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Abstract—Spectroscopic properties and lasing of Fe:ZnSe and
co-doped Fe:Cr:ZnSe crystals in the mid-infrared spectral range
were studied at room and low temperatures. Using a free-run-
ning Er:YAG laser as a pump source, the output energy of the
thermoelectrically cooled Fe:ZnSe laser was 142 mJ with 30%
slope efficiency at = 220 K. Passive -switched oscillation of
Er:YAG laser with Fe:ZnSe crystal was demonstrated and used
as a pump source for a Fe:ZnSe laser system. Room-temperature
(RT) gain-switched lasing of Fe:ZnSe was achieved in microchip
and selective cavity configurations using -switched Er:YAG and
Raman-shifted Nd:YAG lasers as pump sources. The microchip
laser threshold of 100 mJ/cm2 was demonstrated using a Fe:ZnSe
crystal without any reflection coatings. A slope efficiency of 13%,
oscillation threshold of 1.3 mJ, and tunable oscillation of Fe:ZnSe
laser systems over 3.95–5.05 m spectral range were realized at
RT.

Index Terms—Mid-infrared (Mid-IR) lasers, transition metal
lasers, tunable solid-state lasers.

I. INTRODUCTION

T
HERE is a continuously growing demand for affordable

compact room-temperature (RT) mid-infrared (IR) sources

for use in a variety of spectroscopic and other applications in-

cluding: eye-safe laser radar, remote sensing of atmospheric

constituents, trace gas analysis, environmental monitoring, in-

dustrial control, eye-safe medical laser sources for noninvasive
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medical diagnostics, optical communication, and numerous mil-

itary applications such as target designation, obstacle avoidance

and IR counter measures.

One of the reliable and promising approaches is using II-VI

chalcogenides with different divalent transition metal (TM) ions

as an active material for tunable mid-IR lasers. In 1996 and

1997 , DeLoach et al. [1] and Page et al. [2] performed a de-

tailed spectroscopic study of several II-VI chalcogenide hosts

with different TM dopants as potential mid-IR laser materials.

Since then, lasers based on Cr:ZnS, Cr:ZnSe, Cr:Cd Mn Te,

and Cr:CdSe crystals working with efficiency exceeding 60%

in continuous-wave (CW), free-running long pulse, -switched

and mode-locked regimes of operation as well as being tunable

over the 2–3.5- m spectral region have been reported (see [3]

and references herein).

Unfortunately, mid-IR transitions in the Fe :ZnSe crystal

have multiphonon quenching at RT. Until now this has pre-

vented RT lasing using Fe:ZnSe as a gain medium. The first

lasing action from an Fe-doped n-InP semiconductor crystal at

2 K was demonstrated by Klein et al. [4], who observed laser

oscillations at 3.53 m. The first tunable lasing of a Fe:ZnSe

crystal in 3.98–4.5 m spectral range was demonstrated in [5]

for temperatures ranging from 15 to 180 K. The first RT lasing

of a Fe:ZnSe was demonstrated in [8].

In this study we extended our effort to develop high optical

density and high quality Fe :ZnSe crystals for improving low

temperature output characteristics and demonstrating the feasi-

bility of Fe :ZnSe crystals for efficient gain-switched lasing at

RT.

II. SAMPLE PREPARATION

In our experiments we used iron doped ZnSe crystals pre-

pared by two different techniques. In the first technique, the un-

doped polycrystalline samples of ZnSe were grown by chemical

vapor deposition. Doping of the 1–3-mm-thick ZnSe polycrys-

talline wafers was performed by after growth thermal diffusion

of Fe and/or Cr. Doping of ZnSe samples was achieved by in-

serting ZnSe crystals together with FeSe and/or CrSe powder

into quartz ampoules that were evacuated and then sealed, under

10 torr pressure. The thermal diffusion coefficient of Cr in

ZnSe single crystal and polycrystalline materials was studied in

[6]. This paper shows that a maximum chromium concentration

of about cm with a penetration depth of 0.5 mm

can be achieved in polycrystalline ZnSe by thermal diffusion at

907 C for 1.75 days. In [7], the diffusion coefficient for iron and
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chromium ions were estimated to be cm s and

cm s, respectively, at 1000 C. Thermal diffu-

sion was performed in [7] at 1000 C for 4 days and a Fe:ZnSe

polycrystal with absorption coefficient of 18 cm at 3.3 m

was produced. In our preparation [8], the sealed ampoules were

placed in a furnace and annealed at 820–1120 C for 5–14 days.

Once removed from the furnace and cooled, doped crystals were

extracted from the ampoules and polished.

