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Abstract. The operation of a continuous-wave mode-lockedegime, pumped by th&.55um o-polarized wave of ds
silver gallium selenideAgGaSe) optical parametric oscilla- cesium-titanyl-arsenate (CTA)-OPO.

tor (OPO) is reported. The OPO was synchronously excited

by 120fs-long pulses ofl.55um radiation at a repetition rate

of 82 MHz. The 1.55-um radiation is generated by a non- 1 Experiment

critically phasematched cesium-titanyl-arsenate (CTA)-OPO

pumped by a mode-locked Ti:sapphire laser. Agg&saSe- A schematic layout of the cascaded OPO-system is shown in
OPO generates signal and idler radiation in the range frorkig. 1. A titanium sapphire laser (Spectra Physics Tsunami)
1.93umto 2.49um and from4.1 umto 7.9 um, respectively. generatesl00fs-long pulses around@80 nmwith a repeti-

Up to 67 mWof signal wave output power has been obtainedtion rate of82 MHz and an average power af7 W. This

The experimentally determined pulse duration and chirp paradiation is used to synchronously pump the CTA-OPO [13].
rameters are in reasonable agreement with results from a nu-

merical model taking into account group velocity mismatch,

group velocity dispersion, self phase modulation, and chirf —
enhancement. Ar -laser

PACS: 42.65Re; 42.65Yj; 42.72Ai

Titanium:sapphire laser

There is great interest in the generation of ultrashort pulses i
the mid-infrared spectral regiod (um to 12um) to investi- N ano o 1 1
gate fast transient phenomena, for example in semiconducti CTA-OPO (CTA:©=90°®=0°,1=6 mm)
materials or molecules. Nonlinear frequency conversion o
infrared laser light in birefringent crystals is well suited for| — _— 1 A
the generation of radiation at these wavelengths. Besides d Puanp Vﬂ V
ference frequency generation optical parametric oscillatio B
generates intense radiation in the near-infrared region up { o
5um using crystals such as KTP (and its isomorphs) or (pe !
riodically poled)LiNbO3. To cover the spectral region of the 1.55 pm, 470 mW, 120 fs
mid-infrared several crystals such AgGa$S, AgGaSe, or
ZnGeR can be used [1]. Due to the broad transmission rang AgGaSeZ - OPO
and the large birefringence of these materials it is possible t
generate radiation betwedr8 um and12um. This has been (AgGaSe ,;©="70° 1=2 mm)
demonstrated with difference frequency generation [2—4]
pulsed ns OPOs [5-10], and mode-locked ps OPOs [11, 12 _ Pump F g 1A
As these crystals have a band edge ardai@@inmand strong Idler
two-photon absorption, it is necessary, however, to choose
pump wavelength well abovie4 pum. »
In this paper, we report what we believe to be the ﬁrStSignal/‘?
demonstration ofs continuous-wave (cw) mode-locked op- ocC
eration of anAgGaSe-OPO in the mid-infrared spectral Fig. 1. Experimental setup
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The CTA crystal was mm long and cut for type-Il phase- Wavelength CTA-OPO [nm]
matching(e — e+ o) with 8 = 90° and¢ = 0°. The OPO is

. . 1400 1450 1500 1550 1600 1650 1700 1750 1800
operated near the point of degeneracy [14]. It is thus of ad 10000

vantage to distinguish between the o- and e-polarized wax 9000 |- .
instead between the signal and idler wave. As the group ve 8000 [ ]
ocity mismatch (GVM) between the e-polarized wave and the 2000 | AgGaSe, phase- ]
pump wave is in the order df50 fsymm, the generated e- 6000 | matchiné angle ©

