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Abstract. In this paper excited state absorption (ESA) spectra
of Nd3+ ions in CaWO4, LaSc3(BO3)4, andYLiF4 crystals
are presented. The spectra were measured by a continuous-
wave pump and probe technique. It is shown that ESA
is a negligible loss mechanism in cw lasers emitting at
1.06µm. In contrast, the effective emission cross sections in
Nd:CaWO4 and Nd:LaSc3(BO3)4 around1.35µm are con-
siderably diminished.

PACS: 42.55.P,R; 42.55.Rz; 42.70.H; 71.55.i; 78.45.+h

Absorption from excited states (ESA) can be a considerable
loss mechanism for stimulated emission in solid-state lasers.
Although ESA spectra had been published on several rare-
earth- or transition-metal-doped optical materials, few quan-
titative data are known about the strength of ESA inNd3+
doped crystals. The aim of this paper is to compare the ESA
of Nd3+ in CaWO4 (CWO),YLiF4 (YLF), andLaSc3(BO3)4
(LSB) and evaluate its implication on the laser efficiency.

DopedCaWO4 is a well-known gain material for solid-
state lasers [1–4]. CWO crystals can be grown in high optical
quality. Colour centre formation limits the use ofNd:CWO
in flashlamp-pumped systems [5], but nowadays the material
gains new interest due to its broad absorption lines, which
facilitate diode pumping.

YLiF4 is isomorphic to CWO. Both crystals have the
tetragonal scheelite structure with symmetry 4/m (Hermann–
Mauguin notation). The similarity of rare-earth ion spectra in
YLF and CWO has already been stated in the past and mo-
tivates a comparison of the ESA in both materials. However,
Nd:YLF shows narrow absorption and emission lines with
about15 cm−1 FWHM at 300 K [6]. The use ofNd:YLF in
lasers dates back to 1967 [7]. The crystal has a high resis-
tance to solarization under flashlamp pumping [8]. The long
lifetime of theNd3+ metastable state4F3/2 of 570µs [9] per-
mits storage of high energies and makesNd:YLF an attractive
material for Q-switched laser operation. In the Q-switched
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mode the peak inversion of the gain material exceeds con-
siderably the inversion that is reached in resonators with high
Q-factors. Since ESA increases with the population of the
metastable states, ESA on the pump wavelength might also
become a considerable loss process in the Q-switched mode.
Earlier research on this subject is described in [10–13].

Nd:LaSc3(BO3)4 competes withNd:CWO as gain medium
for low-cost simple all-solid-state lasers [14–16].Nd:LSB
and Nd:CWO exhibit broad lines. The absorption band
around800 nmcan be pumped by diodes without special tem-
perature stabilisation. On the other hand the effective cross
sections of the broad emission lines can be reduced by broad
ESA bands as it is observed inNd:glass [17]. Measurements
can clarify if ESA reduces the tunability range or the effi-
ciency ofNd:LSB andNd:CWO lasers.

This publication is the third part of a series of three pa-
pers which gives an overview about ESA in the most im-
portant neodymium doped laser crystals. In parts I and II
we have described the ESA ofNd-dopedY3Al5O12, YAlO3,
andY2O3, and ofYVO4, GdVO4, andSr5(PO4)3F, respec-
tively [18, 19].

1 Spectroscopic methods

The 300 K gain-ESA measurements were performed with
a pump and probe technique in a double modulation scheme
as described in [20, 21] and in part I and II of this ser-
ies. The investigated samples were aNd(2 at.%):CWO,
a Nd(1 at.%):YLF, and a Nd(10 at.%):LSB crystal. The
CWO and the LSB crystals were pumped near800 nmwith
a laser diode (SDL-2362). The diode emission wavelength
was temperature-tuned to the maximum absorption of the
crystals. The YLF sample was pumped by an argon ion laser
at 514 nm. This allowed us to perform measurements on the
absorption band around800 nmwhere ESA might become
important in the Q-switched mode.

