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The optical-absorption transitions originating from the lowest 4fSd excited state of Pr'+ in Y,A1,0,z

have been studied. The experimental arrangement uses a 7-ns 266-nm light pulse to populate the lowest

4fSd state, and a spatially overlapped, time-sequenced pulse from a frequency-tunable dye laser to in-

duce transitions from that excited state. The excited-state-absorption (ESA) spectrum covering the
900-300-nm probe wavelength range is characterized by two broad peaks centered at 700 and 350 nm on
a slowly rising background. The peak ESA cross section at 355 nm is (1+0.1)X10 ' cm'. The posi-
tion, shape, and strength of the spectrum suggest that the terminal states of the ESA transitions are the
second 4f5d state of Pr3+ and the conduction band of the host lattice. The ESA measurements have

been extended to transitions from the Po and 'Di excited states of the 4f configuration of Pr + as well.

The ESA cross sections at a probe wavelength of 532 nm are (8+1)X 10 ' cm' and (5.7+0.6) X 10
cm for transitions from the Po and 'D& excited states, respectively. The terminal state of ESA transi-
tions from these two levels is the lowest 4f5d state. The strong ESA completely inhibits the potential
laser action based on emission from these states in this crystal.

I. INTRODUCTION

Excited-state absorption (ESA) is a major loss mecha-
nism that impedes, and in extreme cases, completely in-
hibits laser action in many optically active media. ESA
involves absorptive transitions from a populated excited
state of a material to even higher-energy excited states.
The detrimental effect of ESA on potential laser action of
a material is most pronounced when the ESA spectrum
originating from an excited state happens to overlap with
the fluorescence spectrum from the same initial state.
Such an overlap is common in many tunable solid-state
laser materials because of their broadband absorption and
emission characteristics. If ESA cross section is smaller
than the emission cross section, the effect is a reduction
of the gain and effective tuning range. For an ESA cross
section larger than the gain cross section, any possible
laser action is completely quenched. Such a complete in-
hibition of potential laser operation is observed inPr:Y~A150, z (YAG), and constitutes the subject matter
of this article.

Excited-state absorption processes have been studied in
detail in several high- and intermediate-field transition-
metal ion-based crystals. ' ' Both sharp and broad tran-
sitions from the metastable E and T& states of Cr +

were observed in ruby, emerald, and Cr +:MgO crystals. '

The deleterious role of ESA, both in the lasing - and the
pump -wavelength regions, on the laser performance of
alexandrite (Cr3+:BeA1204) was explored by Shand, Wal-

ling, and Morris. Similar studies have subsequently been
extended to other vibronic laser crystals such as Cr +-
doped, K2NaScFs, Gd3SctGa30, 2(GSGG), '

GdsSczA130, 2(GSAG), NasGa2LisF, 2, LiCaA1Fs,
V +-doped KMgF3 and MgF2, ' and Ni +-doped MgF2
and MgO. ' The ESA transitions in the lasing-
wavelength regions of these crystals terminate on states
belonging to the same configuration of the lasing ion, and
have typical cross sections in the 10 '-10 cm
range, ' while ultraviolet transitions to charge-transfer
states in Cr +:GSGG are characterized by a much higher
cross section on the order of 10 ' cm . ESA appears to
be more severe a problem for lasers based on Sd~4f
transitions in trivalent rare-earth (R +

) ion-doped crys-
tals. In Ce +:YLiF4, an ESA from the lasing level to the
host conduction band leads to formation of color centers
which degrade the gain and slope efBciency, limit the re-
petition rate for pulsed operation, and increase the lasing
threshold. " Strong ESA transitions to the second 5d
state and the host conduction band completely eliminates
the lasing potential of Ce + in Y3A150,2.

' ' The ESA
cross section for these transitions are on the order of
10 ' —10 ' cm . More recently, strong ESA at a probe
wavelength of 224 nm has been reported in four Pr +-
doped fluoride crystals: CaF2, SrF2, LiYF4, and
BaY2FS. ' In Pr +LiYF4, these authors measured an
ESA cross section of 2.6+0.5X10 ' cm at 224 nm
which corresponds to a local emission peak characterized
by an emission cross section of 2.0+0.2X10 ' cm .
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FIG. 1. The room-temperature emission spectra of 0.4%
Pr'+:YAG for 266-nm excitation of the lowest 4f5d state. The
dashed curve represents the fluorescence intensity corrected for
the equipment response. The solid line shows the emission cross
section corrected for wavelength-dependence of line-shape func-
tion as described later in the text.

