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A procedure to characterize the induced damage and the incubation effects in volume transmission

gratings under femtosecond laser pulse train illumination is presented. It was also developed a

formalism that explains the damage processes. Our proposal was employed on glass gratings to

show the effectiveness of the method and its potential to design transmission gratings with

enhanced laser induced damage threshold. This procedure is able to be extended to any

transmission grating composed by chemically non-uniform material, opening up new perspectives

to femtosecond laser pulse shaping. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892010]

Diffraction gratings are essential parts of femtosecond

laser systems. They are used as dispersive elements in com-

pressors and stretchers as well as for temporal, spatial, and

spectral pulse shaping, to name a few. A laser induced-

damage threshold (LIDT) characterization of gratings, i.e.,

the highest fluence value for which no damage is produced,

is a main task to determine its applicability range. In the last

years, LIDT in reflection multilayer dielectric gratings1–3

and in mixed metal dielectric gratings4 has been investigated

by varying the material composition of the multilayer and by

proving different grating profiles. The damage dynamics

were established for a wide class of gratings, but only in the

reflection geometry. No research on LIDT has been reported

in the transmission geometry at the present time. In this

Letter, we propose a procedure to characterize the induced

damage and the incubation effects, i.e., permanent material

changes produced by multiple pulse accumulation mecha-

nisms, in volume transmission gratings when implemented

in a femtosecond laser system. Besides, we develop a for-

malism to explain the damage processes. Our approach is

tested on a photopolymerizable glass grating, showing the

validity of the method to design transmission gratings with

enhanced LIDT.

The analysis is based on the photopolymerizable

glass5–9 because the transmission gratings on this type of ma-

terial have been implemented to spatial10 and spectral11

pulse shaping in a femtosecond laser system. We start with

the grating characterization. The grating is formed by a per-

manent spatial modulation of the refractive index, nðxÞ ¼
nb þ n1ðxÞ; within the bulk of the glass. Parameter nb is the

background refractive index of the insulating binder (the

glass) and

n1 xð Þ ¼ n0 þ Dn0 cos
2p
K

x

� �
(1)

is the refractive index due to a periodic distribution of polymer

and Zr-species concentration in this material.5 These species,

called the modulating species (MS), modulate the refractive

index. Locations of maximum (minimum) concentration of

MS reach the maximum (minimum) values of the refractive

index. The parameters n0 and Dn0 are the background and the

modulation of the refractive index due to the periodic distribu-

tion of MS, while K is the grating period and x is the modula-

tion axis. We distinguish between the background refractive

indexes nb and n0 because they are related to different chemi-

cal components, the former much more resistant to damage

that the latter. Thus, it is expected that damage appears

on locations of maximum MS concentration when the grating

is illuminated with plane-wave pulses. The gratings studied

in this work have the following characteristics: thickness

�100 lm; K ¼ 2 lm; nb � 1:55; n0 � 2� 10�3, and Dn
� 2� 10�3.

LIDT was studied by irradiating the gratings with a train

of pulses from an amplified Ti:sapphire femtosecond laser

centered at kc ¼ 800 nm, at 1 kHz repetition rate, and with

50 fs pulse duration. In these studies, pulse fluence was

below the single pulse damage threshold to investigate incu-

bation effects. The procedure for damage characterization

proposed in this Letter consists in two complementary exper-

imental setups (see Fig. 1). In a first experiment (exp. 1), the

incidence of the pulsed laser was normal to the grating plane

to avoid diffraction. Damage processes were derived from

the results of this experiment. In a second experiment (exp.

2), the incoming laser beam impinged the grating at Bragg
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condition for kc, generating a diffracted pulse that interferes

with the incident pulse in the bulk of the grating. This is the

configuration used to investigate the interference effects on

damage threshold. In both experiments, the gratings were

altered by an incubation effect that varies the refractive

index modulation. These changes were monitored by meas-

uring the diffraction efficiency, g, of a continuous wave He-

Ne probe beam under Bragg incidence (BI) (see Fig. 1). The

g is related to the total refractive index modulation,

Dn0 þ DnðNÞ, through the coupled wave theory,12 where

DnðNÞ is the induced refractive index modulation by pulses

irradiation. Hence, the evolution of the grating strength is

obtained from these measurements as a function of the num-

ber of pulses, N.