Using the second method for generating Fe doped ZnSe

crystals, ZnSe single crystals were doped with Fe ions

directly during growth. The free growth method developed for

growing the II-VI compound single crystals was used [9]–[11].

According to this method, the growth is performed from

separate sources containing polycrystalline ZnSe and FeSe.

Calibrated orifices were installed in each source to control the

output of ZnSe and FeSe vapors. The doping level is regulated

by changing the growth temperature in the 1100 C–1250 C

range and/or the ratio of source orifice areas. The crystals can

be grown by either physical vapor transport with helium or

chemical transport with hydrogen.

A series of single crystal Fe :ZnSe samples were grown uti-

lizing this method, with the Fe concentration spanning the

range from to cm . The majority of

these samples were used for luminescence measurements. The

concentration of Fe ions in the samples was estimated using

a value of the absorption cross-section, cm

at 2.9364 m [5]. For laser experiments a 10-mm-long single

crystal Fe :ZnSe active element of transverse dimensions

mm with Fe concentration of cm was fab-

ricated.

III. SPECTROSCOPIC METHODS

Unpolarized absorption spectra were measured at low

temperatures with a close-cycle helium cryostat and a com-

puter-controlled 0.75-m Acton Research SpectraPro-750

spectrometer. RT absorption measurements in the visible and

mid-IR spectral regions were performed with a Shimadzu

UV-VIS-NIR-3101PC and a Bruker Tensor-27 FTIR spec-

trophotometers.

The fluorescence spectra were measured using an (Acton

Research ARC-300i) spectrometer and a liquid nitrogen

cooled (EG&G Optoelectronics J15D14-M200-S01M-10-WE)

HgCdTe detector-amplifier—(Stanford Research SR250)

boxcar averager—(Acton Research NCL) Spectral Mea-

surement System combination. The fluorescence spectra were

corrected with respect to the spectral sensitivity of the recording

system using a Newport-Oriel Infrared element (Model #6580)

as a calibration source. Kinetic measurements were performed

either with an InSb (EGG Judson J10D-M204-R04M-60)

detector coupled to an amplifier (Perry PA050) (rise-time

300 ns), or a liquid nitrogen cooled Au doped Ge photo-re-

sistor (rise-time 10 ns). Mid-IR emission of Fe in ZnSe was

studied under three regimes of excitation: optical (2.92 m,

second D Raman Stokes of the Nd:YAG laser with 5-ns pulse

duration or 2.94 m of the Er:YAG laser with pulse duration of

60 ns) excitation of T excited state of Fe ; excitation via 5E

level of Cr co-dopant (1.56 m, first D Raman Stokes of the

Nd:YAG laser); and excitation via a photo-ionization transition

of Fe (0.532 m, second harmonic of the Nd:YAG laser).

The major advantage of the described second D Raman Stokes

of Nd:YAG laser pump system is a short pulse duration (less

than 5 ns).

We also studied lasing of Fe :ZnSe crystals utilizing several

different pump sources: -switched and free-running Er:YAG

laser pumping at 2.94 m, and pumping from the second D

Raman Stokes of Nd:YAG laser at 2.92 m.

IV. IRON IONS IN II–VI MATERIALS

Energy structure of TM ions in II–VI compounds has been

extensively studied since the 1960s (see, for example, [12] and

[13]). The D ground states of the Fe and Cr in

the tetrahedral crystal field T of ZnSe crystal are split into

the doublet E and triplet T , respectively. The ratio of the de-

generacies of these multiplets is equal to E T

(total degeneracy of the D level is equal to ). The en-

ergy difference between the E state and the T state for Fe

ions in ZnSe crystal field corresponds to the mid-IR spectral

region [12], [14]–[16]. The doublet E is the ground state of

the iron ions, and the triplet T is first excited state. For Fe

ions, the second order spin-orbit coupling results in splitting

of the E ground state on five equidistant levels ( -singlet,

-triplet, -doublet, -triplet, and -singlet) with energy

splitting cm ( cm ,

cm ). First order spin-orbit interaction does not

split the E multiplet. Most of the experimental results for an

iron doped crystal agreed with a value equal to 15 cm

( cm , cm in Fe:ZnS [17]). Spin-orbit in-

teraction predicts that, the triplet T level is split by first order

spin-orbit interactions into three multiplets separated with an

energy gap of and . Second order spin-orbit interaction

further splits these levels as shown in Fig. 1. According to the

selection rules, transitions between ground level and upper

levels are allowed by electric-dipole interactions. So crystal

field theory predicts that at low temperatures two narrow lines

separated by 500 cm should exist in the absorption

spectrum. The first strong narrow absorption line is observed

in all chalcogenides, but a second line has never been observed

in II–VI materials. Therefore, most of the theoretical specula-

tions consider the Jahn–Teller effect as the mechanism respon-

sible for T splitting. According to [18] the zero-phononline

transition (transition between the lowest sublevels of the T

and E states) corresponds to 2747 cm , and second and third

sublevels of T are separated from the lowest one by 24 and

50–80cm .

