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540 mW of blue output power at 425 nm generated by intracavity frequency
doubling an upconversion-pumped Er  3*:YLiF , laser

P. E.-A. Mobert,? E. Heumann, and G. Huber
Institut fir Laser-Physik, UniversitaHamburg, Jungiusstrasse 9a, D-20355 Hamburg, Germany

B. H. T. Chai
Center for Research and Education in Optics and Lasers, University of Central Florida, Orlando, FL 32816

(Received 16 December 1997; accepted for publication 13 May)1998

We report efficient room-temperature continuous-wave intracavity frequency doubling of an
upconversion-pumped B%):YLiF, laser at 850 nm. A titanium—sapphire laser was used for
excitation of the*S;,— 4l 3, transition in erbium. The maximum laser output power at 850 nm was
1200 mW. Intracavity frequency doubling the fundamental wave utilizing lithium triborate as
nonlinear crystal yielded a maximum second-harmonic output power of 540 mW at 425 nm.
© 1998 American Institute of Physid$50003-695(98)02728-4

There has been an intense interest over the past fearbium?S;,—*1 5, transition at 850 nm which is usually a
years in the development of compact all-solid-state lasers iself-terminating laser transition when ESA-pumped near 970
the blue spectral range because of their potential applicationm because of the long-lived lower laser letsi'®
in optical data storage, printing facilities, and video display  In this letter we present efficient room-temperature cw
devices. Different approaches based on frequency doublingperation of an ESA-pumped @#£%0):YLiF, laser on the
of infrared laser radiation either by birefringent phase match#s,,— 41,5, transition at 850 nm under Ti:sapphire laser ex-
ing or quasiphase matching in nonlinear crystals have beegitation. The fundamental wave was intracavity frequency-
pursued so far to generate coherent continuous-wewe  doubled using lithium triboratd_BO) as nonlinear crystal to
blue light: Direct frequency conversion of semiconductor la-generate coherent cw blue light at 425 nm.
ser diode radiatiohntracavity and single-pass extracavity A schematic illustration of the Ef ion energy-level dia-
frequency doubling of laser light, and second-harmonic gengram, depicted in Fig. 1, describes the excitation mechanism
eration in an external resonant enhancement c&vBYUM  for the 850 nm laser transition. In a first step, erbium is
frequency mixing, e.g., of two semiconductor laser diodegycited into the®l o, level by absorption of 792 nm pump

b:_aams'a, is another technique to obtain coherent blue light.5notons. A nonradiative decay results in the population of
Since continuous-wave blue conversion efficiencies ine 4.2, level. A possible interionic cross relaxation

sing_le-pas_s' configurations have been suffergd from rathe(m|g/2,4|15/2)_>(4|13/2,4|13/2) would populate additionally the
low intensities of the fundamental wave, the highest cw blua| 1 level but is rather unlikely due to the low Erdoping
output powers exceeding 500 mW have been attained by usg)ncentration of 1% and the short lifetime of thigy, level

of intracavity fre_quency doublifgand external resonant en- (7=7 ) which is the result of the high nonradiative decay
hancement cawUésso far. However, the latter approach is iq into thel ,,, level. An excited-state absorption process
restricted to certain applications due to the requirement of an, L 2H 1y at 792 nm and a following nonradiative decay

active stabilization scheme. 2H 1,7~ *S;, populates the upper laser lev&,, of erbium.

. Besides freque.n.cy doubling or sum frequency mixing OfSimultaneously, the ESA process depopulates the long-lived
infrared laser transitions, upconversion lasers provide a solu-

tion to obtain radiation in the visible wavelength regime. The
thulium-doped upconversion ZBLAN fiber laser at 480 nm is

