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Abstract.  The autodyne signal arising in an Er fibre laser in the 
course of evaporating biological models of different types is studied 
and the possibility of recognising the biotissue type using the 
method of autodyne detection of the backscattered Doppler signal 
is assessed. In the experiments we modelled the process of surgical 
intervention using the contact (hole perforation with the Er laser 
fibre) and noncontact (surface evaporation with the focused radia-
tion) regimes of impact on different biological models. The ampli-
tude – frequency characteristic of the autodyne detection for the Er 
fibre laser is measured and the initial spectra of the backscattered 
Doppler signal arising under the action of laser radiation on the 
samples of biological models are obtained. The experiments have 
shown that the spectra of the backscattered Doppler signal, arising 
in the course of the contact and noncontact action of the Er fibre 
laser on different biological models, demonstrate clear-cut distinc-
tions. 

Keywords: fibre laser, self-heterodyning effect, autodyne effect, 
Doppler spectroscopy, surgical laser with feedback, biotissues.

1. Introduction

One of the modern trends in the development of surgery is 
the design and application of robotised automated surgical 
systems [1, 2] aimed at conducting low-traumatic organ-sav-
ing operations. The most important component of a robot-
ised surgical complex is the instrument for high-precision 
manipulations in the operative site. Fibre lasers possessing 
flexibility and small transverse dimensions of the optical fibre 
are a promising instrument for conducting abdominal opera-
tions. These lasers have found wide application in abdominal 
operations using the modern endoscopic instrumentation [3].

One of the key problems in designing robotised surgical 
systems for abdominal operations is the organisation of the 
feedback that could in real time not only visualise the opera-
tive site (which is easily provided by the available methods of 
imaging and image transmission), but also collect the infor-
mation in the process of surgical intervention and promptly 
make decisions on changing the conditions of impact on the 
biotissue in the automated regime. A specific feature of 
abdominal operations is the difficulty of access to the site of 

surgical intervention and, therefore, the difficulty of acquir-
ing information about the impact on the organ or tissue in 
real time.

Earlier we proposed a method for the operative control of 
the process of evaporating biotissues with the radiation of a 
CO2 laser. The method is based on the autodyne effect (self-
heterodyne effect) that arises in the CO2 laser when its radia-
tion destroys a condensed medium, in particular, a biological 
tissue [4]*. Using this effect we designed an intellectual system 
that allows one to recognise the type of the biotissue evapo-
rated by the CO2 laser radiation using the spectral character-
istics of the autodyne signal, i.e., to differentiate the tissues in 
the process of laser evaporation. One can expect the same 
approach to the organisation of feedback to be valid using 
fibre lasers, too. Earlier we have shown that in the multi-fre-
quency single-mode Er fibre laser having the power up to 5 W 
the autodyne effect arises in the presence of an external mov-
ing scattering object in the field of the output beam, and that 
this effect can be used for Doppler spectroscopy and velocity 
measurements [5]. However, the use of such lasers in the auto-
dyne scheme of tissue evaporation diagnostics still requires 
additional studies because of the specific features of the auto-
dyne effect in these radiation sources and the peculiarities of 
their application in surgery. First, the fibre lasers can be 
extremely sensitive to the backscattered radiation [5], due to 
which in the course of the biotissue treatment the continuous-
wave operation of the laser may fail and switch to the pulsed 
one. Second, the amplitude – frequency characteristic of the 
autodyne amplification in fibre lasers may have resonance 
shape with a narrow enough (10 – 20 kHz) bandwidth, which 
strongly restricts the band of the detected Doppler frequency 
shift in the backscattered signal. Third, for this type of lasers 
the urgent problem is the possibility to detect the Doppler 
backscattered signal by means of the autodyne detection 
method using different ways of the radiation delivery to the 
biotissue and different impact of the radiation on it. As a rule, 
for the radiation delivery they use multimode fibres with vari-
ous attachments at the distal end [3]. One can distinguish 
between two basic regimes of evaporation, namely, the con-
tact regime, when the fibre output face touches the biotissue, 
and the noncontact regime, when the biotissue is separated by 
a certain distance from the fibre or the focusing system. In the 
contact regime, the fibre face becomes charry [6] that may 
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change the backscattered signal, arriving from the zone of the 
radiation impact on the biotissue.

The aim of the present work is to study the autodyne 
effect in the Er fibre laser, arising in the course of laser 
destruction of biotissues, and to analyse the possibility of 
using this effect for the recognition of the type of the biotis-
sue, evaporated in the process of its laser perforation and cut-
ting in contact and noncontact regimes.

