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Time-Varying Beam Quality Factor and Mode
Evolution in TEA CO Laser Pulses
F. Encinas-Sanz, J. Serna, C. Mart´ınez, R. Mart´ınez-Herrero, and P. M. Mej´ıas

Abstract—The time evolution of the transversal modes in a
TEA CO2 laser cavity has been investigated from the analysis of
the time-varying beam quality factor M2 of the emitted pulses.
The experiments reveal a significant change in this parameter
during the pulse evolution, which can be translated into an
evolution of the modes of the laser cavity to reach a nearly
stationary behavior. Attention is focused on both the appearance
of a particular mode and the duration of its growing process.

Index Terms—Beam quality, laser modes, TEA CO2 lasers.

I. INTRODUCTION

I N GENERAL, the spatial profile of a laser pulse cannot
be expecteda priori to remain constant during the pulse

evolution [1]–[4]. To characterize this evolution in a rigorous
way, time-resolved spatial parameters were recently introduced
[5], [6] on the basis of the intensity moments formalism
[7]–[11]. Under certain conditions which are often met in
practice, as occurs for the pulses considered in this paper,
it was shown that the second-order moments that characterize
the instantaneous field profile (time-slice approach) at the input
and output planes of an optical system are related by the
same propagation law used to describe the propagation of
nonvarying (time-integrated) moments.

In this paper we are interested in the time evolution of the
transversal modes in the laser cavity. More specifically, atten-
tion is focused on both the instant (within the pulse length) in
which the presence of a particular mode begins to be signifi-
cant and the time interval during which such mode grows to
reach a quasi-stationary spatial behavior. As we will see in the
following, this kind of information can be inferred from both
the experimental analysis of the time-varying parameter
of the pulse and the transversal mode beating measurements.
Thus, in Section II, we describe the experimental setup in
detail. In Section III, the experimental results concerning the
evolution of the beam quality factor during the pulse are
presented, and we discuss a number of conclusions about mode
appearance and evolution in Section IV.

II. EXPERIMENTAL SETUP

We consider in this work the pulses emitted by a TEA CO
laser device, with the presence of nitrogen in the gas mixture.
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Fı́sicas, Universidad Complutense, 28040 Madrid, Spain.

Publisher Item Identifier S 0018-9197(98)07163-2.

Fig. 1. Experimental setup for the measurement of theM2 factor.

We have also installed an intracavity diaphragm to reduce the
Fresnel number. The laser cavity is a half-symmetric resonator
in which the distance between the curved mirror (radius of
curvature 10 m) and the planar output mirror is 112 cm [12].
An intracavity Brewster plate has been introduced to obtain a
linearly polarized beam. The beam width has been determined
at different planes for time slices whose thickness (10 ns)
is typically much shorter than the complete pulse duration

s). By repeating this series of measurements during the
pulse evolution at time intervals of tens of nanoseconds, we
can get the beam quality factor resolved in time.

The experimental setup is shown in Fig. 1. The ensem-
ble pyroelectric camera (Spiricon PYROCAM I), laser beam
analyzer, and computer provides the (squared) beam widths
averaged during each time slice. To cut such time slices an
electrooptical switching device formed by a CdTe crystal and
a polarizer was used, with the transmission axis of the polarizer
perpendicular to the polarization of the beam emerging from
the laser cavity. A high-voltage pulse (8.48 kV) produces a
transverse Pockels effect in the CdTe crystal, which turns
the polarization of the linearly polarized laser beam. As a
result, the beam is transmitted by the crossed polarizer as
long as the high-voltage pulse lasts. The system is fired by
the polarizer itself, using a spark gap that collects the rejected
beam at the polarizer. The duration of the electronic pulse is
given by the length of the coaxial forming cable that links
the spark gap and the high-voltage charge resistor, and the
relative position of the time slice within the laser pulse is
controlled by the length of the delay cable between the spark
gap and the switching device. A reference time for each slice
was measured by splitting the beam before the electrooptical
device in such a way that the complete pulse is collected by
a fast photodetector (photon drag, 1-ns rise time), and the
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Fig. 2. Experimental arrangement for measuring the reference time for each
time slice within the pulse duration.

Fig. 3. Illustration of the relative position of a time slice(t0 � 75 ns) using
the experimental setup shown in Fig. 2. Mode beating has been filtered out
in the full pulse.

chopped pulse (time slice) is registered by another photon drag
detector after crossing the polarizer (see Fig. 2). The relative
position of a time slice with respect to the pulse is illustrated in
Fig. 3 for a delay of 75 ns measured from the beginning
of the pulse. A variable number of CaFfilters have been used
in the setup to reduce the total irradiance and to take advantage
of the dynamic range of the camera. The filtering mechanism
is absorption, not scattering. Special care was taken to check
that the filters do not distort the beam and do not change the
beam size.

The polarizer is based on two successive reflections at
Brewster’s angle and introduces no distortion on the spatial
structure of the beam profile. It also provides a secondary
beam to fire the spark gap, as was previously mentioned.

The telescopic system formed by lensesand avoids
hard edge diffraction at the electrooptical crystal aperture by
reducing the beam size through the crystal and maintains
the energy density below the threshold damage level of the
material. In Fig. 1, the paraxial focal lengths of and
are, respectively, cm and cm. A third
lens ( cm) is used to generate a waist at the
measurement region.

