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Passive Q switching of the Er 31:Y3Al5O12 laser at 1.64 mm
Marly B. Camargo,a) Robert D. Stultz,b) and Milton Birnbaum
Center for Laser Studies, University of Southern California, DRB 17, University Park, Los Angeles,
California 90089-1112

~Received 24 October 1994; accepted for publication 13 March 1995!

Saturable-absorber Q switching of an erbium-doped Y3Al5O12 ~YAG! laser at 1.64mm using
U21:SrF2 and U21:CaF2 was demonstrated. The Er:YAG was longitudinally pumped using
free-running 1.534mm Er:glass laser. Q switched 1.64mm pulses of 1.7 mJ and 25 ns pulse width
were obtained. ©1995 American Institute of Physics.
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Q-switched, eyesafe lasers have important applicatio
in remote sensing, lidar, and eyesafe rangefinding. Satura
absorbers provide a simple, low-cost option for Q switchin
but only in the last year have significant advances been m
in passive Q-switch technology for this wavelength regio
Several new saturable absorber Q switches for the 1.5mm
Er31:glass laser have recently been reported,1–3 and we now
show that some of these Q-switch materials can be used w
the 1.64mm Er:YAG laser. Excellent results are expecte
with cobalt-doped garnet crystal Q switches,3 where prelimi-
nary trials have been favorable.

In some respects Er:YAG is advantageous in comparis
to Er:glass. The 1.64mm Er:YAG laser is a quasi-four-level
laser because of the large splitting of the ground-sta
(4I 15/2) manifold, whereas Er:glass is a three-level las
Er:YAG has a thermal diffusivity of over an order of magn
tude larger than that of glass.4 Er:YAG could be a good can-
didate for applications requiring high average power.

The Er:YAG laser crystal was longitudinally pumpe
with a free-running 1.534mm Er:glass laser. This procedure5

directly populates the upper energy level manifold (4I 13/2) of
the 1.64mm laser transition and, therefore, minimizes th
amount of heat deposited in the YAG crystal. The Er:YA
crystal was grown at the Crystal Products Division of Unio
Carbide6 and fabricated into a 0.25 in.33 in. rod. The crystal
was doped with 15% of ytterbium as well as 0.3% of erbium
by atomic weight. The ytterbium ions did not affect the 1.6
mm laser, since only the erbium upper laser level w
pumped~this crystal is herein named simply Er:YAG!. The
1.64mm resonator configuration used is shown in Fig. 1. T
1.534 mm Er:glass laser beam was focused inside t
Er:YAG rod with a115 cm focal length lens to obtain an;1
mm diam beam waist. The folded resonator cavity of Fig.
was chosen in order to prevent pumping of the passive
switch by the Er:glass laser at 1.534mm. A longitudinally
pumped, unfolded arrangement could be designed by usin
normal incidence dichroic coating to reduce or eliminate 1
mm pumping of the saturable absorber. The intracavity15
cm focal length lens concentrated the 1.64mm light in the
Q-switch crystal. A 97% reflective output mirror at 1.64mm
was used.

a!On leave of absence from the Brazilian Institute of Energetical and Nucl
Research~IPEN/CNEN/SP! under a~grant! fellowship from CNPq/RHAE,
Brazil.
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Two different Q-switch materials~divalent uranium ions
in SrF2 and CaF2) were used. Our identification of the U21

ion in these crystals was made according to Hargreaves.7,8

The Er:YAG laser wavelength is well off the peak of the
absorption for both materials~see Fig. 2!. A 2.5 mm thick
U21:SrF2 Q switch produced pulses with full width at half-
maximum~FWHM! pulse widths of 88–140 ns@Fig. 3~a!#.
The internal~saturable! small-signal transmittance of this Q
switch was 92% at 1.64mm.

The best results were obtained with a 4.0 mm thick
U21:CaF2 which produced 1.7 mJ, 25 ns~FWHM! pulses
@Fig. 3~b!#. The internal transmittance of the U:CaF2

Q-switch was 83%. A U:SrF2 Q-switch with a similar trans-
mittance is expected to produce the same or even better r
sults than those with the U:CaF2 Q-switch. However, only a
2.5 mm thick U:SrF2 crystal are available.

Figure 4 shows the temporal relationship between th
Er:glass pump laser pulse and the output pulse~both
Q-switched and free-running! of the Er:YAG laser with the
U:CaF2 Q-switch. These pulses were recorded using a Jud
son ~J16 series! germanium photodiode detector and a Tek-
tronix TDS-540 digital oscilloscope. The free-running
Er:YAG output was observed with the U:CaF2 Q switch re-
moved, but with the same Er:glass laser input energy.

