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High-power, picosecond-pulse excitation was used to study the dynamics of the pumping and de-

cay processes in Y3A150».Nd'+. The observed fluorescence spectral lines are assigned to transitions
from three different metastable states excited by both single-photon and two-photon absorption.
The branching ratios, lifetimes, and quantum efficiencies of the metastable states are obtained from
the data as well as the two-photon absorption cross sections. The results provide useful information
concerning ultraviolet pumping efficiencies of the Nd-YAG (Nd-doped yttrium aluminum garnet)
laser transition and the 5d 4f nonra-diative decay rate for this material. In addition, the time-

resolved spectroscopy method employed here is shown to be an extremely sensitive technique for ob-

taining two-photon absorption cross sections.

I. INTRODUCTION

Despite the importance of Y3A130iz.Nd + (Nd-YAG)
as a solid-state laser material, there are still some aspects
of its spectroscopic properties which are not well charac-
terized. ' One area in which very little work has been done
is in studying the pumping and relaxation dynamics of the
higher-energy electronic states of the Nd + ion. These
states can be reached by ultraviolet, x-ray, electron-beam,
or high-power multiphoton visible laser excitation. For
some specific applications, these pumping sources may be
preferable to the standard visible flashlamp pumping and
thus it is important to understand the spectral dynamics
of these upper energy levels.

We report here the results of an investigation of the
spectroscopic properties of a Nd-YAG crystal after exci-
tation by high-power picosecond pulses from the various
harmonics of a Nd- YAG laser. The time-resolved
fluorescence spectra, fluorescence lifetimes, and rise times
were measured as a function of laser power for
frequency-doubled, -tripled, and -quadrupled Nd-YAG
laser lines. The results are consistent with emission from
three metastable states after single-photon and two-
photon pumping. Models are proposed to describe the ob-
served spectral dynamics, and comparing their predictions
to the experimental results provides information such as
the quantum efficiencies and branching ratios for the
metastable states as well as the two-photon absorption
cross sections. The results provide the first measured
value for the 5tj-4f radiationless decay rate for this sys-
tem. In addition, it is shown that the time-resolved spec-
troscopy technique employed here is a very sensitive way
to determine two-photon cross sections.
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an amplifier resulting in a pulse of about 30 ps in duration
and 25 mJ energy. Frequency-doubling, -tripling, or -qua-
drupling crystals are used to obtain the desired wave-
length for sample excitation.

The sample investigated was cut from a commercial
laser rod and contained 0.87 at. '% Nd +. The quantum
efficiency of the F3/z level was previously measured to be
about 60%.

The sample fluorescence is analyzed by a ~ -m mono-
chromator and detected by an RCA C31034 photomulti-
plier tube. The signal is processed by a boxcar integrator
triggered by the laser to obtain time-resolved spectra. The
signal-to-noise ratio is improved by a signal averager be-
fore the results are displayed on a chart recorder. A beam
splitter picks off part of the pulse to monitor the shot-to-
shot intensity variation of the laser.

The energy levels of the 4f electronic configuration of
Nd + are shown in Fig. 2. Additional states belonging to

II. EXPERIMENTAL PROCEDURE

A block diagram of the experimental setup is shown in
Fig. 1. A passively mode-locked, Nd-YAG oscillator pro-
vides a train of pulses and a pulse-switching network
selects a single pulse from the train. This is sent through

FIG. 1. Experimental apparatus for high-power, picosecond-
pulse exci.tation experiments. The laser is a passively mode-
locked Nd- YAG system with a single-stage amplifier and
frequency-doubling, -tripling, and -quadrupling crystals. F, fil-
ter; BS, beam splitter; L, lens S, sample.
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FIG. 2. Energy levels of the 4f3 configuration of Nd3+ with

important multiplets labeled, approximate crystal-field splittings
indicated by linewidths, and the observed metastable states in
YAG indicated as semicircles. (The highest metastable state is
referred to as either '(F2),/2 or p'F5/2 in the literature ' we

have arbitrarily chosen to use the former notation. ) The impor-
tant absorption and emission transitions for the different excita-
tion wavelengths used in this work are also shown. The solid ar-
rows with straight shafts represent radiative transitions, and

those with dashed shafts represent two-photon transitions; the

wavy shafts represent radiationless transitions. Arrows with

open heads represent infrared transitions which are implied but
not directly observed in this work.

single-photon absorption in the 67@ level and two-
photon absorption to the (F2)5/2 level ' (or p F5/2). The
tripled output at 3S4.7 nm gives single-photon absorption
in the D3/p level and two-photon absorption in the 5d
levels. The quadrupled output at 266 nm results in
single-photon absorption in the (F2)5/2 level and no ob-
served two-photon absorption. The properties of the
fluorescence emission observed after these different types
of pumping are discussed in the following sections.

