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Short-Pulse Laser Damage in Transparent Materials as a Function of Pulse Duration
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We present a single-shot damage threshold measurement and modeling for fused silica at 800 nm as
a function of pulse duration down to 20 fs. We examine the respective roles of multiphoton ionization,
tunnel ionization, and impact ionization in laser damage. We find that avalanche predominates even in
the case of sub-100-fs pulses. [S0031-9007(99)09079-1]

PACS numbers: 72.20.Jv, 61.80.Ba, 77.22.Jp, 79.20.Ds

Laser damage is one of the limiting factors of theFig. 1(c), and our recent measurement, Fig. 1(d), con-
transmission and deposition of laser energy in solidsfirmed the departure from the scaling rule. However, as
The mechanisms of laser damage are of great impodepicted in Fig. 1, these measurements have shown dif-
tance to the development of high-intensity lasers. Inferent dependence of damage threshold on pulse duration
addition, short pulses produce damage with smaller stan the subpicosecond regime, but none of the theoretical
tistical uncertainty in damage threshold than long pulsesmodels [4,5,8,9] proposed before can explain this dissimi-
Since the discovery of this deterministic feature for shortdarity. In this paper, we present experimental results of
pulse damage, many practical applications of femtoseconsingle-shot damage threshold measurement. In addition,
lasers have been developed in areas involving material reve develop a theoretical model, with which the conflict-
moval with submicron precision, such as micromachiningjng experimental observations can be resolved.
ophthalmic surgery, electronics, data storage, and drug re- The discrepancy in the experimental results was
lease. A large number of experimental and theoreticathought to arise from different experimental conditions.
studies have been conducted to determine the mechanisms et al. [4] measured plasma emission from the focal
of laser damage. However, theoretical models only yieldegion in the sample to detect damage from a single laser
partially satisfactory agreement with experimental obserpulse centered at 780 nm. On the other hand, Stuart
vations. Laser damage on short time scales remains at al. [5] used 1053-nm laser pulses under a multiple-shot
active area of research. condition, 600 shots at 10 Hz, and they defined damage to

Damage in transparent materials is associated withe any visible permanent modification to the sample with
rapid buildup of conduction electrons to a critical den-a Nomarski microscope. Varddt al. [6] measured the
sity, which is necessary for further absorption of laserdamage threshold with a Nomarski microscope and the
energy. Forlong pulses, electrons are generated by bactireshold for plasma emission under both single-shot and
ground carrier seeded impact ionization leading to elecfive-shot (at 50 Hz) conditions for laser pulses at 790 nm
tron avalanche [1,2]. The background electron densityanging from 190 fs to 4.5 ps. Varadt al. concluded
in the conduction band can surpas® cm™ in ultra- that the damage thresholds obtained with a Nomarski
pure crystals at room temperature. With a decrease imicroscope from the single-shot measurement are slightly
the pulse duration, electrons generated by photoionizatiomigher than those from the five-shot measurement. These
such as multiphoton ionization and tunnel ionization, befive-shot results are about a factor of 2 higher than the
come more appreciable than background carriers for a600-shot results given by Stuagt al. with the same
avalanche to develop. detection method (Nomarski microscopy). Furthermore,

