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Pulse-burst 1064-nm picosecond azimuthal polarization beam amplification up to an average power of 16.32 W using

side-pumped Nd: YAG amplifiers has been demonstrated. The maximum envelop energy as much as 16.32 mJ, correspond-
ing to a power amplification factor of 299.5%. A simple criterion was defined to help estimate the amount of depolarization
in Nd:YAG amplifier stages. The degree of depolarization of the beam was 7.1% and the beam quality was measured
to be M? = 3.69. The reason for the azimuthal polarization depolarization and beam quality degradation were explained

theoretically and experimentally during the amplification process.
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1. Introduction

In recent years, following the development of lasers in
industrial applications, high power cylindrical vector polar-
ization lasers have become important for applications such as
industrial cutting and drilling. Compared with a beam with
linear or circularly polarized laser radiation, a beam with az-
imuthal or radial polarization is more efficient in producing
holes of the same diameter and depth for steel.!'! Azimuthal
polarization has been recommended for the generation of high
aspect ratios in thick sheets or for very small diameters.!?!
A continuous radially polarized laser with an average power
of 2.1 kW and M? < 10 was obtained using Nd:YAG rod
amplifiers.[®) An energy as high as 772 mJ at 10 Hz with a 10-
ns pulse using flash-lamp-pumped Nd: YAG amplifiers was ob-
tained recently.[*! Radial polarization amplification has been
reported but there have been no studies of picosecond pulse
burst azimuthally polarized beam amplification.

The aim of this work is to amplify the picosecond
pulse-bursts of an azimuthally polarized beam by means of
a transversally pumped Nd:YAG crystal. The amplification
method is simple, power scalable, reliable and robust. In ad-
dition, the important property of azimuthal polarization ra-
diation allows us to bypass thermal birefringence induced
aberrations, which significantly affect linearly polarized, cir-
cularly polarized beams.!>) However, when increasing the
operating power of a solid-state laser, the thermal load in-
creases proportionally, which enhances the thermally induced
birefringence.[%7! This causes high losses for good beam qual-
ity. This work theoretically explains the depolarization ef-
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fect of thermally induced birefringence caused by the non-
uniformity of the transversally pump and also reflects the beam
quality deteriorates from three aspects: intensity distribution,
the beam quality M? factor, and azimuthal polarization purity.

In general, an azimuthally polarized beam has been ob-

8-121 In the experiment,

tained in a laser cavity or extra-cavity.!
azimuthally polarized radiation was converted via an extra-
cavity polarization converter. Interestingly, the seed beam
used in this work is a pulse burst picosecond azimuthally po-
larized beam. Ultra-short pulse burst have a variety of appli-
cations in the field of material processing.!'3! Therefore, the
beam amplified in this work provides a new source reference
for material processing.

In this work, an amplification of picosecond pulse burst
azimuthally polarized beam in two transversally pumped
Nd:YAG amplifier stages is reported. This amplifier system
yielded an average power of 16.32 W at 1064 nm, correspond-
ing to an amplification factor of 299.5%. The pulse envelope
energy, consisting of four pulses with equal amplitude and 1-
ns pulse spacing, was 16.32 mJ, which is the highest pulse
energy achieved for picosecond azimuthal polarization. To the
best of our knowledge, this is the first study of picosecond
pulse burst azimuthally polarized beam amplification in a bulk
solid-state amplifier, and it attained the highest energy yet at
1 kHz and a 250-ps pulse width. The degree of depolariza-
tion of output beam was measured to be 7.1% and the beam
quality was measured to be M? = 3.69. The second part will
analyze the cause of the depolarization of azimuthal polariza-
tion caused by thermally induced birefringence.
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2. Theory

In this paper, the theoretical analysis of the depolarization
in the process of azimuthal polarization amplification was car-
ried out, and the depolarization effect caused by the transverse
and longitudinal shear stress was numerically simulated. The
simulation model is shown in Fig. 1. The three rows of LD
are distributed around the crystal rod with an interval of 120°.
The central pump region of the crystal rod is 30 mm, and the
non-pump region is 16.5 mm at both ends. This laser rod has a
diameter of 4 mm and a length of 63 mm. Since a large amount
of heat is generated inside the crystal rod during the pumping
process, water circulation is required around the crystal rod to
carry the heat away. The water temperature was set to 23°.

(b)

unpumped  pumped unpumped

Fig. 1. The crystal rod pumping model. (a) Cross-section pump distri-
bution of the rod, (b) Longitudinal pump distribution of the rod.

