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Abstract: A model suitable to the continuous wave single longitudinal mode 1342 nm solid state laser with energy
transfer upconversion and excited state absorption taken into account is established. The critical condition for
robust mode hop free operation and the methods for power scaling are proposed via iteration method. The theory

agrees well with the experiment.
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1. Introduction

Continuous wave (cw) single frequency 1342 nm
lasers with high output power have received great
attentions due to their excellent properties of low
noise, low dispersion in optical fiber and good beam
quality. Using this kind of low noise light source, one
can demonstrate quantum information investigations
via optical fiber [1] and fabricate high power single
frequency 671 nm lasers, which have found
applications in optical cooling, lithium atom
interferometers [2] and lithium isotope separation. To
date, a few theoretical investigations about the
influence of ETU or ESA on the 1342 nm laser were
reported [3-5], but a self-consistent theoretical model
taking into account the interactions between
temperature rising, energy transfer upconversion
(ETU) and excited state absorption (ESA) effects is
still waiting for a detail study to precisely simulate the

http://www.sensorsportal.com/HTML/DIGEST/P_3079.htm

gain-loss relation and the output performance when
the 1342 nm laser is operating in single-longitudinal-
mode (SLM). In this paper, the heat deposition inside
the laser gain medium due to the ETU and ESA effects
were analyzed in detail, then the influence of ETU and
ESA on the laser mode and power were investigated
theoretically and experimentally by taking into
account of the coupling relations among the thermal
fractional loading distribution and temperature
distribution inside the gain medium, the laser flux, the
meta-stable level populations involved in ETU and
ESA, and other temperature dependent variables.

2. Theoretical Analysis

Based on the data given in the literatures and the
data obtained from a series of experimental
measurements [6-14], the temperature dependences of
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the Nd:YVOs crystal’s spectral parameters were
obtained by fitting the data as polynomials, as shown
in Egs. (1-9).
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where 7., a, O, Oesa, % T, ar are the refractive index,
the absorption coefficient at the pump wavelength 7,
the stimulated emission cross-section at the laser
wavelength A4, the ESA cross-section at 4;, the ETU
parameter, the fluorescence lifetime of the meta stable
level and the thermal expansion coefficient,
respectively. K. and K, are the thermal conductivities
along the c-axis and ag-axis of laser crystal, K., and
K, ¢ are the thermal conductivities along the c-axis and
a-axis of the laser crystal at a given temperature 7.
When the laser is operating stably in SLM, the
temperature distribution inside the gain medium
T(x,y,z) obeys the heat conduction equations:
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where & P, ne=1—exp(-al), , r)(x,y,z) and H are the
fractional thermal loading, the incident pump power,
the pump absorption efficiency of the gain medium,
the length of the gain medium, the spatial intensity
distribution of the pump beam, and the heat transfer
coefficient between crystal and air, respectively. 7,
and T, are the temperatures of air and the heatsink,
respectively. For simplicity, 7,(x,y,z) is assumed to be
in Gaussian distribution with a focused beam spot
radius of @, in our simulations.

If £is a constant independent on the temperature
distribution inside the gain medium, 7(x,y,z) can be
immediately calculated by a finite difference method
and an iterative procedure considering the temperature
dependences shown in Egs.(1-9). However, due to the
existence of ETU and ESA, ¢ is a variable that is
related to 7(x,y,z) via the following equations:
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where & is the fractional thermal loading related to the
quantum defect, No= Pin7atAy/hc is the population in
the upper laser level without the ETU and ESA effects,
New and Ny, represent the populations in the upper
laser level involved in ETU or ESA effect,
respectively. 4 and c are the Planck constant and light
speed in vacuum. @y(x,y,z) is the normalized spatial
distribution of laser photons and is assumed to be in
Gaussian distribution with a beam waist of @. n(x,y,z)
and @ are the upper-state population density and the
laser flux that can be resolved from the rate equations
as following:
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where /. is the optical length of laser cavity, Ty is the
transmission of output coupler. Then the “real”
temperature distribution inside the gain medium and
the “real” N, and N, can be determined using
Egs. (1-16) and the iteration method introduced
in [13].
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Fig. 1 shows the simulated temperature
distributions at x=y=1.5 mm in the laser crystal with
the effects of ETU and ESA taken into account. It can
be seen, the simulated temperature distribution comes
to be converged after carrying outl4 iterations. And
the peak temperature inside the gain medium is 29 K
higher than the simulation result without iterations.
Fig. 2 shows the simulated thermal fractional loading
distribution inside the gain medium under 60 W dual-
end pumping after the “real” temperature distribution
being evaluated and used to assign the temperature
dependent parameter values. It can be seen that the
heat deposition along the z direction (the thickness of
the gain medium) is relatively uniform owing to the
dual end pumping scheme.
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Fig. 1. Simulated temperature distribution inside
the gain medium.

