
Abstract. Self-heterodyning in dc-discharge-pumped single-
mode CO2 lasers is analysed theoretically and studied
experimentally under strong and weak feedback conditions.
Relations for the autodyne gain and modulation depth due to
the effect of backscattered radiation with a Doppler-shifted
frequency are obtained. Nonlinear distortions of the autodyne
signal caused by a strong laser ë target feedback are studied.
It is shown that the autodyne detection of backscattered
radiation in CO2 lasers can be considered linear even in the
case of strong laser beam distortions (nonlinear distortions
below 5%).

Keywords: autodyne gain, backscattered radiation, single-mode
CO2 laser.

1. Introduction

Self-heterodyning, which is sometimes called the autodyne
effect, consists in the modulation of initial laser radiation
and pump current by laser radiation with a Doppler-shifted
frequency backscattered into the laser cavity from an
external moving object [1]. Self-heterodyning is distin-
guished by the following features: érst, the scheme of
detection of scattered radiation is monostatic and self-
matched (which means that, in the case of diffusion
scattering, matching of the scattered and initial laser
radiation occurs automatically), and, second, the primary
detector of the scattered radiation is the laser itself, which
leads to a énite detection band and to a nonlinear
dependence of the autodyne signal on the level of external
action. At high backscattering coefécients, there exists a
strong feedback accompanied by a complex nonlinear
dynamics of laser radiation characteristics, including the
appearance of chaos. The autodyne regime is of great
practical importance and is used for solving such problems
as measurement of speeds [1, 2], detection of small
oscillations [3 ë 5], measurement of distances [2, 6 ë 8],

and analysis of atmospheric gases [8 ë 10]. For intracavity
detection of reêected or scattered radiation, one uses
semiconductor [2, 3, 6, 7, 11], solid-state [4, 12], and CO2

[1, 8 ë 10] lasers, as well as, recently, diode-pumped chip
lasers [13] and ébre lasers [14].

The behaviour of the autodyne effect is studied experi-
mentally and theoretically mainly for semiconductor lasers
[2, 3, 6, 7, 11]. In works on CO2 lasers [8 ë 10] and in
numerous studies on semiconductor lasers [4, 5, 8, 9, 14],
this effect was described based on the introduction of a third
mirror into the laser cavity in the stationary lasing approx-
imation or on the use of the equation for laser radiation
intensity in the approximation that the population inversion
has some stationary value. In addition, backscattering is
considered to be weak and cause small distortions. In the
available literature, there are no data on the behaviour of
the amplitude and spectral characteristics of autodyne
signals in CO2 lasers as functions of backscattered radiation
characteristics. Single-mode CO2 lasers with a high spatial
quality of the beam and with a high average power are
widely used in laser processing of materials and some
medical technologies. The backscattered signal power
depends on the radiation intensity and the type of material.
It is obvious that self-heterodyning is promising for creating
an optical feedback channel, which can be used for on-line
monitoring and diagnostics of laser processing of materials.

Th aim of this work is to study theoretically and
experimentally self-heterodyning in dc-discharge-pumped
CO2 lasers in a wide range of intensities of backscat-
tered/reêected radiation.

2. Theory

We will describe the autodyne effect using the semiclassical
two-level model of the active medium and the following
assumptions: the luminescence line is homogeneously
broadened; the éeld inside the cavity is approximated by
a standing wave; lasing is single-mode and single-frequency;
the laser belongs to the class B, which means that g?4 gk
� g �0�c , where g �0�c is the decay rate of the éeld in the cavity
while gk and g? are the longitudinal and transverse decay
rates, respectively. Within these assumptions, we can obtain
the following system of equations for slowly varying
amplitudes [15, 16]:

qE
qt
� ÿg �0�c E� a�oc�ED,

(1)
qD
qt
� gk�D0 ÿD� ÿ 4jE j2DRea�oc�,
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a�oc� �
jxj2

g? � i�o0 ÿ oc�
,

where E is the slowly varying amplitude of the éeld in the
cavity (the total éeld is represented in the form E � E(t)�
exp�ÿioct) and normalised so that the wave intensity in the
cavity is �hocjE j2=2; oc is the optical cavity mode frequency;
D � Uÿ G is the population inversion; U and G are the
populations of the upper and lower laser levels; D0

describes the laser pumping and is equal to the average
population inversion that would appear in the absence of a
éeld in the cavity; x is the coupling constant; and o0 is the
central frequency of the gain line.

