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Abstract: The results of detailed studies on the beam quality of a non-chain pulsed electric discharged
DF laser based on a compact inner cavity confocal positive branch unstable resonator were presented
herein. The theoretical and experimental divergence angles for magnification M = 1.65, 1.85, 2.05, and
2.25 were calculated according to Fraunhofer diffraction and measured by the method of calibrated
apertures. The smallest divergence of § = 0.66 mrad was obtained with M = 2.25 in our experiment,
which is 1.95 times the theoretical value. The corresponding far-field energy density at 10 km distance
from the laser exit was 82.8 mJ/m?. The beam quality and energy density were increased by 11 and
91 times, respectively, compared with a similar stable resonator in our lab.
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1. Introduction

In the past ten years, there has been a considerable number of studies performed
investigating repetitively non-chain pulsed HF/DF lasers because of their advantages of
high output power, special infrared output band, compact and simple structure, and safe
operation [1-7]. These advantages make lasers of this type promising for applications
in many fields such as spectroscopy, laser radar transmitters, laser ranging, atmospheric
monitoring, military, etc. [8-14]. Besides, non-chain short-pulsed HF/DF lasers comprise
an ideal pump source for novel Fe:ZnSe lasers, the fluorescent lifetimes of which are 360 ns
at T =292 K, and this process can expand the laser spectrum to 4-5 pm [15-18].

In the past few years, most studies have focused on the achievement of high radiation
energies (powers), high electric efficiency, and repetition rates in non-chain HF/DF lasers.
The radiation energy up to 325 ] at the electric efficiency of 3.4% was achieved in an electric
discharged non-chain DF laser by applying self-initiated volume discharge in a SF¢-D; gas
mixture [19]. This energy was achieved with a discharge gap 4 = 27 cm and it is the highest
energy for non-chain DF lasers reported so far. A further increase of the generation energy
of HF (DF) non-chain lasers to 1 k] can be achieved by increasing the separation d between
electrodes and the transversal dimension of the cathode, but this has very high power
supply requirements. In Ref. [20], after optimizing the mixture composition, specific input
energy, and uniformity of electric field, the highest electrical efficiency of 6.4% reported
until now for non-chain DF lasers with electric discharge was attained by Tarasenko, and
the output energy was more than 1 J. In Ref. [21], a 1 kHz high-repetition-rate non-chain
HE/DF laser with an average laser output power of up to 2.5 W in SFs—D, gas mixture
was achieved by Harris. A 2.2 kHz repetition rate atmospheric pressure HF/DF laser with
an output power of 33 W and electrical efficiency of 1.6% was obtained by Velikanov; the
electric discharge was matched by diluting helium in the working mixture to preserve the
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discharge conditions [22]. Applying three electric-discharge laser modules of the same
type, a non-chain DF laser with 400 W output power at a pulse repetition rate of 10 Hz
was obtained after optimizing the cavity Q-factor, the composition, and the total pressure
of the working mixture [23]. A closed-cycle, repetitively pulsed HF laser with an output
power of 55 W at 100 Hz was presented by optimizing gas flow velocity, performing a small
replenishment of the working gas, and applying a 3A molecular sieve in the discharge
chamber [24].

Although energy (power) is an important indicator for evaluating a laser’s perfor-
mance, many applications for mid-infrared lasers require not only high energy strength in
emission, but also good beam quality. Stable resonator HF/DF lasers can easily achieve
high output power and are simple to install and adjust, but the far-field divergence angle is
relatively large compared with unstable resonator lasers. When the laser is transmitted for
a certain distance, the laser beam spreads rapidly and its energy density decreases signif-
icantly, which limits the long-distance applications of stable repetitively pulsed HF/DF
lasers. In remote atmosphere ecological monitoring, the laser beam needs to travel a dis-
tance of more than 10 km to detect air contaminants such as gaseous hydrocarbons, HC],
N,O, and SO,, so compressing the beam divergence is essential. However, the beam quality
of non-chain pulsed HF/DF lasers has not yet been investigated sufficiently thoroughly.
There are only a few papers which briefly introduce the results of divergence measurements.
In Ref. [25], a good HF laser beam quality with a far-field divergence angle of 1.7 times
the diffraction limit was attained using the method of calibrated apertures on an unstable
telescope cavity with a magnification of M = 2. In Ref. [26], a radiation divergence of
605 = 0.29 mrad (containing 50% encircled energy), which corresponds to four diffraction
limits, was achieved using an unstable telescopic resonator with M = 3 on a self-sustained
volume-discharged non-chain DF laser. The radiation divergence measurements were
carried out by the method of a focal spot with application of a reflecting wedge. In Ref. [27],
a stable HF laser beam was obtained by adopting a confocal positive branch resonator
with a magnification of M = 3.4. However, due to the lack of relevant beam quality diag-
nostic equipment, they did not give achieve a far-field divergence angle of the unstable
laser system.

