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Abstract.  A model is proposed to describe the cooling of a biotissue 
surface after irradiation by a series of laser pulses. The spatial dis-
tribution of heat accumulated by the surface of a hard biotissue 
irradiated by nano- and femtosecond laser pulses is qualitatively 
estimated as a function of the pulse repetition rate. The obtained 
results are compared with the data of experimental irradiation of 
dry bone with both nanosecond and femtosecond laser pulses. The 
key contribution of the variation of the biotissue optical character-
istics to the dependence of heat, accumulated by its surface, on the 
repetition rate of nanosecond laser pulses is demonstrated. The 
mechanism of the pulse repetition rate affecting the residual heat in 
the biotissue is more complex and requires adequate consideration 
of the change in its optical and thermophysical parameters. The 
application of the cooling model allowed substantial confirmation 
of the key role of the accumulated heat in the process of hard tissue 
carbonisation around the area of laser impact and the necessity of 
external cooling in the course of high-repetition-rate multipulse 
laser processing using both nanosecond and femtosecond pulses. 

Keywords: nanosecond and femtosecond laser pulses, hard biologi-
cal tissues, carbonisation, accumulated heat.

1. Introduction

At  present,  laser  radiation  is  extensively  used  in  medicine, 
including stomatology and orthopaedics [1 – 4]. During recent 
decades, the possibility of using different lasers that operate 
both in UV and in IR spectral ranges for processing hard tis-
sues  has  been  investigated  [5 – 7].  The  most  efficient  laser 
ablation  of  tooth  and  bone  tissues  was  achieved  using 
Er : YAG  ( l = 2.94 mm) and CO2 ( l = 10.6 mm) lasers [8 – 13]. 
This is because their radiation wavelengths correspond to the 
fundamental absorption peaks of hard tissues.

Recent  research  and  development  allowed  the  develop-
ment of compact, high-efficiency and economical ytterbium 
fibre lasers with an oscillation wavelength of 1.070 mm. Strong 
scattering and weak absorption of their radiation [4, 14] limits 
the application of  these  lasers  to  the processing of hard tis-
sues. At the same time, the ytterbium fibre laser has certain 
advantages  in  surgery  of  hard  tissues  as  compared  to  the 
solid-state Er : YAG laser and gas CO2 laser. The fibre radia-
tion delivery system of the ytterbium laser provides irradia-

tion of tissue regions difficult to access, and the high output 
pulse power and repetition rate allows a high rate of abla-
tion [14].

It is also rather promising to study possible application of 
femtosecond lasers to the processing of bone tissue [15 – 17]. In 
contrast to the Er : YAG laser pulses, the effect of femtosecond 
laser  pulses  on  a  biotissue  practically  does  not  influence  the 
relative content of phosphorus and calcium in the tissue, which 
facilitates the postoperative healing of the bone [18].

Due to the high sensitivity of biotissues to thermal dam-
age,  an  urgent  problem  is  to  optimise  the  parameters  of 
lasers  in  order  to  provide  safe  and  precise  surgical  opera-
tion. The rate of laser processing should be comparable with 
that using mechanical means or exceed it, which requires the 
employment  of  the  regimes  of  high-repetition-rate  multi-
pulse irradiation.

