IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 15, NO. 1, JANUARY/FEBRUARY 2009

153

Optical Damage Limits to Pulse Energy From Fibers
Arlee V. Smith, Binh T. Do, G. Ronald Hadley, and Roger L. Farrow
(Invited Paper)

Abstract—The irradiances or fluences encountered in pulsed
fiber lasers and amplifiers are sometimes high enough to destroy
the fiber. The ultimate limit is set by the intrinsic damage threshold
irradiance of doped silica. Other nonlinear processes such as selffocusing and stimulated Brillouin scattering are also important.
We present here the results of our measurements of the damage
threshold, and of our analysis of how self-focusing and Brillouin
scattering influence the power limit.
Index Terms—Optical fiber amplifiers.

I. INTRODUCTION
ANY applications of picosecond and nanosecond pulsed
fiber amplifiers and lasers benefit from the highest possible pulse energies or powers, so it is worth exploring the ultimate power limits imposed by optical damage, self-focusing,
and stimulated Brillouin scattering (SBS).
Maximizing the power/energy from pulsed fiber amplifiers
forces designs in the direction of large mode areas and short fiber
lengths. This maximizes the stored energy while minimizing the
peak irradiance, and thus, the likelihood of optical damage. It
also helps avoid the unwanted nonlinear processes of SBS and
stimulated Raman scattering (SRS). In this paper, we provide
a quantitative analysis of the limits imposed by self-focusing
and optical damage in these fibers, and we discuss the role SBS
might play in power limiting.
The literature contains several reports of multimegawatt
power from passive picosecond fibers [1], and from nanosecond
fiber amplifiers [2]–[6]. One paper [6] reports 4.5 MW peak
powers, a power that approaches the expected self-focusing
power for 1064 nm light in silica. Other papers report 27 mJ
in 50 ns and 9.5 mJ in 4 ns from a 200-µm-diameter fiber [2];
1 mJ, 1 ns pulses from a 41-µm-diameter core [3]; 2 MW in
7 ns pulses from a 35-µm-diameter core [4]; and 1.2 MW,
1.1 ns pulses from a 65-µm-diameter core [5]. Each of these
cases imply fluences that match or exceed commonly cited damage fluences for silica [7]–[11].
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Fig. 1. Bulk damage threshold fluence of silica versus the pulse duration of
1064 nm light. The two data points are our measured values for 7 ns and 14 ps.
The solid curve corresponds to the rate equation model given by (1), the dashed
curve corresponds to the rate equation of Mero et al. [13] for 800 nm light, and
the vertical bar corresponds to the dc breakdown threshold of Yasue et al. [14]
scaled to the optical frequency of 1064 nm light.

II. INTRINSIC DAMAGE THRESHOLD
Clearly, from the results just cited, silica damage thresholds
for nanosecond pulses must be reexamined. In a recently completed study [12], we remeasured the intrinsic damage threshold
of silica, and find it coincides with the highest value in all previous reports, and it is a factor of 50 higher than in the papers
cited earlier. We can summarize our results by stating that the
damage process for nanosecond and shorter pulses is an electron
avalanche that is well modeled by the following rate equation
governing the growth of free electrons
n
dn
= βI k + αIn −
dt
τr

(1)

where n is the free electron density, β is the multiphoton
ionization cross section, I is the irradiance, k is the number of photons required to ionize the material, α is the electron avalanche coefficient, and τr is the electron recombination lifetime. Approximate values for 1064 nm light are β =
2 × 10−19 µm13 /W8 ·s, α = 8.3 × 108 µm2 /J, and τr = 250 fs.
Damage is assumed if n exceeds 2 × 108 µm−3 at any time
during the pulse. At this electron density, the plasma frequency
nearly equals the optical frequency, so the incoming light is absorbed in less than 1 µm. The deposited energy is sufficient to
melt or fracture the glass. Our measured and modeled thresholds
for different pulse durations are plotted in Fig. 1. Corroborative
evidence from femtosecond–picosecond studies with 800 nm
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pulses [13], and from the dc breakdown threshold [14] are also
included in the figure.
For pulses much longer than τr (τ > 50 ps), damage occurs
at a nearly constant irradiance of 4.75 kW/µm2 . This makes the
threshold fluence linear in τ for pulses longer than 50 ps. For
shorter pulses, the avalanche evolves more slowly than the pulse
envelope, so the threshold fluence lies above the line extrapolated from long pulses.
Our damage threshold measurements are made in pure silica.
We do not know the precise influence of Yb3+ or other dopants
on the damage threshold, but preliminary evidence from studies
in our laboratory indicate that Yb doping does not noticeably
lower it.
III. SELF-FOCUSING IN FIBERS
To determine whether the peak fluence exceeds the damage
threshold we must know how self-focusing affects the mode
profile. At high irradiances, the refractive index is altered by the
addition of a nonlinear contribution
n = n◦ + n2 I