2. Experimental setup

The source of laser radiation was a fibre single-mode multi-
frequency Er laser emitting at a wavelength of 1.54 mm with a 
power up to 5 W. To transfer the radiation to the object we 
used a multimode fibre with a core diameter 400 ± 20 mm. 
This scheme of delivery allows significant reduction of the 
backscattered signal, arriving at the fibre laser cavity [5]. This 
attenuation is necessary to prevent the transition of the laser 
from the continuous-wave regime of oscillation to the regime 
of chaotic pulsation that can occur due to its extremely high 
sensitivity to the backscattered radiation.

We modelled the process of surgical intervention using the 
regimes of both contact (Fig. 1a) and noncontact (Fig. 1b) 
impact. In the first case the perforation of a hole was imple-
mented by moving the distal end of the fibre and inserting it 
into the depth of the tissue. In the second case the laser evapo-
ration of biological models was performed in the cutting 
regime with the laser radiation focused onto the sample sur-

face using a lens with the focal length 3 cm. The samples were 
moved perpendicular to the laser beam with a given velocity 
by means of a motorised linear translation stage.

The autodyne signal was recorded with a PDA400 photo-
detecting device (Thorlabs) with the operation wavelength 
range 700 – 1700 nm and the radio frequency range 0 – 10 MHz. 
The signal from the photodetector was applied to the ADC 
connected to the computer. In the experiments the radiation 
of the Er fibre laser affected the samples of biological models 
of different types and simultaneously the autodyne signal was 
recorded for the further analysis.

The objects were samples of different biological models, 
simulating the properties of real biotissues:

1. An agar sample 15 × 15 × 10 mm with the mass fractions 
of water 95 %, 90 % and 85 %. The impact of the laser radia-
tion on these samples modelled the evaporation of soft biotis-
sues with different water contents. 

2. A stripped apple and apple skin. These samples mod-
elled the impact of laser radiation on the tissues with strongly 
differing physical properties.

3. Different porcine tissues in vitro (fat, myocardium, 
liver, kidney, muscle).

The power of laser radiation in the experiments was 5 ± 
0.15 W, the power at the output from the multimode fibre 
was 3.7 ± 0.1 W. Therefore, in the case of a contact laser 
impact, the intensity of radiation at the biological model 
equalled 2.9 ± 0.1 kW cm–2. In the noncontact regime the 
radiation was focused at the sample surface into a spot with 
a diameter 730 ± 40 mm [measured at the 1/e level using a 
Laser Scope UFF 100 device (PROMETEC, Germany)]. 
The radiation power after the focusing amounted to 3.4 W. 
Thus, the radiation intensity in the noncontact regime 
equalled 0.81 ± 0.06 kW cm–2.

3. Results and discussion

Figure 2 presents an example of a typical autodyne signal, 
arising in the contact regime of Er fibre laser impact on the 
myocardium, the fibre moving with the velocity 1.4 mm s–1. 
One can see that the amplitude of the autodyne signal (the 
variable component of the output power) is sufficiently large. 
We determined the mean value (during the time 50 ms) of the 
modulation depth of the laser power during the impact on 
biological models. The typical value of the mean modulation 
depth amounted to 5 % – 15 %, depending on the impact con-
ditions and the biological model parameters. During short 
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Figure 1.  Schematic of the experimental setup for contact (a) and non-
contact (b) treatment of a biotissue: ( 1 ) Er fibre laser; ( 2 ) Y-coupler; 
( 3, 6 ) optical fibre connector; ( 4 ) multimode fibre; ( 5 ) lens; ( 7 ) photo-
detector; ( 8 ) ADC; ( 9 ) computer; ( 10 ) motorised linear translation 
stage; ( 11 ) biological model.
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Figure 2.  Autodyne signal in the case of contact impact of the radiation 
of the Er fibre laser on the myocardium sample. 
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time intervals (up to 0.5 ms) the modulation depth varied 
within 1 % – 10 %.

According to the results of the studies [7], the autodyne 
reception of the backscattered radiation can be considered 
linear with sufficient accuracy (nonlinearity less than 5 %), 
when the modulation depth of the laser radiation power does 
not exceed 50 %. Thus, we can conclude that under the condi-
tions of our experiments at time intervals of tens of millisec-
onds the implemented regime of autodyne reception of back-
scattered radiation was close to a linear one.

We studied specific features of the autodyne signal forma-
tion and its correlation with the biological model type. The 
motion of the fibre into the sample or of the sample with 
respect to the laser beam was performed with the velocity 
1.4 mm s–1. Then, the averaged power spectrum of the auto-
dyne signal during the time Tavr = TadcN = 2.2 s was deter-
mined, where Tadc = 0.44 s is the duration of a single ADC 
write/read cycle, during which 262144 signal values (the 
capacity of the ADC buffer memory) are digitised with the 
discretisation rate 2.5 MHz and transmitted into the com-
puter memory; and N = 5 is the number of write/read cycles 
for averaging. The above time of averaging was chosen 
because during this time the depth of the channel or the length 
of the cut (1.4 mm s–1 × 2.2 s . 3 mm) were significantly larger 
than the fibre diameter (400 mm) and the diameter of the 
focused laser beam (800 mm). The aim of these experiments 
was to clarify the differences in the power spectra of the back-
scattered signal, formed in the process of evaporation of bio-
logical models of different types. Such differences may serve 
as a basis for developing a method of recognising the type of 
the evaporated biotissue and designing the feedback commu-
nication channel in surgical systems based on fibre lasers.

