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In this paper we derive expressions for the laser slope efficiency and the threshold absorbed pump

power which explicitly include excited-state absorption in the pump as well as in the laser-emission-

wavelength domains. They are applied to the case of the diode-pumped Nd +-doped laser systems and,

along with expressions allowing the calculation of excited-state-absorption (ESA) cross sections within

the framework of the Judd-Ofelt theory, they provide a theoretical framework for the second part in

which we present both experimental measurements and theoretical calibrations and an analysis of
excited-state-absorption spectra in the stimulated emission as well as in the pumping domains of Nd

doped Y,A1,0», YLiF4, and LaMgA1»O» laser crystals. The results indicate that ESA in the infrared

metastable state of Nd + in these materials is negligible at the main laser wavelengths but can be more

significant if it takes place, following some energy-transfer induced-excitation process, in higher-lying ex-

cited states. The analysis of these ESA within the Judd-Ofelt formalism shows a general agreement

better than 50go between the experimental data and the theoretical predictions. This is used to estimate

the inhuence of ESA in the pumping domain on the laser performance of the materials. It is found that

it contributes but that it does not significantly perturb this laser performance, and that this effect is much

less than some upconversion energy transfers that limit the Auorescence excitation efficiencies and

reduce the energy-storage capacities by the reduction of the effective fluorescence lifetimes of the laser

metastable level.

I. INTRODUCTION

The study of excited-state-absorption (ESA) or
multiphoton-sequential-absorption phenomena generally
allows the completion of classical one-photon ground-
state-absorption (GSA), ground-state-emission, and
dynamical-fluorescence studies. ESA allows us to probe
high-energy-lying excited states drowned in continua,
which are difficult to distinguish or to which the GSA
transition probability is too weak to be observed, and to
know more about the relaxation dynamics of the short-
lived excited states, such as in plasma. '

The determination of the ESA cross sections in the ab-
sorption and emission domains gives essential informa-
tion about the operation mode and the performance of
laser systems based on the transition-metal ' and rare-
earth ions emitting in the near-infrared spectral region.
It is also very informative in the study of future laser sys-
tems, so-called up conversion and photon-avalanche sys-
tems, emitting in the visible range. The excited-state
absorption of the pumping light, and the multiphonon re-
laxations that follow, also could partly explain the
thermal overloading processes observed at high pumping
power in the laser rods when the operating regime
changes from a stimulated (lasing) to a spontaneous-
emission regime.

No direct and quantitative study of ESA has been con-
ducted so far in the case of the now well-known Nd +-

doped laser crystals Y3A1&O&2 (YACC) and YLiF& (YLF),
either because no one realized the importance of it, or be-
cause the experimental measurements it necessitates were
not easy to perform. To our knowledge, the only works
that explicitly treat the ESA were conducted in glassy
materials. ' In the case of crystals, we note a nondirect
measurement of an ESA cross section in YAG:Nd +

around 750 nm (Ref. 11) and an ESA spectrum in
SrFz..Nd + around 1.06 pm. '

Thus, one did not know the real influence of this
phenomenon, so detrimental in the case of the
transition-metal-ion laser systems, ' on the laser perfor-
mance of the Nd +-doped crystals and what perspectives
it could offer. One also did not know to what extent the
existing formalisms, such as the Judd-Ofelt theory, ' '
associated with the Einstein reciprocity law between the
absorption and stimulated-emission cross sections, were
able to give an account of the intrinsic cross sections of
the optical transitions involved.

By testing a number of theoretical and experimental
methods on well-known laser systems such as
YAG:Nd + and YLF:Nd +, as mentioned above, and by
applying them to the less common and more complex
LaMgA1&&O&9. Nd + (or LMA:Nd + or LNA) laser crys-
tal, ' we 611 an important scientific vacancy. Moreover,
by studying more carefully the relationships between the
intrinsic spectroscopic properties of these materials (such
as stimulated emission and ESA cross sections, inhomo-
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geneous versus homogeneous line broadening, etc.) and
their laser performance, ' ' we are able to deduce some
additional information about their optical quality and
about the importance of eventual impurities. This can be
useful to the crystal grower spending time and money to
improve the fabrication processes.

The first part of this work is devoted to theoretical
considerations concerning the effect of ESA on the laser
performance and the Judd-Ofelt calibration or prediction
of the ESA spectra. In the second part we first give the
results of experimental and theoretical calibrations in
units of cross sections of polarized ESA spectra that were
previously reported in another article. ' The ESA spec-
tra were recorded in the main regions of infrared-
stimulated emission around 1.06 and 1.32 pm of Nd +-
doped Y3AI&O&z (YAG), YLiF& (YLF), and LaMgAliiOi9
(LMA) laser crystals. We then give for the same systems
ESA data obtained in the blue and the red regions at
wavelengths that can be important in the parametrization
of the photon avalanche process, which was enlightened
recently, and also for the estimation of the importance
of ESA in the case of broadband flash-lamp pumping. Fi-
nally, data are presented concerning the competitive
effects of upconversion energy-transfer processes, in par-
ticular when the systems are pumped by lasers, Ti-
sapphire or semiconductor diode lasers, around 800 nm.

II. THEORETICAL CONSIDERATIONS

A. Effect of ESA on laser performance

In this subsection, we are going to treat the effect of
ESA in the wavelength domains of laser emission (a case
already examined in the past' ) and of optical pumping
on the laser performance (threshold pump power and
laser efficiency) of a four-level laser system (for the case of
the Nd +-doped systems emitting around 1.06 pm).

We first consider a laser crystal of thickness d within a
two-mirror symmetrical cavity with an output coupler of
transmission T and we assume stationary conditions.
Then we introduce a simple model with a ground state 0
and two excited states 1 and 2, in which we assume that
all of the photons absorbed in the excited state 1 are lost
for laser action, which is a pessimistic view of the prob-
lem, and that there is negligible ground-state absorption
(GSA) at the laser wavelength, which is justified in the
case of a four-level laser system. Of course, for a Nd +-
doped laser system emitting around 1.06 mm, the levels 0,
1, and 2 stand for levels I9/2 E3/2 and one of the
higher-lying excited states of the Nd + ion, respectively.
o.

o and o.
&

are the CAUSA and ESA cross sections at the
pump wavelength; o.