(2)

where n◦ is the refractive index at low irradiance, I is the irradiance, and n2 is the nonlinear refractive index, which is usually
positive, leading to self-focusing at high powers. In this paper,
we will assume that n2 is the same in the core and cladding. If
it is not, some details of our analysis must be changed, but the
critical self-focusing power will be unchanged.
We begin by discussing self-focusing of CW beams. Chiao
et al. [15] showed that for a certain critical power, self-focusing
and diffraction can exactly cancel one another in a bulk medium
if the circularly symmetric radial profile of the beam is that of
the Townes soliton. This profile differs slightly from a lowest
order Gaussian [15], [16]. A beam perfectly matching this profile
would propagate without change. However, it is unstable, so in
practice small imperfections grow, destroying the soliton. The
critical power is given by
PSF =

0.148λ2
.
n◦ n2

(3)

The size of the beam can be freely scaled so it has no defined
size [17] but instead is defined by a definite shape and power.
For higher powers, self-focusing overcomes diffraction, causing
the beam to focus to a tiny spot. For lower powers, diffraction
dominates and the beam diverges. Townes solitons are not directly relevant to waveguides, except that we will see the critical
self-focusing power to be exactly the same in fibers as in the
soliton.
Beams that are focused on the input face of a bulk sample, and
that have a radial irradiance profile different from the Townes
soliton, require slightly higher power to self-focus because some
of the power is shed from the core of the beam in the course
of propagating to the self-focusing point. For example, a lowest
order gaussian beam requires a power approximately 2% higher
than PSF to self-focus. However, a gaussian beam focused deep
in a bulk sample, rather than at the input face, requires exactly
PSF to self-focus. Further, PSF completely characterizes the

incipient self-focusing behavior of a deep focus gaussian beam
[12], [17]. For powers lower than PSF , the on-axis irradiance is
enhanced by self-focusing according to the expression
I
1
=
I◦
1 − P/PSF

(4)

where I◦ is the peak on axis irradiance in the absence of selffocusing. For powers exceeding PSF , self-focusing develops
fully, leading to a tiny focal spot and inevitable optical damage.
The question of interest in this paper is how self-focusing
behaves in a fiber. Is the critical power for the lowest order
mode equal to PSF ? Is the on-axis irradiance enhancement still
characterized by (4)? Fibich and Gaeta [16] and Fibich and
Merle [18] showed the critical power in hollow waveguides
is indeed exactly PSF . They used numerical propagation of
continuous-wave (CW) beams, with the mode amplitude forced
to zero at the core walls, to reach their conclusion. We have
applied both beam propagation modeling and fixed power calculations of the lowest order mode to deduce that the same
conclusion holds for unbent fibers with an elevated core index
in the cases of step-index and parabolic-index profiles. We have
also computed the approximate curves for the on-axis enhancement I/I◦ for these fibers, and find that the enhancement due
to self-focusing is more abrupt in fibers than in the bulk as the
power approaches the critical power PSF .
Our propagation model starts by injecting the low-power,
lowest order eigenmode into the fiber and gradually amplifying
it as it propagates. The on-axis irradiance and mode diameter
are computed for each power level. The amplification is gradual
enough that mode mixing is avoided, so the propagating mode
is always the lowest order mode for the corresponding local
power. We also computed the mode profile by iteratively adding
the nonlinear index term to n(r). We used both finite-element
calculations and a mode expansion method. The latter follows
the Bessel function expansion presented by Marcuse [19]. We
separate the field into a radial and azimuthal parts in the form
E(r, φ) = E(r) cos(νφ).

(5)

The radial part of the field must satisfy


ω2
ν2
d2 E(r) 1 dE(r)
2
2
+
n
+
(r)
−
β
−
E(r) = 0. (6)
dr2
r dr
c2
r2
Expanding E(r) in terms of Bessel functions
E(r) =

N


cµ Jν (κµ r)

(7)

µ=1

and confining the functions to an area with radius R, the κµ ’s
are related to the roots of the Bessel function wµ by
κµ =

wµ
.
R

(8)

Choosing a value for the angular frequency ν, the values for
β and cµ are the eigenvalues and eigenvectors of the matrix
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Fig. 2. Mode profile for a fiber with core radius of 30 µm, NA = 0.06, λ =
1064 nm, n 2 = 2.7 × 10−2 0 m2 /W, and power of 0.1 MW (P/PS F = 0.023).

