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We measured the bulk optical damage thresholds of pure and Nd-doped ceramic yttrium aluminum gar-
net (YAG), and of pure, Nd-doped, Cr-doped, and Yb-doped crystalline YAG. We used 9.9ns, 1064 nm,
single-longitudinal mode, TEMy, pulses, to determine that the breakdown thresholds are deterministic,
with multiple-pulse thresholds ranging from 1.1 to 2.2kJ/cm?. © 2009 Optical Society of America
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1. Introduction

Crystalline yttrium aluminum garnet (YAG) has long
been an important laser host material because of its
high thermal conductivity and high optical-damage
threshold. Recently ceramic YAG has been developed
to supplement crystalline YAG. It has advantages in
fabrication of large amplifiers as well as in achieving
high doping levels and variable doping profiles.
There is little or no reduction in thermal conductivity
or optical quality for the ceramic. It is of interest to
compare its damage threshold with crystalline YAG.
It also desirable to obtain reliable absolute values for
the intrinsic damage thresholds of both materials.
Damage thresholds of undoped and 0.7% Nd-doped
ceramic YAG have been reported by Bisson et al. [1].
They used 4ns pulses of 1064nm light to measure
single-pulse damage and to find a statistical damage
threshold at a fluence approximately 1/3 that of
fused silica. However, their laser operated on multi-
ple longitudinal modes, and this is known to produce
a statistical variation of the apparent threshold [2].
In addition, the beam quality was relatively poor,
with M? = 2. They report damage threshold fluences
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140.3330, 140.3530, 140.3615, 260.5950.

of 100 & 10J/cm? for undoped ceramic and undoped
crystalline YAG, and 110 4+ 10J/ecm? for Nd-doped
ceramic and crystalline YAG. They attribute the ob-
served statistical nature of breakdown to a statistical
distribution of impurities in the samples, because the
electron avalanche leading to optical breakdown was
thought to start from seed electrons liberated from
impurities.

Zelmon et al. [3] reported multiple-pulse damage
thresholds for ceramic YAG by 8ns pulses of
multilongitudinal-mode, 1064 nm light. Their sam-
ples were doped 0-8% with Nd. They reported
damage threshold irradiances of 50GW/cm?
(400 J /cm?) for doping levels 4% and less. At 8% dop-
ing, the crystal transparency was diminished, and
the damage threshold was a factor of five lower.

Kamimura et al. [4] measured bulk damage
thresholds for Nd-doped ceramic YAG using 8ns,
1064 nm pulses. They claimed high-quality ceramic
YAG has a damage threshold equal to crystalline
YAG and approximately half that of silica. They
did not report a dependence on doping level.

We have applied the techniques we developed for
precise measurements of the damage threshold of
silica [2] to measure damage thresholds of crystalline
and ceramic YAG, and we find quite different behav-
ior. We find that damage is deterministic rather than

20 June 2009 / Vol. 48, No. 18 / APPLIED OPTICS 3509



statistical for all of our YAG samples. Like silica,
there is a well-defined single-pulse damage thresh-
old. However, unlike silica, there is also a cumulative
damage effect that leads to a reduced threshold for
multiple pulses. Nevertheless, for any specific num-
ber of pulses there is a well-defined, deterministic
damage limit. We find that undoped ceramic YAG
has a higher threshold than undoped crystalline
YAG. We also observe a substantial variation of
thresholds for different dopants. We measure da-
mage fluences substantially larger than those of
Zelmon et al. [3] or Bisson et al. [1], with the lowest
multiple-pulse limit being 1100 J/cm? for Nd-doped
ceramic YAG.

2. Experiment

Our measurement technique was described in detail
in an earlier publication [2]. Briefly, we use single-
longitudinal and transverse mode pulses focused to
a small waist located well behind the front face of
the sample. This prevents surface damage and also
minimizes the influence of self focusing and stimu-
lated Brillouin scattering (SBS), both of which
depend on full beam power rather than the irradi-
ance at the focus, and both of which can complicate
the measurement of intrinsic damage thresholds.
Damage is detected by a sudden, large loss in trans-
mission of the 1064 nm beam, by a flash of white light
emitted from the breakdown plasma, and by scat-
tering of a He—Ne laser probe beam that overlaps
the path of the 1064 nm beam. Fast vacuum photo-
tubes record the incident and transmitted pump
beams, a photomultiplier tube records the white
light, and a white screen displays the transmitted
He-Ne probe beam.

