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Abstract This study addresses the initiation of laser-

induced breakdown of dielectric materials in the nanosecond

regime under multi-wavelength conditions. In particular,

the competition between multi-photon absorption and

electronic avalanche as ionization mechanisms in KDP

crystal is studied. Since they are both dependent on the

laser frequency and intensity of incident radiations, we

carried out two experiments: in mono-wavelength config-

uration at 1,064 nm and in multi-wavelengths configura-

tion applying the simultaneous mixing of 1,064 and

355 nm radiations with various fluence ratios. To interpret

experimental data, a model based on heat transfer and

which includes ionization processes has been developed for

both configurations. The comparison between experiments

and modeling results first indicates that avalanche can be

responsible for optical breakdown at 1,064 nm. Then, the

study underlines the existence of a coupling effect in

the multi-wavelength configuration where multi-photon

absorption and electronic avalanche both contribute to the

breakdown. From a general point of view, the model

accounts for the experimental trends and particularly

reveals that the electronic recombination timescale may

have an important role in the scenario of nanosecond laser-

induced breakdown.

1 Introduction

With the development of high-power lasers, laser-induced

breakdown phenomenon in dielectric materials has given

rise to many interrogations on its origins. The numerous

studies carried out for various condensed media [1–4], laser

frequencies [5, 6] or pulse durations [7–11] highlight the

complexity of the physical processes involved. Briefly,

the absorption of a laser radiation leads to the ionization of

the material which results in the formation of a plasma. The

latter can absorb the radiation and induce a large increase

in temperature that may lead to breakdown. The generation

of free electrons in large amount may be due to non-linear

processes such as multi-photon ionization (referred to as

MPI) or impact ionization (referred to as II). Their effi-

ciencies are strongly dependent on the wavelength, the

duration and the intensity of the laser pulse. From a

modeling point of view, the roles of MPI and II in optical

breakdown have been either considered separately [1, 12,

13] or in wavelength mixing cases [8, 14, 15]. Short

wavelengths mainly induce MPI, while longer ones

induce II. Beyond these considerations, classical theories

developed to study pure wide-bandgap dielectrics fail or

sometimes lead to controversial assessments [5, 7, 16].

Some conclusions generally concur with the existence of a

competition between these two mechanisms [14]. Others

highlight their cooperation: MPI can initiate II by providing

seed electrons which are required for engaging electronic

avalanche. Particularly, the existence of this coupling

effect has been observed recently in potassium dihydrogen

phosphate crystals (KH2PO4 or KDP) [17, 18].

KDP is a wide-bandgap dielectric material which has

been studied for decades due to its good electro-optical

properties. In particular, it is used as frequency converters

in the context of laser facilities such as the National
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Ignition Facility in the USA and the Laser MegaJoule in

France. For these megajoule-class lasers, KDP components

are exposed during a few nanoseconds (ns) to pulses with

wavelengths ranging from infrared (1,053 nm or 1x) to

ultraviolet (351 nm or 3x). Also, energy densities possibly

reach few tens of J/cm2, which are large enough to induce

laser damage in the bulk of these crystals (see for instance

[6, 19] and references therein). In the nanosecond regime,

Carr et al. [6] have shown MPI to be responsible for

damage in KDP for k\532 nm. It appears that multi-

photon absorption is assisted by defect-induced states

located in the bandgap. These states are induced by pre-

cursor defects whose size most probably ranges from ten to

hundreds of nanometers [20].

In the present study, we propose an original approach

based on the wavelength dependence of MPI and II

mechanisms to discriminate their role in the optical

breakdown of KDP crystals in the ns regime. This approach

relies on the comparison between experimental and mod-

eling results. First, the experimental part consists in a

pump–pump test implying the simultaneous exposure of a

KDP crystal to radiations with different wavelengths: 3x
and 1x. In this configuration, we observe the break-

down occurrences for various fluences combinations of

each pulses. The modeling part relies on a semi-analytic

approach describing the ns heating of nanometric precursor

defects at 3x, hereafter referred to as DMT3x model [21].

This model has already succeeded to explain most of the

experimental trends observed for the ns laser damage of

KDP at 3x [6, 18, 21, 22, 23, 24, 25]. The DMT3x model is

based on the fact that conduction band electrons are pro-

duced at the beginning of the pulse (about 1022 electrons/

cm3 at 3x) and then heated during the whole pulse duration

[20, 21]. To be representative of the multi-wavelength

experimental configuration, DMT3x has been adapted to

the situation where 1x and 3x radiations are simulta-

neously present. This results in the DMT2k model which

differs from DMT3x, particularly due to its adaptation at

1x, by including II. This approach justifies a posteriori the

contribution of each wavelength to electronic plasma pro-

duction and heating. Next, a comparison between the

experimental data and the DMT2k model is proposed. In the

present conditions, this approach allows one to identify

the physical processes of energy coupling involved.

Furthermore, it permits evaluating the value of parameters

driving the laser–matter interaction, as for instance multi-

photon absorption cross sections or recombination time.

