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Ways on energy enhancement for single frequency oscillator are reported in this paper. By quantitative analysis
on gain and loss coefficients for each cavity mode with inserted etalons, a 37 mJ, 100 Hz high energy single-frequency
Nd:YAG oscillator is obtained. The pulse energy is promoted by enhancement of nearly 7 times for a single frequency
oscillator reported. The result proves that this method does help for energy enhancement. It has attractive potential for
high energy single frequency oscillator design, especially on condition of intensive side pumped or long cavity laser, where

strong competitors exist and are hard to be suppressed.

Keywords: Nd:YAG laser, high pulse energy, single frequency oscillator
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1. Introduction

Single-frequency Nd:YAG laser has a wide range of
applications, as optical metrology, high-resolution spec-
troscopy, coherent detection,!!®! and especially Fourier-
telescopy (FT).[7!8] To obtain a single-frequency laser, three
problems need to be solved, including single longitudinal
mode selection, single transverse mode selection, and en-
ergy enhancement. For single longitudinal mode selec-
tion, several ways have been developed, such as short cav-

ity configuration,!'®23 microchip lasers, 324

non-planar
ring oscillator,>739 traveling-wave cavity,?1=% twisting
mode lasers, and inserted multi etalons.*'*?! Techniques
used for single transverse mode selection include inserted
aperture or lens, long cavity, end pump laser, and ther-
mally near unstable resonator.>'~*3! For energy enhance-
ment, a master-oscillator power-amplifier is a well-established
technique.**3?! Isyanova reported a 55 mJ single-frequency
laser by a MOPA system, and the oscillator has the energy

[47] Tong reported 101 mJ

of 0.8 mJ with inserted etalon.
single-longitudinal-mode Nd:YAG laser by a pre-amplifier
and amplifier system and the oscillator has an energy of
1.25 mJ obtained by a short cavity with inserted etalon. 48]
A 500 mW nonplanar ring oscillator (NPRO) was amplified
to 800 mJ/pulse by an injection seeded oscillator and four
slab amplifiers system.[*”] A 10 mJ single frequency pulse
was realized by an injection seeded oscillator, and amplified
to 200 mJ.5% Liem reported 100-W single-frequency radia-
tion by the use of a MOPA system,**] with near 63 times of
amplifying ability. NASA Langley research center has devel-

DOI: 10.1088/1674-1056/ac0694

oped a 100 mJ/pulse single-frequency laser, using an injection
seeded ring oscillator.[>?! Northrop Grumman demonstrated
a 15 kW CW single-frequency MOPA system,!>3! the oscil-
lator was low-power with less than 200. Xu et al. reported a
700 mJ pulse energy single-frequency 1064 nm laser by using
seed injection and a three-stage MOPA system. Xu ef al. re-
ported a 700 mJ pulse energy single-frequency 1064 nm laser
by using seed injection and a three-stage MOPA system. The
10 mW single-frequency CW oscillator is amplified to 0.7 W
by a fiber amplifier and to 350 W (700 mJ/pulse) by the MOPA
system, it is a powerful amplifier with amplifying ability of
3.4 C 10* times.’?) The MOPA investigation shows attractive
potential for energy/power scaling and it makes the principal
validation viable. The problem is that the MOPA system is
too complex and huge for application, as the pulse energy of
oscillators is limited to several milli-Joule levels now. It helps
for a further breakthrough that energy enhancement of the os-
cillators to dozens of milli-Joule level, but it is rarely reported.
As conflict lies in energy enhancement and fixing it at a single
frequency synchronously.

Ways on energy enhancement for single frequency os-
cillator is reported in this paper. By quantitative analysis on
gain and loss coefficients for each cavity mode with inserted
etalons, a 37 mJ, 100 Hz high energy Nd:YAG single fre-
quency oscillator is experimentally obtained. It is designed
and obtained by a side pumped three-mirror annular cavity
with inserted etalons. This configuration increases the injected
pump energy, compared with the traditional end-pumped short
cavity. And it introduces a number of strong competitors as
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well, including transverse and longitudinal modes. Longitu-
dinal mode selection with multi etalons is a well-established
technique, it has great potential for high energy oscillator de-
sign but limited to be 5.5 mJ now. How to select a single mode
out by the inserted multi etalon, from strong competitors, is

investigated theoretically and experimentally.