2.1. Influence of shear stress on the depolarization of az-
imuthal polarization beam in cross section
In this work, an Nd:YAG rod was investigated as a mag-
nifying crystal, with its axis in the direction [111]. The ther-
mally induced birefringence of the non-radial symmetric stress
was determined in a coordinate system that coincides with the
cylindrical axis of the rod. The strain tensor terms, produced

by the stress terms (0y;) in the rod, are given as follows: 14!

g = % [6r— Vv (0p+0.)],
€p = é [6p— V(0 +02)],
g = % (0. =V (0p+0,)],
&g = (1

———— 0Oy,
E(1+v) "

where v is the Poisson ratio and E is Young’s modulus. Pre-
viously, when the thermotropic refractive index change was
studied, the analysis of the thermally induced stress in YAG as-
sumes that the YAG crystal is elastic isotropic,!! in which case
the shear stress and strain term vanished, and a radial sym-
metric stress birefringence effect was obtained. However, this
is just an approximation — in an actual non-uniform pump-
ing system, it is responsible for the depolarization. In a non-
uniformly pumped laser rod, the relative dielectric imperme-
able component AB;; expression, including shear strain, can
be obtained for a plane perpendicular to the beam propagation

direction (z direction) in radial coordinates!4!

(B° +AB,,) r* + (B’ + AByy ) 9* +2AB,or¢ =1, (2)

ABrr = Pll£rr+P128(p(p>
ABgpp = Pi2&r+ Pi1€gg,
ABr(p = P668r(p7 (3)

1 1
P = -— —_
11 2P11+2p12+P44,

po L5
12= cPi+ P12 3 Pas,
1 1 2
Pos = -pi1— ~pia+ = 4
66 = Pl 6P12+3P44, @
1
An;j = EHSABU? )

where, pi11, p12, and pa4 are the photoelastic coefficients of the
crystal.

In this experiment, An,¢ is an aberration and is responsi-
ble for the destruction of birefringence radial symmetry. In the
Cartesian coordinate system, the beam is transmitted along the

z axis (the direction of the crystal axis [111]).

xT

Fig. 2. Relationship between refractive index ellipse and crystal plane
coordinates.

We only consider the refractive index ellipsoid equation at
any point A in the plane perpendicular to the z axis (as shown
in Fig. 2)[13]

(Bo+ABy) x> + (Bo +AByy) y* +2AByxy =1.  (6)

The standard equation after normalizing Eq. (6) along the el-

liptical major axis is:
(Bo+AByeys ) x*2 + (Bo + ABysy )y = 1. 7

Comparing Egs. (6) and (7) gives

2AB,,

tan (29) = m
xx VY

®)

To research the effect of a non-uniformly pumped laser rod on
an azimuthally polarized beam, a transformation matrix H is

needed for coordinate transformation, which obeys

<ABxx ABxy) —H < ABrr ABi’(p >H_1, (9)

ABxy AByy AByp ABgy
H:<°9S‘P _Sm"’>. (10)
sin@ cos@
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From Egs. (8), (9), and (10) one can obtain

(P — P12)(&r — €pp) SIN2¢) +2Ps6Erp COS2¢

tan(20) = - .
(26) (P — P12) (& — €pp) cOS2¢ — 2Ps €1 SIN 2

Y

The more uniform the thermal effect of the pump laser
on the crystal rod, the less shear strain is produced. When the
shear strain is close to zero, it is known from Eq. (11) that 0
and ¢ are equal, so that an azimuthally polarized beam passes
through the crystal without depolarization. However, in ac-
tual side pump amplification systems (such as those used in
this experiment), shear stress and strain are present. Thus, the
eigen polarizations of the crystal, the radial and azimuthal po-
larizations, differ from the original result.['”] The difference
in refractive index of the major axis caused by the thermally

induced birefringence effect can be expressed as:

3
n
Myr — Ny = _30 \/(ABH —ABy,)* +4AB,2.  (12)

By taking the corresponding values into the above equation,
the stress birefringence distribution caused by the shear stress
in the cross section can be obtained, as shown in Fig. 3.

It can be seen from Fig. 3 that the thermal stress bire-
fringence effect in the central region is much smaller than the
birefringence effect of the surrounding region, and the bire-
fringence effect gradually increases with the increase of the
radius. In addition, the thermal birefringence effect on the
same radius, the value and the variation along the azimuthal
direction are obvious with r increasing. This indicates that
the presence of shear stress in the cross section results in a
thermally induced birefringence effect, which caused the oc-

currence of depolarization.
x10—°

-0.5
—-1.0
—1.5
—2.0
—2.5
-3.0
—-3.5
—4.0

Fig. 3. Thermal stress birefringence distribution in cross section.