Figure 3 presents a logarithmic plot of the averaged power 
spectrum of the autodyne signal, arising during the contact 
impact of the Er fibre laser radiation on the myocardium 
sample. The typical spectra of the autodyne signal arising in 
the process of the biological model exposure possess two 
components, one in the low-frequency region below 100 kHz, 
and the other with a peak at the frequency 340 kHz. The peak 
at the frequency 340 kHz is determined by the resonance 
amplitude – frequency characteristic (AFC) of the autodyne 
reception for this laser [5]. Note that at the frequency 680 kHz 
a small peak is also present. This peak is the second harmonic 
of the fundamental resonance peak of the autodyne signal. 
The amplitude of the second harmonic signal equals less than 
1 % of the fundamental signal. This fact also confirms the 

statement that in the experiments carried out the linear regime 
was implemented in the autodyne reception of backscattered 
radiation.

Note that the fundamental peak at the frequency 340 kHz 
contains nearly 90 % of the total autodyne signal energy. Due 
to this fact the differences in the autodyne signal spectra, 
related to different types of biological models, were insignifi-
cant, since the shape of this peak is determined by the narrow 
resonance of the autodyne gain in the Er fibre laser. It was 
interesting to find the initial spectrum of the backscattering 
Doppler signal. It was shown [7] that for the linear regime of 
the autodyne reception one can find the initial spectrum of 
the backscattering Doppler signal dividing the spectrum of 
the autodyne signal by the AFC of the autodyne reception. 
To find the ‘true’ backscattering spectrum, arising in the pro-
cess of radiation impact on the biological models, we mea-
sured the AFC of the autodyne reception (Fig. 4). The AFC 
was measured using the standard technique with a rotating 
disc as a source of scattering [7].

Based on the measured AFC we obtained the initial spec-
tra of the backscattering Doppler signal, induced by the 
impact of the Er laser radiation on the biological models of 
different type.

Figure 5 presents the power spectra of the backscattering 
signal arising under the noncontact evaporation of agar sam-
ples with different water contents. Figure 6 shows the power 
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Figure 3.  Power spectrum of the autodyne signal, arising in the Er fibre 
laser in the course of the contact impact on the myocardium sample.
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Figure 4.  Amplitude – frequency characteristic of the autodyne gain in 
the Er fibre laser.
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Figure 5.  Power spectra of the backscattering signal, arising in the 
course of noncontact evaporation of agar biological models by the ra-
diation of the Er fibre laser for the mass fractions of agar ( 1 ) 10 % and 
( 2 ) 5 %.
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spectra of the backscattered signal for the noncontact laser 
evaporation of a stripped apple and the apple skin. This is an 
example of biological models that possess a strong difference 
only in the power of the backscattered signal. The power-nor-
malised spectra of the signals are almost identical (Fig.  7). 
Figure 8 presents the averaged normalised backscattering 
spectra of different biological models for the contact regime 
of the laser impact.

The obtained spectra of the backscattering Doppler signal 
have characteristic frequencies fd in the range from 10 to 
100 kHz for both contact and noncontact methods. These fre-
quencies correspond to the velocity of the products of the bio-
tissue evaporation (lfd/2) from 7.8 to 78 mm s–1. The velocity 
of the fibre motion with respect to the biological model was 
1.4 mm s–1 in all experiments. Thus, the observed spectra are 
determined by the scattering of radiation at the moving prod-
ucts of destruction and at the crater surface in the biological 
model. Note that in spite of the small width of the resonance 
band of autodyne reception (Fig. 4), the backscattering 
Doppler signal was registered in the frequency range far 
beyond the resonance band and had a sufficiently high signal-
to-noise ratio (100 – 300). 

The studies have shown that the biological models can be 
distinguished by the power of the backscattering signal, as 
well as by the shape of its spectrum. Some models have clear 
differences by only one of these criteria (either by the power, 
or by the spectral shape), while others differ by both.

