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Nd,Y:SrF2 crystal is considered a promising laser gain material in high-energy laser systems owing to its

advantages of long emission lifetime, low nonlinear refractive index and high thermal conductivity. In this

study, photothermal weak absorption and laser-induced damage at 1064 nm on the surface of NYSF

crystals were characterized. Based on 3D damage morphologies of cracking and bending, thermoelastic

effects were considered as the damage mechanism. By analyzing weak absorption values and laser-

induced damage thresholds, the exponential-Chapman quantitative relationship between laser fluence and

weak absorption was observed. Additionally, the relationship between the laser fluence and growth

behavior of the damaged area was investigated, indicating that the damaged area grew exponentially with

an increase in fluence, and the area damaged by a secondary laser pulse was one order of magnitude

larger than the primary damaged area.

1 Introduction

Significant progress has been achieved in the development
of high-energy laser facilities in recent years, efficiently
promoting the application of high-power laser technologies
in industry, defence, high-energy physics, etc. For instance,
following the breakthrough of a 1.3 megajoule output energy
experiment in 2021,1,2 a net energy gain was realized by the
National Ignition Facility (NIF) in the United States in 2022,
which is considered a milestone in the development of
inertial confinement fusion (ICF) energy.3 Nevertheless, it is
still an urgent task to improve the pulse energy and
repetition rate of high-power laser systems simultaneously
for practical applications, and therefore, it is necessary to
develop laser gain devices with the combined advantages of
high thermal conductivity, large spectral bandwidth and
relatively large emission cross-section. The synthesis and
laser performances of novel laser gain materials such as Yb:
YAG,4,5 Yb:S-FAP (ref. 6) and Yb:CaF2 (ref. 7–9) crystals have
been reported in the past years.

Despite the fact that the fruitful efforts in increasing laser
pulse energy focus on Yb3+-doped materials whose energy

level configuration is more suitable for the laser diode (LD)
scheme,10 the development of Nd3+-doped gain materials has
frequently been proposed recently because a saturation
fluence of around 5 J cm−2 is easier to achieve in the latter
category.11,12 This saturation fluence is within the typical
range of Nd3+-doped phosphate glasses,13,14 i.e., the most
important gain medium for high-energy laser facilities,12,15

and is considered beneficial for generating energy pulses
with high energies without increasing the risk of damaging
laser gain materials. In this case, Nd3+-doped laser gain
materials with a moderate saturation fluence and high
thermal conductivity, e.g., Nd:LuAG,16 Nd:CaF2 (ref. 17 and
18) and Nd,Y:SrF2,

19,20 have been developed to overcome the
limitation of the low repetition rate of phosphate glasses. In
2017, a chirped pulse amplification (CPA) laser system based
on Nd,Y:SrF2 (NYSF) crystals was reported and a compressed
pulse laser of 3.7 mJ energy and 1.6 ps duration at a
repetition rate of 5 Hz was demonstrated.21 In 2024, a
nanosecond NYSF regenerative amplifier generating an
output of 9.78 mJ energy and 1.1 MW peak power at a
repetition rate of 10 Hz was reported.22 Thus, both
spectroscopic parameters and laser performances of NYSF
crystals indicate their potential application in high-energy
laser techniques.

Alternatively, laser gain devices continuously absorb pump
light and emit laser pulses that have extremely high power
density and strong electromagnetic field during their
operation,15 and therefore, high laser damage resistance is
one of the basic requirements for novel gain materials such
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as NYSF crystals with a higher pulse energy and
repetition rate when applied in laser facilities. Indeed,
numerous studies on laser damage phenomena have been
reported, focusing on several important optical
components in high-energy laser techniques such as KDP
crystals,23–25 Nd3+-doped phosphate glasses26,27 and fused
silica.28,29 The proposed laser damage mechanisms based
on these studies are important for enhancing the laser
damage threshold of optical components, which can be
achieved by minimizing the defects that contribute to
laser damage during their synthesis and processing.30,31

Additionally, given that the laser damage phenomena vary
significantly for different types of materials, a systemic
investigation of laser-induced damage characteristic is
crucial for the further development of novel laser gain
materials such as NYSF crystals.

Herein, the laser-induced damage threshold (LIDT) of an
assembly of NYSF crystals was obtained by surface damage
measurement under a 1064 nm nanosecond pulse laser.
Several types of defects were characterized and their
relationship with the LIDT was evaluated. The dependence of
the LIDT values on the photothermal weak absorption and
the laser damage morphology were observed and the origin
of this relationship and laser damage was discussed,
respectively. Besides, the laser damage growth characteristics
were discussed.