III. RESULTS FGR 266-nm PUMPING

the 4f Sd configuration are found at higher energy begin-
ning at about 40000 cm '. Typical spectroscopic studies
have involved excitation in the visible region of the spec-
trum, resulting in fast radiationless. relaxation to the F~/2
metastable state after which fluorescence emission occurs
in the near-infrared spectral region. The four Nd-
YAG —laser harmonic lines used for pumping are shown
in the figure. Attempts to excite fluorescence with multi-
photon absorption of the primary 1064-nm radiation were
unsuccessful. The doubled output at 532 nm resulted in

Figure 3 shows the fluorescence spectra obtained at two
times after the excitation pulse for quadrupled Nd-
YAG —laser pumping at 266 nm. For this excitation
wavelength, the emission intensity of all of the lines in the
spectrum are found to vary linearly with pump power, in-
dicating that single-photon absorption is responsible for
exciting all of these transitions. The spectral lines can be
divided into two distinct groups according to their life-
times as seen by the spectra recorded at two different
times after the pulse as shown in Fig. 3. These are associ-
ated with fluorescence emission transitions from two dif-

TABLE I. Characteristics of metastable states in Nd- YAG.

Parameter

7f (Ps)
fl

AE (cm ')
8;

F3/z

220
0.60

4600
I9/p. 0.366
I~~/p' . 0.500

4I„/, 0. 130
Ilg/P. 0.004

State
2
~3/Z

0.32
0.96

2150
I~~/p'. 2.4X10
I[3/p 1.44 X 10
F5/p. 1.36 X 10
F9/p. 2.8X10

ir: 0.9992

(F2)5/p

3.02
0.99

3400
4F5/, 0.23'

F9/p' . 0.03
67/p 0.03
67/p'. 0.43
6))/p. 0.28

'Also includes transitions to the H9/Q levels.
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ferent metastable states. Figure 2 shows that this excita-
tion wavelength directly pumps the (F2),/z level. The
lines appearing in the fluorescence spectrum with a life-
time of 3.02 ps are associated with transitions from this
level to the various crystal-field-split components of the
6 $ ] /2 67/2 67/2 F9/2 and "Fs/z + H9/2 multiplets

after which fast radiationless decay occurs to the I'3/z
level. This is followed by the well-known near-infrared
emission transitions having a lifetime of 220 ps.

Thus from the time-resolved spectra after 266-nm exci-
tation, the (E2)5/z level is identified as a second meta-
stable state for Nd + emission in YAG crystals T.he
branching ratios for the emission transitions from this
level to the different terminal multiplets are given by

01 I I
f

I I I I I 10
~ ~

0.01

7.0

8; = QI,J +IV
17J

0.0
I i, , I

0.5 1.0 1.5
t (ps)

where i represents the different free-ion —term values and

j represents the different crystal-field components within
each term. The branching ratios for this upper metastable
state are found from the spectra shown in Fig. 3 and list-
ed in Table I.

The time evolution of the spectra shown in Fig. 3 can
be described by the simplified rate model shown in Fig. 4.
ni and nz represent the concentration of ions in excited
states F3/z and (F2)5/z, respectively, Pi and Pz are the
fluorescence decay rates of these levels, and W3 is the
pumping rate for the upper metastable state. The rate
equations describing the time evolution of the excited
state populations are

de )

dt
=Pznz —Pin i,

FIG. 5. Time evolution of the ratios of the integrated fluores-
cence intensities of the emission from the F3/2 and (F2)5&z
metastable states after 266- and 532-nm excitations. See text for
explanation of the theoretical line.

de 3

dt
= Wz —Pznz . (3)