polarized pulses are increased in pulse length to more the
350fs The GVM between the o-polarized wave and pumpg [
wave, on the other hand, is smaller tHizifs/mm so that the 4000
duration of the generated o-polarized pulses is only slighth 3000
longer (by abou2(%) than the pump pulses. 2000 |
In order to obtain a maximum output power in the o-
polarized wave (which provides the shortest pulses) it is de
sirable to operate the OPO with a resonator singly resonau
for the e-polarized wave. However, as the OPO is operateglg. 2. Phasematching curve of theggGaSe-OPO pumped by a CTA-OPO
near degeneracy both wavelengths are within the reflectivityalculated with the Sellmeier equations
range of the resonator mirrors. Because of the difference in
group velocities the round-trip time in the resonator can be
synchronized with the pump pulses for either wave by sim 10000 ———T—— T 71—
ply adjusting the cavity length. The o-polarized wave which 9000 F
is extracted from the cavity by a polarizing beam splitter was
tunable in the range df.5um and1.65pm, limited only by & 8000
the spectral properties of the used polarizing beam splitte £, 7000
An interferometric autocorrelation of the o-polarized wave £ gy |
indicated chirp-free pulses with a durationl0 fs The gen-
erated average output power w&s0 mW at 1.55um. This
radiation was used to pump thgGaSe-OPO. 4000
The 1.55um radiation was focused by a lend & I
200 mnj into theAgGaSe crystal through one of the curved 3000 ¢
resonator mirrors (see Fig. 1). TAgGaSe crystal (4x 4 x 2000

5000 | .

Wavelength OPO [nm]

730 750 770 790 810 830 850
Wavelength Ti:sapphire-laser [nm]

Wavelength [nm]

5000 [

Waveleng

2mn?) was cut for type-l phasematching {e 0+ 0) with 56 60 64 68 72 76 80 4

6 = 70°. Because of the small walk-off angle @#° between Ph hi e [°

signal and the pump wave, collinear pumping was appliec asematching angle [°]

The signal resonant cavity of thgGaSe-OPO consisted of Fig. 3. Wavelength of the signal and idler radiation of thgGaSe-OPO
two spherical mirrors with a radius of curvature/@mmand  pumped byl.55-um CTA-OPO radiation. Theolid curveis calculated with
two plane mirrors which defined a beam waigt= 25um at the Sellmeier equations. Thiashed curveare the limits of the correspond-

h fth | ing spectral acceptance bandwidths. Tihgert shows in more detail the
the center o ,t e crystal. signal wave at large phasematching angles
For practical reasons the wavelength of the CTA-OPO was

first tuned to1.58um. This radiation was used to align the
resonator of thgGaSe-OPO, as at this wavelength the re- and betweem.4um and 5.9 um for the idler wave. With
sidual reflectivity of the resonator mirrors was sufficient fora fixed CTA wavelength of.55um a variation of the phase-
this purpose. After alignment of the mirrors the adjustmenmatching angle betwee®> and8C° tunes the OPO wave-
of the resonator length to the repetition rate of the pumpength in the range 02 um and2.5 um for the signal wave
source started the oscillation of tAgGaSe-OPO. The OPO and4 umand7 um for the idler wave. It is of course possible
output was detected with a lead sulphide detector. A germde use a combination of these two techniques to choose al-
nium filter in front of the detector blocked the residual pumpmost any desirable combination of two wavelengths from the
radiation. CTA-OPO andAgGaSe-OPO.
In our experiment the wavelength from the CTA-OPO was

fixed at1.55um and the wavelength tuning of tggGaSe-
2 Wavelength tuning OPO was accomplished by rotating the crystal. In Fig. 3 the

