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Abstract: We report a pulse Fe: ZnSe laser pumped by an optical chopper Q-switched Er: YAG
laser. By analyzed the spatial and temporal match of the gain and chopper, the maximum energy
of the optical chopper Q-switched Er: YAG laser is 31mJ with the pulse width of 165 ns. By
employing this Er: YAG laser as pump laser of Fe: ZnSe crystal, the maximum output energy of
Fe: ZnSe laser is 10mJ with the pulse width of 80 ns at room temperature, that is the maximum
energy of Fe: ZnSe laser at this Q-switched system to the best of our knowledge. We also study
the directly Q-switched Fe: ZnSe laser, and the 2.7mJ mid-infrared laser with the pulse width of
200 ns is obtained at 80 K.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mid-infrared laser has board application in multiple fields [1-4]. And there is strong demand to
compact mid-infrared solid lasers in the fields of scientific research, environmental monitoring,
atmospheric remote sensing, space communication, and national defense [5—12]. The development
of material crystallization techniques and advancements in doping technology have significantly
propelled the progress of mid-infrared Fe: ZnSe lasers [11,13]. Uniformly doped Fe: ZnSe
crystals have demonstrated enhanced gain quality within the mid-infrared wavelength range. Fe:
ZnSe lasers offer unique advantages making them indispensable over other mid-infrared lasers in
terms of low cost, friendly environment, compact size, huge energy, and high power.

Fe:ZnSe lasers are currently considered as one of the focal points in achieving mid-infrared
laser. They can achieve short pulse laser through various Q-switched techniques. Since damage
characteristics of materials, passive Q-switching and acoustic Q-switching can not to output
huge energy Q-switched Fe: ZnSe laser. In 2014, Evans double-end pumped Fe: ZnSe crystal,
and used the semiconductor saturable absorber mirror (SESAM) as saturable absorber at low
temperature [14]. They obtained the 4045 nm laser with full-width half maximum (FWHM)
of 64 ns and single energy of 600nJ. In 2017, Velikanov obtained the mid-infrared short pulse
train Fe: ZnSe laser, which has about 10 Fe: ZnSe pulses and pumped by the pulse train Er:
YAG laser [15]. The Er: YAG laser is Q-switched by low-doped concertation Fe: ZnSe crystal
as saturable absorber. Due to the pump laser consisting of multiple pulses, the Fe: ZnSe laser
cannot output a single pulse. In 2020, Hiyori Uehara used acoustic Q-switching to research Fe:
ZnSe laser pumped by fiber laser [16]. They successfully attained a 4um laser with the maximum
energy of 30uJ, the pulse width of 20 ns and the repetition rate of 40kHz. In terms of mechanical
Q-switching, Fedorov reported a Fe: ZnSe laser pumped by a short pulse Q-switched Er: YAG
laser in 2019[17]. They used a rotation prism as a mirror of Er: YAG resonant cavity. The short
pulse Fe: ZnSe laser can be outputted with the maximum energy of SmJ. The development trends
of the pulse Fe: ZnSe laser is high energy.

In this study, we achieved the pulse high energy Fe: ZnSe laser pumped by an optical chopper
mechanically Q-switched Er: YAG laser. We optimized the laser structure by spatial and temporal
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matching gain and chopper in the cavity. At room temperature, significant improvements were
achieved in the output energy and efficiency of short-pulse Fe: ZnSe lasers. The maximum
single-pulse energy reached 10mJ with a pulse FWHM of 80 ns and a slope efficiency of 35% in
the mid-infrared laser. Thereafter, the output characteristics of this system were researched at
different temperatures, and the pulse temporal profiles of Fe: ZnSe laser were studied. In order
to compare, the performance of directly Q-switching Fe: ZnSe laser using an optical chopper
was examined.

