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INTRODUCTION

Our research work in the field of "New and Efficent Solid State
Lasers", during the contract period from 15 August 1984 thru 11
November 1988 (AFOSR—88-0378) has led to some notable advances. This
effort hus focused on lasers in which ion—ion interactions play an
important role in both the pumping and relaxation processes of the
lasers. Our work on the douvbly—doubled Nd,Er:YAG and Nd,Ho:YAG lasers
has demonstrated not only simultaneous lasing of both ionic species
but also drastic lifetime reductions in ¢ e lower laser states of both
Er and Ho. This work has led to the inves*igation of the Nd,Er ion—ion
interactions in other crystals such as Nd,Er:YALO. We have found that
in this crystal the upper state (11/2) lifetime is shorter than the
lower state (13/2) 1lifetime and thus 4-level laser operation
resulting in CW laser output at 2.9 ym becomes feasible.
ﬁESULTS AND ACCOMPLISHMENT

All of the major results of our studies have been published or are
in the process of submission for publication. Therefore, our final
report consists of copies of our published papers and the draft copies
of those in process of publication. A list of the two PhD theses
completed under this contract and two which have begun under this
contract and are expected to be completed in 1989 are listed
separately.

PhD theses presented: "Interactions amongst Like and Unlike Ions and
Their Impact on Fluorescence Decay and Stimulated Emission Properties
of Er:YA( sud (Er, Nd) :YAG Laser Crystals" by Weiqiang Shi, July, 1988

(Physics). and "Spectroscopic and 3 gm Lasing Prbperties of




I[o:Y3Al5012 Incorporating Deactivator and Sensitizer Ions" by Jason
P. Machan, October, 1988. Phd Theses (Electrical Engineering) in
progress: "Interactions Between dissimilar ions in (Er,Nd) :YALO3 by
Laurie A. Fathe and "Ion — Ion Interactions and Upconversion Effects
in Er,Ho:YAG" by Russell Kurtz.

The list of published papers summarizes the accomplishments
under this contract. A paper in preparation is also included. Copies
of these papers are given in this final report to provide a record of
the work accomplished.

1. M. Birnbaum, C.L. Fincher, J. Machan and M. Bass, "Radiative

Trapping Effects in Ruby: 77°K to 300°K," JOSA B, pp. 17224,

Dec. 1986.

t

M. Bass, W.Q. Shi, R. Kurtz, M. Kokta, and . Diegl, "Operation

of High Dopant Density Er:YAG at 2.94 gm," in Tunable Solid Stat‘:e

Lasers II, eds. Budgor, Esterowitz and DeShazer, Springer—

Verlag, N.Y., 1986 pp. 300-305.

3. M. Birnbaum, and A. Pertica, "Laser Material Characteristics of
Ti%":41,0,." JOSAB, pp. 14346, Sep. 1987.

4. M. Birnbaum, "Fluorescence of Large Ruby Laser Rods," Applied

Spectroscopy, pp. 1448-9, vol. 41, Number 8, 1987.

(61}

W.Q. Shi, R. Kurtz, J. Machan, M. Bass, M. Birnbaum and

M. Kokta, "Simultaneous, Multiple Wavelength Lasing of
(Er, Nd): Y3Al:0,,," Applied Physics Letters, Oct. 19, 1987
pp. 1218-20.

6. J. Machan, R. Kurtz, M. Bass, M. Birnbaum, and M. Kokta,
"Simultaneous, Multiple Wavelength Lasing of

Ho,Nd) :Y,A1.0,,," Applied Physics Letters, Oct. 26, 1987,
3775712




pp. 1313-15.

7. W.(. Shi, M. Bass and M. Birnbaum, "Investigation of the
Interactions Between Dissimilar Ions in (Er, Nd) :YgAl:04,,"
JOSA B, pp. 23-29, January 1989.

Paper in process of publication:

8. W.Q. Shi, M. Bass, and M. Birnbaum, "Effects of Energy Transfer
Amongst Er3* Ions on the Fluorescence Decay and Lasing

Properties of Heavily Doped Er:Y3Al5012" .
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Radiative trapping effects in ruby: 77 to 300 K

Milton Birnbaum and Curtis L. Fincher

The Aerospace Gorporation, P.O. Box 92957, Los Angeles, California 90009

Jason Machan and Michael Bass

Center for Loser Studies, Los Angeles, California 90007

Received july 22, 1986; accepted September 8, 1986

The fluorescent decay of the 2E level of Cr3+ over the range of 77 to 300 K has been studied in experimental
arrangements providing strong trapping of the O-phonon lines. At 300 K, rubies as large as 2.5-¢m diameter by 33-
cm length were used and were packed in highly reflective BaSO, powder to provide adequate trapping of the O-
phonon fluorescence. The measurements resulted in the determination explicitly of the lifetime vibronic transi-
tions and the O-phonon decay rate. These studies of lifetime enhancement have potential application in the design

of efficient solid-state lasers.

INTRODUCTION

Radiative trapping effects are important in the vperation of
lasers. A well-known example is the Cu-vapor laser,! in
which radiative trapping of tlie pump radiation is utilized to
increase the lifetime of the pumped level and thereby to
alleviats the stringent requirements on the rise time and
duration of the pump pulse. In general, radiative trapping
effects in solids are leas pronounced than in gases because of
the difficuity of meeting the requirement that the emitted
fluorescence be resonantly reabsorbed. In ruby, Nelson and
Sturge? showed that self-absorption of the fluorescence (ra-
diative trapping) could be used to obtain the lifetime of the
vibronic transitions for the 2E upper level. We have extend-
ed their results and have obtained the lifetime associated
with the vibronic transitions at 77 and 300 K and explicitly
the lifetimes of the O-phonon transitions.

THEORETICAL CONSIDERATIONS

The spectroscopy of the R-line fluorescence in ruby has been
extensively studied,? stimulated by the utility of ruby as a
laser material (in fact, it was the material of the first laser).
The relevant aspects of the energy-level diagram and the
fluorescence emissions are shown, respectively, in Figs. 1 and
2. The R, and R;-line emissions are O-phonon lines,? and
strong reabsorption (trapping) can be readily obtained.

An estimate of the magnitude of the radiative trapping
effect was obtained from the analysis of Holstein? For a
Gaussian line with a peak absorption coefficient of a,,, Hol-
stein finds that in a long cylinder of radius R the lifetime is
lengthened by the factor

Tu/Tuee = 0.63a,,R[In(xa, R/2])"2, (1)

where 7. is the trapped or lengthened lifetime and ry,, is the
untrapped lifetime. In a ruby crystal of practical dimen-
sions (1.60-cm diameter by 19-cm length) Eq. (1) predicts
that an opaquely silvered rod will show a large lifetime-

lengthening factor (practically compleie trapping of the O-

phonon lines of ruby at 77 K).

. 0740-3224/86/121722-03502.00

The observed lifetime, rob,, of the red-line fluorescence is
given by

l/Tou = I/Tl + 1/7'2 + 1/1'3, . (2)

wher= 7| is the lifetime of O-phonon lines, r, the lifetime of
the vibronic lines, and 3 the nonradiative lifetime of the
fluorescing levels. For the case of strong trapping, ry » 3,
r2and 1/1qy, = 1/17 + 1/r3. From spectroscopic studies, r3
can be estimated, thereby leading to a determination of the
lifetimes of the vibronic lines, 3. At 77 K, the lifetime r, of
the vibronic lines is much shorter than that of the nonradia-
tive lifetime r3, leading to the expression 1/7.p, = 1/r2and to
a direct measurement of r2.

EXPERIMENTAL METHOD

A cold-finger arrangement was utilized for measurements of
the smaller rubies (see Table 1) over the temperature range
of 77 to 300 K. The larger rubies (Table 1) were atudied at
300 K only.* All samples in this work had Cr*3 concentra-
tions of ~0.05%. At 177K, data were obtained with bare ruby
rods and opaquely silvered ruby rods with small apertures to
introduce the pumping radiation and to permit the exit of
the fluorescence. The fluorescence was excited by chopping
the output of a Specira-Physics cw Ar-ion laser operating at
514.6 nm to produce pulses of duration short in comparison
with the fluorescent lifetimes. The large ruby rods (2 cm X
25 cm and 2.5 cm X 33 cm) were measured at room tempera-
ture only. They were packed tightly in a BaSO, powder,
which provided a diffuse reflectivity greater than 99.5%.5
For these rods, the excitation-light input port and the ohser-
vation ports were thin optical fibers attached with an optical
cement at several positions along the rod’s cylindrical sur-
face.

A typical example of the computer-processed data is
shown in Fig. 3, in which the averaged fluorescence data of
100 pulsed excitations are shown. In general, the precision
of a lifetime measurement was about 4%. The fluorescence-
lifetime measurements of rods 5 and 6 were taken at exit
ports near the excitation port and at the most distant ports.

© 1986 Optical Society of America
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K. This result is expected since at room temperature there
is a small but appreciable population in the 2T level, ~500
cm~! above the metastable 2 level. The radiative decay of
the?T) is much faster than that of the 2E level, and this could
account for the reduced lifetimes at room temperature.

The values of columns 6 and 6 of """ le 1 were obtained
with the aid of Eq. (3):

1/7“" = llrl + 1/1'2 + I/T:‘. (3)

wherte 7, ia the untrapped lifetime and ry is the lifetime of
the nonradiative transitions. ‘T'he values of 7, are 4.3 and
3.3 msec at 77 and 300 K, respectively.? At77K, ryis much
greater than r, and v and can be neglected in Eq. (3),
whereas at 300 [, 7y = 20 msec.2 At 77 K, 1/r.n = 1/r2since
71>> r9. Therefore ro = 7, for the first four rows of Table 1.
To obtain r;, we note that 1/ry, = 1/r; + 1/ra0r 1/7) = 1/1y,
= 1/7ony. The resuits listed in Table 1 for the large rubies at
300 K can be obtained similarly: 1/7, = 1/ — 1/7ope, and
therefore 1/rg = 1/7qpe — 1/7a.

CONCLUSIONS

The fluorescent decay of the 2E level of the Cr?* over the
range of 77 to 300 K has been studied in experimental ar-

JOSA Communications

rangements providing strong trapping of the O-phonon
lines. This has resulted in the determination explicitly of
the lifetime of the vibronic transitions, 73, and the O-phonon
decay rate, ry.
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EXPERIMENTAL RESULTS

The emission spectra of the Ti:Al;O; lasers are pump-power
dependent. In Fig. 2, the typical output band as a function
of pump power is shown. Near threshold the laser output is
restricted to a narrow band of about 7 nm centered close to
780 nm. The emission cross sections and loss coefficients
refer specifically o this wavelength band. However, by
normalizing the emission cross section to the relative fluo-
rescence intensity as a function of wavelength, the stimulat-
ed emission cross sections can be estimated over the entire
band.® A similar procedure could be followed for the loss
coefficients by normalizing to the absorption spectrum of
the residual losses.? However, since this is not precisely
known and probably varies with the crystal specimen, only a
rough estimate can be gained by this procedure.

In Fig. 2, we note that the output power does not increase

linearly with increasing pump power. This was attributed
* to heating of the Tiisapphire sample at the higher pump

level that reduces the fluorescence lifetime (approximately
3.2 usec at 300 K) and raises the required threshold pump
power.

Threshold measurements are reported for samples num-
bers 1 and 3. Samples 1 and 3 were grown by using the
Czochralski technique.’ A heavily doped Czochralski sam-
ple was also studied. The high losses precluded quasi-cw
oparation for this sample, and, consequently, measurements
for this sample are not reported.

The absorbed power was calculated from the incident
power by using the following formula;

Ppps = Pine X TLens X Tvirror X Tsurrace X ApuLk-
(2)

The incident power (Pjno), transmission of the front mirror,
the lens, and the front crystel surface, all at the pump wave-
length, and the bulk absorption of the crystal were all mea-
sured.

For crystals 1 and 3 the measurements of power absorbed
at threshold versus output mirror reflectivity are shown in
Fig. 3. From the y intercepts of the lines, the losses per
centimeter were obtained and are shown in Fig. 3; they are
0.03 % 0.01 (rod number 1) and 0.04 % 0.01 (rod number 3).

Vol. 4, No. 9/September 1987/J. Opt. Soc. Am. B 1435

In order to obtain the cross-section vaiues from the slope
of the lines Eq. (3) was utilized®:
hl'pl'da
Bnpr
where M is the slope of the lines in Fig. 3 and the other
symbols are defined above. Typical performance data are
shown in Fig. 3.

