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Abstract: The characterization of a laser diode (LD)-pumped neodymium-doped silica glass (NDSG)
laser is here described. The gain performance and wavefront distortion were measured, and the
thermal toughness and uniformity distribution of the material were experimentally observed. At a
pumping frequency of 1 Hz and energy 7.79 |, a small-signal gain of 1.16 was measured, and the
wavefront distortion reached 2.67 A (wavelength A = 1053 nm). At a pumping frequency of 25 Hz
with 194 W power, the NDSG was still not cracked, which is consistent with its high thermal shock
parameter. However, the material uniformity was relatively poor. These results indicate good
prospects for the application of NDSG lasers at high energy and high repetition frequency, but the
gain performance, uniformity, and other aspects affected by the manufacturing process need to
be improved.

Keywords: Nd-doped silica glass; small-signal gain; wavefront distortion; thermal shock parameter;
LD pump

1. Introduction

High-energy and high repetition frequency lasers are urgently required for applications in
Optical Parametric Chirped-Pulse Amplification (OPCPA) pump sources, particle acceleration,
medical treatment and material processing. The gain medium used in the laser is an important
subject for consideration. Good gain media need to have high gain characteristics and maintain high
optical quality. However, in order to reach high energy and high repetition frequency, the unavoidable
accumulation of heat occurs in the gain medium. Only a part of the energy is used in laser amplification,
and most of the energy is absorbed by the medium, generating excessive heat. This will not only cause
the phenomenon of thermal lensing [1,2] with the beam quality affected, but can also cause the gain
medium to rupture and be damaged.

The applications such as laser inertial confinement nuclear fusion, laser shock strengthening
technology and ultrastrong ultrashort pulse laser creation require high energy and a high repetition
frequency. Amongst existing laser materials, phosphate neodymium-doped glass (Nd:glass) can
achieve high energy storage and output, but it cannot support high repetition frequencies. The high
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thermal conductivity of Nd-doped yttrium aluminum garnet (Nd:YAG) supports high repetition
frequency operation, but it is not conducive to high energy output [3].

In recent years, the Nd-doped silica glass (NDSG) has gradually gained attention. It not only
has the theoretical parameters for generating high energies [4,5], but also presents the prospect of
high repetition frequency lasers because of its high thermal shock resistance parameter. As high a
level as 40 ] has been reported for the laser output energy generated by a NDSG oscillator system [6].
The preparation method of NDSG has also gradually developed, from the traditional glass melting
method [7] through the chemical vapor deposition (CVD) method [8], the sol-gel method [9], the zeolite
method [10], and many others. Moreover, the preparation technology is still continuously improving.

In these previous studies, the laser amplification in NDSG was based on the flash lamp pumping.
In comparison, the laser diode (LD) pumping is characterized by a narrower illumination wavelength,
which can more effectively match the absorption spectrum of the gain medium. The LD pumping also
produces less thermal deposition, and its thermal management is better. Despite these advantages,
the LD pumping has not been widely used due to cost and other factors.

This study is aimed at the characterization of the laser amplification in NDSG with LD pumping,
and the description of the wavefront distortion under different clamping conditions. Then, the results
of testing the high thermal toughness of NDSG and the uniformity of the material are described.
Finally, the potential and current deficiencies of NDSG are discussed.

2. Spectroscopy and Optical Properties

The measurements to characterize the laser glass were performed in the R&D Center for High
Power Laser Components affiliated with the Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences. The absorption spectrum of NDSG with a doping concentration of
0.3 mol% is shown in Figure 1a. There is a peak at 802 nm, matching the wavelength of the LD pump,
which aids pump absorption. The fluorescence spectrum of NDSG with a doping concentration of
0.3 mol% is displayed in Figure 1b. The peak wavelength is in the range of 1059-1062 nm, while the
linewidth is 51.7 nm, and the fluorescence lifetime is 376 us. A large linewidth leads to advantages in
ultrafast laser applications.
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Figure 1. (a) Absorption spectrum and (b) fluorescence spectrum of NDSG with a doping concentration
of 0.3 mol%.