The probe radiation was provided by a broad-band tung-
sten halogen lamp in all measurements. The transmitted in-
tensities were measured with aSi detector (850–1100 nm)
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or a liquid-nitrogen-cooledInSb detector (1000–1500 nm),
which were placed behind a0.5 mmonochromator.

The resolutions of the gain-ESA spectra are about0.8 nm
between 850 nm and 1100 nm and about2 nm between
1100 nmand 1500 nm. The precise values are given in the
figure captions. The fluorescence spectra ofNd:LSB and
Nd:CWO (taken with a similar pumping source, spectrom-
eter, and detector assembly) have a resolution of about
0.2 nm. Because the linewidth ofNd:YLF is too small to be
resolved in the gain-ESA spectrum, the respective emission
spectrum is given with the same low resolution (0.8 nm) for
better comparison.

The data processing was performed as described in part I
and II of this series. We assumed that in the pumped sys-
tem only the4F3/2 metastable state is populated besides the
ground state due to the short lifetimes of the other states. It
can be shown that under this assumption the following equa-
tion holds [21]:

Ip(λ)− Iu(λ)

Ip(λ)
= k(σGSA(λ)+σSE(λ)−σESA(λ)) . (1)

Ip is the transmitted light intensity when the sample is
pumped andIu when it is not pumped,σGSA, σSE, andσESA
are the cross sections of the GSA, the stimulated emission,
and of the ESA, respectively,k is a factor which is the prod-
uct of the excited ion density and the sample thickness. The
measured values of(Ip− Iu)/Ip on the left hand side of (1)
were calibrated to the corresponding absorption and emission
cross sections on the right-hand side of (1) in spectral regions
where no ESA is present, i.e.σESA= 0.

Emission cross section spectra in the regions of GSA, i.e.
on the transition4F3/2→ 4I9/2, were calculated from ground
state absorption cross sections using the reciprocity principle
of McCumber [22]. The emission cross sections of transitions
from the 4F3/2 manifold in lower states were obtained by
multiplication of the fluorescence spectra with a factorλ5 (ac-
cording to the Füchtbauer and Ladenburg relation) and a sub-
sequent normalisation of the spectra on the4F3/2→ 4I9/2
emission cross sections obtained by the reciprocity method.

2 Results and discussion

2.1 Nd:CWO

Nd:CWO shows inhomogeneously broadened lines due to the
existence of variousNa+ charge-compensatedNd3+ classes
on the Ca2+ sites [3]. The spectral linewidth (FWHM) is
about60 cm−1 at 300 K.

The gain-ESA spectra ofNd:CWO are presented in Fig. 1.
Positive cross sections are due to stimulated emission, nega-
tive ones result from ESA. The radiative transitions around
900 nm( 4F3/2→ 4I9/2), at 1058 nmin π- and 1065 nmin
σ-polarization (4F3/2→ 4I11/2), and at1339 nm( 4F3/2→
4I13/2) are clearly observed. The strength of the emission line
at880 nmin theπ-polarized spectrum is incorrect because of
a high GSA on this line. In this case the transmitted intensity
is nearly zero and the expression(Ip− Iu)/Ip in (1) becomes
very high with a large error margin.

Since to our knowledge only the Stark level energies
below 12 000 cm−1 are published in the literature [23], we

Fig. 1. Polarized gain-ESA spectraσSE−σESA (narrow line) and emission
cross section spectraσSE (bold line) of Nd:CWO between850 nm and
1500 nm. Differences between the spectra are due to ESA. The regions of
possible ESA transitions starting from the4F3/2 multiplet are indicated
by arrows. Note that the height of the line at880 nmin the π-polarized
gain-ESA spectrum is not correct (see text)

had to estimate the width of the regions where ESA might
occur. This was done by measuring the spectral positions
of the ground state absorption bands of the higher states
at 300 K. From this data the approximate positions of the
respective ESA bands from the4F3/2 multiplet were calcu-
lated. The 4F3/2→ 2D3/2+ 4G9/2+ 4G11/2+ 2K15/2 ESA
transitions are expected between960 nmand 1110 nm, and
the 4F3/2→ 2G9/2+ 2K13/2+ 4G7/2 transitions between
1170 nmand1420 nm. These regions are indicated by arrows
in Fig. 1.