The ESA transition initiates from a 4f5d state of Pr +

and terminates on the conduction band of the host crys-
tal.

In this article, we present a study of the optical transi-
tions both from the lowest 4f 5d state as well as the Po
and 'D2 states of the 4f configuration of Pr + in

Y3A150,2. Narrowband laser action based on fluores-
cence originating from the Po and 'D2 states of Pr + in
several crystalline hosts have been reported. ' Laser ac-
tion based on those transitions may be expected in
Pr +:YAG as well. More importantly, a number of
characteristics indicated the potential of this crystal as an
active material for a tunable solid-state laser operating in
the near-ultraviolet-to-blue spectral region. First, the
crystal fluoresces with near-unity quantum eSciency'
over the 310—450 nm spectral range as displayed in Fig.
1. The fluorescence transitions originate from the lowest
4f5d state and terminate on HJ (J =4, 5, 6) multiplets of
the 4f configuration. The centroids of the H5 and H6
multiplets are approximately 2500 and 5300 cm ' above
the ground level. Even the higher-lying levels of the H4
multiplet lie at or above 533 cm ' from the lowest lev-
el. ' Because of the large energy gaps, thermal equilibri-
um population in these levels are negligibly small. So,
they may serve as the ideal terminal states for four-level
mode of laser operation. Second, the emission cross sec-
tion for these parity-allowed electric-dipole transitions is
on the order of —10 ' cm, two orders of magnitude
higher than those for Cr +-doped tunable laser crystals.
Third, since the energy gap between the lowest 4f5d
state and the highest level of the 4f configuration is
—10000 cm ', the nonradiative decay is negligible. '

The fluorescence lifetime remains fairly constant from
60-300 K. Fourth, the strong absorption bands covering
the 300—180 nm spectral range make the crystal ideal for
optical pumping. Fifth, YAG crystal is hard, has high
thermal conductivity, and is an ideal host for both rare-
earth and transition-metal ions. Finally, large crystals of
high optical quality may be readily grown using the Czo-
chralski technique. However, neither the inter- nor the

intracon6gurational transitions mentioned above may
lead to build up of laser oscillation in this crystal. On the
contrary, the crystal shows net optical loss in all the
channels mentioned above, indicative of very strong
excited-state absorption.

The remainder of this article is organized as follows.
!n Sec. II, we briefly outline the excite-and-probe experi-
mental arrangement used for measuring the ESA losses.
Section III presents the formalism used for extracting
ESA cross section from the measured probe transmit-
tance. Section IV displays the experimental results. The
implications of these measurements are discussed in Sec.
V, and conclusions are summarized in Sec. VI.

II. EXPERIMENTAL ARRANGEMENT

The ESA spectrum was measured using the standard
excite-and-probe technique. In this technique, the
transmission of a weak probe pulse in the presence of a
spatially overlapped, time-sequenced, strong pump pulse
is compared to that in the absence of the pump pulse to
determine the ESA coeScient and cross section at the
particular probe wavelength being used. The strong
pump pulse resonantly excites a transition in the sample
creating a signi6cant population in the excited state. The
time-delayed probe pulse initiates transitions from the
populated excited state to another higher-energy state.
By continuously tuning the wavelength of the probe
pulse, the spectrum of transitions originating from the ex-
cited state is obtained.

The experimental arrangement for ESA measurements
is shown schematically in Fig. 2. The 266-nm, 7-ns,
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FIG. 2. A schematic diagram of the experimental arrange-
ment used for ESA measurement. Key: A =aperture,
ADC =analog-to-digital converter, BS=beam splitter, D
=photo detector, F=filter, L= lens, A, =monochromator, M1,
M2=dielectric mirrors, SHG, THG=second and third har-
monic generators, respectively, S=sample, SM =stepper motor.
The lens-SHG-filter combination shown by dashed lines is in-