For comparison, some of the physical parameters of three gain materials are listed in Table 1.
LHG-8 (Hoya Corp, Tokyo, Japan) is a type of phosphate neodymium glass. We see that NDSG has
excellent thermomechanical properties compared to the other two materials. In addition to the larger
fluorescence full width at half maximum (FWHM), the thermal conductivity of NDSG is 2.2 times
that of LHG-8 and the thermal shock parameter is 1.8 times that of Nd: YAG, and it has a lower
nonlinear refractive index. These advantages indicate its great potential in achieving high-energy and
high repetition rate lasers [4]. With the present preparation technology, the doping concentration of
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NDSG is low, which makes the emission cross section only 1.4 pm? at 1 pm, and the energy extraction
efficiency is poor. We aim to improve this in the future, and look forward to the application of NDSG
in laser amplification.

Table 1. Physical parameters of three gain materials.

Property NDSG LHG-8 Nd:YAG
Fluorescence lifetime (ps) 376 315 230
Linewidth (nm) 51.7 26.5 -
Emission cross section @ 1 um (pmz) 1.4 4.2 65
Thermal conductivity (W/(m-K) at 25 °C) 1.27 0.58 7.94
Thermal expansion coefficient (10~7/°C) 6.5 115 82
Nonlinear refractive index (10720 m?/W) 2.89 3.27 11.79
Thermal shock parameter (W/cm) 14.5 04 7.9
Saturation energy density (J/cm?) 13.47 4.7 0.66

3. Experimental Setup

The experimental setup for the measurements presented in this paper is shown in Figure 2.
The injected laser light was a pulsed circular Gaussian beam with a center wavelength of 1053 nm and a
repetition frequency of 1 Hz. Through the Galilean telescope with a magnification of 15x, the diameter
of the beam was enlarged to 22.5 mm. A 7-mm soft-edge diaphragm was used to spatially reshape the
beam, changing its light-field distribution characteristics from circular Gaussian to a flat-top square
beam. Hence, when the incident beam entered the pumping area of the NDSG element, the light
intensity was evenly distributed. The beam energy before entering the amplifier head was measured
as 2.24 m].
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Figure 2. Layout of the LD-pumped NDSG rod laser amplification experiment. M1-M2: 45° mirrors;
M3-M4: dichroic mirrors; f1-f2: 4F imaging system; L1-L6, L’1-L’6: lenses.

The amplifier head, the structure of which is illustrated in Figure 3a, was made up of a NDSG
rod with circulating deionized water as a cooling liquid. The NDSG rod was fixed by the O-rings at
both ends of the surface, which meets the sealing conditions and achieves side cooling. As shown in
Figure 3b, the dimensions of the NDSG cylindrical rod were 28 mm X 28 mm, and its absorption
coefficient at wavelength 802 nm was 1.6 cm~!. The anti-reflection coatings were fabricated onto both
end surfaces of the NDSG rod, which have a transmittance greater than 99.5% for the 802-nm and
1053-nm wavelengths. The one-way transmission rate of the NDSG rod at wavelength 1053 nm was
measured as 98.21%.
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Figure 3. (a) Structure of the amplifier head, (b) NDSG rod and pump spot.

The gain module was longitudinally pumped by two symmetrical LD arrays (LD1 and LD2 in
Figure 1) operating with a pulse duration of 550 ps. The emission area of each array was 11 x 1.5 cm?,
and the circulating deionized water was used to maintain the temperature at 25 °C. A cylindrical
micro-lens was used to collimate the fast axis. For each array, the LD light was shaped into a square
outline through a cylindrical lens system, and concentrated on a homogenizer of area 10 X 10 mm?.
Finally, two spherical lenses were used to image the output square pump beam, via the dichroic mirror,
onto the end surface of the NDSG. The size of the pump spot was 8 x 8 mm?, as shown in Figure 3b,
and it was centrally positioned on the face of the NDSG rod.

A Nd:glass square rod with an absorption coefficient of 1 cm™
The following quantities were measured: the light energy, Eg, of the 1053 nm pulse signal
without amplification; the laser output energy, E,, at different pump energies; and the energy,
Ep, measured through the gain medium when only the pump source was turned on. The energy of the
pump light was calculated and measured using a sampling mirror and an energy meter. The gain was
calculated using the formula