The unstable resonators used in the abovementioned studies applied external cavity
structures, with discharge chambers sealed by CaF,/BaF, windows and cavity mirrors
placed outside the chambers. This type of resonator has the disadvantages of long structure,
being difficult to adjust, suffering additional energy loss, and incurring extra costs caused
by CaF,/BaF; windows. In this paper, a compact intra cavity resonator was used. The
goal governing the practical long-distance applications of this laser is increasing the energy
(average power) of laser radiation and beam quality. The current paper performed a
detailed investigation on the beam quality of a compact close-cycle electric-discharged
non-chain pulsed DF laser with a confocal positive branch resonator, and the aim was the
compression of the divergence angle in a limited energy range.

2. Theoretical Calculation of the Laser Beam Divergence

Figure 1 shows a schematic cross-sectional view of a typical unstable resonator. The
convex output mirror has a diameter D and radius of curvature Ry; the concave reflecting
mirror has a diameter D, and radius of curvature R,. The radii of curvature are defined
as positive for concave mirrors and negative for convex ones. The mirror separation L
is the resonator length. There are two types of unstable resonators: positive-branch and
negative-branch. For high-power DF lasers, negative-branch unstable resonators should
be avoided because of their solid focus in the cavity. In this paper, we only considered a
confocal positive-branch unstable resonator, which produces a collimated output beam.
The structures of the confocal positive-branch unstable resonator used in this paper were
designed according to Ref. [28]. Table 1 shows the detailed parameters of our resonator. The
magnification M is from 1.65 to 2.25, the resonator length L and reflecting mirror diameter
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D; are fixed with L = 2.113 m and D; = 5 cm, and C is the output coupling coefficient

calculated by 1 — 1/ M?2.
;’EPULMOF emission area

reflecting
mirror

dark area

Figure 1. Structure of the positive-branch confocal unstable resonator.

Table 1. Structure parameters of the unstable resonator.

M C Ry/mm Ry/mm Dymm Dy/mm L/mm
1.65 0.633 —6501.5 10,727.5 30.2 50 2113
1.85 0.708 —4971.9 9197.8 26.9 50 2113
2.05 0.762 —4024.8 8250.8 24.2 50 2113
2.25 0.802 —3380.8 7606.8 222 50 2113

As we can see from Figure 1, for a strictly adjusted confocal positive branch resonator,
the output beam can be seen as an ideal plane beam. The far-field distribution of the output
laser can be given according to the Fraunhofer diffraction field distribution formed by the
plane wave passing through the annular aperture [29]. The angular distribution of far-field
intensity can be written as follows:

[ M® [2)y(kabs) 2]y (kabs/M)] >
1(9)_{(1\42—1)[ 1ka95 h 1Mka95 ]}IO

where [; is the Bessel function of the first kind, 6; is the semi-divergence angle, k = 27t/A,
a is the radius of reflecting mirror, and Ij is the beam intensity at the center of the beam in
far-field distribution. Let Z = kaf), and then expression (1) can be rewritten as follows:

)

_ [ M [2h(z)  2h(z/M)])
The far-field relative energy distribution is as follows:
z - 142
_ M2 [2)(Z) _2h(Z/M)
E(Z) = O/{(Mz_l) T } zdz 3

According to expressions (2) and (3), the far-field relative intensity and energy for dif-
ferent magnifications were plotted based on different Z values as shown in Figures 2 and 3.

