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been registered and calibrated in cross section units in the near infrared around the main pump and

laser emission transitions of Nd:GGG.
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1. Introduction

Among other neodymium-doped materials, Gadolinium Gal-
lium Garnet, Nd:GGG, has a number of advantages like the
possibility to be grown in larger size [1], a good thermal capacity
of 0.38 J/(g K) [2] and a weak concentration quenching offering
the possibly of higher doping levels, around 4% in contrast to
about 1.5% in the case of YAG [3,4]. Moreover, Nd:GGG is
characterized by two emission lines at 933.6 and 937.3 nm which
could lead, after frequency-doubling, to two laser emissions at
466.8 and 468.6 nm, instead of 938.5/2¼469.2 nm and 946/
2¼473 nm in the case of Nd:YAG. In fact, 468.8 nm is a wave-
length which better fits with an absorption line of the Pr:YLF laser
system which is presently investigated by several groups for the
RGB laser application [5–7]. A compact and powerful diode-
pumped and frequency doubled Nd:GGG laser thus would be an
interesting alternative to the other pump sources provided by the
GaN laser diodes and the frequency-doubled OPSLs which have
been used so far around 445 nm and 477 nm for that application.

We focused here in this work on a detailed spectroscopic analysis
of Nd:GGG. Indeed, the data which can be found in the past literature
both contains some uncertainties, and need to be completed to be
really useful for solid-state laser physicists. In particular, complete
emission spectra are reported for the first time and they are
calibrated in cross section unit by using experimentally derived
ll rights reserved.

: þ33 231 452557.
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branching ratios instead of branching ratios calculated from a Judd–
Ofelt analysis of the absorption spectra.
2. Literature data

The first spectral data were reported by Geusic et al. [8] but
only around 1.06 mm and the first analysis of the luminescence
properties of Nd:GGG was reported by Krupke [9] without
showing, however, any absorption or emission spectra. He mea-
sured and calculated the strengths of the main absorption lines;
then he performed the Judd–Ofelt (J.O.) analysis to derive the
following J.O. parameters and branching ratios:

O2 ¼ 0, O4 ¼ 3:3� 10220 cm2, O6 ¼ 3:7� 10220 cm2,

bð4F3=2-
4I9=2 Þ ¼ 35%, bð4F3=2-

4I11=2 Þ

¼ 54%, bð4F3=2-
4I13=2 Þ

¼ 11% and bð4F3=2-
4I15=2 Þ ¼ 0:003

Using the b value thus found for the 4F3/2-
4I11/2 transition and

the line-shape for the 1.0622 mm emission line, as reported by Geusic
et al., the stimulated emission sem (1.0622 mm)¼4.3�10�19 cm2

was derived, if the 44 cm�1 splitting of the emitting level 4F3/2 is
taken into account, or sem (1.0622 mm)¼1.92�10�19 cm2, if it is
not. It is to be compared, for instance, with the values of
8.4�10�19 cm2 and 3.3�10�19 cm2 which can be found for the
1.064 mm laser line of Nd:YAG if the splitting of 88 cm�1 of the 4F3/2

emitting level is or is not taken into account.
These J.O. parameters were established by assuming a dopant

concentration of 0.58 Nd at%, thus 0.73�1020 ions/cm3 and by
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equating the calculated radiative lifetime with the measured
fluorescence lifetime extrapolated at zero concentration, i.e.
tf¼250 ms (which assumes no multiphonon relaxation).

The detailed positions of the Stark components of each energy
level were reported by Kaminskii et al. [10] and Kaminskii [11].
The authors also reported the 1.0622 mm emission cross section
sem(1.0622 mm)¼2.9�10�19 cm2. Finally, Lomheim and De Sha-
zer [12] revisited the strengths of the absorption lines, again
without showing any spectra. Based on the new set of J.O.
parameters

O2 ¼ 0:05� 10220 cm2, O4 ¼ 3:25� 10220 cm2, O6 ¼ 3:66

�10220 cm2

and the radiative lifetime t¼250 ms, they derived the following
branching ratios:

bð4F3=2-
4I9=2Þ ¼ 43:5%, bð4F3=2-

4I11=2Þ

¼ 45:5%, bð4F3=2-
4I13=2Þ ¼ 10:7%

and

bð4F3=2-
4I15=2Þ ¼ 0:003

which is substantially different, especially for the transitions
around 880 nm (4F3/2-

4I9/2 transition) and 1.06 mm (4F3/2-
4I11/2

transition), from Krupke’s results.
The same analysis for Nd:YAG gave

bð4F3=2-
4I9=2Þ ¼ 37%, bð4F3=2-

4I11=2Þ

¼ 50%, bð4F3=2-
4I13=2Þ ¼ 13%

and

bð4F3=2-
4I15=2Þ ¼ 0:003

It is also worth noting that the laser gain measurements
performed by Rotter and Dane [13] who derived (by using a lifetime
of 26 5ms) the 1.0622 mm emission cross section sem(1.0622 mm)¼
2.1�10–19 cm2, is in close agreement with Krupke’s value of
1.9�10�19 cm2 (taking into account the 44 cm�1 splitting of
level 4F3/2).