measured crystal angle and the wavelengths of the signal and
Tuning of theAgGaSe-OPO can be accomplished either by idler waves are plotted together with the values calculated
using a fixed pump wavelength from the CTA-OPO and rofrom the known Sellmeier equations [15]. The limits of the
tating the AgGaSe crystal, or by keeping a fixed crystal spectral acceptance bandwidth for both waves are indicated
angle and changing the pump wavelength by changing the twith dashed lines. The signal wave was tuned frb@8m
tanium:sapphire wavelength. This is illustrated in Fig. 2. Theo 2.49um and the corresponding idler wave fratrl um to
solid lines are the phasematching curves calculated with the9 um with two mirror sets. The insert shows in more detalil
Sellmeier equations from Komine et al. [15]. If, for example,the measured wavelengths of the signal wave together with
the wavelength of the CTA-OPO is changed betwkdAum  the calculated data at large phasematching angles. For these
and1.6 pum a AgGaSe phasematching angle @ provides angles the wavelength of the signal wave remains almost con-
wavelengths betweebum and 2.5 um for the signal wave stant and differs significantly from the calculated values. This
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difference can be explained by water vapor absorption in th 35—/ — , ,
air which results in additional losses for the signal wave a - Mirror ! . i , 1
longer wavelengths. Because of the large spectral acceptar 30 Fgetl — 1~ Mirror set | i Mirror set i _
bandwidth the signal wave is shifted to shorter wavelength | - ' HO 1
where the OPO operates with smaller losses. Furthermor £ 25 H,0 - o i : ]
higher losses due to the increasing transmission of the ust = 5, i . : / ]
resonator mirrors, and the astigmatism due to the large exte g I . o e ]
nal angle of the crystal, limited the tuning range. g 15 s ! " 100 N
i [

= [ " : :

g_ 10 - i « ® 7
3 Threshold 5 [ " 5 e,

O 5« i ] * o 7
Together with the measurement of the generated signal ar Ly ) AN B e |

idler wavelengths the pump power at threshold was mea: 0 2000 2200 2400 4000 6000 8000

ured in dependence of the phasematching angle. The me Wavel th

ured values are plotted in Fig. 4 as a function of the signe avelength [nm]

wavelength. The experimentally determined pump powers &ig. 5. Wavelength dependence of the output power of signal and idler wave

threshold are compared with those calculated using the theonythe AgGaSe-OPO

of McCarthy and Hanna [16] which are plotted as a solid line.

The losses are assumed t0385% and consist 02.0% out-

put coupler loss an8.95% additional losses resulting from sets were used to cover the range frdf®5um to 2.55um

losses at the crystal surfaces and the resonator mirrors. Tleé the resonant signal wave. The maximum average signal

calculated threshold increases fr@500 nmto 1900 nmdue  output power 026 mW was measured &2 pm. The idler

to a28% decrease of the figure of merit (FOM) and an in-power exceeded2 mWat 5.25um. The idler wave is partly

creasing walk-off angle which results in18% reduction of absorbed byCO, at 4.25um and H,O vapor which has a

the interaction length inside the crystal. The differences bebroad absorption band that is centere6.a7 um but extends

tween the measured and the theoretically calculated threshdi@wm 5.0 um to 7.5 um. As the idler wave is nonresonant the

values (observed belo®.0um and above2.4pum) can be threshold is notinfluenced by this absorption. All these meas-

explained by water vapor absorption in the air and highetrements were performed witl2e0% output coupler in order

transmission losses of the resonator mirrors at the lower ari@ have low threshold power and small losses which allows

upper limit of the tuning range. for a large tuning range. To increase the power of the signal
wave, and to study the pump power at threshold and the slope

300 . . . . . efficiency, three different output couplers were used.

| u o] The average output power of the signal wave.86.um

= o250 " i as a function of the pump power for the three different out-
= L ] put couplers is shown in Fig. 6. The values of the pump power
£ s00l ® i given in Fig. 6 represent the pump power present inside the
by . . AgGasSe crystal. The pump power from the CTA-OPO is re-
g 150 duced by the losses at the turning mirrors, the focusing lens,
a ] the first curved mirror, and one surface of the crystal. Due to
% 100 these losses the output power of the CTA-OPO was reduced
< I to 403 mW. The thresholds determined from the measure-
§ 50 ments (shown in Fig. 6) are in good agreement with calcu-
£
= I

0 1 1 1 1 1 1 L 1 n 1

1900 2000 2100 2200 2300 2400 2500
Wavelength [nm]