The analysis shows that for these purposes lasers emitting 
short  [19 – 21] and ultrashort  [22 – 25] pulses with rather dif-
ferent pulse repetition rates, from tens of hertz to hundreds of 
megahertz,  are  used.  The  laser  processing  with  ultrashort 
pulses has a number of advantages over the laser processing 
with nanosecond pulses, since the duration of the laser pulse 
is smaller than the time of electron – phonon energy transfer, 
and all thermal, chemical, and mechanical processes develop 
after the pulse terminates [26 – 28]. At the same time, physical 
and  chemical  mechanisms  of  laser  heating  and  ablation  of 
biological media are extremely complex. This is, first, due to 
the complexity of the object itself, as well as to the consider-
able  difference  in  the  processes  of  interaction  between  the 
laser radiation and the biotissue under the conditions of vary-
ing not only the laser pulse duration, but also the radiation 
wavelength, light flux density, pulse repetition rate, etc. The 
pulse-periodic  irradiation  with  both  short  and  ultrashort 
pulses can lead to the residual heating [29] and cause carboni-
sation (charring) of the hard tissue around the exposed region 
[30,  31].  Under  the  high-repetition-rate  multipulse  laser 
impact, the contribution of residual heat to the process of bio-
tissue treatment can increase with increasing pulse repetition 
rate, leading to the consequences that include negative ones. 
In this connection, it is necessary to analyse and compare the 
specific  features  of  thermal  impact  of  trains  of  high-repeti-
tion-rate  laser pulses on biological  tissues under pulse-peri-
odic irradiation.

The  analysis  of  spatiotemporal  distribution  of  tempera-
ture  in  the  irradiated  region  requires  the  application  of 
labour-consuming  methods  of  numerical  modelling  [7]. 
However, at the initial stage of studies the simplified estimates 
of  thermal processes, which do not contradict  experimental 
data, can help in revealing the factors that above all affect the 
result of laser processing.
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The aim of the present paper is to qualitatively estimate 
the spatial distribution of accumulated heat on the surface of 
a hard biotissue irradiated by nanosecond and femtosecond 
laser pulses as a function of their repetition rate and to reveal 
the major factors that determine the process of residual heat-
ing and cause carbonisation. The obtained  results are  com-
pared with those of the experimental studies on the  irradia-
tion of dry skin by nanosecond laser pulses carried out by the 
authors,  as  well  as  the  experimental  data  on  femtosecond 
laser processing, presented in Ref. [32].

2. Theoretical modelling: the model of cooling 

Since the bone tissue has a complex structure, multicompo-
nent composition, and high water content, the interaction of 
laser radiation with bone is significantly complicated due to a 
variety  of  initiated  physical  and  chemical  processes  (e.g., 
water  boiling,  carbonisation,  evaporation  of  organic  sub-
stances, etc.) that take place in this biological tissue at differ-
ent temperatures [7]. In this connection, to simplify the analy-
sis of thermal processes aimed at revealing the main factors 
that determine the accumulated heating under the impact of 
nanosecond and femtosecond laser radiation on the hard bio-
tissue, we considered the dehydrated (dry) bone as an object 
of study for constructing the cooling model. It is considered 
as  a  quasi-homogeneous  medium  with  averaged  values  of 
optical and thermophysical characteristics.

Although the heating process develops during a nanosec-
ond pulse or after the end of a femtosecond one, the cooling 
stage is much longer in both cases [33]. This stage determines 
the process of thermal afteraction in the case of pulse-periodic 
laser  processing  both  in  the  femtosecond  range  and  in  the 
nanosecond one.

At  low thermal conductivity  typical of biological  tissues 
the thickness of the region heated due to heat conductivity for 
short and ultrashort pulses is usually much smaller than the 
irradiation zone size. Therefore, one can assume that the dis-
tribution  of  temperature  in  the  impact  zone  at  the  initial 
moment of cooling repeats  the distribution of  the absorbed 
energy  density,  i.e.,  the  Gaussian  transverse  distribution, 
which is conserved at any depth and exponentially decreases 
with z (the z axis is directed deep into the tissue):

  ( , ) ( / ) ( )exp expT r z T r r zmax
2

0
2 a= - ,  (1)

where  Tmax  is  the  maximal  temperature  of  heating,  from 
which  the  cooling begins; a  is  the  absorption  coefficient  of 
bone tissue; and r0 is the radius of the laser beam spot.