2 Experimental details
2.1 Sample preparation and roughness measurement

Nd,Y:SrF2 crystals were grown via the vertical Bridgman
method. High-purity raw materials (99.99%) of NdF3, YF3 and
SrF2 were mixed stoichiometrically. The nominal
concentrations of Nd3+ and Y3+ dopants in the raw
materials were 0.5 at% and 5 at%, respectively.
Meanwhile, PbF2 was added as an oxygen scavenger. The
mixture was filled in a graphite crucible and loaded in a
furnace chamber, which was then pumped to a vacuum of
10−3 Pa using a Turbe vacuum pump. The crucible was
heated until the raw materials melted and the crystal
growth was processed by descending the crucible
throughout the temperature gradient zone of the
Bridgman furnace. The crystal was cooled to room
temperature at a rate of 10–20 °C h−1 after the crystal
growth process was finished.

A series of samples with dimensions of 30 mm × 30 mm ×
3 mm, labelled as NYSF-1 to NYSF-5 in the following
paragraphs, was fabricated and their 30 mm × 30 mm square
facets were mechanically fine polished for laser damage
characterization. The 30 × 30 mm2 side facets were also
roughly polished for observation during the measurement.
The average roughness (Ra) of the fine-polished facets was
measured using an optical profiler (New View 8050, USA) and
five points with the area of 0.5 mm × 0.5 mm were selected
for the Ra characterization.

2.2 Photothermal weak absorption characterization

The general principle of the photothermal weak absorption
characterization is to measure the divergence of the probe
light beam due to the thermal lens effect in the fractional
area where an increase in temperature occurs after the pump
light beam is absorbed by certain types of defects.32–34 The
photothermal weak absorption of the NYSF samples was
measured to evaluate the distribution of defects that cause
local absorption. The pump light source was a CW Nd:YAG
laser operating at 1064 nm with a spot diameter of 60 μm.
The detection light was an He–Ne laser with an output
wavelength of 632 nm and spot diameter of 1 mm, ensuring
the coverage of the pump light spot. The weak absorption
was tested on the surface chosen twelve points randomly.

2.3 Laser damage testing

The surface laser damage characteristics were measured on
the 30 × 30 mm2 incident surface of a series of NYSF
samples. The laser damage experiment was performed using
a TEM00 mode, Q-switched Nd:YAG laser operating at 1064
nm with a repetition rate of up to 10 Hz and a pulse duration
of 11.4 ns. The nanosecond pump laser propagated through
the samples with an incident angle of 23°, and the effective
laser spot area was 0.75 mm2 near the incident surface. The
LIDT was tested using R-on-1 mode with a starting fluence of
1 J cm−2 and an energy step of 2 J cm−2. A CCD camera was
used to observe and determine whether the radiation sites
were damaged online. Additionally, the damage growth could
be measured from photographs recorded by CCD. By
analysing the distribution of damaged sites under various
fluences, it was possible to determine the laser damage
probability and LIDT, which included the 0%, 50%, and
100% damage possibility.

3 Defects, laser damage
characterization and analysis

The surface roughness maps of each NYSF sample are shown
in Fig. 1 and the surface roughness values are summarized in
Table 1. The roughness of all five samples was less than 1
nm, indicating that their surface was relatively flat. The
roughness map of NYSF-1 showed a polish trace, which led

Fig. 1 Surface roughness maps of NYSF samples.
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to obviously higher Ra and RMS roughness values. Despite
this, the roughness was within the nanometre level and the
influence of polishing quality on the laser damage
characterization should be weak.

Photothermal weak absorption measurements were
performed at the incident surfaces of all the NYSF samples.
The minimum, median and maximum weak absorption
values are shown in Fig. 2. Among the 5 samples, NYSF-1 had
the lowest weak absorption values, and all the test points in
this sample were below 10 ppm. The weak absorption of
NYSF-2 to NYSF-5 increased obviously. Alternatively, the
median and maximum weak absorption values of NYSF-5
were almost twice that of NYSF-3 and NYSF-4, and all the
detected points in this sample showed quite high absorption.

The measured laser damage probability of the NYSF
samples by the R-on-1 damage test at various laser fluences
is shown in Fig. 3(a). It can be clearly seen that the NYSF-1
sample had higher laser damage resistance; meanwhile, the
NYSF-5 sample was obviously easier to be damaged. The
damage possibilities of the NYSF-2, NYSF-3 and NYSF-4
samples, which were manufactured under similar conditions,
exhibited approximately the same trend as the increase in
fluence.