A photo-induced electron spin resonance of chromium and

iron ions in ZnSe was reported in [19]. The position of the

donor level of iron in the forbidden gap of ZnSe crystal

was measured as 1.1 eV above the valence band. The photolu-

minescence spin forbidden transitions from high energy levels

T ( T E for iron and T T for chromium ions in

ZnSe crystal) were reported in [20]–[22]. The schematic energy

diagrams of Fe and Cr ions in ZnSe are shown in Fig. 2.

V. SPECTROSCOPIC RESULTS

The absorption spectra of iron- and chromium-doped ZnSe

crystals are depicted in Fig. 3. The maximum absorption coef-
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Fig. 1. Schematic energy diagram of Fe ions in the tetrahedral crystal field
according to crystal field theory (left part) and in presence of Jahn–Teller split-
ting (right part) [18].

Fig. 2. Schematic energy diagrams of Fe and Cr ions in ZnSe.

ficient of the Fe ions at RT was cm (at m)

in the crystals prepared by the thermal diffusion technique. The

dopant concentration in the samples was estimated using the ab-

sorption cross section cm at 2.698 m

reported in [5]. The calculated Fe concentration in these crystals

was about cm and varied in some crystals from

10 to 10 cm . Curve (i) shows the absorption spectrum of

Fe and Cr co-doped ZnSe crystals. As one can see, in addition to

the absorption band of Fe these crystals feature a characteristic

Cr T E band at 1.77 m with a maximum absorption

coefficient of 1.8 cm . At T K the absorption spectrum

of Fe reveals the structure of the E T transition with a

zero-phonon line near 2725 cm .

The RT emission spectrum over the 3.5–5.2- m spectral

range is shown in Fig. 4, curve (i). As one can see, at RT

Fe :ZnSe features a broadband (3.5–5.2 m) luminescence

Fig. 3. (i) RT and (ii) low temperature T = 20 K absorption spectra of
Fe:Cr:ZnSe crystals.

with a dip at 4.25 m caused by absorption of atmospheric

CO . We also studied mid-IR luminescence of Fe:Cr:ZnSe

under excitation of the first Stokes (1.56 m) of the D Raman

shifted radiation of a Nd:YAG laser (1.06 m). This excitation

overlaps with the absorption band of Cr (see Fig. 3) and

results in strong RT luminescence of Cr over the 2.0–3.3- m

spectral range detected in Fe:Cr:ZnSe crystals (see Fig. 5).

Interestingly, in addition to Cr , the Fe luminescence under

1.56 m excitation was observed in Fe:Cr:ZnSe crystals. There

was no Fe luminescence detected in Fe:ZnSe crystals under

1.56 m excitation. Absence of the Fe luminescence in the

Fe:ZnSe crystals under 1.56- m pumping coupled with the

existence of the Fe luminescence in the Fe:Cr:ZnSe samples

indicate that Fe in ZnSe could be excited via a Cr Fe

energy transfer process (depicted in Fig. 2). Chromium and

iron mid-IR luminescence in Fe:Cr:ZnSe crystals were also

measured under 532 nm excitation at cryogenic temperatures

( 107 K). We believe that this luminescence is induced by

photo-ionization excitation of TM ions in ZnSe (see Fig. 4,

curve ii). Recently the ionization mechanisms of chromium ions

under 532-nm excitation leading to strong mid-IR emission,

were discussed in [23] and [24]. The ionization of the iron ions

from a 2+ to a 3+ state under the 532-nm radiation and then

recombination with an electron from the conduction band will

eventually leave the Fe ion in an 2+ T excited state that will

be the same as with direct intra-shell excitation [4]. A similar

technique was used with Cr:ZnSe and at RT resulted in mid-IR

lasing under green excitation [24].

The radiative lifetime was estimated from the absorption

measurements as follows:

(1)

The low temperature radiative lifetime was calculated to be

26 s, this value is close to luminescence lifetime measured at

14 K s [5].

The luminescence lifetime in the 15–220 K temperature range

was studied in [5], where it was demonstrated that from 12 to
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Fig. 4. (i) RT emission of Fe:ZnSe crystal under 2.92 �m excitation. (ii) Low
temperature T = 107K emission of Fe:ZnSe crystal under 0.53 �m excitation .