In laser surgery, one of important indicators of high effi-
ciency of invasion is the maximal incision depth with a mini-
mal thermal damage of surrounding tissues. In this connec-
tion the determination of optimal regimes of the bone tissue 
laser processing makes it necessary to consider the effects that 
occur not only at the tissue surface, but also in its volume. In 
the course of interaction of laser radiation with hard biotissue 
at the wavelength 1.07 mm, apart from the absorption there 
occurs strong scattering of radiation (in this case the scatter-
ing  coefficient  of  bone  tissue  amounts  to  ~17  cm–1  [34]). 
Therefore, to change the radiation intensity in the process of 
propagation  through  the  biotissue,  in  Eqn  (1)  one  should 
replace the absorption coefficient a with the extinction coef-
ficient, equal to the sum of the absorption and scattering coef-
ficients [35]. In this case the problem becomes essentially com-
plicated, since the necessity of additional studies of the depen-

dence of  the  scattering coefficient on  the  irradiation regime 
parameters arises, which  is beyond the scope of  the present 
paper. Therefore, we restrict ourselves to considering thermal 
processes at the bone surface.

Assuming  that  all  absorbed  energy  is  used  to  heat  the 
medium, we can express the maximal temperature of the sur-
face heating as

Tmax = aAE/C,  (2)

where A and C are the absorptivity and heat capacity of the 
bone tissue, respectively.

The cooling of the heated region is described by the equa-
tion

 
¶
¶

¶
¶

¶
¶

t
T a

r
T

r r
T1

2

2

= +   (3)

(a is the thermal diffusivity of bone tissue) with an initial tem-
perature distribution
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Applying the direct Hankel transform of the zeroth order [36]
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and then the inverse Hankel transform, we arrive at the tem-
perature distribution in coordinate and time after the end of 
the first pulse:
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The  accumulated  temperature,  i.e.,  the  temperature  of  the 
biotissue  surface  at  a  distance  r  from  the  axis  of  the  laser 
beam  without  the  initial  (room)  temperature  taken  into 
account, after the impact of N pulses with the repetition rate f 
at the time of arrival of the N + 1th pulse will amount to
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3. Experimental study of high-repetition-rate 
multipulse irradiation of dehydrated bone tissue 
by nanosecond laser pulses: role of accumulated 
heat and application of the cooling model

In  the  experiment, we  used  a MiniMarker  2.0  setup  (OOO 
‘Lazernyi Tsentr’, Russia) based on an ytterbium pulsed fibre 
laser  with  a  mean  radiation  power  Pav  of  up  to  20  kW, 
equipped with a translation stage and a Gentec-EO SOLO2 
microprocessor  energy  meter  (Gentec  Electro-Optics,  Inc., 
Canada).  We  also  used  an  Axio  Imager.Aim  microscope 
(Carl Zeiss, Germany) with a CCD camera  for orthoscopic 
and  conoscopic observations. The  sample was a deer bone, 
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preliminary dried at room temperature during 6 months after 
extraction and having the thickness 4 ± 0.2 mm. The sample 
was  irradiated in the focal plane of the  long-focus objective 
with a beam spot radius in the waist region 30 ± 3 mm during 
10 seconds with varied pulse repetition rate.

At  the  first  stage  the  sample was  irradiated  at  different 
points with  different mean  power  of  radiation,  varying  the 
pulse power Pp from the maximal value and the pulse repeti-
tion rate f (Fig. 1, points 1 – 7). For the regimes of irradiation 
used at points 1 – 3 we observed the straight-through destruc-
tion of the bone, at point 4 the destruction was present, and at 
points 5 – 7 the bone was not damaged. Points 8 – 14 were irra-
diated with the energy density E = 3.5 J cm–2 (the error smaller 
than 10 %) and  the pulse  repetition rate varying  from 35  to 
5 kHz with a step of 5 kHz (Fig. 1).

