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Figure 6.4: Average pulse energy of the 1.6 um signal (a) and maximum total
fluence at the KTA crystal (b) for varying radius of curvature of the mirror M.

6.3.2 1I0OPO optimization

When simulating with the IOPO, the length of Ly was reduced to 12 cm with
an OPO length L3 of approximately 3cm. This keeps the total arm length
between My and My fixed at 15 cm.

Including the IOPO caused the fluences in the system to increase. This is
seen in figure 6.4, where the pulse energy of the 1.6 um signal and maximum
total fluence in front on the KTA crystal is illustrated for varying radius of
curvature of the mirror M,. Other simulation parameters are found in table
6.5. For a value of 75cm, the fluence reached values of 6-7J/cm?, which
surpasses the damage threshold (3J/cm?). A value of 86 cm was chosen for
the radius of curvature in order to get below the damage threshold.
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Table 6.5: IOPO simulation parameters

Ll 6 cm
Lo 12 cm
Ls 3+0.3cm
M; RoC -50 cm
Ms RoC 86 cm
OC (1.6 um) 50%
OC (idler) 100%
rp (e72) 0.5mm

The design was further tested for variations in the KTA crystal length.
The KTA crystal length was varied from 8 to 13 mm. An important consider-
ation here is to avoid double pulsing. Other simulation parameters are found
in table 6.5. The results are shown in figure 6.5 for pulse energy, maximum
total fluence (at the KTA crystal) and beam quality. No double pulsing was
observed for any of the crystals lengths tested in this simulation.

From these results, a value of 10mm was chosen considering all three
parameters shown in figure 6.5. The pulse shape for this specific value is
seen in figure 6.6. It shows the signal pulse with the corresponding 1 pum
pump pulse. The average pulse energy is 1.16 mJ with a beam quality of
approximately 2. The pulse width is 3.6 ns (FWHM), with the entire pulse
passing in 15ns. In addition to this, the OPO generated an idler with a
wavelength of 3.08 yum and 0.42mJ average pulse energy.

Field distributions for the total near field and total far field of both the
1 pm and 1.6 ym signal are shown in figure 6.7. Fields (a)-(b) are the total
near/far field of the 1 um signal at the front of the KTA crystal. The fields
(c)-(d) are similarly the 1.6 um fields at the output coupler M5. The wave-
length spectrum of the signal and idler is shown in figure 6.8. The FWHM
bandwidth of the 1.6 um signal is estimated to 1-1.5nm and approximately
5nm for the idler.

To demonstrate the ability to tune signal wavelength, the simulations
were run with a varying signal wavelength. The resulting change in phase
matching angle and effective nonlinearity can then be found from figure 3.3
and 3.4. The pulse energies for varying signal wavelength are shown in figure
6.9.
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Chapter 7

Discussion and conclusion

7.1 Comparison of simulations to experimen-
tal results

The simulations started out with a test of the computational model with
experimental results. This was done to check the correspondence between
simulated results and actual experiments. Peng et al. [17] was chosen as
they used a combination of YLF and KTA. The design of the resonator was
to some extent motivated by their design.

One thing that did not match the article was the type of phase matching.
Peng et al. specifies phase matching in the yz-plane in their article, but it was
found that the conversion in this phase matching type was too low. It was
therefore judged that the actual results had used type IIb phase matching in
the xz-plane as this gives the highest nonlinear coefficient.

As mentioned in the previous chapter, Peng et al. have both results for
a pure 1pum signal and for a 1.9 um signal from an IOPO. For the 1pum
signal, they report average output powers of 6.5, 9.2 and 11.6 W for fixed
repetition rates of 1, 2 and 4.5kHz. The simulation results are 6.15, 9 and
10.85 W respectively. This difference could simply be attributed to a too
high estimate for the round trip loss used in the simulations.

For the IOPO, Peng et al. specifies 1.9 um signal pulse energies of 2.5,
1.55 and 0.67mJ for the same repetition rates. The simulation results are
2.25, 1.38 and 0.68mJ. Peng et al. states that they get double pulsing for a
repetition rate of 1kHz, and this is also seen in the simulations.

The difference in IOPO pulse energies cannot be explained by the round
trip loss alone. The simulation pulse energies are lower for 1 and 2kHz,
but higher for 4.5kHz. In the article, the pulse energies die off when the
repetition rate is set even higher (ref. figure 6 in [17]). This does not seem
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to be the case for the simulations. One indication of this is seen in the pulse
durations. Peng et al. states values of 10, 15 and 41ns for pulse widths
(1kHz, 2kHz and 4.5 kHz respectively). The simulations produced a FWHM
pulse width of 6ns for all repetition rates. The cause of this discrepancy is
unclear.