! was used for gain comparison.
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A wavefront sensor was used to measure the wavefront distortion in the NDSG rod at different
pump frequencies. In order to measure the wavefront distortion of the entire pumping area, the injected
light was replaced with a continuous point light source, with a center wavelength of a 1053-nm fiber
laser. It was converted into parallel light by a lens with a focal length of 1.5 m and then transmitted
through the NDSG rod. The stress-optical constant of quartz glass is K = 3.5 x 10712 Pa~! [11],
indicating that the degree of deformation, and hence wavefront distortion, would be more obvious
in quartz glass. We considered that the stress on the NDSG rod caused by the O-rings in Figure 3a
could affect the thermally induced wavefront image. Therefore, we removed the O-rings, and used
two glass plates to seal the two ends of the amplifier head, so that the circulating water could cool
both end surfaces of the NDSG rod (the value of L in Figure 3a was greater than the length of the
NDSG rod, and after removing the O-ring, a gap appeared and the cooling water passed through
both end surfaces of the NDSG rod). Some rubber blocks were used on the side of the NDSG rod for
fixing, without blocking the cooling water. This method effectively reduced the stress on the NDSG
rod, compared with the method using O-rings. The wavefront distortion was then remeasured.

The uniformity of the material was recorded using a charge coupled device (CCD) imager. The 4F
system shown in Figure 1, consisting of two convex lenses with focal length 0.5 m, ensured the imaging
quality of the beam. In order to filter high spatial frequencies and prevent the propagation of stray light,
a small-aperture diaphragm was placed in the focal plane between the two lenses. The uniformities of
the NDSG and Nd:glass square rods were tested and compared. The thermal toughness was tested
at the repetition frequency of 1 Hz, and the repetition frequency was gradually increased to test the
NDSG material for cracking.
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4. Results

The experimental values of NDSG gain are shown in Figure 4a. With a pumping energy of 7.79 J,
the maximum gain is 1.16, and the corresponding absorption coefficient is 0.053 cm~!. However, for the
same pumping conditions, the Nd:glass square rod achieved a gain of 2.44. The high uniformity of
pump intensity distribution in the horizontal and the vertical directions is evident in Figure 4b.
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Figure 4. (a) Graph of theoretical and measured gain parameters of Nd-doped silica glass versus pump
energy and (b) pump light intensity distribution.

Because the NDSG laser is amplified in a four-level system, the ideal gain can be calculated using
the equations

8 =F )
g 3)
o

Here, g is the small-signal gain coefficient; E; is the energy storage density; Es is the saturation
energy density; and for the NDSG stimulated emission cross section, ¢ = 1.4 pm?. The saturation
energy density of NDSG, obtained by calculation, was 13.47 J/cm?. The calculated energy storage
density was 1.74 J/cm? (assuming a fluorescence efficiency of 53%) when the pump energy was 7.79 J,
the absorption coefficient was 1.6 cm™! and the pump spot size was 8 mm x 8 mm?. Under ideal
conditions, the calculated absorption coefficient is 0.32 cm~!, and, using Equation (2), the corresponding
gain at 7.79 ] is 1.43, as seen in Figure 4a. Comparing the theoretical and experimental results, we find
that the measured gain is much lower than the calculated value, and far less than the gain of the
neodymium-glass square rod. A large number of excitation particles were consumed by amplified
spontaneous emission (ASE), tending to reduce the gain. However, the uniformity of the material
affects the gain amplification result. Most photons fail to pass through NDSG due to scattering losses.

The wavefront distortion, when the NDSG rod was clamped using O-rings, is shown in Figure 5.
The observed distribution of wavefront distortion at the pumping frequency of 1 Hz and a pulse energy
of 7.79 ] is characterized by central axis symmetry (Figure 5a). The peak-to-valley (P-V) wavefront
distortion reached a maximum value of 6.96 A (A = 1053 nm) at the corners of the square. When the
pump frequency was increased, the distributions of wavefront distortion were similar to those shown
of Figure 5a, but the maximum values became larger, and showed a linear relationship with frequency.
As shown in Figure 5b, when the frequency was increased by 1 Hz, the increase in wavefront distortion
was approximately 7.4 A, reaching 37.14 A at 5 Hz.

The wavefront distortion distribution, as presented in Figure 5a, was decomposed using Legendre
polynomials, to yield the coefficients given in Figure 6. We found that the main distortions were due
to the 1st, 4th and 6th terms. Of these, the 4th and 6th coefficients correspond to positive spherical
aberration. The large stress caused by the O-rings caused a certain degree of deformation of the NDSG
rod. Further, the end surfaces were not cooled; thus, heat could accumulate, causing thermal lens
effects. Finally, the poor doping of NDSG would also affect the measured wavefront distortion.
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Figure 5. Peak-to-valley (P-V) wavefront distortion with fixed O-rings. (a) Distribution at pump
frequency 1 Hz. (b) Graph of maximum distortion versus pump frequency.
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Figure 6. 2D Legendre polynomial coefficients for wavefront distortion with fixed O-rings at 1 Hz.