2. Optical chopper Q-switched Er: YAG laser

Fe:ZnSe crystals exhibit a significant absorption cross-section in the 3um wavelength range
[3,18]. Currently, Er:YAG laser is widely employed as pump lasers for Fe: ZnSe laser. Many
researchers have excellent work at Q-switched Er: YAG laser [19,20]. Er: YAG lasers offer a
more compact size and environmentally friendly characteristics. In this work, the Fe: ZnSe laser
is pumped by an Er: YAG laser with flashlamp pumping in single pulse mode. The experimental
setup is shown in Fig. 1(a). The Er: YAG crystal used in this study has dimensions of 4*100
mm with doped concertation of 50% and AR coating on the end surfaces with transmission
>97% at 2.94um. And it is pumped by a flashlamp with maximum energy of 87J. The temporal
pulse of free-running Er: YAG laser is shown in Fig. 1(b). The Er: YAG crystal maintains the
temperature by employing the hydrocooling at 298K + 0.5 K. The resonant cavity was formed
by a flat mirror and a flat output coupler with a cavity length of 200 mm. The output coupler
reflectivity is 83% at 2.94um, and the mirror exhibited >99.5% reflectivity of Er: YAG laser.
The pulse of Er: YAG laser is compressed by mechanical Q-switching. By employing an optical
chopper for mechanical Q-switching, the maximum frequency is 1kHz with duty cycle that can
be adjusted in range of 0-50%.

In the initial experiment, we obtained the Q-switched Er: YAG laser which includes a sharp
and a trailing at the chopper frequency of 1kHz and duty cycle of 10%. The performance of
Q-switched Er: YAG pulse is affected by the thermal effects of the trailing, in the application.
It is necessary to optimize the experimental setup of the Q-switched Er: YAG laser and match
the resonant laser and chopper in the cavity at the spatial and temporal, in order to mitigate the
trailing and extract the sharp. As shown in Fig. 1(b), the sharp can be extracted without trailing
when the chopper opening time is about Sus. Since the maximum frequency of the chopper
is 1kHz, we reduce the duty cycle to 0.5%, which the chopper opening time is Sus. At duty
cycle below 2%, the output energy of the Er: YAG laser exhibits a rapid decline. Because the
chopper’s physical opening is smaller than the cross-section of gain laser in the cavity. The Er:
YAG laser efficiency has been greatly reduced due to the decreased gain volume inside the cavity.
The maximum beam diameter of the chopper is about 0.13 mm with the duty cycle of 0.5%. The
divergence angle of Er: YAG laser is 4.7 mrad, and the resonant laser has the same value in the
cavity due to the cavity consisting of two flat mirrors. By employing focusing lenses with the
focal length of 25 mm, the beam size can be reduced to 0.1175 mm which is smaller than the
maximum beam diameter of the chopper of 0.13 mm, as shown in Fig. 1(a).

In order to Q-switched, we used a signal converter to match the lamp pumping timing and
optical chopper. The lamp pump triggered by the last chopper opening and matched with the
next chopper opening. By optimizing the signal delay, the laser efficiency can be improved.
The optimal delay(t.) of trigger signal of lamp can be calculated by analyzing the process of
Q-switched, as shown in Fig. 1 (d). The optical chopper controller outputs the chopper sync
signal upon detecting the opening of the chopper. There is a delay(tq) between the chopper
opening and the chopper signal. The signal converter transforms the chopper signal into the
trigger signal with the delay(t.). And there is a delay(t,) between the trigger signal and the
Lamp pump. The storage energy time(ts) is about 120us, since the lifetime of upper level of Er:
YAG laser is 120us. The storage energy rapidly consumed when the chopper opens. And the
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Fig. 1. (a): Experimental setup, (b): Temporal profiles of Er: YAG laser at free-running,
(c): Optical chopper, (d): Process of Q-switched.
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Fig. 2. Q-switched Er: YAG laser with duty cycle of 0.5%, (a): Temporal profiles of sharp
at different chopper frequency (CF), (b): Dependence of output energy of Er: YAG laser on
the lamp energy at chopper frequency of 1kHz, and duty of 0.5%.

