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The emission cross section at the laser line peak of YAIG:Nd?*+ was measured at room temperature by
two independent methods. The effective cross section for the jon in the upper (R:) level of the ¢F3; mani-
fold was found to be (8.841.0) X107 cm?. The values determined by the two different methods agreed
with each other within experimental error. The result indicates that nonradiative transitions from the
emitting state are negligible compared with the radiative transitions. The measured fluorescence branching

ratios are also presented.

INTRODUCTION

ECENTLY, optical refrigeration in yttrium alumi-
num garnet doped with neodymium (YAIG:Nd?t)
has been suggested by Geusic, Schulz-DuBois, and
Scovil.! For the estimation of this process, we need such
data as the transition cross section, fluorescence branch-
ing ratio, and the contribution of nonradiative transi-
tions to the fluorescence decay time. This paper reports
measurements of these properties for Nd*+ in YAIG at
room temperature. YAIG:Nd?** is an extremely useful
laser material, and these data are important also from
the standpoint of laser applications.

A measurement of the laser transition cross section
for Nd** in YAIG has recently been reported by
Neeland and Evtuhov.? They obtained the values of
2.7%X107% and 3.5X 10" cm? by two methods at room
temperature. They ascribed the difference to the
4F 301130, *I15/2 emissions and nonradiative transitions
which were neglected in the determination of the latter
value. The magnitude of the cross section that they
reported, as well as their experimental values such as
the linewidth and absorption cross section, disagreed
with previous unpublished measurements® beyond the
limits of experimental error. To resolve this disagree-
ment, we have made similar but more accurate measure-
ments of the laser transition cross section, in addition to
the branching ratio for the transitions from the emitting
state in YAIG:Nd**.

The cross section at the peak of the laser line (1.0641
p)* was determined at room temperature by the two
methods which were also employed by Neeland and
Evtuhov; namely, one method is to use the absorption
cross section for the transition from the ground state to
the emitting state and the ratio of the emission intensity
of the inverse process to that of the laser transition,
and the other is to deduce the cross section from the

1J. E. Geusic, E. O. Schulz-DuBois, and H. E. D. Scovil, Phys.
Rev. 156, 343 (1967).

2J. K. Neeland and V. Evtuhov, Phys. Rev. 156, 244 (1967).

3 J. E. Geusic (unpublished).

4The laser line wavelength at room temperature, 1.0648 u,
reported in the previous letter [J. E. Geusic, H. M. Marcos, and
L. G. Van Uitert, Appl. Phys. Letters 4, 182 (1964) ], should be
read as 1.0641 u.
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radiative transition probability determined from the
branching ratio and the fluorescence decay time. In the
latter method, we took into account the *Fse—*I13/
and *[;52 transitions which were not included in the
determination of the branching ratio by Neeland and
Evtuhov. We considered also the overlapping of two
transitions in the laser line. The values determined by
the two methods agreed with each other within experi-
mental error. These new measurements indicate that
the contribution of nonradiative transitions to the
fluorescence decay time is negligible and give a laser
transition cross section which is greater than twice that
reported by Neeland and Evtuhov.

EXPERIMENTAL DETAILS

Specimens used were a slab (2 mm thick) and a cylin-
drical rod (2.5 mm in diameter, 13 mm long) which
contained nominally 1 atomic percent of Nd ions. A part
of the slab was chemically analyzed, and the Nd3+
concentration was found to be 1.0 (40.1) atomic per-
cent corresponding to the ground-state population
density of 6.0X10® cm™ at room temperature.

The emission spectrum was determined in the spec-
tral range from 0.77 to 2.1 u using a Jarrell-Ash 1-m
Ebert scanning spectrometer with a 15 000-line/in.
grating blazed for 2 p. In the 0.77- to 1.13-u region, a
high-pressure Osram HBO 500-W mercury lamp was
used for the excitation, and the fluorescence was de-
tected with a cooled RCA 7102 photomultiplier. A
Corning glass color filter CS4-97 was inserted between
the lamp and the specimen to prevent the scattered
excitation light from reaching the detector. The fluo-
rescence from the specimen in the 1.06-u region was
monitored with another photomultiplier in order to
assure the same excitation intensity. The minimum
spectral slit width employed was about 0.5 A. In the
wavelength region longer than 1.1 u, the specimen was
excited with a 1-kW DXW Sylvania high-silica halogen
lamp, and a Kodak PbS (type N-3) and a lock-in
amplifier were employed for the detection. The spec-
tral sensitivity of the detectors, in addition to the
transmittance of the spectrometer, was calibrated by
use of a quartz-iodine tungsten lamp whose spectral
289
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Fi1c. 1. Energy-level diagram of Nd** in YAIG. Emissions /; and
I, correspond to the two transitions in the laser line (see Fig. 2).