Fig. 5. Emission of Fe:Cr:ZnSe crystal under 1.56-�m excitation.

120 K, the lifetime increases from 33 to 105 s and then de-

creases down to 5 s at 220 K.

The experimental photoluminescence lifetime measurements

of the T level of Fe in single crystal Fe :ZnSe samples

at RT (293 K) were performed in the current work using pulsed

excitation with 2.94 m radiation from a passively -switched

Er:YAG laser (pulsewidth 60 ns FWHM) described in more

details in Section VI-C. In this study, three Fe :ZnSe sam-

ples with Fe concentrations of , and

cm were examined. The excitation pulse energy

was 7 mJ and the beam size at the sample was about 2 mm in

diameter. We observed the Fe luminescence in the direction

perpendicular to the exciting beam. A long-pass filter (cut-off

wavelength m) was used to cut the scattered exciting

radiation. We did not observe a concentration dependence of

the luminescence decay time for the samples with Fe con-

centrations from cm to cm . The

temporal profiles of the pump pulse and the luminescence signal

are presented in the Fig. 6. The luminescence decay for all sam-

ples reveals an exponential dependence (1/e) with a lifetime of

Fig. 6. (i) Decay of the T ! E Fe luminescence in single crystal
Fe :ZnSe sample at 293 K after pulsed excitation with 2.94-�m light on
logarithmic scale. (ii) Excitation pulse profile is also presented.

370 25 ns at 293 K. The RT quantum yield of fluorescence

was estimated to be 0.01 using the following relationship:

(2)

Two different processes could explain the unusual behavior

of the temperature dependence of the Fe:ZnSe luminescence

lifetime. In the first stage, (12–110 K) the luminescence life-

time increase is due to the thermal population of levels with

smaller oscillator strength. The energy gaps between the lowest

sublevels of T manifold are only 24 and 50–80 cm [18].

Therefore, these levels will be effectively populated at a tem-

perature range of 20–100 K. As it was shown in [18] using the

low temperature absorption measurements, the transitions from

these levels feature oscillator strength smaller (longer radiative

lifetime) than that found between the lowest levels. Therefore,

the population of these levels should result in an increase of the

luminescence lifetime. However, a large difference between the

luminescence lifetimes at 12 and 120 K requires a large set of

sublevels of T manifold to be used for fine fitting. Unfortu-

nately, a complete energy level diagram for Fe:ZnSe crystals is

not known in it’s entirety. In our work fine fitting was realized

for five energy sublevels within 20–80 cm energy gap. On

the other hand, decreasing luminescence lifetime at a tempera-

ture higher than 120 K is mainly due to thermally activated non-

radiative decay. A single configuration-coordinate model with

linear coupling can be considered as a first approximation for

the theoretical description of the nonradiative decay. In the case

of strong coupling (Huang Rhys factor ) and high tempera-

ture ( greater than effective phonon energy) the radiationless

transition rate is described by the Mott equation. This process

is typical for nonradiative relaxation in optical centers with a

strong electron–phonon coupling. This approach leads to a flu-

orescence lifetime and radiationless rate given by the following

equations (see, for example, [25]):

(3)

(4)
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Fig. 7. Luminescence lifetime versus temperature for Fe:ZnSe crystals. ( ):
experimental data according to [5]; ( ): current work; solid line: theoretical fit
according to (4).

where -energy gap between the intersection of the adia-

batic potential energy curves and the minimum of the excited

state curve (see Fig. 2). The best fit (of the data in Fig. 7) was ob-

tained with parameters cm and ns.

The luminescence lifetime of Fe:ZnSe at RT (370 25 ns)

is too short for effective CW pumping but still longer than the

typical pulse duration of -switched lasers (1–100 ns). Hence,

there is hope to obtain RT lasing of Fe:ZnSe in a gain-switched

regime with pump pulses shorter than 300 ns.

The absorption cross section spectra was obtained from ab-

sorption measurements and using the known absorption cross

section at 2.698 m [5]. Emission cross sections at RT are de-

termined using either the reciprocity method (RM) or the Fucht-

bauer–Landenburg (FL) equation [6], [27]. Using a fundamental

relationship between spontaneous and stimulated processes, the

FL equation can be written as

(5)

where is emission cross section, is the emission wave-

length, is the refractive index, is the speed of light, is

the radiative emission lifetime, and is the energy per area per

unit time. The emission cross section can be also obtained from

the absorption spectra by the RM. According to this method the

absorption and emission cross sections are related as

(6)

where is the energy separation between the lowest crystal

field components of the upper and lower states, , are par-

tition functions that can be obtained using the energy gap ( ,

) from the lowest crystal field level of each manifold and ( ,

) energy-level degeneracies by the following equations:

(7)

(8)

Fig. 8. (i) RT absorption and (ii)–(iii) emission cross-sections. Emission cross
section calculated using (ii) reciprocity method and (iii) Fuchtbauer–Landen-
burg equation.