60

Fig. 4. Threshold power of théA\gGaSe-OPO as a function of the signal

wavelength 40 _

4 Output powers 20

10

Signal power [mW]
8
T

In order to prevent damage of thihggGaSe-crystal during
the alignment of the OPO, the pump beam was mechanit
ally chopped with a duty cycle of 17. The pump beam was
also chopped during the measurements of the tuning rang
The chopper was removed for the measurements of the outp

power. F_igure 5 shows the average output power of th? SiGkig. 6. Output power of the signal wave as a function of the pump power
nal and idler wave as a function of wavelength. Two mirrorfor three different ouput couplers

’50v 100 150 200 250 300 350 400

o

Pump power [mW]
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lated values taking into account the transmission of the outpt
couplers and assuming additional internal losse8.@5%.
The idler wave experienced a power los28% as a result
of reflectivity losses at the crystal facets, the reflectivity of
the second curved mirror, and the losses atGaé, lens.
With a pump power inside the crystal 403 mWand an out-
put coupler with7.2% transmission an average output power
of 67 mWand35 mWwas measured for the signal and idler
wave, respectively. The external efficiency vla&9% with a
slope efficiency 0fl8.1%. The measured pump depletion of
4% indicates that61 mWof the pump power was converted
into signal and idler power. Using the Manley—Rowe relation,
this corresponds t@08 mW signal and53 mW idler power.
Taking into account the additional losse8#5% for the sig-
nal wave an@%% for the idler wave, these values are in good Delay [fs]
agreement with the measured total average power.

N WA OO N

—_

0 M R R
-800 -600 -400 -200 O 200 400 600 800

Fig. 7. Interferometric autocorrelation of the signal pulseg.4fum with an
intracavity peak power of5 kW (r =400 fs a = 1.45)

5 Pulse measurements

To understand the processes that influence the pulse form 8
tion in the AgGaSe-OPO, interferometric autocorrelations 7
for both waves were performed simultaneously to determin

pulse length and pulse chirp. The signal wave.dtum is :
frequency doubled in a §5x 1 mn? BBO crystal cut at 5[
6 = 20°. The second harmonic is detected with a germaniun 4 [
diode. Frequency doubling of the idler wave is obtained ir
a 5x 5x 2mn? AgGaSe crystal cut a¥ = 46° and the sec- i
ond harmonic is detected with a lead sulphide detector. o NMW

il

T
Il

To analyse the measured interferometric autocorrelatior | [ it Wt
and to determine the pulse length and chirp a Gaussian pul
shape was assumed: ok~ 1 . 1 TR E—
-800 -600 -400 -200 O 200 400 600 800
t2 at? D
- elay [fs
E(t)=Ep exp(—ﬁ> cos(a)t+ ﬁ) . y [fs]

Fig. 8. Interferometric autocorrelation of the signal pulse2.dtum with an

The parameteT is related to the full width at half maximum intracavity peak power 080 kW (r = 480 fs a =2.35)
of the pulse duration(trwum = 2v/21IN2x T ). The parame-
ter a describes the amount of a linear chirp. Using this pulse
shape the calculated autocorrelation functigir) [17] was  (a~ 1). The autocorrelation measurements for the idler wave
fitted to the measurements. are shown for an intracavity peak power X8 kW in Fig. 9

The output power and pulse parameters (duration andnd for the maximum intracavity peak power 89 kW in
chirp) critically depend on the resonator length of the OPOFig. 10. From these interferometric autocorrelation measure-
Therefore for the following measurements the resonator
length was always adjusted to obtain the maximum signal
output power. The pulse properties were first investigated &
a function of intracavity peak pulse power of the signal wave
The intracavity peak power of the signal wave was alterel
by changing the output coupler gfat changing the pump
power. With the7.2% output coupler and a reduced pump
power 0f350 mW(instead o470 mW) in front of the focus-
ing lens, the intracavity peak power of the resonant signe
wave waslb kW. With this intracavity pulse power, signal
pulses with400 fsduration and a chirp factor df45were ob- r r
tained a2.4 pm (see Fig. 7). If the transmission of the output = [ W
coupler is reduced t8.0% and the maximum available pump 1 P \ v
power 0f470 mWis used, then the intracavity peak powerin- [ = | ‘ l Lo
creases t80 kWwhich results in a pulse |ength 480 fswith -800 -600 -400 -200 0 200 400 600 800
a chirp factor oR2.35as shown in Fig. 8.