System (1) does not include an equation for polarisation
because, for class-A and class-B lasers ((g?4 gk, gc), polar-
isation has time to follow the éeld E and the inversion D.
The equation for the éeld contains the following term
describing the éeld decay in the cavity [17]:

g �0�c � ÿ c

2L
ln�r1r�, (2)

where r is the reêection coefécient of the output cavity
mirror; r1 is the effective reêection coefécient of the second
mirror, which takes into account both the mirror reêectance
and additional losses due to, for example, diffraction; and L
is the cavity length.

The exponential decay of the éeld in the cavity with a
rate described by expression (2) is obtained when we
consider the éeld dynamics taking into account the reêec-
tion from the output mirror. The appearance of back-
reêected/scattered radiation in the cavity can be described
as reêection from an output mirror composed of the cavity
mirror and an external object. In the general case of an
external moving mirror, the problem of the dynamics of
laser characteristics cannot be solved analytically, since the
frequency of the time-delayed radiation reêected/scattered
from an object differs from the frequency of radiation in the
cavity due to both the Doppler effect and a change in the
cavity frequency with time. Because of this, the literature
mainly contains only limiting cases related to the steady-
state lasing approximation, when the laser-level population
dynamics is not taken into account [6 ë 9]. The applicability
of one or another approximation depends on the type of the
used laser.

In this study, we consider the autodyne effect in single-
mode CO2 lasers as applied to the problems of detection of
radiation backscattered from objects spaced from the laser
at short distances, such that the change in the instantaneous
frequency of the cavity mode for the time of the echo-signal
delay can be neglected. In this case, the effect of the external
object is reduced to a change in the reêection coefécient of
the composed mirror. Let us énd the condition at which this
approximation is valid.

A change in the cavity mode frequency can be estimated
from the relation that follows from the steady-state lasing
condition in the presence of an external mirror [7]

2KL� a sin�2KLe� � 2pn, (3)

where n � 1, 2, 3, . . . ; K � oc=c is the wave number;
a � b(1ÿ r 2out)=rout; rout is the modulus of the éeld reêection
coefécient of the output mirror; b is the coefécient of éeld
back-reêection/scattering from an external object; and Le is
the distance from the output mirror to the object.

Relation (3) is obtained in the assumption that a5 1.
Taking K � K0 � DK � (o0 � Do)=c, where K0 is the wave
number satisfying the lasing condition in the absence of a
reêector (2K0L � 2pn), we can derive

Do � ÿ ac

2L
cos

�
2LeK0 �

2LeDo
c

�
. (4)

Differentiating (4) with respect to time, we énd that the
derivative dDo=dt changes with time and its maximum value
is determined by the factor in front of sin(. . .). Let us
estimate the parameters of the external reêector/scatterer at
which the effects related to the echo-signal delay are weak.
After differentiating (4), we can determine the maximum of
the frequency shift derivative,

dDo
dt
� ac

2L
2K0

dLe

dt
� ac

2L
vD, (5)

where vD � 2K0(dLe=dt) is the Doppler frequency shift.
The frequency of the echo signal delayed by the time

te � 2Le=c will be different from the laser frequency. The
maximum of this frequency shift is

do
dt

te �
ac

2L

2Le

c
vD. (6)

The autodyne signal exhibits no distortions caused by the
echo-signal delay if the frequency difference is much smaller
than the Doppler frequency shift. This occurs under the
condition

a
Le

L
5 1. (7)

For Le 4L, condition (7) is obviously valid. This cannot
be said for detection at a large distance Le. In this case, even
weak scattering can cause autodyne signal distortions due to
the echo-signal delay. The condition of the absence of such
effects is determined by the backscattering coefécient

b 2 5

�
L

Le

rout
1ÿ r 2out

�2
. (8)

Even at Le � 10L and r 2out � 0:9, we have b 2 5 0:9, which is
true for most applications.