The latter value is confirmed by a specific experiment

including time delay between both pulses.

2 Experimental setup

2.1 Facility

The experimental study was performed in the laser damage

facility BLANCO (Banc LAser Nanoseconde pour Com-

posants Optiques, see Fig. 1) at CEA/CESTA in France

[26]. This facility is based on a Q-switched Nd:YAG laser

giving access to 1x and 3x radiations. Each wavelength is

separated in a different pathway, which permits performing

damage tests with either a single or two wavelengths

simultaneously. The 1x and 3x equivalent pulse durations

(defined as the ratio of the total energy to peak power) are

6.5 and 5.5 ns, respectively. A 100 mW–CW laser diode

seeder ensures the temporal profile to be mono-mode lon-

gitudinal and stable. At the exit, the laser delivers

approximately 800 mJ (at 1x) and 130 mJ (at 3x) at a

nominal repetition rate of 10 Hz. Energy on the sample is

adjusted through a system ’’k/2-plate-polarizer’’. For each

wavelength, the laser beam is P-polarized and its polari-

zation remains unchanged during the tests. Each laser beam

is then focused on to the sample by a convex lens whose

focal length is approximately 4,000 mm. This induces a

Fig. 1 The BLANCO laser damage facility. The Nd–YAG fundamental (1x) and third harmonic (3x) beams are used for the damage tests

whose procedure is presented in Sect. 2.2.The diagnostics to monitor the laser beams characteristics are presented in Sect. 2.1 (see text)
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123



depth of focus (DOF) higher than the sample thickness,

ensuring the beam shape to be constant along the DOF. At

the focus region, beam spots are millimetric, Gaussian-

shaped and the diameters (given at 1/e for a Gaussian

beam) are 700 lm at 1x and 450 lm at 3x. As a conse-

quence, fluences available on this facility may reach about

150 and 70 J/cm2, respectively, at 1x and 3x.

2.2 Procedure

The tests were performed according to a one-on-one pro-

cedure [27]. During a test, the laser shots characteristics are

measured: the energy E and the beam area giving access to

the fluence F (in J/cm2), and the temporal profile. The

absolute fluence is determined with an accuracy of as much

as ±10 % [19].The damage pinpoints appear in the bulk of

the crystal and an in situ detection system is thus required.

It consists in a volumic detection thanks to the scattering of

a He–Ne laser beam propagating collinearly to the test

beam. This procedure enables determining a damage

probability Pdam as a function of the fluence F. Given the

irradiated volume, results are plotted for volumic damage

densities qdam (in damages per mm3 or dam./mm3)

obtained by converting the damage probability Pdam [28].

Due to the experimental procedure and beam size, the

lower limit of damage detection is around 10-2 dam./mm3.

For the tests carried out in the multi-wavelength case, it is

necessary to measure each beam and each detector being

duplicated on each pathway. The tests permit extracting the

damage density as a function of the fluences couples

(F1x,F3x). Also, the equivalent volume to define qdam is

determined by considering that the laser interaction volume

corresponds to the region where the 3x and 1x beams

overlap.

2.3 Samples

The KDP samples, referenced as KDP ] A and KDP ] B,

used in experimental tests, originate from the prismatic

sector of a rapidly grown boule. It consists of pristine plates

whose dimensions are 100 9 100 9 10 mm3. Sample ] A

is cut for type-II third harmonic generation where damage

tests had been performed in the mono-wavelength case

with fluences at 1x ranging from 14 to 24 J/cm2. For

sample ] A, the lower experimental limit of damage

detection would appear in the mono-wavelength case for

fluence at 1x above 11 J/cm2. Sample ] B is cut for type-I

third harmonic generation where damage tests had been

performed in the multi-wavelength case with fluences at

1x and at 3x covering the range of [0–35] J/cm2 and

[0–14] J/cm2, respectively. For sample ] B, the damage

densities of 10-2 dam./mm3 appear in the mono-wavelength

cases for fluences around 7 and 18 J/cm2, at 3x and 1x,

respectively. The study in the 1x mono-wavelength case

have been performed on KDP ] A, while on KDP ] B for

the multi-wavelength case. It turns out that the discrepan-

cies in the damage resistance between these two crystals is

not a critical point.

3 Study in the mono-wavelength case: 1x

The model proposed here is based on the DMT model (for

Drude–Mie–Thermal model, see Appendix 1) developed

by Dyan et al. [21] at 3x. This model considers that a

nanometric precursor defect transforms into a plasma

instantaneously through defect-assisted MPI. Basically,

this model solves the Fourier’s equation on a timescale

corresponding to the whole pulse duration and provides a

direct link between the laser fluence and the temperature

elevation of the plasma. Nevertheless, trying to generalize

this model at 1x would lead to misinterpretations, since the

hypothesis of instantaneous plasma formation fails as

shown hereafter.