The efficiency of the U:CaF2 Q-switched Er:YAG output
relative to the free-running Er:YAG output was about 30%
However, the pump-to-laser output efficiency~1.64mm out-
put divided by absorbed 1.534mm pump energy! was only
about 1.5%, for the free-running Er:YAG. There are severa
factors which may account for this observation, including

ear

FIG. 1. Er:YAG laser resonator.
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~1! a poor spatial overlap between the pump beam and
Er:YAG resonator modes, and~2! large surface-reflection
losses, resulting from uncoated components in the reson
The Er:YAG rod, and the uranium-doped Q switches we
uncoated.

Prior experiments using a 1 cmlong, 0.5% concentration
Er:YAG crystal ~pumped with Er:glass! with an output cou-
pling of 5%, have yielded a threshold absorbed 1.5mm en-
ergy of 10 mJ, and a corresponding 1.64mm slope efficiency
of 40%.5 The same 1 cm crystal did not produce lasing in t
present cavity with the passive Q switches probably beca
of insufficient gain. We anticipate that with a properly d
signed system, similar efficiencies could be achieved wit
passively Q-switched Er:YAG laser.

The rate equations for a slowly relaxing saturable a
sorber Q switch are given in Ref. 2. Laser threshold~at a
time t0 prior to the Q-switched photon pulse! is achieved
when the gain just exceeds the losses~including those of the
saturable absorber!. At this point, the rate of growth in pho
ton population (df/dt) t5t0

is small. For Q switching to oc-
cur, the absorber must then saturate faster than the gain.
condition is given mathematically by:9

FIG. 2. Absorption spectra of U21:CaF2 and U21:SrF2 near 1.64mm.
Appl. Phys. Lett., Vol. 66, No. 22, 29 May 1995
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d2f

dt2 U
t5t0

.0, ~1!

wheref is the ~time-dependent! photon population of the
resonator cavity. Using the inequality~1!, and Eqs.~2!–~4!
from Ref. 2, it is relatively straightforward to derive the fol-
lowing condition for passive Q switching:

sa.g
Aa

Ag
sg , ~2!

wheresa , sg are the effective Q-switch absorption and la-
ser stimulated-emission cross sections, andAa , Ag are the
transverse laser beam areas in the Q switch and laser-activ
crystals, respectively. The constantg is equal to 1
1g2 /g1 for a three-level laser, whereg2 , g1 are the upper,
lower laser energy level degeneracies. In the case of a quas
four-level laser, such as Er:YAG,g'1.

We have measured room-temperature5I 5 fluorescence
~;2.6 mm! lifetimes of 25 and 5ms for U21:SrF2 and
U21:CaF2. Assuming that all of the U

21 ions pumped by the
1.64 mm, decay back to the5I 5 metastable level, then the

FIG. 4. Temporal relationship between Er:glass~1.534 mm! pump and
Er:YAG ~1.64mm! output. Both Q-switched~with U:CaF2) and free-running
~Q-switch removed! Er:YAG pulses are shown.
FIG. 3. Sample Er:YAG Q-switched output pulses with~a! a 2.5 mm thick U21:SrF2 Q switch, and~b! a 4.0 mm thick U21:CaF2 Q switch.
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absorption relaxation lifetime is at least as long as the flu
rescence lifetime, and the slowly relaxing absorber theo
applies.

The absorption cross sections of U21:SrF2 and
U21:CaF2 were obtained from saturation fluence
measurements.2 Both materials have the same cross sectio
at 1543 nm~7310220 cm2), within experimental error. As-
suming a homogeneous broadening of the U21 absorption
feature at 1.5mm, the cross section should vary with wave
length proportionately with the measured absorption coef
cient. Using the absorption spectra from Fig. 2, and the me
sured cross section at 1543 nm, the cross sections at 1.64mm
should be about 3.2 and 2.7310220 cm2, respectively, for
U21:SrF2 and U21:CaF2. The stimulated emission cross
section5 for the 1.64mm Er:YAG laser transition is about
1.9310220 cm2. The condition ~2! implies that with
Aa /Ag51, Q switching is barely feasible without intracav
ity focusing sincesa /sg'1.5. For efficient Q switching,
focusing is required such thatAg@Aa .
2942 Appl. Phys. Lett., Vol. 66, No. 22, 29 May 1995
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In conclusion, we have shown that efficient passive Q
switching can be obtained for the 1.64mm Er:YAG laser
using U21:SrF2 and U21:CaF2 saturable absorbers.
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