In contrast to the signal wave, the pulse length of the Delay [fs]
idler wave ¢ = 4.7 um) remains almost constant and is be-Fig. 9. interferometric autocorrelation of the idler pulsestatm with an
tween 490 fs and 460 fs Also the chirp remains constant intracavity peak power of5 kW (r =490 fs a = 1)

N W OO N ®
T

| U IO NI N S
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phasematching curve).|lps|,| pi| > 1, then the chirp of signal
and idler pulses can be stronger than the pump chirp. This is
the case foAgGaSe, whereps = 2.5 for the signal wave at
2.4pmand p; = —1.5 for the idler wave a#.7 um. This re-
sults in a residual chirp afps = 0.35 for the signal wave and

api = —0.2 for the idler wave. These values are independent
of the resonator internal peak power. These residual chirps are
marked in Fig. 11 by the horizontal dashed lines. In addition,
the chirp of the signal pulses increases with increasing intra-
cavity peak power of the signal wave caused by self phase
modulation. This increase of the chirp is calculated with [19]:

N WA OO N
T

Iy
MWWM i .”.MW

PR I NI ST AU ST N

1W
Ob— 1+ 1 [T 2

(n)
-800 -600 -400 -200 O 200 400 600 800 — N xgxlext®
a= aps+ > X
Ao x wig x IN(2)

1

Delay [fs]
Fig. 10. Interferometric autocorrelation of the idler pulsegt@tumwithan ~ Here q is the ”fEtime_ Of the PUlSES inside the resonator
intracavity peak power of 30 kWr(= 460 fs a = 1) measured in round-trip timek, is the crystal lengthy the

pulse lengthig the wavelengthwey the beam waist, ang

the intracavity peak power. To determine the nonlinear re-
fractive indexn™ of AgGaSe a Z-scan measurement [20]
was performed. From this measurement the nonlinear re-
fractive index of AgGaSe was determined to ba™ =
350x 10~ cn?/W. The lifetime of the pulses inside the res-
onator is assumed to be 10 round-trip times. This value was
estimated from the losses of the output coupler and from the
additional losses at the other resonator internal components.
Together with the residual chirp we obtain for the signal wave
the chirpas shown in Fig. 11 as the solid line with positive

slope.
¢ O Although the idler wave itself experiences no significant
I SRS S S E S S E—— self phase modulation as the idler wave is not resonant, self
0 5000 10000 15000 20000 25000 30000 phase modulation of the signal wave is transferred to the idler
P [W] wave via phasematching. Because of the negative sign of the

Fig. 11. Chirp of signal and idler wave as a function of the resonator intemaChirp enha-'nce-ment factqp Fhe chirp of the iqler- wave has .
signal power, For detalls see text the opposite sign. Its magnltqu increases with increasing in-
tracavity signal power. In addition, cross phase modulation
due to the high intracavity peak power of the signal wave
ments it is obvious that signal and idler pulses have a stronigfluences the idler wave. As the cross phase modulation
chirp even without a chirp on the pump pulse. has a positive sign and increases with increasing intracav-

The chirp factors of signal and idler wave are shown inity power the negative slope of the idler chirp is reduced.
Fig. 11 as a function of the intracavity peak power of the resTogether with the residual chirp this leads to a calculated
onant signal wave. The strong increase in pulse length anchirp & of the idler wave represented in Fig. 11 by the solid
chirp of the signal wave with increasing intracavity powerline with negative slope. The calculated dependence and the
is explained in terms of a chirped pump pulse together witlexperimentally determined variation of the chirp valags
chirp enhancement and self phase modulation due to the higinda; as a function of intracavity power are in reasonable
intracavity peak power: agreement.

