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Featured Application: Large scale laser operation. Complex laser use.

Abstract: The maximum energy at which a laser can be operated safely is a matter of paramount
importance. This is patently related to laser induced damage. In the nanosecond regime, this poses a
unique challenge, as it is not solely influenced by laser intensity or thermal load. Instead, it arises
from the cumulative effects that includes those two factors. While extensive research has explored this
dependence for various pulse lengths, the exploration of different longitudinal modes and temporal
shapes is relatively limited. Our study aims to fill this gap by determining the safe operational
fluence for any pulse shape, leveraging established dependencies on pulse duration. We propose a
straightforward and adaptable method to ascertain these operational limits, independent of the type
or origin of laser damage. This approach allows us to derive fluence limits for diverse pulse shapes.

Keywords: laser-induced damage threshold; temporal shaping; energy limit calculation; cumulative
damage; nanosecond lasers

1. Introduction

The control of the temporal shape of nanosecond pulses has found applications across
various fields, ranging from industrial applications such as laser peening [1-3] to ultracold
molecular formation [4-6]. In high energy laser facilities, temporal shaping has been used
in the development of lasers themselves via optical parametric chirped-pulse amplification
(OPCPA) techniques [7-9], and are used to create high density conditions [10] mostly
for studies in warm dense matter [11,12] and plasma physics [13], namely in inertial
confinement fusion (ICF) [14].

The maximum fluence at which a laser can operate is closely linked to the laser damage
threshold, attributed to various causes [15-24], including local thermal effects, thermally
induced stress [18,21,22], electron avalanche [15], and facture mechanics [16] driving dam-
age. In shorter time scales (ps to hundreds of ps), optical damage arises from multiphoton
processes like multiphoton absorption [23], ionization, and electron avalanche [15,24]. With
even shorter pulses (in the fs regime), self-focusing and filamentation become crucial ef-
fects [24], potentially deforming the pulse’s spatial and temporal profile and introducing
hot spots, making damage more unpredictable.

In the nanosecond time scale, damage is a probabilistic and cumulative process in-
volving precursors [17,21,22,25,26] and imperfections in optics, such as nanoparticles,
accumulating damage. Thermal heating acts as a determinant to the maximum energy
achievable [20]. The accumulation is not linear and depends on diffusion [26], thermal
factors [20], or other considerations. The process is wavelength-dependent [27] and even
dependent on the morphology of defects [21].

In larger laser systems, the complexity increases as different types of damage must be
considered, such as bulk and surface damage [28-30]. Various optics will have different
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maximum operational fluence, with gratings being particularly sensitive to damage [31-33].
Moreover, damage can propagate between optics due to hot spots created by small damage
sites earlier in the system or ghost reflections [31,32].

Irrespective of the origin of laser damage, it is fundamentally important to have prior
knowledge of the maximum fluence at which the laser system can be operated safely,
regardless of the pulse temporal profile. Testing all possible pulse shapes is impractical,
necessitating the use of an indirect method. While a single point failure, where one optic is
substantially weaker than the rest, simplifies this process, it is not always the case.

In the Vulcan laser facility [34], the development of pulse shaping [35] prompted
the evaluation of the energy deliverable in a nanosecond-shaped pulse. This becomes
even more critical with the advent of high-repetition-rate ns lasers [36,37]. Previous
studies, considering damage energy proportional to a fractional power of pulse dura-
tion, do not align with the fluence limits observed in the Vulcan laser facility [20,23,26].
Due to the laser’s nature, testing all facility elements is not feasible, necessitating the
deduction of energy limits using the cumulative principle and the established maximum
operational fluence.

Itis crucial to clarify that the objective is not to evaluate damage but rather to determine
the maximum energy at which a laser can be operated. The focus is not on identifying the
origin of damage or any other limitations to laser energy limits.

2. Pulse Shape versus Pulse Length

Safe operational fluences for 1-6 ns top hat pulses have been determined from past
damage incidents, represented by the orange dots in Figure 1. To describe this data, we
have introduced two numerical fits, as illustrated by the curves given by (1). Throughout
our analysis, we will denote the maximum fluence of a square pulse as Jax.
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Figure 1. Maximum fluence as a function of pulse length. Used values versus the two used fit functions.
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The parameter T represents the pulse duration in our analysis. The first fit corresponds
to a dependency akin to that reported by Koldunov et al. [20], notably diverging from the

T2 relationship found in other literature [23,26]. We employ two fit functions to showcase
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the sensitivity of our results to fluctuations. The parameters in the fit functions are as
follows: c; = 3.68/cm?; c; = 0.5ns; ¢3 = 6.2]/(cm? - ns); cs = 0.6 ns.

3. Maximum Operational Fluence for Different Pulse Shapes

In this study, we operate under the assumption that damage is cumulative. This
aligns with methodologies applied elsewhere [26], where a phenomenological model is
considered, involving the creation and diffusion of damage particles called damageonium by
Carr et al. in [38]. This is mainly heat but can also be mechanical deformation or particles
and as such propagates through the system. The cumulative effect eventually reaches
a threshold where damage is produced. We justify this assumption based on the pulse
duration’s order of magnitude in this system, which has a minimum pulse duration of
200 ps and the smallest features on the order of 100 ps (limited by fast electronics). Please
note that this is far from avalanche and multiphoton ionization phenomena [23], which
mainly depend on peak intensity. Additionally, a significant reason to consider cumulative
damage in large-scale lasers is that imperfections or damage in certain parts of the laser
system can propagate forward or backward. This occurs either through simple diffraction
or the creation of back reflections and ghosts [39]. With this condition, the accumulation of
damage particles can be given by the following quantity D damaging the system [26,38].