Let us first discuss the results obtained from exp. 1. Fig.

2(a) displays DnðNÞ for laser fluences 0.061, 0.090, and

0.123 J/cm2. In all the cases, DnðNÞ goes through two

regimes. In the first regime, DnðNÞ increases linearly with

increasing N due to the incubation effects up to a critical

pulse number, ND. At this point, the curves depart from the

linear behavior due to the formation of defects that scatters

light. Damage takes place from ND, comprising the second

regime.

At the linear regime, the grating exhibits a permanent

change due to the incubation effect while the optical quality

of the material is preserved. No induced scattering is

detected. The DnðNÞ-slope is represented in Fig. 2(b) as a

function of laser fluence, /. The quadratic function

@DnðNÞ=@ N ¼ Dn0 b /2 fits properly the experimental data

(line in Fig. 2(b)), with b ¼ 5:560:5ð Þ10�2 cm4

J2 N. The constant

Dn0 is introduced in the fitting for convenience. Hence, the

induced refractive index modulation behaves as

DnðNÞ ¼ Dn0 b /2N, showing that is linear with respect to

the pulse number and quadratic with respect to the fluence.

Thereby, DnðNÞ can be increased in a controllable fashion

just by impinging the grating with the proper number of

pulses. By this procedure, it is possible to modify Dn without

altering the optical quality of the material.

The quadratic dependence of DnðNÞ, with the fluence /,

suggests that the incubation effect is dominated by a two

photon absorption process. Electronic transitions to the con-

duction band from nearby energy levels are responsible of

the variation of the refractive index. These levels, localized

between the valence and the conduction bands of the binder,

can be associated to the presence of MS, which are distrib-

uted periodically in the bulk according to n1(x). The maxi-

mum MS concentration is reached at locations xNI ¼ mK
(where m is an integer and the sub-index NI refers to normal

incidence), where n1ðxNIÞ is the maximum index value. At

these places, there are more density of intraband energy lev-

els increasing the probability of a photoinduced electronic

transition to the conduction band. Once the transition occurs,

the MS is chemically altered or/and a local stress is induced.

Taking into account these assumptions, the refractive index

evolves with the number of pulses at normal incidence as

n1ðx;NÞ ¼ n1ðxÞ þ nNIðx;NÞ; (2)

where

nNIðx;NÞ ¼ n1ðxÞb /2N (3)

is the induced refractive index due to the incubation effect.

This incubation mechanism explains the change in Dn at the

FIG. 1. The two different experimental setups to measure the incubation

effect and the LIDT.

FIG. 2. (a) DnðNÞ as a function of the

pulse number, N, at normal incidence

for different pulse fluences. Dotted

lines represent the linear stage and ND

the critical pulse number from which

the sample is damaged. (b) Points rep-

resenting the DnðNÞ-slope in terms of

/ that are well fitted by a quadratic

function. (c) Pulse effective fluence in

the bulk of the grating for normal inci-

dence (NI) and for Bragg incidence

(BI) in the plane of damage. Black

circles represent defect formation

under NI and BI. (d) Microscope

image of the grating after damage

when illuminated with non-uniform in-

tensity pulses. The arrow points the

direction of increasing intensity.
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linear regime, in a similar fashion to the recently proposed

for poly(methyl methacrylate).13

In the non-linear regime, bulk damage for normal inci-

dence was detected by the generation of induced defects, cre-

ated from the critical pulse number ND. They appear

periodically at the same positions xNI of maximum change

due to the incubation effect. Fig. 2(c) schematically shows

that the defects are on positions xNI, on the crests of function

n1ðxÞ. In Fig. 2(d), a microscope image of the photopolymer-

izable glass grating after damage is shown. The black points,

identified as the defects, appear at positions xNI. Defect den-

sity increases with the pulse fluence by the formation of

defect clusters on xNI. Thus, the damage process can be inter-

preted as follows: the modified material by the incubation

effect leads to seed electrons for free electron density by

photo-ionization and avalanche ionization. The maximum

number of seed electrons is reached at xNI, expecting damage

to appear at these locations. At the pulse number ND, the

electrons in the conduction band reach a critical density14

and damage takes place at positions xNI due to a runaway

absorption mechanism that generates defects. As a conse-

quence, the gratings are less resistant to irradiation on xNI

than in other locations x 6¼ xNI:
Damage generated by the incubation effect has been

