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Two-photon-absorption cross section of Nd'+
in yttrium aluminum garnet and yttrium lithium fluoride near 1.06 pm
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%e have measured the spectrally integrated two-photon-absorption {TPA) cross sections for the

I9/p ~ 67/2 transitions of Nd'+ and obtained values of 1.2 X 10 and 0.15 )& 10 cm for Nd'+-

doped yttrium aluminum garnet {YAG) and yttrium lithium fluoride {YLF),respectively. These re-

sults are in satisfactory agreement with theoretical calculations based on the properties of Nd +

free-ion wave functions. The difference between YAG and YLF, however, is not accounted for by
the free-ion theory and suggests that the intermediate-state energies and wave functions are consid-
erably host dependent. In addition, we conclude, based on our measurements, that rare-earth TPA
will not contribute significantly to either losses or the nonlinear refractive index in typical laser
media employing rare-earth ions.

I. INTRODUCTION

Trivalent rare-earth ions exhibit 4f"-4f" transitions in
the ir, visible, and/or uv spectral ranges. Judd' and Ofelt
have shown that the intensities of the 4f"-4f" transitions
of an ion can be accurately fit with only three adjustable
parameters. This striking theoretical success was based
on two unique attributes of trivalent rare-earth (R +) im-
purities: (a) the fact that the 4f wave functions retain
much of their free-ion character, and (b) the feasibility of
using the mathematical closure operation when describing
the crystal-field-induced admixture of the atomic nd and

ng wave functions into the 4f initial and final states.
Judd-Ofelt theory involves the effects of two perturba-
tions: one arising from the light wave, V~; and the other
from the odd components of the crystal field, V~d. Al-
though the form of Vz is well known, the nature of V~d
is quite difficult to determine. It depends sensitively on
the positions of the ligands as well as on their electronic
interaction with the R + ion. The result is that, although
only three parameters are required to fit the spectral data,
it is usually not possible to predict the absolute value of
these parameters in an independent manner. Two-
photon-absorption (TPA) spectroscopy provides an alter-
native method of investigating the nature of the spectral
intensities of R + ions. Here, only the photon perturba-
tion operator Vz is required, and V~d need not be con-
sidered.

Axe has shown that allowed 4f" 4f" TPA transitions-
derive their intensity from the same even parity states as
do the forbidden one-photon transitions. In fact, he used
the basic results of Judd-Ofelt thtxiry to describe the TPA
transition rate. %'e can therefore expect that it should be
possible to calculate the absolute value of the TPA cross
section solely from theoretical considerations. Axe*s
theory essentially predicts that only one parameter should
be needed to fit the intensity of all 4f"-4f" TPA transi-
tions between J levels (assuming that all crystal-field lev-
els of the ground state are equally occupied).

In the present work we have experimentally measured
the integrated TPA cross section of the I9/2~ G7/2 tran-
sitions of N13+. We then used the theory of Axe to cal-
culate this same cross section. These transitions are of
particular significance because they occur for excitation
near the typical 1.06 pm operating wavelength of a N13+
solid-state laser. There is, therefore, some possible practi-
cal significance to these two-photon transitions. They are
a potential loss mechanism in Nd + lasers, and they may
produce wavelength-dependent contributions to the non-
linear susceptibility and nonlinear refractive index. To
our knowledge, the present work represents the first accu-
rate measurement and theoretical modeling of an absolute
TPA cross sectiori for a 4f"-4f" transition of an R3+-
doped insulator.

Recently a number of workers have obtained extensive
TPA spectra of the S7/2~ P, I, D transitions of the
Gd + and Eu + ions, which have a 4f configuration.
Attempts to fit the relative intensities of the 4f"-4f" tran-
sitions to Axe's second-order theory were unsuccessful for
the S7/2~ P, I transitions, and thus third- and fourth-
order theories were developed to fit the data. Judd and
Pooler have pointed out, however, that these transitions
are largely TPA forbidden.