For the YAG measurements presented here, a fast
shutter is used to pass a preselected number of
pulses from the 10 pulses-per-second (pps) laser. We
varied the pulse energy using a half-wave plate and a
high-energy polarizer. The beam profile was nearly
perfect TEM,,, and the polarization was linear. The
samples were mounted on a translation stage with
5 ym lateral resolution and 50 nm longitudinal reso-
lution. The pulse duration was 9.9 ns FWHM. We fo-
cused the beam to an 8.1um waist (radius at 1/e?
irradiance) in the sample using a 25 mm focal length,
best form lens, with antireflection coatings on both
surfaces. Surface third harmonic was used to charac-
terize the focus and also to position the sample input
surface 3.7 mm in front of the beam waist. Damage
locations were laterally separated by 600-800 ym.

We purchased our single-crystal YAG samples
from United Crystals Co. They were cut for propaga-
tion of the light beam along the (111) crystallo-
graphic direction. This is a commonly used cut for
YAG lasers. The ceramic YAG was purchased from
Baikowski USA. Its micro crystalline grains are ran-
domly oriented, with a mean size of 10—20 ym. The
Rayleigh range of the focus was 350 um so the focus
spanned many such grains. The doping levels are
0.7% for Nd (ceramic and crystalline) and 8% for
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Yb, while the Cr-doped sample is sold as a passive
@ switch with a 0.2% (atomic) doping.

3. Results

All of the tested samples exhibited distinctly differ-
ent single-pulse and multiple-pulse damage thresh-
olds, as shown in Fig. 1. For example, in undoped
crystalline YAG the single-pulse damage threshold
fluence was approximately 1400J/cm? At fluences
of 1360-1400 J /cm?, the sample always damaged on
the second pulse, while at 1316 J/cm? the crystal da-
maged on either the third or fourth pulse, and at
1184 J/cm? an unlimited number of pulses failed
to cause damage. Figure 2 shows the time of break-
down versus fluence as the fluence is increased
from the single-pulse threshold of 1400J/cm? up
to 2200J/cm?. As the fluence increases, the onset
of damage occurs progressively earlier in the pulse.
In contrast, breakdown in the multiple-pulse range
always occurs near the peak of a pulse, never on
the trailing edge. Qualitatively similar behavior
was observed for all samples but at differing fluence
levels. We found no variation of the damage proper-
ties in the crystalline samples when the polarization
direction of the linearly polarized light was varied re-
lative to the crystallographic axes. All of the fluences
shown in Figs. 1 and 2 are uncorrected for self focus-
ing. We discuss this correction below.

Clearly, the samples accumulate some sort of ma-
terial modification before actual breakdown for flu-
ences lying in the multipulse threshold zone. This
modification appears to be permanent because the
multiple-pulse thresholds do not depend on the pulse
repetition rate over the range 10 to 0.01 pps. We no-
tice a slight, progressive reduction in transmission of
the 1064 nm light associated with this accumulation.
However, we can find no indication of it by examina-
tion with a phase contrast microscope, nor is there
noticeable change in the mode profile of the trans-
mitted He—Ne probe beam.

Damage morphology is similar to that in silica. For
a pulse energy slightly above the single-pulse thresh-
old, damage occurs along a thin line centered on the
focal waist and has a length of approximately 1/3 the
Rayleigh range. When the pulse energy is increased
by 30%, the damage is further extended by approxi-
mately another 1/3 of the Rayleigh range, but only in
the upstream direction.

The white light emission from the breakdown plas-
ma is also similar to that in silica, with a prompt
20-30ns pulse and a much longer and weaker tail.
The white light time profiles are reproducible,
and are slightly different for crystalline and ceramic
samples.

Such deterministic damage with different fluence
thresholds for different numbers of pulses is similar
to that reported by Maldutis [5] for K8 crown glass
damaged by nanosecond pulses at 1064 nm, and by
Mero et al. [6] for TayO5 films damaged by femtosec-
ond pulses at 800 nm.
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Fig. 1. Number of pulses required to damage various YAG samples

fluences are not corrected for self focusing.

The high Yb doping concentration (8%) in our

Yb-

doped crystals evidently creates substantial internal
stress because the small fractures produced by opti-
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versus the single-pulse fluence for 9.9 ns, 1064 nm pulses. These

cal damage grow within a few hours to extend
throughout the crystal. Our measurements were
made quickly, before the fractures grew significantly.
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Fig. 2. Time of single-pulse breakdown in crystalline, undoped
YAG relative to the center of the pulse (time = 0) as a function
of peak onaxis fluence. These fluences are not corrected for self fo-
cusing.

