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Abstract We employed various low-cost dispersion com-
pensation methods to generate femtosecond pulses from a
Kerr-lens mode-locked (KLM) Cr:ZnSe laser operating near
2400 nm. Prism pairs made of CaF, and MgF; and slabs
of BK7 and YAG were tested. Pulses as short as 92 fs
were obtained when a CaF; prism pair was used in the res-
onator with a 1% output coupler. With a 6% output cou-
pler and CaF, prism pair, pulse energies as high as 1.8 nJ
were obtained. The KLM operating point was further an-
alyzed for different dispersion compensation scenarios by
using the soliton area theorem to determine the nonlinear
refractive index (n;) of Cr:ZnSe. Results gave an n; value
of (1.2 40.2) x 10~!® m*/W in agreement with previous
reports.

1 Introduction

Since its first demonstration in 1996 [1], Cr:ZnSe has
emerged as a versatile solid-state source of tunable coher-
ent radiation in the mid-infrared (mid-IR), covering the
wavelength range 1880-3349 nm [2, 3]. Since the room-
temperature luminescence quantum efficiency at low doping
levels is close to unity, efficient continuous-wave (cw) oper-
ation can be readily obtained. Furthermore, the vibrionically
broadened emission band can be utilized to produce mode-
locked pulses with picosecond [4] or femtosecond duration
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[5-7]. Mode-locked femtosecond Cr:ZnSe lasers have been
used in mid-IR dual comb spectroscopy [8] and pumping
of optical parametric oscillators operating at higher wave-
lengths [9]. In the direct measurement of the rovibrational
absorption bands of molecules, frequency combs based on
such mid-IR sources are more advantageous in compari-
son with their visible or near-infrared light counterparts
which can only detect the overtone signals of the funda-
mental transitions with far lower excitation and emission
efficiency [10]. Another potentially important application
of ultrashort-pulse Cr:ZnSe lasers is in high harmonic gen-
eration. Here, studies show that in comparison with near-
infrared sources, use of mid-IR sources has the potential of
increasing the cut-off energy of the generated X-ray photons
or attaining a particular cut-off energy with relatively lower
excitation intensities [11, 12].

In previous studies, two main methods have been em-
ployed to generate femtosecond pulses from Cr:ZnSe lasers:
semiconductor saturable absorber (SESAM) mode locking
[5, 13], and Kerr-lens mode locking (KLM) [7]. In SESAM
mode-locking experiments, pulses as short as 81 fs were
obtained by using an InAs/GaSb-type multiple quantum-
well saturable absorber. Here, dispersion compensation was
achieved with a sapphire plate or chirped mirrors [5, 13]. In
previous KLM experiments, either a YAG slab [6] or a MgF»
prism pair [7] were used to obtain pulses as short as 95 fs. Ir-
respective of the mode locking method used, careful disper-
sion management of the resonator is very crucial in order to
balance the nonlinearities stemming from the Kerr medium
and/or the saturable absorber. To manage the group delay
dispersion (GDD), various types of optical elements, includ-
ing prism pairs, dispersion compensating mirrors (DCM),
Gires—Tournois interferometer (GTI) mirrors, and slabs, can
be used. The ideal choice of the dispersion compensator de-
pends on several factors, including the amount of negative
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GDD that can be produced, the level of residual third-order
dispersion, and the insertion loss of the compensator. Com-
mercial DCMs and GTI mirrors are available for femtosec-
ond lasers in the visible and near-infrared light. However, at
present, such dispersion compensators are not readily com-
mercially available at mid-IR wavelengths. If slabs or prism
pairs are used as an alternative, the emission band of the
laser should coincide with the transparency window of the
materials that will be used as slabs or prisms. These consid-
erations show that it is important to develop cost-effective
dispersion management methods for lasers that operate in
the mid-IR range.

In this work, we evaluated the performance of a fem-
tosecond Kerr-lens mode-locked (KLM) Cr:ZnSe laser op-
erated near 2400 nm with various low-cost dispersion com-
pensation methods. Prism pairs made of CaF, and MgF,,
and slabs of BK7 and YAG were investigated. Pulses as short
as 92 fs were obtained when a CaF, prism pair was used in
the resonator for dispersion compensation. With a 6% out-
put coupler and CaF; prism pair, pulse energies as high as
1.81 nJ were obtained. The KLM operating point was fur-
ther analyzed for different combinations of dispersion, out-
put coupling, and pulse energy to determine the nonlinear
refractive index (n7) of Cr:ZnSe. Results gave an n; value
of (1.240.2) x 10~'® m?/W in agreement with previous
reports. Although MgF, prism pairs and YAG slabs were
used in previous mode-locking studies [6, 7], we also in-
cluded our results taken with these compensation schemes
for the sake of completeness and also to collect sufficient
data for the determination of the nonlinear refractive index
of the Cr:ZnSe medium.