2. Quantitative analysis on the single mode se-
lection

Side pumped configuration offers perfect pump energy
storage ability, and it is a potential choice for energy scaling
of single-frequency laser, but has not been used as yet. The
bottleneck is that two problems appear and need to be solved.
The first one is that as the input energy increases, the laser
gain and thermal effect enhance, which introduces longitudi-
nal or transverse multimode oscillation and stability deteriora-
tion. The second one is that to offer enough suppression for
transverse mode, the longer cavity length is preferred, which
increases the numbers of longitudinal modes and sets a chal-
lenge on longitudinal mode selection. The two problems are
quantitatively analyzed in this section, including single longi-
tudinal mode operation and stability control, and single trans-
verse mode operation and stability control from large numbers
of strong competitors under the extremely high gain.

2.1. Single longitudinal mode selection and stability con-
trol
Single longitudinal mode selection and stability control
are theoretically analyzed. For Nd:YAG laser, the line profiles
follow a Lorentz function f (V) as follows:

Avery /2T

(v—vo)* + (Avcry/2)2 ’
co

fv)= (1)

Avg 2

B 2nLcawity ’
where AV,,y is the line width of the Nd:YAG crystal, and vy is
the frequency at the center of the homogeneously broadened
linewidth. The number of longitudinal modes oscillated in
the cavity is determined by the homogeneously broadened line
width of the Nd:YAG crystal Av,,y and the frequency spacing
of two adjacent longitudinal modes in the cavity Avy. When
the cavity length of the oscillator is 30 mm, 15 longitudinal
modes oscillate in the cavity. As the cavity length of the oscil-
lator enlarges to 950 mm, 500 longitudinal modes may appear.
Selecting 1 from the 500 longitudinal modes and fixing it for
a long time, instead of 1 from tens of modes, is the first chal-
lenge. It means making a high gain for the 1 needed and a
high loss for all the 499 artificially. To meet this challenge,
the laser oscillation is theoretically analyzed and simulated,
including the gain and loss coefficient for each cavity mode.

It gives quantitative analysis on the parameter design and op-
timization of the etalons.
Laser gain for each frequency is given by

G (v
G0 =1 fERR @)
MEYiD)
G° (v) = A’ By S hvof (v), @
3
C
By=-—
R P AEITEES )

where G(v) is the small-signal gain coefficient, I(v) is the
power density in the system for each frequency, I is the satu-
ration flux, By; is the simulated radiation coefficient, u is the
refractive index, and 7 is the lifetime for spontaneous radi-
ation of the upper laser level. An° is the maximum value of
population inversion. The number of ions for the excited up-
per laser level, the lower laser level, and the ground state are
ny, ny, and ng, respectively.

The change rate of the electron population densities for
the two laser levels in a four-level laser system is analyzed by
the following equations:

dny . g2 np

a = Wpny (n2 @ I’l]) G(PC % s (6)
dny 22 np nj
i _ 5= e 0 7

dr <n2 81 n1> ogct T Tio] @
d¢i 9

i =cpon o )]
Nior = N1 +n2 +no, ©))
ny = nonTf, (10)
I’lon = nQT]SPab/ (hVV) s (11
Ang = ’CanT]SPab/ (hVV) , (12)

where W, is the pumping rate (s71), ¢ is the photon density
(photons/cm?), ny is the total number of atoms is the two lev-
els, g1, g2 are degeneracies of the two energy levels, ¢ = co/n
is the velocity of light in the laser medium, o is the cross-
section for the stimulated emission, 7. is the decay time of
photon in the cavity, 7 is the fluorescence decay time of the
upper laser level, 7,; is the lifetime for spontaneous radia-
tion of level E,, and 7j¢ is the lifetime for radiation of level
E1, in an ideal four-level system the terminal level empties in-
finitely fast to the ground level 7;p ~ 0. Form Egs. (6)—(11),
the maximum number of ions for upper laser level E; is de-
duced. In an ideal four-level system n; = 0 and An® = n,, then
the maximum value of population inversion An° is obtained by
Eq. (12), where nq is the quantum efficiency, np is the over-
lapping efficiency, and 7 is the Stokes factor.

