
INTRODUCTION

Carbon dioxide laser is line tunable to hundreds of lines. 
This property made it useful in many applications, namely 
industry, agriculture, engineering, medicine and science. The 
active medium of a CO2 gas laser constitutes an active place 
too, many phenomena occur as a result of laser beam passing 
through the gaseous mixture. Effects, such as optoacoustic, 
photopyroelectric and antenna effects are expected to take 
place. We report for the first time the simultaneous detection of 
the above mentioned effects.

The OA effect is generated in a gas cell as a result of 
absorption of light energy by gas constituents, which is 
consequently transformed into sound energy when excited 
species decay none-radiatively to a lower energy state. Hence, 
in the intra-cavity of a laser, continuous modulation of the laser 
beam passing in between laser mirrors produce an alternating 
sound in the laser cavity, hence, the generated signals can be 
detected using a sensitive microphone. The OA effect was 
discovered as early as 1880 by Bell [1]. The effect found interest 
and application only after the discovery of lasers as it was first 
demonstrated by Kerr and Atwood [2]. Many researchers [3-15] 
have shown the versatility of OA technique for various physical 
and technological applications including detection of volatiles 
from seeds and natural plant parts [16-17]. The laser intra-
cavity optoacoustic (LICOA) signal detection was first reported 
by (Abu-Taha and Laine’) [18-20] in a conventional CO2 laser 
and later by Parslaw [21] in a Waveguide CO2 laser cavity. 
The OA theory is well-established [6] and acoustic resonators 
can be designed in different shapes [6, 22-23] for the sake of 
maximizing signal to noise ratio [24-25].

PPE effect is induced in a photopyroelectric film 
(PVDF), which became popular in recent years due to some 
unique properties. PVDF is a dielectric materials constituting 
pyroelectric sensor relying on its temperature-dependent 

dipole moment. When the film is subjected to a thermal heat 
wave it expands or contracts, thereby inducing secondary 
piezoelectric signals. It is a practical inexpensive sensor, easily 
handled and readily available in various thicknesses down to 
25μm, sandwiched between two aluminum foils and can be 
easily attached to curved as well as flat surfaces [26]. It can be 
prepared in different ways depending on the required type of 
application [27-28] and has good potential for use to measure 
temperature change resulting from monochromatic [29-35] as 
well as broadband [36] radiation absorption. PPE technique 
is most famous in liquid characterization [30 -36], but recent 
results have proved it is sensitive for temperature change 
measurement resulting from radiation absorption in a gaseous 
medium [37].

AE is an induction effect produced by the magnetic field 
generated as a result of the change in the discharge current 
during the lasing processes, hence the name antenna effect. It 
can be detected by winding a coil a round the laser tube at a 
point in between laser electrodes. Other effects happen in the 
laser cavity due to change in laser tube impedance, hence, result 
in the discharge current change and is called the optogalvanic 
effect (OGE). OGE shows it self as [38] a variation in the 
color of the laser plasma tube. Several ionization reactions can 
play a role in changing the discharge current; these reactions 
involve collisions between metastable atoms [39]. The change 
in the discharge current can be explained as a result of atoms 
transitions from excited level to other excited level with 
different ionization probabilities, in addition to other physical 
processes related to production and disappearance of ions. The 
change in discharge current is detected by different ways, but 
in any way the problem of high voltage isolation should be 
overcome. Suzuki [40] claimed the detection of the OG effect 
using a winding coil in an external cell. The question remains 
open whether OGE is the same as the AE; this is the subject of 
another study underway to prove this point. In the present study 
the AE effect is detected by winding a coil round the laser tube 
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at a point in between laser electrodes as will be explained later. 
The coil hence acts as an antenna in converting the oscillating 
electromagnetic waves into an alternating current.

In the present work, we demonstrated for the first time 
the detection of the AE, PPE and OA effects simultaneously 
in the laser intra-cavity. This has many advantages: firstly it 
allows determining the origin of these effects with respect to 
each other and secondly; can assign the effect with optimum 
curve fit with laser power to be used as a suitable in-expensive 
laser power monitor, and/or a reference signal for possible laser 
frequency and power stabilizations.