Figure 2 presents the dependence of the outer diameter of 
the damaged region (carbonisation zone) on the pulse repeti-
tion  rate  from points  8 – 14 of Fig.  1.  It  is  seen  that  at  f < 
15 kHz the bone surface is not damaged. At f ~ 15 kHz the 
damage appears in the form of darkening, and then the size of 
the damaged region increases with increasing repetition rate. 
As shown by our analysis of the bone tissue surface by means 
of  the  optical microscope,  the  damaged  region  consists  of 
the outer dark wide ring of carbonised bone, the light nar-
row ring of metamorphised bone, and the small central zone 
of ablation.

The  repetition  rate  dependence  of  the  damaged  bone 
outer diameter observed in the experiment at E = 3.5 J cm–2 is 
an evidence of essential influence of the pulse repetition rate 
on the size of laser damage of dry bone. A remarkable fact is 
a  sharp  increase  in  the outer diameter of  the  carbonisation 
zone at f > 10 kHz. The nature of this effect remains unclear. 
To clarify it at the presented regimes of laser processing of dry 
bone, we performed qualitative estimations of heat accumula-
tion  according  to  the  cooling model.  In  the  modelling,  we 
used the values of parameters of the laser radiation and the 
bone tissue, averaged over the literature sources [7, 32, 37].

The radial distributions of the accumulated temperature 
of the dry bone surface irradiated during 10 s with the nano-
second  laser  pulses  having  the  repetition  rate  1,  10,  and 
15  kHz  calculated  according  to  Eqn  (6)  are  presented  in 
Fig. 3. Curves ( 1 – 3) are calculated for the constant absorp-
tion coefficient a = 10 cm–1 and absorptivity A = 0.22. One 
can see that for the repetition rate 1 kHz the residual heating 
does  not  exceed  30 °C  and  slowly  decreases  with  distance 
from the  irradiation region. For  the  repetition rates 10 and 
15 kHz, the accumulated temperature of the surface exceeds 
30 °C  and  abruptly  falls  (by  nearly  40 %)  at  distances 
0.1 – 0.2 mm  from  the  centre  of  the  irradiation  region,  and 
then smoothly decreases at distances 0.2 – 0.6 mm.

From  the  comparison of  the  theoretical  radial  tempera-
ture distribution presented in Fig. 3a with the images of the 
bone  tissue  areas  experimentally  irradiated  by  nanosecond 
pulses (Fig. 1) one can notice that the accumulated tempera-
ture of the bone tissue surface obtained in the calculations for 
any of the three pulse repetition rates does not exceed 56.7 °C. 
At the same time, in the experiment (Fig. 1) for the repetition 
rates  1  and  10  kHz  the  surface  of  the  bone  tissue  is  not 
changed  by  the  laser  impact,  which  is  generally  typical  for 
small  values  of  the  accumulated  (residual)  temperature. At 
the repetition rate 15 kHz the ablation crater is formed, sur-
rounded  by  the  zones  with metamorphised  and  carbonised 
tissue,  which  is  possible  only  at  temperatures  significantly 
exceeding those obtained in the calculations for the constant 
optical characteristics a and A [7, 38 – 46].

1 mm

Figure 1. Photograph of dry bone after irradiation: points 1 and 2 are 
shown for the mean power Pav = 16 W, the pulse power Pp = 6.6 kW, 
the energy density E = 11.6 J cm–2, the pulse repetition rate f = 50 kHz; 
point 3 –  Pav = 6 W, Pp = 4 kW, E = 10.6 J cm–2, f = 30 kHz; point 4 – 
Pav = 2.7 W, Pp = 2.7 kW, E = 4.8 J cm–2, f = 20 kHz; point 5 –  Pav = 
1 W, Pp = 2 kW, E = 3.5 J cm–2, f = 10 kHz; point 6 –  Pav = 0.7 W, Pp = 
1.4 kW, E = 2.5 J cm–2, f = 10 kHz; point 7 – Pav = 0.4 W, Pp = 1.4 kW, 
E = 2.5 J cm–2, f = 5 kHz; points 8 – 14 – Pav = 3.5 – 0.5 W, Pp = 2 kW, 
E = 3.5 J cm–2, f = 35 – 5 kHz with a step of 5 kHz, respectively. The 
laser radiation wavelength is 1.070 mm, and the exposure time is 10 s.
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Figure 2. Experimental  dependence  of  the  outer  diameter  of  the  car-
bonisation zone of dry bone (points 8 – 14) on the repetition rate of laser 
pulses at the radiation wavelength 1.070 mm, the pulse duration 50 ns, 
the mean power 2 kW, the energy density 3.5 J cm–2, and the exposure 
time 10 s.