Q-switched pulse of the Er: YAG laser is established. The delay t, and tq can be measured, and
they are about 224ps and 450us respectively. As shown in Fig. 1(d), the period of the signal is
1000us, when the frequency of the chopper is 1kHz. Therefore, the optimal delay t. is about
206ys.
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There is only a sharp without the trailing at the duty cycle of 0.5%, as shown in Fig. 2(a). The
peak power of the Er: YAG laser single pulse at the Q-switched is about 4 times higher than it
works at free-running when the chopper frequency is 1kHz. The maximum energy of Er: YAG
laser is 30mJ with the FWHM of the pulse of 165 ns. Figure 2(b) is the efficiency figure of the
Er: YAG laser. The output energy of Er: YAG laser exhibits a linear response to the flash lamp
energy without the saturation effect. Figure 3 is the spatial beam profiles of Er: YAG laser, which

M,?=3.17, M,? =3.15.
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Fig. 3. The spatial beam profiles of Q-switched Er: YAG laser

3. Pulse Fe: ZnSe laser pumped by Q-switched Er: YAG laser

In order to obtain the short pulse output of Fe: ZnSe laser at room temperature, the Q-switched
Er: YAG laser is used as the pump laser. And the pulse Fe: ZnSe laser characteristics are
researched at different temperature.

The experimental setup of Fe: ZnSe laser is shown in Fig. 4. The Er: YAG laser with the pulse
width of about 200 ns is injected the Fe: ZnSe crystal through two reflections. The pumping spot
size and density can be adjusted by the 2x telescope system, and the optical spacing adjustment
range is from 20 mm to 70 mm. M; and My are mirrors of resonant cavity. M; is the input
mirror with transmittance >98% at 2.94um and reflectivity >99.5% at 4-4.6um. My is the output
coupler with reflectivity of 75% at 4-4.6um and reflectivity >99.9% at 2.94pm. M, and M3
are window mirrors of the vacuum chamber, which can experiment at low temperatures. The
Fe: ZnSe crystal is shown in Fig. 4(c). It is grown by the Bridgemen method with the size of
20 x 20 x 7mm? and doping during growth with Fe?* doped concentration of 2 x 10'8¢cm=3. The
light pass surfaces have AR coating at 3~5um. The energy and temporal profiles of the laser are
measured by two Pyroelectric energy meter and two HgCdTe photodetectors respectively. The
temporal profile of Fe: ZnSe laser is shown in Fig. 4(a). The pulse Fe: ZnSe laser is obtained.

Fe: ZnSe laser exhibits high gain and low threshold since it is energy level structure [21].
The single pulse of Fe: ZnSe laser includes a sharp and a trailing. The delay between the Fe:
ZnSe laser and pump laser decrease with the pump energy increase, at the same time the tailing
gradually increases. As shown in Fig. 5, the tailing is higher than sharp and the delay between
laser and pumping decreases from 200 ns to 100 ns at the pump energy increase to 31mJ. The
pulse width of the Fe: ZnSe laser expands with pump energy increasing.

Fe: ZnSe laser has different performance at different temperatures [22]. The liquid nitrogen
Dewar temperature controller is employed by controlling the temperature at S0K~300K + 0.1 K.
The upper-level lifetime and absorption cross section change with the change in temperature
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Fig. 4. Fe: ZnSe laser pumped by Q-switched Er: YAG laser, (a): Temporal profiles of
pump laser and Fe: ZnSe laser. (b): Experimental setup. (d): Fe: ZnSe crystals

(a) Er:YAG 5.7mJ (b) Er:YAG 6.1mJ

Fe:ZnSe 1.5mJ F Fe:ZnSe 2.7mJ
] E]
£ ]
-] =
28 20
7 ]

TW I,
Aoy
L L L L L L L L L
=300 200 -100 0 100 200 300 -100 0 . 100 200 300
time, ns time, ns
(C) Er:YAG 16mJ Fd Er:YAG 31mJ

Fe:ZnSe 5.9mJ ( ) Fe:ZnSe 10.4mJ
3 3
< «
= 3
£ =
20 20
@ ]

=200 -100 0 100 200 300 200 -100 0 100 200 300

time, ns time, ns

Fig. 5. Temporal profiles of Fe: ZnSe laser of different pump energy at room temperature