The optical path difference distribution of the entire sur-
face can be obtained, which is derived from the thermal stress
birefringence at each point. Its distribution is similar to stress
birefringence. This shows that when the azimuthally polarized
light passes through an amplification system with uneven tem-
perature distribution, depolarization and beam quality degra-

dation will occur.

2.2. The effect of longitudinal shear stress on the depolar-
ization of azimuthal polarization beam
The x—z plane of the crystal rod was chosen as an example
to analyze the effect of longitudinal shear stress on azimuthal
polarization beam. The elliptic equation of the refractive index

on this plane is:
(Bo+ABy) x>+ (By+AB..) 22 +2AB.xz=1.  (13)

Convert Eq. (13) to the standard equation along the major axis
of the refractive index ellipse:

(Bo + AByy ) x*? + (Bo + AB++) 2% = 1. (14)
Compare Eqgs. (13) and (14) to get the formula:
ABew = 1 (BB,
+5\/ (8B -8B +aAB2, (5)
AB.oo = 3 (ABu+AB.)
LB —aB)? +anB2 (6)

2

Similar to the cross section, the stress birefringence in the

plane is:

n

3
My — N = 7?0\/(ABXX —AB)* +4AB,2. (17)

The corresponding values were also introduced, and the stress
birefringence distribution caused by shear stress in the x—z
plane is shown in Fig. 4.

X10—°
70 -
{—0.5
60
{-1.0
50+
- - 1-1.5
40 +
—2.0
30+ —2.5
—3.0
20+
- o
—3.5
10+
—4.0
P A
0—5 0 5

Fig. 4. Thermal stress birefringence distribution in longitudinal section (yel-
low is background in the figure).

As shown in Fig. 4, the thermal induced birefringence
has the greatest influence at the junction of the pump region
and the non-pump region, and the influence of other regions is

small. Similarly, one can obtain the optical path difference of
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the entire surface, which is derived from the value of the ther-
mal stress birefringence at each point. This partial analysis
demonstrates that there are some regions in the longitudinal
direction that causes thermally induced birefringence, so the
longitudinal direction is a non-negligible for the depolariza-
tion of azimuthally polarized beam.

These two parts have mainly studied the influence of
stress birefringence on the depolarization performance of az-
imuthally polarized beams caused by heat distribution inho-
mogeneity. Therefore, this paper not only carried out the
amplification experiment of the azimuthally polarized beam
but also carried out the depolarization analysis of the ampli-
fied beam. In the subsequent laser amplification experiment,
it is necessary to measure the depolarization of the obtained
16.32 W azimuthally polarized light, which is also the reason
for measuring the degree of depolarization.

3. Experiments and results

A schematic diagram of experiment device is shown in
Fig. 5. An all-solid-state pulse burst picosecond 1064-nm
laser was used as the master laser at 1 kHz.['3] The pulse-
burst were composed of four pulses with equal amplitude and

a pulse spacing of 1 ns. The laser had an output average power

of 7.27 W and pulse width of approximately 250 ps with a
linear polarization beam. A spatially variant half-wave plate
(S wave plate, Altechna) was used to convert the linearly po-
larized beam into an azimuthal polarization beam. The 5.45-
W azimuthal polarization beam used as the seed beam was
converted through the S-wave plate (double-sided plating with
1064-nm anti-reflection film, and a polarization conversion ef-
ficiency of 75%). A Faraday rotator and a half-wave-plate
(HWP) were used to prevent any strong backward output from
the amplifier from entering the master laser. The two ampli-
fiers were designed to side-pump Nd:YAG rods (4-mm diam-
eter by 63-mm length with a 30 mm pump length) using 12
horizontal diode arrays, based on three-rows, emitting at a
wavelength of 808 nm. Up to 544-W average pump power
output was obtained, corresponding to the pump pulse width
of 200 ps and a frequency of 1 kHz. Before the seed beam
entered the crystal amplifier, the beam expander was placed
at a distance of 20 mm from the crystal plane to obtain better
pattern matching. A negative lens was inserted at a 10-mm
distance from the end of the first rod to prevent damage. Fi-
nally, the amplified laser was incident on a power meter or
beam quality analyzer, which was used to measure the power

or analyze the beam quality factor.

master laser Faraday isolator S beam expander
—
\ M1
S Rl Eaflys 2
14 14 » T l | 4
. ¥
L ;o
H ) i VY
i amplifers
NN 2 BN
4 : 4
Nd:YAG rod Nd:YAG rod | M2

negative len

Fig. 5. Azimuthal polarization laser amplifier setup. S wave-plate: space variant polarization converter. M1 and M2: total reflective mirrors

for 1064 nm. PD: photo detector.