&
is the ESA cross section at the

laser wavelength; o., is the stimulated emission cross
section; W is the spontaneous emission rate; and ~ is the
Auorescence lifetime of level 1. With these parameters,
we solve, for a longitudinal pumping, the following equa-
tions of evolution:

dI = —(o ~(@TO+o~iN, )I
dz

G'"—1pth hvS,
2o~~ 1 —eG' (4)

th
laser Pdiir( abs abs )

hvL T 2'
& 1 1 eG2

Pdjff= hv 2 + G"—1 1 —e (6)

pdjff is the 1aser slope efficiency; h v~ and h vL are the ener-
gies of the pump and laser photons; S is an average
cross-section area of the pump and cavity modes within
the laser crystal; eo and e are the transparencies of the
crystal at the pump wavelength below and above laser
threshold, respectively; and G and I. are the single-pass
gain and losses. Knowing that,

o-~/(a —o. )
—o~N d

(7)

P,„,-=(1—6 )P;„, ,

TG=L '= 1 ———5
2

where 6 gathers all the intracavity losses other than that
of the output mirror transmission and r is a dimensionless
parameter that measures the relative magnitude of the
ESA and of the stimulated-emission cross sections and is
given by

L
Oem

(10)

If the losses and the output mirror transmission are
small compared to 1, which is generally the case with cw
lasers, expressions (4) and (6) for the threshold pump
power and the laser slope efficiency become

L
~UL ~em 1 T (11)dif I + L T

Shv
P'," = (T+25)(1 F)—

2(o, —o, )r
(12)

with

(o~()+cr~i)( T+25)
2(o, —cr, )

(13)

If we write S =a(co +col )/2 and assume that F is small,
we find expressions close to those commonly used in the
literature. From these expressions it is clear that the

dIL =+(cr, —o i )NiIL
dz

dpi =o ONOI„(o—, +cr, )N, IL cr—,N, I~ —WN,
dt

with N=NO+N& and IL=IL +IL N is the total ion
density, and IL+ and IL are the counter-propagating laser
intensities in the cavity.

Within this framework, the threshold absorbed pump
power and the laser output power are given by the follow-
ing expressions:
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effect of ESA in the stimulated-emission domain can be
very important since it can reduce the laser slope
efficiency and enhance the absorbed pump power at
threshold very significantly.

To understand the inhuence of the other parameters,
particularly ESA in the pumping domain, we have ana-
lyzed the threshold absorbed pump power and the laser
s ope efficiency as a function of the output mirror
transmission by varying the value of the optical losses I.,
the parameter r, and the transparency 80. The value of
the ratio cry/(o, ~ o—, ) has been fixed to 0.15 because it
is the value that generally applies in the case of the
diode-pumped 1.06-pm Nd +-doped laser materials.
Moreover, this ratio does not play a significant role since
no difference could be observed between the curves for
values larger than about 0.05. The output mirror
transmission has been varied from 0 to 25% (it is gen-
erally less than 10%), the optical losses from 0 to 10%
they are generally of the order of 1%), and we worked

with transparency values of 5 and 20%. Figures 1 —3
show the dependences of the laser slope efficiency and the
threshoshold pump power on these parameters. From the
curves of Figs. 1 and 2, it can be concluded that ESA in
the pumping domain has a significant effect only for r
values larger than 0.5 and for output mirror transmis-
sions larger than 5%. In the case of a stimulated-

cm, it means thatemission cross section of a few 10 ', 't
ESA in the pumping region will have to be of the same
order of magnitude to significantly perturb the laser per-
ormance of the system. This inhuence is more pro-

nounced as the optical losses and the transparency of the
material are larger, but they are values for which the sys-
tems are not generally operating. From the curves of Fig.
3, it is found that ESA in the pumping domain is of little
importance compared to that of the transparency eo.
For an output mirror transmission T=10%, for instance,
the absorbed pump power at threshold does not vary by
more than about 3% between r =0 and 2, that is, for a
very unfavorable case corresponding to L =4% and
e =20%. This ip Q. is is negligible compared to the experimen-
tal uncertainties which are usually of the order of 10%.

B. Judd-Ofelt calibration of ESA spectra

The E&S. cross sections between the energy levels of
the rare-earth ions in the materials can be theoretically
determined from an analysis of the classical GSA spectra
by applying the well-known formalism developed b Judd
and Ofelt. ' ' pe y u

Nd+m
In the case of ESA taking place in the

metastable state F3/2 the electric-dipole transition4

strengths will take the form

(14)+3/2 ~') =
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LMA(S) and LMA(NS) refer to two kinds of Nd +-

doped LaMgA1& |0» (LMA) single crystals, near-
stoichiometric (S) crystals of formula LaMg Al 0g0. 7 11.2 19

and nonstoichiometric (KS) congruent crystals of formu-
la Laa Lao 9Mgo 5A1» 433O19 that were recently studied' ' for
their particular optical and laser properties. In the fol-
lowing we shall use our own set of parameters (see Table

(16)

t=2, 4, 6

(t)where U are matrix elements that can be found in the
iterature' and 0, are the so-called Judd-Ofelt parame-

ters. Then the ESA spectra can be calibrated in units of
cross sections by integrating them and writing

f o EsA(~)
Scarc g

=C(n)S( F3y2~J') (15)

with
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TABLE I. Judd-Ofelt parameters (units of 10 cm ) of Nd'+-doped YAG, YLF, and LMA (near-

stoichiometric S as well as nonstoichiometric NS).

YAG

YLF

LMA
(S)
(NS)

0.37
0.2
0
0.32

1.9
0.36
0.93

1.23
1.12
1.34

2.29
2.7
3.2
3.0

2.7
4.02
2.56

1.75
1.79
1.84

5.97
5
4.6
5.16

5
4.84
4.98

2.24
1.80
2.03

rms

0.16

0.17

0.10
0.11

Ref.

19
20
21

This work

22
23

This work

24
This work
This work

where I and I„are the transmitted intensities of the
probe beam through the rod of length I with and without
pumping, respectively.

Then, knowing the stimulated emission cross section
spectra o., (A, ) and the shape of the ESE spectra, the in-
tensity of which IEsE(A, ) is proportional to the ESA cross
section, i.e., IEsE(A, )=ao EsA(A, ), we can find o EsA(A, ) by
adjustment of the value of N and by writing

cTEsA(A, ) =o,~(A, ) —ln(I /I„)/X*l =IEsE(A, )/a . (18)

»(I /I. ) =(oGsA oEsA)&*1 . (19)

This kind of spectra allows one to directly know the
excited-state-absorption cross section as soon as the
ground-state-absorption cross section, o.&sA, is known at
a wavelength for which ESA is negligible.