The availability of ultrafast sub-50-fs lasers and thethe plasma-emission threshold measurement by Varel
technology of chirped-pulse amplification [3] have ex-et al. shows that the values from the five-shot mea-
tended the study of laser damage to ultrashort time scalesurement are significantly lower than those from the
Du et al. [4] reported two remarkable features of ultra- single-shot measurement. These findings imply that the
short pulse-induced damage. First, short-pulse damagsample may suffer a cumulative change in the material
exhibits deterministic nature as opposed to the statistiproperties as the sample is subjected to a series of
cal behavior for long-pulse damage. Second, as showsubthreshold pulses [2]. In order to study intrinsic laser
in Fig. 1(a), the damage threshold fluence is higher thadamage, and to exclude the complexity of cumulative
the prediction from the/7 scaling rule for pulse du- effects, our recent measurement, shown in Fig. 1(d), was
ration = below 10 ps. This is surprising, since the done under a single-shot condition. The laser system for
enhancement of multiphoton ionization or other nonlin-the measurement is described in Ref. [10]. The damage
ear effects were expected to reduce the damage threslvas determined with a Nomarski microscope. Only
old from the scaling rule for short pulses. Later, Stuartentrance-surface damage was considered in the subpi-
et al.[5], Fig. 1(b), Varel et al. [6], Lenzner et al. [7], cosecond regime. Self-focusing effects can be neglected
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i 10f 100 p  10p 100p in  10n cle in the visible range, the damage threshold is nearly
(a) D e e e Y independent of the wavelength in the case of avalanche-
10 dominated damage. In contrast, when the pulse dura-
tion becomes shorter and multiphoton ionization becomes
more important, shorter wavelengths have higher electron
yields than longer wavelengths. When the pulse duration
is extremely short, where the electric field is extremely
high, tunnel ionization should be considered instead of
multiphoton ionization. In the tunnel-ionization regime,
1 the dependence of damage threshold on wavelength be-
comes weak again.
A rate equation approach is commonly used to predict
the evolution of the conduction electron density
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] i L — n(B)p + wn(E), (1)
1 ,/ 1, where E is the electric field, n(E) is the electron
3 / prediction from theory avalanche rate, andp;(E) is the photoionization rate.
] The loss term due to electron diffusion and recombination
©),00 ; | | [ J 100 is neglected in Eq. (1) for < 10 ps. Stuartet al. [9]
k) j fused silica, 800 nm, 3 suggested linear scaling of the avalanche rate with laser
% 150 st:Iots, 1 kHz,t ] intensity. The resulting model fails to explain the increase
g NE 1 (data from Lenzner et al)) ] in damage threshold fluenci&,; with decreasing pulse
o S04 o {10 duration forr < 1 ps observed by Det al. [4,8]. The
Q= 7 o 3 photoionization rate used in the calculation from Stuart
E ] i ¢ et al. [5,9] and Lenznert al.[7] is based on multipho-
©

ton absorption, omwp; « |E[*M, whereN is the number

of photons required to bridge the band gap. Researchers

100 from both groups also point out that the multiphoton ion-
ization term should be replaced by the tunnel ionization
expression in a field stronger thanl00 MV /cm. In ad-

/ dition, Lenzneret al. [7] report that the prediction from

e A 10 Keldysh’s multiphoton absorption theory, which is the

low-field limiting version of Keldysh's photoionization

theory [11], is orders of magnitude greater than their ob-

1 e T rr—rrrr—rrrrm—rrrrl 1 served photoionization rate. This could be explained by

i 10f 100f 1p 10p 100p 1n  10n collision-suppressed ionization rate as suggested by Du

et al. [8]. Nevertheless, calculations including tunnel ion-

ization have not been presented.

FIG. 1. Damage threshold for fused silica from various For the avalanche ratg(E) in Eq. (1), we will use

groups. Curve (a) is from Det al. [8], who first reported the ; ) :
departure from the/7 scaling rule forr < 10 ps. Curve (b) is an _expressmr.\ based on Thornber's model for impact
e Ionization [12]:

from Stuartet al. [5]. The solid line in the short-pulse regim
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is the damage threshold predicted by the model described in v.eE E
Refs. [5,9]. Curve (c) is from Lenznet al. [7], who measured nE)=—""e p{— ! } (2)
the damage fluence for pulses down to 5 fs. Curve (d) is our A E(1 + E/Ephonon) + Exr

recent measurement. where v; is the saturation drift velocity ~2 X

107 cm/s), e is the electron chargeA is the band
in the experiment because of the weak focusing geometrgap energy,E;, Ephonon, and Exr = E;kT /A are the
of a ~7-mm confocal range ants0-um-thick samples.  fields for carriers to overcome the decelerating effects of
The dependence of damage threshold on wavelengtionization scattering, optical phonon scattering, and ther-
can be due to the frequency-dependent photoionizatiomal scattering in one mean free path, respectively. Du
rate. For impact-ionization dominated laser damage, thet al. [4] also used Thornber's model for the avalanche
threshold field for damage is lower for longer wavelengthrate in their calculation. Thornber’'s formula, plotted in
due to the nonzero momentum relaxation time [1]. How-Fig. 2(a), predicts an avalanche rate which scales linearly
ever, since the momentum relaxation time in solids is lessvith the electric field in the strong-field limit. This
than a femtosecond, which is shorter than an optical cybehavior accounts for the increasefqf with decreasing
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(a) 10° TABLE |. Definitions of the quantities used in Eq. (3).
w: laser frequency

o \ m = ;=i reduced mass of the electron and the hole
=~ 10" o . .
g 0 ~E v = T’A: Keldysh's parameter in solids
S - — -
= Y= T2 Ye=1—v=1,
N 13 =
g 10 0(y.x) = \[3xGy X
E » _ o K)-E() 7 [Qx+1)—2x+n)
g S exp| —nm X Ee o {5, SriRn )
E 2 A Af1+y? 1

