the contrary, found to be more sensitive to laser

processing conditions. Even at medium laser fluence of 8 J/cm2, the surface280

roughness degrades rapidly with increasing repetition rate. Micro-structural

analysis revealed that under high fluence conditions, a surface layer experiencing

melting and re-solidification transitions is manifested by the presence of overall
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Table 1: Material properties of metals.

Physical properties Ni Cu Ti Steel

Absorbance A [33] 0.26 0.04 0.38 0.44

E-ph coupling constant

γ[1017 Wm−3K−1] at 2 · 104K [34, 35]

1.11 6.46 27.69 31.7

Electron thermal conductivity

Ke[Wm−1K−1] at 2 · 104K [35, 36]

1600 1000 1000 1070

Electron heat capacity

Ce[105 Jm−3K−1] at 2 · 104K [34, 35]

32.4 38.9 20.3 33.8

Melting temperature Tm [K] [37] 1727 1356 1958 1809

Liquid density ρ[g·cm−3] at Tm [37] 7.905 8.0 4.11 6.881

Viscosity ν[10−3Pa·s] at Tm [37] 4.6 4.1 5.2 8.0

Thermal conductivity Ki [Wm−1K−1]

at Tm [37]

60 163 31 29

Heat capacity Ci [J·g−1K−1] at Tm [37] 0.657 0.494 0.966 0.79

Surface tension σ [N/m] at Tm [38] 1.78 1.29 1.65 1.87

Heat penetration depth x [nm] 396 123 64 60

Liquid lifetime τL [ns] 6.79 0.183 0.262 0.255

Capillary wave establishment τcw1 [ns]

forλ= 2µm

67 143 125 157

Capillary wave period τcw2 [ns]

forλ= 2µm

86.9 99.0 40.1 43.6

small grain components inside this layer. At low repetition rate, this layer

occupies merely a thin surface region. At high repetition conditions, this re-285

solidified layer forms a some 20 µm thick porous and rugged surface region.

Therefore, for these materials, special attention should be drawn in the micro-

machining practices. Amongst other physical properties, the electron-phonon

coupling constant and thermal conductivity of the materials in question are

considered to be responsible for the difference observed experimentally.290
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