The factor depends on temperature but does not con-

tain any spectral dependence. The emission cross section cal-

culated according to RM with factor is shown in

the Fig. 8. The difference in the factor from ratio

is caused by larger upper level splitting T in comparison to

the ground state level E and thermal energy . As one

can see from Fig. 8, both methods (FL and RM) demonstrate a

wide amplification band at RT with maximum at 4.3 m and

a bandwidth of 1.1 m. However, the spectral shapes of the

curves are not identical. This difference can be explained with

several reasons. First of all, RM is very sensitive to the accu-

racy of the absorption measurements for transitions with a large

Stocks shift due to an exponential factor. From the other side,

the FL method is valid when all the transitions have the same

strength regardless of the components involved. But according

to [5], the measured Fe lifetime increases in the 12–120 K

temperature range and this increase could be a result of very

different radiative lifetimes of the components of the E T

transition. In addition, measured emission spectra can be of

slightly suppressed intensity at the short wavelength tail of the

spectrum due to a re-absorption process. In spite of the minor

differences, both techniques demonstrate close values for the

position of the maximum and linewidth of the amplification

band of Fe ions at RT.

So one can see from this analysis Fe:ZnSe has a large emis-

sion cross section cm and a 370 ns

lifetime at RT, hence, lasing of the Fe:ZnSe crystal at RT could

be feasible in a gain-switch regime. Indeed, RT lasing is shown

in subsequent Sections VI-B and VI-D.

VI. LASER EXPERIMENTS

Lasing of Fe:ZnSe has been achieved in several different

regimes of operation. First low temperature Fe:ZnSe lasing

has been achieved using two different cooling methods in con-

junction with pumping from a free-running 2.94- m flashlamp

pumped Er:YAG laser. The Fe:ZnSe active elements in these

laser systems were either cooled utilizing a cooled copper heat

sink (85–255 K) or dual stage thermoelectric coolers (220 K).
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The second regime of operation is for a microchip active ele-

ment configuration. This microchip system obtained lasing uti-

lizing two schemes: A simple cavity defined by purely Fresnel

reflection from crystal facets or using a flat high reflecting gold

mirror attached to the crystal and Fresnel reflection as the output

coupler. In both of these schemes a D second Stokes shifted

-switched Nd:YAG laser was the pump source.

The final regime of operation was tunable RT operation

using the novel -switched Er:YAG laser as a pump source.

This pump source is a passively -switched Er:YAG laser. The

-switching element is a sample of Fe:ZnSe.

A. Low-Temperature Lasing

The lasing characteristics of the Fe :ZnSe laser at low tem-

peratures of the active element were studied in the 85–255 K

temperature range. The resonator of the Fe :ZnSe laser was

formed by a spherical mirror (with radius of curvature 50 cm)

with reflectivity 100% and a plane output coupler with reflec-

tivity 70% at 4 m. The cavity length was 32 cm. The single

crystal active element was mounted at the Brewster angle on a

copper heat sink inside a cryostat with CaF Brewster windows.

A more detailed description of this experimental setup can be

found in [28] and [29].

The Fe :ZnSe laser was pumped by a flashlamp-pumped

free-running Er:YAG laser lasing at 2.94 m. The Er:YAG laser

operated at 750 mJ output energy and a 200- s pulse dura-

tion. The linearly polarized pump radiation was incident on the

crystal at a small angle 2 to the resonator axis. The pump

beam was focused so that its cross section on the front surface

of the crystal was an ellipse with axes 3 and 3.5 mm. The pump

energy was varied utilizing a set of calibrated optical filters.

The pump pulses had an irregular spike structure, which is typ-

ical for multimode pulsed solid-state lasers. The Fe:ZnSe laser

output pulse also consisted of spikes, which at the sufficiently

high pump energy followed the pump spikes with a 0.2–0.5 s

delay depending on the excess pump energy over the threshold

pump energy.

We studied the laser characteristics of the Fe:ZnSe crystal in

the active element temperature range of 85–255 K. The

temperature of the Fe:ZnSe element in the laser was fixed using

a liquid nitrogen cryostat or two-stage thermoelectric cooler and

controlled with 3 K accuracy.