It has been shown that, within the Judd-Ofelt theory,
the TPA cross sections are proportional to the square of a
reduced matrix element, (L,S;J~

~

U' '~ ~L',S',J') .
In this work we employ the intermediate coupling matrix
elements of U' ', the L and S designations indicate the
major percentage of each term in Russell-Saunders cou-
pling. For the S7n~ PJ transitions, ( S7/2)l U,

' 'll PJ)
=0.001 166, 0.000470, 0.000016 for J= —,', —,, —,', respec-

tively, while values near 1.0 are known to occur among
the 8 + ions. Similarly the S7/2 + I transitions are
predicted to have zero intensity, but instead are experi-
mentally found to be of comparable magnitude to the
S7&2~ I'5&2 transition. Interestingly, the S7/2~ D

transitions are found to be fairly well described by Axe's
theory. These transitions, on the other hand, are charac-
terized by somewhat larger reduced matrix elements; e.g.,
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&'I9/z
I I

U"'I I'D9/2 &'=o 006 .
It is possible that the Judd-Ofelt theory breaks down at
small values of

& L,s;zI I

v"'I IL,s,z )' &0.005 .

Downer and Bivas have made a "rough" measurement
of the TPA cross section of a stark component of the
S7/2~ Pq/2 transition and have obtained a value of
5=2&10 cm sec. This certainly is a particularly
small cross section, ' in agreement with the above discus-
sion. For our case of the I9/2~ 67/2 tr'ansition of
Nd +,

&'I9/2I
I

U'"I
I 67/2 &'=0 o55

and might be expected to be within the range of validity
of the Judd-Ofelt-Axe TPA theory.

A number of TPA cross-section measurements have ap-
peared in the literature. Skripko and Gintoft found values
on the order of 10 and 10 cm sec for Eu +:CaF2
and Sm +:CaFz, respectively. ' Again, we find that these
transitions are largely forbidden. Apanasevich et al. '

measured a value of o =6&& 10 cm sec for the
Is~iH6 transition of Hoi+:CaFz. This seems reason-

able in light of the larger ( Is
I I

O' 'I
I H6) value of 0.215

and the large bandwidth of 150 cm ' in the CaFi host.
They also found that 5=10 ' cm sec for the
I»/2~ 6 i»2 transition of Er +:CaFz. This result seems

quite low since it involves a strongly allowed transition,

&'I»»
I I

U"'I I'6, «, &'=0.92 .

It is difficult to evaluate the significance of these cross
sections because of the complex crystal-field splittings and
broad spectra resulting from the charge-compensated, and
possibly clustered, rare-earth sites in the fluorite crystals.
Penzkofer and Kaiser' have measured the TPA cross
section of the I9/2 ~ 6&/2 transition of Nd +:glass
and obtained a value of 5=2X10 s' cm sec, which is
extraordinarily large. In their calculation of the TPA
cross section these authors apparently omitted the
(L,S;JI

I

O' 'IIL', S',J') matrix element which would
mean that their theoretical estimate is too large.

In view of the uncertainties regarding the magnitudes
of the cross sections and the applicability of the Judd-
Ofelt formalism to estimate them, as well as the possible
practical importance of rare-earth TPA transitions, there
is a need for an absolute measurement of allowed 4f"-4f"
TPA cross six:tions for well-characterized ion-host com-
binations and an appropriate treatment of the theoretical
equations. In Sec. II we describe our experimental
methods in detail. We obtained the I9&2~ 67&2 sharp
line TPA spectra of Nd + in yttrium aluminum garnet
(YAG) and yttrium lithium fluoride (YLF), as well as the
broader TPA of two glasses. We then describe a fairly ac-
curate method of measuring the TPA cross section. We
describe the techniques used to obtain the necessary exper-
imental parameters, and then present the resulting cross
sections and their error limits. We derive a general for-
mula for calculating the TPA cross section of a R + ion
in Sec. III. In Sec. IV we compare our experimental and
theoretical results. In Sec. V we evaluate the potential
nonlinear effects resulting from Nd + in a laser crystal.
Our conclusions are summarized in Sec. VI.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