Given the total energy of 100%, the energy proportion of the central main lobe for
unstable resonator from M = 1.65 to 2.25 is 36.6%, 43.5%, 49.2%, and 53.8%, respectively. The
larger the magnification, the higher the energy contained by the main lobe, meaning a better
beam quality of the laser beam. As we can see from Figure 3, within the same divergence
angle, the energy content of the far-field energy distribution of the unstable cavity with
larger magnification M was bigger than that of the resonator with a small M. Therefore,
with the gradual increase of M, the beam quality of the unstable resonator became better
and better. Because circular laser beams usually have a Gaussian-shaped energy density
distribution from the center of the beam to the edges, we used 86.5% encircled energy to
definite the far-field spot size. Therefore, the far-field divergence angle can be calculated
based on 0 = 2Z/(ka). The calculated results for different magnifications with wavelength
A = 3.8 um are shown in Table 2.
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Figure 2. Relative intensity distribution versus Z under different magnifications.

Relative energy

1.0 T
0.9 4 0.865 = o
0.8 4 :.."___¢ .,' -
1 _.':1‘ X4
o .:{','/.-. . M=225
06 :." ............ M=205 i
] e e M=1.85
0.5+ e "‘,;_l i M=1.65
-1 -l..,-.”.
0.4 Y 7 -
] -
[
0.3 5 i
1 ¥
0.2 =
0.1 5
0.0 — T T T T T T T T ] T T T
0 2 4 6 8 10 12 14 16 18 20 22
Z=kab

24

Figure 3. Angular distribution of the relative energy for different magnifications.

Table 2. Theoretical results of the divergence angle for the unstable resonator at different magnifications.

M V4 O/mrad
1.65 9.9 0.479
1.85 9.2 0.445
2.05 8.7 0.421
2.25 7.0 0.339

3. Experimental Arrangement

schematic of the experiments.

The experiments were performed using a pulsed DF laser with an active mixture
SFg:D, = 8:1 and with a total pressure of 9.5 kPa. The emission from this laser occupied the
spectral range 3.6—4.2 um with a center wavelength of 3.8 um. Figure 4 presents the optical
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Laser cell

Figure 4. Scheme of the setup for measuring the far-field divergence of the laser beam: (1) electrodes;
(2) convex mirror of the unstable resonator; (3) concave mirror; (4) output mirror; (5) plane-parallel
plate beam splitter made of CaFy; (6, 9) Gentec QES0LP-H-MB energy meter; (7) focusing mirror; and
(8) aperture.

The discharge was formed between electrodes 1 of size 120 x 4 cm, which were
spaced by a 4 cm gap. The discharge circuit was the same as that used in Ref. [2]. The
positive-branch unstable resonator was formed from concave and convex spherical copper
mirrors 2 and 3. The discharge chamber was sealed by the concave mirror 3 and output
mirror 4. The convex mirror 2 was axially mounted on a full transparent output mirror
4 made of CaF,, as shown in Figure 5. The convex mirror 2 was cooled by flow gas.
Compared with the transverse support installation structure used in Ref. [30] and external
cavity structure used in Refs. [25-27], the axial mounting inner cavity structure has the
advantages of causing no obstruction to the laser beam, having no impact on the output
power, causing no distortion in the output beam, being easy to adjust, and having a
lower cost.
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Figure 5. Installation structure diagram of the convex mirror.

The laser beam was divided into two beams by beam splitter 5; one entered the energy
meter 6 to measure the near-field laser energy, and the other beam was focused by reflecting
focusing mirror 7 to measure the divergence in the far-field zone. Energy meter 6 was
replaced with heat-sensitive paper when recording the near field beam spot. The divergence
measuring system consisted of a reflecting focusing mirror 7 with a focal length f = 10 m,
a changeable calibrated aperture 8, which was placed in the focal plane of mirror 7, and
an energy meter 9, which was placed behind the aperture 8. The distance between the
laser exit and the reflecting focusing mirror was 5.5 m, and the angle between the incident
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beam and the reflected beam on the reflecting focusing mirror was less than 22°. The beam
divergence of the chemical laser was measured by the method of calibrated apertures.

A plane concave cavity formed by a totally concave reflecting copper mirror and a
CaF, plate output mirror was used in the stable non-chain DF laser to compare the far-field
beam performance between the unstable and stable resonators.