3.1 Avalanche model: description

From a phenomenological point of view at 1x, the prob-

ability of electrons to transit from the valence band (VB) to

the conduction band (CB) due to MPI is considerably

reduced, since seven photons at 1.18 eV are required to

bridge the 7.8 eV KDP bandgap [29]. An alternative to

produce electrons is impact ionization, which is efficient at

long wavelengths [5, 15, 16]. Hereafter, an analysis is

proposed to state whether this mechanism may occur

within our conditions. Stuart et al. [16] have defined a

criterion providing the intensity for which avalanche

becomes the dominant ionization mechanism. It corre-

sponds to an intensity level Icr (� E2) defined by r(0)

E2 [ Uph c(0), where r(0) corresponds to the electronic

conductivity (which can be evaluated by a Drude model

[30]), E is the electric field of radiation, Uph is the optical

phonon energy and c(0) is the rate of transfer of energy

from electrons to the crystal lattice. A crude evaluation of

Icr indicates that several tens of GW/cm2 may be enough

for avalanche to engage at 1x. Given the experimental

conditions used in this study, these fluences are consistent

with the existence of an avalanche mechanism. Schemati-

cally, the evolution of electrons in the CB can be repre-

sented by Fig. 2 within this scenario.

Figure 2 shows the three different stages: (1) a moderate

production of electrons during tprod probably due to MPI

where ne remains low compared to the critical plasma

density nc, (2) an exponential growth due to the fast mul-

tiplication of electrons by II and (3) their heating possibly

leading to damage. Since it is now assumed at 1x that the
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absorbing plasma ball is no more produced at the very

beginning of the pulse, we introduce a heating time called

theat (see Fig. 2) which corresponds to the duration of a sig-

nificant plasma ball heating, i.e., when ncb is close to nc. As

shown on Fig. 2, there is an implicit relation between tprod

and theat, which is governed by the starting of the avalanche.

To define a criterion for avalanche to engage, we gen-

eralize the work of Noack and Vogel [31] which describes

the evolution of the electronic density and plasma property

in water for various pulse durations. To engage the ava-

lanche mechanism, they assumed that at least one electron

was present in the irradiated volume. We propose here to

adapt their concept to the case of defects present in KDP.

This approach is realistic, since water can be considered as

a large bandgap dielectric. So it is assumed that provided at

least one CB electron is produced in the volume of a defect,

the mechanism of successive impact ionizations can initiate

an avalanche in the defect. This condition, proposed in our

model as the avalanche criterion, corresponds to the elec-

tronic density naval reached in the volume of a defect whose

radius a, is defined by:

naval ¼ n0 �
a0

a

� �3

½cm�3� ð1Þ

where n0 corresponds to an electron density obtained in a

defect with a radius of reference a0. As it exists in the DMT

model as a direct link between the precursors and the damage

densities [see Appendix 1, Eq. (10)], it follows that naval must

be dependent on the precursor size a and compatible with the

size distribution to be representative of the experimental

damage densities. It then results that n0 ^ 1014 cm-3 and

a0 = 100 nm. The latter value is also confirmed as a good

indicator of precursor size, since its value is close to the

thermal diffusion length Lth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4jKDPsL

p
where jKDP is the

KDP thermal diffusivity and sL is the pulse duration. Thus,

assuming that optical breakdown at 1x is mainly due to II, it

is necessary to reach the avalanche criterion in a time tprod

shorter than the pulse duration.

As usual, the electronic density evolution can be

described by a rate equation [4, 11], which has been sim-

plified in this study as follows:

oncb

ot
¼ WMPI �

ncb

sr

for t\tprod ð2Þ

where WMPI ¼ nvbrmUm
ph is the multi-photon ionization

rate, nvb the valence-band electrons density, rm the

m-photon absorption cross section,Uph the photon flux,

and m the number of photons implicated in the multi-

photon process. Note that rm can be significantly enhanced

by defect-induced states. It reflects the influence of the

precursor defects which can assist and enhance the

absorption process (see also the discussion in Sect. 4.3).

sr corresponds to the recombination time. This model

considers that at t = 0, ncb = 0. As the electronic density

evolves with an exponential growth due to the cascade

ionization mechanism, we may reasonably consider that

taval � sL. It is thus assumed that when t [ tprod, ncb

saturates to nc, where nc ^ 9.8 9 1020 cm-3 at 1x. An

analytical expression of theat can be then derived from

Eq. (2) (see Appendix 2.1):

theat ¼ sL þ sr � ln 1� naval

nvbrmUm
phsr

 !
: ð3Þ

According to Eq. (3), there is a direct link between the

electron production (which depends on the radiation flu-

ence at 1x) and the time theat of plasma heating. So under

this new framework, referred to as DMT1x, heat transfer

can be addressed by solving the Fourier’s equation on the

timescale t = theat. Finally, by introducing a defect distri-

bution [20, 26], it is possible to extract the evolution of the

damage density qdam as a function of the fluence at 1x (see

Appendix 1).

Note that some other contributions such as non-radiative

relaxations may also participate in the temperature rise of

the lattice [25], but are not included in the present work.