B. Nd'+ spectra

In this section we present the I9/2~ 67/2 spectra of
Nd +-doped hosts at 10 K, including those of YAG,
YLF, and several glasses. At this temperature, only the
lowest crystal-field component of the I9/2 term is occu-
pied. We require the form of these spectra in order to cal-
culate the spectrally integrated cross section, f 5dv, for
this transition. The two-photon spectrum of Ndi+:YAG
in Fig. 2 is composed of four sharp lines, the energies of
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FIG. 1. Experimental setup used for two-photon excitation
spectroscopy. S denotes sample, L denotes lens, PD denotes
photodiode, PMT denotes photomultiplier tube.

A. Experimental setup

A diagram of the apparatus is shown in Fig. 1. We re-
quired tunable ir lyser light in the region of 1.06 pm in or-
der to obtain the TPA measurements of interest. To ac-
complish this we used the second harmonic of a Molec-
tron MY-34 YAG laser to pump a Rhodamine-6G dye
laser. The dye laser beam was focused into a 1-m cell
filled with 600 psi of H2 in order to generate the second-
order Stokes-shifted beam, which was then recollimated.
Appropriate cutoff filters were used to remove the dye
laser and first-order Stokes-shifted laser light. The dye
laser output had an energy of 6 mJ per pulse and the
Raman-shifted (RS) beam contained 200 p J per pulse, and
was unpolarized. The RS output was arranged to be
focused somewhat beyond the sample. By varying the dis-
tance between the 54-cm focal-length lens and the sample,
the beam area at the sample could be varied. The
Fi/i~ I9/2 emission from the sample near 8750 A was

collected, passed through a monochromator, and then
detected with a cooled GaAs photomultiplier tube. A
portion of the incident beam served as a reference. Box-
car averaging was used to determine the detector signals,
which were sent to a microcomputer and corrected for
variations in the laser output by dividing the TPA signal
by the square of the reference at each wavelength during a
scan. Further details concerning the use of this setup are
presented below.
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doped phosphate and silicate glasses. These TPA spectra
are similar to the observed broad one-photon spectra. %e
can see that the operating frequency of a glass laser is typ-
ically resonant with an inhomogeneously broadened TPA
transition. If the TPA cross section were as large as sug-
gested by Penzkofer and Kaiser, " the TPA absorption
would constitute a substantial loss mechanism.

C. Cross-section measurements

gl I

18700
T~o-photon energy lcm

19000

FIQ, 2. Two-photon excitation spectrum of the I9/2 + 67/2
transitions of Nd'+:YAG at 10 K. The Nd'+ F3/2 + I9/2
emission was monitored while the excitation source was scanned
in the vicinity of one-half the operating wavelength col ——1.064
pm of a Nd +:YAG laser crystal.

%e have measured the TPA cross section by comparing
the TPA-induced F3/p + I9/2 luminescence signal that
we observed using the Raman-shifted ir light with the
luminescence observed using excitation from a weak one-
photon transition at the visible dye laser frequency. Both
YAG and YLF had such a residual one-photon absorption
at the dye laser frequency, which gave a uniform excita-
tion over the sample length.

%e now develop the equations needed to apply this
method. We assume that the laser pulse is Gaussian in
space and time with a photon flux, F(r, t) given by

which agree within a few wave numbers with those tabu-

lated by Kaminskii. ' This spectrum was recorded with

kll[111] axis, using unpolarized light. Also noted in the

figure is the energy of twice the operating frequency of a
YAG:Nd + laser. Clearly, there is no overlap with the
low-temperature TPA transitions, but at room tempera-

ture the thermal population of the ground-state multiplet

and the thermal broadening does result in some degree of
overlap.