D= /g(t — D) I(H)dt @)

Here, g(t) represents the impulse response function of the diffusion process of the damage
particles [38]. Damage particles generated at each point of the pulse are proportional to the
intensity and diffuse according to the function g(t) over time, relative to the pulse’s initiation.
The temporal intensity profile of the pulse is denoted by I(t) (Equation (2)). Damage initiation
occurs once the cumulative damage, denoted as D, reaches a certain probability threshold, D;.
This threshold is reached when the fluence of the pulse attains the damage threshold fluence,
®p. The temporal intensity profile of such a pulse is expressed in Equation (3).

Iot) = 2t ®

where p(t) is the temporal shape of the pulse. This implies that the accumulated damaged
particles at the point of damage initiation can be expressed as

D; = sz’j)dtmrax [ stt— ooy @

At this juncture, we can utilize the fluence employed to define f(t) = g(t)/D;. Re-
markably, the probability of damage initiation remains consistent for any pulse shape,
irrespective of its form. By substituting this into Equation (4), the damage threshold can be
expressed as

B — J p(t)dt
D=
maxz [ f(t —7)p(t)dt

The relationship between the maximum fluence and the probability of damage is
delineated in Equations (1) and (2), assuming a square pulse—easily attainable through a
shapeable laser [35]. Leveraging this understanding, we can compute the time-dependent
f(t) and subsequently reintroduce it into Equation (5). This process is carried out to extend
the generalization to any pulse shape and duration.

Boundary conditions are applied at zero time. As a result, the maximum fluence is

expressed as
d t
f(t) = (’ﬂlt()) + (1) ©)

)
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where the constant value « is
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One can then conclude that the damage threshold for any pulse shape has
t)dt
®p = fP(d)( - ®
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For each one of the functions in Equation (1), we have
1 1 t/crexp —(t/ca
Al =1 R
|l-exp—g [1—exp—(t/c2)]
1 t ©)
fht) = ——F——
C3Cy 1 ¢ 2
+(%)
The « constant is given by
ny =cp/c
1=c2/q (10)
Ny = 1/C3

Regardless of the damage mechanism, Equations (6)—(8) remain valid.

4. Results

The provided equations were employed to analyze several pulse shapes, as depicted
in Figure 2. In addition to top-hat, ramps, and exponential shapes, we also computed
an example of a pulse shape before it reaches full saturation. This particular shape is
reminiscent of the pulse profile required for isentropic compression [40] (indicated as

curve ‘e’).
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Figure 2. Pulse shapes used. (a) Top-hat, (b) exponential, (c) ramp, (d) inverse ramp, and (e) ramp

profile before amplification. Time is normalized to the pulse duration (D).

From these pulse shapes, we obtain a damage threshold as a function of pulse duration

in Figure 3 for Fit Function 1 and Figure 4 for Fit Function 2.
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Figure 3. Damage threshold deduced from Fit Function 1 as a function of pulse duration. (a) Top-hat,
(b) exponential, (c¢) ramp, (d) inverse ramp, and (e) ramp profile before amplification.
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Figure 4. Damage threshold deduced from Fit Function 2 as a function of pulse duration. (a) Top-hat,
(b) exponential, (c) ramp, (d) inverse ramp, and (e) ramp profile before amplification.

In practical scenarios, the exact knowledge of the pulse shape may be uncertain. To
assess the sensitivity of imperfections in the pulse shape to our method, we conducted
simulations by introducing 10% white noise to the pulse shape and subsequently cal-
culated the damage threshold. Remarkably, the damage threshold exhibited minimal
variations, never exceeding 1%. This suggests that our method remains robust, allowing
for the evaluation of the maximum operational energy even when the pulse shape is not
precisely known.

5. Discussion

The maximum energy for any pulse duration is determined for a top hat profile,
consistent with expectations, yielding the highest intensity for a given energy. The pulse
length corresponding to the smallest fluence is observed in curve e.

Notably, the results for the inverse ramp differ from those for a forward ramp, empha-
sizing that an average pulse duration cannot be universally applied. A comparison of both
fit curves reveals that only shape ‘e’ exhibits a noticeable difference. This indicates that,
for most shapes (a—d), the maximum fluence we can operate is not dependent on the fit
function used.
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6. Conclusions

We have successfully demonstrated the capability of calculating the energy limit
of a laser system for any pulse shape, regardless of the specific pulse shape or damage
mechanism. Our calculations encompassed various pulse shapes commonly employed
in large-scale facilities. This methodology allows us to leverage existing information,
eliminating the need for impractical measurements of energy damage thresholds in our
specific case. Even if variations in the maximum fluence are determined to be different from
what is given in Equation (1) through Laser-Induced Damage Threshold (LIDT) results, this
method remains applicable by employing Equations (6)—-(8) to interpret LIDT outcomes.
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