EXPERIMENTAL METHODOLOGY
The advancement of technology, especially in data 

collection allows a computerized easy to handle processes, data 
collections, storing and data analysis simply and efficiently. At 
a rate of 10 readings per second a lot of data could be gathered 
ensuring efficient simultaneous detection of the three effects. 
Results are simultaneously recorded using interface units 
feeding data directly into a computer.

Laser System
A conventional line-tunable CO2 laser constructed in-

house was used in this study. It was capable of delivering a 
power output in the rage 0.2 -2 watts. The desired CO2 laser 
line can be obtained by angle adjustment of the intra-cavity 
diffraction grating using a micrometer. In our system the 
grating is replaced by a 100 % reflectivity mirror, i.e. laser is 
operated on the strongest gain line, i.e. 10P20 line. A combined 
pressure of 14-20 torr of the gases He: N2: CO2 in ratios of 
70: 24: 6 respectively gave a peak output power of 2 watts. 
The germanium output coupler mirror used was coated on the 
laser discharge tube side to enhance the reflectivity to 90%, 
while the output side was anti-reflective coated. The ordinary 
glass plasma tube terminated at one end in an O-ring mounted 
vacuum seal made to the output coupler optics. At the other 
end near the 100% reflectivity gold coated molybdenum 
mirror, the tube was terminated by a zinc selenide window set 
at the Brewster angle for low optical transmission loss. The 
germanium mirror has 1m radius of curvature, a thickness of 3 
mm, and a diameter of 25 mm.

Detection cell design
A combined cell design for simultaneous detection of 

OA and PPE effects is built in, as a laser tube extension in the 
Brewster window side. Since both signals need to be detected 
simultaneously, their corresponding sensors were placed in the 
cell fitted in the laser intra-cavity; the optimum arrangement 
requires both sensors be as close together as possible. The cell 
is constructed as shown in Fig.1, it is consisted of a cylindrical 
plastic tube having the same laser tube internal diameter in 
which sensitive microphone and PVDF film fixed opposite 
to each other. The PVDF film is thermally isolated from the 
external medium, thermal isolation is important to obtain a 
temperature gradient between the two surfaces of the PVD 
film, which was stuck to surface of copper foil constituting 
a first electrode, while the other side is in contact with the 
laser gas and a wire attached to forming the second electrode. 
The electrodes were glued to the PVDF film surfaces using 

conducting silver paint. Detection of the AE effect is carried 
out by simply wounding an insulated copper wire of 1.5 mm 
in diameter around the laser tube at a part in which the electric 
discharge is running in. 85 turns were found enough, giving 
good strong detectable signal.

Fig. 1. Schematic showing the combined cell used for 
simultaneous detection of OA and PPE signals in an intra laser 

cavity.

Methodology
The experimental system is mainly formed of laser system 

and signal processing electronics. OA and PPE signals were 
connected to two different phase sensitive detectors referenced 
with the same chopper frequency, i.e. same modulation 
frequency. Signals then transferred to a computer using an 
interface automatic processing unit. AE signal is so large that 
it does not need amplification, so it is transferred directly to 
the computer through an interface unit. The system allows 
simultaneous detection of all effects or alternatively separate 
detection of each effect as required.

EXPERIMENTAL RESULTS
The AE, OA and PPE signals have been studied as a 

function of three variable parameters; laser tube cooling rate, 
laser beam modulation frequency and laser gas pressure. The 
laser power (P) together with the intended signals of AE, OA 
and PPE signals were monitored as one of the above parameters 
is changed. This allows relating the above effects to the laser 
power. It is known that the laser power is affected by laser tube 
cooling rate, laser gas mixture pressure and electrical discharge 
parameters. For analysis requirements, the four signals were 
averaged at the same time interval. Since laser system was 
not stabilized, hence, its power might drift during operation. 
The drift can be both ways, i.e. increase or decrease, but as 
the laser cavity gets hotter the power is likely to drop. To 
eliminate the effect of this parameter, the AE, OA and PPE 
signals were normalized with respect to the laser power. This 
has an extra advantage, i.e. eliminate any effects resulting from 
any abnormal transients in laser power. The laser operated in 
a single mode of the maximum gain 10P20 line. The power 
range was (0.2 – 2) W which was found enough for such study. 
The low range of laser power indicates the sensitivity of the 
experiment at low as well as high laser powers.