Figure 3 contains the TPA spectra of Nd +:YLF, ob-

tained with unpolarized light propagating along the c
axis. The two major lines observed seem to be in disagree-

ment with the results reported by da Gama et al. ' We

therefore checked our line positions with those obtained

from our low-temperature absorption spectrum, and

found good agreement. Note that the n and o frequencies

of laser operation are indicated on the figure. No other
lines were observed from 18900 cm ' to 19280 cm

Finally, we show in Fig. 4 the TPA spectra of Nd +-

10

dF
X amr dr dz dt,

dz
(2)

where we have integrated over r, the sample length I, and
t. The factor of 2 accounts for the two photons needed to
excite each ion, and E calibrates the overall detection effi-
ciency of the F3&2~ I9&2 luminescence. The definition
of the TPA cross section 5 (cm sec) is

dF
dz

10

Two-photon excitation
spectrum of Nd3 ' doped
LG750 phosphate glass

F(r, t) =Foexp( —r /ro)exp( —i2/2) .

The observed luminescence signal due to TPA excitation
is equal to
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FIG. 3. Two-photon excitation spectra of Nd +:YLF. The
Nd + I'3/2 + I9/2 emission was monitored while the excitation
source was scanned near one-half the operating wavelengths of a
Nd +YLF laser (indicated as 2mL in the figure).

Two- photon energy (crn '
I

FIG. 4. Two-photon excitation spectra of Nd +-doped laser
glasses. The broad, inhomogeneous excitation band is observed
to be two-photon resonant with the energy of maximal stimulat-
ed gain at ~L, for both the phosphate and the silicate glasses.
The designations LG750 and EK2460 identify glass composi-
tions made by Schott Glass Technologies and Eastman-Kodak,
respectively.
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Performing the necessary integrations and substitutions,
we obtain

K5XEil
S,=(2~)-'"

2(hvar) roe
(5)

where the subscript 2 refers to the two-photon excitation.
Similarly the signal obtained with one-photon excitation
can be written as

Xa tEil

where the one-photon absorption coefficient is defined as

= —a)F . (7)

Combining Eqs. (5) and (6) to eliminate E and I, we get

2(2m) ~ a,ro~ Si E, /(hvi)

Ei /(h vt )

It is apparent that a number of independent measurements

where N is the number density of ions (cm ). The ener-

gy of a pulse can be written as

E =hv I I Foexp( —r /ro)exp( t—lr )2nr dr dt .

(4)

must be performed to determine 5. The techniques and
results for each measurement are now described.

We determined the concentration X of Nd + in the
YAG sample spectrophotometrically, using the absorption
cross sections reported in Ref. 18. The Nd concentration
in the YLF sample was determined by chemical analysis.
The Nd concentration for YLF was used together with
room-temperature optical-absorption data to deduce a
cross section o =3.1)&10 cm for the line at 733 nm.
The concentrations of Nd + are listed in Table I.

The pulse width of the laser ~ was determined with a
fast photodiode and a computer-controlled transient
recorder. A 300-ps pulse from a N2 laser was used to
determine an instrument-liinited time resolution of v=0. 8
ns. The RS beam had a measured width of v=1.7 ns.
The error limit of 50% reflects the instability of the
laser output.

As seen in Eq. (8) it is necessary to determine the radius
ro of the beam at the sample. This measurement was per-
formed two different ways. The first method involved us-
ing a computer-controlled vidicon to map out the profile
of the beam at the focusing lens. Since the lens had a fo-
cal length of 54 cm and the beam waist occurred beyond
the sample, geometric considerations could be used to
determine the radius in the sample. Only the central 2
mm of the beam length in the sample was imaged onto
the photomultiplier tube to avoid the variation of the
beam radius along the sample. TPA measurements

TABLE I. Experimental values used to calculate the TPA cross section with Eq. (8); see text for
identification of variables.