Looking at theπ-polarized spectrum of the4F3/2→
4I11/2 transition in Fig. 2, an ESA line at1053 nmis visi-
ble in the vicinity of the1058 nmlaser line. For comparison
we have added to the spectra the cross sections of stimu-
lated emission determined by the method given in Sect. 1 as
a bold line. These emission cross sections agree with the spec-
tra published by Fauré et al. [16]. One can see that a wing
of the emission line between1045 nmand1055 nmis com-
pletely erased. The respective ESA peak cross sections at
1054 nmare about8×10−20 cm2. However, the laser emis-
sion at1058 nmseems not to be affected.

The most pronounced ESA lines inπ-polarization at
longer wavelength in Fig. 3 are a double structure with
peaks at1238 nm (σESA = 4.3×10−20 cm2) and 1256 nm
(σESA= 2×10−20 cm2) and a very strong line at1325 nm
(σESA = 8×10−20 cm2). ESA lines in σ-polarization are
found at1235 nm, 1245 nm, and1333 nm. According to the
spin selection rule in the Russel–Saunders approximation,
i.e. ∆S= 0, these strong lines can be rather attributed to
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Fig. 2. π-polarized gain-ESA spectrumσSE−σESA (narrow line) and emis-
sion cross section spectrumσSE (bold line) of Nd:CWO around1060 nm.
The resolution of the gain-ESA spectrum is0.9 nm, the resolution of the
emission cross section spectrum is0.2 nm

Fig. 3. π-polarized gain-ESA spectrumσSE−σESA (narrow line) and emis-
sion cross section spectrumσSE (bold line) of Nd:CWO around1330 nm.
The resolution of the gain-ESA spectrum is2.2 nm, the resolution of the
emission cross section spectrum is0.2 nm

the 4F3/2→ 4G7/2 transitions (S= 4→ S= 4) than to the
4F3/2→ 2G9/2+ 2K13/2 transitions (S= 4→ S= 2). John-
son and Thomas [3] obtainedπ-polarized laser operation at
1337 nmat 77 K. At room temperature the effective emis-
sion peak lies at1339 nm. This difference could be explained
by a broadening of the1325 nmESA band that would shift
the highest effective cross section to the longer wavelength
side when the temperature is increased. However, further
temperature-dependent ESA measurements are needed for
a proof of this theory.

At its right wing at 1345 nm the stimulated emission
band is also erased by ESA with a cross section of about
1×10−20 cm2.

2.2 Nd:YLF

Figure 4 shows the gain-ESA spectrum forNd:YLF between
850 and1500 nm. Possible ESA transitions starting from the
4F3/2 manifold are indicated by bars. The corresponding en-
ergy values have been taken from da Gama et al. [24]. The

Fig. 4. Polarized gain-ESA spectraσSE−σESA (narrow lines) and emis-
sion cross section spectraσSE (bold lines) of Nd:YLF between850 nmand
1500 nm. The resolution of the gain-ESA spectra is0.8 nmbetween850 nm
and1100 nmand1.8 nm between1100 nmand1500 nm. The resolution of
the emission spectra is0.8 nm. The bars indicate the spectral positions of
possible ESA transitions starting from the4F3/2 multiplet. Note that the
peak cross sections appear too small because the narrowest lines are not
completely resolved

same crystal structure of YLF and CWO is clearly observed
in the similarity of the polarized spectra that has already been
stated by Karayanis [25]. The main differences between the
gain-ESA spectra ofNd in CWO and YLF are slight varia-
tions of the spectral position of the various transitions and the
linewidth. Although in highly resolved spectra the strongest
emission lines ofNd:YLF near 1.05µm are higher than
the corresponding lines ofNd:CWO, the oscillator strength
(which is proportional to the integral of the respective line) is
even a little bit smaller. In Fig. 4 the main laser transitions of
Nd:YLF are apparent at1047.1 nm in π- and at1053 nmin
σ-polarization.