Fig. 9 shows the dependences of the output energy of the laser

obtained at different temperatures. The slope efficiency and

threshold absorbed pump energy were determined from a linear

fit to the experimental points using the method of least squares.

The maximum slope efficiency of the laser amounting to 43%

(the quantum efficiency was 59%) was obtained at 85 K.

For pump energy of 733 mJ, we obtained the maximum output

energy of 187 mJ (the absorbed pump energy was 470 mJ).

One can see from Fig. 9 that the slope efficiency decreases

with temperature over the entire temperature range of 85–186 K,

however not dramatically. This contradicts the results obtained

in [5], where lasing was observed only for 180 K and the

maximum efficiency was obtained at 150 K. One can see

from Fig. 9 that the threshold pump energy of the laser is 15 mJ

at 85 K.

Fig. 9. Input–output characteristics of the Fe :ZnSe laser at different tem-
peratures of the active elements (i: 85 K; ii: 186 K; iii: 220 K, obtained with
thermoelectric cooler).

We observed with increasing temperature, a red shift of the

oscillation wavelength. The shift is caused by the red temperature

shift of the long-wavelength edge of the absorption spectrum

of the Fe:ZnSe crystal [5]. The laser wavelength increased

from 4.l m at 85 K to 4.17 m at 255 K, which differs

from the spectral shift from 3.98 to 4.54 m observed in [5]

for the temperature change from 15 till 180 K. This can be

explained by the spectral dependence of the reflectivity of our

output mirror, which decreased from 70% at 4.l m down to

59% at 4.5 m.

The output spectrum of the Fe :ZnSe laser at K was

continuously tuned between 3.77 and 4.40 m in a dispersive

resonator with a 70 CaF prism [28].

Our preliminary study with cryostat cooling demonstrated

that the slope efficiency of the laser exceeded 30% at crystal

temperatures below 220 K. Because the temperature 220 K can

be easily achieved using a two-stage thermoelectric cooler, we

studied the Fe :ZnSe laser with a thermoelectric cooler.

The dependence of the output energy of the laser obtained by

cooling the crystal with the two-stage thermal module is shown

in Fig. 9 curve (iii). For an absorbed pump power 370 mJ, the

maximum output energy was 91 mJ (the incident pump energy

was 718 mJ). The slope efficiency of the laser with respect to

the absorbed energy was 30%. To increase the output energy,

we mounted two additional aluminum mirrors, which returned

the unused transmitted pump radiation back to the laser crystal

so that it intersected the optical axis of the resonator at an angle

of 4 at the crystal center. The more efficient use of the pump

radiation resulted in an increase in the output energy of this

laser system design utilizing thermoelectric cooling to 142 mJ

for incident pump energy of 746 mJ. The slope efficiency of

this thermoelectrically cooled laser with respect to the incident

pump energy was 21%. Therefore, with further optimization of

the laser resonator (selection of the optimal reflectivity of the

output mirror, elimination of intracavity losses at chamber win-

dows, better matching of the pump and lasing modes) will pro-

vide even higher output energy and better slope efficiency for

the Fe :ZnSe laser.
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B. RT Microchip Lasing

Efficient continuous wave and pulse microchip oscillation in

Cr:ZnSe and Cr:ZnS crystal were previously demonstrated in

[30], [31]. To realize this regime of oscillation highly doped

samples are required. Therefore, in these experiments we used

polycrystalline iron doped samples prepared by the thermal dif-

fusion technique. The thickness of crystal plate was 2 mm.

The Fe ion concentration was 10 cm . As a pump

source for laser experiments we used the second Stokes output

of the Nd :YAG laser in a D cell. The pump radiation at 2.92

m with a beam diameter of 1.5 mm excited the Fe :ZnSe

crystal at the Brewster angle of incidence. The crystal tempera-

ture remained 300 K during all laser measurements. One of the

advantages of the described pump system is short pulse duration

(less than 5 ns). This is important for RT studies of Fe:ZnSe.