Quantity Value

7.8X10" cm-' Cross section from
Ref. 18

Estimated
error
(%)

N, YLF 6.6& 10' cm

1.7 ns

Chemical analysis

Photodiode

+10

+50

ai, YAG 0.097 cm

0.095 cm

Spectrophotometer

Laser excitation
(see text)

+20

ai, YLF 0.031 cm

0.035 cm

Spectrophotometer

Laser excitation

+40

+20

ro, 48 cm from lens,
54 cm focal length

2.8~10 3 cm~

2.6& 10 cm

Vidicon

Knife-edge scan +30

(~2/E2)/(SI /E) ) Measured variable Comparison of one-
photon absorption
and TPA signals

+50

Transmission of neutral
density filters

2.35~ 10 Spectrophotometer
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(described below) were obtained at four relative distances
between the lens and the sample: 41.5, 44.8, 48.0, and
51.3 cm. The corresponding ro values were calculated to
be 0.111, 0.082, 0.053, and 0.025 cm, respectively. We
checked the radius at 48.0 cm by scanning a knife edge
across the beam at the sample position and found good
agreement with the calculated value (see Table I).

We now discuss h5w the one- and two-photon signals
from the sample were compared. The RS output was

tuned to the broadest line of the I9/Q + 67/i transition
in order to minimize the sensitivity of the signal to a
small spectral mismatch. The focusing lens was first po-
si.tioned to produce the largest radius on the sample and
was adjusted laterally to maximize the luminescence sig-
nal. The TPA-induced luminescence signal and the laser

pulse energy reference value were read from the boxcars.
The reference diode was calibrated with an energy meter
in a separate experiment. Next the YAG laser amplifier
was turned off so that the energy was below the threshold
for stimulated Raman generation, and the color filters
were replaced with several calibrated neutral density fil-

ters. The residual Nd + absorption at the same dye laser
wavelength utilized to generate the Stokes beam was suffi-
cient to provide for substantial one-photon excitation of
the Nd + ions. We checked that this excitation produced
the same luminescence spectrum and lifetime that is nor-

mally observed in YAG and YLF. (Note that the actual
absorption coefficient ai at the dye laser wavelength was

determined in a separate experiment. } The laser beam po-
sition was then readjusted to maximize this signal, since
the Stokes and the dye laser beams did not travel exactly
the same path. This sequence was repeated a second time.
Then this procedure was utilized for the three other beam

radii mentioned above. The entire run was repeated to
check for a longer term variation. The standard deviation

of the ratio of the two- and one-photon signals, after
correction for the value of ro, was +50%.

Finally, we require the value of the absorption coeffi-
cient 0;~ at the dye laser wavelength. We obtained the
values listed in Table I with a spectrophotometer. Since
ai was chosen to be rather small in order to obtain uni-
form excitation, we also checked these measurements with

III. THEORY

The integrated TPA cross section 5 can be calculated
from'9

where a= », is the fine-structure constant. The Lorentz
field correction is

L =(n +2)!3, (10)

an additional experiment using the laser system. This was
done by comparing the luminescence produced when the
dye laser was tuned to the frequency used to normalize
the TPA measurements with the luminescence produced
when the laser was tuned to a frequency at which a was
larger, and more accurately measured spectrophotometri-
cally. As seen in Table I, good agreement with the spec-
trophotometric results was obtained.

All of the measurements were performed at 10 K. We
found that the TPA measurements were impossible at
room temperature since the thermal population of the

I~~/2 state leads to a one-photon luminescence signal that
is much larger than the TPA signal.

The values of 5 (cm sec) calculated with Eq. (8) are list-
ed in Table II. The starred numbers are the actual mea-
surements. The other 5 values were determined from the
relative peak heights in Figs. 2 and 3. In order to com-
pare the overall cross sections for YAG and YLF it is
necessary to integrate over the final crystal-field-split
states. Thus using Figs. 2 and 3 and the data in Table II,
we obtain the spectrally integrated cross section for the
I9/i + 67/p transition to be b, = I 5dv= 1.2 X 10

cm for Nd +:YAG and 0.15X 10 cm~ for Nd3+:YLF.
In the next section we will calculate the value of b, using
Judd-Ofelt-Axe theory.