Note that laser frequency êuctuations can also be caused
by technical êuctuations, for example, by acoustic vibra-
tions of the cavity mirrors [18]. Lasing stability is frequently
characterised by the long-time and short-time stabilities. As
a rule, the spectral bandwidth Dv of single-frequency lasers
is 10 ë 100 kHz [17, 19], while the coherence length may
exceed hundreds of meters. For self-heterodyning, the laser
frequency êuctuations for the echo-signal delay time must
be much smaller than the measured Doppler frequencies. At
the object speeds of 1 ë 10 m sÿ1 in the case of a single-mode
single-frequency CO2 laser (vD � 200 kHzÿ 2 MHz), this
factor is not so important at Le � L because the shift of the
echo-signal frequency at such distances (much shorter than
the coherence length) is considerably smaller than the laser
bandwidth Dv and the Doppler frequency shifts.

Thus, if condition (8) is fulélled and the distance to the
object is considerably smaller than the radiation coherence
length, the external éeld entering the laser cavity is
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determined only by the object itself and by the instanta-
neous value of the éeld in the cavity. In this case, we can
introduce the concept of a composed output mirror as a
Fabry ë Perot interferometer formed by mirrors with reêec-
tion coefécients r0 and b (coefécient of back-reêection/
scattering from the external object). For this mirror, we can
calculate the complex reêection coefécient which takes into
account both the wave amplitude and phase,

r � r0 � t0b
exp�ÿiKLe�

1ÿ r0b exp�ÿiKLe�
� r0 � dr, (9)

where t0 is the laser mirror transmission coefécient.
The laser dynamics will also be described by Eqns (1),

but, instead of the éeld decay rate g �0�c , we must use the
complex parameter gc, which takes into account not only the
decay of the éeld amplitude but also the change in the éeld
phase upon reêection from the composed mirror,

gc � ÿ
c

2L
ln�r1r�� g �0�c

�
1� ln�1� dr=r0�

ln�r1r0�
�

� g �0�c �1� p�. (10)

The equation for the éeld E in (1) can be easily transformed
into the following equation for the value I � EE � (propor-
tional to intensity):

dI

dt
� E

dE �

dt
� E �

dE

dt
� ÿ2IfRegc�t� ÿDRe�a�oc��g. (11)

For more correct description of the self-heterodyning
process, we should use the rate equations for the active
medium. To describe the ampliécation of radiation injected
into a laser, we used a model developed in [15], which
separately takes into account the dynamics of populations
of the upper (U) and lower (G) laser levels. Introducing the
dimensionless time t � tg �0�c , normalising the variables U
and G to U0 (stationary U in the absence of lasing), and
introducing the parameter C � U0Re(a)=g �0�c , which char-
acterises pumping, we obtain for this model the system of
equations

dI

dt
� ÿ2I�1ÿRep�t� ÿ C�Uÿ G��,

dU

dt
� �gk�1ÿU� ÿ �Uÿ G�I, (12)

dG

dt
� �g1�G0 ÿ G� � �gkU� �Uÿ G�I,

where �gk � gk=g
�0�
c ; �g1 � g1=g

�0�
c , and g1 is the relaxation rate

of the lower laser level.
The érst term in Eqn (12) describes the relaxation of

populations to the stationary value G0, the second term
corresponds to the spontaneous transition from the upper to
the lower laser level, and the third term describes the
transition stimulated by the éeld in the cavity.

Consider the case of a weak feedback, when Rep5 1.
The weak action of the reêected radiation slightly disturbs
stationary lasing. We will write the expressions for the laser
radiation intensity and the population inversion in the form

I � I0 � i�t�,

G � G �0� � g�t�, (13)

U � U �0� � u�t�,
where I0 � �gk�C(1ÿ G �0�)ÿ 1�, U �0� � 1=C� G �0�, and
G �0� � �gk=g1 � G0 are the stationary intensities and popu-
lations of the upper and lower levels in the absence of a
target; i(t), u(t), and g(t) are the small deviations of the
corresponding parameters from their values in the case of
stationary lasing.

Let us linearise the system of equations (12) by sub-
stituting (13) and taking into account only the érst order of
smallness for i, u, and g,

di

dt
� ÿ2I0Cuÿ 2I0CI� 2I0Rep�t�,

du

dt
� ÿ i

C
ÿ u��gk � I0� ÿ II0, (14)

dI

dt
� i

C
� u��gk � I0� ÿ I�I0 � �g1�.