The laser fluences corresponding to 0%, 50% and 100%
damage probability for each sample are shown and labelled
in Fig. 3(b). The LIDT is defined as the highest laser fluence
incident upon the optical component for which the
extrapolated probability of damage is zero,35 corresponding

to the 0% damage threshold in Fig. 3(b). The LIDT values of
the NYSF-1 sample were the highest, reaching 46.93 J cm−2;
meanwhile, the LIDT of NYSF-2 slightly decreased to 34.94 J
cm−2. The NYSF-3 and NYSF-4 samples exhibited similar
LIDT values of 28.01 and 24.52 J cm−2, respectively. The LIDT
of the NYSF-5 sample was only 12.25 J cm−2, which is less
than the half that of the NYSF-4 sample. The trends in laser
fluences for 50% damage probability and 100% damage
probability for these samples are generally similar to the
trends of the LIDT values.

4 Discussion
4.1 Morphology of laser damage sites

As shown in the previous section, we characterized the
defects associated with surface damage including roughness
and photothermal weak absorption in the samples. The
defects on the surface induced by the fabrication and
polishing processes may be the origin of the increase in
temperature in the centre part of the damage site, as shown
in Fig. 4. However, according to the roughness
characterization shown in Table 1, the polishing quality of
most of the samples meets the requirement of laser
applications. Among them, the NYSF-1 samples had the worst

Table 1 Average surface roughness of Nd,Y:SrF2 samples

Sample

Average surface roughness

Ra (nm) RMS (nm)

NYSF-1 0.823 1.082
NYSF-2 0.325 0.412
NYSF-3 0.379 0.506
NYSF-4 0.485 0.615
NYSF-5 0.516 0.665

Fig. 2 Weak absorption minimum, median and maximum values of
NYSF samples on the surface.

Fig. 3 (a) Laser damage probability and (b) fluence of 0%, 50% and
100% damage probability of NYSF samples.
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surface flatness, whereas they exhibited the highest LIDT
values. Thus, the defects induced during polishing should
not be the primary origin of the laser damage.

The dramatic variation in the LIDT values in these NYSF
samples indicates that the composition and distribution of
the defects in these crystals are quite different. Thus, to
distinguish which types of defects primarily contributed to
the damage process, it was necessary to establish an outline
of the laser-induced damage mechanisms by analyzing the
morphology of the damage sites. Fig. 4 shows the primary
and secondary laser damage morphologies observed by laser
confocal microscopy under the laser fluence of 46.93 J cm−2

and 49.00 J cm−2, respectively. Simultaneously, the heights of
the surface from the base were measured. Some of the
fragments in region A of Fig. 4 were still adhered to the
substrate and showed a significant upward curvature of 4.187
μm from the darker base, while the surface was removed with
a thickness of about 2.4 μm. Similarly, region B is the
damage morphology close to the primary damage boundary,
where the surface was removed with a thickness of about 3
μm. Alternatively, region C is close to the boundary of
secondary damage and the damage morphology in this
region was dominated by cracking, with only a small amount
of the surface of approximately 1 μm in thickness being
peeled off. Therefore, the laser-induced damage sites can be
divided to two types of morphology, i.e., a round-shape flat
area with cracks located in the centre and surrounded by an
irregular area consisting of fracture and bending of the
fragments without indications of melting.

During the measurement, Newton's rings due to the
interference of fragments were observed, indicating that
these fragments had very uniform thicknesses.36 According to
the 3D morphology data obtained from laser confocal
microscopy, the thickness of the fragment peeling was
around 1–3 μm and deformation of the fragments led to

upward bending of about 1 μm. This size in within the range
of the typical thickness of elastically deformed fragments for
CaF2 crystals,37 whose crystal structure and thermal-
mechanical properties are very close to that of NYSF crystals.
Additionally, it was proven that fluorite crystals turn from
elastic to plastic above 600 °C.38 Therefore, the fragments in
Fig. 4 bent upwards because the temperature near the surface
is closer to the plastic transformation temperature;
meanwhile, in the deeper area the materials remained brittle.
Therefore, the elastic fracture due to the temperature
increase in the centre part is probably the origin of these
fragments. The absorption defects at 1064 nm played an
important role in the process, which can be evaluated by
their weak absorption.

4.2 Relationship between LIDT and photothermal weak
absorption

It can be clearly observed that the weak absorption values of
the samples are not related to their surface roughness,
whereas obvious associated with the LIDT values. Normally,
it is reasonable to assume that the minimum value of
photothermal weak absorption reflects the contribution of
intrinsic defects in the crystals with smaller size and weaker
absorption efficiency, thus resulting in the highest possible
allowed laser fluence. The sample will be damaged definitely
with a higher fluence because even the ‘smallest’ defects will
cause a dramatic thermal effect. Meanwhile, the maximum
value reflects the influence of defects with a much larger size
and much stronger absorption, and thus the sample possibly
damaged as long as the thermal effect due to the ‘largest’
defect is strong enough. The median value of photothermal
weak absorption can reflect the overall level of the weak
absorption of the sample.