Laser gain of the system for each frequency is deduced
by Egs. (3) and (12)
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where Stokes factor 1y = A, /AL, L is the crystal length, r is
the crystal radius, Pyump is the pump power, 7,ps is the absorp-
tion efficiency, f is the repetition rate, 7, is the pulse duration,
R, is the reflectivity of the output coupler, and Ly is the loss
coefficient of the cavity.

The oscillation condition for a laser system with multi
mirrors and multi etalons is

HOM=ALR Ry . RiTepy (v) Tepa (v) -+~ Tip; (v) = 1, (14)

where « is the laser crystal loss coefficient, R; is the reflectiv-
ity for each mirror, and Tp; (v) is the transmittance for each
etalon at different frequencies described by

1

201 :
sin” #%n;d; (v —vo)cos @

Tij (V) = (15)

= 4r
IR (e

Here r; is the reflectivity and d; is the thickness of etalons

numbered as 1 to j. There is no analytical solution for multi

etalons design. To give a numerical solution, the oscillation

condition is changed to be
1
=0— iln [Rle -+ R Tpp1 (V) Trp2 (v) s Tij (V)} . (16)

The right part of the above equation is denoted as the loss co-

G(v)

efficient of each cavity mode for convenience,
1
ﬁln [R]Rg - RiTep1 (V) Tepp (v) -+ Trpj (v)] .(17)

The laser gain and loss coefficients of the system for each

oa(v)=a—

cavity mode are quantitatively described by Eqs. (13) and (17).
Two solid F-P etalons are selected for the simulation in this
paper, one is employed as a main etalon (r{, d;), having high
fineness selectivity for unwanted longitudinal modes suppres-
sion; the other is employed as assistor (r, d»), having a large
free spectral range for unwanted longitudinal modes suppres-
sion. Parameters used in the simulation are summarized in
Table 1, and the result is illustrated in Fig. 1. When the pump
power is designed to be 240 W with 100 Hz repetition rate
and 200 microseconds pulse duration, the optimized work-
ing parameters of the main etalon and the assistor are (90%,
6 mm) and (70%, 0.7 mm), respectively. On this condition,
the frequency spacing of two adjacent longitudinal modes in
the cavity is Avy = 368 MHz, the 6 mm main etalon has a free
spectral range of Av; = 17 GHz, inducing a 62 % loss for the
adjacent longitudinal modes besides, as shown in Fig. 2; it is
sufficient to eliminate neighboring axial cavity modes oscilla-
tion. The 0.7 mm assistant etalon has a free spectral range of

13)

\
Av, = 148 GHz, inducing 80 % loss for the adjacent strongest

longitudinal mode of the main etalon, 17 GHz from the cen-
ter, thus the possibility of laser oscillations at this mode and
other similar resonances is suppressed. Two adjacent transmis-
sion peaks of the assistant etalon appear at +148 GHz away
from the center, but have small influence, as they are close to
the edge of 150 GHz gain line shape which falls off sufficiently
to prevent laser oscillation at such frequencies. The gain co-
efficient for the aimed frequency is designed to be between
two values, one is the loss coefficient of the aimed frequency
and the other is the loss coefficient of the strongest competi-
tors. This design ensures a stable operation under operation
fluctuation.

Table 1. Parameters used in the simulation.