The plasma ball is defined by its complex optical indices

and size necessary to solve the Fourier’s equation (see

Appendix 1). As ncb = nc for t [ tprod, we consider that

n1x and k1x are constant. Also, considering defects whose

size range is similar to the one of 3x defects is consistent

with experimental observations. Indeed, it has been

observed experimentally that in the ns regime 1x and 3x
laser damage can be obtained in KDP with damage flu-

ences which lie in the same range. Furthermore, we also

consider that the volume of the defect does not evolve with

time (i.e., no hydrodynamics).

Fig. 2 Schematic of the temporal evolution of the electronic density

ncb in the CB at 1x. Three stages are suggested, associated with

various times: tprod, taval and theat (see text below). These times

successively correspond to the production time of prime electrons, the

avalanche time and the heating time of the plasma ball
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3.2 Results and discussion

Figure 3 presents the experimental and modeling results

obtained in the 1x mono-wavelength case for sample ] A.

Experimental data (triangles) are compared to the modeling

results (in dashed and dotted lines) obtained with the DMT

model. To evaluate the reliability of DMT1x (in dotted lines),

a comparison with DMT3x (in dashed lines) is proposed.

Experimental results can be fitted with a power law (in

solid line) such as qdam = a. F1x
b (see Appendix 1), where

a and b are free parameters. For this test, we find that

a = 2.45 9 10-8 and b = 5.2. The DMT1x model pro-

vides predictions in a better agreement with experimental

results than the DMT3x model. Indeed, at the lowest and

highest damage densities, the predictions diverge more

rapidly from the power law than with the DMT1x model.

The parameters used in the model DMT1x are reported in

Table 1. This set of parameters is adjusted to obtain the

best agreement with experimental results. For the following

parts of the study, the obtained values have been kept

constant. Note that the slight variations of these parameters

provide the same trends and do not modify our conclusions.

Based on the fact that the model is in agreement with

experimental results, it confirms that avalanche can be

responsible for laser-induced breakdown at 1x. While

considering MPI and II separately as mechanisms that can

lead to breakdown, these mechanisms may compete when

wavelengths are mixed, particularly due to their wave-

length sensitivity. This configuration is addressed in the

next section where we present a model, referred to as the

DMT2k, which takes into account avalanche and multi-

photon ionization as processes possibly responsible for

laser damage.

4 Study in the multi-wavelength case: 1x and 3x

4.1 Model DMT2k

To address the multi-wavelength case, we suggest a model

based on the previous experimental and modeling work

carried out for these two wavelengths [18] under conditions

where F3x [ F1x. This model has shown indeed that a 3x-

multi-photon mechanism is responsible for the fast pro-

duction of conduction electrons. A limitation concerns the

contribution of an avalanche mechanism which had not

been taken into account due to the low 1x fluences

involved during experiments. Given the intensity levels

used at 1x in the present study, it is relevant now to

introduce in DMT2k the avalanche model presented in Sect.

3. We then consider in this model that MPI and II can be

mechanisms responsible for breakdown which now permit

extending its domain of validity on a wide range of flu-

ences at 1x and 3x. Along the same modeling baseline

developed in [18] and in Sect. 3, the DMT2k model con-

siders a size distribution of independent spherical defects

whose temperature rise is driven by heat transfer. By

introducing a defects distribution, the evolution of the

damage density qdam can be extracted and is consequently

given as function of the fluences at 1x and 3x.

Similarly to the 1x modeling framework, the DMT2k

model solves the Fourier’s equation on the so-called

Fig. 3 Evolution of the laser-induced damage density qdam as a

function of the fluence F1x. Experimental results (triangles) follow a

power law [see Appendix 1, Eq. (13). Experiments are compared with

modeling curves obtained with the DMT model in the ‘‘3x’’

framework (DMT3x, in dashed lines] where the Fourier’s equation

resolution is done on theat = sL and the ‘‘1x’’ framework (DMT1x, in

dotted lines) where the Fourier’s equation resolution is done on

theat = f(F1x) (see text)

Table 1 Parameters used in the DMT1x model (i.e., the mono-

wavelength case) for the pulse at 1x

Parameters Value Definition

k 1,064 nm Wavelength of the laser pulse at 1x

sL 6.5 ns Pulse duration at 1x

Tc 6,000 K Critical temperature to induce a

damage

(n1x,k1x) (0.30,0.11) Optical indices (real and imaginary

part) at 1x during theat

a [10–200] nm Size range of the precursor defects

m See Sect. 4.3 Number of photons implied in the

multi-photon process

rm Depends on the

value of m
m-photon absorption cross section

sr Few hundreds of

ps

Recombination time of conduction

electrons

(C, p) (2.5 9 10-47,

7.5)