To evaluate the degree of spectral shape difference for dif-
ferent biological models we used the quantity:

( )( ) dP Pn n1 2
1

2
h n n n= -

n

ny ,	 (1)

where Pn1(n) and Pn2(n) are the compared spectra, normalised 
within the frequency range from n1 to n2. Using the same rela-
tion, we evaluated the reproducibility of the averaged spectra, 
obtained for the same biological model. The experiments 
have shown that the coefficient h varied within the interval 
0.03 – 0.07 in estimating the reproducibility, while in compar-
ing the spectra for different models it varied within the inter-
val 0.17 – 0.35. This fact shows that the proposed method 
allows the differentiation of the type of the tissue, evaporated 
by the radiation of the Er laser, since the degree of difference 
between the spectra essentially exceeds their irreproducibility.

One should note that under the contact impact the fibre 
face becomes black because of the burning products. We 
experimentally assessed the coefficient of absorption of the 
output radiation by the layer of soot stick to the fibre face; it 
was within 0.2 – 0.4. Therefore, 60 % – 80 % of the radiation 
passes through the blackened face, and this is quite enough to 
record the backscattered radiation. From the good reproduc-
ibility (small coefficient h) of the obtained spectra it follows 
that the blackening is sufficiently stable and does not essen-
tially affect the capability to recognise the type of the evapo-
rated biotissue using the backscattering signal.

A specific feature of the noncontact spectra is the presence 
of a strong component at low (up to 10 kHz) frequencies (see 
Figs 5 – 7), while in the contact regime these components were 
not observed for most biological models. In our opinion, the 
strong low-frequency component in the backscattering 
Doppler spectra is caused by the scattering from the surface 
of the crater in the biological model. A similar effect was 
observed in [8], where the backscattering Doppler signal was 
studied in the process of perforating biological models with 
the radiation of a CO2 laser. This result also agrees with the 
theoretical model presented in Ref. [9].

In our experiments with the contact regime a small crater 
was produced near the fibre output face with the depth up to 
3 mm, depending on the impact conditions. It was observed at 
the moment of through perforation of the biological model. A 
few seconds before the through perforation a hole appeared 
at the back side of the biological model, and then in 1 – 2 s the 
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Figure 6.  Power spectra of backscattering signal arising in the course of 
noncontact evaporation of ( 1 ) apple skin and ( 2 ) apple.
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Figure 7.  Normalised power spectra of the backscattering signal, aris-
ing in the course of noncontact evaporation of ( 1 ) apple skin and ( 2 ) 
apple.
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Figure 8.  Normalised power spectra of the backscattering signal, aris-
ing in the course of noncontact evaporation of porcine tissues using the 
radiation of the Er fibre laser: ( 1 ) fat; ( 2 ) myocardium; ( 3 ) liver; ( 4 ) 
kidney; ( 5 ) muscle.
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face of the fibre appeared from the hole. Since in this case 
there is no radiation focusing, the level of scattered radiation 
arriving from the crater bottom is much lower than that from 
the destruction products that move in this crater and can be 
located at the very face of the fibre. Note that for the noncon-
tact regime only the fat tissue spectrum contained a character-
istic strong low-frequency component. This is because in this 
tissue the distinct channel near the fibre face does not appear, 
since it is immediately filled with melted fat. In the course of 
noncontact impact, the laser radiation is focused at the sur-
face of the sample. In this case, the signals scattered both 
from the crater bottom and from the moving products of 
destruction will return to the fibre. 

The performed studies have shown that the backscatter-
ing signal, obtained using the method of autodyne detection, 
carries information about the local processes of mass transfer, 
developing in the zone affected by the Er fibre laser radiation. 
For both contact and noncontact treatments all biological 
models demonstrated clear individual differences either in the 
power level, or in the spectral shape of the backscattering 
Doppler signal.

4. Conclusions

The studies of the autodyne signal that appears in the Er fibre 
laser in the course of evaporating biological models of differ-
ent types are carried out. It is shown that under the conditions 
of contact and noncontact regimes of evaporation the imple-
mented regime of the Doppler signal autodyne reception was 
linear. The amplitude – frequency characteristic of the auto-
dyne reception for this laser and the initial spectra of the 
backscattering Doppler signal are obtained. It is shown that 
in spite of the narrow (10 kHz) band of the resonance auto-
dyne amplification of the Er fibre laser, the backscattering 
signal is registered with a high signal-to-noise ratio (100 – 300) 
within the frequency range beyond the resonance band.

The possibility of distinguishing the type of the evapo-
rated biotissue with the help of the method of autodyne detec-
tion of the backscattered radiation is studied. It is shown that 
both for contact and noncontact impacts, all biological mod-
els possess distinct differences either in the power or in the 
shape of the averaged spectrum of the backscattering Doppler 
signal.

The obtained results offer a perspective of implementing 
the recognition of the evaporated biotissue and constructing 
the surgical systems with a feedback, based on the fibre lasers, 
aimed at low-traumatic organ-saving operations.
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