The pump pulse experiences a chirp due to group velocity To get bandwidth-limited pulses from thggGaSe-OPO
dispersion of the lens material and tAgGaSe crystal it- it is necessary to compress the pulses outside the resonator
self. Taking only into account the group velocity dispersionfor both waves seperately or inside the resonator for the reso-
in the 2-mm AgGaSe crystal, the pump pulse experiencesnant signal wave. According to the measured chirp and pulse
a linear chirp ofa= 0.15. As the spectral properties of the length it should be possible to compress the signal pulses
pump pulse influence the spectral properties of signal andown to100 fsand the idler pulses th50 fs All these meas-
idler pulses in a phasematched parametric frequency convarrements were done in a resonator configuration adjusted to
sion process, a chirped pump pulse leads to chirped signataximum signal output power. If the resonator configura-
and idler pulses. The generated chirps can be calculated usitign is changed to obtain maximum idler output power then
the phasematching conditions (conservation of energy  the pulse lengths are shortar<£ 305fg and the chirp de-

o = wp and momentunks + ki = kp) and taking into account creasesg = 0.3) as it is shown in Fig. 12. The reason for
additional time-dependent frequency terms ¢(t) which  this phenomenon is a different resonator round-trip time with
depend on the chirp of the pump pulse [18]. The calculatiomeduced intracavity signal power. Therefore self phase mod-
leads to factors between the time derivatives of the phases fafation is decreased and also the interaction length between
signal, idler, and pump waveéis = psgp ande¢; = pigp. The  pump, signal, and idler wave inside the crystal is influenced.
factorsps and p; only depend on@/dk (i.e. the shape of the With a negative chirp factop; = —1.5 for the idler wave
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of a combination of self phase modulation, cross phase mod-
ulation, and chirp enhancement caused by a chirp of the pump
pulse. For the calculation of self and cross phase modula-
tion the nonlinear refractive index 8igGaSe was measured

N WA OO N
— T — —T

Intensity [a.u.]

—_

il Nu il ’ |

-200 0
Delay [fs]
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Fig. 12. Interferometric autocorrelation of the idler pulses4a&um with

a resonator configuration adjusted to maximum idler output powet ( 5.

305fs a=0.3)

6.

and a positive group velocity dispersion for both OPO waves -
(~ 400 f&/mmfor the signal wave ang 100 f&/mm for the

idler wave), the idler pulse is partly self-compressed by the 8.

AgGaSe crystal [21]. To understand these effects in detail,
a numerical simulation is in progress, at present.

10.
11.
12.

6 Summary

We have demonstrated continuous-wave mode-locked operl-s'

ation of an OPO based olgGaSe. The OPO was pumped
with the o-polarized..55-um radiation of a cw modelocked,

noncritically phasematched, titanium-sapphire laser-pumped4.

CTA-OPO. The pump wavelength ensures a reduced two-
photon absorption in thédgGaSe crystal. Femtosecond
pulses were generated in the mid-infrared betwe&8um
and 2.49um for the signal wave, and betwednl um and

7.9 um for the idler wave. Average output powers as high asl6:
17. K.L. Sala, G.A. Kenney-Wallace, G.E. Hall: IEEE J. Quantum Elec-

67 mW and 35 mW for signal and idler wave, respectively,

were obtained. The signal and idler pulses were characterizegy

by measuring the corresponding interferometric autocorrela-

tions. Pulse lengths of signal and idler pulses were measuretP.

to be betweer230fsto 520 fsand 300 fsto 640 fs respec-
tively, depending on the pump power, output coupling, and

resonator alignment. The variation of pulse durations and;.

chirp factors of signal and idler pulses was explained in terms

1.

2.

15.

20.

using theZ-scan method.
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