radiant intensity had been measured and certificated
at the National Bureau of Standards.

RESULTS AND ANALYSES

From the absorption coefficients determined for the
slab, the peak absorption cross sections og,=1.1X10"%
cm? and og,=4.1X10720 cm? were obtained for the
R; (0.875 u) and R, (0.869 u) lines which correspond
to the transitions from the ground state to the R; and
R, levels of the *Fy state, respectively. Since all the
degeneracy (except for Kramer’s degeracy) of the
relevant J manifolds is lifted in YAIG:Nd3*+} these
absorption cross sections are equal to the emission
cross sections for these lines. The peak cross section of
the most intense absorption line (4fg2—*Fs) at
~8100 & was 1.2X 1072 cm?.

As seen in Fig. 2, the 1.064-u laser line of YAIG:Nd3+
consists of two Lorentzian lines at room temperature. In
order to compare our value with that of Neeland and
Evtuhov, who did not take the overlapping into ac-
count, we shall define the effective emission cross sec-
tion for the ion in the R; level of the 4F3; manifold as
follows:

o1=(o1,/a) +o1,, (1)

where o4, and oy, are the cross sections of the two transi-
tions at the laser line peak (1.0641 u), and @ is the
Boltzmann factor between the R; and R, levels at room
temperature (~0.66). With this effective cross section,
the ratios of the peak emission intensities of the R;
and R lines to that of the laser line are given as

Ir,/Ii= (vr,/v1) %R,/ a0y,
I,/ I,= (vry/v1) %R,/ 01, (2)

where » represents the transition frequency. By these
relations, ¢;/0r,=8347 and o¢;/og,=214-2 were ob-

8 J. A. Koningstein and J. E. Geusic, Phys. Rev. 136, A711
(1964).

AND GEUSIC 167
tained from the measured ratios of the emission in-
tensities. The latter value is compared to the ratio of
13.8 reported by Neeland and Evtuhov. In the deter-
mination of the ratio of the emission intensities, we
took into consideration the self-absorption at the peak
of the R, and R, lines and compared the result with
that for a very thin slab (less than 0.8 mm in thick-
ness). Using the values for og, and oz, determined by
the absorption measurement, we obtain the laser transi-
tion cross section ¢;=8.7X107® cm? (o;,=4.6X10"%
cm?; g7,=8.0X 107" cm?). The values determined from
the above two ratios agree with each other very well.

For a Lorentzian line, the transition probability 4
per ion in the initial level can be expressed as

A= (4n2200/N0) 07, (3)

where A is the line wavelength, A, the full linewidth at
half maximum, o? the peak cross section, and # the
refractive index of the material. With measured values
)\11=1~0645 My )\l2=1.0641 My Av11=4‘2 cm‘l, Av12=5.2
cm?, 03,7 =1.7X 107" cm?, and 07,2=8.0X 101 cm?, we
obtain A4;,;=2.5X10% sec” and A;,=14.4X10% sec™!
for the two transitions in the laser line. Again, if we
define the effective radiative lifetime associated with
the laser line as

ni=[(4w/a)+ 4], 4)

we obtain 7;= 550 usec, in good agreement with previous
measurements.3® (The above effective radiative life-
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F16. 2. Emission spectrum of 1.064-x laser line at room temper-
ature. Two Lorentzian lines contributing to the laser transition
are shown by dashed curves.

6 J. E. Geusic, H. M. Marcos, and LJG. Van Uitert, in Physics
Quantum Electronics, edited by P. L. Kelly, B. Lax, and P. E.
Tannenwald (McGraw-Hill Book Company, Inc., New York,
1966), p. 725.
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time, as well as the effective cross section, are defined
only at room temperature, and readers are warned not
to extrapolate the value to other temperatures.)