Thus, the next three subsections will present ESA re-
sults in the three following interesting domains:

Concerning the ESA investigation in the visible and
near-infrared pumping domains, we have recorded cali-
brated spectra more directly. The same kind of fiash-
lamp pump chamber was used as a pumping source in the
case of Nd +-doped YAG and LMA but, because the
YLF:Nd + laser rod was broken in the meantime and
only reduced samples were available, we had to use
another pulsed dye laser as pumping source for this sys-
tem. The probe beam was that of a pulsed YAG:Nd
pumped superradiant dye laser. Indeed the special
geometrical shape of the dye cuvette used in this experi-
ment allowed us to obtain a broadband amplified fIuores-
cence the divergence of which was weak enough to be
collected into an optical fiber and to be sent efficiently
through the YAG or the LMA laser rod or the YLF sam-
ple. At the output of the crystal, the transmitted light
was collected by another fiber, sent onto the entrance slit
of a Jobin-Yvon HRS1 monochromator and analyzed
with the help of a 512 pixels optical multichannel
analyzer from EG A G covering about 15 nm. This
detection system allowed us to register spectra with a
good spectral resolution and also time-resolved spectra
thanks to a synchronization system controlling the time
of triggering of the fIash pump and/or of the lasers.
Then in the investigated pumping domains, we have
recorded transient absorption spectra:

(1) The infrared stimulated emission domains around
1.06 and 1.32 pm for which we shall just complete the al-
ready available data by experimental and/or theoretical
calibrations of the ESA spectra in a cross-section unit.

(2) The visible domain around 470 and 610 nm because
these wavelengths correspond to strong ESA transitions,
F3/2~ H9/2 and F3/2 + D3/2 respectively, and also

because the GSA in these regions is relatively weak.
These ESA transitions were already reported by Caird
et al. in a study about transient absorption due to color
centers in YAG:Nd + and Nd +-doped phosphate
glasses. As we shall see, we are reporting here much
better resolved spectra. Another reason to study the red
F3/2 + D3/2 ESA transition is, as mentioned above, its

interest in photon avalanche processes which were re-
ported recently.

(3) The laser diode pumping domain around 800 nm.
As we shall see, because the GSA intensities were too
strong, we were unable to measure ESA experimentally in
this domain. Thus we have built ESA spectra theoreti-
cally, knowing the ESA line positions, which can be cal-
culated from the positions of the Stark components of the
energy levels involved in the transitions and which are
given in the literature for each compound and using
the Judd-Ofelt formalism, as described previously.

1. FSA in the infrared emission domains
around 1.06 and 1.32 pm

In Ref. 15, we reported polarized excited-state-
excitation spectra around 1.06 and 1.32 pm which corre-
spond to

4
F3/2 G 9/2 + ( 3/2 + 11/2 + + 15 /2 )

2 2 4 2

and F3/2 ~ G7/z ESA transitions, respectively. The
manifolds that appear between parentheses cannot be dis-
tinguished from the G9/2 level in Nd +-doped YAG and
LMA, whereas in YLF:Nd + the F3/2 + 69/2 transition
is well determined. Figure 4 recalls the energy levels of
the Nd + ion and the transitions of interest here.

In each material, we had already noticed that the ESA
intensities, for a given polarization, was very weak at the
laser wavelengths, around 1.06 ]Ltm ( F3/2~ I]]/2) as
well as around 1.32 pm ( F3/2~ I]3/2). Now we are go-
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S( F3/2~ G7/2 ) =0.106402+0.062904, (20)

where the JO parameters 0, are those reported in Sec. II.
If E is the area of the polarization-averaged ESE spec-

tra IfsE(A, ) with p=a and o in the case of YLF and
LMA, we have

f [2IEsE(A, )+IEsF(A, ) jdA,
(21)

where k is the average wavelength of the transition.
The ESA cross section is simply calculated for each po-

larization by using the expression

~fSA(A ) = (S„t,/E)IfsE(~ ) (22)

ing to give the maximum ESA peak cross sections and
the ESA cross sections at the laser wavelengths.

The calibration of the ESA spectra around 1.32 pm
was only made with the Judd-Ofelt (JO) formalism' ''
because it was too dif5cult to extract information from
the ESA-gain spectra that were disrupted by the
rotation-vibration water absorption in this region. Ac-
cording to the literature' the strength of the
F3/2~ G7/2 intermanifold transition should not depend

on the 06 parameter, the selection rule being
~
J—J'

~

~ t ~J+J' with J=—', , J'= —', and is given by

The peak ESA cross sections so calculated are gathered
in Table II. In the case of LMA, the large uncertainty on
the calculated values comes from the poor knowledge of
the terminal levels, G7/2 or G9/2, of the ESA transitions
around 1.32 pm. With these values we thus find that the
ESA cross sections at the laser wavelengths remain very
weak: less than 10 ' cm for YLF at 1.314 pm in o. and
1.321 pm in m polarization and for LMA at 1.300 and
1.378 pm in cr polarization, less than 0.5X10 ' cm. at
1.318 pm and about 2.5X10 ' cm at 1.338 pm in
YAG.

Around 1.06 pm the calibration with the Judd-Ofelt
formalism is less accurate than around 1.32 pm because
the terminal level of the ESA transition around 1.06 pm
can participate of several multiplets and also because the
recorded ESE spectra do not cover the entire

4 2 2 4 2
3/2 9/2 3/2 + 11/2 + +15/2

ESA transitions. It is the case for YAG and LMA.
Thus, the confrontation of the two methods of calibration
described above was only really reliable in the case of
YLF because the observed ESA lines are assigned to the
only F3/2~ G9/2 ESA transition.

If we only take this F3/2 G9/2 ESA transition into
account for the three systems, we know that its strength
does not depend on the Q2 parameter and is given by'

where S„„is given by S„„=C(n)S and C(n) is given by
expression (16).