Parameters Value
Planck constant i 6.26x1073 J.s
Refractive index of Nd:YAG crystal u 1.82
Crystal length L 80 mm
Crystal radius r 1 mm
Loss coefficient of Nd: YAG crystal o 0.001 cm™!
Fluorescence decay time ¢ 230x 1076 s
Stimulated cross section of Nd:YAG crystal o 6.5x1071 cm?
Linewidth of Nd:YAG crystal AVery 150 GHz
Cavity length of the oscillator Lcayity 946.2 mm
Quantum efficiency 1nqg 0.95
Overlapping efficiency ng 0.95
Wavelength of pump laser 4, 808 nm
Wavelength of excited laser A 1064 nm
Pump power Foump 240 W
Absorption efficiency Naps 0.8
Repetition rate f 100 Hz
Pulse duration 7p 200 ps
Loss coefficient of the cavity Ljyss 0.1

90
80
70
60
50
40
30
20
10 1

T T T T
—— total loss coefficientof the cavity
—— gain coefficient

Gain/loss coefficient (cm™!)

0
2.8293 2.8296 2.8299 2.8302 2.8305 2.8308
Frequency (10'* Hz)

Fig. 1. Laser gain and loss coefficient for each cavity mode with two
etalons.
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Fig. 2. Multimode oscillation suppression of the main etalon (a), the assistant etalon (b), and the total effect (c).

2.2. Single transverse mode selection and stability control

The second problem that needs to be solved is single
transverse mode operation and stability control under high
laser gain operation. To reduce the high order oscillation of
transverse mode, a thermally near unstable resonator with in-
serted aperture is designed. Under the thermally near-unstable
condition, the laser operates at the border of the stable region,
where the fundamental model size is larger and the diffrac-
tion loss for the high-order is higher, so high output power and
good beam quality can be expected.

To enhance the output energy and reduce laser oscilla-
tion loss, the aperture size and its location are simulated, mea-
sured, and modified quantitatively. The simulated value of
fundamental mode size distribution @y, (Z) is obtained at a
given working thermal lens, cavity length, and curvature of
cavity mirrors.!>”) On working condition of the laser cavity,
the beam characteristics of the laser output is measured by a
beam quality analyzer (M2-200, Spiricon Inc.), recorded as
@simy (Z). The spatial distribution of the laser beam at the out-
put coupler or inside the oscillator is deduced according to the
ABCD matrix of Gaussian beam’s propagation and transmis-
sion physics in free space or optical element. The simulated
and measured value at the same location will modify the sim-
ulation parameters and give instruction on the location and di-
ameter design of the inserted quartz diaphragm on condition
of Wsimu (Z) = Wseas (Z).

3. Experimental investigation

A high pulse energy 1064 nm single frequency oscillator
is experimentally constructed. The arrangement is illustrated
in Fig. 3. The side pumped resonant cavity is built up by three
mirrors, flat mirrors M1, M2, and 55.6° polarizer P. Two iden-
tical laser heads LH1 and LH2 are diode-side-pumped, to en-
hance the storage ability of pump power and realize a high
energy output. Each laser head contains three-dimensional
bar arrays, four lines on each dimension, with a total pump
power of 240 W, the wavelength of 808 nm. The laser gain
medium used in this experiment is Nd: YAG crystal cylindrical
rods provided by Cryslaser Inc. A 90° quartz rotator is placed

between the two laser heads to compensate for the thermally
induced birefringence. The unidirectional operation of the ring
laser is enforced by a combination of a Faraday rotator (FR),
a half-wave plate (HW), and together with a 55.6° polarizer
(R =99% for S polarization, R = 5% for P polarization). The
Nd:YAG rod is 80 mm in length and 2 mm in diameter, 1 at.%
doped, polished, and anti-coated at end faces. All intracavity
elements are antireflection coated at 1064 nm, except for the
two etalons. The optical length of the cavity is 946.2 mm.

M1 M2

QR

Fig. 3. Schematic of the single frequency laser. QR: 90° quartz polar-
ization rotator, LH1, LH2: diode-side-pumped laser head, FR: Faraday
rotator, P: thin film polarizer, HW: half-wavelength wave plate, M1,
M2: reflective mirrors (17.2°, R > 99.8%).