III. M EASUREMENT OF THETIME-RESOLVED FACTOR

Using the above experimental arrangement, we have mea-
sured the (squared) beam size along, say, the axis,
transverse to the propagation direction of the beam,for
different time positions of the time slice during the pulse

Fig. 4. Squared beam widthhx2i versus propagation distancez measured
from lensL3 for (a) t0 = 30 ns and (b)t0 = 525 ns after the leading edge
of the pulse. Intracavity aperture diamaterd = 10 mm.

evolution. Note that the measured second-order moment
is expressed in terms of the field amplitudeat plane as
follows:

(1)

where is the total energy
of the time slice at and ns is the FWHM
temporal thickness of each time slice. The integration in the
variable indicates that, strictly speaking, we do not determine
the instantaneous value of the beam size, but an average
over a very short time interval . The measurements were
performed at various distances after the lens and three
pulses were registered at each location.

Within the intensity moment’s formalism, one can define
the time-resolved bidimensional beam quality factor as
follows [9]:

(2)

where ( m), the subscript refers to
the beam waist plane and denotes the far-field divergence
associated with the variable (again integrated over the time
interval ). The values of measured versus propagation
distance can be fitted to a parabola, and from the parameters
of the fitting parabola the value of is easily inferred. Fig. 4
illustrates such a fitting parabola for ns and
ns after the pulse leading edge. To increase the accuracy in the
measurement of , a numerical circular aperture was placed
around the beam and no camera data were computed beyond
that window in the calculations. Note that the smoothness of
the curves plotted in Fig. 4 confirms that the CaFfilters have
no influence on the beam width.

Two series of measurements have been performed, which
correspond to the values of the intracavity aperture mm
and mm. For the first case, mm, remains
essentially constant throughout the pulse, with a value close to

. In the second case, mm, the -shaped curve
that gives the measured evolution of [Fig. 5(a)] exhibits
three different parts: a first region at the beginning of the pulse,

ns, in which is nearly 1 a second region,
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(a)

(b)

Fig. 5. (a) Evolution of the beam quality factorM2 along the pulse duration
(d = 10 mm). (b) Pulse power (in arbitrary units) plotted for time reference.

100 ns ns, in which increases to reach a value
of about 1.9; and finally, a third region, ns, where

is nearly constant. This figure also shows the standard
deviation of these measurements, calculated from the least-
squares fitting of the experimental points. Fig. 5(b) plots the
pulse power for time reference. It should be noted that the
energy content of the pulse in the time interval
ns (which includes the pulse peak) is much smaller than the
total energy throughout the rest of the pulse.

IV. DISCUSSION

The above experimental results allow one to obtain a
number of conclusions about the dynamical behavior of the
cavity modes. Here we associate the term “modes” with
defined spatial structures of the laser field, which resonate
within the loaded cavity. The existence of different modes
would then announce the presence of different transversal
mode resonance frequencies.

Note first that there is a 300–400-ns delay between the
moment the pumping discharge begins and the moment when
the pulse is strong enough to be detected by a linear photon
drag detector over the noise level [13]. Consequently, it
is reasonable to consider that the radiation, starting from
an incoherent low-level signal, has undergone a fairly large
number of round trips 40–50, approximately) before the
leading edge of the pulse begins to be detected.

When the diameter of the intracavity diaphragm is
mm, the measurement of the so-called mode beats, generated
by heterodyne interference effects at different frequencies
between the modes, shows that, in this case, there is only one
mode [12] (diffraction losses are strong enough to prevent the

appearance of higher order modes). Moreover, the experiment
shows that the beam quality factor is nearly one and remains
constant along the pulse. Therefore, we conclude that for

mm, the beam profile quickly reaches a nearly stationary
Gaussian-like spatial structure, which is maintained during the
pulse duration.

The evolution of the spatial behavior of the pulse is com-
pletely different when mm [Fig. 5(a)]. In this case,
diffraction losses are reduced and higher order modes can
grow after successive round trips. Since a higher order mode
requires supplementary time to grow, it can be expected that
the spatial behavior at the beginning of the pulse is similar
to that observed in the previous case ( mm). This is
confirmed by the experiments, since the beam quality factors
take the same values in both cases and the spatial
structure is nearly Gaussian again. However, for times greater
than, say, 100 ns, the beam quality factor begins to deteriorate
and the structure of the beam profile changes. The existence
of only two modes in this region of the pulse ns
has been observed from the mode beating between transversal
mode frequencies, associated with different spatial structures
[12]. The parameter increases smoothly as the second
mode grows until it reaches a value of about 1.9. After a large
enough number of round trips (60–70 from the leading edge of
the pulse), it reaches a nearly stationary spatial behavior and
the beam profile remains constant [third region of the curve
in Fig. 5(a)].

Fig. 5(a) and (b) also shows that the second mode begins
to be significant after the gain switch peak of the pulse. This
explains why mode beat experiments [12] show the presence
of only one mode when mm and no nitrogen is present
in the gas mixture; in such a case, only the gain switch pulse is
formed, lasting 90 ns, so that there is not enough time for the
second mode to grow in amplitude. This confirms the validity
of the above analysis about the evolution of the modes.

In summary, we can say that the time-varying beam quality
factor of a pulse, together with transversal mode beating mea-
surements, provides a useful tool to investigate the evolution
of the modes in a TEA COlaser cavity.
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