The diameter of the pumped filament was measured, us-
ing the scanning-blade-beam-scan technique, to be 102 um.
The quantum efficiency of Ti:sapphire was taken to be 756%,
consistent with reported values.?® A value of 500 nm was
chosen as the average pump wavelength since the argon-ion
pump laser emits at 488 and 514 nm. Using the above
values, the average o was found to be 2.6 + 0.8 X 10~19 cm?,
This value is in reasonable agreement with the published
values.?

A novel feature of this study was the determination of the
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Fluorescence of Ruby Laser Rods
MILTON BIRNBAUM

Center for Laser Studies, University of Southern Cal-
ifornia, Los Angeles, California 90089

Index Headings: Luminescence,

INTRODUCTION

Fluorescence studies of the R-line emission of ruby
laser rods over the temperature range of 77 to 300 K have
disclosed several new features. In particular, for most of
the ruby rods, the fluorescent decay time, r, was not

Received 18 May 1987.
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Fic. 1. Experimental arrangement for fluorescence lifetime measure-
ments, 77 K to 300 K.

strictly exponential. Effects of this kind have been ob-
served in the fluorescent decay of the *F;,, level of Nd*+
in YAG! (yttrium aluminum garnet) and in Nd-doped
glasses.? In both cases, the nonexponential decay was
interpreted as evidence for inhomogeneous line broad-
ening effects, among which are strains, ion clustering,
and other defects that modify the crystal field at the ion
site. Our observations of nonexponential fluorescent de-
cay in ruby are indicative of inhomogeneous line broad-
ening effects in lightly doped (0/05%) ruby. In fact, in-
homogeneous line broadening was observed in ruby at
liquid helium temperatures, in the spectroscopic studies
of A. L. Schawlow.?

EXPERIMENTAL METHOD

The experimental arrangement which was used
throughout these experiments is shown in Fig. 1 and is
similar to that used by Birnbaum et al. A cw argon-ion
laser (5145 A) was used to excite the fluorescence. In

order that pulses of a few ms duration could be obtained,

a chopper was inserted in the output beam of the laser.
The fluorescent decay times were measured by photo-
graphing of the fluorescence decay displayed on a Tek-
tronix oscilloscope.

Narrow bandpass filters at 694 nm and neutral-density
filters were positioned in front of the photomultiplier

x 1072
T T T l hl

F——————EMISSION ————

- oy

no
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3 10 === |
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Fic. 2 Emission spectrum of dilute ruby in the vicinity of the R lines
at 77 K.
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TABLE 1. Fluorescent lifetime of ruby rods: 77 K.»

TABLE 11, Fiuorescent lifetime of ruby rods: 300 K.

Liletime,  (ms)

Lifetime, r (ms)

Ruby Diam. x length ¢, =175 ¢,=165 ¢t,=32.6 (, =485 Diam. x length t,=76 ¢,=165 t,=325
rod (cm) ms ms ms ms Ruby rod (cm) ms ms ms

1 0.64 x 0.32 11.2 114 11.6 1 0.64 x 0.32 3.9 3.9

2 0.64 x 2.5 13.8 14.4 146 2 0.64 x 2.6 38 44

3 0.64 x 3.9 16.6 16.8 16.4 K] 0.64 x 1.9 5.5 5.8

4 0.64 x 5.1 14.4 15.0 15.3 4 0.64 x 6.1 4.1 4.5 4.7

5 095 x 2.9 12.8 14.7 15.4 H 0.95 x 2.9 1.9 4.6 4.5

6 1.1 x 6.3 13.2 156.5 17.0 16.6 6 1.1 x 5.3 4.0 5.4 5.8

*ty, ty ty, t, = delay after the excitation pulse for the determination
of r.

tube (PMT). Thus, only red fluorescent photons were
recorded, and the PMT functioned in the linear range.
Data were obtained both with the lens in and with the
lens removed. A copper cold finger, which surrounded
the rods (except for the end faces), was used to cool the
rods to ~77 K.

The fluorescence spectrum of ruby (transitions from
the *E metastable level) is shown in Fig. 2. The long
wavelength emission (peaking at 375 cm™! from the
R-lines) results from transitions to the vibronic side-
bands of the ground state. The narrow band filters in
front of the PMT permitted detection of only the R-line
emissions.

EXPERIMENTAL RESULTS

Tables I and 1I summarize the experimental results
for the ruby rods (numbers 1 to 6), which were of 90%
orientation and had plane parallel polished end faces and
polished cylindrical barrels. All were grown by the Czo-
chralski method. The measured lifetimes (precision of
+7%) are listed as a function of the delay (¢) in the start
of the lifetime measurement following the excitation pulse
of the argon-ion laser (Fig. 1). The precision of these
measurements (+£7%) was obtained by comparison of
the oscilloscope technique measurements with those of
the more precise computerized data acquisition system.*
The increase in lifetime, r, with t is clearly in evidence
in Table I for rubies 5 and 6. A smaller increase with ¢
is noted for rubies 1, 2, and 4, while for ruby 3, 7 is
essentially constant.

At 77 K, measurement of the :E Cr** lifetime, using
very small samples to minimize effects of radiative trap-
ping, yielded a value of 4.3 ms.* The r values for rubies
3to6atadelay (¢t,) of 32.5 ms corresponded to the values
obtained for essentially completely trapped R-line flu-
orescence.* In Ref. 4, we showed that, at 77 K, a fluo-
rescence lifetime of about 16 ms represents the un-
trapped fluorescence, 7, to the phonon-terminated
transitions. The nonexponential decay is attributed to

the inhomogeneous line broadening processes present in
the ruby rods.® With the use of this interpretation, the
ruby rods can be ranked approximately in the order of
increasing inhomogenous linewidth as follows: rod 3; rods
1, 2, and 4; and rods 5 and 6. This ranking implies that
rod 3 is of the highest quality, at least in regard to the
smallest inhomogeneous line broadening.

The results at 300 K, summarized in Table II, are
similar to those of Table I. However, the increase in
lifetime, 7, with measurement delay, ¢, is not as pro-
nounced. At 300 K, the fluorescence linewidth is domi-
nated by homogeneous broadening effects which mask
the inhomogeneous linewidth. Only rod 6 shows a pro-
nounced increase in r with ¢, with smaller increases noted
for rods 4 and 5. It is evident that if the nonexponential
fluorescent decay is to be used to obtain information
about the crystal field site inhomogeneities, one requires
low temperatures 10 observe the inhomogeneous line
broadening effects.

CONCLUSIONS

Nonexponential fluorescent decay of the 2E level of
Cr** in Al,0, was observed in several ruby laser rods.
This effect can be attributed to the crystal field inho-
mogeneity at the Cr** sites. The measurement of flu-
orescent decay of relevant levels in crystals can provide
a simple means of observing inhomogeneous line broad-
ening effects. The method should be generally applicable
to a wide variety of laser crystals.
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Operation of the High Dopant Density
Er:YAG at 2.94 um

M. Bass!, W.Q. Shi!, R. Kurtz!, M. Kokta?, and II. Diegl®
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.)Los Angeles, CA 90089, USA

“Union Carbide Corporation, Washougal, WA 98671, USA
JAllied Corporation, Westlake Village, CA, USA

J.Introduction

Free-running, pulsed, flashlamp-excited operation of 50 and 33% FEr
doped YAG lasers is reported at 2.94 um. This laser was described
by researchers in the Soviect Union as early as 1975.! Since then
there have been a number of further reports concerning thiy
material all published by Soviet scientists. This paper represents, to
our knowledge, the first publication outside of the Soviet Union about
high dopant density Er:YAG laser operation. In addition to
confirming some of the performance properties described earlier,
this paper presents the unusual temporal waveforms of the EnYAG,
294 pum laser. An outline is given of possible pumping and
relaxation processes which may contribute to the laser's operation,

Er:YAG does not lase well at 2.94 pm when the concentration of Er is

the usual 1%. However, when larger concentrations are used
(generally over 15%) operation at this wavelength can be quite
efficient, The relevant spectroscopic data for lasing at this

wavelength are given below for 50% ErYAG:

Upper laser lcvel 4112

Lower laser level 4 L

Upper level lifetime 100 psecc

Lower level lifetime 2 msec

Emission cross-section 2.6 x 10°20 cm2

Pump absorption bands 080 pm (4152 -4 1g2)

0.65 nm (4 115,2 -4F 9/2)

0.54 um “ lysna - 45 3/2)

0.52 nm ("l|5,2 -2H “/2)
049 pm (1152 -4 Fqp9)
045 pm (Y1152 -4 Fgp2)
0.44 nm (4 11512 - 4F 372)
041 pm (3152 ~ 21 g2)
038 pm (*1152 -4 G yy2)
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2. Laser Tests

The laser tests were conducted in a water-cooied, double elliptical
pump cavity, This cavity had been designed for pumping
Alexandrite laser rods and so had the desired silver-backed pyrex
reflector. While the laser may work in a gold-plated cavity, the
many visible, blue and near uv pump bands suggest better efficiency .
is possible with a silver pump reflector. The rods reported in this )
paper were 6.25 mm in diameter and 120 mm long. They were
obtained from Union Carbide Corp. and Crystal Optics Research Inc.
The flashlamps were 6.5 mm bore diameter, xenon-filled lamps from
ILC and, in the pump cavity used, were able to pump 96.5 mm of the
rod. Two different pump pulse durations were used; one, called the
short pump pulse, was 120 psec long at full width at half maximum
(FWHM) and the other, called the long pump pulse, was 170 psec
FWHM, The resonators mirrors were spaced only 25 cm apart to
provide a resonator that was relatively insensitive to thermal lensing
in the laser rod. The 100% reflector used was an uncoated, polished
copper mirror with a 5 m radius of curvature. Scveral flat output
mirrors were tested but best performance was observed for all rods
with a 75% reflector. All tests were conducted with no intracavity
apertures and so represent long pulse, multimode lasing in which the
whole rod aperture was filled with many oscillating modes.

The performance of the Er:YAG lasers tested is summarized in Figs. 1 1
and 2. Fig 1 a compares the performance of the 33% doped rod when
pumped with the two different pump pulses mentioned above. The
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Fig. 1 A. Long pulse laser output energy of 33% doped

Er:YAG at 2.94 pm versus input energy. Pump pulse
duration =120 psec for o and 170 psec for o.

for twn different Er dopant densitics in YAG. o =

B. Tong pulse laser output encrgy versus input energy 1
33% and * = 50%. 1
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improvement in efficiency as the pump pulse duration is increased
agrees with observations reported previously? and suggests that the
reported 3-5% efficiencies are realizable. Fig. 1b shows the relative
performance of the 33 and 50% doped rods. when pumped with the
long pump pulse. The difference observed may be specific to the
pump pulse waveform and pump cavity used in this work. The
performance differsnces may depend on these parameters and so
this cata should not be taken as a firm preference for the 33% rod
over the 50% rod. More research is necessary with excitation
connitions properly tailored to the rod to be used. Both rods showed
excellent optical quality when observed through crossed polarizers
and no significant scattering of a HeNe beam could be detected. It
should be noted that the 0.63 um HeNe beam is attenuated in Er:YAG
but the orange IeNe line is transmitted and should be used.

3.0 3.0
3 v
3 25 25 &
5 2
. a0 2.0
> 3
© 45 1,5 ©
& 5
¢ 1.0 .0 @
w

0.5‘[- 40,5

o) 1 1 1 | 1 I
1 2 3 4 5 6 7 0
Pulse Repetition Frequency (Hz)

Fig. 2 Energy and power output of the 33% EnYAG versus pump

repetition rate using the 120 usec duration pump pulse.

Fig. 2 shows the average power obtained using the 33% rod and the
short pump pulse. These tests were limited by power supply
considerations ard it is clear that much higher average power: are
possible. When the long pump pulse was used the maxinum power
supply repetition frequency was 3 Hz. At this prf over 5 W of
average power was observed. The drop-off in energy per pulse
indicates the onset of thermal lensing in the medium. Since no
corrective measures were taken other than using a short resonator
this problem can benefit from further laser engineering.

A major design consideration in developing this laser is preparing
reliable, damage - resistant optical coatings. The major coating
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Fig. 4 EnnYAG laser waveform at § times thrpshold.

continuously without RO spikes typical of optically pumped solid
state lasers. This type of RO spike does not appear until the pump
has fallen well below threshold. It is expected that the improved
performance reported for longer pump pulses is related to this mode
of lasing in which some process operates to alter and extend the
population inversion.

