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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 gzm due to Ho’ " ion transitions and at 1.064 um due toc a Nd>™
transition. Appropriate mirrors produced simultanecus lasing at 1.064 and 1.339% pm due to

Nd** ion transitions. The fluorescent lifetimes of both the Nd** *F,, and Ho’ * °Z, states
were significantly lower in the doubly doped material thar 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 ytirtum alumi-
num garnet ( YAG) in the 3-um region.”? This lasing is due
to a transition from the Ho® ™ °f to the °F, level. However,
the °I, state has a much longer fluorescence lifetime than the
°I,, and the lasing transition is self-terminated. Soviet re-
searchers have observed this behavior in high-concentration
holmium garnets and in yttrium orthozluminate.® The
{3.011 4- 0.003) um lasing observed in our laboratory from
15% Ho:'YAG clearly shows seif-termination. This effect
Limits the duration of the laser pulse and the efficiency of the
lasing process. Kaminskii ef af. suggested that Nd** could
be used to cross relax the Ho® " 7, level and thereby reduce
or eliminate the problem of self-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 zm by the N&®* ions. While the 3.011-um
wavelength has been reported in Ho: Y AIG,, 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 pm, simultaceous lasing was observed on both
of these transitions, contrary to typical Nd:YAGQG 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
Na** #1,,,, level lies approximately 750 cm ™' below the
Ho’* °F, state. This may allow energy transfer from the hol-
mium to the neodyminm 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, 1% Né):YAG. The lifetime of the N&** *F;,
was determined in 1% Nd:YAG and in (10% Ho, 1%
MNd}:YAG. These data are listed in Table 1. The drastically
lower lifetimes of the Ho®* °7, and Nd** *F;, levels in the
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doubly doped material indicate that very strong interactions
occur between the holmium and neodymium ions in this
crystal.

The entries in Table I were obtained by exciting fleores-
cence in the crystals with a frequency-doubled, @-switched
Nd:YAG laser operating at 532 nm. Wavelength selection
was accomplished using a 0.275-m monochromator, and the
fluorescence decay was detected with a cocled InSh detector
whose response time was < ! gs. The monochromator was
calibrated with the 1.064-um emission from a Nd:YAG la-
ser, and the instrumental bandwidth was found io be

+ 0.003 pem. A digital processing oscilloscope recorded the
fluorescence signals, which were then transferred to an
HP9%825A 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
plottad 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 aud
Ho'* in Ho:YAG and N&’ & in Nd:YAG.

State Material Lifetime (ps)}
5F, of Ho't 15% Ho:YAG 47+ 3
°I, of Ho* (10% Ho, 1% Nd):YAG 41 3
SE of Ho® 159 Ho:YAG 5500 4~ 500*
ST, of Ho't (10% Ho, 1% Nd):YAG 170 + 10
F,,of N&*? 1% N&:YAG 237+ 10
Sy of N&*T (10% Ho, 1% Nd):YAG 8.5+ 0.8

“These entries are the initial /e decay time of a process which does not
appear to have 2 single exponential decay rate.

the Nd** *F, , decay in (Ho, MNd}:YAG is nonexponential,
exhibiting 2 continuous curvature. This continuous change
in the decay rate of the flucrescence was followed out to
beyond 200 us by using appropriate delays on the oscilio-
scope. The value given for the decay time in Table I is the
initial 1/e decay time. This behavior was observed from
1.064 and 1.335 gm emission, which both originate from the
*F,,, level. The decrease in the W™ lifetime is evidence of
significant energy transfer from N&’* 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 °F, lifetime was
reduced by a factor of 30 or more, as shown in Table I. The
decay of Ho®* °F, 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 ifetime 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 s full
width at half-maximum. Due to the short upper level life-
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FIG. 2. Log of finorescence signal decay vs time for the 1.06-xm 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 grown using the Czochraiski
technique. A rod 6.35 mm in diameter and 70 mm in length
was used, aithough the pumped rod length was 64 mm. The
input energies in Fig. 3 represent energy input to the lamps,
corrected for the mismatch between arc and pumped rod
lengths. The rod was prepared with flat, 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 gm
was used in conjunction with an enhanced silver total reflec-
tor designed for 100% reflection at 2.94 um, simuitanecus
lasing was observed at 2.940, 3.011, and 1.064 um (all are
=+ 0.003 pm), with the output energies indicated in Fig. 3. A
temporal shift of the lasing from 2.940 t0 3.011 pm was ob-
served. This is simifar to that reported by Soviet researchers
for Ho®* and Er'™ in other hosts.”® The 2.940-um lasing
always precedes the 3.01 l-ymm transition in time. Due to the
fonger 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 #m has not previously been reported in YAG.

For comparison, in 15% Ho:YAG, only the 3.011-um
emission was obtained, and all lasing ceased pricr to the peak
of the pump puise. This is in contrast to the (Ho, Nd): YAG,
where 3.011 pm emission switched on near the end of the
2.940-pm 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 § input to the iamps (340 J corrected for length
mismatch). This was significantly more than could be 6b-
tained from a longer and higher quality laser rod of 15%
Ho:Y AG operated under identical conditions.

More unusual lasing properties were found when the
2.54-um output coupler was replaced with a mirror which
bad a reflectivity of 90% at 1.34 um and 88% at 1.06 um.
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FIG. 3. Long pulse energy out vs energy in for (10% Ho, 1% Nd4):YAG.
The input energy ploited 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 pm and had a transmission of 3% at 1.06
pem. Reflectance at 1.34 i was less than 10%. Circles are combined energy
at 2.940 and 3.011 pm. Squares are cutput energy at 1.064 gm.
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FIG. 4. Laser waveforms for the Nd”* 1.339 and 1.064 gm signals from
{10% Ho, 1% Nd)}:YAG. The upper trace monitors the current pulse to
the flashlamps. The horizontal scale is 50 gs/div in all oscillographs. Wave-
forms at 1.339 {a) and 1.064 zm (b) with 69 J {corrected) input. Vertical
scale is 10 mV/div. Waveforms st 1,339 (¢) and 1.064 pm (d) with 148 J
{corrected) input. ¥Vertical scale is 20 mV /div. Waveforms st 1.339 (e) and
1.064 gm (£) with 207 J {corrected) input. Vertical scale is 50 mV /div.

This mirror combination produced simultancous lasing at
1.064 and 1.339 um. The unique temporal behavicr of this
lasing is itiustrated in Fig. 4. The 1.339-um transition has a
lower threshold than the 1.064-um [see Figs. 4{a) and
4({b}]. Asthe input energy is increased the 1.064-um cutput
rapidly becomes more intense, and the 1.339-um lasing only
occurs at the leading and trailing edges of the 1.064-um las-
ing [see Figs. 4(¢)—4(f)]. This may result from the residual
gbsorption of holmivm at 1.064 yum. Although small, it is
apparently sufficient to alter the threshold condition for the
two transitions, allowing 1.339 zm lasing to occur at low
pump levels. It is possible that at higher inputs the inversion
is large enough to enable 1.064 pm lasing and this transition
then competes successfully with the 1.339-um transition for
the inversion.
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When the total reflector was changed to one which had a
maximuom reflectivity at 1.34 gm and R < 40% at 1.06 uym,
only 1.33% um lasing was observed with no tempcral break-
up of the pulse. The maximum energy out of the rod ar £.339
pm under these conditions was 260 ml.

In this initial work, no attempt was made to optimize
any of the parameters involved (o 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 increass
lasing performance. Work is in progress to understand the
ion-ion interactions in this material. Such multiple wave-
fength lasers have potential for medical, military, and scien-
tific applications.

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