In our experiments stimulated emission was observed at RT

without any coatings on crystal surfaces when oscillation feed-

back was due only to Fresnel reflection from the crystal sur-

faces 17 . As one can see from the Fe:ZnSe emission

spectra depicted in Fig. 10, an increase of pump energy density

above the threshold level of 170 mJ/cm results in Fe stimu-

lated emission at 4.4 m accompanied by a sharp line narrowing

from 1.1 down to 0.2 m. In spite of the poor feedback due to

Fresnel reflection, the required gain may be achieved. Indeed

at cm and a Fe concentration of

cm the gain may be as high as 12–27 cm

while the cavity loss is cm . In subse-

quent experiments we set the laser crystal on the surface of gold

mirror. The cavity in this case was formed by a gold mirror

and Fresnel reflection from the output facet of the Fe :ZnSe

crystal. Fig. 11 shows the Fe :ZnSe laser output as a function

of pump energy density. A linear approximation of the exper-

imental data estimates the threshold value of the pump energy

density to be 50 mJ/cm . In this experiment the laser spectral

line was centered at 4.35 m with a linewidth of 0.15 m. The

maximum output energy was estimated to be 1 J. Obtaining

high output energy at RT was not the goal of this initial experi-

ment. The lasing efficiency was small due to the following rea-

sons. First, the low optical density of the crystal resulted in a

poor efficiency of pump absorption. Second, the use of an output

coupler formed by Fresnel reflection from the crystal facet was

not optimal. Indeed at threshold, gain on the order of 10 cm

and the lateral size of excited area being larger than 1 mm, the

amplified spontaneous emission is too high to achieve effective

lasing along the plate normal. Later experiments will optimize

crystal geometry, doping densities, and the output coupler re-

flectivity to increase the output energy.

C. Passive -Switching of the Er:YAG Laser at 2.94- m

Wavelength for Pumping a Mid-IR Fe:ZnSe RT Laser System

Passive -switching of mid-IR lasers has attracted much

attention in recent years. -switching of a 1.54- m Er:glass

laser was demonstrated using Cr :ZnSe and Co :ZnSe

crystals [32]. A Cr Cd Mn Te crystal was used for

the -switching of a 2.09- m Ho:Tm:Cr:YAG laser [33].

However, effective passive solid-state -switches for the 3- m

spectral range are not currently available [34]. A 2.94- m

Fig. 10. Emission spectra of Fe:ZnSe crystal versus pump density at RT under
pump energy density (i) 40 mJ/cm ; (ii) 110 mJ/cm ; (iii) 170 mJ/cm .

Fig. 11. Output of RT microchip oscillation of Fe:ZnSe crystal at RT.

Er:YAG laser was -switched using a rotating mirror as re-

ported in [35], electro-optic -switch in [36], and a passive

water and ethanol -switch in [37]. In this paper (see also

[38]), passive -switching of an Er:YAG laser is demonstrated

using a Fe :ZnSe single crystal as the saturable absorber.

As one can see from Fig. 8 the absorption cross section of

Fe ion in the ZnSe crystal at m is cm ,

which is approximately 35 times higher than the cross section

for the laser transition in the Er ion in yttrium-aluminum

garnet.

A flashlamp-pumped Er:YAG laser was used for studying

the Fe :ZnSe as a passive -switch. The flashlamp pump-

pulse had a pulse duration of 100 s [full-width at half-max-

imum (FWHM)]. The laser cavity (23 cm long) had a 1-m ra-

dius high reflector and a flat 82% reflectivity output coupler.

The 4-mm-diameter 105-mm-long Er:YAG laser rod (Er

concentration 50%) was pumped by 90 mm arc-length xenon

flashlamp. The laser emitted the fundamental transverse mode,

which was achieved by placing a 2.4-mm aperture between the

high reflector and laser rod. The passive -switch in the form of

1.5-mm-thick plane-parallel plate Fe:ZnSe sample with initial

transmission 85% was placed at the Brewster angle between the
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Fig. 12. (iv) Input–output characteristics of the free-running Er:YAG laser and
passively (Fe :ZnSe) Q-switched Er:YAG laser. (i): 1 pulse; (ii): 2 pulses;
and (iii): 3 pulses.

high reflector and the aperture. The input-output characteristics

of Er:YAG laser operating in -switched and in free-running

regimes are presented in Fig. 12. The threshold pump energy for

the -switched Er:YAG laser was 19 J. Under the pump energy

19–21 J the laser produced single 6.5-mJ, 50-ns (FWHM)

giant pulses. Under 21–24 J the laser produced two sim-

ilar giant pulses with a total energy 13–14 mJ, which followed

each other after 30 s. Under higher pump energies the laser

produced three giant pulses separated by intervals of 25 s

with the total output energy of 22–23 mJ. The output laser en-

ergy in free-running mode (without the passive -switch) was

30 mJ for a pump energy of J. It means that the con-

version efficiency (the ratio of energy of single giant pulse to

the respective free-running energy) exceeded 20%.

The broad absorption band of Fe :ZnSe crystal (2.5–4.2

m) makes it a promising material for passive -switching of

mid-IR laser cavities.