3, Discussion

The long pulse performance of the EnYAG laser in terms of both
energy per pulse and average power has been shown to be
comparable to other optically pumped solid-state lasers. Higher
outputs and efficiencies can be expected using longer duration pump
pulses.3

The unusual waveforms observed at high output energies are the
result of a combination of processes. These include contributions to
the inversion due to:

1, the usual "four-level” pumping process involving excitation from
the 41,5, ground state,

2, "three -level" pumping from the long-lived lower laser level, the

41,3/, state, and
3, cross-relaxation between nearby Er3+ ions. The cross-relaxation
process is one in which an ion in the 413, state relaxes to the 41,g/7
state while, simultaneously, a neighboring ion in the 4l;3;5 jumps to
the 41g,7 state,

When in the 4lg, state the ion rapidly relaxes into the upper laser
level, The process of cross-relaxation is particularly important in
high concentration material and is discussed in detail by Bagdasarov
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et al.4 An analysis is in progress of the relative importance of the
several processes of excitation and relaxation as they contribute to

the observed quasi-continuous lasing. This work will be reported at
a later date.

The 2.94 um operation of the Er:YAG laser is sufficiently interesting
to warrant further study. It is a material which can be grown easily
and lases well, It has potential application in surgery and as a source
to drive a variety of infrared sources at important wavelengths.
Since it is compatible with existing Nd:YAG laser systems exploration
of its potential is straightforward. As has been pointed out in the
present work and in the work of the Soviet scientists, optimum
efficiency requires longer duration pump sources and so conversion
of Nd:Glass or ruby lasers may lead to better performance. Reliable
optical coatings for 2.94 um requires that they be specified to
contain and adso-: no water. As a result of this work it is clear that
the Er:YAG laser is available to anyone who wishes to use it.

know 3

The work at U.S.C. was supported by AFOSR Contract No. AFOSR-84-
0378.
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Simultaneous lasing of both Er** and Nd** i
crystal was doped with 15% Er’* and 1% Nd*
Nd’* ions in a broadband from 1.01 to 1.15 un
ion-ion interaction is suggested by the drastical’y
lasing properties.

The erbium:yttrium aluminum garnet { Er:YAG) laser
has been reported as an efficient 2.94-um source when high
concentratioris (>10%) of Er** are used.' This lasing in-
volves a transition from the *I,,,, to the */ 5, state. Since the
1,12 is a long-lived state compared to the *I,,,,, lasing in-
volving such a transition should be self-terminated. How-
ever, the *1,,,, state can cross relax in such a manner as to
enable efficient lasing.? Cross relaxation of the *I,,,, level of
Er’* involves the simultaneous decay of one ion from this
level to the 47,5,, ginund state and excitation of a second ion
from the *I,,,, to the *I;,,. Due to the energies associated
with these states the total energy stored in the system of two
ions is conserved by such a pair of transitions. The ion in the
*1,,, state relaxes rapidly to the *I,,,, state and so the net
change in the population difference due to cross relaxation is
3. Such a cross relaxation process actual.y increases the pop-
ulation difference and enables the phenomenon of quasicon-
tinuous lasing.> An approach to improving the 2.94-um las-
ing of Er’* was suggested by Kaminskii et al.* They pointed
out that Nd** ions in the Er:YAG crystal could cross relax
the Er** *I,,,, state and, perhaps, reduce the problem of
seli-termination. We have followed this suggestior. and re-
port, for the first time to our knowledge, on the multiwave-
length lasing properties of YAG doped with 15% Er** and
1% Nd** ions. Simultaneous lasing was observed at 2.94
pm by the Er** ions and in a band from 1.01 to 1.15 um
presumat.y by the Nd** ions. There is a strong peak at 1.06
4m in the band of emitted laser light.

An examination of the energy levels of Er** and Nd**
ions in YAG reveals that the Er®>* “I,,,, and the Nd*>*
41,5/, levels are nearly isoenergetic.® This observation led to
the suggestion made by Kaminskii er a/. that the Er>* ions
could be cross relaxed by the Nd** ions.* Furthermore,
since the Nd*>* *I,,,, level is known to relax very rapidly to
the *I,,, ground state this cross relaxation could provide a
rapid and efficient means of reducing or eliminating the self-
termination of the 2.94-um Er’* transition. Measurements
of various Er** state lifetimes in 16.7% Er:YAG and in
(15% Er, 19 Nd):YAG and of the Nd>*+ *F; ,, state lifetime
in 1% Nd:YAG and (15% Er, 1% Nd):YAG were made
and are listed in Table L. It is clear from these results that the

*) Also at Allied Technologies, Westlake Village, CA 91362.
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" ym aluminum garnet is reported. The
.i¢ EP* ions lased at 2,94 um and the
a4 strong peak at 1.064 um. Significant

- sred fluorescent lifetimes and unusual

introduction of Nd’* strongly affects the Er** and vice

versa.
The entry in Table I for the Nd** *F,,, state lifetime in

(15% Er, 1% Nd):YAG is obtained from data such as that _

shown in Fig. 1 in which the log of the observed fluorescence

intensity at 1.06 um is plotted versus time. In such aplotan -

exponential decay process would appear as a straight line,

However, the data are clearly not linear. These data were .

obtained by exciting the fluorescence with a frequency-dou-

bled, Q-sw'tched, Nd:YAG laser and monitoring its decay

with a detector with response time < 1 us. The fluorescence - .
wavelength monitored was selected wiih a 0.25-m mono- * -

chromator. The fluorescence signal was captured with a di-
gital processing oscilloscope and 100 signals were averaged

and procesc~d with a computer to obtain results such as

thosz shown i Fig. 1. The nonexponential decay indicated is
real and not an artifact of the data acquisition and processing
equipinent. The entry for the lifetime ir Table I was obtained

from the 1/e decay time measured in the early, nearly expo- -

nential decay of the fluorescent intensity. As a check on this
result we also measured the fluorescence decay at 1.34 um
since this transition also originates on the *F;,, state of
Nd**. The same nonexponential decay behavior was ob-
served with the same initial 1/e decay time. The nonexpo-

nential decay behavior of Nd*>* in (Er, Nd):YAG is being 7_

studied further in continuing work.

In Nd:YAG, the lifetime of the “F;,, state is nearly 240 -

us and the decay process is governed by a single exponential
mechanism. Clearly the presence of the Er’* ions signifi-

TABLE 1. Lifetimes of the states of Er and Nd in (Er, Nd:YAG) and Erin
Er:YAQG and Nd in Nd:YAG.

State Material Lifetime (rfs)
1,12 of EP* 15% Er, 1% Nd:YAG 0.053 + 0.004
‘1), 0l EP’* 16.7% Er:YAG 0.107 4 0.008
“I,3;; of EP** 15% Er, 1% Nd:YAG 0.081 4 0.007
‘132 of Er** 16.7% Er:YAG 5.00 4 0.1*
“F, of Nd** 15% Er, 1% Nd:YAG 0.008 + 0.0005*
“Fy;, of Nd** 1% Nd:YAG 0.237 + 0.005

*These entries are the initial 1/¢ decay time of & process which does not
appear to have a single exponential decay rate.
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cantly alters ;he ¢ocay £ acesses of the Nd** ions. Similarly
,the Nd** iens aff:ct the Er'* ions. The desired reduction of
the Er** #7,,,, staie lijetime has been achieved, although it
is still longer than thai of the *7,,,,. One result of this is that
the contributioi «.f cioss relaxation to the Er*+ 47,347 3,2
inversion is cons.: erably reduced with respect to that in
Er:YAG. This can be understood since the .ross relaxation
rate is proportional to the square of the */,,,, state popula-
tion and this population does not grow as large u~ it would in
Er:Y.* G. As seen in the lasing waveforms in Fiy. 2, the phe-
ncienon of quasicontinuous lasing 5 not chserved for the
2.94-um e nission from (Er, N3} . CAG.

The lasing tests wzis perforrica with xenon flashlamp
pumping in a silver-coated double-elliptical pump cavity.
The pump pulse duration was 175 us (full width at half-
maximum) and the lamp arc length was 100 mm. Crystals of
(15% Er, 1% Nd):YAG were grown by the Czochralski
technique. Rods of 6.25 mm in diameter and 80 mm long
were prepared. The tests reported in this letter were conduct-
ed with flat, parallel, and uncoated rod ends and 72 mm
exposed to the pump light. The mirrors used were obtained
from two different sources but had not been designed specifi-
cally for multiwavelength operation.® These were flat mir-
rors and they were spaced by 41 cm. In all cases the total
reflector had measured reflectance of 99.7% at 2.94 um and
> 98.5% in the 1-xem region.

When mirrors designed for reflection »>80% at 2.94 um
were used, simultaneous lasing at 2.94 um and in a band
between 1.01 and 1.15 um with a peak at 1.064 um was
detected. The lasing waveforms shown in Fig. 2 were ob-
tained with a mirror designed for 90% refiection at 2.94 um.
The transmission of this mirror was 47% at 1.06 um. Both’

10007 T T T T T T T T T T T T T T T T 711

LOG FLUORESCENCE STRENGTH (Arbitrary units)

ol Lt 1111 111 11 1111yl
0 10 20 30 40 50
TIME (psec)

FIG. 1. Log of fluorescence signal decay vs time for the 1.06-um emission
from Nd*'* ions in (15% Er, 1% Nd):YAG.
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waveforms were obtained with 550 J of pump energy into the
lamps. This energy has been corrected to account for the
difference in the arc and cxposed rod lengths. This input
corresponds to 5.1 threshold for the 1.06-um lasing and
4.5 x threshold for the 2,94-¢m lasing. The only experimen-
tal difference between the two oscillographs is the setting of

"the 0.25-m monochromator used to distinguish between the

lasing wavelengths. The waveforms were obtained with de-
tectors having submicrosecond response times.

The laser and waveform detection system described in
the preceding paragraph was used to detect lasing at 2.94
and 1.06 um. In addition, clear evidence for laser emission
from the (15% Er, 1% Nd):YAG (waveforms made up of
relaxation spikes) was seen in a continuous band from 1.01
to 1.15 um. The broadband was detected with mirrors de-
signed for reflection at 2.94 um as well as with mirrors de-
signed for useat 1.06 um. A Nd:YAG rod was inserted in the
pump cavity and lased with the 65% R at 1.06 um output
mirror. This rod produced only the common 1.064-um laser
emission and no detectable broadband as seen with a doubly

RrSERt

(b)

F1G. 2. Laser waveforms for the (a) 2.94 and (b) 1.06 yem signals from
(15% Er, 17 Nd): Y AG. These were obtained with 550 ) to the flashlamps
and are at 4.5 and 5.1 threshold, respectively. The horizontal scale for
both waveforms is 50 us/div.
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FIG. 3. Long pulse energy out vs energy in for (15% Er, 1% Nd):YAG.
The input energy plotted is the total input to the flashlamps multiplied by
0.72 to account for the difference in arc and exposed rod length. (A) Data
for | ym band lasing with the 65% R 1.06-zm mirror. (O) The 1-um band
output energy observed with a mirror designed for 90% R at 2.94 um and
which has 479 T at 1.06 um. (O) Data for the 2,94-um output using this
mirror.

doped rod. This enabled calibration of the monochromator
and demonstration that the instrumental bandwidth was
+ 3 nm. If individual Nd** lines’ were lasing to make up
the band, the equipment would have resolved them into sep-
arate lines. The broadband of lasing contained a strong peak
at 1.06 um. Data are not yet available to resolve the energy
distribution between the 1.06-um line and the broadband
and to determine the dependence of each on the mirror de-
sign. The broadband emission is another new feature of
Nd** lasing observed in doubly doped (Er, Nd):YAG.
The long pulse output versus input energy of the (Er,
Nd):YAG laser is plotted in Fig. 3. The abscissa is the total
energy input to the flashlamps multiplied by 0.72 to account
for the difference between the arc and exposed rod lengths.
Data are shown for the case of the 90% R mirror described
above and a standard 1.06-um 65% R mirror. A calibrated
filter which rejected light at 1 £m was used to enable mea-
surement of the energy at 2.94 um when both wavelengths