Another serious concern are the fluences in the simulations. The article
does not mention any numbers relating to the fluences, but the values from
the simulations are higher than what is expected to cause damage on compo-
nents. The lowest value obtained was approximately 8-9 J/cm?, almost three
times the value considered as the damage threshold. Peng et al. only men-
tions coating damage when generating a signal with a wavelength of 1.6 ym.
This damage is attributed to idler absorption in water. The high fluences
might be a result of the remaining pump after the signal pulse has passed.

7.2 Parameter sensitivity

One of the advantages with computer simulations is that they allow for rapid
testing of various parameters. Included in the results was a brief look on
parameter sensitivity on some specific parameters. There are numerous pa-
rameters that could be tested, but time limitations hindered more extensive
testing.

A high round trip loss reduces the pulse energies from the laser as well as
the fluences in the resonator. Going from a lossless resonator to a 10% round
trip loss reduced the average output power by almost 25%. Meanwhile, the
fluences in the resonator decreased correspondingly by 25%. While a low
loss is usually beneficial, it might be an advantage to include some loss in
applications where it is important to avoid component damage. This way,
the application can sacrifice pulse energy to avoid damage.

An important goal was to include the thermal lensing in the simulations.
The exact influence of the thermal lensing is seen in figure 6.1. Without the
thermal lensing, the beam width is seen to fit very well with the theoretical
mode size in the resonator. When the thermal lensing is included, the mode
profile is altered. The beam quality deteriorates slightly from 1.02 to 1.3.
This is most likely cause by the aberrations of the thermal lens. The average
output power increases slightly (1.7%), which is likely a result of a slightly
better overlap between the pump and the signal in the laser rod (positioned
between 4-7 cm mark in figure 6.1).

An important part of determining the strength of the thermal lensing is
the thermo-optical coefficient (dn/dT). The case of YLF is somewhat special
as the thermo optical coefficient is negative. This means that the end face
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expansion and thermo-optical effect will counteract each other. Two different
values found in the literature was tested (-2 ppm/K and -4.6 ppm/K). The
simulations with the strongest thermal lensing (-4.6 ppm/K) had the pulse
energies halved, with a notable deterioration in beam quality (from 1.3 to
3.6). A possible explanation is that the resonator becomes unstable due to
the increased negative lens.

One problem with the thermal lens implemented is the lack of photoe-
lastic effects. This could not be implemented as Sisyfos did not support it.
There might be reason to believe this effect contributes to the thermal lens-
ing [11]. One estimate of the effect is given by Zelenogorskii and Khazanov
[12]. They calculated the relative contributions to the thermal lensing for the
three major contributions (thermo-optical, photoelastic, end face expansion)
in uniformly pumped Nd:YLF, using experimental data to estimate the pho-
toelastic coefficients. The relative contributions to the optical power of the
thermal lens were approximately -2 from the thermo-optical effect, 0.5 from
end face expansion and 1.3 from the photoelastic effect!. If the contribu-
tions are similar for an end-pumped rod, this would indicate that a sizeable
positive contribution is missing in the simulations.

Removing the upconversion did not alter the output in any significant
way, with a mere 1.5% drop in average output power. Including upconversion
resulted in a 5-6% increase in the dissipated heat. This is in contrast to
what is stated in the literature [11, 37], where upconversion is mentioned
as a potential problem in Nd:YLF. One possible explanation is that the low
absorption spreads the population inversion throughout the rod. This lowers
the local population inversion and helps reduce the upconversion processes.
It could also be that the rate found in the literature is too low, or that the
rate used in Sisyfos does not accurately model the issues with high doping
concentrations.

It was also discovered that the value for the stimulated emission cross
section used in the simulation might be too high. The value listed in table 5.1
(2.6-107? cm?) was used in the simulations. Other sources set this to around
a factor 2 lower [24, 37] (1.2-1.4-107' cm?). As the stimulated emission cross
section affects the pulse build up time and extraction of stored energy, it
might favour a different values for parameters such as the output coupling
and pump radius.

LAll these numbers apply for a o-polarized wave
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7.3 ITOPO optimization

The main goal with the computational model was to use it to optimize the
design of an IOPO with a set of given specifications (listed in section 5.1).
The resonator used was inspired by Peng et al. [17], but with some modifi-
cations. The simulations used double pass pumping instead of two separate
pump diodes, and the resonator was overall shorter. The decision to make it
shorter was motivated by having a compact design.

As the OPO is pumped by the 1 pum signal, it was natural to start op-
timizing this signal to get a good overall efficiency. Due to the numerous
simulation parameters available for testing, it was decided to narrow down
the scope to a few parameters. In particular, the simulations studied the ef-
fect of varying the curvature of the focusing mirror My and the pump radius
rp. These results are summarized in figure 6.2.

For the pure 1 pum signal, the highest output power seems to be located
at a radius of curvature of 75 cm with a pump radius of 0.35 mm. This is case
1 in the IO curve seen in figure 6.3. Here, the effects of the thermal lensing
is seen clearly as the beam quality starts to degrade when the pump power
increases.