serted when the second harmonic of the dye laser is used as the
probe beam.
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fourth-harmonic pulses from a 10-Hz repetition-rate Q-
switched Nd: YAG laser (Spectra Physics DCR-3G) were
used as pump pulses to excite the lowest 4fSd state. The
ground-state absorption (GSA) coefficient for excitation
of the higher-energy end of the absorption band at this
wavelength is 5.1 cm '. The pump beam was focused to
a 180-pm nominal e '-radius spot on the sample using a
15-cm uv-quartz lens. The energy per pump pulse was
maintained at 0.2 mJ. The pump-beam energy was moni-
tored by measuring a fraction of the sample fluorescence
at right angles to the direction of the pump beam. The
pump-pulse energy was maintained well below the level
for saturation of absorptive transition. The probe pulses
were generated by a dye laser pumped by the 532- and
355-nm pulses from the same Nd: YAG laser. Solution of
several organic dyes in methanol were used to cover the
near-infrared to blue spectral region. Exciton dyes LDS
867, 821, 765, 750, 698, DCM, Rhodamine 640, 610, 590,
and Fluorescein 548 pun. ped by the 532-nm pulses pro-
vided continuously tunable probe pulses from 900-540
nm. Probe pulses in the 545 —410-nm range were ob-
tained by pumping the Coumarin 500, 480, 440, and Stil-
bene 420 dye solutions by 355-nm pulses. For still short-
er probe wavelengths, the near-infrared and red radia-
tions from the dye laser were frequency doubled using a
KD'P crystal, shown by dashed lines in Fig. 2. The dye
laser was tuned by angle tuning the blazed grating which
acts as the back mirror of the dye-laser cavity by a
computer-controlled stepping motor. Details of the dye-
laser construction and output characteristics have been
presented in an earlier publication' and will not be re-
peated here. The probe beam was optically delayed with
respect to and was then made collinear with the pump
beam and focused onto the sample by the same quartz
lens. The overall delay between the pump and the probe
pulses was kept fixed at 12 ns. Since both the pump and
the probe pulses were derived from the same initial pulse,
the rms jitter in the time interval between them was
much smaller than the width of either pulse. Nominal
probe-pulse e ' radius was 70pm. Thepeak probe-pulse
energy was maintained at —100 nJ using adequate
neutral-density filters in order not to perturb the excited-
state population. A small fraction of the dye-laser beam
energy was sent to a monochromator for wavelength cali-
bration.

The probe-pulse energy before the sample was moni-
tored by directing a fraction of the pulse energy to a pho-
todetector (D„} by a beam splitter. The transmitted
probe-pulse energy was measured by an identical detector
(Ds ) placed 1 m behind the sample. In the near-infrared
and visible spectral regions photodiodes calibrated
against a laser energy meter were used as detectors, while
in the uv region photomultiplier tubes with S-20 response
were used. Depending on the wavelength of the probe
beam, cutoff filters were placed between the sample and
the detector to block the pump beam and the pump-
induced Pr + fluorescence from reaching the detector. In
addition to the cutoff filters, a narrow aperture placed
just after the sample and the large separation between the
sample and the detector also helped minimize the back-
ground due to sample fluorescence. Furthermore, active

background subtraction, as outlined in the following sec-
tion, was used to account for any residual fluorescence,
scattered laser light and electronic noise.

The outputs of the photodetectors were sensed by iden-
tical gated integrators and read by 12-bit analog-to-
digital converters interfaced to an IBM AT compatible
microcomputer. Short-term random fluctuations and
wavelength-dependent variations in the probe-beam in-
tensity were corrected for by taking the ratio of the
transmitted probe signal (measured by Ds } to the output
of the reference detector (Dtt ). This normalized probe
intensity was averaged over 100 laser shots to ensure an
adequate signal-to-noise ratio. Data collection for a par-
ticular probe wavelength and for a fixed delay between
the pump and the probe pulses involved measurement of
the normalized probe intensity in the following sequence:
(a) with the pump beam blocked and the probe beam in-
cident on the sample (I„), (b) with both the pump and
probe beams incident on the sample (I ), (c) with only the
pump beam incident on the sample and the probe blocked
(If }, and (d) with both the beams blocked (I„). I„ is a
measure of background due to the electronic noise and
the scattered light entering the detector, while If in-

cludes the pump-induced fluorescence background as
well. As mentioned earlier, each of these four intensities
were averaged over 100 laser shots for improving the
signal-to-noise ratio. The ESA cross section for that par-
ticular wavelength was extracted from this data using the
analysis method to be presented in the following section.
The stepper motor then tuned the dye laser to a new
wavelength and the whole sequence was repeated again.

The single-crystal Pr +:YAG sample used in all the
measurements reported here was grown by the Czochral-
ski method at the Crystal Products Division of Union
Carbide. It contains 0.4% of the Pr + ion, which is
equivalent to a concentration of 5.5 X 10' ions/cm . The
crystal is a 6-mm-long cylinder with its axis collinear
with the [111]crystallographic axis. The exciting radia-
tion for all measurements was incident along this axis of
the sample.