Energy density of laser pulse E/J cm–2  .  .  .  .  .  .  .  .  .  .  .  3.5

Laser pulse duration t/ns .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   50
Beam spot radius of laser radiation  

    (at the level e–2) r0/mm   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   30
Exposure time t/s   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   10
Pulse repetition rate f/kHz   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1 – 40
Bone tissue absorptivity А   .  .  .  .  .  .  .  .  .  .  .  .   0.22 – 1 [32]

Bone tissue absorption coefficient a/cm–1   .  .  .  .  .  .  .  . 10 – 25 [7]

Bone tissue heat  

    conductivity k/W cm–1 K–1 .  .  .  .  .  .  .  .  .  .  .  .  .  .3.56 ´ 10–2 [37]
Bone tissue heat capacity C/J cm–3 K–1   .  .  .  .  .  .  .  .  .  .  .  . 1.4 [32]

Bone tissue thermal conductivity a/cm2 s–1   .  .  .  .  .  .  . 2.5 ´ 10–2
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This  discrepancy  can  be  eliminated,  if  we  allow  for  a 
change in optical characteristics (a and A) due to blackening 
of  the  irradiated  zone  in  expression  (6).  It  is  known  that  a 
temperature rise facilitates the development of carbonisation 
of hard biotissue. The carbonisation is a process, in which the 
hydrogen is released from the organic molecules with the for-
mation of finely dispersed carbon (soot). The process is imple-
mented at definite temperatures and has a nidal character [7]. 
We  should  note  that  in  different  papers  the  carbonisation 
temperatures  have  significantly  different  values,  namely, 
above 100 °C [38], 150 °C [37, 39 – 42], 200 °C [43, 44], 300 °C 
[7, 45]. This is due to, first, the effect of the exposure time on 
the result of  laser action and, second, the specificity of par-
ticular biotissue. The highest  temperatures of carbonisation 
were  reported  for  the  biotissues,  initially  containing  water 
[46]. It is known [7] that already at 60 °C an irreversible dam-
age of biotissue occurs, its colour becomes greyish, and under 
further heating to the temperature of about 80 °C the collagen 
fibres starts denaturating. In the case of irradiating a dry bio-
tissue, the energy is not used for water removal from the tissue 
pores, which  can  reduce  the  energy  required  to  achieve  the 
carbonisation  temperature.  In  this  connection,  it  is  quite 
probable  that  the carbonisation of dry bone can begin at a 
temperature of ~150 °C. In our case the temperature of car-
bonisation  in  Fig.  3b  is  presented  without  considering  the 

room  temperature  (20 °C),  i.e.,  ~130 °C.  The  carbonised 
frame  exists  at  temperatures  up  to  400 – 500 °C  [7]  and  is 
burned away with further temperature growth.