To further describe the behaviour seen in the contour plots, an illustration
of the theoretical modes (found from equation (2.13)) for varying curvature
of the mirror My is shown in figure 7.1. The position of the laser rod is
marked in black. As the curvature increases, so does the fundamental mode
size in the resonator. To get good overlap between the laser rod and the
mode, a higher curvature should favour a larger pump radius. This is also
seen in the contour plot (figure 6.2 (a)).

Another thing to note is that by increasing the curvature, the mode size
at the output coupler (and correspondingly, the KTA crystal for the case of
an IOPO) increases. This increase in beam width reduces the fluence, which
is both seen in figure 6.2 (b) for the pure 1 um signal as well as in figure 6.4
for the IOPO. In the latter, the slight increase at the end is caused by a spike
in the middle of the transversal profile of the beam.

The choice of pump radius and radius of curvature of mirror My (0.5 mm,
86 cm) was motivated by the reduction of the fluences in the resonator. As
seen in figure 6.4, the damage threshold is surpassed for all values with the
exception of 86 cm. The pump radius was chosen in an attempt to maximize
the 1 um signal power. A smaller pump radius could lead to a degradation
of the 1 um power and beam quality, which in turn deteriorates the 1.6 um
signal. A larger pump radius could also start reducing the 1 pm signal power,
leading to a lower overall efficiency.

33



Mode size

R=70cm
— R =74 cm
R=78cm
0.7+ o) — R =82cm| -
— R =86 cm
R =90cm

* Laser rod

0.5 b

0.45
(o]

L L L
14 16 20

6 8. 1Iq 12 14 18
Longitudinal position [cm)]

Figure 7.1: 1/e? mode size in resonator with varying radius of curvature R of
mirror M.

The downside with this choice is the sensitivity to thermal lensing and
small parameter changes. The sensitivity to thermal lensing is seen in figure
6.3. As the input power increases over 30 W, the beam quality rapidly de-
teriorates. This is also seen in the output power, as the efficiency starts to
drop when the the pump power grows.

The sensitivity is also seen in the stability diagram for the resonator (fig-
ure 5.2). The choices of curvature (M; -50 cm and My 86 cm) is close to the
edge between a stable and an unstable resonator. A negative thermal lens
can then bring the resonator even closer to the edge. The lacking photoe-
lastic effect could possibly help reduce the instability if it contributes with a
positive sign (ref. [12]).

In hindsight, it might have been favourable to drop the 1 um even more
by increasing the pump radius slightly (f.i. to a value of 0.55mm). This way,
one could hope to reduce the instability in the system while still keeping a
decent pulse energy and beam quality. However, time did not allow for the
simulations to be repeated with this pump radius.

The simulations with variations in KTA crystal length (figure 6.5) seems
to behave in accordance to theory. When the crystal is too short, the con-
version takes too long and energy is lost to the round trip loss. If the pulse
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is too long, the conversion starts too fast, and the 1 pum pulse is depleted
before it can drain all the energy from the laser rod. In this particular case,
the remaining energy is not high enough to generate a new pulse. For this
particular set of parameters, the optimal point is found to be 10 mm.

The phase matching bandwidth seems to be a bit smaller than what is
expected from the one in figure 3.5. The bandwidth estimated from the figure
is roughly 2.5-3nm (for a 10 mm long crystal) in comparison to the simulation
value of approximately 1-1.5nm. This difference might be investigated more
with a finer spectral resolution in the simulations.

As seen in the wavelength tuning curve (figure 6.9), the pulse energies
drop as the signal wavelength increase. This can be explained by the re-
duction of the effective nonlinearity (figure 3.4) for increasing signal wave-
lengths. The reduced effective nonlinearity decrease the conversion efficiency.
A higher signal wavelength might require a slightly longer crystal to com-
pensate.

One issue that was briefly mentioned in the previous chapter was the
choice of rod and pump wavelength. A pump wavelength of 808 nm was also
an option. This wavelength had higher absorption (ref. table 5.3) than
877nm. This allows for a lower doping concentration and shorter rods.
Pumping a 2cm long, 0.5% doped rod with 808 nm gives the same, if not
higher, absorption than for the rod used (3cm, 1% doped). However, the
output is generally not better than 877 nm as long as there is sufficient ab-
sorption in the latter. The thermal stresses are also noticeably higher (around
a factor 2) in the 808 nm pumped rod, which is probably caused by the higher
quantum defect at 808 nm. Pumping with 808 nm should not be completely
disregarded, but 877 nm is generally considered to be the better option.