There is some spread in the lowest damage threshold
for these crystals. Crack growth does not occur in the
other samples.

The Cr-doped samples absorb 1064 nm light due to
a Cr** absorption cross section of 5 x 10718 cm? and a
doping density of approximately 3 x 107 cm~3, How-
ever, this absorption is strongly bleached even by the
minimum damage threshold photon fluence of 8x
102! cm~2. Bleaching is known to be polarization de-
pendent [7], but this effect is minimized by orienting
the crystal for propagation along the (111) crystallo-
graphic direction.

4. Analysis

Two effects that must be accounted for when analyz-
ing bulk damage threshold measurements are self -
focusing and SBS.

A. Self-Focusing Correction

As is well known, there is a critical self-focusing
power for a Gaussian beam, defined by

~0.14822

= 1
73SF nny ) ( )

where n, is in units of m?/W. Adair et al. [8] reported
that ny of fused silica is 3.18 £+ 0.15times smaller
than that of crystalline YAG for linearly polarized,
1064 nm light. Their method excluded electrostric-
tive contributions to n,. Based on the accepted value
of the Kerr contribution to ng for silica of
2.23 x 1072°m? /W, this implies a Kerr contribution
to the nonlinear index of YAG equal to
6.7 + 0.6 x 1072 m? /W. This corresponds to a critical
self-focusing power of 1.4 MW for linearly polarized,
1064 nm light.
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However, our relatively long 9.9ns pulses and
small focal waist do allow electrostrictive contribu-
tions to ngy, so we will estimate this contribution.
The electrostrictive portion of ny satisfies [9]

d 2
7 aﬂ(pd’;> , @)

where f is the compressibility of YAG. The compress-
ibility ratio of silica to YAG is of order unity, and, ac-
cording to Wexler [9], the value of the quantity in par-
entheses is —0.01 for YAG, compared to 0.32 for fused
silica, so the electrostrictive n, is roughly a factor of
1000 smaller for YAG than silica. Considering that
electrostriction accounts for only 20% of n, in silica,
we can safely ignore its contribution for YAG.

We must also take into account the anisotropy of
ny. The crystal structure of YAG is cubic with point
group m3m. In crystals of this symmetry, the Kerr
contribution to ns for linearly polarized light is
independent of polarization direction for light prop-
agating along the (111) direction [10], if we assume
Kleinman symmetry, which asserts ;((-?’) = ;(@-.

gl — Ay

Further, under Kleinman symmetry the relative con-
tributions to ng from yyy, and x&i’:}cx are 3 to 1. These
two contributions are individually independent of
the polarization direction. If ){x?cxx [xixyy = 3, the con-
tributions are equal and the Kerr response is identi-
cal for all propagation angles, making self focusing
identical in all directions for all polarization direc-
tions, just as in an isotropic medium such as fused
silica. Evidently this 3:1 ratio is nearly correct. Ac-
cording to Owyoung [11] the self-focusing critical
power for light polarized along the [100] direction
is 96% of that for light polarized along [110]. Assum-
ing Kleinman symmetry, this ratio implies ;(,ii;x /
)(J(c:jcg/y =3.26 +0.10. We conclude that the critical
self-focusing power should depend only weakly on
the propagation and polarization directions, and
ng = 6.7x10720m? /W should apply to randomly-
oriented crystals as well as crystals oriented for
(111) propagation.

For a deep focus the irradiance at the highest irra-
diance point is increased by self focusing according to

I,

[=— 0
1-P/Psr

(3)

With this self-focusing correction integrated over the
Gaussian temporal profile, the ceramic single- and
unlimited multiple-pulse YAG threshold fluences
of 2500 and 1550J/cm? increase to 2860 and
1690J/cm?. Similarly, the two fluences for crystal-
line YAG increase from 1400 and 1180J/cm? to
1505 and 1250J/cm?.

The small absorption mentioned above in connec-
tion with multiple-pulse damage could also cause self
focusing. If it were due to linear absorption over the
full length of the beam, this thermal self focusing
would affect the focus if the absorption coefficient



were greater than 1cm™!. In fact, the absorption is
probably confined to a region within one Rayleigh
range of the focus, in which case the self-focusing ef-
fect is minimized. Our analysis of thermal lensing in-
dicates that it should not significantly affect the
damage thresholds we are reporting.