TABLE II. Energies, widths, and two-photon cross sections 5 for each of the lines of the

I9/2 + 67/2 transition for Nd'+: YAG and Nd +:YLF. The values with asterisks are the actual mea-
surements of 5, while the other values were determined with reference to Figs. 2 and 3. The integrated
cross sections 5 were determined using the data in this table. (F%'HNI denotes full width at half max-
imum. )

Crystal

YAG

TPA energy
(cm-')

18991
18 847
18 827
18 727

F%HM
(10' sec ')

10.5
8.3
8.3
3.5

5
(10 ' cm see)

2.8*
2.6
1.3

18

and error limits
(10 cm )

1.2
(0.4 to 4)

YLF 19070
19 174

3.6
10.5

1.5
0.9'

0.15
(0.05 to 0.5)
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where n is the refractive index at the photon energy hv.
p' ' is the correlation function and can be written as

where g is the vector potential of the laser field. p' '=2
or 1 for completely incoherent or coherent light, respec-

tively. S~ is defined by

(f
I

ei.rli)(i I ei rig)
S~——h v g +(1~2), (12)

E,g —hv

where g, f, and i are, respectively, the ground, final, and
intermediate states; r is the electron coordinate; and e; is
the unit polarization vector of the laser light for photons
i =1,2. Axe has shown that, for trivalent rare-earth
ions, the Judd-Ofelt theory' is applicable and that for a
transition from

I
J,M) to

I
J',M'), S~ can be written as

l J
M-SC M &~ S J

I I
U II~SJ)

1/2
(I +I"+ 1)(31—I"+ 1)(41—21"+ 1) h v

6(1+I")(I +I"+2) b E (n "I")
(13)

where n, l correspond to the 4f initial and final states, K
denotes a spherical tensor polarization component, the
U' ' reduced matrix elements can be found in various ta-
bulations, ~'22 bE(n "I") is the energy separation of the
n "I" intermediate configuration from the virtual level at
E =h v, and the last factor is a radial integral.

We are interested only in transitions from the lowest
crystal-field level of the I9/2 term to all of the crystal-
field levels of the G~/i term. It is easily shown that the
value of the integrated cross section b obtained by sum-

ming over the 67/i levels is independent of the detailed
wave functions of the 67/z levels, since the crystal-field
splitting is very small compared with both the photon en-

ergy and the denominator in Eq. (12). We therefore per-
form the sum over the unsplit states

I
J',M') of 67/2

and use the known wave functions, P= g~aM I
J,M),

for the lowest Kramers doublet of YAG:Nd +,

f+——0.258
I

—', , +—', )+0.9686
I

—', , +—', ),
and YLF:Nd + 4

y, =o.448
I

—'„+-,')+o.668
I

—,', ——', ) —o.562
I

—,', + —,
' ) .

The integrated two-photon-absorption cross section is
then obtained from (9) using

+7/2 2

g &~S/I', I~ er'c
' (14)

gf I' = —7/2 M, K

where e~' are the spherical tensor polarization com-
ponents that are easily obtained from the rectangular po-
larization components of the incident laser light. For the
special case of unpolarized light propagating along (111)
in YAG, all Nd + sites are equivalent and, as in the case
of YLF, no additional sum over sites is required. The e~ '

were calculated for each of the two equal, uncorrelated
polarization components of the laser and the two resulting
contributions to Eq. (14) were summed after squaring.
%'e used

&'19/zl
I

U"'l l'67m &'=0 o55

(Ref. 22) and assumed that p' '=2, since the RS beam has
a frequency-pulse-width product of (0.5 cm ')(1700
psec) =800 psec cm ', whereas the Fourier-transform-
limited product is 5 psec cm

It is not possible to perform the complete sum over in-
termediate states in Eq. (12). We have therefore used
separate expressions to calculate the TPA cross sections,
bq and bs, assuming that either the 4f 5d or 4f ng con-
figurations, respectively, are the intermediate states. We
obtain

L
bg =4.8&& 10

I (4f
I
r

I
5d ) I

B n'
L

(15a)

hg ——1.5X 10

2 4

I &4f
I

'14f & I'B
bE ng n

(15b)
where B is a factor dependent on the propagation direc-
tions in the samples, the laser polarizations, and the
ground-state wave functions. In Eq. (15b) we have made
use of a closure relation' to eliminate the (4f

I
r

I
n "g )

integrals, which are unknown.