7.4 Conclusion

A computational model for simulating a laser generating near infrared nanosec-
ond pulses has been implemented. The model includes both laser medium
interactions, thermal effects in the laser rod and nonlinear effects. The model
includes both the thermo-optical effect and end face expansion. The model
has been compared to experimental results, showing a good correspondence
in pulse energies given the uncertainty in simulation parameters. However,
other features such as pulse width and radiant fluence does not seem to match
the experimental results. The model was then used to optimize the design
of a laser source with a set of given specifications. The final design produces
3.6 nanosecond long pulses with a tunable wavelength around 1.6 pm. The
average pulse energy is 1.16 mJ with a beam quality M? ~ 2.
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7.5 Recommendations for further work

There are some issues that could be improved with further work. The first
would be to implement the photoelastic effects. This effect was not imple-
mented in Sisyfos at the time of writing, and could not be implemented. One
possible solution is to find the equivalent phase shift due to the change in
refractive index and implement this as an effective focal length.

The simulations were run without any thermal lensing and absorption in
the KTA crystal. This was a result of time constraints. A thermal lens in the
nonlinear crystal could be implemented in a similar manner as the thermal
lens in the laser rod. The absorption could also reduce the efficiency of the
conversion.

One possible way to reduce the thermal lensing in the laser rod is by using
end caps. A laser rod with end caps has some undoped material attached to
the end faces on the rod. The option for end caps was not implemented in
the model due to time constraints.

While Nd:YLF was the most promising choice for the laser rod, Nd:YAG
is also a viable candidate. A comparison between these two materials might
be profitable, as YAG has some benefits over YLF (higher emission cross
section, higher fracture limit). The change in thermal lensing might require
a slightly different resonator as YAG has stronger positive lensing coming
from a positive thermo-optical coefficient.

A final suggestion is a comparison between different nonlinear crystals.
One possible choice could be KTP as it is similar to KTA. The transparency
of the crystals and thermal effects should be implemented to make this com-
parison more realistic.
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Appendix A

Derivations

A.1 Determining the phase matching angle

An analytical expression can be found for some specific types of phase match-
ing in specific principal planes of the crystal. The following derivation finds
the phase matching angle for type IIb phase matching (as defined in table
3.1) in the xz-plane of a uniaxial or biaxial material. The starting point is
the phase matching criterion (3.16) and the index ellipsoid (figure 3.1)

w3ne(w3) = wane(wa) + wine(f, w1), w3 = wa + w. (A.1)

In this expression, ws, ws and w; are the pump, signal and idler frequen-
cies, with refractive index n(w;). The subscripts denote whether the corre-
sponding wave is an o-wave or an e-wave. In this particular case, the values
for the refractive index are so that the polarization in the zz-plane (e-wave)
is slow, the o-waves in the zy-plane are fast. By substituting for the wave-
length (w = 2me/ A, ¢ the speed of light), and inserting (3.1), the resulting
expression becomes

_ - A2
)\3 )\2 )\1 n%l ngl ( )

where for simplicity n,(A3) have been set to n.; and so forth. Setting
Ne1 /A = A, nea/Aa = B, ny3/A3 = C and n,; /A = D, and proceeding with
squaring and inverting the expression gives

N3 Mgz 1 ((30829 sin29>1/2

2 2
(C’IEBV = _132 SiIl2 0 + COS2 0. <A3)

This expression can be solved for 6, and yields
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2 2

Similar expressions can be found for some other cases, tabulated in e.g.
[27].

A.2 Derivation of the phase matching band-
width

Conversion of a pump beam can occur for signal wavelengths that are not
perfectly phase matched, as long as the phase mismatch is sufficiently small.
This occurs in a given spectral bandwidth denoted the phase matching band-
width.

To evaluate the phase matching bandwidth, the phase matching angle is
assumed to be constant and the pump is assumed to have no bandwidth.
The starting point is the phase matching intensity (3.15) in a crystal with
lenght L. By constraining the changes in the intensity to no less than half the
maximum value, the argument of the sinc-function is reduced to an interval

AkL
s < 2.78. (A.5)

Performing Taylor expansion to first order in the signal frequency

0Ak
awg

By demanding at least 50% efficiency (A.5), the total bandwidth becomes

Ak(wy + Awy) = Aws (A.6)

5.56
L|dAK/dw,|

Evaluating the derivative in this expression at a constant pump frequency
ws and using that w; = w3 — wy and w = 2mwc/ A, the derivative becomes

|Aws| = (A.7)

dAk 1 dn2 dn1
= (=t A2 fmy — At A8
C( No + zd)\2+n1 1d)\1> ( )

Using |AX| = A\?|Aw|/27¢, the expression for the phase matching band-
width can be written in terms of wavelength as

5562

s {(nl —ng) + (%\Lj — %i)}

da)g

LAN, = (A.9)
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Appendix B

Supplementary figures
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Figure B.1: Transmittance of 3 mm thick KTP,
Figure from Petrov et al. [38]
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