1220 Appl. Phys. Lett., Val. 51, No. 16, 19 October 1987

were lasing. The 1-um light energy shown in Fig. 3 is the
difference between the measured 2.94-um energy and the
total energy measured with a calibrated joulemeter,
Simultaneous lasing by Er** and Nd** ions in doubly
doped (Er, Nd):YAG was observed for the first tilne. Mea-
surements of the state lifetimes of the ions in the doubly
doped material indicate strong ion-ion interactions. These
interactions result in unusual lasing properties such as the
broadband of laser light detected in the 1.01-1.15 um region.
Work is in progress to more fully understand the interac-
tions and to improve the lasing properties. This includes
work with improved material, laser mirrors, and rod coat-
ings, and atiempts to tune the broadband emission. Other
host and dopant combinations are being considered as possi-
ble members of this new class of multiple wavelength lasers.
This work was supported by the Air Force Office of
Scientific Research under contract No. AFOSR-84-0378.
Cooper Laser Sonics provided a gift to support this work. C.
Enderby of Cooper Laser Sonics provided impetus to this
work by suggesting that dual wavelength operation might
occur and would be desirable for medical applications.
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Simultaneous lasing of both Ho'* and Nd** in the same crystal of yttrium aluminum garnet
(YAG) is reported. The crystal was doped with 10% Ho®* and 1% Nd** ions. Lasing
occurred at 2.940 and 3.011 um due to Ho** ion transitions and at 1.064 um due to a Nd*~
transition. Appropriate mirrors produced simultaneous lasing at 1.064 and 1.339 um due to
Nd** ion transitions. The fluorescent lifetimes of both the Nd** *F,,, and Ho®* °I, states
were significantly lower in the doubly doped material than in Nd:YAG and Ho:YAG. This
indicates very strong ion-ion interactions in the (Ho, Nd):YAG crystal,

Holmium has been reported to lase in yttrium alumi-
num garnet (YAG) in the 3-um region."* This lasing is due
to a transition from the Ho' ™ %/, to the 3/, level. However,
the *1; state has a much longer fluorescence lifetime than the
*I,, and the lusing transition is self-terminated. Soviet re-
searchers have observed this behavior in high-concentration
holmium garnets and in yttrium orthoaluminate.’ The
(3.011 £+ 0.003) zm lasing observed in our laboratory from
15% Ho:YAG clearly shows self-termination. This effect
limits the duration of the laser pulse and the efficiency of the
lasing process. Kaminskii ef al. suggested that Nd** could
be used to cross relax the Ho'* *1, level and thereby reduce
or eliminate the probleni of sclf-termination.' We have pur-
sued this idea, and report, for the first time to our knowledge,
on the multiwavelength lasing properties of a YAG crystal
doped with 10% Ho'* and 1% Nd*™ ions. Simultaneous
laser action was observed at 2.940 and 3.011 um by the Ho**
ions, and at 1.064 um by the Nd** ions. While the 3.011-um
wavelength has been reported in Ho:YAIO,, we believe this
is the first report of the 3.011-um laser emission in YAG. By
changing to mirrors which had nearly equal reflectance at
1.34 and 1.06 #m, simultaneous lasing was observed on both
of these transitions, contrary to typical Nd:YAG laser prop-
erties.

The rationale behind the suggestion made by Kaminskii
is seen by an examination of the energy levels of the Ho'*
and Nd'* ions in YAG, shown in Fig. 1.* The laser transi-
tions relevant to this work are indicated by the arrows. The
Nd** *I,,,» level lies approximately 750 cm ' below the
Ho'* %7, state. This may allow energy transfer from the hol-
mium to the ncodymium ions, reducing the bottleneck
which normally occurs as a result of the long %7, lifetime.
Measurements of the various state lifetimes involved in the
Ho'* laser transitions were made in 15% Ho:YAG and in
(10% Ho, 192 Nd):YAG. The lifetime of the Nd*~ *F,,,
was determined in 1% Nd:YAG and in (109 Ho, (%
Nd):YAG. These data are listed in Table 1. The drastically
lower lifetimes of the Ho'* */, und Nd* ™ *F,,, levels in the

** Also at Allied Technologies. Westluke Village, CA 91362,
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doubly doped material indicate that very strong interactions
occur between the holmium and necdymium ions in this
crystal.

The entries in Table I were obtained by exciting fluores-
cence in the crystals with a frequency-doubled, Q-switched
Nd:YAG laser operating at 532 nm. Wavelength selection
was accomplished using a 0.27%-m monochromator, and the
fluorescence decay was detected with a cooled InSb detector
whose response time was < | us. The monochromator was
calibrated with the 1.064-um emission from a Nd:YAG la-
ser, and the instrumental bandwidth was found to be

+ 0.003 um. A digital processing oscilloscope recorded the
fluorescence signals, which were then transferred to an
HP9825A computer for storage and processing.

The lifetimes were derived from data such as those
shown in Fig. 2, where the log of the fluorescence signal is
plotted versus time. Up to 400 decay signals were averaged
to obtain an improved signal-to-noise ratio. As Fig. 2 shows,
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FIG. 1. Energy level diagram for Ho'* and Nd** in YAG. Laser transi-
tions are indicated by the arrows.
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, TABLEL Lifetimes of the states of Ho’* and Nd** in (Ho, Nd):YAG and
Ho'* i Ho:YAG and Nd** in Nd:YAG.

State Material

Lifetime (us)
Sr,of o' 15% Ho:YAG 4743
SI,of Ho'* (109 Ho, 1% Nd):YAG 41 +3
SI,ofHo®*  15% Ho:YAG 5500 + 500°
3, ofHo** (109 .Ho, 1% Nd):YAG 170 + 10
‘Fy;;of Nd&**+ 19 Nd:YAG 237410
‘F,;of Nd**  (10% Ho, 19 Nc):YAG 8.5+ 0.8°

* These entries are the initial 1/¢ decay time of a process which does not
appear to have a single exponential decay rate.

the Nd>+ *F,,, decay in (Ho, Nd):YAG is nonexponential,
-exhibiting a continuous curvature. This continuous change
in the decay rate of the fluorescence was followed out to
beyond 200 us by using appropriate delays on the oscillo-
scope. The value given for the decay time in Table 1 is the
initial 1/e decay time. This behavior was observed from
1.064 and 1.339 um emission, which both originate from the
“F 2 level. The decrease in the Nd** lifetime is evidence of
significant energy transfer from Nd** to Ho>* in this crys-
tal.

The Ho®™* °I lifetime has been reduced by only 15%
due to the presence of the Nd**, while the °I, lifetime was
reduced by a factor of 30 or more, as shown in Table 1. The
decay of Ho** °I, in 15% Ho:YAG is nonexponential. It
was not possible to precisely measure the Ho** /I lifetime
due to detector sensitivity and response time. However, the
data that were obtained showed that the lifetime of this level
was <5 us. The decay processes are being studied further.

All lasing tests were conducted in a silver-coated dou-
ble-elliptical pump cavity with xenon flashlamps. The arc
length was 100 mm with a pump pulse duration of 175 us full
width at half-maximum. Due to the short upper level life-
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FIG. 2. Log of fluorescence signal decay vs time for the 1.06-um emission
from the Nd>*+ *F;,, level in (10% Ho, 1% Nd):YAG.
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times of both Nd** and Ho®* in (10% Ho, 1% Nd):YAG
the long pump pulse may have resulted in inefficient pump-
ing. The laser material was grovm using the Czochralski
technique. A rod 6.35 mm in diameter and 70 1im in length
was used, although the pumped rod Jength was 64 mm. The
input encrgies in Fig. 3 represeni energy input to the lamps,
corrected far the mismatch between ~rc and pumped rod
lengths. The rod was prepared with fiat, parallel, uncoated
faces. Several mirror sets were used for the lasing tests, but
none was specifically designed for multiwavelength oper-
ation. All mirrors used were flat.

When a mirror designed for 90% reflection at 2.94 um
was used in conjunction with an enhanced silver total reflec-
tor desigred for 100% reflection at 2.94 um, simultaneous
lasing was observed at 2.940, 3.011, and 1.064 um (all are
+ 0.003 z«m), with the output energies indicated in Fig. 3. A
temporal shift of the lasing from 2.940 to 3.011 um was ob-
served. This is similar to that reported by Soviet researchers
for Ho®* and Er** in other hosts.>* The 2.940-um lasing
always precedes the 3.011-um transition in time. Due to the
longer lifetime of the lower state, the lower Stark levels fill
during the initial lasing process and the gain decreases. Las-
ing then switches to the longer wavelength transition. Ho>*
lasing at 3.011 um has not previously been reportedin YAG.

For comparison, in 15% Ho:YAG, only the 3.011-um
emission was obtained, and all lasing ceased prior to the peak
of the pump pulse. This is in contrast to the (Ho, Nd):YAG,
where 3.011 um emission switched on near the end of the
2.940-um lasing, and continued past the peak of the pump. A
combined total output energy of 41 mJ was obtained from
the (10% Ho, 1% Nd):YAG material at 2.940 and 3.011
pm with 540 J input to the lamps (340 J corrected for length
mismatch). This was significantly more than could be ob-
tained from a longer and higher quality laser rod of 15%
Ho:YAG operated under identical conditions.

More unusual lasing properiies were found when the
2.94-um output coupler was replaced with a mirror which
had a reflectivity of 90% at 1.34 um and 88% at 1.06 um.

150 T T T | 1 I T

125 -

ENERGY OUT (mJ)
g & 8
T T T
1 L 1

~n

3
1
1

1 1 1 | 1 |
50 100 150 200 250 300 350 400
ENERGY IN (JOULES)

FIG. 3. Long pulse energy out vs energy in for (10% Ho, 1% Nd):YAG.
The input energy plotted is the input to the flashlamps corrected for the
mismatch in arc and exposed rod length. The output coupler used was de-
signed for 90% reflectance at 2.94 um and had a transmission of 3% at 1.06
pm. Reflectance at 1.34 um was less than 10%. Circles are combined energy
at 2.940 and 3.011 um. Squares are output energy at 1.064 um.
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FIG. 4. Laser waveforms for the Nd** 1.339 and 1.064 um signals {rom

(10% Ho, 1% Nd):YAG. The upper trace moniters the current pulse to

the flashlamps. The horizontal scale is 50 us/div in all oscillographs. Wave-
3 ™™=\ forms at 1.339 (a) and 1.064 um (b) with 69 J (corrected) input. Vertical
i,/ scaleis 10 mV/div. Waveforms at 1,339 (c) and 1.064 um (d) with 148)

(corrected) input. Vertical scale is 20 mV/div. Waveforms at 1.339 (¢) and

1.064 um (f) with 207 J (corrected) input. Vertical scale is 50 mV/div.

This mirror combination produced simultaneous lasing at
1.064 and 1.339 um. The unique temporal behavior of this
lasing is illustrated in Fig. 4. The 1.339-um transition has a
lower threshold than the 1.064-um [see Figs. 4(a) and
4(b) ]. As the input energy is increased the 1.064-um output
rapidly becomes more intense, and the 1.339-.m lasing only
occurs at the leading and trailing edges of the 1.064-um las-
ing [see Figs. 4(c)—4(f) ]. This may result from the residual
absorption of holmium at 1.064 um. Although small, it is
apparently sufficient to alter the threshold condition for the
two transitions, allowing 1.339 um lasing to occur at low
pump levels. It is possible that at higher inputs the inversion
is large enough to enable 1.064 um lasing and this transition
then competes successfully with the 1.339-um transition for
the inversion.

|
1315 Appl. Phys. Lett., Vol. 51, No. 17, 26 October 1987

When the total reflector was changed to one whichhad a
maximum reflectivity at 1.34 um and R <40% at 1.06 um,
only 1.339 um lasing was observed with no temporal break-
up of the pulse. The maximum energy out of the rod at 1.339
pm under these conditions was 260 mJ.

In this initial work, no attempt was made to optimize
any of the parameters involved to maximize output at a par-
ticular wavelength. The concentrations of the dopants can
be varied, and different host crystals are being considered to
improve the performance of this dopant combination. Im-
proved material and an optimization of mirror reflectivities
at the various wavelengths involved are expected to increase
lasing performance. Work is in progress to understand the
ion-ion interactions in this material. Such multiple wave-
length lascrs have potential for medical, military, and scien-
tific applications. :

Simultaneous lasing by Ho>* and Nd*>* ions has been
observed in doubly doped (Ho, Nd):YAG for the first time.
Strong ion-ion interactions are indicated by the drastic
changes in the Nd*>* *F;,, and Ho®* °7, lifetimes. These in-
teractions produce more efficient 3 um lasing from Ho**,
and some unusual lasing properties from Nd*>*, as 1.064 and
1.339 um lasing occur simultaneously. With appropriate
mirrors, it is believed that all four wavelengths would lase at
the same time.