IV. COMPARISON OF CALCULATED
AND MEASURED CROSS SECTIONS

At the present time, only the free-ion values of the ma-
trix elements and energy denominators in Eqs. (15) are
available. Judd' interpolated Rajnak's calculated values
of the radial integrals for Pr + and Tm + to obtain values
for Nd+ and Er +. More recently, however, Rajnak
and co-workers have computed new values of
&4f

I
r 15d & =0 39 A»d (4f

I

r'
I
4f & =0 31 A' «r

Nd +, and we employed these in our calculations. Using
b,E(5d)=58000 cm ' in Eq. (15a), we obtain the values
of h~ sho~n in Table III for YAG, YLF, and a "typical"
glass, for which we have averaged the cross section over
all 2J+1 sublevels of the I9/2 ground term. The values
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TABLE III. Calculated and experimental two-photon cross sections for the I9/2~ 67/2 transition
of N13+-doped hosts. The values of the parameters used in Eq. {15)are indicated.

Sample

YAG
8 =0.012
I. /n =2.97

(10 cm )

EE(51)=58000 cm
(4f

~

r
~
Sd) =0.39 A

(10 cm )

EE(ng) =167000 cm
(4f ~r'~4f)=0. 31 A'

0.17

Experimental
(10 cm )

1.2

YLF
8 =0.022
L /n =2.19

1.4 0.15

Glass
8 =0.02
L /n2=1. 8

0.17

of parameters used in Eqs. (15) for each host are also
given in the table. For the ng configurations, we have
used Judd's' suggested value of bE(ng )—1.67 X 10
cm ', which is a rough estimate of the ionization energy
of the N13+ ion in a coordinate complex. The resulting
values of b,s in Table III are somewhat smaller than hd
In view of the fact that the use of free-ion parameters to
characterize the behavior of these outer d and g orbitals is
likely to be only a crude approximation, a possibly greater
relative infiuence of the ng configurations cannot be
discounted. There is, in fact, some existing evidence for
the importance of these ng configurations as intermediate
states in optical transitions. Krupke2 applied the Judd-
Ofelt theory to the optical-absorption spectra for a set of
rare earths in Y20& and LaF3, and argued, based on his re-
sults, that the value of (4f

~
r

~
Sd) is reduced by about

an order of magnitude in a crystalline environment,
whereas the (4f ~r ~4f) integral is slightly increased.
The sensitivity of the former matrix element to radial ex-
pansion of the 5d wave function results from the fact that
the 5d function has both positive and negative parts, and
the 4f function is positive everywhere. This can lead to
rapid variations in the matrix element because of cancella-
tions. More recently, Seeker et al. obtained evidence,
based on the degree of asymmetry of electronic Raman
transitions of rare-earth ions, that the 5d and ng contribu-
tions to two-photon processes in solids are about equal.
They argued that the 5d and ng orbitals are likely to be
largely composed of ligand orbitals, rather than free-ion
wave functions, and there is therefore no reason to expect
one kind of orbital to predominate.

Considering the experimental and theoretical uncertain-
ties, we regard our measured absolute cross sections as be-
ing in satisfactory, order-of-magnitude agreement with
the theoretical values. On the other hand, since the same
properties of the 5d and ng orbitals are assumed for YAG
and YLF, and the values of 8 and L correct for the other
factors determining the cross sections, it is striking that
the ratios of measured and calculated cross sections differ
by about an order of magnitude for the two crystals. %'e
believe that the ratios of the cross sections are accurate to