As is known, a linear system can be solved for complex
values. Then, for a weak feedback, from (9) and (10) we
obtain

dr � t0b exp�ÿiKLe�,

p � ln�1� dr=r0�
ln�r1r0�

� dr

r0 ln�r1r0�
� t0b exp�ÿvDt�

r0 ln�r1r0�
. (15)

In the case of uniform motion (Le � L0 � Vt) of an
object with the constant scattering coefécient b, we have

p�t� � t0b
r0 ln�r1r0�

exp�iOt� � kb exp�iOt�, (16)

where O � 2K0V=g
�0�
c is the Doppler frequency shift

normalised to g �0�c .
The solution of linear system (14) has the form i �

i0 exp (iOt), u � u0 exp (iOt). For the variable intensity
component, we énd

ji0j2 � �2I0kb�2
����iO� 2I0

1ÿ F�O�
iO� �gk � I0 ÿ I0F�O�

����ÿ2
� 4I 20 b

2H�O�, (17)

where

F�O� � ÿ iO
iO� �gk

.

Thus, the autodyne signal power is proportional to the
backscattered beam power I0b

2. The introduced function
H(O) characterises the enhancement of the autodyne effect
and is equal to the power ratio of the autodyne signal and
the equivalent heterodyne signal obtained in the case of
mixing the reference radiation, whose intensity is equal to
the laser output intensity I0T (T � t 20 ), and the scattered
radiation with the intensity I0b

2. Indeed, the autodyne
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signal power at the laser exit is Pa � ji0j2T 2, while the
equivalent heterodyne signal power is Pg � 4T 2I 20 b

2. The
modulation depth due to the autodyne effect is

M � ji0j
I0
� 2

�����������������
H�O�b 2

q
. (18)

Figure 1 shows the autodyne gain dependences H(vD)
calculated by formula (17) corresponding to system (14).
The laser parameters were selected by the best coincidence
of the experimental and calculated amplitude ë frequency
characteristics (see below). Figure 2 presents the dependence
of the autodyne gain at the resonance maximum (O � O0)
on the parameter C (on the output power).

Above, we assumed that the scattering object is a
uniformly moving mirror with the intensity reêection
coefécient b 2. In the case of a complex scattering object,
the time function p(t), which describes the feedback, can be
expanded into spectral components, and the general solu-
tion of linear system (14) for distortion of lasing at a weak
feedback can be represented as the sum of solutions for each
of the separate components. Thus, the autodyne signal
spectrum at a weak feedback will represent the spectrum
of the scattered radiation power multiplied by the autodyne
gain dependence H(O). The obtained amplitude ë frequency
characteristic H(O) (17) for class-B lasers has a resonance
shape due to the occurrence of relaxation oscillations.

At rather high backscattering coefécients, the above
consideration cannot be used. In the general case, the
variable component of the laser radiation intensity is not
linear according to the Doppler function b exp (ivDt), which
characterises scattering by a moving object. Some features
of this regime can be analysed without solving system (12)
directly. The autodyne signal formation can be convention-
ally divided into two processes: the laser beam reêection
from the external mirror and the ampliécation of the beat
signal between the initial and the frequency-shifted reêected
waves in the laser. For these processes, we also can separate
two mechanisms of formation of the nonlinear autodyne
signal (the appearance of additional harmonics along with
the main harmonic at the Doppler frequency O): the
multiple reêection of the ampliéed wave from the external
object, which leads to the formation of frequencies divisible
to O in the autodyne signal, and the proper nonlinear
ampliécation of the signal in the laser.

We will characterise the autodyne signal by a nonlinear
parameter determined as the ratio of the autodyne signal
power P2 at the doubled Doppler frequency 2O to the power
P1 at the Doppler frequency O,

Z � P2=P1. (19)

Since the autodyne signal depends on the Doppler
frequency shift O, the parameter Z also depends on O.
The nonlinearity of the érst process is maximum when
O � O0=2 because the second harmonic coincides with the
autodyne gain maximum. The nonlinearity of the second
process is maximum at O � O0. Thus, the frequency depend-
ence of the nonlinearity parameter also has a resonance
shape, but this resonance is wider than the resonance of the
amplitude ë frequency characteristic. Figure 3 shows the
dependence of P2=P1 on vD obtained by numerically solving
the system of equations (12).