The effect of laser cavity cooling
Laser tube cooling affects laser performance in many 

ways, for example it drops cavity temperature, and hence many 
intra-cavity physical phenomena will be affected resulting 
in increased laser efficiency. The cooling effect was studied 
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only by varying water flow rate through the laser tube cooling 
jacket.

Although, the range of variation expected is not as large 
as changing the coolant liquid temperature, but its effect was 
evident as shown in Fig.2. In the laser system used, it is noted 
that as the rate of water flow is increased from the minimum 
to maximum possible value, the laser power is increased by 1 
W. This variation is quite enough for noticeable change of the 
effects under study.

T

The effect of gas pressure
In this experiment the gas mixture pressure was varied 

from 13 – 22 torr. Fig.4. shows the laser power and AE, OA 
and PPE effects’ signals as a function of gas pressure. Laser 
power is dependant on gas pressure; hence laser power will vary 
accordingly and tends toward an optimum value at a pressure ~ 
18 torr for the laser system under study.

Fig 4. Fig.4. AE, OA, PPE and Power signals dependence 
on the gas pressure at constant water cooling rate and modulation 
frequency of 250 Hz.

Statistical treatments
From the data obtained a set of charts that relate the linear 

fits of the OA, AE, and PPE signals and their correlations with 
the corresponding laser power amplitude were produced. Fig.5. 
shows the correlation coefficients of the different effects to the 
laser power. In Fig.6. the standard deviations of the AE, OA, 
and PPE signals versus laser power curves at different varying 
parameters were presented. This is intended to identify all 
effects least affected by process or processes not related to the 
laser beam power variations. A conclusion of this sort assigns 
the effect that is most appropriate for future use for laser power 
monitor and stabilization.

Fig 5. Chart showing the correlation coefficients of the AE, PPE 

and OA signals with the laser power.
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Effect of modulation frequency 

The effect of laser beam modulation frequency on AE, OA 
and PPE signal’s levels were monitored at constant gas pressure 

applications of the effects require frequency modulation.  Fig.3. 
is an example of the dependence of the different effects on fre-
quency change at frequencies 150 Hz and above. It is a straight 
forward conclusion that laser power level is not heavily affected 
by amplitude modulation at different frequencies.  This experi-

is most heavily dependant on frequency modulation and cavity 
shape rather on the laser power.
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The chart of Fig.7 shows the errors for all experiments to 
all signals. Calculations assumed a linear relationship between 
the different effects and their dependence on the power. Once 
again the effect with non linear dependence does not satisfy the 
experimental conditions for use as a laser power monitor and 
stabilization.

DISCUSSION

Set of parameters were changed to introduce a correspond-
ingchange in the intra-cavity physical processes. For example-
laser tube cooling affect laser performance in many ways; it 
drops heat, increasing the laser efficiency. As water flow rate 
reached the maximum possible value, laser output power al-
most doubled. Results of Fig.2 show that the three effects fol-
low the laser power pattern; this means that laser power in-
crease introduced an effect that is similar in nature and could 
be detected with AE, OA and PPE methods to a large extent. 
As the cavity cools, when the maximum cooling rate is intro-
duced a noticeable increase in the OA signal is obvious, this is 

explained as being due to temperature change of the laser gas 
mix leading to change in the speed of sound; hence OA is most 
affected by that.