S("F3/2 ~ G9/2 ) =0.02130q+0.031606 . (23)

E(103c~1
~

ji YLF:Nd

25
l2

15

2ihhhh V 'A'wX'w& ~2

( 2
9Pxx x~vxxxxxwxx +g4

1

4

l

- F~

F~

7/2

+91

15'

F
7/2

2
F~

2 2

~2 2

17/2JI
211Q15/l2%~%% X', X~ X~ %%4D

l5

25

Following the above procedure, the maxima of ESA
cross sections in YLF were found to be 3.3 X 10 cm
at 1.051 pm in ~ polarization and 1.75X10 cm at
1.048 pm in a polarization. Using expression (18), the
YLF-polarized gain-ESA spectra which are shown in Fig.
5, and the values of the stimulated-emission cross section
peaks at 1.047 and 1.053 pm found in the m and cr polar-
izations and which were reported in the literature, ' i.e.,
3.7 X 10 ' and 2.6 X 10 ' cm, respectively, we have
been led to maximum ESA cross sections of 7X 10 and
4X10 cm at 1.051 and 1.048 pm in the ~ and o. po-
larizations, respectively.

These values are about two times larger than those cal-
culated with the first method. This factor cannot be ex-
plained with only the experimental errors; two explana-
tions can be considered: The Judd-Ofelt formalism is not
reliable when high-energy levels are involved. This ex-
planation is not completely satisfactory because the 69/2
level is only lying at about 21000 cm ' and because, as
we shall see in the following, a good result has been ob-
tained for an ESA transition terminating on an energy
level lying at about 28000 cm '. The calibration of the

TABLE II. Peak ESA cross sections (units of 10 cm ) in
Nd +-doped YAG, YLF, and LMA around 1.32 pm.

0

FIG. 4. Energy level diagram of Nd + (case of YLiF4) and

ESA transitions studied in this work.

System

YAG
YLF (p=v)
YLF (p =o )

LMA (p=~)
LMA (p=~)

k (pm)

1.352
1.310
1.328
1.310

1.310, 1.325

ops~ (10 cm2)

=1.0
=1.9
=0.7

0.9-2.0
0.5-1.1
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0.5-

YLF:Nd
cross section at 1.049 pm in the m. polarization is estimat-
ed to be about 1.2 X 10 cm by using the JO treatment
and 1.5 X 10

—zo cmz by using the gain-ESA spectra. The,
stimulated-emission cross section that was used here was
an average of the values found in two kinds of LMA crys-
tals' by other gain measurements, i.e., 5.9 X 10 cm at
about 1.0545 pm in the o. polarization. Here again ESA
at the 1.0545-pm laser wavelength in the o. polarization
can be neglected.

-0.5
1040 1045 1050 1055 1060 1065 1070

Wavelength (nm)

gain-ESA spectra is not good, leading us to reconsider
the stimulated-emission cross sections found in the litera-
ture. This appears to make sense since these values,
which result from laser experiments, are certainly too
large by comparison with the values obtained from the
calibration of the emission spectra I, (A, ) using the well-
known expression

FIG. 5. Polarized gain-ESA spectra of YLF:Nd'+ recorded
at T=300 K around 1.06 pm.

2. ESA spectra around 610 and 470 nm

(a) Case of YAG:Nd +. Figure 6 shows the room-
temperature difference absorption spectra ln(I„ /I )

which were recorded in YAG:Nd + from 590 to 625 nm
and from 440 to 480 nm for the same excitation pump
power. As in the case of the ESE spectra in the infrared
domain, these spectra are made up of several lines the po-
sitions of which are in very good agreement with the ones
calculated from the Nd + energy level diagram for this
material. In the first range, we clearly distinguish the

F3/2 D5/2 from the F3/p + D3/2 ESA transitions.
The most intense line is lying at 619.4 nm and the shoul-
der on its short-wavelength side well corresponds to an

1.0C!
YAG:Nd

3~'P I~ (A)
o~ (A, )=

g~n «„~ f [2I, (A, )+I, (A, )]dA,
(24)

0.80-

0.60-

4F3/2-& 4D3/2 (l)

where r„z is the radiative lifetime and /3 the branching
ratio of the considered emission transition. Indeed, by
using this expression, the maximum stimulated-emission
cross sections at 1.047 and 1.053 pm are found to be
equal to 1.8X10 ' and 1.4X10 ' cm in the m. and cr

polarizations, respectively (if the Boltzmann factors are
taken into account, however, we again find values close to
the previous ones, i.e., 4. 1X10 ' and 2.4X10 ' cm ).
With these values the calibration of the gain-ESA spectra
leads to ESA cross sections, o EsA (1.051
pm)=3. 7X10 cm and crEsA (1.048 pm)=1. 9X10
cm, in much better agreement with those obtained with
the help of the Judd-Ofelt formalism. At any rate, in-
dependently of the chosen stimulated-emission cross sec-
tions of the laser transitions at 1.047 and 1.053 pm in
Nd +-doped YLF, they are about 60 and 100 times
stronger than the ESA cross sections at the same wave-
lengths in the same polarizations.

In the case of YAG:Nd +, depending on the terminal
levels of the ESA transitions which are taken into ac-
count ( G9&z alone or with G»&2) in the Judd-Ofelt
treatment, the estimated maximum ESA cross section at
1.074 pm is found between 3 and 11X 10 cm . On the
other hand, by using a stimulated-emission cross section
of 7.4X 10 ' cm at 1.064 pm, the gain-ESA calibra-
tion gives an ESA cross-section value at 1.074 pm of
10X10 cm, in good agreement with the Judd-Ofelt
prediction. As a consequence ESA at the 1.064-pm laser
wavelength is negligible.

In the case of LMA:Nd +, the maximum peak ESA

0.2o- 4F3/2 -& 4D5/2 (+)

0.00-

e

%so 565 ado 665

Wavelength (nm)
0.3C

YAG:Nd

625

0.25- F3/2 -& H9/2 (1)

0.20-

& 0.35-

3/2 - D5/2 + H11/2 (+)

0.05-

0.00-

4 40NI 4 OO ~ X)NXI ~ I ~ I ~

Co 4/0
Wavelength (nm)

FIG. 6. Difference absorption spectra of YAG.Nd'+ record-
ed at T=300 K around 620 and 470 nm.
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o EsA(470. 9 nm) =(3.6+1.2) X 10 cm

o Es&(619 nm) =(10.8+3.3) X 10 cm

As in the previous section the difference absorption
spectra also can be calibrated with the help of the JO for-
malism, but it is a little less direct than in the case of the
ESE spectra because GSA has to be taken into account.
The ESA cross-section spectra can now be obtained by
using the expression

TABLE III. Wavelengths of the main F,/, ~ D3/2 and

F3 /2 + H9 /2 ESA transitions found or expected around 620
and 470 nm in YAG:Nd + and positions of the involved energy
levels.