Figures 4 and 5 present the dependences of the radiation
modulation depth M and the nonlinearity coefécient Z on
the backscattering coefécient b 2 at O � O0, which are also
found by numerically solving the system of laser equations
(12). As expected, the dependence of the modulation depth
on b 2 in the log-log scale is linear for small values [see
formula (18)]. At b 2 > 10ÿ3, the dependence becomes
noticeably nonlinear. At such backscattering coefécients,
the nonlinear distortion is of the order of several percents. It
is convenient to represent the obtained dependences in the

0 0.2 0.4 0.6 0.8 1.0 1.2 vD
�
MHz

2000

H

1

2

3

4
500

1000

1500

Figure 1. Amplitude ë frequency characteristic of autodyne detection for
a cw single-mode CO2 laser at the output powers P � 1 W (C � 1:8) ( 1 ),
1.5 W (C � 2:05) ( 2 ), 3.5 W (C � 3:07) ( 3 ), and 10 W (C � 6:4) ( 4 ) for
the calculation parameters g �0�c � 107 sÿ1, �gk � 0:01, gk � 0:024,
�g1 � 0:18, G0 � 0:088, r0 � 0:964, and r1 � 0:97.
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Figure 2. Dependence of the autodyne gain at the resonance frequency
on the pump parameter. The calculation parameters are the same as in
Fig. 1. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 vD
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Figure 3. Dependence of the autodyne signal nonlinearity parameter on
the Doppler frequency shift at C � 2:05. The calculation parameters are
the same as in Fig. 1.
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form of the dependence of the nonlinearity parameter on the
modulation depth (Fig. 6). One can see that nonlinear
distortions become signiécant (Z > 5%) at M > 0:7. This
indicates that the autodyne detection of backscattered
radiation in CO2 lasers can be considered linear with an
accuracy better than 5% even at strong distortions of laser
radiation leading to modulation with an amplitude close
to 0.5.

3. Experiment

The scheme of the experimental setup used to study the
autodyne detection in a dc-discharge-pumped single-mode
CO2 laser with a power of 2 W is shown in Fig. 7. In this
scheme, we realise three types of detection of scattered
radiation: direct detection, autodyne detection, and hetero-
dyning. A part of laser radiation is sent to a cooled
HgCdTe IR detector using beam splitting wedges ( 4 ) and
( 11 ), mirror ( 9 ), and focusing lens (12). This channel
[( 4 ) ë ( 9 ) ë ( 11 )] was used both to detect the laser power
modulation (autodyne signal) and to form a reference beam
and observe the heterodyne signal. The backscattered
radiation was also sent to photodetector ( 14 ) using
wedge ( 5 ) and mirrors ( 8 ) and ( 3 ). The optical channels
( 4 ) ë ( 9 ) ë ( 11 ) and ( 5 ) ë ( 8 ) ë ( 3 ) ë ( 11 ) were combined
so that the photodetector received the difference-frequency
heterodyne signal formed due to scattering from rotating
disk ( 7 ). When the channel ( 4 ) ë ( 9 ) ë ( 11 ) was closed, the
photodetector recorded the backscattered radiation, and,
with the closed channel ( 5 ) ë ( 8 ) ë ( 3 ) ë ( 11 ), the photo-
detector recorded the autodyne signal in the form of laser
power beating.

For recording and subsequent processing, the signal
from the photodetector was ampliéed and sent to ana-
log-to-digital converter ( 15 ) connected to computer ( 16 ).
To obtain the autodyne signal at a particular frequency, we
used rotating disc ( 7 ). The radiation scatters from the disc,
whose frequency is shifted due to the Doppler effect, returns
to the laser cavity, and causes the modulation of the laser
radiation power. The Doppler frequency changes with
changing the disc rotation rate. To measure the ampli-
tude ë frequency characteristic of the autodyne detection, we
measured the signal power at different Doppler frequency
shifts. The measurement results are shown in Fig. 8. The
experimental amplitude ë frequency characteristic well
agrees with model ( 12 ), which takes into account the
population of the lower laser level.