2 Experimental

As can be seen from the schematic of the experimental setup
shown in Fig. 1, the Cr:ZnSe laser was configured as a stan-
dard, astigmatically compensated x-resonator with two
curved high reflectors (M1 and M2, R = 10 cm) around the
2.4-mm-long, single-crystal Cr:ZnSe gain medium, a flat-
end high reflector (HR) and a flat-output coupler (OC). Two
different output couplers with 1 and 6% transmission at
2400 nm were used in the experiments. The high reflec-
tor and the output coupler arm lengths were 65 and 84 cm,
respectively, giving an estimated beam waist of 34.9 um
near the center of the cavity stability range. The total small-
signal absorption of the Cr:ZnSe gain medium at 1800 nm
was 94%. To remove the unused pump power, the crystal
was surrounded with indium foil and held inside a copper
holder whose temperature was maintained at 21°C by wa-
ter cooling. The Cr:ZnSe laser was longitudinally pumped
with a continuous-wave (cw) Tm-fiber pump laser operating
at 1800 nm. The pump beam was focused inside the gain
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Fig. 1 Experimental setup of the Kerr-lens mode-locked Cr:ZnSe
laser containing a slab (S) or a prism pair (P1 and P2) for dispersion
compensation
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Fig. 2 Continuous-wave power efficiency curves of the Cr:ZnSe laser
containing 6-mm BK7, 6-mm YAG, and 9-mm YAG slabs. The trans-
mission of the output coupler is 1%

medium with a converging lens of focal length 10 cm (L in
Fig. 1). During KLLM operation, either a prism pair (P1 and
P2) or a slab (S) was used for dispersion compensation. In
the initial phase of the experiments, the cw power perfor-
mance of the resonator was evaluated in the absence of dis-
persion compensation elements. As can be seen from Fig. 2,
output power as high as 158 mW was obtained with the 1%
output coupler when the input pump power was 2.58 W.
The corresponding slope efficiency (1) was measured to be
6.7%. In the case of the 6% output coupler, the slope effi-
ciency was 14.5% and a maximum of 370 mW was obtained
with 2.82 W of pump power (see Fig. 3). In the experiments,
soft-aperture Kerr-lens mode locking was employed to ini-
tiate the pulse train by optimizing the focusing inside the
gain medium and by translating the output coupler. During
mode-locked operation, dispersion compensation elements
(prism pair or slab) were placed at Brewster incidence in the
high reflector arm of the laser. Figures 2, 3, and 4 also show
the power performance of the laser with these elements. The
cavity was further purged with N, gas to maintain a relative
humidity level around 30% and to minimize instabilities due
to water absorption. The spectral and temporal characteris-
tics of the mode-locked pulses were measured with a mid-IR
scanning spectrometer and an intensity autocorrelator. Two-
photon absorption in a Ge detector was utilized to measure
the intensity autocorrelation of the pulses.
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Fig. 3 Continuous-wave power efficiency curves of the Cr:ZnSe laser
with a CaF, prism pair and a 6% output coupler
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Fig. 4 Continuous-wave efficiency curves of the Cr:ZnSe laser with
MgF; and CaF; prism pairs. The transmission of the output coupler
is 1%

3 Results and Analysis

The power performance of the mode-locked Cr:ZnSe laser
was first evaluated with different intracavity dispersion com-
pensation slabs (S in Fig. 1), and prism pairs (P1 and
P2 in Fig. 1). Table 1 lists the estimated insertion loss
of the compensation element, net group delay dispersion
(GDD) of the resonator containing the compensation ele-
ment, mode-locked pulse-width, repetition rate, and time-
bandwidth product for each configuration. The loss intro-
duced by each dispersion compensation element was es-
timated in two steps. First, the round-trip loss L¢ of the
resonator was estimated by comparing the slope efficien-
cies obtained with two different output couplers in the free-
running regime and by using the equation

Th+L
m =< (1)

Th+Lc

Here, T and 7> stand for the power transmission of the two
different output couplers and 1 is the ratio of the slope ef-
ficiencies measured with these two output couplers. In our

case, T1 = 1% and T» = 6%. By using the measured slope
efficiencies and (1), L¢ was determined to be 1.79%. In the
next step, we compared the slope efficiency of the original
free-running laser (operated with the output coupler hav-
ing transmission of 77) with that of the resonator contain-
ing the same output coupler and also the dispersion com-
pensation element. The round-trip loss of the compensator
was assumed to be Lpc. From the ratio 1, of the measured
slope efficiencies, Lpc was estimated by using the equa-
tion
T

m=—1re @)

1
Ti+Lc+Lpc

As can be seen from Table 1, the worst cw and mode-locked
performance was obtained when the 6-mm-long BK-7 slab
was used for dispersion compensation. In this case, the esti-
mated loss introduced by the slab was 16.3% and, as can be
seen from Fig. 2, only 32 mW of cw output power could be
obtained with 2 W of pump power (a corresponding slope
efficiency = 1.72%). Excess loss limited the mode-locked
pulse energy to 0.22 nJ and the shortest obtained pulse-width
was 385 fs.