III. ANALYSIS METHOD

The ESA coefficient a* depends on the concentration
of active ions in the excited state. The excited-state ion
concentration, in turn, is determined by the energy densi-
ty absorbed by the sample from the pump beam. In this
section we closely follow Ref. 12 with some modifications
to derive a relationship between the ESA cross section
and the pump- and probe-beam parameters. The cross
section may then be determined from the experimentally
measured transmitted probe intensities.

The pump beam may be described by a photon flux
F (x,y, z, t) in photons/cm s moving down the z axis. For
a confocal parameter larger than the sample length L, the
flux may be written as F(x,y, z, t)=N(z)J(x, y)S(t),
where N(z) iq the number of photons in the beam, and
J(x,y) and S(t), are unity-normalized transverse-spatial
and temporal profiles of the beam, respectively. The in-
stantaneous excited-state ion concentration c*(x,y, z, t)
may be expressed by the population rate equation
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c'(x,y, z, t) =aPN(0)J(x, y)e 'e

X f S(t')e' 'dt', (2)

where N(0} is the number of pump photons incident on
the front surface of the sample at z =0.

The probe beam may similarly be described by a flux

f (x,y, z, t) =n (z)j (x,y)s (t). The ions in the excited state
absorb this probe beam. In addition, depending on the
energy-level structure of the system there may be GSA of
the probe beam. If the probe-beam wavelength is within
the gain bandwidth of the sample, its intensity may be
amplified. So, the overall change in the probe flux as it
traverses a length element dz of the sample is

f=[ o'c'(x y z d) o'gcg(x, y, z, td}

+cr,c'(xyz, td)]f (xy, z, td )dz, (3)

where, td is the pump-to-probe delay time, cr*, Og, and

0, are cross sections per ion for ESA, GSA, and emis-
sion, respectively, and cg is the instantaneous ground-
state ion concentration. Substituting from Eq. (2) in Eq.
(3), and integrating over the transverse spatial coordi-
nates x andy, we obtain

dna(z) = [ —crgco (cr ——cr —o, )aPN(0) IVl' e']

X n (z)dz,

where the subscript p stands for pumped condition of the
sample, co=c*+c, is the total ion concentration in the
sample,

8 = J x,y J x,y x dy

and

T=f" f '
s(t —td)S(t')exp[ (t t')/r]dt'dt, ——

(6)

are the overlap integrals between the pump and probe
spatial and temporal profiles, respectively. Equation (4)
may now be integrated over the length of the sample L to
$1eld

ln =ogcoL +(o' crg
—o, )P—N(0)

n (0)
n~ L

XLW(1 —e }T, (7)

where n (0) and n~(L) are the number of incident and
transmitted probe photons when the sample is excited by
the pump beam. In the absence of the pump beam, the

dc
dt

=apF

where a is the ground-state absorption (GSA) coeflicient
at the pump wavelength and p is the pumping quantum
efFiciency. Assuming that the pump pulse does not satu-
rate the absorption transition so that Beer's law,
dF= —aFdz, accurately describes the change in the
pump flux in an infinitesimal sample length dz, the
excited-state ion concentration may be written as

probe may only be absorbed by the ions in the ground
state, and the relation equivalent to Eq. (7) for the un-
pumped case is

n (0)
n„(L)

=o.gcoL .

The change in absorbance of the probe beam induced by
the pump beam A (td ) is obtained by subtracting Eq. (8)
from Eq. (7)

n„(L)
A (td)—= ln

n L
=(o' —o g

—o, )PN (0)

XLR'(1 —e )T,
where n„(L) is the number of probe photons when the
sample is not pumped. This change in absorbance at a
particular probe wavelength and for a pump-to-probe de-
lay td can be readily obtained from the experimentally
measured transmitted-probe intensities described in the
previous section

I„—I„
A (td)=ln

Ip
—If

(10)

where I, I„, If, and I„are transmitted-probe intensity
when the sample is illuminated by both the pump and the
probe, only the probe, only the pump and neither, respec-
tively.

The expression in Eq. (9) describes the change in probe
absorption in the fluorescence region of the sample when
both the ground- and excited-state absorption transitions
are possible. Outside the gain region cr, =0, and if there
is no ground-state absorption, cr =0. If 0., is sufficiently
larger than cr for the single-pass gain to overcome the
ESA and other cavity losses, laser action may still be pos-
sible, as in alexandrite. But for o., &o.*, the probe will
experience net loss, as in Ce +:YAG. '

The beam overlap integrals Wand T defined in Eqs. (5}
and (6) may be evaluated analytically for beams charac-
terized by well-defined spatial and temporal profile func-
tions. Alternately, the profiles may be measured and the
integrals may be evaluated numerically. The details of
the numerical integration procedure for evaluating the
spatial overlap have been presented in the appendix of
Ref. 12.