Parameters defining the size

distribution of defects

Competition between ultraviolet and infrared nanosecond laser pulses 699

123



heating time theat which now depends on the fluences at 1x
and 3x, since we suppose that each wavelength participates

in the production of CB electrons. The analytical derivation

of theat in the multi-wavelengths case is quite similar to the

one given in the mono-wavelength case by Eq. (3) (see

Appendix 2.2 for more details). The DMT2k model con-

siders a single size distribution where precursor defects are

supposed to be both sensitive to 1x and 3x [18]. It then

results that in the simultaneous presence of two wave-

lengths, a precursor defect absorbs the incident radiations

as follows:

Q
ð3xÞ
abs ð3x; 1xÞI3x þ Q

ð1xÞ
abs ð3x; 1xÞI1x ð4Þ

where Qabs
(3x)(3x,1x) and Qabs

(1x)(3x,1x) are the absorption

efficiencies at 3x and 1x. Also, it has been shown that

when F3x is larger than F1x [18]:

Q
3xð Þ

abs 3x; 1xð Þ ¼ Q
3xð Þ

abs 3xð Þ
Q1x

abs 3x; 1xð Þ ¼ bFd
3x þ Q1x

abs

(
ð5Þ

Before comparing the DMT2k model with the multi-

wavelength experimental results, we have checked that the

model accounts for the limit cases (i.e., the 1x and 3x
mono-wavelength cases):

• When F3x ! 0; theat ¼ f ðF1xÞ;Qð1xÞ
abs ð3x; 1xÞ ’ Qabs

ð1xÞ and Q
ð3xÞ
abs ð3x; 1xÞI3x ! 0: This configuration

becomes similar to the mono-wavelength case at 1x.

• On the contrary, when F1x \ F3x, theat = sL. This

configuration corresponds to the multi-wavelength

configuration previously studied in [18].

4.2 Experimental and modeling results

Figure 4 represents the damage iso-densities obtained on

sample ] B, which exhibits a particular pattern: given a

damage density, the lower the fluences F3x, the higher are

the fluences F1x. We thus tried to make a connection

between the fluences F1x and F3x and the ionization

mechanisms responsible for breakdown. It has been pre-

viously shown in [18] that a combination of (F3x,F1x) can

be equivalent in terms of damage density level to an

equivalent fluence at 3x. We then define F3x
(eq) as the 3x-

equivalent fluence that induces the same damage density

than the one obtained with any couple of fluences

(F3x,F1x). This relation can be defined by the following

equation:

F
ðeqÞ
3x ¼ f ðF3x;F1xÞ ’ sF1x þ F3x ð6Þ

where s is defined as the slope of an iso-density. It turns out

that this quantity reveals the existence of a coupling effect

between 1x and 3x. The parameter s thus contains the

main physical information about the coupling process

between these two wavelengths [18]. In the following, we

then focus our attention on this parameter. A quick over-

view of Fig. 4 indicates that s is not constant on the whole

range of fluences F3x and F1x. Indeed, we suggest that this

pattern can be separated into three zones referred to as Z1,

Z2 and Z3. These three zones are defined considering that a

variation of s is significantly different from a zone to

another. Note that the values of s are obtained by a linear fit

in each zone (not represented on Fig. 4) and read as

follows:

• Z1: s gently slopes and its value is approximately -0.3.

It corresponds to the multi-wavelength configuration as

observed in [18].

• Z2: s cannot be determined due to the lack of

experimental data in this zone. We assume that

s follows a steady decrease, but it is difficult to be

more precise from a experimental point of view.

• Z3: s exhibits a sharp decrease which results in a value

close to approximately -4. It corresponds to the mono-

wavelength limit case at 1x.

In Z1, the value of s suggests that there is a coupling effect

between the two radiations as previously explained [18].

Although we lack experimental data for Z2, we assume that

Z2 may be considered as a ‘‘transition zone’’ between Z1

and Z3. In Z3, a radical change is observed and its value

clearly indicates a change in the coupling mechanism

where the damage densities are almost independent of the

Fig. 4 Laser-induced damage density qdam as a function of the

fluences F3x and F1x. Experimental results are represented by stars,

triangles and squares. Modeling results (will be discussed in Sect.

4.3) are represented by solid lines. Parameter s indicates the slope of

damage iso-densities
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fluences at 3x. It seems to be an indication that 1x may be

dominant, due to the high levels of F1x compared to F3x.

One can see on Fig. 4 that the modeling results are in

good agreement with the experimental ones: in Z1 and Z3,

the modeling slopes s are consistent with the experimental

data. The model also predicts the trend in the zone Z2: it

indicates a steady decrease, which seems appropriate if Z2

can be considered as a transition between Z1 and Z3. This

confirms a posteriori that there is no change in the mech-

anisms between Z1 and Z2. Also, the DMT2k model points

out the existence of dominant mechanisms in the limit

cases: when F3x is large compared to F1x, the multi-photon

process dominates and avalanche is almost inefficient. On

the contrary, the domination of avalanche occurs when

fluences F1x become much larger than fluences F3x.