Fig. 3. Mode profile under identical conditions to Fig. 2 except at a power of
4.0 MW (P/PS F = 0.93).

A whose elements are
Aµ  µ

2
= 2 2
R Jν +1 (κµ  R)



R

 2
(ncore (r) − n2clad )

0

 c2 κ2µ
× rJν (κµ  r)Jν (κµ r)dr − 2 δµ  µ .
ω

(9)

The matrix A can be constructed for any circularly symmetric
core refractive index profile n(r) and numerically diagonalized
to find the propagation constant β and the eigenvectors cµ . To
compute the high-power fundamental mode, the nonlinear contribution nnl (r) = n2 I(r) is added to ncore (r) and the mode is
recomputed. Here, I(r) is the irradiance of the last previously
computed fundamental mode. This process is iterated until convergence is achieved.
The modes computed using these three independent methods
are indistinguishable. As an illustration of modal constriction
by self-focusing, Figs. 2 and 3 compare mode profiles in the
same step-index fiber at different powers. At high power, the
mode is confined to the center of the core and barely samples
the cladding, so it is not surprising that the critical self-focusing
power is the same as in the bulk.
We find that for parabolic index profiles with low power
modal areas of 1200 and 570 µm2 , the on-axis enhancement is
reasonably well approximated by
I
1
=
.
I◦
(1 − P/PSF )0.63

(10)

There is only a small difference in the enhancement between
fibers with the 570 and 1200 µm2 modal areas. Other papers give
somewhat different results. For example, Romanova et al. [20]
say the exponent is 0.5 rather than 0.63 in parabolic index fiber.
However, they assume the lowest order mode has a gaussian
profile, which is a poor assumption for large-mode-area fibers.
For step-index profiles with numerical aperture (NA) = 0.06
and core radii ranging from 10 to 60 µm, the on-axis irradiance

Fig. 4. On-axis irradiance enhancements due to self-focusing computed for a
straight fiber with a step index and NA = 0.06 (triangles), and a parabolic-index
profile (diamonds), along with the approximate scaling curves given by (11) for
the step index and (10) for the parabolic index (solid curves). For reference, the
dashed curve is the self-focusing enhancement for a bulk sample given by (4).

enhancement is approximated by
I
1
=
I◦
(1 − P/PSF )0.46

(11)

again with only small differences for the different core sizes.
Fig. 4 compares the on-axis irradiance enhancement for stepindex and parabolic-index fibers with the enhancement in bulk
samples with deep focusing. Clearly, the onset of self-focusing
is more abrupt in the waveguides than in the bulk. We did not
study step-index fibers with other NA values, but 0.06 is typical
of large-mode-area fibers. We have described a self-focusing
calculation applicable only to straight fibers, but we find using
the finite element and propagation methods that there is no
substantial difference between bent and straight fibers [21].
In Fig. 5 we show the on-axis irradiance versus power for
step-index fibers of different core sizes, all with NA = 0.06.
Plotting the powers at the intersection of each curve with
our measured damage threshold of 4.75 kW/µm2 gives the
damage-limited curve of Fig. 6. For cores with radius smaller
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A. Mode Stability at High Power

Fig. 5. On-axis irradiance versus power for straight, step index fibers with
core radii 10-60 µm, NA = 0.06, n c o re = 1.45, λ = 1064 nm, n 2 = 2.7 ×
10−2 0 m2 /W. The silica damage threshold is approximately 4.75 kW/µm2 .

One idea for exceeding the power limit PSF is to use higher
order modes. For example, the LP11 mode contains two lobes.
If the power in each lobe can approach PSF , we could double
the power limit. Modes with N lobes could transmit powers
approaching N PSF . Computing the mode profiles using the iterative mode calculation method described earlier indicates that
this approach is promising. However, it does not address the
issue of mode stability. That can be studied using the beam
propagation models. We find that the two-lobed mode is unstable. Slight upsets to the balance in power in the two lobes tend
to grow, with the power oscillating between the modes, until
eventually all of the power is in the single lobe of the lowest
order mode where it remains. This instability of higher order
modes has been noted in other reports. For instance, Romanova
et al. [20] found that the LP02 mode of a double-moded fiber
decays into the lowest radial mode in presence of Kerr nonlinearity. Further, they stated that the decay occurs over a shorter
distance for higher powers. We add the observation that vortex
modes are likewise unstable against decay to the lowest order
mode. They first form a number of lobes with the number depending on the vortex charge [25], then these lobes coalesce
into the single lobe of the lowest order mode. Evidently, only
the lowest order mode is stable at high power, so one cannot
exceed PSF using such mode engineering. Konorov et al. [26]
experimentally found evidence of a decay of high-order modes
into the lowest order mode in a gas-filled, hollow core, photonic
crystal fiber.