properly interpreted for chemically uniform materials by

means of a probabilistic model. It has been applied to ns-15

and fs-pulse irradiation for various uniform material

classes.16–19 Based on this model, we develop a formalism to

interpret the damage mechanism to chemically non-uniform

materials, including the case of transmission gratings. For the

photopolymerizable glass grating, its chemical composition

changes locally with the variation of the MS concentration.

The probabilistic model relates the single-pulse damage

threshold, /1, with the multiple pulse damage threshold, /N ,

via

/N ¼ /1Nn�1
D ; (4)

where the parameter n is a material-dependent coefficient

called degree of incubation. The value n is associated to an

accumulation of energy in the material by mechanical or

chemical mechanisms while the sample is irradiated. A value

of n¼ 1 suggests the absence of incubation, although for

n< 1 incubation effects are present. For n> 1, the material

becomes more resistant to damage as the pulses etch it.

The damage threshold fluence, /N , as a function of the

critical pulse number ND is represented by green circles in

Fig. 3. The line is the fitting using the probabilistic

model with coefficients /1 ¼ ð0:7660:08Þ J=cm2 and

n ¼ 0:82760:008, supporting the applicability of this model

to our results. An incubation effect takes place in the photopo-

lymerizable glass that lower the damage threshold fluence for

subsequent pulses (n < 1Þ. The fitting values ð/1; nÞ are close

to those found in uniform materials, see, for example, Refs.

16–19. Notice that since damage occurs at xNI, the LIDT

found in the photopolymerizable glass refers to damage

threshold on the less resistant locations to irradiation. We

underline that places where x 6¼ xNI are no damaged. This is

the main difference with respect to chemically uniform mate-

rials in which damage occurs uniformly in the sample.

The highest possible value of the induced refractive

index on locations where damage starts, ndmg, is calculated

evaluating Eq. (3) at xNI for the critical pulse number ND.

Taking into account Eq. (4), we find

ndmg /
2n�1
1�n

N ¼ C; (5)

where C ¼ n0 þ Dn0ð Þb/
1

1�n

1 is a constant whose value is

established by the type of material. This expression balances

the increased refractive index, just before damage, with the

multiple pulse damage threshold, /N . If Eq. (5) is satisfied,

damage takes place. We underlay that ndmg is related to the

density of seed electrons for damage to take place when the

grating is irradiated with pulses with fluence /N . Whenever

the critical density is reached for a giving /N , damage takes

place, irrespectively on the physical mechanism reaching the

critical density of seed electrons and on its specific location

in the grating. For this reason, Eq. (5) is always satisfied in-

dependent on the geometry of excitation, being the distinc-

tive trait of the grating. In the following, we will apply this

assumption to find the damage threshold and the locations of

damage when the transmission gratings are irradiated under

Bragg incidence, exp. 2.

In exp. 2, a femtosecond pulse train of fluence /
impinges the grating at Bragg incidence (BI) generating a

diffracted pulse whose intensity increases as it propagates in

the bulk. In particular, there is a plane (parallel to the grating

surface), namely, the plane of damage, in which the incident

and diffracted pulses reach the same fluence, /=2. It occurs

if the diffraction efficiency of the grating is higher than 50%,

what is meeting in all experiments. The interference profile

generated by pulses with fluence /=2 can be expressed by

means of an effective fluence, /ef f , as

/ef f xð Þ ¼ / 1� sin
2p
K

x

� �� �
: (6)

Therefore, the highest effective fluence in the bulk, 2/, is

reached at the plane of damage at positions x ¼ Kðm� 1=4Þ.
It is expected that damage starts at this plane. Notice that

/ef f ðxÞ and n1ðxÞ are shifted due to a 3p=2 dephasing

between the incident and diffracted pulses. The origin of the

dephasing comes from the imaginary constant �i on the am-

plitude of the diffracted beam calculated using the well-

known coupled wave theory.12 This shift generates damage

FIG. 3. LIDT for NI (green circles) and BI (blue circles) incidence and the

fitting to the probabilistic model (solid lines) using Eqs. (4) and (9), respec-

tively. Interference effects reduce the LIDT for Bragg incidence.