Thermal fraction! loading (a.u.)

Fig. 2. Simulated thermal fractional loading distribution
inside the gain medium.

Beside the thermal -characteristics, the laser
oscillation mode is another issues that we interested in.
Since the variation of laser oscillation mode will make
the frequency and power stabilities worse
simultaneously, the multi-longitudinal-mode (MLM)
oscillation and mode hop should be suppressed firstly
by controlling the nonlinear loss and optimizing the
output transmission. Based on our previous

investigation [15], the sufficient condition of mode-
hop-free SLM oscillation for a 1342 nm laser can be
given by an inequality:

AK(I* (@) + 1,1 (@)
B(I(a@)+CI,)

> g(’)mlxlo s

(17

The physical basis of Eq. (17) is that when a
nonlinear crystal is not inserted into the ring laser
cavity and the incident pump power is high, the center
mode with the frequency of ay and the neighboring
2 m longitudinal modes at frequencies of
w, = oy £ qAw (¢g=1, 2, ... , m) can be oscillated
simultaneously, where A is the longitudinal-mode-
spacing of the laser. In this case, all the modes
experience the same losses, and the difference of gain
between the center mode @y and mode @), determined
a critical net gain difference AG. It can be deduced that
once the net gain difference between the mode ax and
any other mode @ was larger than AG, the oscillation
of mode @ can be suppressed. When a dual
wavelength laser is built by inserting a nonlinear
crystal into the ring laser cavity, the processes of SHG
and sum frequency generation (SFG) will introduce
different nonlinear losses to the mode a» and other
neighboring modes. We could adjust the nonlinear
conversion coefficient of SHG (K) to an appropriate
value, in which case two following conditions can be
fulfilled simultaneously. One condition is that the
difference of net gain between mode @) and its
adjacent mode @ is larger than AG owing to the
frequency dependent nonlinear loss, and another
condition is that the net gain of mode @ reached the
threshold condition. Eq. (17) is the mathematical
expression of the two conditions, and the parameter 4
relates to the nonlinear conversion coefficients of SFG
that is given by:

A=2sinc?| 13922 |1
Ao,

(18)

where Awy; is the nonlinear spectral bandwidth of the
nonlinear crystal. The other two parameters B and C,
which are related to the number of modes located
inside the gain bandwith of the gain medium can be
written as:
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where Awy is the gain bandwidth of the gain medium.

20 1 1s the small signal gain at the center frequency
and can be represented by:
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Iy = he/(hoety) is the saturated intensity of mode
o, where /v, is the energy of laser photon. I(wo) is the
intensity of oscillating mode wy that can be written as:
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where Jp is the roundtrip dissipative loss,
Ky is the maximum value of K achieved at perfect
phase matching.