/2 11427 cm 11512 cm

32613 cm
32662 cm
32745 cm
32802 cm
32840 cm

/2

472.01 nm
470.92 nm
469.08 nm
467.83 nm
467.01 nm

473.91 nm
472.81 nm
470.96 nm
469.70 nm
468.86 nm

27571 cm
27670 cm

619.43 nm
615.65 nm

622.70 nm
618.89 nm

expected line. In the second range, we observe the fol-
lowing ESA transitions: F3/2 —+ D3/2+ H»/2 around

4 nm F3/2~ Ds/2 a ound 465 nm, and F3/2~ H9/2
4 2 4 2

around 470 nm. For this last transition, six lines over ten
theoretically expected can be clearly observed. The ones
expected at 467.0 and 467.8 nm are certainly too weak to
be observed. On the other hand, the most intense line at
470.9 nm is in fact made of two overlapping ones and a
line at 468.87 nm is probably also overlapping with that
found at 469.08 nm. The wavelengths of both the
F3/2 ~ D 3/2 and F3/2 + H9/2 ESA transitions and

their assignments are gathered in Table III.
The negative parts of the spectra correspond to GSA

lines or backgrounds; they express bleaching processes
due to depletions of the number of ions in the ground
state. Most of these GSA lines are saturated (at 459 nm
for instance), which means that the probe beam at these
wavelengths is almost fully absorbed by the rod (1=8
cm) and that the ratio I„/I is not reliable. However at
some other weak GSA wavelengths k, for which ESA is
negligible, we can estimate the product N*I by using the
GSA cross section oos~(A, , ) and the expression derived
from expression (19):

—ln(I„/I )(A,, )N*I =
os (A,, )

Then we can use this factor to "directly" calibrate the
difference absorption spectra ln(I„/I ) in cross-section
units. In our experiment, the number of excited Nd +

ions was about 10' ions/cm, which corresponded to
about 0.75% of the total density of Nd + ions in our 1

at. % Nd -doped YAG crystal. The peak ESA cross
section is found

oEs~(A ) = (S
~

2 )Ag(A, )/G +oosA(A ) (26)

where bg =in(I„/I ), 6 = fAg(k)d A/, X, and
a = foos„(~)d~/X, the limits of integration for G and
3 being the same and being chosen so as to cover the
considered ESA transition, and where S„&, is calculated
by using expression (15) and the JO parameters given in
Sec. II.

In the case of the YLF and LMA uniaxial crystals, we
also have to take into account for expression (26) the
weights of —', and —,

' of the polarizations o. and ~ in the in-

tegrals G and A. If the oscillator strength of the
F3/2 —+ H9/2 ESA transitions does not depend of the Q2

parameter, the oscillator strength of the F3/2 + D3/2
ESA transition only depends on this parameter and S„&,
are given by

S( F3/2 ~ H9/2 ) —0.016804+0.006406 (27)

S( F3/2~ D3/2)=0. 146202 . (28)

The peak ESA cross sections in YAG:Nd are now
found to be equal to 1.1X10 and 1.7X10 cm at
470.9 and 619.4 nm, respectively. Thus, these "theoreti-
cal" values are about three and six times weaker than the
experimental ones. If the first disagreement can be ex-
plained in part by the experimental errors, especially in
the determination of N*l from the very weak intensity of
the GSA lines, the reason for the second one must prob-
ably be found in the error made in the derivation of the
Q2 parameter, especially in YAG:Nd + in which it is
about 50% according to Krupke, but it is probably
more important.

(b) Case of LMA:Xd +. Concerning LMA:Nd +, we
have proceeded in the same way, but contrary to the case
of YAG and YLF (presented below), the theoretical posi-
tions of the high-lying energy levels thus of the corre-
sponding ESA lines are not well known. Furthermore, as
is shown in Fig. 7, the lines in this material are much
broader. Nevertheless, in each region, we can distinguish
ten lines (numbered 1 to 10) which correspond to the
number of expected lines for each F3/2~ D3/2+ D5/2
and F3/2~ H9/2 intermanifold ESA transition around
605 and 465 nm, respectively. These spectra allow us to
determine a repetitive energy level spacing of about 120
cm ' which we assign to the energy splitting of the two
Stark components of the F3/2 multiplet. This value is
smaller than that usually reported in the literature but
this disagreement can be explained by the width of the
ESA lines (b,v=50 cm ') and also by the multisite na-
ture of this LMA system. '

Assuming a F3/2 energy splitting of the order of 120
cm ' the positions of the ESA lines can be used in turn
to determine the energies of the terminal levels of the as-
sociated ESA transitions, of D3/2 and D, /2 for ESA
around 605 nm and of H9/2 (and probably D3/z) for
ESA around 465 nm. These energies are all gathered in
Table IV.

The calibration of the LMA:Nd spectra was made
by using two methods: (1) From the determination of
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N l, knowing that it was very delicate because it was
difficult to find a wavelength at which there is no ESA
and not too strong GSA. The chosen wavelength was
475 nm where the GSA cross section is 4. 1 X 20 and
2.4X 10 cm in the o. and ~ polarizations, respective-
ly. Then, the ESA cross sections are calculated by using
the expressions (19) and (25) and it is found

11580 cm 11700 cm

TABLE IV. %'avelengths of the main F3/2~ D3/2+ Ds/2
and F3/2~ 09/2( D3/2) ESA transitions found experimentally
around 605 and 465 in LMA:Nd + and tentative positioning of
the corresponding energy levels.

o EsA(468. 8 nm) =2. 8 X 10 ' cm

o Es&(603.3 nm) =8.3 X 10 ' cm

oEs~(463. 6 nm)=1. 1X10 ' cm

oEs&(599.8 nm)=5. 8X10 ' cm

27923 cm
27989 cm
28160 cm
28370 cm
28427 cm

616.4 nm (1)
609.5 nm (4)
603.3 nm (6)
596.5 nm (6)
593.7 nm (10)