IV. EXPERIMENTAL RESULTS

A. KSA transitions from the lowest 4f Sd state

l. ESA dynamics and cross section

The 266-nm pump pulse excites the higher-lying vibra-
tional levels of the lowest 4fSd state. Subsequent vibra-
tional relaxation of these levels populates the zero vibra-
tional level and lower-lying vibrational levels of that
state. The vibrational relaxation within the same state of
a d electron is known to be extremely rapid, with typical
relaxation time in the ps range. ' ' The upper limit for
nonradiative relaxation time from the second to the first
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4f5d state in Pr +:Y3A150&2 has been estimated to be 500
ps. ' The intra- 4f51(1) state relaxation time is expected
to be much shorter. So, the excitation of the zero-
vibrational level and lower-lying vibrational levels of the
4f5d(1) state following 266-nm pumping may be con-
sidered to be almost instantaneous when compared with
the fluorescence lifetime, as well as the time delay be-
tween and widths of the pump and the probe pulses. For
several nanoseconds time delay between the pump and
the probe pulses, the ESA transitions may be considered
to originate from the populated zero vibrational level and
the lower-lying vibrational levels of the 4f5d (1) state. In
order to verify this, we have measured the ESA
coefficient as a function of the pump-to-probe time delay,
and the results are presented in Fig. 3. The solid line is a
theoretical fit to the experimental data represented by
open circles assuming a 26-ns excited-state lifetime, and
Gaussian temporal profiles for the pump and the probe
pulses. The excellent agreement affirms that the lowest
4f5d state is the dominant initial state for ESA transi-
tions. In principle, ESA transitions from the populated
Po and 'D2 states are possible and may contribute to the

observed signal. However, the branching ratios for tran-
sitions which may populate these two states following the
excitation of 4fSd states are approximately two orders of
magnitude smaller than fluorescence transitions to the
Hz (J =4, 5, 6) states. So, those states are not

significantly populated, especially in the nanosecond time
scale used in this measurement.

This time-dependent measurement also indicates that
the ESA reaches the peak value at a pump-to-probe time
delay of —10 ns. %e maintained a time delay of —12 ns
for all the subsequent measurements to obtain adequate
ESA signal. Intense excitation by the pump pulse may, in

principle, lead to nonlinear processes such as saturation
of GSA and multiphoton absorption. In order to exam-
ine if those processes were operative at the intensity level
used in this experiment, we measured the ESA coefficient
as a function of the energy of the pump pulse. The sim-

ple linear relationship, as presented in Fig. 4, seems to
rule out any significant interference from nonlinear pro-
cesses.
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FIG. 3. Evolution of excited-state absorption as a function of
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FIG. 4. Dependence of excited-state absorption on the ener-

gy of the 266-nm pump pulse. The 532-nm probe pulse was de-

layed by 12 ns with respect to the pump pulse. A linear varia-
tion indicates absence of any higher-order process. The pump
intensity was maintained at approximately the middle of the
range indicated in the figure for all subsequent measurements.

The ESA cross section o' can be calculated from mea-
sured A (td ) using Eq. (9). The transverse spatial profiles
of the pump and the probe pulses were measured by scan-
ning a razor blade across the beams at the sample posi-
tion in both the vertical and the horizontal directions.
The spatial overlap integral W was then evaluated nu-
merically following the procedure detailed in the appen-
dix of Ref. 12. Assuming a pumping efficiency P of unity,
the ESA cross section is determined to be
(1+0.1)X10 ' cm at a probe wavelength of 355 nm,
and (5.5+0.5)X10 ' cm at 532 nm.

2. ESA spectrum

The probe-wavelength dependence of ESA originating
from the lowest 4f5d state of Pr +:YAG is shown in Fig.
5. Fourteen different dyes as well as the second harmonic
of some of the dyes, as detailed in Sec. II, were used to
construct this composite spectrum. For spectrally adja-
cent dyes, measurements were made at overlapping wave-
lengths to determine the near-unity scale factors needed
to account for the small alignment and overlap variations
due to dye changes.