better than a factor of 3. Our results therefore imply that
there is a considerable host dependence to the TPA cross
sections. Such a host dependence is consistent with the
idea expressed above that the 5d and ng orbitals may be
strongly mixed with ligand orbitals. Apparently, the net
effect of this mixing is to cause larger TPA cross sections
for the more covalent oxide coordination of YAG. This is
in agreement with the observed lower energy for the
4f" 'Sd levels of rare earths in oxides compared with
fiuorides. Similarly, the ionization energy would be
lower in an oxide, and, as a result, the 4f ng energy
denominators in Eqs. (15) are also expected to be smaller.
Considering, however, the possible involvement of other
factors, such as the changes in sign of the Sd wave func-
tion in the spatial region where the 4f functions are large,
it is not clear that increasing covalency will always lead to
increasing TPA cross sections. Recently, it has been
pointed out by Reid and Richardson that virtual optical
transitions on the ligand ions (related to the ligand polari-
zability), combined with the coupling of the ligand elec-
trons to the rare-earth ion, may alter TPA selection rules
and cross sections. This higher-order mechanism for
two-photon processes may be of importanceM in the high-
ly forbidden TPA transitions studied by Downer
et al. , but its significance for allowed transitions, such
as those investigated in this work, is uncertain. This
mechanism would, however, also produce larger TPA
cross sections for coordination by the more polarizable ox-
ygen anions.

V. TPA-INDUCED LOSS
AND NONLINEAR DISPERSION

The significance of TPA processes as a loss me)chanism
in lasers employing rare-earth ions can be evaluated by
employing Eq. (3) for a typical upper limit to the intensity
of a laser system, I =Fhv-10 W/cm and a concentra-
tion X-10 cm . The effective absorption coefficient
at the peak of the largest TPA line in YAG:Nd + is

1 dF 5' —10 cmI' dz hv
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This shows that, even in media where a sharp, strong

TPA transition precisely overlaps the laser transition, the

resulting loss is negligible at moderate-to-high intensities.
(For the unlikely case of a strongly allowed TPA line in a

neat rare-earth compound, however, absorption coeffi-
cients exceeding 0.1 cm ' are possible. ) A previous re-

port' of significant loss due to TPA of Nd + in laser

glass, where the large linewidths would lead to much
lower values of 5, is clearly in error.

It has been suggested recently ' that TPA transitions
of rare-earth and transition-metal ions may produce a
dispersive contribution to the nonlinear refractive index,

ni(TPA), that is comparable to that of the host medium.
This wavelength-dependent ni(TPA} could either be add-

ed to or subtracted from the nonlinear index of the host,
depending on the frequency of the incident wave relative
to the TPA resonance frequency. To investigate the possi-
ble significance of these effects, we note the relationships

of the TPA cross section 5 and the nonlinear index ni to
the nonlinear susceptibility gyffes which is a linear com-
bination of tensor components of X' ' determined by the
polarization of the propagating wave:

5=, , lmX,"„', (16}

of about 2X 10 ' esu. This is a factor of 10 lower than
the ni values for typical optical laser materials. Just as
was the case for absorptive losses, rare-earth TPA will

only make significant contributions to n2 near resonance
with strongly allowed TPA transitions in concentrated
rare-earth crystals. The idea of canceling the nonlinearity
of the host with the anomalous n2 due to rare-earth TPA
(Refs. 31 and 32) seems to us to be a very unlikely possi-
bility.

VI. CONCLUSIONS

The measured cross sections for allowed I9&i~ Gi&i
TPA transitions of Nd + in YAG and YLF are in satis-

factory order-of-magnitude agreement with calculations
employing free-ion parameters. The measured total cross
sections were, however, an order of magnitude smaller in

YLF than in YAG. This difference, which is larger than
the estimated experimental error in the relative cross sec-
tions, implies a strong host dependence for the cross sec-
tions.

From the magnitudes of the cross sections, we conclude
that even the sharp, allowed TPA lines of rare-earth ion
impurities are unlikely to contribute significantly to losses
or nonlinear dispersion in typical laser media.

12m'
n, = Rey ff .

n
(17)

For a Lorentzian TPA resonance, X' '0: (2co coo+iy—)
and the frequency-dependent nz is related to the peak
cross section 5 by combining Eqs. (16) and (17) to ob-

tain

5mgxNnc
2

n2(TPA} =
8&ho c +1

(18)

where e = (2co —coo) /y. Using the values

5,„=1.8X10 ' cm sec and N-10 cm typical of
YAG:Nd'+, we find a maximum contribution to ni(TPA)
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