B. SBS Threshold

For a Gaussian profile beam focused deep in the sam-
ple, there is a well-defined SBS threshold power,
Psps- In silica we measured Pgpg = 0.85 MW for
an 8ns pulse of 1064 nm light. The threshold power
should scale as 1/gg, where gg is the Brillouin gain
coefficient that accounts for the pulse duration and
acoustic lifetime. The physical mechanism responsi-
ble for SBS is the same one responsible for the
electrostrictive contribution to ngy, so we anticipate
a much higher SBS threshold for YAG than silica.
The SBS gain coefficient satisfies [12]

_ kskansnpp/2

8B = (4)

2¢cpv,I'p

where subscripts a, s, and p refer to acoustic, Stokes,
and pump waves, respectively, v, is the acoustic ve-
locity, and I' is the acoustic decay rate. The p’ is the
longitudinal elasto-optic coefficient, which is 0.01 for
YAG and 0.27 for silica [13]. Similar values for these
coefficients were used by Wexler [9] to compute the
electrostrictive contribution to ny, presented above.
We conclude that Pgpg is approximately 1000 times
larger in YAG than in silica, assuming the net con-
tribution from the other factors in gg is of order unity.
We conclude that the SBS threshold for YAG should
be far higher than its damage threshold powers. In
fact, we monitored the beam reflected from our sam-
ples, looking for evidence of SBS, but observed none
throughout our YAG damage studies. This method
gave a clear SBS signal for silica.

5. Damage Mechanism

Damage by nanosecond light pulses is usually attrib-
uted to a combination of multiphoton ionization and
avalanche ionization caused by heating of conduction
band electrons by the optical electric field. If the free
electron density reaches approximately 2 x 108 ym™3,
the plasma frequency equals the optical frequency
and the sample becomes highly absorbing. The de-
posited energy melts and fractures the material.
The growth of conduction band electrons is often
be modeled by a rate equation of the form

d
d—rtl:,ﬁlk+anl—;, (5)

where f is a multiphoton ionization coefficient for six
photon ionization (the band gap of YAG is approxi-
mately 6.5eV), a is an electron avalanche coefficient,
and 7, is an electron recombination lifetime.

Such a model can successfully account for the data
of Fig. 2 by using a recombination time of approxi-

mately 3ns and nearly equal contributions from
multiphoton and avalanche ionization. However, this
model does not account for the long-lived damage
that accumulates over multiple pulses in multiple-
pulse breakdown, so additional physical processes
must be involved. Mero et al. [6] found similar
multiple-pulse behavior for femtosecond damage of
dielectric thin films. They ascribed the cumulative
damage to populating a limited number low-lying,
long-lived, self-trapped exciton states that ionize
more readily than the valence electrons. They suc-
cessfully modeled measured damage behavior using
picosecond decay rates for conduction band electrons
into these levels. This rate was comparable to that for
decay into the valence band, so a substantial fraction
of the electrons were liberated by photoionization/
avalanche decay into these states. The trapped-state
population builds up over many pulses until it fills
nearly all the available traps. This saturation of the
trap population is associated with the limited thresh-
old reduction for multiple-pulse damage, compared
with single-pulse damage. Clearly, in YAG there
must also be some sort of long-lived states that are
populated by the sub single-pulse threshold pulses.
However, lacking independent evidence for the exis-
tence and nature of these states, we have not at-
tempted to construct such a rate equation model.

Another striking feature of our results is that un-
doped ceramic YAG has a substantially higher dam-
age limit than undoped crystalline YAG. As we
discussed above, this cannot be accounted for by dif-
ferent self focusing or SBS properties. It could be due
to higher breakdown thresholds for crystallite orien-
tations different from the (111) direction of our crys-
talline samples. However, such variations should
lead to considerable scatter in the damage limits for
ceramic samples due to the limited number of crys-
tallites in the focal volume. We do not see such
variations from one location to another. The only rea-
sonable explanation seems to be that the nature of
the long-lived states or the rates for ionization and
recombination are markedly different in the two ma-
terials, but that they are quite homogeneous across
the crystallites in ceramic YAG.

In conclusion, the damage threshold of YAG is
nearly five times lower than the threshold for silica,
a larger difference than the factor of two found by
Zelmon et al. [3] and Kamimura et al. [4]. Further,
the considerable variation in YAG damage threshold
with doping is a new observation.
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