The basic assumptions of this model are that the F3/z
level is pumped only through relaxation from the (E2)5/z
level and that the latter level has 100% quantum efficien-
cy and has no radiative transitions that bypass the former
level and terminate on levels of the ground-state term or
that result in unobserved infrared radiation. The solu-
tions of Eqs. (2) and (3) for 5-function excitation can be
related to the measured relative fluorescence intensity ra-
tios through

Ii(t)/Iz(t) =E [P3/(P3 —Pi)] I exp[(Pz —Pi)t] —1I, (4)

where k =PiBi/Pz. Here, the P,". are the radiative decay
rates of the two metastable states and 8 i is the branching
ratio for the transitions from the lower metastable state to
the I9/z ground-state levels. Figure 5 shows the ratios of
the integrated fluorescence intensities of all of the
(F2)5/z transitions and the visible transitions from the
F3/2 level shown in Fig. 3. The solid line represents the

prediction of Eq. (4) with no adjustable parameters. The
excellent fit between theory and experiment indicates that
the assumptions underlying the simplified model used
here are justified for this case.

IV. RESULTS FOR 532-nm PUMPING

FIG. 4. Model for explaining observed spectral dynamics
after 266-nm excitation. See text for definition of parameters.

Figure 6 shows the fluorescence spectra at two times
after the laser excitation pulse for doubled Nd-YAG
pumping at 532 nm. The same lines appear in the spectra
as seen in Fig. 3, but their relative intensities are different
and change with pumping power. As an example of this,
Fig. 7 shows the change in the integrated fluorescence in-
tensity of the major emission line at 402 nm as a function
of excitation-pulse energy. The observed quadratic depen-
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ate state undergo two-photon excitation, while the rest de-
cay radiationlessly to the F3/q metastable state from
which the standard emission transitions occur.

The excited-state dynamics for this case can be
described by a simplified rate model similar to that shown
in Fig. 4, but with an additional parameter Wi to describe
the single-photon pumping rate of the F3/2 metastable
state through fast radiationless relaxation from the 67/2
level and with the two-photon pumping rate of the
(F2)z/z metastable state given by W3. The rate equa-

tions for this model are

Pl )

dt
= II'i+ p3n3 —pin i

dn3 = II'3 —p3n3 .
FIG. 6. Fluorescence spectra of Nd-YAG at two times after

the excitation pulse at 532 nm.

dence indicates that this excitation wavelength results in
two-photon absorption terminating on the (F2)z/2 meta-
stable state. The fluorescence from this level is the same
as that discussed in the preceding section following
single-photon pumping. As seen in Fig. 2, the intermedi-
ate state for this two-photon transition is the 67/2 level,
which is directly pumped through one-photon absorption
processes. Only part of the ions excited to this intermedi-

The basic assumption of this model is that the cascade
nonradiative decay processes from the 67/g state to the
F3/2 state are very fast and efficient. The ratios of the

fluorescence intensities can be obtained from the solutions
of Eqs. (5) and (6) as

Ii(t) = [Ii (0)/I3(0)]exp[(P3 —Pi)t]I,(t)

+I( [p3/(p3 pl )]I exp[(p3 pl )t]

Figure 5 shows the ratios of the integrated fluorescence
intensities of the two metastable states at three times after
the excitation pulse for a specific level of laser power.
The solid line in the figure represents the best fit to the
data using Eq. (7) and treating the ratio of the initial in-
tensities as an adjustable parameter. The excellent fit be-
tween theory and experiment indicates the validity of the
proposed model and gives the value of Ii(0)/I3(0) listed
in Table II.

The two-photon absorption cross section can be derived
from these results through the expression

Ii (0)/irtp)i Pin i (0)

I3(0)

/fuush

p3n 3 (0)

P'iaI Ipn pL

P'3I~ o'i 'n pL

—(Pi/P3)(o i /o3 )( 1/Ip )

0.3

0.1 I I I I I I I

I p(m Jipulse)
1.0

FIG. 7. Integrated fluorescence intensity of the 402-nm spec-
tral line as a function of laser power at 532-nm excitation.

where Iz is the intensity of the laser pulse, o i and o.
3

' are
the relevant one- and two-photon absorption cross sec-
tions, no represents the total concentration of Nd + ions,
I. is the sample thickness, and %co; is the average energy
of the photons emitted from the ith metastable state. Us-
ing the radiative decay rates determined from the infor-
mation listed in Table I, the measured value for the
fluorescence intensity ratio at an excitation power level of
&&=1.38X10 photons/cm s ', and the value for the
abso~tion cross section of the 467/2 level from Ref. 6
gives a value of

oi& ' ——3.12X10 5 cm s/(photonion) .