[3,22]. Since this, the efficiency and wavelength are influenced. As shown in Fig. 6(a), the
efficiency of pulse Fe: ZnSe laser pumped by Q-switched Er: YAG laser is 35% at the RT (room
temperature). And the maximum energy of Fe: ZnSe laser is 10.4mJ with a pulse width of
80 ns at RT, when it is pumped by an optical chopper Q-switched Er: YAG laser with the energy
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of 31mJ and the energy density of 0.61J/cm?. Since the upper-level lifetime and absorption
cross section at 80 K are better than that at 295 K, the efficiency and output energy at 80K is
slightly higher than that at RT. Figure 6(b) is the output wavelength of Fe: ZnSe laser at different
temperatures. The presence of multiple vibrational levels in the energy level of Fe: ZnSe laser
leads to a broad emission spectrum. And the output wavelength experiences a redshift as the
temperature rises. As shown in Fig. 6 (b), the center wavelength is 4091 nm with an FWHM of
40nm at 80 K. When the temperature is set to 295 K, the center wavelength shifts to 4409 nm
with an FWHM of 80 nm. Since the Fe: ZnSe crystal has high gain, the high-order modes have
oscillation and output. The Fe: ZnSe laser has inferior beam quality, which is My =5.12 and
My2 =5.46, as shown in Fig. 7. It needs optimal in the next work.
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Fig. 6. The performance of Fe: ZnSe laser at different temperatures. (a): Efficiency at 80 K
and 295 K. (b): Wavelength at 80 K and 295 K.
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Fig. 7. The spatial beam profiles of Fe: ZnSe laser

4. Optical chopper Q-switched Fe:ZnSe laser at 80K

The optical chopper is directly employed in the resonant cavity of Fe: ZnSe laser. The Q-switched
Fe: ZnSe laser is shown in Fig. 8(a). The frequency and duty cycle of the optical chopper are
1kHz and 0.5% respectively. The output energy of Q-switched Fe: ZnSe laser is just 2.7mJ with
the pulse FWHM of about 200 ns at the pump energy of 700mJ with the flash lamp energy of 34J.
In the same energy of flash lamp, the output energy of Fe: ZnSe laser pumped by Q-switched Er:
YAG laser is 6mJ with the pulse FWHM of 80 ns. The mechanical Q-switched Fe:ZnSe laser
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has inferior performance in generating pulse laser compared to the Fe:ZnSe crystal pumped by
mechanical Q-switching Er:YAG laser, both in terms of efficiency and output pulse width. There
are some reasons cause this result. The upper-level lifetime of Fe: ZnSe laser (50us@80 K [23])
is shorter than that of Er: YAG laser (120us@RT) which is not conducive to energy storage.
Since the Fe: ZnSe crystal has high gain, it has stronger thermal effects and transverse parasitic
oscillations [24]. The thermal effects pose a greater challenge in the matching between the gain
and the chopper in the cavity. And the transverse parasitic oscillations lead to the depletion of
particles in the upper energy level. Additionally, the oscillating laser between the crystal surface
and the input mirror also depletes the stored energy.
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Fig. 8. Q-switched Fe: ZnSe laser. (a): Experimental setup. (b): Temporal profile of Fe:
ZnSe laser

5. Conclusions

In this work, we study the pulse Fe: ZnSe laser pumped by the optical chopper Q-switched Er:
YAG laser. The single pulse maximum energy of Fe: ZnSe laser is 10mJ with the pulse width of
80 ns, slope efficiency of 35%), and wavelength of 4.4um at room temperature. The wavelength
of Fe: ZnSe laser has red shift as the temperature rises. Additionally, the directly Q-switched Fe:
ZnSe laser by optical chopper is studied which is pumped by a free-running Er: YAG laser. We
obtained 2.7mJ mid-infrared laser with the pulse width of 200 ns at 80 K through this directly
mechanical Q-switched Fe: ZnSe laser. This research results could promote the development of
pulse mid-infrared solid stater Fe: ZnSe laser.
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