611.9 nm (3)
613.9 nm (2)
607.4 nrn (5)
599.8 nrn (7)
597.9 nm (8)

Here, the experimental error is estimated to be 50% espe-
cially on the factor N'l and also because of the choice of
the level of zero intensity of the difference absorption
spectra. (2) From the Judd-Ofelt formalism, we have
calibrated the polarized spectra by totally integrating
each band, between 590 and 625 nm and between 450 and
475 nm. The oscillator strength of the ESA transition
corresponding to the first range is:

32960 cm
33030 crn
33150 cm
33220 cm
33340 cm
33450 cm
33540 cm

467.8 nrn (2)
468.8 nrn (1), 466.3 nrn (3)
466.3 nm (3), 463.6 nm (5)
464.8 nrn (4), 462.0 nm (6)
462.0 nrn (6), 459.6 nm (7)
459.6 nm (7), 457.4 nm (9)
457.9 nm (8), 455.4 nm (10)

S( F3)2~ D3)2+ D5~2)=0.222102+0.246004 (29)
and using expression (10), the results are

o Es&( 603.3 nm ) = 14.7 X 10 cm2

0.15

4F3/2 -) 4D3/2 + 4D5/2
LMA:Nd

and

o Es&(599.8 nm) = 10.6 X 10 ' cm

0.10.

0.05-
C

thus in good agreement with the previous values, consid-
ering the approximations made and the experimental un-
certainties.

Around 465 nm, the F3/2 ~ H9/2 ESA transition
strength is given by expression (27) and that of
4
F3/z D3/2 b2

0.00-;
S ( F3yp~ D3y2 ) =0.00720' (30)

0.04

0.03-

sos ebs 635
Wavelength (nm)

4F3/2-& H9/2

EJC

625

0.01-

0.00-~:=:=~
t

1a

4.01 .
Wavelength (nm)

4&O 475

FICx. 7. Polarized difference absorption spectra of
LMA:Nd + recorded at T= 300 K around 605 and 465 nm.

So, even if the latter is taken into account in the
calibration —it represents about 15% of the former —we
have found that the difference (S„~,—A ) which is in-
volved in expression (26) remains negative. So, in order
to compare the results of the two methods we have pro-
ceeded in another way. We have first calibrated the spec-
tra with the cross-section values found above and then we
have compared the integrated cross sections. The in-
tegration of the difference absorption spectra from the
value of X*l leads to a value of 1.8 X 10 cm and that—23of the GSA spectra in the same domain to 2. 5 X 10
cm which results in an ESA integrated cross section of
4.3 X 10 cm, a value about 2.5 times that of
1.7X10 cm derived by the JO formalism. It is not so
good as around 605 nm but it remains acceptable, taking
into account the experimental uncertainties.

(c) Case of YLF:Xd +. As mentioned previously the
YLF:Nd + crystal was excited by a pulsed YAG:Nd
pumped dye laser instead of a Gash lamp. The sample
was a parallelepipedic crystal (1.5X4X6 mm ) of YLF:
1.5% Nd and it was excited at 585.3 nm (Exciton dye
Rh 610). The resulting difference absorption spectra
recorded in the m and o. polarizations around 595 and
465 nm are reported in Fig. 8.
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Though these spectra are much more noisy than in the
case of YAG:Nd +, especially around 465 nm, all the ob-
served lines could have been identified. Only three lines
at 464.5, 465.7, and 466.9 nm among ten could have been
observed and assigned to F~/2~ H9/2 ESA transitions,
probably because GSA is more intense than ESA at the
other wavelengths. Similarly, among the four lines which

xpected for the Fs/2~ Ds/2 ESA transition around
602 nm, only two of them at 601.62 and 603.64 nm have
been distinguished. The expected line at 599.31 nm is
probably hidden in the band corresponding to the
broader Fz/2 —+ D5/z ESA transition located around 595
nm, and the intensity of the line expected at 605.59 nm is
probably too weak to be detected. The positions of these
lines and the energies of the levels involved in the ESA
transitions are gathered in Table V.

4F~(Z -~ 4D5]2

CO -50

-100

-150.

580 585 590 595 600

Wavelength (nm)
605 610

YLF: Nd

E//C

E J.C (x4)

465 470
Wavelength (nm)

FICx. 8. Polarized diferent absorption spectra of YLF:Nd +

at T= 300 K around 595 and 465 nm.

TABLE V. Wavelengths of the main F3/2 ~ D3/2 and
F3/2 ~ H9/2 ESA transitions found experimentally around 605

and 465 nm in YLF:Nd + and positions of the involved energy
levels.

3/2 11543 cm 11598 cm

28109 cm
28220 cm

603.64 nm
(599.31 nm)

(605.59 nm)
601.62 nm

3/2

33016 cm
33072 cm

465.7 nm
464.5 nm

466.9 nm
465.7 nm

Because the sample does not absorb too much, the
GSA lines corresponding to the I9/2 —+ G7/2+ G»2
transition appear distinctly and are not saturated. So it is
easier to estimate the factor N*l. Moreover the resulting
calculated density of excited ions, X*= 1.3 X 10'
ion/cm, is in good agreement with the value which is
calculated by knowing the absorbed energy in the crystal,
i.e., &*= 1.05 X 10' ions/cm . Knowing the GSA cross
sections o, =o., =2X10 cm, the ~ and o. polarized
ESA cross sections at 603.6 nm are

and

o Es~(603.3 nm ) =0.65 X 10 cm

o.EsA( 603.6 nm ) = 1.6 X 10 cm

For this ESA transition, the calibration with the Judd-
Ofelt formalism gave ESA cross sections in very good
agreement with these values, i.e., 0.84 and 1.9X10
cm in the ~ and o polarizations, respectively.