The critical value of K as a function of T, for the
sufficient condition of stable single frequency
operation is calculated using Egs. (1-22) and the
following parameters: A4,=880 nm, A~1342 nm,
Pip=60 W, [=18mm, [;~190 mm, @,=500 um,
00=0.044, Aoyxz=125.7 GHz [16], Awg=255 GHz [16],
Aw=564 MHz, T,=298 K, Ty=288 K, A.=4,=3 mm,
H=10 W/m’K and m=6, as shown in Fig. 3. When K is
located in the region above the curves, the laser can
stably operate in SLM state, otherwise MLM will
oscillate. It can be seen, when the output transmission
is varied from 1 % to 18 %, the critical value of K is
changed from 1.22x1072 m%*W to 6.58x107'2 m*/W,
which is always below the value of
Ko (6.7x10" m*W). The red and black curves in
Fig. 3 (curve b and curve c) are the critical values of K
versus T, with and without ETU, respectively.
Comparing with the case that ETU are not considered,
at a given T, larger value of K is required to
ensure stable SLM operation when ETU are taken
into account.
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Fig. 3. The critical nonlinear conversion coefficient vs.
output transmission.
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3. Experimental Setup

The experimental setup of cw SLM 1342 nm laser
is shown in Fig. 4. The 18 mm long wedged Nd:YVOy4
crystal is dual-end pumped by polarized 880 nm lasers
provided by a laser diode and the pump spot radius
inside the gain medium is 500 pm. For longitudinal
mode selection, a 190 mm-long ring resonator
composed of 6 mirrors and an optical diode is
employed. A type-I noncritical phase-matched LBO
crystal is inserted into the ring laser cavity for
introducing nonlinear loss. The 1342 nm laser from the
resonator 1is split into three parts, and the
characterization of the laser is demonstrated by a
power meter (PM,), a Fabre-Perot (F-P) interferometer
(F-P) and a balanced detection system (BD). A
stabilization system based on F-P, interferometer is
also employed to suppress the frequency fluctuation.
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Fig. 4. Experimental setup of cw SLM 1342 nm laser.

4. Experimental Results and Discussions

Fig. 5 shows the dependences of the 1.34 um laser
output on transmission of output coupler at a boundary
temperature of 288 K and an incident pump power of
60 W under dual-end pumping. The circles are
experimental data. The red curve is the theoretical
prediction considering both ETU and ESA effects that
are in good agreement with experimental results. As a
comparison, the black curve is the theoretical
prediction without both ETU and ESA effects that
deviate significantly from experimental results. The
blue curve is the theoretical prediction without only
ESA effects that has the same tendency with the red
curve, but lower at higher output transmission. It can
be seen, there exists an optimum output transmission
to achieve a maximum laser output. When ETU and
ESA effects are considered the optimum transmission
of output coupler is 7.2 %, but in the cases that the two
effect or only the ETU was neglected, it should be
5.8 % and 10 %, respectively. Moreover, when the
total pump power was 60 W and the output
coupler with a transmission of 10 % was employed,
162W cw SLM 1342 nm laser operation was
experimentally realized.
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Fig. 5. Output power of cw SLM 1342 nm laser
as a function of the output tramission.

Figs. 6-8 show the laser mode structure under
60 W pumping, the frequency fluctuation before and
after laser frequency stabilization and the intensity
noise properties of the 1342 nm laser. It can be seen,
using an F-P cavity frequency reference, the SLM
mode hop free laser operation is confirmed. Moreover,
the frequency fluctuation of the free running 1342 nm
laser was +3.1 MHz in a given 5 hours, once the
frequency stabilization loop was working, the laser
frequency fluctuation was suppressed to =£0.2 MHz in
a given 3 hours. The laser intensity noise reached the
shot noise limit beyond the analysis frequency
of 3 MHz.
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Fig. 6. Frequency behaviors of 1342 nm laser.

5. Conclusions

We demonstrate the modelling and experimental
fabrication of a cw single frequency 1342 nm solid
state laser. The model is self-consistent by taking into
account the coupling relations among the thermal
fractional loading distribution and temperature
distribution inside the gain medium, the laser flux, the
meta-stable level populations involved in ETU and
ESA, and other temperature dependent variables via
an iteration method. A 16.2 W cw single frequency

1342 nm laser source with no mode hop, 0.2 MHz
long term frequency stability, and shot noise limit
intensity noise performance beyond 3 MHz is built.
The theoretical prediction is in good agreement with
the experimental results.
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Fig. 8. Intensity noise of 1342 nm laser.
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