30 SPECTROSCOPY OF Y3AL50i2:ND + UNDER HIGH-POWER

(s-')
Parameter

~25/2

TABLE II. Summary of results.

Experimental

5.00~10'
Theoretical

1.38~10'
3.05 X10'

o'z' [cm~ s/(Photon ion)]: zF2,~z
5d'

I)(0)/I3(0) (A,„=532 nm)

I2(0)/I3(0) (A,„=354.7 nm)"

3.21g10 "
1.27 && 10

51.6

1.058

1.64~ 10-"
3.69 &&

10-"

'Nature of the final states is unknown and may be a high-energy 4f level.
These values are normalized for photon energies and Ii(0) is corrected for the branching ratio of the

observed fraction of the transitions from this level.

V. RESULTS FOR 354.7-nm PUMPING

Figure 8 shows the fluorescence spectra at two times
after the laser pulse for tripled Nd-YAG excitation at
354.7 nm. These spectra contain the same lines as seen in
Figs. 3 and 6 as well as numerous additional lines. The
new lines all exhibit a faster lifetime of about 0.32 ps.
The relevant transitions for this pumping wavelength are
shown in Fig. 2. The D3/2 level is directly excited by the
laser pulse. Some of the excited ions undergo rapid radia-
tionless relaxation to the P3/z level, while the rest of the
ions undergo two-photon excitation to the 5d levels.
After the latter process, radiationless decay back to the
(F2)s/z metastable state occurs followed by the emission

processes discussed in the preceding sections. After the
former process the P3/z level acts as a new metastable
state resulting in the transitions shown in Fig. 2. One im-
portant aspect of these new transitions is that only part of
them terminate on levels above the I'3/2 level to give
fluorescence from this metastable state while the
remainder of the transitions go past this level and ter-
minate on various components of the ground state term.

The determination of the branching of these different
types of transitions is difficult because of the possible ex-
istence of transitions emitting in the infrared spectral re-
gion (shown as dashed lines in Fig. 2).

The simplified transition rate model shown in Fig. 9
can be used to describe the excited-state dynamics for this
type of pumping. In this case, three rate equations are
necessary:

871 )

dt I 3n3+Pzlnz 131+1

dnz

dt
8'z —Pznz,

25 20

8 — &x=354.7p~
6-

~{10cm" )
15

t =1.5 ps

Q
I

H 8-

L4 &
l 1

t= 20ns

FIG. 8. Fluorescence spectra of Nd-YAG at two times after
the excitation pulse at 354.7 nm.

FIG. 9. Model for explaining observed spectral dynamics
after 354.7-nm excitation. See text for definition of the parame-
ters.
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dpi 3

dt
= W3' —p3n3 .

Here 8'3' represents the two-photon pumping rate of the

(F2)5/2 level through radiationless relaxation from the
I

Sd levels and 8'2 is the rate of pumping of the P3/2 level
by transitions from the D3/2 level. The solutions to these
equations can be related to two different sets of fluores-
cence intensity ratios as

I2(t)/I3(t) = [I2(0)/I3(0)]exp[(p3 pQ)t],

I, (t)/I2(t) = [I~(0)/I2(0)]exp[(p2 —p&)t]

+ [I3(0)/I2(0)] [&~3/[(~3—~~)(»g+B21 )]][exp[(~2 —~1)r]—exp[(~.—~3)r] l

+ [P~B~IC'/[(P2 —P&)(B2g+Bq~ )] J [exp[(Pq —P~)t] —1 J,

(12)

(13)

where K'=B2&+Bz&+ Wz /Pz. Here, the branching ra-
tios B2& and Bz& refer to the visible and infrared transi-
tions, respectively, while 8'2 represents the radiationless
decay rate of the P3/2 metastable state.

Figure 10 shows the measured values of the relevant ra-
tios of the two different sets of integrated fluorescence in-
tensities at three times after the excitation pulse for a
specific value of laser intensity. The lines in the figure
represent the best fits to the data obtained from Eqs. (12)
and (13) treating the initial fluorescence intensity ratios
and X' as adjustable parameters. The excellent fits to the
data indicate that the model proposed here is valid. The
fitting parameters are given in Table II.