4.3 Discussion

In the literature, few studies comparing both experiments

and modeling in the ns regime report the influence of

combined radiations on the laser-induced breakdown [8,

14, 15, 17, 18]. All of the experimental results or predic-

tions in these former studies indicate a competition

between these two mechanisms. Precisely due to a direct

comparison with experimental results as seen on Fig. 4, the

DMT2k model highlights the change in the value of the

slope s for particular pairs of fluences (F1x,F3x). This can

be associated with a change in the coupling between a 3x
multi-photon absorption process and an avalanche mecha-

nism at 1x. It results in the following:

• In zone Z3, when F1x � F3x, avalanche dominates

compared to a multi-photon process.

• In zones Z1 and Z2, there is a cooperation between MPI

and II when F3x and F1x are in a ratio close to one-

third (1:3).

As the model is mainly of interest in the general trends

obtained from Fig. 4, it is actually difficult to be more

quantitative on the breakdown scenario.

Now, we propose an analysis to identify the parameters

which play an important role and discriminate their influ-

ence on the modeling results plotted in Fig. 4. The set of

parameters used in the DMT2k model is reported in Table 2

and has been adjusted to obtain the best agreement with

experimental results. Note that these parameters have been

tested independently. In the model, the absorption cross

sections r3 and r7 have been fixed to fulfill the mono-

wavelength cases. Once fixed, these parameters have

remained constant during the whole modeling in the multi-

wavelength case. It is worth noting that their values

implicitly account for assisted transitions. It follows that

their values do not correspond to the empiric ones deter-

mined by Agostini et al. [32]. However, we did not observe

a strong influence on the slope s by changing the number of

photons from three to seven at 1x. It turns out that a

consecutive absorption of seven photons is less probable

due to the weak resulting absorption cross section com-

pared to a three-photon absorption cross section. Never-

theless, n-photon absorption processes are not excluded,

with 3 \ n \ 7, indicating that non-radiative recombina-

tions would occur. Indeed, electrons which do not acquire

sufficient energy to bridge the bandgap may recombine and

then participate in the lattice temperature elevation.

Concerning the density of defects Ndef, previous studies

[26, 33–36] have suggested that several populations sen-

sitive to different wavelengths may exist in KDP. As it is

difficult to prove the existence of different classes of pre-

cursors, we choose considering a single population of

defects to simplify the interpretation of results. This pop-

ulation is then supposed to be both sensitive to 1x and 3x
radiations. Also, the size distribution chosen in the model

seems consistent with the experimental results. Indeed, the

avalanche mechanism is all the more probable as the pre-

cursor defects are larger, because it is easier to promote at

least an electron in the volume of the defect. It follows that

the Z3 avalanche is more likely to occur for precursor

defects of larger radii.

Concerning the heating time, theat is directly linked to

the fluences F1x and F3x. Fig. 5 represents its evolution as

a function of F1x and F3x. It appears that the evolution of

the modeling trends are correlated to the ones of theat. Long

Table 2 Parameters used in the DMT2k model (i.e., the multi-

wavelength case) for the pulses at 1x and 3x

Parameters Value Definition

k1 1,064 nm Wavelength of the laser pulse at 1x

k3 355 nm Wavelength of the laser pulse at 3x

sL
1x 6.5 ns Pulse duration at 1x

sL
3x 5.5 ns Pulse duration at 3x

Tc 6,000 K Critical temperature to observe a

damage

(n1x,k1x) (0.30, 0.11) Optical indices (real and imaginary

part) at 1x

(n3x,k3x) (0.30, 0.15) Optical indices (real and imaginary

part) at 3x

a [10–200] nm Size range of the precursor defects

m 3 B m B 7, most

probably 3

Number of photons implied in the

multi-photon process

rm=3 8.4 9 10-94

m6 s-2
3-photon absorption cross section

rm=7 1.3 9 10-226

m14 s-6
7-photon absorption cross section

sr See Sect. 4.3 Recombination time

(C, p) (2.5 9 10-47,7.5) Parameters defining the size

distribution of defects
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times are the result of fast generation of free electrons and

may then contribute to an efficient plasma heating (the 1x
radiation being more efficient than the 3x for plasma

heating). On the contrary, short times indicate that both

production and heating would not operate at a sufficient

rate to induce breakdown.

As a consequence, the parameters influencing the

DMT2k model are synthesized and reported in Table 3. It

turns out that the most influent parameter is the recombi-

nation time sr. First, we have observed that a constant value

for sr is not appropriate to account for the experimental

results. Then, we propose different evolutions of sr as

function of (F3x,F1x) and the modeling results associated

to each case. We conclude that for the limit cases (i.e.,

only F3x or only F1x), longer recombination times

(about 1,500 ps) are suitable to mimic trends defined by

s ^ -0.3. On the contrary, smaller times (close to 100 ps)

account for slopes where s \ -4. As a consequence, to

adjust experimental and modeling results of Fig. 4, we

have considered that the recombination time sr evolves as:

srðF1x;F3xÞ ¼
t1

1þ exp
F1x�F

ð0Þ
1x

C1�F3x

� �þ t2 ð7Þ

where t1 and t2 refer to time durations and are constant, C1

is also a constant and F1x
(0) corresponds to the F1x fluence

threshold between a multi-photon and an avalanche regime.