This work was supported by the Air Force Office of
Scientific Research under contract No. AFOSR-£84-0378.
Cooper Laser Sonics provided a gift to support this work. C.
Enderby of Cooper Laser Sonics provided impetus to this
work by suggesting that dual wavelength operation might
occur in (Er, Nd):YAG and would be desirable for medical
applications. Valuable discussions with W. Q. Shi are also
acknowledged.
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Investigation of the interactions between dissimilar ions in
(Ex, Nd):Y3Al50,,
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Center for Luser Studles, Umversuy of Southern California, Los Angeles, California 90089-1112
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Unusual ﬂuorescence decay properhes of both Er™* and Nd®* ions in (Er, Nd):YAG are reported. Studies reveal
that the cross-relaxation-type ion-ion interactions involving Er** and Nd3* jons are responsible. A rate-equation
analysis is used to evaluate the interaction sirengths of all the proposed processes. The rate-equation calculation
does not fully explain the nonexponential nature of the measured fluorescence decay function of the 4Fyy; Nd®* jons.
As aresult, the theory for donor-acceptor energy transfer processes, based on the inverse-power transfer rate model,
is adopted to study the mechanism of the interactions between Er?* and Nd3* ions that result in the drastically
altered fluorescence decay of Nd3* ions. It is found that the mechanisms governing the energy transfer processes
have functional forms different from those for the commonly encountered electric multipolar interactions. The
interaction strengths are evaluated by least-squares fitting of the theory to the experimental data. Effects of the
ion-ion interactions on lasing properties of the (Er, Nd):YAG are also discussed.

INTRODUCTION

Lasing at 2.94 um from highly doped Er:YAG provides an
efficient and useful coherent light source.  Because the low-
er level of this laser transition has a lvnger decay lifetime
than the upper level, the laser action at 2,94 um is self-
termirated. As a result of this bottleneck, the flash-lamp-
pumped Er:YAG laser has been unable to lase in the cw
mode, although quasi-cw lasing has heen observed from this
laser crystal.l? In an earlier paper,® we reported our work
on yttrium aluminum garnet doubly doped with 15 at. %
Er** and 1 at. % Nd®t ions. In this material, Nd3* ions were
added to the Er:YAG crystal in order to relax the Er3* 413
state through energy transfer between Er?* and Nd3* ions,
as Kaminskii et al. suggested in Ref. 4. This process can be
effective because the Erd3* 4133, and Nd3* 4152 states are
almost isoenergetic in YAG.®> In the same paper we also
described the large reductions in the Er3t 41334 and Nd3+

_AF3p lifetimes and the simultaneous laser action of both Er3+

and Nd%t ions. Here we describe in more detail the unusual

-fluorescence decay properties of (Er, Nd):YAG. A rate-

equation model has been proposed, including cross-relax-
ation processes between like and unlike ions, and a theory
for the donor-acceptor energy transfer processes has been
used to analyze the interaction mechanisms. Effects of
these processes on fluorescence decay and lasmg properties
of the material are discussed.

OBSERVATION OF FLUORESCENCE DECAY
PROPERTIES OF {Er, Nd}YAG -

The fluorescence decay of the lasmg levels is one of the most
important characteristics of a laser material. To explore the
fluorescence decay properties and to reveal the ion-ion in-
teraction mechanisms in (Er, Nd)}:YAG, experiments were
carefully conducted to observe the fluorescence decay from
various energy states of both Er3* and Nd** ions in this

0740-3224/89/010023-07$02.00

material. The sample used in the experiments was a YAG
crystal doped with 15 at. % Er and 1 at. % Nd ions. The
states from which fluorescence emission was monijtored are
the Er3* 41,2, Erd* 4150, and Nd3* 4F3p stutes. The fluo-
rescence decay properties of the Er?t 41,5 and 41,3, states,
between which the 2.94-um lasing emission occurred, were
revealed through the ~1.007-um (41312 — 4115/2) and ~1.63-
pm (4113 — 4I1gp) transition lines, respectively. Those of
the Nd?* 4Fy, state were studied through the popular 1.06-
pm (Fap ~ 41312) line. In our experiments the sample was
excited with a Q-switched, frequency-doubled Nd:YAG la-
ser, and the fluorescence transition lines were isolated with a
0.27-m Jarrell-Ash single-grating monochromator. The flu-
orescence light from the monochromator was collected by a
liquid nitrogen-cooled InSb IR detector. The output sig-
nals from the detector were stored and processed by a com-
puter-controlled data acquisition system, which could aver-
age any preset number of signals for noise reduction. The
experimental results obtained are shown in Figs, 1-3. The
unusual fluorescence decay properties of the {Er, Nd):YAG
crystal are compared with the decay curves of the same
states in singly doped 16.6 at. % Er:YAG or 1 at. % Nd:YAG
(Figs. 1-3). From Figs. 1-3, the following features were
observed:

(1) For the Er3+ 4], state (Fig. 1): Fluorescence decay
from the singly doped Er:YAG starts out to be linear in a
semilog plot that corresponds to an exponential decay and

~ then gradually curves up, which is indicative of a decrease in

decay rate. The initial 1/e decay time is 106 usec, which
corresponds to the measured decay lifetime of the Er3* 41,5
state in 1 at. % En:YAG. This nonexponential decay has

" been demonstrated®’ to be a result of cross-relaxation pro-

cesses in Er:YAG. It has also been shown$? that simple
exponential fluorescence decay of the Er®* I} and 4Iy31
states in Er:YAG could be obtained at low excitation levels
when the cross-relaxation processes were not effective. Us-

© 1989 Optical Society of America
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Tablel. Obscrved Fluorescence Decay Propertics of
(Er, Nd):YAG
State Observations _
" Er’t 4,2 Decay is governed by a simple exponential and
is two times faster than in En:YAG.

Er3t4l,3n  Decay shows slow filling at early times (first 50
usec), then becomes an exponential and is
approximately 170 times faster than in Er:YAG,

Nd3*4Fyn  Decay is an exponential at early stage (first 10

usec) and is 30 times faster than in Nd:YAG;
later it becomes slower and nonexponential.

ing this method, we were able to measure the fluorescence
decay lifetime of the Erd* 41, state in Er:YAG as a function
of Er concentration. It was found®? that this lifetime was
indeperdent of Er concentration, indicating that the Er3t
‘Iup state in EnYAG was not subject to concentration
quenching. :

In comparison, the (Er, Nd):YAG shows a decay governed
by a simple exponential over nea:ly four e-folding periods,
independent of pump levels. Another important feature of
the decay from the Er3* 41, state in (Er, Nd):YAG is that
the l/e decay time (53 usec) is only one half of that of
Er:YAG.

(2) Forthe Er3* 41,5 state (Fxg. 2): The decay curves of
the Er?* 41,3 state in Er:YAG [Fig. 2(a)] and (Er, Nd):YAG
[Fig. 2(b)] differ strikingly in that the decay in (Er, Nd):YAG
is approximately 170 times faster than that in En:YAG.

~ This observation confirms the expected reduction of the

Er3* 4141 level lifetime. The nonexponential decay of the
Erd* 41,35 state in Er:YAG is due to the cross-relaxation
processes as discussed in feature (1) above. Simple expo-
nential decay was obtained by using low excitation, which
allowed us to measure the decay lifetime of the Er3* 4,3
statein E:YAG. Thislifetime was found to be 13.7 msec for
16.6 at. % Er:-YAG. Inaddition, the Er3* 4,3 state in (Er,
Nd):YAG, whose decay pattern was independent of excita-
tion levels, shows a slow decrease in fluorescence strength at
the initial stage of the decay.

(3) For the NA3* 4Fyp state (Fig. 3): In Nd:YAG the

Vol. 6, No. 1/January 1989/J. Opt. Soc. Am. B 25

lifetime of the ‘Fy/, state is approximately 240 usec, and the
decay process is governed by a simple exponential. Howev-
er, in (Er, Nd):YAG not only is nonexponential decay of the
Nd3* 4F;, state observed but an initial 1/e decay time of
approximately 8 usecisrecurded. T'o check this observation
and ensure that it is not an artifact of the data acquisition
and processing equipment, we also monitored the fluores-
cence decay at 1.34 um, which corresponds to the Nd3+
transition from the ‘Fyn to 4I 3, states, The same nonex-
ponential decay behavior was observed with the same iritial
1/e decay time.

As we pointed out in our earlier paper,? the drastically
altered fluorescence decay rates suggest significant unlike
ion-ion interactions in the (Er, Nd):YAG crystal. In the
section that follows we discuss theoretical models of the ion-
ion interactions as applied to the system under study; these
models provide a basic undcvstanding of the mechanisms
that result in the observations described above. A summary
of the observed fluorescence decay properties from the three
Er?* and Nd3+* states is listed in Table 1.

THEORETICAL INVESTIGATION OF THE
MECHANISMS OF THE ION-ION
INTERACTIONS IN (Er, Nd:YAG

To understand the physical processes responsible for the
observations described above, we introduced three cross-
relaxation processes that involve both Er¥* and Nd3+* ions.
These processes are depicted in Fig. 4, along with the known
decay and energy exchange processes. Strong relaxation
processes are expected because both energy-state pairs in-
volved in each € the three processes have the same energy
difference. A rate-equation analysis, which includes the
cross-relaxation processes shown in Fig. 4, was used to calcu-
late the time-varying population distribution of the coupled

- Er¥* and Nd3* states from which fluorescence decays were

observed. The coupled rate equations were solved numeri-
cally by utilizing the fifth- and sixth-order Runge Kutta-
Verner method, and the results were compared with the
observed decay data.
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. ."With reference to Fig. 4, W, W, and W; describe cross-

relaxation processes of the Er?* ions in high dopant dansity
Er3t.doped materials. They are responsible for the nonex-
ponential decay of the Er** 41,2 and 41,3/, states [Figs. 1(a)

. and 2(s)] and the quasi-cw laser operation in the 3-um region

of high-concentration Er3*:YAG lasers.!® C,, Cy, and Cyin

Fig. 4 represent the cross-relaxaiion processes proposed to

account for the drastically altered fluorescence decay func-
tions observed in (Er, Nd):YAG. With reference to Table 1

" and Fig. 4, we introduce the following:

(1) The process described by C, to account for the faster

decay of the Er3* 41, state.

(2) - The process described by Cj to account for the faster
decay of the Er3* 4[5 state and the simple exponential
decay of the Erd* 41, state.

(3) The process described by Cj to account for the faster
decay of the Nd*t 4Fy, state and the filling of the 4Fy; state
Nd3%* ions during the early stage of the Er3* 4,35, decay.

C), Cyand Cj are the cross-relaxation coefficients and
were assumed to be constant in time in our model. The Er3*
energy states under consideration are *Syn + 2Hy.(4),
‘Fora(3), 111/2(2), *N1312(1), and 4115/2(0), and those of Nd3*
ions are 4Fyx(2), 4154(1), and “I/2(0). The numbers in pa-
rentheses are those used to label the energy states of each
kind of ion (see Fig. 4).

A set of rate equations is presented below, which includes
the various cross-relaxation processes among like or unlike
ions in addition to spontaneous emission, multiphonon tran-
sitions, and external excitation. The equations involving
Er3*+ states were normalized with respect to the Er’t concen-

tration (CEf), and those dealing with Nd3* states were nor- -

malized with respect to the Nd3+ concentration (CNd). This
is why CEr and CNd appear explicitly in the equations. As-
sume that the initial conditions are n¢E*r (¢ = 0) = 1; n,B*(¢ =
0) = 0, wherei =1,2,3,4; and noNd(t =0) =1, n;Nd(t = 0) = 0,
where i = 1, 2. Then the resultmg set of eight coupled
equations is

dn™ B M By B g (CE Enj2
dt = '—Wo‘nobr + ";'ér" - (no W)n‘ d + (C 'Wl) (nl r)
1 .