Equation (8) can again be used to determine a value for
the relevant two-photon absorption cross sections. In this
case Iz ——1.3&&10 photons/cm s ' and the value for the
absorption cross section of the D3/2 level is found from
Ref. 6. Using the measured initial ratio of the fluores-
cence intensities gives cr'2 ' 1.27&& —1—0 cm" s/(photon
ion).

100,
I2/I3

-a-—-)/)1 2

10—

1.0

0.1

0.5
t(ljs)

FIG. 10. Time evolution of the ratios of the fluorescence in-

tensities of the emission from the three metastable states popu-
lated by 354.7-nm excitation. See text for explanation of the
theoretical lines.

One aspect of the data which is not treated by the
model discussed above is the observed rise time of approx-
imately 15 ns of the fluorescence from the (F 2)&/2 level.
This does not affect the time-resolved spectroscopy model
because of the very different time regime involved. How-
ever, this rise time is not observed for the other two
pumping wavelengths and thus it can be associated with
the nonradiative decay processes from the 5d levels to the
4f levels. In a simple three-level —system model the rise
time is given by

—'T3rdln(r~/r3)/(1 d T3) (14)

where r~ is the decay time of the 5d level. Using the
measured values for the fluorescence rise time and decay
time for the (F 2)5/q level gives rd = 5 X 10 s

VI. DISCUSSION AND CONCLUSIONS

A. New spectral transitions

The high-power, picosecond-pulse excitation at several
wavelengths coupled with the time-resolved spectroscopy
measurement technique employed here, shows that
fluorescence emission lines from Nd + ions in YAG crys-
tals occur throughout the visible and near-uv region of the
spectrum as well as in the near-infrared region as usually
reported. These lines can be associated with the transi-
tions from three metastable states as shown in Fig. 2, the
properties of which are summarized in Tables I and II.

Spectral lines similar to those reported here have been
observed previously through our excitation mecha-
nisms. X-ray excitation creates free electrons which
become bound excitons at lattice-defect sites and can
transfer their energy to the Nd + ions. The spectral lines
obtained in this way have been interpreted in terms of
transitions from the (F2)5/2 level to almost all of the

The use of high-power, picosecond-pulse excitation
from the various harmonics of a Nd-YAG laser has pro-
vided new information concerning the spectral dynamics
of Nd + ions in YAG crystals as presented in the preced-
ing sections. The important results of this work can be
divided into three categories: characteristics of new spec-
tral transitions, measurements of radiationless decay pro-
cesses, and measurements of two-photon absorption cross
sections. Each of these is discussed below.
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lower-lying levels, including those of the ground-state
term. The transition assignments of the lines given here is
somewhat different than that proposed previously. One
major difference occurs in the uv region of the spectrum
where no transitions were observed with Nd- YAG—laser
excitation, but where several transitions were observed
with x-ray excitation and interpreted as fluorescence ori-
ginating on the (F2)5/z level and terminating on the vari-
ous multiplets of the Iq term. It is not clear at the
present time why this difference occurs.

Similar spectral lines were also observed using
nitrogen-laser-pumped dye-laser excitation in the spectral
region around 590 nrn. The results were interpreted in
terms of three-photon excitation of the Sd level followed
by nonradiative relaxation to the 4f levels and fluores-
cence emission from the (F2)»z metastable state. The
fluorescence lifetime of these transitions was found to be
about 3 ps, where is in agreement with the result reported
here. Only extremely weak emission lines were observed
in the 300-nm region of the spectrum which is consistent
with the results reported here and again shows an interest-
ing difference between multiphoton laser excitation and
x-ray excitation.