Experimentally, one measures the difFerence in cross
section (cr' erg

—cr, ) as a—function of probe wavelength.
The ESA cross section cr * is determined from the
difference spectrum and the values of 0. and a, obtained
from independent measurements. Except for the weak
and sharp absorption and emission transitions involving
the PJ and 'I6 manifolds around 480 nm and the 'D2
manifold around 608 nm, there is no GSA or emission in
the 900—460-nm range. The GSA and emission cross sec-
tion for transitions involving those states are on the order
of 10 -10 ' cm . So, the difference and the ESA
spectra may be considered to be identical in the
900—460-nm range. However, that is not the case for the
shorter wavelength range. The strong fluorescence from
the lowest 4f5d state spans the 450 to 310-nm range.
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The ESA cross section in this range has to be determined
by adding the emission cross section to the difFerence.
The emission cross section is determined from

0,(v)=
z g(v),

8+en ~

where n is the index of refraction at wavelength A, =v
The normalized line-shape function g (v} is obtained from
the emission spectrum using the relation

A, I(A, )

fX'1(z)dz
' (12)

where I(A, ) is the luminescence intensity per unit wave-
length interval (Wm nm '} at wavelength A, . The
emission cross section as a function of wavelength thus
determined is presented in Fig. 1 and in the curve (a} of
Fig. 5. Curve (b) in Fig. 5 shows the difference spectrum,
while curve (c) represents the ESA spectrum obtained by
adding the emission cross section to the difFerence.

Except for the broad, shallow peak around 700 nm, the
ESA cross section in the 900—450-nm range increases
gradually from 4X10 ' cm to 6X10 ' cm . At short-
er wavelengths, there is a dip in the difference spectrum
which corresponds to the peak of the emission cross sec-
tion spectrum. The overall ESA cross section increases
rapidly at wavelengths shorter than 450 nm with a peak
around 355 nm and gradually decreases at even shorter
wavelengths.

In order to obtain an estimate of the overall strength of
the ESA transitions we calculated the oscillator strength
by numerically integrating the cross section over the ESA
spectrum. Using

f =(1.13X10' ) fo*(k), (13)
(n +2)

where the index of refraction of YAG is taken to have
the average value of 1.82, the oscillator strength f is es-
timated to be 0.1. Since, we do not have the complete
ESA spectrum to calculate the value of oscillator
strength, the total oscillator strength will be somewhat
higher.

B. ESA from P0 and 'D& states

We have also measured excited-state absorption origi-
nating from the Pc and 'Dz states of the 4f
configuration. The thrust of these measurements was to
explore if ESA happened to be a significant loss mecha-
nism for possible laser transitions originating from these
states. So, ESA cross section was measured at a single-
probe wavelength for both the cases, and no attempt was
made to obtain the complete spectra.

For ESA measurement from the Po state, 452-nm ra-
diation from the dye laser was used to resonantly excite
the P2 state. Since the PJ (J=0, 1,2) manifolds over-

lap, rapid nonradiative relaxation populated the Po
state. The ESA cross section at a probe wavelength of
532 nm was measured to be (8+1)X 10 ' cm . The peak
emission cross section for transitions from this state cal-
culated from the fluorescence spectrum using Eq. (11) is
1.1X10 ' cm, much smaller than the ESA cross sec-
tion. If the energy of the Po state (20534 cm ') is add-
ed to that of the probe photon (18 797 cm '), the result-
ing transition energy of 39 331 cm ' corresponds to an
excitation into the higher-energy tail of the 4f5d (1)
state. So, it is reasonable to assign the terminal state of
the ESA transition to be the 4f5d(1) state. The mea-
sured ESA cross section is typical for 4f"~4f" '5d
transitions in R + ion-doped crystals, and lends addition-
al support to above assignment.
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Support for this assignment is also obtained from simi-

lar ESA transitions in Sm +-doped SrFz and SrClz re-
ported previously. The ESA transitions originate from
the excited Do(4f ) state and terminate on the states of
the 4f 5d configuration of the Sm + ion. The ESA cross
section at the operating energy of 14350 cm ' of the
Sm +:SrFz laser was estimated to be 7X10 crn . As
the authors point out, the Do~

~
F,es;S =2) transition

that gives rise to the ESA band around 14350 cm ' is
particularly weak, and the lasing transition fortuitously
happens to be displaced from the peak of the band. So
the gain may overcome the loss making the laser opera-
tion possible. In contrast, the P0~4f Sd ESA cross sec-
tion in Pr +:YAG is approximately an order of magni-
tude larger and defeats the gain completely.

The fluorescence spectrum due to transitions from the
Po state is highly structured even at room temperature.