The resolution of of the gain-ESA spectra is0.8 nmunder
1100 nmand2 nmabove1100 nm. The emission spectra have
a resolution of about0.8 nmand are added as bold line graphs
in Figs. 4–6. Note, that the narrowest lines could not be
fully resolved and that the apparent peak cross sections are
too small.

Looking at the1.06µm region in Fig. 5 one finds a dis-
tinct ESA line in YLF at1052 nmin π-polarization. Its peak
cross section is about4×10−20 cm2. In σ-polarization ESA
seems to exist at1048 nmon a side line where the difference
between the gain-ESA cross section and the emission cross
section is estimated to be less than1×10−20 cm2. The ex-
istence of two stronger ESA-lines at1052 nmin π- and at
1048 nmin σ-polarization is in agreement with the excited
state excitation (ESE) spectra measured by Guyot et al. [11].
If we calibrate their better resolved ESE spectra with the
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Fig. 5. Polarized gain-ESA spectraσSE−σESA (narrow lines) and emis-
sion cross section spectraσSE (bold lines) of Nd:YLF around 1060 nm.
The resolution of the spectra is0.8 nm. The bars indicate possible ESA
transitions. Note that the peak cross sections appear too small because the
corresponding lines are not completely resolved

ESA cross sections determined at1048 nmand1052 nm, we
find an ESA cross section on the laser line inπ-polarization
at 1047 nmof about5×10−21 cm2 and on the laser line in
σ-polarization at1053 nmof about1.5×10−21 cm2. The cor-
responding ESA lines are not distinctly visible in CWO pre-
sumably because of the broader linewidth ofNd3+ in this
material. ESA is then covered by the much stronger stimu-
lated emission.

ESA lines inNd:YLF are also found in the1320 nmre-
gion (Fig. 6). They are observed at1310 nmin π-polarization
and at1340 nmin both polarization directions with cross sec-
tions of σESA= 2.4×10−20 cm2 andσESA= 6×10−21 cm2,
respectively. Calibration of the ESE spectra reported by
Guyot et al. [11] with these data yields approximate cross sec-
tions of σESA= 1×10−21 cm2 on the laser line at1321 nm
in π-polarization andσESA= 2×10−21 cm2 on the emission
line at1313 nmin σ-polarization.

Since Nd:YLF is commonly used as a gain material
in Q-switched lasers, ESA losses on the pump wavelength
can become important. Figure 7 shows the combined GSA
and gain-ESA cross sections between770 nm and 840 nm
in π-polarization. This is the preferred absorption band for
diode pumping. The GSA lines in the gain-ESA spectrum
are due to the bleaching of the ground state. The reduction
of the GSA by bleaching during a pumping cycle appears
as a net “gain” in the gain-ESA spectrum because of the in-
creased transmitted intensity; see (1). The GSA lines belong
to the transition4I9/2→ 4F5/2. The 4F5/2 manifold relaxes
nearly completely nonradiatively into the4F3/2 metastable

Fig. 6. Polarized gain-ESA spectraσSE−σESA (narrow line) and emission
cross section spectraσSE (bold line) of Nd:YLF around1320 nm. The reso-
lution of the gain-ESA spectrum is1.8 nm, the resolution of the emission
cross section spectrum is0.8 nm. Thebars indicate possible ESA transitions

state. Because the relaxation is fast and nonradiative, no stim-
ulated emission can be detected in the region around800 nm.
The signal in the gain-ESA spectrum is exclusively due to
the superimposed effects of GSA bleaching and ESA. An in-
dependently measured GSA spectrum is presented as a bold
line for comparison with the GSA-ESA spectrum in Fig. 7.
The differences between the two spectra are caused by ESA.
ESA is observed at803 nm with a cross section of about
σESA= 6×10−21 cm2. On the GSA line at797 nmthe ESA
cross section isσESA= 3×10−21 cm2. On the contrary, no
ESA is found on the GSA line at792 nmthat is most suit-