The modulation depth in the sensitivity maximum was
� 5% at the backscattering coefécient b 2 � (2ÿ 5)� 10ÿ5.

C � 1:35

6.4

2.05M

10ÿ11 10ÿ9 10ÿ7 10ÿ5 10ÿ3 b 2

10ÿ3

10ÿ2

10ÿ1

100

Figure 4. Dependence of the autodyne signal modulation depth on the
backscattering coefécient. The calculation parameters are the same as in
Fig. 1.
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101

100
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10ÿ2

10ÿ3

10ÿ4

10ÿ5

Figure 5. Dependence of the autodyne signal nonlinearity parameter on
the backscattering coefécient. The calculation parameters are the same
as in Fig. 1.

10ÿ4 10ÿ3 10ÿ2 10ÿ1 M

P2=P1 (%)

10ÿ1

101

10ÿ7

10ÿ5

10ÿ3

Figure 6. Dependence of the autodyne signal nonlinearity parameter on
the modulation depth of the laser radiation power. The calculation
parameters are the same as in Fig. 1.
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Figure 7. Scheme of the setup for investigating autodyne detection in a
CO2 laser: ( 1 ) single-mode CO2 laser; ( 2, 3, 8, 9 ) mirrors; ( 4, 5, 11 )
beam-splitting wedges; ( 6, 13 ) lenses; ( 7 ) rotating disk (disk with blades
or plexiglas); ( 10 ) attenuators; ( 12 ) aperture; ( 14 ) cooled HgCdTe
photodetector; ( 15 ) analog-to-digital converter; ( 16 ) computer.
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The coefécient b 2 was determined by measuring the
scattered radiation power and by direct detection taking
into account the attenuation of radiation by beam-splitting
wedges and attenuators ( 10 ). In front of the detecting face
of photodetector ( 14 ), we placed aperture ( 12 ) to record
the scattered radiation falling into the laser beam aperture.
From the measured parameters, we have

Heff �
�
M

2

�2
1

b 2
� 10ÿ 30. (20)

This value is smaller than that calculated by formula
(18). This occurs because the laser and backscattered
radiations in theoretical calculations were considered as
plane waves without taking into account the so-called front-
matching factor (this term is used in optical heterodyning to
characterise the eféciency of mixing of reference and signal
beams [20]).

We studied the possibility of énding the real scattered
radiation spectrum from the autodyne signal spectrum. To
obtain the scattered signal in a wide spectral band, we used a
plexiglas target placed in the lens focus. The plexiglas target
was uniformly moved perpendicular to the laser beam with a
velocity of 3 ë 5 mm sÿ1. This movement causes no notice-
able Doppler frequency shift because the velocity vector has
no component coaxial with the laser beam. In this case, the
scattered radiation spectrum is determined by the laser-
induced mass transfer in the area of interaction of the laser
beam (intensity � 103 W cmÿ2) with plexiglas. Figure 9
presents the power spectra of the autodyne and heterodyne
signals appeared in the case of such action to plexiglas.
Figure 10 shows the spectrum obtained by dividing the
autodyne signal spectrum to the amplitude ë frequency
characteristic shown in Fig. 8. As seen, the heterodyne
signal spectrum well coincides with the spectrum obtained
by this procedure, which experimentally proves the con-
clusion based on the above analysis that the autodyne signal
spectrum is a product of the spectra of the scattered
radiation and the resonance amplitude ë frequency charac-
teristic.

To study the autodyne effect at high feedback coefé-
cients, we used as a scatterer a rotating disc with blades
whose surfaces at some instants were perpendicular to the
laser beam, which provided the coefécient b 2 � 10ÿ2. A

system of laser beam attenuators ( 10 ) allowed us to change
the backscattering coefécient within the range from
5� 10ÿ4 ÿ 10ÿ2 to 10ÿ2. At the instant when a blade passed
through the laser beam, the autodyne signal appeared at a
Doppler frequency depending on the disk rotation rate.
Figure 11 shows the time sweep of this autodyne signal. One
can see that the signal has a periodic character, but its

H
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Figure 8. Amplitude ë frequency characteristic of autodyne detection
normalised to the autodyne gain maximum for a cw single-mode CO2

laser. The points are the experimental data at an output power of 1.5 W.
The thick curve is calculated by formula (19) taking into account the
population of the lower level. The calculation parameters are the same as
in Fig. 1.
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Figure 9. Power spectra of the heterodyne ( 1 ) and autodyne ( 2 ) signals
obtained upon melting of plexiglas by radiation of a CO2 laser with a
power of 1.5 W.
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autodyne detection (&) obtained upon melting of plexiglas by radiation
of a CO2 laser with a power of 1.5 W.
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spectrum reveals a nonlinearity in the form of additional
harmonics. The modulation depth M is 1.4.