In the experiment, at the repetition rate 15 kHz the depen-
dence of the outer diameter of the carbonisation zone of dry 
bone on the exposure time was determined. In Fig. 4, it is seen 
that  the  surface damage  (carbonisation)  occurs  at  the  sixth 
second of irradiation. In this connection, in Eqn (6) used to 
calculate  the accumulated  temperature of  the surface at  the 
repetition rate f = 15 kHz we replaced the initial values a = 
10 cm–1 and A = 0.22 with a = 15 cm–1 and A = 1 at the time 
from the 6th to the 10th second of  irradiation  [curve ( 4 )  in 
Fig. 3b]. According to the performed calculation, the temper-
ature of the dry bone tissue surface irradiated by nanosecond 
pulses with  the  repetition  rate  f  =  15  kHz  exceeds  the  car-
bonisation temperature as a result of residual heating and the 
change  in  optical  characteristics  at  the  distances  from  the 
beam  spot  centre,  significantly  greater  than  the  size  of  the 
laser beam spot and approaching 0.5 mm. This corresponds 
to  the outer diameter of  the carbonised  region, observed  in 
the  experiment at  the  temperature 20 °C.  It  is worth noting 
that  the  residual  heating  can  be  essentially  reduced  at  the 
expense of external air or water cooling, which will facilitate 
an  increase  in  pulse  repetition  rate,  at which  carbonisation 
begins. Thus,  the external cooling will  increase the speed of 
the bone tissue excision because of increasing the pulse repeti-
tion  rate  without  changing  individual  parameters  of  the 
pulses.

4. Theoretical study of high-repetition-rate 
multipulse irradiation of dehydrated bone tissue 
by femtosecond laser pulses: comparison  
with experiment

During a femtosecond laser pulse only the photophysical pro-
cesses have time to develop, while the thermal, chemical and 
mechanical processes manifest themselves after the pulse ter-
minates.

The  characteristic  time  of  laser  energy  transfer  into  the 
thermal  energy  amounts  to  picoseconds,  and  the  maximal 
heating  temperature,  from which  the cooling begins,  is also 
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Figure 3. Theoretical  radial distribution of  temperature, accumulated 
by the dry bone tissue surface, in the region surrounding the area of la-
ser action under the high-repetition-rate multipulse nanosecond irradia-
tion: (a) at constant a and A for f = ( 1 ) 1, ( 2 ) 10, and ( 3 ) 15 kHz and 
(b) at variable a and A for f = 15 kHz.
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Figure 4. Experimental dependence of the outer diameter of the dry bone 
carbonisation zone on the exposure time at the laser wavelength 1.070 
mm, the pulse duration 50 ns, the pulse repetition rate 15 kHz, the mean 
power 1.5 W, the pulse power 2 kW, and the energy density 3.5 J cm–2.
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achieved after the end of the pulse [3]. In the case of ultrashort 
pulses, the stage of cooling is much longer than the stages of 
photoexcitation and heating together [33]. Therefore, one can 
consider  the possibility of using  the  cooling model  for  esti-
mating the residual heating under irradiation with femtosec-
ond laser pulses.

In the modelling we used the optical and thermophysical 
characteristics of bone tissue, presented in Section 3, and the 
parameters  of  laser  regimes were  taken  from Ref.  [32],  the 
experimental data of which are compared with the results of 
calculation  obtained  within  the  framework  of  the  cooling 
model.  The  radiation  from  the  femtosecond  laser  ( l  = 
1030 nm, t = 320 fs, f = 1 Hz – 2 MHz) was focused into a spot 
with  the diameter  12.6 mm. The  energy density  of  the  laser 
pulse amounted to ~40 J cm–2. A dry bovine bone a few mil-
limetres thick was irradiated during 10 s with different pulse 
repetition rates. By means of a thermal  imaging camera the 
average temperature of the bone surface was measured [32].

Figure 5 presents  the radial distribution of accumulated 
temperature of the dry bone tissue surface under irradiation 
with femtosecond pulses having the repetition rate 1 kHz dur-
ing 10 s, calculated according to Eqn (6) and obtained by pro-
cessing the results of thermal measurements [32]. One can see 
satisfactory agreement between the theoretical curve and the 
experimental one.

In the experiment presented in Ref. [32], the average accu-
mulated temperature of the dry bone tissue surface (relative 
to  the  room  temperature)  under  irradiation  with  different 
pulse repetition rates was also measured (Fig. 6).