Laser beam modulation frequency does not have much 
effect on the physical processes going on in the laser cavity. 
All effect’s signal levels are expected to follow the laser power 
to some degree as shown in Fig.3. Laser gas mixture pressure 
do affect the value of the laser power, every laser system have 
an optimum gas pressure depending on many factors. For the 
system used in the present study a pressure of 18 torr is opti-
mum under the operating conditions of laser length, diameter 
and discharge voltage. It is noticed that all effects follow the 
laser power curve when laser gas pressure changed from the 
threshold pressure value, i.e. 13 torr for this laser system and 
up to 22 torr.

The chart presented in Fig.5, shows the high correlation 
coefficients of the three signals with the laser power. The PPE 
signal has the highest correlation coefficient for modulation 
frequencies and laser gas pressures variations, it is obvious that 
the signal is affected mainly by heat. The OA signal has low cor-
relation coefficients with laser power as the laser tube is cooled 
and frequency modulation varied, due to its high dependence 
on speed of sound in the laser cavity, the laser cavity shape and 
volume. The AE has its highest correlation coefficient value 
during tube cooling rate variations; this means contrary to PPE 
and OA effects, the AE effect is dependant on different set of 
parameters, mainly due to gas constituents interactions and the 
net number of ions produced. Correlation coefficients of the 
AE signal with the laser power for water flow and modulation 
frequency variations are more than that for the OA signal.

Fig.6. shows the standard deviations of the AE, OA, and 
PPE signals versus laser power curves at different varying pa-
rameters. In the three experiments and for the three signals the 
standard deviations are small except for the OA signal during 
the laser cooling rate change experiment. It is noticed that un-
der constant cooling and gas pressure the PPE has an extremely 
low error, i.e. the signal correlation with the laser power is very 
good. This result leads to the conclusion; that the PPE signal 
could be used as a laser power monitor and reference stabiliza-
tion signal.

The chart of Fig.7 shows that the errors are low for all 
experiments for all effects except for the OA signals obtained 
during the water flow rate change experiment. From the chart, 
it can be concluded that the linear relation is valid to represent 
the three signals with laser power except the OA signal in the 
case of water flow rate i.e. when there is a variation in the tem-
perature of the laser gas mixture.

CONCLUSION

Simultaneous intra-cavity detection of the three effects; 
i.e. AE, PPE and OA in a laser cavity was successful. In Gen-
eral, all effects respond to the physical conditions in the laser 
cavity, but with some differences. PPE and AE are found to 
have greater response to the laser power change than the OA 
effect. OA is found [19-20] to be dependent on other cavity pa-
rameters, such as: volume, temperature, shape, etc. The experi-
mental data are successful and form the basis for understanding 
and explaining the nature and the origins of the AE, OA and 
PPE signals and their relations to other physical intra-cavity 
processes and phenomena.

Detection of the three effects can help understand the 
physical phenomena that take place in a laser cavity, hence can 
be used to look for laser efficiency improvements. The effects 
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can be employed in many other useful applications related to 
lasers and their corresponding active mediums studies.

Many conclusions could be drawn: heat waves produced 
by irradiative decay to the laser ground states is the source of 
the PPE and OA signals. It was found that the OA signal de-
pends on many factors such as the level of absorption of light 
power, the interior laser cavity shape, the modulation frequen-
cy, cavity resonances and the type and number of atomic spe-
cies being de-excited or none-radiatively decayed. This sug-
gests the possibility of OA signal use for improving laser cavity 
design through monitor of the intra-cavity physical processes. 
The change in discharge current, i.e. rate of ions movement is 
the main source of AE effect. Number of ions and their rate of 
production is dependant on many parameters related to laser 
efficiency; hence more thorough study of the AE effect and its 
relation to the known OGE is still needed. AE, OA and PPE sig-
nals are to some extent linearly proportional to the laser power 
signal and OA and PPE signals are linearly proportional to each 
other. PPE signal has the highest linear correlation with the la-
ser power signal. In addition, PPE signal is dependent on the 
frequency of modulation; hence an optimum frequency could 
be sought for most sensitive PPE detection.

In conclusion, the PPE signal represents the laser power 
signal with high resolution and low standard deviations error; 
this suggests its usefulness among other signals as an internal 
power meter and reference for laser power stabilization.
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