+ (CEr Wz) (naﬁl‘)z - Cansznos'CNd
+ an,E'n NdCNd' . (1)
an B n®r nlE

a& = ..-_E_r. + (noErmn‘Er - (2CE'W )(n Er)2
T2

__CNdcanlErnoNd + CNdC3n2Nd nOEr

+ C n%n,NCNY, (2)
dngEr nQEr anr Ee Er Er En?
_(2CErW2)(anr)2 - CNdCl"’2Ern0Nd' (3)
dnag, naBt
= W,,mP Er , 4
at a o @)
d Es n, Br
’d" - WN"O D + (CErW )(anr)R (5)
T

4

' where_ PR -'.
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d Nd n Nd n Nd
';"‘ = ,—lﬂi ~ W™ + ;.LN'E — CECyn Bngh, ()
1 2
dnlNd Nd
n - CB’C,n,R'no"" - ,___ + CE'Can Ndnoﬂr' )
R l
dn Nd
dg - woznoNd - ;,___ - CBrC nsznoEr (8)
2

- CBr ig the concentration of Er3t jons;
CMNd ig the concentration of Nd3* jons;
Woi and Wya are the external excitation rates;

nEr is the normalized population of the ith Er3t
state;

n;Nd is the normalized populatnon of the ith Nd3+

. .- state; ..
r;E* is the fluorescence decay lifetime of the ith
‘ Er3t state;

rNd is the fluorescence decay lifetime of the ith

Nd?** state;
C; is the coefficient of the n.h ion-ion interac-
tion process, i = 1,2, 3;
W3mP is the multiphonon transition rate from4 to 3
of Er?* ions;
noErW is the cross-relaxation rate of the Er 4Syp
level;
Wi(W3) is the cross-relaxation coe. (icient for the -
cross-relaxation process originating from the
.. Eftty 13/2(‘1 11/72) state,

Several assumpuom have been made in writing these equa-
tions. They are as follows:

(1) The Nd¥" energy levels above the ‘Fy; relax so fast
through phonon-assisted processes that the Nd* 4Fy; level
is effectively directly pumped (a four-level system).

(2) Energy transfer from the Nd3t 41y level to the Er3*
4Ian2 level is negligible compared with t.he phonon assisted
relaxation of the Nd3+* 4,54, level.

(3) Ay « W™, and no® W is therefore neglected.

(4)  Ay® & Wy and therefore is neglected.

(5) Ajyj « W™, and the cross-relaxation rate W; is
therefore neglected. [Note that ng(Erd* 4I},1) is less than
1.6%.8]

Here A is the radiative transition rate from the Ex3* state

" itostatej,and W;Pis the multiphonon transition rate from
" the Ex3* state i to state J.

Our primary objective was to show the validity of our
model by comparing the results of the calculation with the
experimental data. An iterative fitting procedure leads to

* the determination of the cross-relaxation coefficients Ci,

Cz,and Cj;, which are the only unknown parameters in the
equations.

Numerical solutions of the rate equations were obtained
by the fifth- and sixth-order Runge Kutta-Verner method.?
The results are plotted in Figs. 5 and 6, in which they are
compared with the observed decay data. The parameters
used for obtaining the results are listed in Table 2, and the
fitted values for the cross-relaxation coefficients C;, Cy, and
C, are summarized in Table 3.
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Fig. 5. .Calculated decay functions (solid curves) using the rate-
equation analysis of (a) the Er3* 4}, ; state and (b) the Erd* 413
state as compared with experimental data (circles).

From Figs. 6(a) and 5(b), we see that the computed curves
agree well with the observed Er3* decay curves, indicating
that the proposed cross-relaxation processes and coeffi-
cients are appropriate for the unlike ion-ion interactions in
this crystal. However, in Fig. 6 a discrepancy was observed
between the calculation (solid, straight line) and experimen-
tal data for the Nd®* 4Fy, decay. - This, however, by no
means suggests that the process governed by Cj, shown in
Fig. 4, does not function as it should. : The importance of
such a process is indicated by the fact that including the

process governed by C; can explain the slow filling in the -

early stage of the Er3* 41,3y state decay, as Fig. 5(b) shows.
The difference between calculation and experiment in Fig. 6
comes about because a constant interaction strength was
assumed in the calculation. In reality this may not be true
because not all Nd3* sites provide the same strength of
interaction with Er3* jons in & sample that has 15 at. % Er3*
ions but only 1 at. % Nd3* ions. In this case one Nd3* ion can
see a spatial distribution of Er3* jons around it, and some
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Er™ jons inay interact .:th this Nd* ion with a strength
that is different f+un the strength of interaction between
this Nd** ion and anotirer group of Er?* ions. The overall
effect of interactions of this nature is to give rise to the
nonexponeritial decay of the Nd3* 1Fyy state. In the
YF3:Yb, Ho system, for example, similar nonexponential
decay was observed from the Yb%* jons that was due to the
energy transfer from Yb®* jons to Ho** jons.!? ‘

Because of the difficulty of incorporating a nonconstant
interaction strength between Nd3* and Er3* ions, we will use
the analytical expression for the donor luminescence of a
donor-acceptor system, as derived by Inokuti and Hir-
ayama't on the basis of the Forster-Dexter theory of energy
transfer,151€ in order to investigate the mechanisms govern:
ing the Nd3*+ 4Fyx, decay in (Er, Nd):YAG under study.

We begin our analysis with the assumption that the energy
diffusion effect among excited Nd3+ ions is regligible. This
is justified by the fact that our sample contains 1 at. % Nd3+
ions, and the excited Nd3* ions in 1 at. % Nd:YAG have a

high quantum efficiency, Therefore the mechanism under .

consideration is encrgy transfer between donor (excited
Nd3t) —acceptor (ground-state Ert) pairs.

The total rate of transfer from an excited donor to an
acceptor at a distance R can be expressed as

Wo(R) = ;‘— +n(R), ©)
[

where 79 is the intrinsic lifetime of the excited donors and
n(R) is the energy transfer rate of a donor-acceptor pair
whose two ions are a distance R from each other. If the
energy transfer is governed by a particular electric multipo-
lar term, the transfer rate can be written as

1 (Ro}
n(R) ;;(—k‘). (19)

where s is a positive number and Ry is, according to Forster,1
a critical cransfer distance such that the transfer rate n(R) is
equal to the intrinsic decay rate 1/7¢ of the donor when R is
equal to Ry. Using this model (sometime referred to as the
inverse-power rate model), Inokuti and Hiragama! were
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Table 2.

Parameters Used in Rate-Equation
Calculation
Parameters Values Reference
CEr © 2.1X10%em™3 (15 at. %) e
e 13.7 msec a
ToEr . 106 usec e
2 A 1.2 usec 6
& ' - 1.0 usec ) 6
Weme - 1.8X10%sec! 10
ntr W 9.3 X 10° sec™! 10
4 2.5 X 10~17 cm3/sec 6
W; - 5.0 X 10717 cm¥/sec 6
CNd - 1.38 X 102 cm—3(1 at. %) 11
N - ~2 usec - 12
rNd 237 usec e
@ Qur results.
Table3. Cross-Kelaxation Coefficients for Unlike

Ion-Ion Interaction Processes in (Er, Nd):YAG

Coefficients - Values (X106 cm3/sec)
C: 0.7
C, 1.2
C; 05
100(\;
o
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Fig. 7. Decay functions of the ‘F; ; Nd3* ions calculated by using

the energy transfer theory conpared with the experimental data
(circles).

able to derive an expression for the donor luminescence that
is macroscopically measurable:

o(t) = exp[— - - 1‘(1 - -:.3-) 2 we Ry ( )sh] 1)
To s/3 70

where I'(x) is the gamma function and ¢, is the concentration
of acceptor ions (¢em~3). Equation (11) covers several im-
portant situations. Namely, s = 6, 8, 10 corresponds to
electric dipole-dipo!: tipole-quadrupole, and quadrupole-
quadrupole interactions, respectively. Equation (11) has
been used for analyzing our experiment. The least-squares
fits of Eq. (11) to the experimental data, using the most

Shi et ai.

» commonly encountered three electric multipolar interaction

mechanisns, i.e. s = G, 8, 10, are plotted in Fig. 6.

As Fig. 6 shows, the best fit is obtained with s = 6, imply-
ing a dipole-dipole interaction as expected. liowever, a
better fit is obtained with s = 4 for the initial decayand s = §
for the subsequent decay. The results are presented in Fig.
7.” It is possible that this behavior is a result of the situation

-in which two or more Er®* ions interact with one Nd3* jon.

" 'The corresponding critical transfer distance Ry is 7.39 A
for s = 4 and 7.87 A for s = 6. The interaction strength «,
defined as a = Rg*/rg, is 1.26 X 10725 cm4/sec for s = 4 and
1.27 X 10732 cm®/sec for s = 5.

DISCUSSION

As Fig. 1(a) shows, the fluorescence decay of the Er3* 41,
state in Er:YAG is nonexponential. This is due mainly to
the cross relaxation of the Er?* ions in the 4I,3,; state,” which
is significant only in high-concentration Er3*-doped materi- .
als. This process has been shown™!7 to be responsible for
the quasi-cw lasing at ~3 um from the Er-doped laser cry-
tals. On the other hand, when Nd3* ions are codoped into
Er:YAG lattices, the decay of the Er3* 41,,,, state is exponen-
tial, and the decay rate becomes twice as fast as in EnYAG
[Fig. 1(b);. This is, as the investigation in the previous
section showed, a result of the two cross-relaxation processes
governed by C, and C;. The process C; accelerates the
relaxation of the Er3+ 4],/ state so that the Er population
reservoir in this state is, to a large extent, eliminated. Asa
result, the cross-relaxation process from this state is pre-
vented from taking place because the cross-relaxation rate is
proportional to the number density of the ions in this state,

- Moreover, the internal pumping process for the Er3* 4[;,

offered by this cross relaxai.on is disabled, which would
otherwise pump the Er3* 4I;,,; state. The process C, on the
other hand, simply opens up another channel for relaxing
the Erdt 4]}y, state in (Er, Nd):YAG in addition to the
spontaneous and phonon-assisted emission from this state.
Inevitably, this process results in a faster decay rate of the
Er3*+ 4]0 state. Inaddition, because this process functions
through nonradiative energy transfer, it removes some of the
41,172 state Er¥t population’that would otherwise have been
available for stimulated emission. Clearly, both processes
described by C, and C; militate against laser action by the
Erd* jons at 2.94 um.

As far as the decay of excited Nd3* ions is concerned, the
calculations in the previous section revealed that this decay
is governed predominantly by the dipnle-dipole interactions
between the excited-state Nd®+ ions (4I3/2) and ground-state
Erdt ions (4,5/2). The best fit between calculation and ex-
perimental data with s = 4 and s = 5 in the inverse-power
rate model represents a special situation of the dipole~dipole
interaction, as pointed out by Inokuti and Hirayama.'4 Asa
matter of fact, the transfer rate n(R) can take a different
inverse power of R dependence, which can be either greater
than or smaller than 6, depending on whether the effective
transfer is of shorter or longer range, if the system under
study contains effects that were excluded in the theory. Our
result is just an example of this situation. Further study is
needed to resolve the detailed physical processes that are
involved.
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Morcover, the interaction discussed above thal occurs be-
tween Er®* and Nd* ions is clearly detrimental Lo the laser
action of Nd?* at 1.06 um because the nonradiative interac-
tion removes the Nd3+ population in the 4Fy/; state, which
would otherwise be available for lasing action. Actually, we
can calculate the relative luminescence yield of the 4Fy.
Nd?* ions from!

g = }o L T p()de, (12)

where 5o is the luminescence yield of the 4F3p Nd3t ions’

when Er3* ions are not present and is equal to unity. Nu-

" merical evaluation of Eq. (12) gives n/n¢ = 3.84%. This

number matches the 30-times reduction in the lifetime of
the ‘Fa;s Nd3* ions in (Er, Nd):YAG as compared with
Nd:YAG. '

The above analysis helps us to understand the observation
of relatively higher-input energy thresholds and lower effi-
ciencies of the laser action from (Er, Nd):YAG at both 1.06
and 2.94 um; this observation was made in our early studies
of this laser material.3

In conclusion, the unusual fluorescence decay properties
of the (Er, Nd):YAG crystal were explained by unlike ion-
ion cross-relaxation mechanisms and energy transfer theory.
The lasing performance of this material, as studied earlier
elsewhere, is also understandable on the basis of these mod-
els. Complete elimination of self-termination in the Er3t
2.94-um transition has not beeén accomplished [namely,
7(Br¥* 41,35) is still longer than r(Er3* 41, )] in (15% Er, 1%
Nd):YAG. However, we believe that this bottleneck should
be unblocked by means of the combination of Er3* and Nd3+
ions in crystals other than YAG in which the Er* ions have
the shortest 4I;,; lifetime (~100 usec). In the next phase of
the study of this new class of multiple-wavelength solid-
state lasers, hosts with longer Er3* 4,5 lifetimes will be
sought.
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Abstract

Non-exponential fluorescence decay has been observed from both *I,, /2 and 4113/2 states of Er®*
ions in heavily doped Er:YAG at room temperature. Processes of cross relaxation originating on
these states are shown to be responsible. Rate equations including cross relaxation processes are
written and numerically solved to result in the determination of the cross relaxation coeflicients.
It is found that these coefficients de not change with Er3* concentration as opposed to that which
has been reported previously by other workers. In addition, calculations of the Er3t 4113/2 state
decay functions are carried out using the energy transfer theory based upon the inverse-power-rate
model. In the course of these calculations, energy migration between the 4I;5/, state Er3t ions
was assumed to be very fast compared with the direct donor-acceptor energy transfer and the time
scale of our measurement. As a result, all of the *I;3/, Er®" sites were treated as equivalent and
the transfer rate observed was considered to be simply that of the donor-acceptor pair transfer.
These analyses indicated that the experimental data were consistent with a dipole-dipole interactio'n
mechanism between the donor and acceptor ions. The impact of energy transfer between Er3* ions

on fluorescence decay and lasing properties is discussed.