As we mentioned previously, it is precisely the
"F~/2~ D3/2 ESA transition which is involved in the
photoavalanche process recently evidenced in
YLF:Nd +. This process is operating at low temperature
and necessitates the presence of a very efficient ESA at a
wavelength where GSA is very weak. According to Fig.
8 and the previous calculations, we note that at room
temperature this ESA should be more efficient in ~ polar-
ization than in o. , whereas the avalanche mechanism was
operating at low temperature in o. polarization. It seems
that between low and room temperature, there is an in-
version between the ESA intensities at 603.64 nm. The
same temperature effect is known to occur on the
F3/2 ~ I» /2 emission transition and very recently we

recorded ESA spectra around 600 nm which confirmed
this effect. Moreover, Joubert et al. worked out a sim-
ple rate equations model which was previously proposed
in the case of Ni -doped CsCdC1~ (Ref. 36) and they es-
timated that the ESA cross section at 603.64 nm in o. po-
larization at 9 K is 3.2X10 cm, that is about five
times larger than our experimental value at room temper-
ature. Our recent results seem to confirm this but further
experiments are necessary and are underway to evaluate
this cross section accurately. A subsequent article will be
devoted to these measurements and their analysis.
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crE&~ (A. ) =AS„r,(J~J')

1 AA/2
. . 2J'+J+1 ~ (X—X,, )'+(aX/2' ' (31)
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ergy transfers between adjacent ions bringing one ion in
state 2 or state 3 from another one in state 1, and where
o o is the GSA cross section, cr, and cr2 are the (phonon-
assisted) ESA cross sections from levels 1 and 2, respec-
tively, &2 and w3 are the fluorescence lifetimes of levels 2
and 3, O'I i and 8'I2 are the energy-transfer rates
(1,1)~(0,2) and (1,2)~(0,3), respectively. In
YLF:Nd + the energy-transfer processes which can be in-
volved are

Wll' . ( F3/2, F3/2 )~( I„/2& G9/2 )
4 4 4 2

of N3 should vary like the cube of the spectral profile of
N i . On the other hand, if the ESA cross sections o.

i and
o.

2 are not negligible, this profile will be modulated by the
spectral shape of o. i and o.2. The best fits of the excita-
tion spectra of the anti-Stokes Auorescences issued from
the 67/2 and P3/2 levels, with a power function of the
excitation spectrum of the fluorescence coming from the
F3 /2 metastable level, is obtained for

N2(z) =N, (X)'"

F3/2& F3/2 ( 13/2& G7/2 ) &

4 4 4 4

4 4 4 4
W12' ( F3/2& G7/2) ( I9/2& D7/2)&

4 4 4 4
3/2 & G7/2 ) ( 11/2 & 3/2

and

( F3/2 G7/2 )~( I13/2 P3/2 ) .4 4 4 2

N3(&(, ) =N1(A, )

As these values only slightly differ from 2 and 3, the
upconversion energy transfers probably play an impor-
tant role; it seems however ESA is far from being negligi-
ble. Thus we have tried to determine more particularly
the contribution of ESA to the feeding of level 67/2 by
looking for the best set of parameters a and P such as

The population equations for levels 2 and 3 can thus be
written

N2(A, ) =aN, (A, )+PN1(&(, )

with

(40)

aI1d

dN3 + S [2NIN2 N3 /7 3dt (34)

and

Nl max
CX

=~2O. iI
N2max

dN2
o iNI+ 8'i]NI —N2/w2 —O2FN2 —KI2NIN2,dt

Nl max

N2max

where F is the excitation pump power.
In the steady state, the populations become

N3 =r3(a2FN2 + W12N'1 N2 )

(35)

(36)

The best fit was obtained for a=0. 3 and P=0.7. This
model assumes that a, i.e., ESA, is independent of A, ,
which means, as mentioned above, that ESA is phonon
assisted.

2. Infrared fluorescence decay behavior

~,FN, +W»N,-'
o2F+8'I2N) +1/ 2

or by combining the previous expressions,

(37)

o. ,FNi + 8'iINi
N3 =~3 I+ 1 i(o2F+ W, 2N1" .

)r2
(38)

and, in the case of weak excitation pump power, i.e.,
cr2~2F &&1 and 8'i2~2NI &&1,

QON3 =r2r3[cr1o2F N1 +(W» .
+oW2, 2o, )FN1

QO+W„W, N 2]1. (39)

So, as expected, if N, varies linearly with the excita-
tion pump power (in the case of weak dopant concentra-
tion and not too strong excitation power), the dependence
with the excitation power of the intensity of the anti-
Stokes fluorescence corning from the third emitting level
will be cubic.

Moreover, if only the upconversion processes are in-
volved in the feeding of levels 2 and 3, the spectral profile

dNI = —NI /~+ 8'iiNI . (41)

The solution of this Bernouilli equation is

The upconversion energy-transfer processes can also
affect the Auorescence lifetime of the infrared metastable
level. On the other hand, laser experiments have shown
that the effective fluorescence lifetime ~, of this level is
shorter than the expected value and shortens as the exci-
tation pump power is increased. So we have studied the
variation of this infrared fIuorescence decay with the ex-
citation pump power and have tried to relate the results
with the upconversion energy-transfer mechanism dis-
cussed previously. First, we find that the fluorescence de-
cay mode is exponential at weak excitation pump power
but becomes more and more nonexponential when this
excitation po~er increases. This is shown in Fig. 15 in
the case of YLF:Nd +. To analyze this behavior, we
have used again the energy level scheme worked above,
but by only considering the three lower levels and by as-
suming no ESA. With these conditions the rate equation
for the infrared emitting level No. 1 is
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(42)
From this expression, we deduce the ratio between the
effective lifetime r, for which N, (r, )=N, (0)/e and the
fluorescence lifetime r (at low pump power):

re
1

(e —1)
1+N, (0)W„r (43)

o 0.6-

04

0.4-

0.2-

0
1

I I I I I I III I I I I I I I II I I I I I IIII I I I I I I II I I I I I I 1&I

10 102 103 1O4 105
N1(0)W11

FICx. 16. Theoretical evolutions of the ratio ~, /~ as a func-
tion of the parameter 8'»%1(0) in the case of YAG'Nd + and
YLF:Nd +.

Thus the decrease of the effective lifetime only depends
on the product N&(0) W»r, i.e. , of the pumping and up-
conversion rates and of the fluorescence lifetime. We re-
port in Fig. 16 the variation of ~, /~ as a function of
W»N&(0) in the case of YLF and YAG for which v=550
and 240 ps, respectively.

Knowing the excited ion density and the effective life-
time which is calculated from the decays, thus the ratio
r, /r, we have estimated from Fig. 16 the upconversion

1.2

rates in YLF and YAG, W» =(1.7+1)X 10 ' and

(2.8+1)X10 ' cm s ', respectively. In the end, we

have fitted the decays according to expression (42) and

adjusting 8'». The result is shown in Fig. 15 and the ad-

justed 8'&& values agree well with that found previously.