18 . .
» data
16} — azimuthally polarization

14}
12¢
10}

Output power/W

100 150 200 250 300 350 400 450 500 550
Incident pump power/W

Fig. 6. Amplification output power as a function of incident pump power.

As shown in Fig. 6, a maximum amplification output av-

erage power of 16.32 W was obtained at a seed beam average

power of 5.45 W, corresponded to a power amplification fac-
tor of 299.5%. The pulse envelope energy and the single pulse
energy were 16.32 mJ and 4.08 mJ, respectively. This was
the highest value that the azimuthally polarized output of the
power amplifier had not yet obtained. Because of the charac-
teristics of the gain module, it can be observed that the incre-
ment in output power gradually decreases as the pump power
increases.

The amplified laser output and seed beam were sent
through a convex lens with a focal length of 300 mm and sam-
pled by the beam sampler, respectively. Images were observed
in the focus using a charge-coupled device (CCD)-based beam
profiler (Ophir, SP620U). Neutral density filters were installed
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in front of the beam sampler to avoid damage to the CCD,
which caused inconsistent colors in the captured image. Fig-
ure 7(a) shows the total intensity distribution of the seed beam.
Obviously, it manifests a circular spatial profile with a dark
center, which conforms to the intensity distribution of the az-
imuthally polarized beam. A linear polarizer was installed at
Brewster’s angle before the beam sampler to further confirm
the polarization state of the seed beam. Figure 7(b) is the in-
tensity distribution of the seed beam after passing through the
linear polarizer and its intensity distribution was the upper and
lower speckle. The beam (Fig. 7(c)), reflected by the polar-
izer, was distributed left and right. These results confirm that
the seed beam converted by the S-wave plate was azimuthally
polarized.

The amplified output intensity distribution at maximum
pump is presented in Figs. 7(d)-7(f). Figure 7(d) is the total
intensity distribution of the amplified beam. Figures 7(e) and
7(f) are the intensity distributions transmitted through the po-
larizer and reflected by the polarizer, respectively. The inten-
sity and polarization distribution of the azimuthally polarized
beam were substantially maintained during the amplification
of the Nd:YAG amplifiers. However, the total intensity and
polarization distribution of the amplified beam were not per-
fect compared with the seed beam. The non-radial symmetry
differences of Figs. 7(a) and 7(d) are compared, which was
contributed by the An,, term. These were mainly responsible
for the birefringence of uneven heat distribution, which were

analyzed in the previous theoretical section.

Fig. 7. Intensity distribution of the seed beam (top row), amplified output at
maximum pumping power (bottom row). Panels (a) and (d) are total inten-
sity distributions, panels (b) and (e) are intensity distributions after passing
through the linear polarizer, panels (c) and (f) are intensity distributions re-
flected by the polarizer. These arrows indicate the direction of polarization.

To further investigate the thermal effects on the amplifi-
cation of an azimuthally polarized beam, this work measured
the degree of depolarization as a function of pumping power,
as shown in Fig. 8. The beam transmitted through the polar-
izer at a Brewster’s angle was horizontally polarized and re-

flected by the polarizer was vertically polarized. The power for

a completely azimuthally polarized beam transmitted through
the polarizer, and reflected by the polarizer should be equal.
However, figure 8 shows that the degree of depolarization is
gradually greater as the pump power increases. This shows
that the polarization state of the amplified output was not com-
pletely axisymmetric; that is, the phenomenon of depolariza-
tion appeared. Of course, the power of the seed beam trans-
mitted through the polarizer was equal to the power reflected
within the measurement error.

8 r
* data
T depolarization ratio
6l
X 5t
=
2 4
oy
O 3t
2 L
1t
0

150 250 350 450 550
Incident pump power/W

Fig. 8. Curve of the degree of depolarization as a function of pump
power.