On the other hand, we can deduce the transition
probability from the branching ratio and the fluores-
cence decay time. We define the branching ratio 8 of
the transition i—f as follows:

Birs=aiAins/ Aoty (3)
Atot=a1A1+(12A2+a3A3+ TEEN

where a;=exp[— (E;— E;) /kT] is a Boltzmann factor,
and A;=Y A is the total transition probability for
all the radiative transitions initiating from state 4. The
initial states =1 and 2 are the R; and R, levels, re-
spectively, and 7=3, 4, --- represent the higher-lying
states such as *Fys, 2Hys, etc.

Since the relaxation times among the emitting states
are very short, these levels are considered to be in
thermal equilibrium. In fact, the thermalization be-
tween the two levels of the 4F3;, manifold has been estab-
lished from the measurements of relative intensities of
the fluorescence lines versus temperature,” and the fact
that thermalization exists even in a YAIG:Nd?** oscil-
lator® indicates that the thermalization rate is very fast.
On the contrary, the nonradiative multiphonon transi-
tions from the emitting states to the lower ¢/ states
may be negligible, since the energy separation is several
times greater than the phonon cutoff energy of the
host crystal. In this case, the fluorescence decay time
(the lifetime of the emitting states as a whole) 7 can
be written as

=2 a;/ Aot (6)

Thus, for the two transitions in the laser line, we have
Ay= (2 ai/a)Bu/r,

An= (D ai/as)Bu/7. (7)

The branching ratio for each emission line in the
0.77- to 2.1-u region was calculated from the emission
spectrum. The branching ratios 8;; and 8;, were found
to be 0.035 and 0.13, respectively. The estimated ac-
curacy of the measurement is about =4-109%. Using
the measured fluorescence decay time 7=230 usec, we
obtain A4;;=2.6X10% sec? and A;,=14.7X10% sec,
which lead us to ¢;=8.9X 107" cm? This value agrees
well with the one determined by the other independent
method. This agreement may justify our assumption
that the contribution of nonradiative transitions to the
fluorescence decay time is negligible compared with
that of radiative processes.

7J. E. Geusic (unpublished).
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The result of the measured branching ratio is sum-
marized as follows:

4F30—To  (0.87~0.95 ) 0.25,
4Fsp—4s  (1.05~1.12 ) 0.60,
4F3—* 132 (~1.34 ) 0.15,
other (4Fsa—*Iyp, €tc.) ~0.01.

We did not observe the *Fj;—*l15» emissions near
1.8 u. The above result is very close to that for the
transitions in Nd-doped barium crown glass measured
by DeShazer and Komai®: 0.24 for 0.88-u-group, 0.60
for 1.06-u-group, and 0.16 for 1.35-u-group emissions.’
This is understandable, since the f-wave functions of
rare-earth ions are hardly affected by the host material
because of strong shielding.

Mauer? determined the laser transition cross section
in Nd-doped glass by measuring 1.06-u absorption at
an elevated temperature. Though we also measured the
absorption of YAIG:Nd** in the 1.06-u region at
500°K, the absorption was too weak to determine the
cross section accurately.

The value of 0;=8.8X 10 cm? is very large com-
pared with emission cross sections e~3X10"% cm? of
the Ry line of ruby" and 1.06-u line of Nd3* in glass.!®
This fact, in addition to the four-level operation, negli-
gible nonradiative decay rate, and good optical quality,
clearly substantiates the excellence of YAIG:Nd** as a
laser material. For optical refrigeration, the fact that
the nonradiative decay rate is negligibly small is very
important. The measured fluorescence branching ratio
yields a value of 90 cm™ (~4.3)X107% cal) for the
average phonon energy absorbed per one laser photon
(1.0641 u) absorbed in YAIG:Nd3**. This result sug-
gests that the temperature change because of optical
refrigeration should be detectable in a thermally in-
sulated YAIG:Nd3*+ crystal when it is placed in a
cavity of a currently available cw YAIG:Nd** laser.
This experiment is now progressing in our laboratory.
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