The cw performance of the laser was dramatically im-
proved by using YAG slabs which have low absorption loss
in the operating wavelength range of the Cr:ZnSe laser. For
example, the estimated insertion loss of the 6- and 9-mm
YAG slabs was 1.4 and 1.9%, respectively. In the case of
the 6-mm-long YAG substrate, the net GDD of the cavity
(—1092 fs?) was not sufficient to balance the Kerr nonlin-
earities and double pulsing was routinely observed in the
autocorrelation trace. Addition of an extra 3-mm-long YAG
plate nearly doubled the net GDD to —2164 fs2. In this case,
double pulsing disappeared and 41 mW of average output
power was obtained, corresponding to 0.45 nJ of pulse en-
ergy. For the mode-locked resonator containing 9-mm-long
YAG slab, the measured spectrum and autocorrelation of the
pulses are shown in Fig. 5(a) and (b), respectively. By as-
suming a sech? pulse profile, the pulse-width (FWHM) was
determined to be 121 fs. The spectral bandwidth was 61 nm,
giving a time-bandwidth product of 0.374.

Although a single-crystal YAG slab can be used with
very low insertion loss to compensate for dispersion around
2400 nm, the fixed length of the substrate prevents contin-
uous adjustment of the total GDD. This can be obviated
by using prism pairs where GDD can be varied by chang-
ing the prism separation and/or prism material insertion. In
our experiments, we tested the performance of two types of
prism pairs (MgF, and CaF;) which have high transmission
around 2400 nm. In each case, the prisms were inserted at
Brewster incidence on the high reflector arm of the cavity.
They were further mounted on translation stages to control
the material insertion. Figure 4 shows the cw power perfor-
mance of each prism pair taken with the 1% transmitting
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Table 1 Output coupler transmission (7'), slope efficiency (7s), es-
timated insertion loss (Lpc), pulse-width (z,), spectral width (AA),
central wavelength (1), time-bandwidth product (z, - Av), calculated
group delay dispersion (GDD), third-order dispersion (TOD), aver-

age output power ( Pyy), repetition rate ( frep), and output pulse energy
(Wout) of the KLM Cr:ZnSe laser operated with different dispersion
compensation schemes. GDD and TOD values were estimated by us-
ing the Sellmeier data [15] and dispersion equations [16]

Dispersion T s Lpc o AA Ap Tp-Av GDD TOD Pav Jrep Wout
element (%) (%) (%) (fs) (nm) (nm) (fs?) (fs?) (mW) (MHz) (n])
6-mm YAG 1 54 0.7 116 69 2450 0.404 —1092 14149 31 190 0.16
9-mm YAG 1 5.0 1.0 121 61 2427 0.374 —2164 20068 41 91 0.45
6-mm BK7 1 1.7 8.3 385 27 2361 0.556 —1758 16738 22 91 0.22
MgF; pair 1 3.7 2.3 95 69 2421 0.335 —1606 18029 40 100 0.40
CaF; pair 1 5.0 1.0 92 76 2459 0.348 —1767 20550 31 95 0.33
CaF; pair 6 11.2 2.3 121 63 2451 0.379 —1773 20343 165 95 1.81
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Fig. 5 (a) Measured spectrum and (b) autocorrelation of the pulses generated from the KLM Cr:ZnSe laser containing a 1% output coupler and a

9-mm YAG slab
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Fig. 6 (a) Measured spectrum and (b) autocorrelation of the pulses generated from the KLM Cr:ZnSe laser containing a 1% output coupler and a

CaF, prism pair

output coupler. As can be seen from Table 1, the insertion
loss of the CaF; prism pair (2.0%) was lower than that of
the MgF; prism pair (4.6%) due to the better surface qual-
ity of the former. In particular, the resonator containing the
CaF), prism pair and the 1% output coupler produced 73 mW
of output power with 1.97 W of pump power, which was 6

@ Springer

mW higher than that obtained with the MgF; prism pair. For
both cases, the net GDD of the cavity was in the range of
—(1600-1800) fs?, resulting in the generation of sub-100-fs
pulses. With the CaF; prism pair, slightly shorter pulses with
duration of 92 fs were generated. The pulse energy and time-
bandwidth product were 0.33 nJ and 0.348, respectively. For
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Fig. 7 (a) Measured spectrum and (b) autocorrelation of the pulses generated from the KLM Cr:ZnSe laser containing a 6% output coupler and a

CaF, prism pair

the mode-locked resonator containing the CaF, prism pair,
the measured spectrum and autocorrelation of the pulses are
shown in Fig. 6(a) and (b).