One important result of this work is to clarify the pos-
sibility of pumping Nd-YAG lasers in the near-uv spec-
tral region. Pumping at energies of 37500 cm ' or
greater leads to very efficient excitation of the F3/2 lasing
metastable state through fluorescence from the (F2)5/2
metastable state. Pumping in the region between 26000
and 37500 cm ' results in emission from the P3/2
metastable state. The determination of the branching ra-
tios and quantum efficiency for this level are discussed in
the next section and the results are listed in Table I.
These results indicate that pumping in this intermediate
metastable state still leads to efficiently populating the
lasing metastable state. Further work needs to be done to
correlate these results with those on x-ray and electron ex-
citation of rare-earth ions in YAG. 3 s

S. Radiationless decay processes

A simple model has been developed to describe rnulti-
phonon decay processes in weakly coupled systems and
this has been found to give a good fit to experimental data
obtained on trivalent rare-earth ions in solids. For decay
across an energy gap hE by the emission of p phonons of
energy fico (p =LE/Ace), the nonradiative decay rate is
given by

W„,(T)= W(0) I exp(fun/kT)/[exp(irico/kT) —1]~, (15)

where

W(0}=Cexp( ahE) . —

Here, C and a are parameters involving the electron-
phonon —interaction strength and the transition matrix
elements. For many cases they have been found to be
constants for f ftransitions of differen-t trivalent rare-
earth ions in a specific host and the spontaneous phonon-
emission rate W(0) shows a simple exponential depen-
dence on the energy gaps of the various transitions.

Zverev et al. ' have investigated radiationless relaxation
processes of trivalent rare-earth ions in YAG (including
the G7/i G7/i transition of Nd +) and found the results
to obey the exponential energy-gap law with the parame-
ters C=9.7&10 s ' and a=3.1&10 cm. Temper-
ature-dependent measurements were fitted with an effec-
tive phonon energy of 700 cm ', which is somewhat less
than the maximum phonon energy in YAG crystals of
860 cm '." This is consistent with other phonon effects
on the optical spectra' and may be due to the fact that the
highest-energy phonons are vibrations of A10q groups
which are less strongly coupled to the rare-earth ions than
lower-energy lattice phonons. "' Using these values for
C, cc, and fico in Eqs. (15) and (16) along with the ap-
propriate energy gaps, the room-temperature radiationless
decay rates for the (F2)5/2 and P3/2 metastable states
can be calculated. In the former case, b,E3 ——3400 cm
and W~, (300 K) =3.05X 10 s ', while in the latter case,
b,E2 ——2150 cm ' and W~, (300 K) = 1.38)& 10 s

The calculated value of the nonradiative decay rate can
be combined with the measured fluorescence decay rate to
find the radiative decay rate of a metastable state through
rI '=P"+W~, . The quantum efficiency of the level is
then given by rI=P"/Py. Applying this analysis to the
two upper metastable states of Nd + ions in YAG gives
the results listed as theoretical predictions in Table I. For
the (F 2)5/q level the result agrees quite closely with that
obtained from fitting the time-resolved spectroscopy re-
sults using the simple rate-equation model discussed in
the preceding sections. The value found here of i13——1.0
for this level is significantly greater than the value of 0.21
estimated in Ref. 2 using a Judd-Olfelt calculation and ab-
sorption spectral data. Since the fluorescence transitions
from this metastable state are not the same as the absorp-
tion transitions to the level, it is not surprising that this
type of analysis does not give an accurate result. The
value obtained for the nonradiative decay rate of the P3/2
level can be combined with the measured fluorescence de-
cay rates and the value of K' found from fitting Eq. (13)
to experimental data to give the branching ratios for this
metastable state as listed in Table I.

Nonradiative decay rates for Sd-4f transitions of
trivalent rare-earth ions in YAG crystals have been mea-
sured in cases where 5d fluorescence can be observed. '

Since no Sd fluorescence can be observed for Nd + ions, it
has been concluded that the nonradiative decay rates must
be very much faster than 10 s ', which is consistent with
the value measured in this study. It should be noted that
if the simple model of Eqs. (15) and (16}is employed with
the values of C and a given above and Sd-4f energy gap
of about 1800 cm ' from Ref. 2, a significantly smaller
nonradiative decay rate is predicted than the observed
value. This is not surprising since the values of C and a
are expected to be constant only for similar fftransi--
tions. The matrix elements for the d ftransitions will be-

significantly greater and should lead to predicted values
closer to the observed rate. Performing similar measure-
ments on other YAG samples with different rare-earth
ions is necessary to determine values of C and cc for 5d4f-
transitions and checking the validity of the simple nonra-
diative decay model for these types of transitions.
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,'f' ——(2 /A')
~
A,'f

'
~

pf(E)(fico&) (17)

where co& is the photon frequency, pf(E) is the density of
final states, and A,f' ' is the matrix element for the transi-