D. Tunable RT Oscillation

Efficient RT Fe :ZnSe laser oscillation was achieved using

a 2.94- m passively -switched Er:YAG laser as a pump

source (see Section VI-C). With a more transparent output

coupler (50%) this laser was able to produce 10-mJ output

pulses of 60-ns pulse duration (FWHM).

The nonselective 17-cm-long Fe :ZnSe laser cavity had a

0.5-m radius high reflector ( 100%) and a flat, 90.5% reflec-

tivity m output coupler. The Fe :ZnSe single

crystal was placed at the Brewster angle close to the output cou-

pler. The pump radiation was incident on the crystal at an angle

2 to the resonator axis and the beam size in front of the

crystal was about 1.4 mm in diameter. The pump energy was

varied by using a set of calibrated optical filters.

Fig. 13 shows the RT Fe :ZnSe laser output as a function

of absorbed pump energy. Maximum output energy and slope

efficiency were 0.37 mJ and 13%, respectively. The threshold

absorbed pump energy was 1.4 mJ. The 0.1 m width-output

spectrum was centered at a wavelength of 4.4 m.

Under the high pump energy, the leading edge of the laser

pulse was delayed with respect to the maximum of pump pulse

Fig. 13. Input–output characteristics of the gain switched Fe :ZnSe laser at
RT.

Fig. 14. Tuning curve of RT Fe :ZnSe laser with intracavity prism obtained
at absorbed pump energy of 4.5 mJ.

by 20–30 ns, and the laser pulse duration did not exceed 40 ns.

The laser pulse duration and delay increased with the decrease

of pump energy and were 60 and 200 ns, respectively, just above

the threshold.

The output spectrum of the RT Fe :ZnSe laser was contin-

uously tuned using an intracaviy dispersive element (70 CaF

prism) placed in front of the high reflector. The tuning curve

(Fig. 14) spans the spectral range 3.95–5.05 m and on the

short-wavelength edge is probably limited by the output coupler

reflectivity, which sharply decreased for wavelengths shorter

then 4.2 m. The output spectrum width was 0.05 m in this

dispersive resonator.

As it was mentioned above short pump pulses are required

for RT operation of a Fe :ZnSe laser because of high rate of

thermally induced nonradiative decay of the upper laser level.

VII. CONCLUSION

In conclusion, the absorption and luminescence properties of

Fe:ZnSe and Fe:Cr:ZnSe crystals in the mid-IR spectral range

were studied at room and low temperatures. The RT emission

cross section of T transition of iron ions was estimated

from spectroscopic measurements. Mid-IR emission of Fe in
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ZnSe was studied under three different regimes of excitation:

ordinary optical (2.92 m) excitation of T first excited state

of Fe ; excitation via E level of Cr co-dopant (1.56 m); and

excitation via photo-ionization transition of Fe (0.532 m).

For the energy transfer from Cr ( E level) to Fe ( T

level) under 1.56- m wavelength excitation was observed and

resulted in simultaneous RT emission of Fe:Cr:ZnSe crystal

over ultra-broadband spectral range of 2–5 m. We also re-

port the first observation of mid-IR emission at 3.5–5 m

induced by ionization transitions of iron ions

in Fe :ZnSe. This result is essential for optical pumping of

Fe :ZnSe by easily available and efficient visible lasers, and,

most importantly, opens a pathway for Fe :ZnSe broadband

mid-IR lasing under direct injection of free electrons and holes.

We have studied the free-running Fe :ZnSe laser in the

85–255 K temperature range. The slope efficiency of the laser

with respect to absorbed energy decreased with temperature

from 43% (at 85 K) to 9% (at 255 K), and its emission spectrum

shifted from 4.0 to 4.17 m. In a dispersive resonator the output

spectrum of the Fe :ZnSe laser at 85 K was continuously

tuned between 3.77 and 4.40 m. We have observed the oscil-

lation of the Fe :ZnSe laser by cooling the laser crystal with

a thermoelectric element. In this case, the slope efficiency of

the laser with respect to absorbed energy was 30% and with

respect to the incident pump energy can exceed 20%.

The microchip lasing of Fe:ZnSe crystal at 4.4 m was

demonstrated at RT in a nonselective cavity under 2.92 m

excitation with a pulse duration of 5 ns. Efficient external

cavity RT Fe :ZnSe laser oscillation was demonstrated with

the quantum efficiency of 20%. The output spectrum of the RT

Fe :ZnSe laser was continuously tuned in the spectral range

3.95–5.05 m. Thus, the total range of the Fe :ZnSe laser

tuning spans from 3.77 to 5.05 m.
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