There are two major groups of fluorescence lines. The
first group arising from Po~ H4 transitions extends
from 480-510 nm with the major peak at 488 nm. The
second group due to Pp~ H5 transitions spans the
525-570-nm range. ESA transitions from the Po state
at any probe wavelength in the 480-570-nm range will
terminate on either the first or the second 4f5d state.
The ESA cross sections for such interconfigurational
transitions are expected to be comparable to that rnea-
sured at the probe wavelength of 532 nm reported above.

In order to study the ESA process originating from the
'Dz state, the dye laser was tuned to the peak of
H4~'Dz GSA transition at 609 nm. The ESA cross

section at a probe wavelength of 532 nm was measured to
be (5.7+0.6)X10 '9 cm . This should be compared to
the peak emission cross section of 1.5 X 10 cm .
Again the sum of the energy of the 'Dz state (16420
cm ') and that of the probe photon leads to a transition
energy of 35217 cm ' corresponding to an excitation
into the 4f5d(l) state. The strength of visible fiuores-
cence from the 'Dz state is mainly concentrated in three
sharp transitions to the 0, 19, and 50 cm ' levels of the
H4 manifold. ESA transitions from the 'Dz state at the

probe wavelengths corresponding to these fluorescence
lines will terminate on the low-energy end of the lowest
4f5d state, and are expected to be characterized by cross
sections comparable to that measured at 532 nm. The
emission wavelengths corresponding to transitions to the
H5 and even higher manifolds are sufficiently long so

that no 'D~ +4f51 ESA —transitions at these wavelengths
are energetically possible. However, those emission tran-
sitions are in general very weak, ' and efficient laser ac-
tion based on these transitions is unlikely.

V. DISCUSSION

The ESA transitions both from the lowest 4f51 state
as well as from the Po and 'Dz states of the 4f
configuration are of considerable practical and theoreti-
cal significance. On the practical side, the observed
strong ESA seems to rule out the probable use of
Pr +:YAG as a solid-state laser crystal in the visible and
near-ultraviolet spectral region. On the other hand, the
shape and the strength of the ESA spectrum originating

from the lowest 4f5d state raises interesting questions
about the nature of the near-ultraviolet energy eigenstates
of the crystal.

The single exponential decay of ESA with a charac-
teristics decay time equal to that of the fluorescence life-
time for 266-nm pumping identifies the lowest-4f Sd state
as the initial state for ESA transitions. However, the ter-
minal state may not be so easily and uniquely identified.
From one-photon absorption spectrum, ' the second
4fSd band appears to be extending from 255 to 190 nm.
If the measured energy of the zero-phonon transition' to
the lowest-4f Sd state (32 552 cm ') is added to the ESA
transition energies, the 900—500-nm segment of the ESA
spectrum will overlap with the second 4f5d absorption
band. So, from energy consideration alone, it would be
tempting to ascribe at least this part of the ESA spectrum
to transitions to the second 4f51 state. The 700-nm ESA
peak, corresponding to an overall transition energy of
46838 cm ' (213.5 nm), would then coincide with the
middle of the broad, intense second 4f5d GSA band.

However, the situation is considerably more difficult.
First, the stronger, higher-energy ESA band extends to
approximately 64 000 cm ', and presumably even
beyond. The measurement was limited by the available
range of probe wavelength. This energy range is beyond
the extent of the second 4f51 state, and may encompass
even higher-energy states of the configuration. Second,
the large ESA cross section on the order of 5 X 10 ' cm
even in the 900—500-nm region and the high oscillator
strength (f & 0. 1) are unlikely for transitions within the
states of the same 4f5d configuration. This is even much
stronger than the Po, 'Dz~4f Sd interconfigurational
transition cross sections reported in the previous section.

Only two types of transitions in impurity-ion doped
crystals are known to be characterized by such large os-
cillator strength: first, the photoionization transitions'
to the conduction band (CB) of the host lattice; and
second, the dopant++ligand charge-transfer (CT) transi-
tions. ' Since, the characteristics of CT spectra of R +