In the model, t1 = 1,400 ps, t2 = 100 ps, F1x
(0) = 27 J/cm2 and

C1 = 0.3.

Figure 6 represents the evolution of sr as a function of

the fluences F1x and F3x obtained with the expression

defined in Eq. (7) where it appears that the distribution

evolves from a step-like function to a slowly decreasing

function.

The previous dependence of sr on F1x and F3x is sup-

ported by the study of Duchateau et al. [37] showing that

relaxation dynamics depend on the photon energy and the

laser intensity in KDP crystal. More precisely, due to the

formation of new defects (traps), the relaxation time

decreases when intensity increases [37]. The proposed

variations of sr given by Eq. (7) and Fig. 6 are consistent

with the previously observed behavior.

To support this analysis, we have carried out a com-

plementary experiment allowing us to evaluate sr. This

experiment consists in introducing a variable time delay

between the pulses at 1x and 3x. Delays are obtained by

adjusting 1x or 3x optical pathways in order to obtain

negative delays (the 1x radiation first interacts with the

crystal) or positive ones. The couple of fluences (F1x,F3x) =

(15, 10) J/cm2 have been chosen to make the 3x radiation

the dominant mechanism (i.e., fluences at 1x, if taken

separately, are not sufficient to induce breakdown by

themselves). It is noteworthy that slight discrepancies have

been observed between the predetermined and experi-

mentally obtained fluences.

Figure 7 exhibits the evolution of the damage proba-

bility Pdam as a function of the time delay between the 1x
and 3x beams. In region 1 (i.e., Ds\0), Pdam(F1x,F3x) is

constant on average (around 50 %, called P(50 %)). We

have checked that the variations are due to the above-

mentioned fluence fluctuations. This indicates there is no

coupling effect in region 1. In region 2, a coupling effect is

observed between these two wavelengths since Pdam

increases. This coupling becomes more and more efficient

as long as the optical delay Ds is shorter than 4.5 ns. In

region 3, when Ds [ 4:5 ns, the probability begins to

vanish, thus suggesting a decrease in the coupling. Indeed,

Pdam goes back down to P(50 %) at a delay close to the pulse

duration. This suggests that the plasma recombines on a

timescale much shorter than the pulse duration. Given the

Fig. 5 Evolution of theat as a function of the fluences F1x and F3x.

This graph indicates the implication of MPI and II in the coupling as a

function of the fluences F3x and F1x

Table 3 DMT2k model parameters and their influence on multi-

wavelength results

Parameters used in the

DMT2k model

Influence on the following parameters

Levels of

fluences

Levels of damage

densities

Slopes

Critical temperature Tc 4

Absorption cross

sections r3, r7

4

Heating time theat 4

Absorption efficiencies

Qabs

4

Precursor defects

distribution Ndef

4

Recombination time sr 4 4
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delay resolution of this experiment, we conclude that sr is

in the order of 1 ns or less, which is consistent with the

modeling results. Note that DeMange et al. have suggested

in [17] a value close to 500 ps.

5 Conclusion

In this study, we have compared in the ns regime several

experimental and modeling results with various fluence

ratios and wavelengths. First, we have developed a model

which accounts for avalanche as a mechanism possibly

responsible for optical breakdown at 1x. Then, in wave-

length mixing configuration, the experimental observations

indicate the existence of a coupling effect between ioni-

zation mechanisms which are strongly sensitive to wave-

length. These observations have been supported by the

modeling work which shows that not only a multi-photon

process, but also an avalanche can be responsible for per-

manent modifications of the material. Also, some striking

features have been observed. In the competition regime

where fluences at 1x are much greater than at 3x, it has

been shown that II can dominate and prevail over MPI. The

coupling regime is observed when fluence ratios at 3x and

1x do not exceed 1:3. Furthermore, we have highlighted

that the recombination time has a strong influence on the

breakdown mechanism. Our conclusions indicate that it

depends on the radiation intensity suggesting that the for-

mation of new defects is involved during the damage event.

The value of the recombination time is estimated to be 1 ns

or less.

Appendix 1: DMT model: general presentation

The DMT approach has been developed at 3x by Dyan

et al. [21]. KDP is supposed to contain nanometer-scale

defects that may initiate laser damage when temperature

exceeds a given critical temperature. The model solves the

3D heat equation of these nanometer plasma balls whose

absorption efficiency is described through the Mie theory

[38], introducing both wavelength and size dependence.

The plasma optical indices mandatory to Mie theory

equations are then evaluated within the Drude model [30].

The resolution of the Fourier’s equation [39, 40] gives the

defect temperature evolution as a function of its radius a.

Thus in the mono-wavelength case, the temperature ele-

vation h(x) of the defect reads:

Fig. 6 Evolution of the

recombination time sr as a

function of the fluences F1x and

F3x, where sr is defined by

Eq. (7)

Fig. 7 Evolution of Pdam as a function of the optical delay between

the 1x and 3x pulses, for different couples of fluences F1x and F3x.