041905-3 Mart�ınez-Matos et al. Appl. Phys. Lett. 105, 041905 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  147.96.14.16

On: Thu, 29 Jan 2015 19:26:31



on locations different than those corresponding to normal

incidence.

Following the procedure to obtain Eq. (3), the induced

refractive index for BI, nBIðx;NÞ, at the plane of damage,

evolves with N as

nBIðx;NÞ ¼ n1ðxÞ b/2
ef f ðxÞN: (7)

Notice that in most cases nBIðx;NÞ 6¼ nNIðx;NÞ. Then, con-

sidering the induced refractive index and the effective flu-

ence at the plane of damage, Eq. (5) applied to BI takes the

form:

nBI xBI;NDð Þ/
2n�1
1�n

ef f xBIð Þ ¼ C: (8)

The xBI are the locations where damage starts. These posi-

tions are found maximizing the left side of Eq. (8) on the

variable x. This ensures that Eq. (8) is satisfied with the less

number of pulses, thereby, the locations xBI are firstly dam-

aged. Specifically, we find xBI � Kðm� 1=4Þ. These loca-

tions correspond to the peak intensity due to interference

effects and they are schematically represented by the BI

points in Fig. 2(c). Damage appears shifted by �p=4 radians

with respect to the normal incidence. For instance, damage

at peak intensities due to interference effects has also been

demonstrated in reflection gratings.1–4 This damage mecha-

nism is the main limitation on damage threshold for trans-

mission gratings and for reflection gratings as well.

Furthermore, the probabilistic model for Bragg incidence is

determined substituting Eqs. (6) and (7) in Eq. (8), evaluated

on locations xBI

/N ¼ /1;eff Nn�1
D ; (9)

where /1;eff ¼ /1=2� ½n0=ðn0 þ Dn0Þ�n�1
. The grating

behaves as at normal incidence but with an effective single-

pulse damage threshold given by /1;eff . This value differs

from that considering only the effective fluence in the bulk,

/1=2. In fact, the ratio n0=ðn0 þ Dn0Þ � n1ðxBIÞ=n1ðxNIÞ
states that damage for both, Bragg and normal incidences,

starts at locations where the chemical composition of the gra-

tings (MS concentration) are different. A way to increase the

LIDT for Bragg incidence must maximize /1;eff . This could

be achieved recording gratings with high refractive index

modulation, Dn0, for materials with n < 1. This simple solu-

tion is a great advantage when comparing to multilayer gra-

tings in which LIDT enhancement is reached with the

decrease of the electric field inside the dielectric pillar.3 In

this process, the grating performance is diminished. Blue

circles in Fig. 3 display the experimental data for damage

threshold at Bragg incidence. The LIDT is considerably

reduced due to pulse interference, in accordance with the

proposed model. The red line in the figure is the representa-

tion of (9) with the parameters found for normal incidence.

Notice that the fitting is in good agreement with experimen-

tal data, enhancing that there is no adjustable parameters.

This is a strong indication on both, the effectiveness of the

proposed procedure and the validity of our formalism

applied to volume transmission gratings.

In summary, we have presented a method to characterize

both the incubation effect and the damage mechanisms on

transmission volume phase gratings when irradiated with a

train of femtosecond pulses. The procedure consists on two

complementary irradiation setups. Irradiation under normal

incidence reveals the damage processes, while irradiation

under Bragg condition is used to analyze the interference

effects on damage threshold. The experimental results have

been interpreted by means of a formalism that is an exten-

sion of the probabilistic model to chemically non-uniform

materials. This provides a efficient method to design trans-

mission gratings with enhanced LIDT. Application to the

photopolymerizable glass reveals a greater resistance to

damage when the refractive index modulation is increased.

This methodology can be implemented to other materials,

making volume gratings working in transmission geometry

attractive to high intensity femtosecond laser applications.
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