IV. DISCUSSION/CONCLUSION

In the first part of this work we developed a very sim-
ple model to examine the inhuence of excited-state ab-
sorption, in the pumping as well as in the emission
domains, on the laser performance of a four-level laser
system in order to apply it in the case of Nd +-doped
laser crystals. The effect of ESA in the emission domain
is clearly detrimental for laser action. The effect of ESA
in the pumping domain is less evident. In particular, the
model shows that ESA will significantly perturb the laser
performance of the Nd +-doped laser crystals if its cross
section is of the same order of magnitude as that of the
stimulated emission.

The second part of this work has been devoted to an
experimental and theoretical analysis of ESA in Nd +-
doped crystals of YAG, YLF, and LMA in the laser
wavelength domains around 1.06 and 1.32 pm and in
some specific excitation wavelength domains, around 460,
600, and 800 nrn, because of their intervention in Aash-
lamp and diode laser pumping and also in some particu-
lar photon-avalanche process. The experimental results
have shown first that ESA in the infrared metastable level

F3&2 of Nd + in these crystals at the main laser wave-
lengths is negligible. So it cannot be invoked in these ma-
terials to account, for instance, for discrepancies that
some authors could find between the net gain cross sec-
tions derived from laser experiments and the stimulated-
emission cross sections determined from emission spec-
tra. Then, the analysis of the ESA data in the laser as
well as in the pumping domains within the framework of
the Judd-Ofelt theory have shown that the ESA cross sec-
tions could be estimated, in most cases, to better than
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(44)&,*=Paw/h v,
where a is the absorption coefficient at the pump wave-
length and w the Auorescence lifetime at low excitation
pump powers. By using ~=540 ps and P=800 W/cm
we find with our model r, /r=(0. 7+0. 15), thus r, =385

50%, which is very satisfactory, considering the experi-
mental uncertainties and the approximations made in this
theory. Knowing that, we have found that ESA in the
F3/2 metastable state in the laser diode-pumping domain

around 800 nm could occur but with much weaker cross
sections than for GSA in the same domain, the latter be-
ing already much weaker than the stimulated-infrared-
emission cross sections around 1.06 pm, with o Gs~(800
nm) =0.15o, (1.06 pm) approximately. This is very im-
portant because, as stated above, ESA in the metastable
state at the pumping wavelength can perturb the laser
performance of the systems only if its cross section is of
the same order of magnitude as that of the stimulated
emission. Since it is not the case, we can conclude that
ESA around 800 nm, at least in the metastable state,
should not inhuence the laser performance significantly.
Moreover, concerning ESA in the visible domain, which
might be important for Aash-lamp pumping, we have es-
timated theoretically that the integrated ESA cross sec-
tion between 400 and 900 nm should not exceed 10% of
the integrated GSA cross section in the same domain.
So, the inAuence of ESA should be notable only for high
excitation densities, as is the case in the high power
Hash-lamp-pumped system. In this case we could have
shown indeed the existence of increasing thermal
effects —thermal lensing, thermal birefringence —when
going from a stimulated-emission to a spontaneous-
emission regime which can be explained for about one-
third by the ESA mechanisms and the subsequent heating
by the multiphonon relaxations.

ESA not being the essential mechanism for the reduced
laser performances of the systems, we have invoked exci-
tation and loss processes by upconversion energy
transfers, first in the F3/2 metastable state. This possi-
bility has been analyzed and confirmed by recording in
the 800-nm wavelength domain excitation spectra of
anti-Stokes Auorescences coming from higher-lying emit-
ting levels of Nd +, by discussing their profiles, and by
comparing them to the ones expected theoretically. It
has been invoked too to account for the reduction of the
infrared metastable lifetime, as by Seelert et al. to ex-
plain the reduced laser performance of their high-power
YLF:Nd + laser. They determined a fluorescence life-
time of 410 ps, instead of 540 ps, for a cw excitation den-
sity of 800 W/cm at around 800 nm. If we analyze the
problem within the framework of the model that we have
developed in the second part of our work, and which ap-
plies for pulsed excitation, the equivalent number of ex-
cited ions N,' is related to the pump power by the expres-
sion

ps, in very good agreement with the above values.
Concerning the energy transfers which are involved for

these upconversion phenomena we also have remarked
from the ESA spectra recorded in the infrared domain
that the only ESA transitions taking place in the metasta-
ble state which overlap with emission transitions are
those terminating on the G9/2 and G7/2 levels around
1.06 and 1.32 pm, respectively; There is no overlap of any
ESA transition from state F3/2 with the emission transi-
tion F3/2 ~ I9/2 around 0.9 pm. Consequently the ener-

gy transfers are the following:

+3/2r +3/2)~( Ill/2, G9/2)
4 4 4 2

and

4 4 4 4
+3/2~ +3/2 ) ( 13/2 ~ G7/2 )

To illustrate this point we have calculated the spectral
overlaps of the respective ESA and emission cross sec-
tions in YAG and YLF:Nd + (averaging over polariza-
tion in the latter) and we have found
jtTEs&(A, )o', (A, )dA, =3.2 and 2. 5X10 cm s, know-

ing that the contribution of the overlap around 1.06 pm
is about 30 and 210 times larger than that around 1.32
pm, in YAG and YLF, respectively. The overlap in
YAG is thus 1.2 times larger than that in YLF, which
agrees well with the ratio of 1.6 found between the
energy-transfer rates derived from the decay data.

In the end we can examine the solution which has been
proposed recently to identify the process responsible for
the increasing inefficiency of a diode-pumped Q-switched
Nd: YLF laser with decreasing pulse repetition rate. The
proposition is an ESA transition at the laser emission
wavelength taking place in the 67/2 excited state after
population of this state via the above upconversion ener-

gy transfers and subsequent multiphonon relaxations.
We have calculated first the integrated cross section of
the involved ESA transition and we have found
S„),( 67/2~ D5/2)=9. 6X10 cm, which is of the
same order of magnitude as the F3/p —+ G9/2 transition.
So this could lead to ESA peaks with cross sections of the
order of several 10 cm, which indeed could be detri-
mental for laser action at high pumping levels if one of
these peaks coincided with a laser transition, and consid-
ering the energy scale of Nd in YLiF„(Ref. 29) this might
be possible.
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