Dashed lines are guide for the eyes
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hðxÞ ¼ Q
ðxÞ
abs IðxÞ

n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4jKDPsL

p

4kKDP

ð8Þ

where Qabs
(x), I(x) and sL are the absorption efficiency, the

laser intensity and the pulse duration for the x frequency.

jKDP and kKDP are the diffusivity and the thermal

conductivity of the KDP. n is a function taking into

account the material properties [21]. The critical fluence Fc

necessary to reach the critical temperature Tc for which a

first damage site occurs can be written as [21]:

Fc ¼ c
Tc � T0

QabsðacÞ
ffiffiffiffiffi
sL

p ð9Þ

where c is a factor depending on the material properties, T0

is the room temperature and ac is the defect critical radius

which is associated with Tc, usually close to 100 nm.

Assuming that a damage site appears as soon as the critical

temperature Tc is reached, and then considering that any

fluence F(x) activates the precursor defects in a defined size

range [17, 20, 21, 26, 41], the damage density qdam as a

function of the fluence F(x) can be finally extracted from

the following expression:

qdamðFÞ ¼
ZaþðFÞ

a�ðFÞ

DdefðaÞ:da ð10Þ

where [a-(F), a?(F)] is the range of defects size for which

T = Tc, Ddef(a) is the density size distribution of absorbers

assumed to be:

DdefðaÞ ¼
C

apþ1
ð11Þ

where C and p are adjusting parameters. This distribution is

consistent with the fact that the more numerous the

precursors, the higher is the damage probability. By

integrating Eq. (10), we thus obtain:

qdamðFÞ ¼
C

p

1

ap
�ðFÞ

� 1

ap
þðFÞ

� �
: ð12Þ

As 1
aþ

p ðFÞ is smaller than 1
a�

p ðFÞ; only absorbers whose

size is smaller than the critical size ac contribute

significantly to qdam(F). Also, it can be shown that in the

neighborhood of Fc and for a \ ac, the damage fluence can

be written as F / 1
a : It results that the damage density qdam

evolves as a function of the laser fluence F as:

qdamðFÞ ’
C

p

1

ap
�ðFÞ

/ C

p
Fp: ð13Þ

Thus, qdam evolves as a power law function of the fluence,

where C and p can be determined to fit the experimental

data.

Appendix 2: Derivation of theat

Mono-wavelength case

The evolution of the electronic density in the conduction

band is given by the following rate equation:

oncb

ot
¼ rmUm

phnvb �
ncb

sr

ð14Þ

where rm is the m-photon absorption cross section, Uph is

the photon flux at 1x (= F
�hxsL

) and sr is the recombination

time. Note that rm may account for assisted transitions with

states located in the bandgap as suggested by Carr et al. [6]

in their previous studies.

By integrating Eq. (14), assuming that for t = 0 ncb = 0,

the electronic density ncb reads as:

ncbðtÞ ¼ nvb � ðrmUm
phÞsr 1� e�

t
sr

h i
: ð15Þ

Then, for t = taval, which is the criterion for the avalanche

to trigger, associated with the minimum density naval (one

electron in the defect volume), Eq. (15) becomes:

tprod ¼ �sr � ln 1� naval

nvb

ð�hxsLÞm

rmFmsr

� �
: ð16Þ

Also, the heating time theat is defined by the following

relation:

theat ¼ sL � tprod: ð17Þ

To simplify, we assume K1 ¼ nvb
rmFm

ð�hxsLÞm ; which results in:

theat ¼ sL þ sr � ln 1� naval

K1sr

� �
: ð18Þ

Thus, according to Eq. (18), there exists a heating time

such as 0 \ theat \ 6.5 ns if the condition ln 1� naval

K1sr

� �
\0

is verified. At the same time, it is possible to define the

fluence, referred to as Faval for which theat [ 0. Faval is then

defined by Eq. (19):

Faval [
1

1� e�
sL
sr

� �
nvb

naval
sr

h i1
m

� 1

�hxsL

: ð19Þ

Multi-wavelength case

Since 1x and 3x are assumed to both produce the elec-

tronic density in the conduction band, it results in the

following rate equation:

oncb

ot
¼ ðrmUm

ph þ r3U
3
phÞnvb �

ncb

sr

: ð20Þ

The determination of theat has been previously proposed

in Appendix 2.1. When now considering two radiations at
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the same time, with a mean pulse duration sL

corresponding to sL ¼ s1x
L þs3x

L

2
; the mathematical

derivation remains the same and theat becomes:

theat ¼ sL þ sr � ln 1� naval

K
0
1sr

� �
ð21Þ

where K1

0
is defined by:

K
0

1 ¼ nvb
rmFm

1x

ð�hx1s1x
L Þ

m þ
r3F3

3x

ð�hx3s3x
L Þ

3

 !
: ð22Þ
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