Fig. 7. π-polarized spectrumσGSA−σESA (narrow line) and absorption
cross section spectrumσGSA (bold line) of Nd:YLF in the region of the
pump band. The resolution of both spectra is0.8 nm
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able for diode pumping. Note that the ESA cross sections in
the pumping region given here have a high error margin be-
cause of the moderate signal-to-noise ratio of the gain-ESA
spectrum. It can however be stated that the ESA cross sections
of the 4F3/2→ 2D5/2+ 2P1/2 transitions are small, probably
because these transitions are spin forbidden.

In [10–13] it was found that nonradiative upconversion
processes can become the dominating mechanisms for the
population of excited states if a high inversion is reached.
In [13] it is stated that under these conditions the4G7/2 mani-
fold becomes populated and ESA from this multiplet into the
2P3/2 manifold around1.3µm and into the4D5/2 manifold
around1.05µm becomes possible. This might cause addi-
tional losses in the Q-switched mode. However ESA from the
4G7/2 multiplet is not visible in our spectra, which were meas-
ured under moderate excitation. It should therefore induce
only small losses in the cw mode and be a minor problem in
comparison to upconversion losses in the Q-switched mode.

2.3 Nd:LSB

Upconversion losses and lifetime concentration quenching
are less a problem inNd:LSB than in other crystals. LSB
can be doped with up to10 at.% Nd without strong con-
centration quenching of the4F3/2 lifetime due to the large
distance between neighbouring lanthanum sites [26]. TheNd
ions substitute for theLa ions and the electric dipole inter-
action, which depends sensitively on the distance between
neighbouringNd ions, is strongly reduced in comparison to
other crystal hosts.

Nd:LSB shows mainly homogeneously broadened lines
with a width of 40 cm−1 at 300 K. Inhomogeneous broad-
ening contributes with10 cm−1 and is due to lattice dis-
order [26].

Figure 8 shows thex- and y-polarized gain-ESA spec-
tra of monoclinicNd:LSB. Thex axis is the indicatrix axis
with the highest refractive index (nx = 1.8280 @1000 nm)
and is identical to the crystallographic axis with twofold ro-
tation symmetry. They axis is the indicatrix axis with the
second highest andz the axis with the lowest refractive in-
dex (ny = 1.8272,nz= 1.7486). In x- and y-polarizations
Nd:LSB shows much higher absorption and emission cross
sections than inz-polarization. Since thez-polarized gain-
ESA spectrum measured in our setup has a low signal-to-
noise ratio and is unimportant from the practical point of
view, it is not shown here. The energy values of the various
Stark levels of theNd3+ ions in LSB are known only up to
14 000 cm−1 [14], so that the exact positions of ESA lines be-
tween850 nmand1500 nmare uncertain. We estimated the
regions of possible ESA from the positions of the GSA bands
in the absorption spectra at300 Kand the energy of the4F3/2
manifold. The spectral regions, where ESA from the4F3/2
manifold is expected are indicated as arrows in Fig. 8.

As shown in Fig. 9 an influence of ESA on the main emis-
sion line at1063 nmcan not be derived from the spectra. This
is presumably due to the large stimulated emission linewidth
of Nd3+ ions in LSB. Strong broad stimulated emission lines
make the identification of much weaker ESA structures in the
same spectral region very difficult. However the typical max-
imum ESA cross sections around970 nmand 1040 nmare
about5×10−21 cm2. This value can even be taken as an up-
per limit for the ESA cross section at1063 nm.