Introduction

Since 2.94 um laser action in high concentration (> 10% Er®**) Er:YAG was reported by Zharikov
et al in 1975,[1] researchers have attempted to improve the lasing properties of this crystal and to
understand the physics of the system. The 2.94 um lasing transition in Er:YAG occur- between
the %I;,/; and the “I;3/, states of the Er®* jons. Unlike most four-level lasers, the lifetime of the
upper lasing level (*I;;/;) of the Er*3 jons in YAG is shorter than that of the lower one (*I;3,),
making the 2.94 um lasing transition self terminate. That is, as lasing proceeds, p.: iation in
s /2 level accumulates due to stimulated emission and does not relax rapidly enough to maintain
the required population inversion. Despite this bottleneck, quasi-continuous lasing at 2.94 ym has
been observed from Er:YAG in long pulse operation,[21[3] suggesting the existence of additional
processes which counteract the tendency for lasing to self terminate.

Recently, Zhekov et all® studied fluorescence decay properties of high concentration Er:YAG.
They observed non-exponential behavior of the decay from the Er *I;;;, state when the sample
was excited by intense pump pulses. They also noticed that fluorescence kinetics of the 4I;, /2 and
4113/2 in Er:YAG could be described by a simple exponential only under weak pump conditions.
The non-exponential decay of highly doped Er:YAG was attributed to the cross relaxation of Er3+
jons excited to the *I;;/; and *I;5/, states in YAG.

An examination of the eneigy levels of En:YAG [4) reveal that at room temperature energy
resonances exist between several pairs of energy levels so that Er3* ions in these states can cross
relax in different ways shown in Fig. 1. In Er:YAG, the 2H11/2 and 483/2 states are very close
to each other. They are among the levels into which ground state ions are excited by external
pumping sources such as ﬂashlamps.[5] The relaxation of excited ions in these two states involves
three different mechanisms: radiative transitions, multiphonon transitions and cross relaxation.
Fluorescence kinetics studies have shown that cross relaxation processes in heavily doped Er:YAG

play a dominant role in relaxing the 4S; /2 state at room tempera.ture.[el These processes populate




the 4I,;/, and 4113/2 states equally and are governed by the coefficient W as shown in Fig. 1.[7]
Even so, a population inversion is possible hetween the second Stark level of the %I, /2 state and the
seventh Stark level of the *I;3/; due to the thermal distribution of populations in these manifolds
at room temperature. This gives rise to lasing at 2.94 pm.

Also shown in Fig. 1 are cross relaxation processes governed by the coefficients W; and W
which originate in the ‘I 5/, and “I;;/; states, respectively. Cross relaxation of the %I 5/, level of
Er®* jons involves decay of one ion from this level to the ground state (*I;5/;) and simultaneous
excitation of a second ion from the "113/2 to the 419/2. The ion in the 419/2 state rapidly relaxes
to the *I;;/, so that the net change in the population inversion is +3. Cross relaxation of the
41,1/ state of Er*t jons involves decay of one ion from the 4I;;/, to the *I;5/; ground state and
simultaneous excitation of ancther jon from the *I;;/, to the #S3/; level. The ion in the Sy, level
has an equal probability to decay to the *I;;/, or to the 411_3/2 level. These processes result in a net
change of ~2 in the population inversion between the ‘I;;/, and *I,3/; levels. As will be discussed .
in the remainder of this paper, the two cross relaxation processes play major roles in determining
the fluorescence and lasing properties of Er:YAG. Accurate determination of both W; and Wj is
important in order to describe Er:YAG in a quantitative manner and to design a laser for optimized
performance,

It should be noted that for all of the cross relaxation processes discussed above, the transition
probability equals the cross relaxation coeflicient multiplied by the population of the state where
the process originates.[2] Therefore, the cross relaxation rates change with time during pulsed
lasing. In this paper, the values of W; and W, are determined for Er:YAG of different Er3t
concentrations by studying the observed fluorescence decay properties of bhoth 41“/2 and Y1y,
levels in Er:YAG. This kind of study results in information that is useful in determining optimal
Er concentration in laser design and in modelling laser dynamics as well. The results show that

the cross relaxation coefficients W, and W, do not change with Er concentration, as opposed to




the square dependence(i.e. W; « ¢2, where ¢ = Er concentration) proposed by Zhekov el all8),
The theory of energy transfer, based on the inverse-power-rate model, is also used to study the
mechanisms of the energy transfer among Er®** jons in the %I 3/, state. The influences of the cross

relaxation processes on both fluorescence decay and lasing properties of heavily doped Er:YAG are

discussed.

Experimental Observation of Fluorescence Decay from the Er?*

4111/2 Level

The Er:YAG sample was excited with a Q-switched, frequency doubled Nd:YAG laser. The energy
states studied were the *I;;/; and “I;3/;. The transition lines monitored were ~ 1.007 pm(*l;;/,
— 4115/2) and ~ 1.63 um(4113/2 — 4115/2). These fluorescence wavelengths were selected with
a 0.27 m monochromator and the decay signals were dctected by a liquid nitrogen cooled InSb
infrared detector with a response time of < 1 usec. These decay signals were then recorded by
a computer controlled data acquisition system for storage and processing. Each decay signal was
stored and normalized so that the decay signal at any time represents fhe fractional population'
in the state on which the decay originates. The computer was programmed to average a selected
number of decay signals and to plot the log of that average versus time. The experimental decay
curves from the Er®* “I;,/; and %13/, levels of 16.7 at%, 33.3 % and 50 at% Er:YAG are presented
in Figs. 2 and 3.

If the fluorescence decay were governed by a single exponential process, then data presented
in Figs. 2 and 3 would appear as straight lines. However, it is evident from Figs. 2 and 3 that
the decay of both the *I;1/; and *I,3/; levels of Er*t jons in heavily doped Er:YAG can not be
described by a single exponential. In the following section, this non-exponent.ial decay behavior is

shown to result from interactions between Er3* ions.




The peak pump power used to obtain the non-exponential decay data in Figs. 2 ard 3 was
about 2 X 10° W with a pump pulse duration of ~ 20 nsec. The beam size on the sample was ~ 3
mm in diameter and the beam was not tightly focused in order to avoid sample damage. The pump
rate was 10 Hz. It was found that with much lower pump power(less by an order of magnitude),
the fluorescence from both the *I;/, and *I,3/; levels of Er®* jons in Er:YAG could be accounted
for by single exponential decay processes, indicative of the decay lifetimes of the Er3* states. These
exponential decay data are also illustrated in Figs. 2 and 3. The decay lifetimes of the %I;; /2 and
41,3/, states of E:YAG are listed in Table L.

Such a dependence of the decay behavior on the excitation level can be expected because the
cross relaxation probability is directly proportional to the number of ions present in the particular
statel?l. In the case of weak pumping, the number of ions excited to states from which cross

relaxation originates is less. As a result cross relaxation is greatly reduced. In addition, it is worth

pointing out that decay rates of the fluorescence from both the *I;;/, and the 4I,5/, states of 1 at%,

Er:YAG were not affected by the excitation level. As might be expected, they were found to be

g~ aed by single exponentials.

Determination of the Cross Relaxation Coefficients

A ra . quation analysis for the coupled state populations is used to study the population distri-
bution in various Er®t energy states of interest and to evaluate the cross relaxation coefficients Wy
and W. The Er energy levels under consideration are the 4S3,3 + 2Hyy;; (4), *Fy/z (3), *111/2 (2),
41,3/2 (1) and *I;5/; (0). The numbers in the parentheses are used to label the indicated states in
the rate equation calculations.

Rate equations were written including cross relaxation processes, spontaneous emission, multi-
phonon transitions and external excitation. Stimulated emission is excluded. This set of equations

was normalized with respect to the Er ion concentration, C, of the crystal employed in experiment




so that the initial conditions were ng(t=0) = 1, and n;(t=0) = 0 where i = 1, 2, 3, 4. The resulting

equations for the 5 energy levels are as follows:

T e = (noW)na + (CWi)nd + (CWa)n} (1)

%1‘ = :—: - :—; + (noW)ng — (2CW; )n? @)

% = :—: - %:— + (noW)ny + (CWi)ni — (2CW2)n} 3)

R )

%?' = Wyng - % + (CWy)nk (5)
where

C = Er concentration of the sample;

Woq = external excitation rate;

n; = normalized population of the it* state;

1; = decay lifetime of the i** state;

Wy = multiphonon transition rate from “4” to “3” = - —noW - -TT‘;;;
75%d = radiative lifetime of the Sy, level;

ngW = cross relaxation rate of the 4S3 /2 level.

Several assumptions have been made in writing these equations. They are:
(1) Ay; € W3T° and ngW, therefore is neglected,;
(2) As; € W3, therefore is neglected;
(3) Ay < ‘W;';p and W, therefore is neglected(note: 7,(Er** 4I;;/,) is less than 1.5%9).
where A;; = radiative transition rate from the Er3* state i to j, and WZ;" = multiphonon transition
rate from the Er®t state i to j.

Our goal was to evaluate W; and W3, the only unknown parameters in the equations, by nu-




merically solving the set of coupled differential Egs. 1 ~ 5 and fitting the calculated decay functions
with the observed ones. The numerical solutions of this set of rate equations were obtained by the
Runge Kutta-Verner fifth and sixth order method.[10] The calculated population distributions of
the I3/, and *I,;/, states (n; and np) as functions of time are the solid curves in Figs. 2 and 3.
The parameters used for obtaining these results are listed in Tab. 1I. The values for W; and W,
which give the best fits to the experimental fluorescence decay data of both the *I;;/; and 41,3/,
states of Er:YAG are summarized in Table III, along with those published previously by other
researchers. It was found in the course of the calculations that f .ing of the experimental data
was quite sensitive to the variance in values for W;. For example, 20 % change in the values for
W1 may result in a noticeable deviation between the experimental decay curves and the calculated
ones. On the other hand, however, the calculations were relatively insensitive to the change in Wj.
A. will be discussed in more detail later, this behavior was observed Lecause the cross relaxation
process represented by W, makes the dominant contribution to the non-exp onenfia.l nature of the

+

fluorascence decay of heavily doped Er:YAG.

Mechanisms of the Ion-Ion Interactions in Er:YAG

In this section, mechanisms of interactions between Er®* ions are explored. The study is conducted
by employing the theory of energy transfer within energy donor and acceptor pairs. As will be seen
in the following section, interactions between Er’* ions in the *I,3/; excited state, giving rise to
the cross relaxation process represented by W, in Fig. 1, make a dominant contribution to the
non-exponential nature of the fluorescence decay of both the *I;;/; and *I;3/, states and to the
quasi-continuous lasing observed between these two states. Therefore, we concentrate our study on
the interactions between Er®* ions in the 4113/2 state.

Assume that the energy diffusion rate among interacting Er®t jons in the *I;5/, state is much

faster than the direct one-step donor-acceptor transfer rate and also much faster than the time




scale of the measurement. As a result, all *I;3/, Er®* sites are equivalent and the experimentally
observed transfer rate will be governed by that of the direct donor-acceptor transfer processes.
This assumption can be instified by the fact that we dealing with energy transfer systems of high
donor concentration. It has been shown by Watts and Richter[w}, in their study of energy transfer
mechaniams in (Yb, Ho):YF; crystals, that as the donor concentration was increased(to 20% for
example), the energy diffusion among energy donor ions became stronger and stronger until the
rapid diffusion effectively averaged the donor’s environment of acceptors and the observed decay
would be limited by the energy transfer between the nearest neighbor donor and acceptor ions.
The assumption is also supported by the appropriate use of rate equation analysis in the previous
section which was validated by the rapid diffusion among the Er®* donor ions that removed the
spatial inhomogeneities in the system[14].