It is seen (the dashed line in Fig. 6) that with an increase in 
the repetition rate from 1 to 20 kHz the temperature rises lin-
early from 2 °C to 40 °C. These values demonstrate good fit 
with the straight line calculated for these laser regimes accord-
ing to Eqn (6) (the solid line in Fig. 6).

At f = 22 kHz in the experiment [32] an abrupt jump of 
temperature was observed. If the temperature is calculated 
using Eqn (6) with a change in optical properties due to car-
bonisation of bone tissue taken into account, the obtained 
value falls into the confidence interval, presented in Ref. [32] 
(Fig. 6). According to the data of Ref. [32], the femtosecond 
ablation of dry bone occurred at f = 1, 10, and 20 kHz with-

out  traces  of  carbonisation.  The  ring  of  carbonised  tissue 
appeared  only  at  f  =  22  kHz.  The  nature  of  an  abrupt 
increase in the surface temperature of bone tissue at certain 
pulse  repetition  rate  remains  to  be  an  open  question. 
Apparently,  it  is  related  to  the  jump  of  the  residual  heat, 
caused by the change in optical and thermophysical param-
eters  of  the  biotissue,  which,  possibly,  accompanies  the 
modification of the tissue layer, surrounding the laser crater, 
because of shock and thermal impact of the dry bone abla-
tion products on the walls of the laser crater. However, this 
hypothesis requires additional experimental and theoretical 
studies.

5. Conclusions

The  assumption  that  the  cooling  stage,  being much  longer 
that the heating stage, determines the final result of the ther-
mal  afteraction  under  laser  high-repetition-rate  multipulse 
processing of biotissues, allowed a similar approach to apply 
for  the qualitative  analysis  of  the  residual  heating of  dehy-
drated bone tissue by a series of high-repetition-rate nanosec-
ond and femtosecond laser pulses.

A model of cooling is presented that qualitatively describes 
the  pulse-periodic  residual  heating  for  quasi-homogeneous 
medium with a given initial temperature distribution.

Qualitative estimates of the residual heating of dehydrated 
bone depending on the repetition rate of nanosecond pulses 
are compared with the experimentally observed images of its 
surface damage. The jump of the biotissue surface tempera-
ture caused by the growth of the absorption coefficient and 
absorptivity coincides with the beginning of bone carbonisa-
tion.

The comparison of the calculated values of accumulated 
heat with the experimental results of Ref. [32] devoted to the 
high-repetition-rate multipulse  impact  of  femtosecond  laser 
pulses on a dry bone has shown the validity of using the model 
of cooling to estimate the average surface overheating, if the 
repetition rate is below the values, at which the carbonisation 
occurs. Additional  experimental  and  theoretical  studies  are 
required  to  explain  the  appearance  of  carbonised  tissue 
around the ablation zone and the corresponding jump of the 
temperature of the bone tissue surface at a certain repetition 
rate of femtosecond laser pulses.
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Figure 5. Experimental and theoretical radial distribution of the accu-
mulated temperature of the dry bone tissue surface (relative to the room 
temperature) in the region surrounding the zone of laser impact under 
the  high-repetition-rate  multipulse  femtosecond  irradiation  for  f  = 
1 kHz. The solid curve is the result of calculation (cooling model); the 
dashed curve is the result of the experiment [32].
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The  qualitative  estimates  of  heat  accumulation  process 
under the action of nanosecond and femtosecond laser pulses 
on  the  hard  tissue,  depending  on  the  pulse  repetition  rate, 
confirmed the key role of the residual heating in the carboni-
sation  of  hard  tissue  around  the  impact  region.  They  also 
proved  the necessity of  external  air  or water  cooling  in  the 
process  of  high-repetition-rate  multipulse  laser  processing. 
The application of the cooling model to a particular biologi-
cal  object  can  essentially  simplify  the  search  for  optimal 
parameters of lasers that would provide safety and precision 
of operations.
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