Finally, it is useful to know that a calibrated absorption cross
section spectrum around 808 nm can be found on the website of
the Northrop-Grumman company [14]. It is reported there for a
Nd3þ ion concentration of 1.6 at% corresponding to about
2�1020 Nd3þ ions/cm3, which means a maximum absorption
cross section of 4.8�10–20 cm2 at about 808 nm. We report it
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Fig. 1. Room temperature absorption cross section spectrum around 800 nm.
here again in Fig. 1, as it is registered with our own sample, for
sake of clarity.
3. Experimental procedures

The absorption and emission spectra were registered by using
standard commercial equipments. The emission spectra were
carefully corrected for the spectral response of the apparatuses
between 850 and 1450 nm in order to cover all the detectable
emission transitions coming from the 4F3/2 emitting level of the
Nd3þ active ions down to the main terminal levels 4I9/2, 4I11/2 and
4I13/2.

The absorption spectra are calibrated by using the real dopant
concentration. The emission spectra are generally calibrated by
using the Futchbauer–Ladenburg (FL) formula [15]:

si
emðlÞ ¼

l5bi

8pctf n2

IiðlÞR
ilIiðlÞdl

ð1Þ

where Ii is an intensity and bi stands for the branching ratio of the
4F3/2-ith transition and can be calculated independently by
writing:

bi ¼

R
ilIiðlÞdlP

i ¼ 1,2,3

R
ilIiðlÞdl

ð2Þ

with i¼1, 2 and 3 for the 4F3/2-
4I9/2, 4F3/2-

4I11/2 and 4F3/2-
4I13/2,

respectively.
The excited-state absorption (ESA) spectra were registered by

using a pump–probe technique [16] based on two lock-in ampli-
fiers. The registered spectra, in fact, were ESA difference spectra
which were transformed into ESA cross section spectra by
determining first the excited ion density Nn at wavelengths
where, according to the positions of the Nd3þ energy levels, there
is no ESA transition (which is expected around 1.06 and 1.11 mm,
for instance, in the case of Nd:GGG), then by deconvoluting for
the previously derived ground-state absorption and emission
cross section spectra (see in Ref. [16] for more details concerning
the method).
4. Emission and ESA cross section spectra

As indicated previously, the emission spectra associated with
the emission transitions from the 4F3/2 metastable level of the
Nd3þ active ions down to the lower energy levels have been
transformed into units of cross-sections by using the above
reported Fuchtbauer–Ladenburg expression, the fluorescence life-
time tf¼250 ms, as extrapolated at zero concentration, the aver-
age Nd:GGG refractive index n¼1.94 and the branching ratio bi of
each inter-multiplet emission transition. However, instead of
using the branching ratios which can be derived from the J.O.
analysis of the absorption spectra, which necessitates to be
confident both on the dopant concentration and the J.O. formal-
ism, these branching ratios were directly derived from registered
emission spectra and also by reference to the case of Nd:YAG [17].

Doing so, the experimental branching ratios in the case of
Nd:GGG were found equal to

bð4F3=2-
4I9=2Þ ¼ 43:471:5%, bð4F3=2-

4I11=2Þ

¼ 47:571% and bð4F3=2-
4I13=2Þ

¼ 8:870:7%

which is very close to the values reported in the past by Lomheim
and De Shazer [12] by using the J.O. formalism.
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Fig. 4. Room temperature emission and excited-state absorption (ESA) cross

section spectra around 1350 nm.
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The resulting emission cross section spectra are reported in
Figs. 1–3. It is found the emission cross-section values

semð937:3nmÞ � 3� 10220 cm2, semð1062nmÞ � 1:5� 10219 cm2

and

semð1331nmÞ � 3:9� 10220 cm2:

This can be compared with the values derived in the case of
Nd:YAG [18], i.e.

semð938nmÞ � 3� 10220 cm2, semð1064nmÞ � 2:7� 10219 cm2

and

semð1320nmÞ � 5:2� 10220 cm2:

The figures also show the recorded ground-(GSA) and excited-
(ESA) absorption spectra in the same domains as the emission
lines around 900, 1060 and 1350 nm.