Fig. 8. Polarized gain-ESA spectraσSE−σESA (narrow line) and emis-
sion cross section spectraσSE (bold line) of Nd:LSB between850 nmand
1500 nm. The regions of possible ESA transitions starting from the4F3/2
multiplet are indicated byarrows

Fig. 9. x-polarized gain-ESA spectrumσSE−σESA (narrow line) and emis-
sion cross section spectrumσSE (bold line) of Nd:LSB around1060 nm.
The resolution of the gain-ESA spectrum is0.8 nm, the resolution of the
emission cross section spectrum is0.2 nm

In the x-polarized spectrum around1330 nm, shown in
Fig. 10, strong ESA lines are observed with peaks at1319 nm
and 1336 nm. The ESA line at1336 nmhas a peak cross
section of about4×10−20 cm2. This ESA line overlaps with
a broad region of stimulated emission (bold line) that exists
between1320 nm and 1370 nm. Effective gain is reached
only for wavelengths longer than1340 nm. Meyn [26] re-
ports that a free-running cw laser was achieved at1348 nm
in x-polarization. The slope efficiency of this laser was only
25%. This is a factor of 2 below the theoretical quantum limit
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Fig. 10. x-polarized gain-ESA spectrumσSE−σESA (narrow line) and emis-
sion cross section spectrumσSE (bold line) of Nd:LSB around1340 nm.
The resolution of the gain-ESA spectrum is1.8 nm, the resolution of the
emission cross section spectrum is0.2 nm

whereas laser operation at1063 nmwas realized with slope
efficiencies near to the theoretical limit. This indicates that
a wing of the1336 nmESA line reduces the laser efficiency at
1348 nm. However, looking at the small differences between
the spectra of the combined gain-ESA and of the stimulated
emission cross sections at1348 nm, it seems implausible that
ESA is the only reason for this efficiency reduction. Probably
amplified spontaneous emission at1063 nmmust be consid-
ered as an additional loss mechanism for the1348 nmlaser,
too.

3 Summary and outlook

In conclusionNd3+ doped CWO, YLF, and LSB crystals
show absorption from the metastable4F3/2 manifold to
higher energy states. Peak ESA cross sections are8×10−20

cm2 (π) at 1054 nm in Nd:CWO, 4×10−20 cm2 (π) at
1052 nm and 10−20 cm2 (σ) at 1048 nm in Nd:YLF, and
5×10−20 cm2 (x) at1047 nmin Nd:LSB. The ESA cross sec-
tions on the main laser lines around1060 nmare small in all
three crystals. At1330 nman overlap between the regions of
laser emission and ESA is observed inNd:CWO andNd:LSB.
Both crystals are not suitable for effective laser operation in
this wavelength region. InNd:YLF the emission line inπ-
polarization at1321 nmdoes only negligibly interfere with
ESA (σSE> 20σESA@1321 nm).

Neither in Nd:LSB nor in Nd:CWO significant ESA is
found on the main emission line near1060 nm. Other fea-
tures such as the ratio of inhomogeneous line broadening
to homogeneous broadening are more decisive for the laser
properties [27].

In Nd:YLF the ESA on the absorption band for diode
pumping at 792 nm is negligible. However, losses from

upconversion processes should be taken into account in
Q-switched operation. ESA might then become possible from
higher states than the4F3/2 manifold.

The similarity of the crystal structures ofNd:YLF and
Nd:CWO is observed in the gain-ESA spectra. Separated and
narrower lines inNd:YLF allow an analysis whereas ESA
is hidden under broadened stimulated emission lines in the
gain-ESA spectra ofNd:CWO. To gain further information
about the exact ESA spectrum in the regions of strong stimu-
lated emission or GSA inNd:CWO andNd:LSB, additional
ESE measurements have to be performed and calibrated by
the ESA cross section values given in this paper.
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