ions depend upon the properties of the hosts and not on
the ions themselves, and based on the nature of ESA
transitions in Ce +:YAG, we consider an excited-state
photoionization process to be a more probable mecha-
nism for the observed strength of the ESA transitions in
Pr +:YAG as well. Photoionization measurements from
both the ground and the excited states' may confirm
this assignment. The excitation energy for the onset of
photocurrent in these measurements would identify the
location of the conduction-band edge. The position of
the conduction-band edge is consistent with this assign-
ment. The band gap of YAG (Ref. 29) is 50000 cm
An extrapolation on the longer-wavelength end of the
ESA spectrum of Fig. 5 indicates that the CB edge lies
approximately 8000+500 cm ' above the relaxed lowest
4fSd excited state. Since the position of the zero-
vibrational level of the lowest 4f51 state with respect to
the lowest level of the K4(4f ) ground multiplet is
known to be 32552 cm ', the relative position of the
Pr + energy levels within the YAG band gap may be
determined, as illustrated in Fig. 6. The CB edge over-
laps with the second 4f5d state, while the lowest level of
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FIG. 6. A simplified energy-level diagram showing the posi-
tions of Pr'+ states relative to the valence and conduction bands
of the YAG host. The states from which fluorescence has been
observed are marked by solid ellipses.

tablished. However, a plausible model applicable for di-
valent rare-earth ions has recently been presented. The
model ascribes the large oscillator strength for the
4f 5d ~CB ESA transition in Sm +:CaF2 to "intensity
borrowing" from the valence~conduction-band transi-
tion. This intensity borrowing is proposed to be mediat-
ed by an estimated 50-50 admixture of the Sm +5d orbit-
al and the 2p orbitals on F of the CaF2 host.

A quantitative calculation of the ESA transition
strength and line shape in Pr +:YAG requires detailed
knowledge of (a) the band structure of YAG crystal, (b)
the appropriate CF-perturbed 4fSd wave functions, and
(c) the effect of lattice relaxation that follows an electron-
ic transition, ' none of which is complete or readily avail-
able. So, a quantitative explanation of the measured ESA
spectrum may not be possible at the moment. Some gen-
eral observations may, however, be made about the shape
and position of the spectra. The characteristics of transi-
tions from a localized impurity-state in the band gap to
the CB depend strongly on the characteristic volume of
the initial-bound-state wave function. ' In particular, the
overlap integral involving the dopant wave function of
characteristic radius a and the plane-wave state with
wave vector k peaks ' for ka —1. Also the higher
momentum-band states lie at higher energy. Since the
wave function of a d electron is much more diffuse (larger
a) than that of an f electron, 4f5d ~CB transition will
have its maximum cross section at a significantly lower
energy than that for 4f ~CB transition. Thus the shape
and the peak position of ESA transitions are not related
in any simple way to those of the GSA transitions.

VI. CONCLUSIONS

the 4f configuration is approximately 10000 cm
above the valence-band edge.

The wave functions describing the states at energies
higher than the CB edge involve a superposition of delo-
calized Bloch states and the more localized d-like orbitals
of the Pr + ion. This strong overlap between the higher-
energy 4f5d states and the conduction band has impor-
tant consequences for both the GSA transitions originat-
ing from the highly shielded lowest 4f state and the
ESA transitions from the more-extended lowest 4f5d
state. The GSA transitions are sensitive to both the
states of the Pr + ion and the plane wave components of
the conduction band. The strength of ESA transitions
from the lowest 4f5d state, on the other hand, will be
dominated by transition-matrix elements connecting the
state to the delocalized Bloch states, and will be much
less sensitive to the d-like states. In general, much higher
density of final states is available for transition from lo-
calized impurity ion states to CB states as compared to
that for intraion transitions, and this may contribute to
the higher strength for the localized~delocalized transi-
tions. The larger spatial extent of d orbitals compared to
that for the f orbitals will tend to make the 5d~CB
transitions stronger than the 4f~CB transitions. The
exact mechanism that accounts for the large oscillator
strength for the 5d ~CB ESA transitions is not well es-

Strong excited-state absorption from the lowest 4f5d
state as well as from the Po and 'D2 states of the 4f
configuration of Pr +:YAG has been observed. The ESA
transitions originating from the lowest 4f5d state ter-
minate on the mixed conduction band and dopant states.
The peak cross section for these photoionization transi-
tions is (1.0+0.1)X10 ' cm . The ESA transitions
from the Po and 'D2 states are interconfigurational, the
final state is the lowest 4f5d state. Typical cross section
for these transitions is approximately 5 X 10 ' cm .
These ESA cross sections are much higher than the
respective gain cross sections, and the ESA spectra over-
lap with the fluorescence spectra. The strong ESA thus
completely inhibits the potential laser action in the visible
and near-ultraviolet spectral regions in this crystal.

The location of the host conduction band relative to
the fluorescing levels is an important design consideration
for potential solid-state laser materials. Excited-state
photoionization transitions in the fluorescence-
wavelength region may impede or inhibit potential laser
operation in otherwise promising crystals.
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