I

C. Two-photon absorption cross sections

The theory of two-photon absorption applied specifical-
ly to trivalent rare-earth ions in solids was developed by
Apanasevich et ct/. ' The general expression for the two-
photon absorption cross section is

tion. The density of final states is given by

pf (E)—(~y f/~')l[(Ay f ) + (Pleo f'2Rcotp ) ]

where y;f is the half-width of the final state. The major
problem in the application of two-photon absorption
theories is deciding how to treat the sum over intermedi-
ate states in the matrix element for the transition.
Apanasevich et aI. ' chose the 5d levels as the intermedi-
ate states and derived an expression for the matrix ele-
ment of the transition given by

~

&Ij~
~

2= (g/~2tt)[(tt +2)/3] [e /(mc )] [(me ) /(Sm c A' )](0.069)

X&afJfllU'"lla J &'(2~+1) ' X&4f I&
I
5"k&'/[(~k —~p) —'&yk]

k

where y;k is the half-width of the intermediate state and

&afJf ~~U '~~a;J;& is the reduced matrix element of the
tensor operator U' ' between the initial and final levels of
the 4f configuration. The latter have been tabulated for
the transitions of interest here. ' The development of Ref.
13 neglects one-photon resonances and evaluates the sum
over intermediate states in Eq. (17) by using an integral
over hydrogenlike wave functions. Using their approach
along with observed spectral information to estimate the
density of final states, the two-photon absorption cross
section for 532-nm pumping of the (F2)~&2 level is
evaluated from Eq. (17) to be 1.64 && 10 cm s/
(photonion). Considering the rough approximations in-

volved in obtaining this theoretical estimate, the predicted
value for the two-photon absorption cross section is very
close to that derived from time-resolved spectroscopy
data.

Obtaining a theoretical estimate for the two-photon ab-
sorption cross section for 3S4.7-nm pumping is more dif-
ficul since the nature of the final state of the transition is
unknown. If it is assumed to be 5d level and the sum over
intermediate states includes both 4f and Sd levels, the
predicted value for crz

' is found to be over 10 orders of
magnitude smaller than the observed value. However, it
is known that additional 4f levels exist in the high-energy
region of the 5d bands, and if one of these is assumed to
be the final state of the two-photon transition, the calcula-
tion can proceed as described above giving the result
crz

' ——1.11&& 10 cm s/(photon ion). This is much
closer to the observed value, but still significantly dif-
ferent indicating the inadequacy of the current theoretical
model to treat this specific case.

Both of the two-photon absorption cross sections mea-
sured in this work involve real, resonant intermediate
states. An unsuccessful attempt was also made to excite
fluorescence of N13+ ions in YAG crystals from the fun-
damental emission of the Nd-YAG laser at 1060 nm. In
this case there is no real, resonant intermediate state for a
two-photon transition. Such excitation has been used for
Nd + ions in other crystals. ' The fact that no excitation

could be achieved with the primary laser output at higher
powers than used with the various harmonics shows the
importance of the enhancement achieved with a real inter-
mediate state. The multiphoton excitation spectra in Ref.
2 also exhibited enhancements at real intermediate state
resonances. The theory of Ref. 12 used here does not ac-
count for the effects of single-photon resonances with in-
termediate 4f levels. However, models for evaluating the
matrix elements using two sequential 4f-4f transitions or
a 4f 4f transition f-ollowed by a 4f Sd transition p-redict
theoretical values for the cross sections many orders of
magnitude smaller than the experimentally observed
values. It appears that the difference in magnitude of the
two types of two-photon cross sections measured here is
associated with the factors of photon energy and density
of final states in Eq. (17), not with differences in the tran-
sition matrix elements. It is important to note that the
values of o' ' reported here are much smaller than those
that can generally be measured by transmission experi-
ments. '

D. Conclusions

In summary, the use of high-power, picosecond laser
excitation of Nd + ions in YAG crystals has provided
new information about the excited-state dynamics of this
system. These results have practical applications with re-
gard to pumping Nd-YAG lasers as well as fundamental
interest in the areas of multiphoton absorption and radia-
tionless relaxation processes. The time-resolved spectros-
copy technique provides a very sensitive way to character-
ize the properties of different metastable states of a sys-
tem and to quantitatively determine two-photon absorp-
tion cross sections and 5d 4f radiationless de-cay rates.
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