an example for a “simple” approach to realize a blue laser :gw
source’~% In general, upconversion lasers are operating with 4F5/2
an emission wavelength shorter than the pump M, 4S7§ y we t
wavelength'®!! Excitation of the active ions by interionic o
upconversion processes or intraionic excited-state absorption Fon 792 nm | 850 nm
(ESA) processes results in the population of energy levels 1,
higher in energy than the pump photon enefgiowever, I L
upconversion pumping can also be used to generate laser ) na '—1 \ 4
action between higher lying energy levétspecially in rare- Lsn
earth ion¥ where the emission wavelength is longer than the 792 nm
pump wavelength, e.g., théS;,—%,,, transition in
ErP':YLIF, (Er:YLF) at 1.234um 2 Another example is the ]
FIG. 1. Energy-level diagram for the ¥rion, depicting the two-step se-
¥Electronic mail: moebert@physnet.uni-hamburg.de guential absorption process exploited to populate the upper laser level.
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Wavelength A [nm] FIG. 3. Excitation spectrum of Et%):YLiF, showing the near infrared

output power at 850 nm vs the Ti:sapphire pump wavelefigtiput cou-
pling T<0.01% at 850 nmT>90% at 792 nm

FIG. 2. Near infrared room-temperature cw excited-state absorption spec-
trum (ESA, solid ling of Er(1%):YLiF, compared with the ground-state
absorption spectrufGSA, dotted ling.

The absorption cross section was measured to be

o pps=1Xx10 2! cnm? at 792 nm(Fig. 2. The emission cross

section ogys=6.4x10 2 cn? at 850 nm was estimated

. . from the known value of th&S;,—“l s, transitiort® using

:g\;veerr(ljaseer;:;vneﬂ 132 @and hence facilitates continuous-wave the Fichtbauer—Ladenburg relatigh?!
P y In a first experiment an uncoated 6.5-mm-long

The excited-state absorption spectrum accounts for thE v . ;
. ) 1%):YLIiF tal I I
experimentally determined pump wavelength of 792 nm. The r(1%):YLIF,, crystal was placed inside a nearly concentric

L cavity formed by two concavé&k=—50 mm mirrors. The
room-temperature cw ESA spectrum shown in Fig. 2 wa y y

measured by a pump and probe technique using an argon i?Ir{}put mirror was coated to be high reflecting at the laser
. ~wavelength at 850 nm and high transmitting at the pum
laser at 514.5 nm as pump source and the light of a tungst v g '9 ting pump

. . . %avelength around 800 nm. The transmission of the output
halogen lamp as probe beam. The transmitted intehsityd cloupler wasl =2.7% at 850 nm and greater than 90% at the

tAhIe changetln tln;[jens_lty Ict)f the pulmpbed ang unbpl)umpeg ?rft‘%ump wavelength. The Ti:sapphire laser was focused by an
are detected simuitaneously by a double modulalioh _ 54 i, focal length lens into the crystal. With this con-

zcz(zg‘ael' r: ti)) %thl\/\(/(iihggr?)ilnlcin—sltr:tznzlkti Iorlst((rinueea?gr:dr;? figuration we achieved a maximum cw laser output power of
P 9 9 P Pou=765mW at an input pump power level &f,=6 W

duced population in the ground statnd stimulated emis- which corresponds to a slope efficiency mf=14.7%. The

sion (due to the population of excited stateSpectral re- absorbed pump power of the crystal wasyyPy,=17%,

gions with excited-state absorption cause a negative signal ig . g n ;
. ) . : . orresponding to a slope efficienc =86.5% with re-
intensity Al. The ratioAl/l is proportional to the corre- P N P y ot 0

. . spect to absorbed power. This value is greater than the the-

sponding cross sections oretical quantum efficiency for a two-step absorption process
Al n; which is 4=46.5% for a pump and laser wavelength of 792
T\ GSA_Ei n (0EsAi — OsEj) |- (1 and 850 nm, respectively. However, because of the strong
ESA process originating from the lower laser level and the