To indicate the degree of depolarization for the amplified

beam, the analysis can be summarized by the following equa-

tion:
Py
depol = —, 18
p P (18)
Ps +
Py = |Ps— SZPP‘. (19)
Plugging Eq. (19) into Eq. (18),
1 |Ps—Pp|
depol = 2 B +100%, (20)

where Ps is the power reflected by the polarizer, P is the
power transmitted through the polarizer, Pg is the amount of
deviation between reflected power and average power, and
Pp = Ps + Pp is the total power.
Bringing each value at maximum pump power into
Eq. (20), the degree of depolarization of the azimuthally po-
larized seed beam and amplified beam can be calculated to
be 1.56%, and 7.1%, respectively. To eliminate the influence
of seed beam purity on the polarization degree of the ampli-
fied beam, we introduce the relative degree of depolarization
to describe the change in polarization state of the amplified
beam:
depol — depol,
depol, = W7 21)
where depol, indicates the relative depolarization of an az-
imuthally polarized beam, and depol indicates the degree of

depolarization of the seed beam.
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Finally, the relative depolarization of the azimuthally po-
larized light is 5.63%. This change of polarization state indi-
cated that azimuthally polarized light had undergone depolar-
ization after passing through a laser crystal with uneven heat
distribution.

Figure 9 shows the experimental results of the beam qual-
ity factor M2, which was measured by a commercial M? mea-
suring instrument (Ophir, M>-200 s). As shown in Fig. 9(b),
the seed beam of azimuthally polarized laser exhibits M? =
2.58 and M}z, = 2.58 in the vertical and horizontal directions.

The theoretical value of M? for an azimuthally polarized beam
is 2 because the fundamental doughnut beam is the Laguerre—
Gaussian, LGO1* mode.['®! The difference between the exper-
imental and theoretical results may be due to the master laser,
which exhibited M?> = 1.3 (Fig. 9(a)). The amplified beam
exhibits Mg = 3.67 and My2 = 3.71 (Fig. 9(c)), which based
on the seed beam quality factor of 2.58. We believe that the
change in beam quality factor of 1.11 was caused by optical

distortion during the amplification process.

1800T
j(a) 980] o (b) 3 (c)
B 1600| .
720 ) 840 v
g 600 <« é ! O g 1400 . 76 ;
5 5 700 , = 1200
e i) . 7 = ’
£ 480 I . Z 560 £ 1100 " E
£ M?=1.3 ~ 3 b g 900 w M?=3.69
ﬁg . J [:E M?=2.58 K g 1 7“/;
360 : 7 420 00 5
2y 5 ¥ ;v
S 7 500 o4
240 g 280 ¥ St
220 240 260 280 300 320 340 360 240 260 280 300 320 340 360 8007300 330 360 390 420 450 480 510
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Fig. 9. Beam quality factor M. (a) Linear beam quality in the main laser, (b) beam quality of the azimuthally polarized seed beam, (c) amplified output

beam quality.
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Fig. 10. Panel (a) is the pulse width of amplified output beam, panel (b) is
the pulse-burst of waveform amplified output beam (four pulses separated by
about 1 ns). (c) The pulse-burst repetition frequency waveform of amplified
output beam.

The waveforms of amplified output beam were measured
to confirm that it is pulse-burst picosecond laser. As shown
in Fig. 10(a), the pulse width of the amplified beam was mea-
sured to be 250 ps. Figure 10(b) shows that there is a pulse
burst, that consisted of four pulses, which have equal ampli-
tude and a pulse spacing of 1 ns. The pulse-burst repetition
frequency was 1 kHz, as shown in Fig. 10(c). The wave shape
was received by a photoelectric tube with a digital phosphor
oscilloscope (Tek-tronix, DPO 70604C).

4. Conclusion

In summary, an Nd: YAG amplifier and thermally induced
birefringence effect for a picosecond azimuthal polarization
laser were investigated. The maximum output power of the az-
imuthally polarized beam was 16.32 W, while the correspond-
ing power amplification factor was 299.5%. In this work, the
basic parameters of the amplified output beam were measured
and the cause of the depolarization was explained. A simple
criterion was defined to help estimate the amount of depolar-
ization in an Nd: YAG amplifier system, and the relative degree
of depolarization of the beam was 5.63%.

An azimuthally polarized laser with higher purity and
higher power can be obtained if the uneven thermal effect of
the Nd: YAG crystal is further reduced or the number of power
amplifiers is increased. The generation of a high-energy pulse

burst ultra-short azimuthal polarization laser is beneficial and
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provides a new source reference to this development, such as

material processing and welding.
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