Since we are studying a singly doped crystal, interactions occur between like ions, namely Er3t
ions. In this system, the role of energy donors is played by the 4,3/, Er** ions which at the end
of the energy transfer process will relax down to the ground (*I,5/,) state, and that of the energy
acceptors is played by *I;3/; Er®* jons which will be found in the %I/, state when the transfer is
finished. The total rate of transfer from a donor ion to an acceptor ion at a distance R can be

expressed as:
1
Wr(R) = — + n(R) (6)
To

where 79 is the intrinsic lifetime of the donor ions and n{R) is the transfer rate of a pair of inter-
acting ions that are a distance R apart away from each other. Using the inverse-power-rate model
developed on the basis of the Foérstor-Dexter theory[15] [16], in which the transfer rate n(R) is

written as the inverse power of the distance R,

n(R) = —(2)° @

Inokuti and Hiraya.ma[]ﬂ derived an analytical expression for the donor luminescence as the fol-




lowing:
é(t) = ezp(-;‘; —Cu}) (8)

where C, = T'(1 - §)§rca(Roro §)3, and I'(x) is the gamma function, ¢, is the concentration of

acceptor ions in em™3

, 8 is & positive number and Ry is, according to Fi'irstoru5], a critical distance
such that the transfer rate n(R) equals the decay rate, 7 1. of the donor when R is equal to Ro.
Eq. (8) covers three important electric multipolar interaction mechanisins. Namely, electric dipole-
dipole interaction for s = 6, dipole-quadrupole interaction for s = 8 and quadrupole-quadrupole
interaction for s = 10, respectively. The least-square fits of Eq. (8) to the experimental decay curves
of the Er®* 4I,, /2 state of various Er concentrations were performed for all of the three interaction
schemes. It has been found that decay data of all the samples studied could be resonably fitted by
Eq. (8). Fig. 4 illustrates the result for the 16.7% Er:YAG. The values for C, that represent the
best fits to the dipole-dipole mechanism (s=6) are summarized in Table IV, along with some other
parameters which will be discussed in the next section.

In the follewing, we will evaluate the number density, ¢,, of the a :ceptor Er®* ions in the *I,3/,
state that take part in energy transfer. This in turn allows us to calculate the critical distance Ry.

We will treat the energy transfer as if governed by the dipole-dipole scheme, i.e. s = 6.

The relative luminescence yield of the Er® *I,3/; state can be calculated by the following[17]:

1 o0
n/ne = T—O/o $(t)dt (9)

where 7o is the luminescence yield of the 41,3/, state when there is no energy transfer between Erdt

ions. Therefore

Catc > o(t)dt
":1—17/1;0:1—————-f° () (10)
Ct To
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where ¢,(cq) = number density of the acceptor(donor) ions and ¢; = total number density of the

‘113/2 state. Since energy transfer occurs in donor-acceptor jon pairs, c, = ¢4. As a result, we find

o = 3l - f—ﬂ'i*f-i‘—)ﬂ) (11)

The numerical values for ¢; obtained in the rate equation analysis and and those for the integral
it Eq. (12) are listed in Tablé IV. The critical distance Ry, as defined in Eq. (8), are therefore
obtained and also presented in Table IV. As Table IV shows, Ro for 16.7% Er:YAG (36A) is greater
than that for 50% Er:YAG (25A4). This should not be considered as an indication that Er3+ ijons

interact more strongly in 16.7% Er:YAG than in 50% Er:YAG. Rather, it is because the decay rate

of 16.7% Er:YAG is smaller than that of the 50% Er:YAG.

Discussion

Table I shows the decay lifetimes for the 1;;/; and *l,3/; states of Er:YAG of various doping levels.
As can be seen in Table I, the *I;;/, state lifetimes do not vary with Er concentration, indicating
that this level does not suffer from concentration quenching. For the ‘113/2 level, on the other
hand, the lifetime is about 8.5 msec for the 1% Er:AG, reaches 13.7 msec at 16.7% Er:YAG and
then falls off. These behaviors agree with the observation of Zhekov et all8). When these lifetimes
were measured, we noticed that in the case of 1% Er:YAG, the decay from both Er®* 4I;,,, and
41,3/2 states could be always described by a single exponential function and was not affected by
the excitation level. This was observed because the interaction between Er®t ijons are very weak
due to the small Er concentration.

Consider the decay of population of Er®* jons in the %I/, state (n2) which is affected by both
cross relaxation processes represented by W; and W,. Neglecting the pumping term, the decay

equation of the population n, is given as the following:
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L LD (oWl - (20Wa)d
dt T2
- na (CW])TI% (2CW2)TI§

=_%u_¢m+hml

Il

—%U+Dm]

n3
= 3 (12)
where d;(t) = —‘.Vs—"‘-x dy = —"K‘—"L‘z and D(t) = da(t) - da(t).

An examination of Eq. 9 reveals that d;(t) and dj(t) represent the relative effects of W,
and W respectively cn the decay rate of Er®* ions in the *I;,; state with respect to the natural
radiative and non-radiative multiphonon decay processes expressed by r;. The calculated values of
di(t), d2(t) and D(t) as functions of tirue obtained from the earlier rate equation analyses in the
preceding section are plotted in Fig. 5. for 50% Er:YAG.

As seen from Fig. 5, d(t) is greater than d,(t) at early times so that D(t) is positive. During
such times the decay of the %I/, state (nz) is accelerated because of the cross relaxation process
represented by W,. This process is actually detrimental to lasing action at 2.94 um because it
prevents the population inversion from developing. However, as the decay continues, the effect of
W, becomes smaller and smaller than that of the W;. This is so because the number of Er®* ions
in the %I/, state decreases with time due to fluorescence decay while the population of the *I,5/,
state is still being built up. In other words, the decay rate of the 4I,,,, state populaticn is slowed
down at later times because the accumulation of Er®* jons in the lower lasing level(‘I 3/, ) adds to
the population of the *I;;,, state by the cross relaxation process represented by W;. The result
of this cross relaxation is to continue to pump the 4I,;/, state (refer to Fig. 1) even though the
external excitation is over. Such a process is clearly beneficial to 2.94 pm lasing in that it offers an

internal channel for maintaining the population inversion for a long period. D(t) plotted in Fig. 5
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shows the trend of the overall decay of the population in the *I;;/; level due to the cross relaxation
processes. *

As fay as stimulated emission is concerned, both the start and end times of lasing will be affected
by the processes represented by W; and W,. However, the end time is determined mainly by W;.
The 4I,;/, and 4113/2 levels start with equal population because of the cross relaxation processes
represented by W (see Fig. 1). The populations in the *I,;/; and *I;3/; levels distribute among
the Stark sublevels according to the Boltzmann law and makes a population inversion y.ossible.
The influence of W, on the *I;;/, level will delay the formation of the population inversion. As
pumping proceeds, W; becomes strong enough to balance out W, and the population inversion
becomes large enough to result in net gain and lasing at 2.94 pm. This is why the 2.94 um lasing
reaches threshold after the peak of the pumpla]. Both W; and W, play a role in the initial stage
of the laser emission of Er:YAG. On the other hand, as Fig. 5 shows, once D(t) becomes negative,
it decreases monotonically. All this means is that the self-pumping process (W) keeps bringing Er
ions from the *I 3/, to the 4I;;/, level and helps maintain the population inversion even after the
external puimnp pulse has ended. The q. si-continuous lasing operation observed at 2.94 ym can be
understood.

Table III shows the cross relaxation coefficients W; and W, obtained in this work and reported
previously by other researchers. Zhekov et al 8) [12] have previously measured the cross relaxation
coefficients and foind that, based on their results for 10%, 15% and 50% Er:YAG, the cross relax-
ation coefficient W; was proportional to the square of the Er concentration. However, as can be
seen in Table III, the results of our measurements show that these coefficients are independent of
the Er concentration. As a metter of fact, the values for W; of 10% and 15% Er:YAG determined
by Zhekov et al are the same within the accuracy of their measurement(50%) and are consistent

with those obtained by us. The exception seen for the 33.3% Er:YAG may be related to material

purity considerations.
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Under high excitation, decay of the Er®* 415/, level is faster in the initial stage and gradually
becomes slower and approaches the decay rate(Fig. 3). This occurs because the initial 4113/2 state
population is large under the §-function excitation and therefore the cross relaxation process W;
is very efficient in removing population from the 4113/2 state, resulting in a faster initial decay. As
decay continues, the state becomes less and less populated due to cross relaxation processes and
fluorescence emission until the rate of cross relaxation of Er®t ions in this state becomes negligible
and the observed decay approaches its rate of the simple exponential decay observed only at low
excitation level.

It has been found in the previous section that the *I;; /2 state decay data were consistent with
the dipole-dipole interaction mechanism. However, as seen in Fig. 4, good agreenment between the
decay data and the dipole-quadrupole and quadrupole-quadrupole mechanisms were also obtained.
In other words, these 4113/2 state decay data are not sensitively dependent upon the interaction
mechanisms involved in the the energy transfer processes. This observation prevented us from
unambiguously concluding that the dipole-dipole mechanism made the dominant contribution to

the interactions among the 4113/2 state Er3t ions in Er:YAG.

Conclusion

The cross relaxation coefficients of Er®* jons in the “I;;/; and %l;,/; states, Wy and W3, have
been determined by rate equation calculations. The results give evidence that these coefficients
do not depend on Er®* concentration. Only the cross relaxation transition rates are concentra-
tion dependent. The non-exponential decay of Er3t 4I;; J2 fluorescence and the quasi-continuous
lasing properties of heavily doped Er;:YAG can be explained by proper understanding of the cross
relaxation processes.

Energy transfer theory has been employed to study the mechanisms of the non-exponential

decay of the Er®t 4113/2 state. However, due to the insensitivy of our data to the interaction

14




mechanisms involved, we could not attribute the interaction between Er®* ions to any particular
electric multipolar interaction scheme at this moment. Further study on this issue is necessary
before arriving at an definitive conclusion.

This work was supported by the Air Force Office of Scientific Research under contract No.

AFOSR-84-0378. The authors are grateful to J. Machan who assisted in the data acquisition and

Processing tasks.
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Table I. Intrinsic Decay Lifetimes of Er:Y;Als0;2

*All the values are good within + 5%.

Concentration | *I;1/, (usec) | 41;5/5(msec)
1 at% 102 8.56
16.7 at% 105 13.74
33.3 at% 94 9.58
40 at% 96 7.14
50 at% 93 4.19
60 at% 97 1.95
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Table II. Parameters Used in Rate Equation Calculations

parameters values reference

C(16.7 at%) | 2.32x10%! em=2 |  [11]

C(33.3 at%) | 4.66x10%! em™3 [11]

C(50.0 at%) | 7.00x10%* cm=3 (11]

1 see Table I [11]
T2 see Table I (11]
T3 1.2 psec * (8]
Ta 1.0 psec * (8]

Wiy 1.8x10% sec™! * (6]

noW 9.3%x10% sec™! * (6]

* These parameters were assumed to be the same for all concentration in the calculations.
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Table III. Cross Relaxation Coefficients of Er:YAG

Concentration (%) | Wi(cm®.sec™) | Wy(cm®sec™!) | Reference
10 1.8 x 10~17 5.1 x 1017 8]
15 2.5 x 10717 — [12]
16.6 1.5 x 10717 3.0 x 10777 [11]
33.3 4.0 x 10717 3.0 x 10777 [11]
50 2.5 x 1017 3.0 x 1077 [11]
25.0 x 10717 — [12]
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Table IV. Ion-Ion Interaction Parameters in Er:YAG

Concentration | Cg (msec™%) | c;(x10%® em=3) Jo° ¢(t)dt (msec) | ca(x10'® cm=3) | Ro (4)
16.7 0.166 0.88 8.17 1.78 36
50 0.323 2.65 2.43 5.57 25
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Figure Captions

Fig. 1 Energy level diagram for Er:YAG showing various radiative and non-radiative transitions
and cross relaxation processes.

Fig. 2 Log of fluorescence strength versus time for the experimental () and calculated(solid curve)
decay functions of the Er®* 41/, level of (a): 16.7% Er:YAG, (b): 33.3% Er:YAG and (c): 50%
Er:YAG. All data are normalized to unity at t = 0. The calculated decay functions were obtained
using a rate equation analysis.

Fig. 3 Log of fluorescence strength versus time for the experimental () and calculated (solid
curve) decay functions of the Er®* 41,5/, level in 16.7%, 33.3% and 50% Er:YAG. All data are
normalized to unity at t = 0. The calculated decay functions were obtained using a rate equation
analysis.

Fig. 4 Log of fluorescence strength versus time for the experimental () and calculated(solid
curve) decay functions of the Er®* %I;5/, level in 50% Er:YAG. The calculated decay functions

were obtained using an energy transfer theory.

Fig. 5 Decay of the Er®t “I;;/, level in the presence of cross relaxation processes.
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