In the example of the autodyne signal shown in Fig. 11,
the ratio of its power at the doubled frequency to the power
at the main frequency is P2=P1 � 0:25. Figure 12 presents
the dependence of P2=P1 on vD obtained experimentally at
the backscattering coefécient b 2 � 5� 10ÿ4. The experi-
ment showed that the autodyne signal with a high accuracy
(P2=P1 4 5%) can be considered linear with respect to the
backscattering coefécient at b 2 4 2� 10ÿ3, which well
agrees with the theoretical results. This resistance of CO2

lasers to the action of back-reêected radiation opens the
possibility of using the autodyne effect in the problems of
remote and on-line monitoring of destructive action of laser
radiation on condensed matter.

Based on this approach, we develop a method of
diagnostics of the ablation of biological tissues in the
process of laser surgery [21]. It was found that, when a
CO2 laser irradiates a biological tissue, its output radiation
becomes modulated with a depth of 10%ë15%. According
to the theoretical analysis performed above, this modulation
depth at the pump parameter C > 2 corresponds to the
nonlinearity parameter Z < 0:5% (Figs 4 and 6). This
points to the existence of a weak feedback and an
unambiguous relation between the autodyne signal and
the backscattered radiation carrying information on the
mass transfer in the region of laser ablation of the biological
tissue.

The considered approach can also be eféciently used in
laser processing of materials, including metals, when reêec-
tion coefécients are high. It is known [18, 22] that,
depending on the intensity of the 10-mm radiation and
the metal type, the portion Aa of radiation absorbed by a
metal varies in a wide range, beginning from 0.1 to values
close to unity (Aa 5 0:9) in the regime of deep (dagger-like)
channeling. Then, assuming that the rest of the power is
spent on backscattering into the solid angle 2p, we énd that
the power of radiation backscattered into the laser cavity is
0:1(d=f )2=8 (where d is the laser beam diameter and f is the
focal length of the lens). At f � 25 cm and d � 2 cm, we
have b � 8� 10ÿ5. At this backscattering coefécient,
according to the above analysis (Fig. 5), the nonlinearity
parameter at C > 5 (for technological CO2 lasers, C � 3ÿ 4

[17]) will be several percents. A weak feedback will be also
realised in the problems of remote ( f � 10ÿ 100 m) destruc-
tive irradiation of materials by CO2 lasers, since the value
(d=f )2 is small and, according to (8), the effect of the echo-
signal time delay is insigniécant. Thus, even in processing of
metals by high-power laser radiation, the interaction of
radiation with metal under particular conditions can be
diagnosed by autodyne signals.

4. Conclusions

The autodyne effect in dc-discharge-pumped single-mode
CO2 lasers is analysed theoretically and studied experi-
mentally in a wide range of backscattered/reêected
radiation intensities (b 2 � 10ÿ11 ÿ 10ÿ22). It is established
that, at the distance to the scattering object Le 5
L�b(1ÿ r 2out)=rout�ÿ1, the autodyne process in CO2 lasers
is linear (Z < 5%, weak feedback) even if the distortion of
the laser radiation is strong and causes modulation with an
amplitude close to 0.5. It is shown that, in these regimes,
the backscattered radiation spectrum can be reconstructed
from the spectrum of the output beat signal. This allows
one to obtain information on the external moving object,
for example, on its reêection/scattering coefécients and
velocity, and to monitor the mass removal in the on-line
mode upon laser ablation of biological tissues and laser
processing of materials. Due to some speciéc features of
CO2 lasers (cavity length L > 1 m, insensitivity to the
backward signal value), self-heterodyning can also be
eféciently used for monitoring the remote destructive action
of laser radiation on materials at distances of 10 ë 100 m.
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