The Al/I spectrum is calibrated by use of the ground-statdaser transition terminating in tHt 5/, level, this circulating
absorption spectrum which is subtracted afterwards. The renechanism can be considered as an isolated system with a
maining spectrum comprises the stimulated emissigp  single absorption process. The quantum limit for a single
and excited-state absorptiongss cross sections weighted absorption process is 74=93% (\,=792nm, X\,
with the population fractions; /n, of the corresponding ex- =850 nm). Actually, the laser results are very close to the
cited states if.=2>n; is the density of all excited ions de- quantum limit.
fined by the sum over the population densitigsof each Infrared laser operation at 850 nm in Er:YLiwas ob-
excited state). The determination of the absolute cross sec+tained for different Ti:sapphire pump wavelengths. We mea-
tions would require the knowledge of the relative populationsured the excitation spectru(fig. 3) near 792 nm in order
densities which are unknown. Hence it is only possible tato confirm the above stated two-step sequential absorption
make a qualitative analysis of the spectrum. A detailed demechanism that populates the upper laser 1é%g),. The
scription of the ESA measurement is given in Refs. 17 anduning characteristic reflects the excited-state absorption
18. As already mentioned above, for continuous-wave lasef ;5,,—2H 4/, depicted in Fig. 2 and is a direct proof of the
operation it is essential to maintain the proper pump processxcitation process which enables continuous-wave laser op-
41 137—2H11» and thus depleting th# 13/, level. The upper eration. Five distinct peaks are recognizable in the spectrum
laser level*S;,, and lower laser leveltl 4, lifetimes for an  of Fig. 3 which belong to thé'l ,—2H,,,, excited-state
Erf*(1%) dopant concentration dil=1.37x10°°cm 3 in  absorption manifold. The maximum laser output power was
YLiF, are7=0.4 and 10 ms, respectively. Therefore the 8500btained for a pump wavelength of 792 nm which is related
nm laser transition is normally self-terminating when to the maximum overlap between excited-state and ground-
pumped via a different excitation scheme. state absorption.
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1200 4 o Er(1%):YLF 850-nm laser output 4 5.9 W (corresponding to an evaluatec_i Ti:sapphire pump
— Ta  425-nm frequency-doubled power (_)fl_DeV=5.9 WX 2._2= 13 W). The input-output char-
2 1000 quency acteristic is shown in Fig. 4. The blue output power shows
& 1  output the significant quadratic dependence on the incident pump
E 800__ power. The threshold for blue light emission was Ry,
e: 600 =135 mWx2.2=270 mW. The spot profile of the blue ra-
03’ i diation was slightly elliptically which is attributed to the
g 400 walk-off angle ofp=0.85°. The blue output was modulated
5 . by chaotic intensity fluctuations due to a nonlinear coupling
% 200 of several longitudinal cavity modes. This phenomenon is
S 0_” known from the literature as “green probleni®. Experi-
0 1000 2000 3000 4000 5000 6000 ments to reduce the intensity noise have not been performed
. . . yet.
Incident Ti:sapphire pump power P. [mW] In conclusion, efficient room-temperature continuous-

_ ~ wave ESA-pumped lasing of Er:YLiFat 850 nm was dem-
FIG. 4. 850 nm laser output power of @%4):YLiF, and second-harmonic 5 strated. Utilizing a two-step sequential absorption mecha-
output power at 425 nm as a function of the incident Ti:sapphire pump . hi d . | f 765
power. nism, we ac |§ve a maximum laser output povyer 0] .
and 1200 mW in a nonresonant and resonant cavity configu-
. ration, respectively. Intracavity frequency doubling of the
~ Ina second experiment we changed the concave outp@so nm transition yielded a second-harmonic output power
mirror to be high reflecting for the pump wavelength at 7924¢ 106 mw(540 mW) at 425 nm in a nonresonafresonant
nm (radius of curvatureR=—100 mm, output couplind”  cayity arrangement.
=7.1% at 850 nm The objective was to attain a resonant  sjnce room-temperature laser diode-pumped pulsed laser
enhancement of the pump power, thereby increasing the alyperation of the 850 nm transition in Er:YLjRvas already
sorbed pump power in the 81%):YLiF, crystal similar to a  gemonstrated® future work will be focused on the develop-

real intracavity experiment. We determined the actual pumpnent of an all-solid-state laser diode-pumped coherent blue

enhancement by inserting a tilted glass plate into the pumpgnt source at 425 nm.
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