4. Experimental Results and Their Discussions

Based on the definition of far-field spot size with 86.5% surrounding energy, the
far-field divergence angle 6 can be written as 6 = 2 r/f. Here r is radius of the circle
containing 86.5% of the total energy, and f is the focal length of the focusing mirror. There
are two different reference standards for the reference value of total laser energy in the
focal plane: one with the aperture 8 fully opened (¢ = 27.5 mm) and the other with the
aperture 8 removed. Then, we gradually reduced the aperture size, measured the laser
energy, and calculated the percentage compared with the reference value. We performed
comparative measurements of radiation divergence for these two types at M = 1.65 and the
results are presented in Figure 6.

1.0 T T T T T T T T

= 0= calculation
— m— with aperture
—a— without aperture

Normalized Energy / J

M=1.65

— T T T T T 7
0.8 1.0 1.2 1.4 1.6 1.8 2.0

@/ mrad

Figure 6. Normalized energy distribution of laser emission as a function of the angle embraced by
the aperture.

Due to the existence of stray light in the cavity, the total energy of aperture fully
opened was slightly lower than that without the aperture, and the difference was between
2% and 7%. Because of the large defecting angle, this stray light is ignored in far-field
applications. In the following parts for M = 1.85, 2.05, and 2.25, we just consider the type
with aperture fully opened when measuring the total energy. The far-field divergence
angle for these two types at M = 1.65 was 1.08 and 1.19 mrad, respectively, and the energy
distribution in the experiment was similar to that of the calculation. The maximum energy
at 1 m distance from the laser exit was 2.76 J. Figure 7 shows the near-field spots at 1, 6,
and 10 m distance from the laser exit and far-field spot at the focal plane recorded by the
heat-sensitive paper and organic glass.

As we can see from Figure 7, the near-field spots had good symmetry in both the
horizontal and vertical directions. The near-field spots had a round shape in the vertical
direction and straight edges in the horizontal direction. The size of the ring-shaped near-
field spot at 1 m was about 46.5 x 48.1 mm in the horizontal and vertical directions, and the
radius of the center hole was about 30.2 mm, which was the same as the size of the convex
mirror. The straight edges in the horizontal direction are caused by the interception of light
beam by electrodes. The size of the back mirror of the unstable cavity was 50 mm, while
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the distance between discharge electrodes was 40 mm, so light beams in the horizontal
direction were partly cut by the electrode edges. A straight-edge diffraction appeared in
the near-field spots at 1 m, which is also caused by the electrode diffraction at the edges. As
the distance increased, the ring hole diffraction pattern became more obvious. Because the
power intensity decreases with the propagation distance, the near field spot at 10 m had
poor clarity compared with spots at 1 m and 6 m. The far-field ablation spot distribution on
the heat-sensitive paper was relatively uniform at center, but the vertical size was larger
than the horizontal size at the external circle. This can be eliminated by applying a back
mirror with a diameter smaller than the electrode gap, which would decrease the total
output energy. In practical applications, the energy and beam quality should be weighed
according to the requirements of applications.

Figure 7. Laser spots at different places on the heat-sensitive paper: (a) 1 m; (b) 6 m; and (c) 10 m
distance from the laser exit; and (d) far-field.

The beam divergence and output energy were compared between different magni-
fications under the same gas parameters, which were SFs: D, = 8:1 and Piq) = 9.5 kPa.
Figure 8 shows the dependence of output energy on the charge voltage under different
magnifications.

3.5

3.0+

g
3
1

Energy /J
P
1

1.5

1.0

Charge voltage / kV
Figure 8. Laser energy versus charge voltage under different magnifications.

The output energy increases with the charge voltage, and the increase rate at lower
voltages is larger than that at high voltages. As we know, for a certain gas pressure, there
exists an optimum charge voltage for the active medium to be adequately excited. At lower
voltages, too little excitation energy makes the generated excited state DF molecules too
small, and thus the laser energy is low. As the charge voltage increases, the injection energy
increases, resulting in a sharp increase in output energy. Once the charge voltage is greater
than the optimal voltage corresponding to the optimal E/P value (where E is electric field
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strength and P is pressure of the working mixture), arc discharge occurs and energy growth
becomes slow. Severe arc discharge will greatly reduce the uniformity of discharge, thus
reducing the laser energy and making damages on the electrodes. At each voltage, the
energy does not have a linear relationship with M. As we can see from Table 1, the output
coupling coefficient C increased with the magnification M, but the effective gain volume
decreased with M. Therefore, there exists an optimum magnification to balance the gain
volume and output coupling.