10 T T T T v T T ) X = T e yy f(Hyz)

0 100 200 300 400 R 5
electric field (MV/cm) D(z) = [oexp(y? — z%)dy

(b) X, E: complete elliptic integral of the first

] and second kinds

o 10“: (z): the integer part of the number
’.‘g ]
j:nj o] as Keldysh's parameter, defined in Table 1) differs from
® 0] tunneling regime the definition used in gases by a factorlgf/2. More-
g ] over,y can be further reduced since the effective electron
"f’gf . . . mass in solids is normally smaller than the mass of a free
£ 10°] myitiphoton regime electron. Therefore, it seems “easier” to approach the tun-
S - nel ionization regime in solids than in atoms. This could
2_—‘; ] be the reason why the observed photoionization rate is or-

10 T T T r ders of magnitude smaller than that estimated by the mul-

o

T T 1
100 200 300 400 tiphoton absorption theory.
electric field (MV/cm) As for impact ionization, the applicability of an
FIG. 2. (a) Impact ionization rate based on Thornber's for-avalanche rate linearly scaled with laser intensity is
mula [12]. (b) Typical photoionization rate in solids as pre- doubtful. The linear relationship between the avalanche
dicted by Keldysh's model [11]. rate and the laser intensity is the consequence of two
major assumptions: (1) flux doubling, and (2) unchanged
7 for 7 < 1 ps observed by Dt al. [4,8]. They also shape of electron distribution [9]. The first assumption
suggested that multiphoton ionization is strongly supsmeans that as soon as the electron reaches an energy
pressed by frequent collisions due to high carrier densitysufficient to ionize, a second electron is generated by
Multiphoton ionization only generates the electrons toimpact ionization, and both electrons are left at zero

seed avalanche. energy. The second assumption states that during the
For the photoionization ratep(E) in Eq. (1), we use avalanche, the energy distribution of the electrons grows
Keldysh’s calculation for crystals [11]: in magnitude without changing shape. However, studies
20 [ wm 32 based on Monte Carlo methods conclude that in both

wpi(E) = Fy <\/_h> O(y,x) semiconductors [13] and wide-gap materials [14,15], the
v shape of the electron distribution is a function of the elec-

X exp{—w<x + 1) Ky = f(Vl)}, (3) tric field and electrons can be found with energy greater
E(y2) than the ionization energy. Higher fields cause longer
where the definitions of various quantities are listed inhigh-energy tails in the electron distribution. Therefore,
Table I. In the case of low frequencies and strong fieldg¢he two assumptions are violated in a strong electric field.
(y < 1), the photoionization rate reduces to the formula In our calculation, Thornber’'s expression, Eq. (2), for
for the tunnel effect, while in the opposite limiting case impact ionization combined with Keldysh’'s photoioniza-
(y > 1), the ionization rate describes the probability fortion rate, Eq. (3), is used to integrate the rate equation,
multiphoton absorption. In other words, Keldysh’s pho-Eq. (1), to obtain the conduction electron density at the
toionization rate asymptotically approaches multiphotorend of a laser pulse. The criterion of using the critical
ionization and tunnel ionization at the two extreme limitsplasma density 1(6 X 10*>' cm® for a laser wavelength
of the field as might be expected from an analogy with theof 800 nm) as the onset of damage for electron gener-
atomic case. Figure 2(b) shows the general trend for thation is commonly accepted [4,5,7,9], because the ma-
photoionization rate as a function of electric field. It isterial becomes highly absorbing when the free electron
worth noting that the adiabatic parameteralso known density exceeds the critical plasma density. Therefore,
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. ] . of photoionization. This could be responsible for the in-
' ' : photoionization + impact ionization crease inFy, with decreasingr for 7 < 1 ps observed by
= o _ e :impactionization only Du et al. [4,8].
— — = photoionization only In conclusion, we measured the single-shot damage
p, = initial free electron density threshold as a function of pulse width down to 20 fs.
Py = Critical plasma density = 1.6 x 10*' em™ In addition, we found that in the rate equation approach

of laser damage in dielectrics, Thornber’s expression for

0g . impact ionization and Keldysh’s photoionization theory
] "/ in solids describe the physical processes in the entire
1 / optical field range better than the linear scaling of
1 o /’ . avalanche rate with intensity and multiphoton absorption
1 /,° approximation. Our calculation exhibits the sensitivity

of damage threshold to the initial carrier density. The
discrepancy found in damage-threshold measurements can
be qualitatively explained by our model.
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