Fig. 6. Damage-limited power versus core radius for straight step-index fibers
with numerical aperture of 0.06, n c o re = 1.45, n 2 = 2.7 × 10−2 0 m2 /W.

IV. SBS CONTRIBUTION TO DAMAGE
than 30 µm damage occurs at power levels well below
PSF so the maximum is not much affected by self-focusing.
For larger cores, the influence of self-focusing is apparent,
and there is relatively little benefit from increasing the core
size.
The dominant contribution to n2 in silica comes from the Kerr
effect [22]. It is instantaneous on the ns-ps time scale, and for
linearly polarized light, it contributes 2.2 × 10−20 m2 /W (corresponding to PSF = 5.2 MW). For circularly polarized light,
the value is two-third as large (PSF = 7.8 MW). Electrostriction also contributes to n2 , but it takes time to pull material into
the high irradiance region. The electrostrictive contribution is
polarization independent and contributes a maximum of 0.5 ×
10−20 m2 /W to n2 . For pulses longer than approximately
5 ns, electrostriction can contribute fully in a large-mode-area
fiber [23], reducing the self-focusing power to 4.25 MW for linearly polarized light or 5.84 MW for circularly polarized light.
For pulses shorter than 100 ps, electrostriction is negligible.
It is not known whether n2 is affected by Yb3+ doping in
gain fiber, but there is a known time-dependent Kramers–Kronig
contribution to the refractive index that is due to the changing
population inversion during amplification of a pulse [24]. This
causes a slight defocusing of the trailing edge of the pulse. We
are ignoring this effect.

Anecdotal evidence suggests that fiber damage often coincides with the SBS threshold. SBS generates a Stokes wave
redshifted by 15 GHz (for 1064 nm light) and travelling in the
opposite direction to the pump wave. The two waves form an
interference pattern that moves at the acoustic velocity. At each
location in the fiber, the irradiance is modulated at 15 GHz,
but this is sufficiently slow for the electron avalanche to respond to the peak irradiance. If the peak irradiance exceeds the
damage threshold of approximately 5 kW/µm2 , it will cause
damage.
In addition, the Stokes wave can assist in the self-focusing
process via cross-phase modulation, which is twice as strong as
self-phase modulation. The Stokes wave can also sweep energy
out of the pump pulse leading to shorter, more intense pulses
with peak irradiance well in excess of the peak irradiance of
the pump. Which of these effects contributes most to damage
may vary case by case, but it is clear that SBS can reduce
the maximum achievable pump power by a factor of two or
more. For pulses shorter than 1 ns, self-phase modulation caused
by n2 will tend to suppress SBS in typical large-mode-area
fiber applications. For longer pulses, maximizing the power may
require other means of SBS suppression. A number of methods
can be used, including frequency modulation of the input pulse,
or varying the acoustic velocity along or across the fiber using
temperature, composition, or strain gradients.
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V. SUMMARY
The intrinsic damage threshold of silica is now well known for
femtosecond to nanosecond pulses [12]. The damage fluences
are shown in Fig. 1. The influence of Yb3+ doping on the damage
threshold is not precisely known but preliminary evidence from
our laboratory indicates it does not reduce it significantly. To
use this threshold to infer maximum pulse power, we must also
know the mode profile in the presence of self-focusing. From
our calculations, self-focusing plays a major role only if the
modal area at low power exceeds 500 µm2 , or in straight fiber,
the core radius exceeds 20 µm. For smaller modal areas, the
damage threshold is reached at powers well below the selffocusing power PSF . If SBS is above threshold it can reduce
the threshold damage power by a factor of two or more. Tightly
bending a large-mode-area fiber tends to compress the lowest
order mode quite strongly, reducing the effective modal area or
the effective core diameter accordingly. Bending is commonly
used to filter out higher order modes, but it also tends to limit
the output power, both by encouraging SBS and by increasing
the peak irradiance. Finally, damage develops on a picosecond
time scale, so spectrally broadened pulses, such as those from a
multi longitudinal-mode laser, with large amplitude modulation
will have substantially reduced transmissible fluence compared
with spectrally narrow pulses.
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