Therefore, efforts were devoted to establishing the
relationship among the minimum, median and maximum
values of weak absorption to the laser fluences of 100%

Fig. 4 Primary (dotted line) and secondary (solid line) laser damage
morphologies under 46.93 J cm−2 and 49.00 J cm−2, respectively (A
and B close to the primary damage boundary and C close to the
secondary damage boundary).

Fig. 5 Exponential-Chapman quantitative relationship between laser
fluence and weak absorption.
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damage probability, 50% damage probability and 0% damage
probability, respectively. As shown in Fig. 5, by using
exponential-Chapman function to fit the experimental data,
the relationships between the laser fluence and weak
absorption were established to describe the three types of
above-mentioned mechanisms. The fitting parameters are
summarized in Table 2.

Additionally, as indicated in Fig. 5, the relationship between
the ‘maximum values of weak absorption with 100% damage
probability’ is more suitable to describe the influence of defects
on the laser damage behaviours when the weak absorption was
lower than 10 ppm. Indeed, these low absorption losses
indicate that the concentration of large-size defects with strong
absorption is low and the LIDT of the sample is closer to the
intrinsic value of the materials. Alternatively, the relationship
between the ‘minimum values of weak absorption with 0%
damage probability’ is reliable when the weak absorption is
higher than 10 ppm, where the influence of larger defects
contributed decisively to the laser damage characteristics.

4.3 Surface damage growth characteristics

Besides the LIDT values, the surface damage size growth
characteristics are also important to evaluate the application
of optical components in high-energy laser techniques.

Therefore, the damage growth was characterized by observing
the laser damage morphologies of the same test point shot
by a primary followed by a secondary laser pulse. Three
damage growth examples at various fluences are shown in
Fig. 6. The damage growth was in the form of crack
expansion and flake peeling. Obviously, the size of the laser
damage area was large at higher fluence and the increase in
the damage area was more significant.

To describe the regular evolution of the damage sites at
various fluences, the areas of all damage points shot by both
primary and secondary laser pulses are shown in Fig. 7. The
evolution of primary damage S1 and secondary damage S2
versus the laser fluence was fitted using S = aebF, where S and
F are the damage area and fluence, respectively, and a and b
are constants, as follows:

S1 = 8692.012e0.311F

S2 = 34583.741e0.439F

The damage area growth versus the laser fluence fitted well
with the exponential mode. Although the weak absorption
values and LIDT values of these samples varied in a large
range, the damage area only increased slowly with a higher
laser fluence. Meanwhile, the growth rate of the secondary
damage area was greater than that of the primary damage,
especially at a high fluence, where the secondary damage
area was one order of magnitude lager than the primary
damage area. The rapid growth in the secondary damage area
is an important cause of permanent component failure.

Table 2 Exponential-Chapman function fitting parameters

Weak absorption Laser fluence a b c R2

Minimum 100% damage probability 75.38 0.7522 −4.675 0.9981
Median 50% damage probability 0.6626 1.619 × 10−6 −0.4030 0.8047
Maximum 0% damage probability 0.2184 3.466 × 10−6 −0.5175 0.9374

Fig. 6 Primary and secondary laser damage morphologies for the
same test point at fluences of (a) 36.62 J cm−2, 38.51 J cm−2, (b) 71.76
J cm−2, 73.45 J cm−2, (c) 109.90 J cm−2, 112.06 J cm−2, respectively.

Fig. 7 Exponential relationship between the laser damaged area and
fluence.
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Consequently, this crystal offers a very high laser-induced
damage threshold when it has very low weak absorption, but
needs to be operated strictly below the damage threshold.
Once damage occurs at a high fluence, the damage growth
will be very significant.

5 Conclusions

In summary, we carried out a photothermal weak absorption
and laser damage test using a 1064 nm laser on the surface
of NYSF crystals. It was determined that the laser-induced
surface damage morphologies were cracking and bending
because of the thermoelastic effect by the 3D damage
morphology. The absorption defects at 1064 nm were an
important factor and reflected by the photothermal weak
absorption. By combining the values of weak absorption with
the surface and laser-induced damage characterization, the
exponential-Chapman relationship between weak absorption
and laser fluence was discovered. Therefore, defect-induced
weak absorption is important in evaluating the laser damage
performance of NYSF crystals. Additionally, it was critical that
the laser damage area will grow exponentially with the laser
fluence and the laser secondary damage will grow
dramatically once damage occurs at a high fluence.
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