Figure 9 shows the near-field output energy and far-field energy density under differ-
ent magnifications at charge voltage Uc = 42 kV. The far-field energy density was calculated
by p = E/S¢, where E is the near-field output energy and S is the far-field spot area. Con-
sidering the application in remote atmospheric monitoring, the far-field operation range
is >10 km. As we can see from Figure 9, the near field energy increased at first and then
decreased, with a maximum energy Emax = 3.32 ] attained at M = 1.85, while the far-field
energy density increased monotonically.
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Figure 9. The dependence of near-field laser energy and far-field energy density on M.

Table 3 contains the results of divergence and energy values of our investigation. An
increase in M reduced the divergence from 6 = 1.08 mrad for M = 1.65 to 0.66 mrad for
M =2.25, and the corresponding diffraction limit factor f = fexp /a1 reduced from 2.25 to
1.95. Further increasing the magnification could effectively reduce the laser divergence, but
restricted by the size of the electrode gap in our present equipment, the size of the concave
reflecting mirror should in the range 4~5 mm, and the corresponding size of the convex
mirror should be <1.7cm for M > 3. The reduction of the size of the convex mirror would
further increase the assembly difficulty of the resonator, which in turn may worsen the
beam quality of the laser.

Table 3. Calculated and experimental results of the unstable non-chain DF laser.

Type M Oca/mrad  Oexp/mrad B = Oexp/Oa) E/y p/(mJ/m?)

stable — 0.190 7.15 37.63 3.65 0.91
unstable 1.65 0.479 1.08 2.25 2.76 30.1
unstable 1.85 0.445 0.97 2.18 3.32 45.9
unstable 2.05 0.421 0.86 2.04 3.18 54.7
unstable 2.25 0.339 0.66 1.95 2.93 82.8

The practical divergence angle of the unstable resonator in our investigation was
relatively small, but it was still much larger than the theoretical value. The reasons are as
follows:
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(1) The light beam is regarded as a parallel light when calculating the theoretical diver-
gence angle of the confocal unstable resonator. However, the actual output beam
of the unstable resonator should be a near-parallel light with a certain geometric
divergence angle, which is caused by factors such as cavity mirror spacing, curvature
error, and mirror tilt;

(2) The straight-edge diffraction caused by electrode diffraction will also increase the
actual divergence of the laser beam;

(3) The thermal denaturation of the output and convex mirrors increases the size of the
divergence angle.

Although the unstable resonator had about 10-24% energy reduction in terms of over-
all output energy compared with the stable resonator, the measured beam quality and 10 km
far-field energy density were much better, being increased by 11 and 91 times, respectively.

The laser beam and energy can be further improved by increasing the separation
d between electrodes. For a given pressure of the working mixture, the charge voltage
at optimum E/P would increase with d, and the resulting higher energy injection in the
discharge chamber would lead to higher output energy for the DF laser. Meanwhile, the
increase of 4 also allows a higher magnification M without increasing the difficulty of cavity
adjustment. For example, when d > 7cm, a diameter D; = 7 of the concave mirror allows
an M as high as 4.

5. Conclusions

A detailed investigation on the beam quality of a pulsed electric-discharged non-chain
DF laser with a compact confocal positive-branch resonator was performed. The inner
cavity with a convex mirror axially mounted on the output mirror was used. Four groups
of unstable optical resonators with magnifications M = 1.65, 1.85, 2.05, and 2.25 were
designed, and the intensity, energy distribution, and divergence angles were calculated.
The experimental results of the divergence angles had a range of 1.08-0.66 mrad from
M =1.65to M =2.25, and the corresponding laser energy varied from 2.76 to 3.32 ], with
the maximum energy achieved at M = 1.85. The far field energy density had a monotonic
increase with M, and the maximum energy density was 82.8 mJ/m? at M = 2.25. The beam
quality in the experiment was 2.25-1.95 times higher than in the calculation. The reasons
for this difference were analyzed. In future research, we will eliminate the influence of
electrode diffraction by properly selecting the size of the back mirror, reduce the thermal
deformation of the output mirror by improving the refrigeration mode, and investigate the
influence of mirror tilt on the beam quality.
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