Finally, in order to extract higher pulse energies from
the laser, the 1% output coupler was replaced with a 6%
output coupler while keeping the CaF, prism pair in the
high reflector arm of the laser. As can be seen from Ta-
ble 1, this gave as high as 165 mW of average output power
during mode-locked operation, corresponding to 1.81 nJ of
pulse energy at the pulse repetition frequency of 95 MHz.
As can be seen from the autocorrelation and spectrum mea-
surements displayed in Fig. 7(a) and (b), the temporal and
spectral widths of the pulses were 121 fs and 63 nm, giving
a time-bandwidth product of 0.379. In this case, no double
pulsing was observed with a fast detector that monitored the
pulse train in the nanosecond timescale or with the autocor-
relator.

The KLM operating point of each configuration can be
analyzed by using the soliton area theorem that relates the
output pulse-width to the pulse energy, GDD, and nonlin-
ear refractive index [14]. In particular, we can determine the
nonlinear refractive index n, from the experimentally mea-
sured parameters of the mode-locked laser by using the well-
known equation

4|D| 3
=W (€)
Here, 7 is the pulse-width divided by 1.76, W is the intra-
cavity pulse energy, D is the net GDD of the cavity, and § is
the nonlinear coefficient given by

2w 2LC
§=— . 4
P A 4)

In (4), A is the center wavelength of the spectrum, L¢ is
the single-pass length of the gain medium, and At is the
effective area of the laser beam inside the gain medium given
by

Aeff = n()ﬂa)rzms/z. 5

Table 2 The nonlinear refractive index (n,) values determined by us-
ing the soliton area theorem for the different mode-locking configura-
tions tested in the experiments

Dispersion OC (%) na (M2/W)
element

6-mm YAG 1 1.49 x 10718
9-mm YAG 1 1.01 x 10718
6-mm BK7 1 5.12x 1071
MgF, pair 1 1.07 x 10718
CaF); pair 1 1.52 x 10718
CaF; pair 6 1.55 x 10718
Average 1.2x10°18

In (5), ng is the linear refractive index and wmg is the root-
mean-squared spot-size of the laser beam. In the calcula-
tion of wrms, we employed the standard ABCD analysis to
first determine the beam waist (wp) inside the gain medium.
Here, it was assumed that the cavity configuration remains
near the center of the stability region during KLM operation
and wys was calculated by using the equation

1 [Le —z5\?
Wrms :\/—/ 0)5(1 + (Z Zf) )dZ. (6)
Lc Jo 20

In (6), z is the location of the laser beam waist within the
crystal and zg is the Rayleigh range (z9 = nonw(z)/k). The
parameters wo and wpms were determined to be 34.9 and
35.5 um, respectively. By using this procedure, the nonlinear
refractive index n, was determined for each of the six KLM
configurations tested in the experiments and the results are
tabulated in Table 2. The nonlinear refractive index n, came
to (1.240.2) x 10~!8 m?/W which is close to the previously
reported value of 1.7 x 10~18 m?/W [13].
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4 Conclusions

We have utilized four different cost-effective and practical
dispersion compensation methods for Cr:ZnSe lasers oper-
ated in the Kerr-lens mode-locked regime. Our results show
that, in the case of BK7, although material dispersion has the
correct sign to compensate for Kerr nonlinearities, the ex-
cessive material absorption leads to poor power and mode-
locked performance. The highest pulse energy was obtained
with a 6% output coupler and a CaF, prism pair, where as
high as 1.81 nJ was obtained with 2 W of pump power.
When a 1% output coupler was used with the CaF, prism
pair, higher intracavity energy led to the generation of the
shortest pulses (duration of 92 fs FWHM) in the experi-
ments. Overall, YAG slabs could be used with lower inser-
tion loss in comparison with prism pairs. On the other hand,
the prism pair allowed for continuous adjustment of the cav-
ity dispersion. Finally, by using the soliton area theorem,
we estimated the nonlinear refractive index (n,) of ZnSe as
(1.2£0.2) x 10~® m2/W, which comes close to the previ-
ously reported value of 1.7 x 10718 m?/W.
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