In the second test, the O-rings were removed, and the resulting wavefront distortion distribution
at a pump frequency of 1 Hz is shown in Figure 7a. Compared with Figure 5a, the change in wavefront
distortion is obvious. Here, the maximum wavefront distortion at 1 Hz is 2.67 A, much smaller than the
6.96 A observed with the O-rings. A comparison of the results of these two tests reveals that stress had
a great influence on the wavefront distortion for NDSG, which has a larger stress constant than that of
quartz glass. The dependence of maximum wavefront distortion versus pump frequency, as shown in
Figure 7b, displays a linear relationship similar to that in Figure 5b. Here, however, the values are
smaller, and the maximum wavefront distortion at 5 Hz is 12.92 A.
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Figure 7. Peak-to-valley (P-V) wavefront distortion without fixed O-rings. (a) Distribution at pump
frequency 1 Hz. (b) Graph of maximum wavefront distortion versus pump frequency.

In Figure 8, the Legendre polynomial coefficients are given, as obtained from Figure 7a, and the
distribution is very similar to that determined for the with O-rings case (Figure 6). The NDSG sealing
structure was compact. Thus, even if the O-rings were removed, there was still wavefront distortion
caused by partial stress at the corners. Since there was cooling water flowing over both end surfaces
of the NDSG rod, the thermal lens effect was weakened, but wavefront distortion caused by fluid
motion appeared.



Appl. Sci. 2020, 10, 5023 7of 8

Legendre polynomial coefficients

1

0.8

0.6

0.4

0.2

0 - - _
B
-0.4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Figure 8. 2D Legendre polynomial coefficients for wavefront distortion without fixed O-rings at 1 Hz.

The thermal stress fracture limit of a rod-shaped gain medium is given by [12]
% = 8nRy, 4

where P, is the limit of total heat accumulation, L is the length and Ry is the thermal shock resistance
parameter. This shows that the thermal stress fracture limit is proportional to Ry. NDSG had a high
thermal shock parameter of 14.5 W/cm; thus, the thermal stress fracture limit should be very high.
A thermal toughness test was carried out on NDSG for comparison with the theoretical parameter.
The total excitation energy of the two LD pump sources was 7.79 ] at 1 Hz. The pump frequency
was gradually increased until it reached 25 Hz, when the pump power was about 194 W. At this
time, the coatings on both end surfaces had melted, but the NDSG still did not crack. This showed,
to a certain extent, that the thermal toughness of NDSG was very high, corresponding to its high
thermal shock resistance parameter. This feature is very valuable in high-energy, high repetition rate
laser amplification.

The images displayed in Figure 9 show the material uniformity, with Figure 9a showing no gain
medium in the optical path, Figure 9b showing the Nd:glass square rod, and Figure 9c showing the
NDSG rod. The doping of the Nd:glass square rod was uniform, and the beam transmission uniformity
was very good. However, the uneven distribution in Figure 9c shows many places where the beam
failed to pass through the NDSG rod. This indicates that the Nd doping level in silica glass was
not uniform, resulting in a cluster phenomenon, substantially reducing the amount of light passing
through. Some parts of the beam diverged, but most were absorbed in the material, generating heat.
This affected the gain and wavefront distortion.

(b) ()

Figure 9. Material uniformity from CCD images: (a) no gain medium, (b) Nd:glass square rod and
(c) NDSG rod.

5. Conclusions

In this study, the experimental and theoretical small-signal gain, wavefront distortion,
thermal toughness and material uniformity of neodymium-doped silica glass (NDSG) as a laser
medium were determined. The measured gain was 1.16, which differed considerably from the
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calculated ideal value. The comparison with Nd:glass showed that NDSG was deficient in material
uniformity. The wavefront distortion measurements demonstrated that NDSG was greatly affected by
stress. At a pumping frequency of 1 Hz, even if some stress and thermal lens effects were alleviated,
the measured wavefront distortion was still relatively as large as 2.67 A. This indicates that the
amplifier head structure design needs to be optimized, and the material uniformity also should be
improved. These problems could be solved by improvements in the preparation technology in future
research. The high thermal shock resistance parameter of NDSG (14.5 W/cm), and other excellent
optical parameters, make it a good candidate for application in high-power and high repetition
frequency lasers.
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