Without transverse mode selection element, the oscillator
shows a multimode oscillation mode with an un-centralized
energy distribution, with a beam quality of 3.41 in the x-
direction and 3.7 in the y-direction, as shown in Fig. 4(a). As
the thermal focusing effect is not severe at low repetition fre-
quency of 100 Hz, it fails to realize high power with good
beam quality by the thermally near unstable cavity design. In-
stead, a quartz aperture is inserted to select the TEMgg mode
out, and its diameter and location are further optimized experi-
mentally under the simulated value. The separation degree be-
tween the TEM(y mode and the higher orders gives influence
on the selectivity of the aperture. When it has a suitable size
at the favorite location, a stable near diffraction limited beam
quality is obtained under power fluctuation. The optimized
size is 1 mm in diameter, and the optimized location is 160 mm
away from the reflective mirrors M1/M2, on two arms. The
beam quality is then enhanced by 18% after optimization, to
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be 1.26 in the x-direction and 1.32 in the y-direction measured
by Spiricon M2-200, compared in Fig. 4(b).

Fig. 4. Beam quality of the cavity without (a) and with (b) inserted
aperture.

The optimized double F-P etalon is used to obtain stable
single axial mode operation. The F-P etalons are thermally
tuned to select a single axial mode near the center of the gain
curve and tilted to decouple them from each other. The double
F-P etalon mode filter gives a sufficient reduction in transmis-
sion so that any other mode is below the threshold at a cost of
42% laser power loss.

The laser spiking caused by periodic pumping and relax-
ation oscillation is harmful for application and it is suppressed
by a non-linear crystal, KTP, to generate almost a rectangu-
lar laser pulse. The 5x5x5 mm® KTP crystal converts high-
intensity laser spikes into the second harmonic radiation, re-
sulting in a reduction of the spike strength by 20%, and a re-
duction of relaxation time to 25%, then a smoother laser pluse
is obtained, the suppression effect is shown in Fig. 5.

Fig. 5. The 1064 nm laser pulses without (a) and with (b) intracavity
second harmonic generation.

By using the laser cavity designed and optimized above,
the single-mode operation is obtained, with 37 mJ/pulse en-
ergy for a 200-microsecond duration pulse at 100 Hz repetition
rate. The maximum fluctuation of laser power is less than 10%
in 30 min (Fig. 6). The beam quality of the oscillator is 1.26 in
x-direction and 1.32 in y-direction. The frequency bandwidth
is less than 100 MHz, and the frequency fluctuation is less
than 250 MHz, measured by WS-7, HighFinese GmbH. The
measured frequency bandwidth and frequency fluctuation are
both less than the 317 MHz frequency spacing of two adjacent
longitudinal modes in the cavity, then the single-frequency op-
eration is substantiated. The output energy shows no satu-
ration trend, but the frequency fluctuation appears when the
pump power continues to enhance. In addition, the time wave-
front and the Fourier transformation of the spiking pulse are

detected by an ultrafast photodiode and shown by an oscillo-
scope (Tektronix DPO 4104). The waveform is rather smooth,
which shows no beat pattern of multiple longitudinal modes,
the single frequency is further substantiated.

10

;I-rl"'\’\.\.‘ f-..W\"".#-...Rl -/..'

2F

0 5 10 15 20 25 30

t (min)
Fig. 6. Power stability of the oscillator in 30 min at the maximum aver-
age power.

4. Conclusions

A high-energy single frequency 1064 nm oscillator has
been designed in this paper. For energy enhancement, a side
pumped three-mirror annular cavity is designed and applied
for single-frequency operation for the first time. This design
has an advantage of favorite injecting and storage ability, com-
pared with the end-pumped single-frequency lasers, and disad-
vantage of challenges in mode selectivity and control. Ways
to select a single mode out with high precision from numbers
of strong competitors by inserted multi etalon are investigated
theoretically and experimentally. Then, a 37 mJ/pulse, 100 Hz
repetition rate, 200-microsecond duration, near-diffraction-
limited single-frequency laser is obtained. The line width of
the longitudinal mode is less than 100 MHz, and the frequency
fluctuation is less than 250 MHz. The single frequency oscilla-
tor reported in this paper promotes the single pulse energy by
an enhancement of nearly 7 times for single pulse energy and
more than 130 times for peak power compared with the single
frequency seed laser developed by NASA. It makes pulse en-
ergy of up to > 1 J/pulse possible by power amplification with
a MOPA system.
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