It is worth noting here that the ESA spectra around 1060 and
1350 nm reported in Figs. 3 and 4 (since there is no ESA around
900 nm) have been obtained, as mentioned above, by subtracting
the stimulated emission cross section spectra derived indepen-
dently by calibrating the experimental emission spectra with the
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Fig. 2. Room temperature absorption and emission cross section spectra

as obtained by using the Fuchbauer–Ladenburg (FL) and the Reciprocity

methods (RM).
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Fig. 3. Room temperature emission and excited-state absorption (ESA) cross

section spectra around 1060 nm.
aid of the Fuchtbauer–Ladenburg formula. It means that the
reported emission cross section spectra do not depend on the
quality of this deconvolution. On the contrary, the derived ESA
cross section spectra may be subject to this deconvolution, for
instance because of the slightly different spectral resolutions used
to register the respective emission and excited-state absorption
difference spectra (see in Ref. [16] for an explanation of what is
really measured). Figs. 2 and 3 show that this deconvolution,
indeed, is not perfect, especially around 1150 nm. Nevertheless,
the deconvolution is quite good around 1060 and 1340 nm, the
small and sharp negative features appearing after the deconvolu-
tion resulting from spectral resolution artefacts.

From these spectra, we can derive about the same conclusions
as for the other Nd3þ doped laser crystals [19,20], i.e.
–
 no ESA around the 1062 nm emission lines.

–
 Nonnegligible ESA around 1330 nm (around 5%).

–
 No ESA around 1150 and 1410 nm.
The emission cross section values at 933.6 and 937.3 nm could
be further confirmed by reconstructing the emission cross-section
spectrum which can be obtained by using the so-called ‘‘recipro-
city’’ method (RM). Indeed, the emission cross-section spectrum
sem associated with the emission transition 4F3/2-

4I9/2 can be
obtained from the corresponding 4I9/2-

4F3/2 absorption cross-
section spectrum by using the expression [15]

semðlÞ ¼ sabsðlÞ
Zl

Zu
exp

hc

kT

1

lZL
�

1

l

� �� �
ð3Þ

where Zl and Zu stand for the 4I9/2 and 4F3/2 partition functions
respectively and lZL is the wavelength of the so-called zero-line.
In the case of Nd:GGG, lZL¼874 nm and, with Stark components
at 0, 93, 178, 253 and 772 cm�1 for level 4I9/2 and at 11,442 and
11,485 cm�1 for level 4F3/2 [10,11], it is found Zl¼4.77 and
Zu¼3.63, thus a ratio Zl/Zu¼1.32. The corresponding spectrum
(RM) is also reported in Fig. 2. It nicely fits with the spectrum
obtained by using the FL expression.

Taking into account, however, the errors which can be made
on one side by using the J.O. formalism and on the other side by
correcting the spectra for the spectral response of the apparatuses
in a spectral region where the spectral response of the detectors
usually vary very strongly, we can safely estimate the emission
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cross-section of the 937.3 nm emission line to

semð937:3nmÞ ¼ ð2:9570:1Þ � 10220 cm2

This is to be compared with the corresponding absorption
cross-section:

sabsð937:3nmÞ ¼ 6� 10222 cm2

It is finally worth noting that the cross section of the other
emission line at 933.6 nm, with a value of about 2.9�10�20 cm2,
is only slightly lower than that at 937.3 nm. Moreover, re-
absorption losses due to thermal population of the terminal level
of these 3-level laser transitions should be more critical in the
case of Nd:GGG, with a terminal level at about 772 cm�1, than in
the case of Nd:YAG, with a level at about 852 cm�1. Conse-
quently, slightly higher laser thresholds and lower output powers
are expected at 933.6 nm and 937.3 nm in the case of Nd:GGG
than at 946 nm and even at 938 nm in the case of Nd:YAG.
5. Conclusion

We have reported here for the first time the complete emission
and excited-state absorption (ESA) cross section spectra of
Nd:GGG, as registered in the near-infrared and at room tempera-
ture. As in the case of Nd:YAG, no ESA occurs at the main emission
lines around 1062, 1150 and 1410 nm, but ESA does occur,
although not exceeding about 5%, around the emission line at
1331 nm. Compared to Nd:YAG, it is also worth noting similar
emission cross sections around 938 and 1330 nm, and an emis-
sion cross section of only half the value found in the case of
Nd:YAG around 1062 nm.
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