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Abstract

We characterize a blue diode laser operating at a wavelength of approximately 470

nm and with an output optical power of 3.5 Watts. A laser diode mount cooled by

thermo-electric cooler was designed and its performance was simulated in COMSOL.

Beam shaping simulations of the diode laser beam were done to make it suitable for

pumping a Ti:Sapphire laser.

A nanosecond electrical pulse generator using a transistor in avalanche mode was made

and we obtained high amplitude nanosecond pulses. These electrical pulses were used

to drive a semiconductor diode laser and 7 nanosecond optical pulses were obtained.

We also show the dependence of the pulse duration on the current amplitude for gain

switching via simulations.





Chapter 1

Blue diode laser

Nitride based semiconductors have a band gap between 2-6 eV which can produce

light in a wide wavelength range from red to ultraviolet. Blue laser light has numerous

applications in Blu-Ray DVD, white light generation, displays and projectors[3]. One

interesting application of blue laser diode is to pump Ti:Sapphire laser[4]. Nakamura,

Akasaki and Amano were awarded Nobel prize for their contribution to development

of blue LEDs and diode lasers.

We have acquired a diode laser with rated output optical power of 3.5 Watts and

wavelength around 470±5 nm for the purpose of pumping a Ti:Sapphire laser. The

rated driving current is 3.5 Amperes. We first design a diode laser mount to cool the

laser diode and simulate its performance in COMSOL. We then thoroughly charac-

terize the diode laser. We also perform beam shaping simulations to make the beam

suitable for pumping a Ti:Sapphire laser.

1.1 Diode mount and heating simulations

The available laser diode mount in the lab (Thorlabs - TCLDM9) can cool a laser

diode operated at a maximum current of 2A only. Since, the blue laser diode to pump

the Ti:Sapphire laser is to be operated at a current of at least 3.5A, a custom made

laser diode mount has to be made. The initial design of the mount and heat sink are

made in SolidWorks 3D. To see if the designs can cool the laser diode, we simulated

the cooling of the laser diode mount and heat sink in COMSOL simulation software.

1



Chapter 1 Blue diode laser 2

The design consists of 3 separate components: the laser diode casing, two TECs and

two heat sinks. The laser diode mount is designed to keep the temperature gradient

across the mount to a minimum so as to allow stable operation of the laser diode.

Therefore two TECs are used instead of one. The design of the laser diode is shown

in Figure 1.1. The TECs are placed on two sides of the mount. Then heat sinks are in

contact with hot side of the TEC, to help dissipate heat efficiently. Standard M4 and

M3 screw holes are made at appropriate positions to secure the mount on the optical

table and also to hold the three components (casing, TECs and heat sinks) in place.

The dimensions of the various components are listed in Table 1.1.

To simulate the performance of the diode mount, we use the heat transfer module

in COMSOL. We assume that the sides of the mount which are in contact with the

TEC are kept at a constant temperature. We then assume that the diode laser casing

acts as a uniform source of heat across the inner cylindrical boundary of the diode

mount. The mount also dissipates heat to the environment via all the sides which are

in contact with air. We fix the environment temperature to be 25oC. We assume no

active cooling such as air or liquid cooling. The convective heat transfer coefficient is

assumed to be 10 W/m2K.

To simulate the performance of the heat sink, we assume that the part of the heat

sink in contact with the TEC acts as a boundary heat source. The heat sink will also

lose heat to the environment by dissipation. We assume active cooling with air. The

convective heat transfer coefficient is assumed to be 10 W/m2K.

The amount of heat dissipated by the heat sink should be the sum of heat dispersed

from the cold side and the heat generated by the TEC. The heat to be dispersed

from the cold side should be equal to the heat generated by the laser diode. A crude

estimation will be 4A X 5Volts = 20 Watts when output optical power from the laser

diode is approximately 3.0 Watts. The heat generated by TEC is approximately 2.5

times the heat it disperses. Therefore total heat to be dissipated by the heat sinks

should be around 70 Watts.

1.1.1 Choice of material: copper or aluminium

We simulated the performance of the mount made by two materials, Aluminium and

Copper. The results are shown in Figure 1.2. The maximum temperature reached in
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Figure 1.1: Design of the laser diode mount.

Dimensions of the Diode Casing
Dimensions 70 X 70 X 30 mm3

Cylindrical hole diameter 20.20mm
Dimensions of the Heat Sink

Base 70 X 70 mm2

Base Thickness 3.5 mm
Fin height 35 mm
Fin spacing 3 mm

Fin Thickness 1 mm
Dimensions of the TEC

Base 40 X 40 mm2

Thickness 3.9 mm

Table 1.1: Dimensions of the mount, heat sink and TEC.

case of Aluminium is 82oC and the temperature difference between the coldest and

hottest parts of the sink is around 9oC. But for copper, the maximum temperature

reached is 79oC and the temperature difference between the coldest and hottest parts

of the sink is around 5oC. Therefore it is clear that we should use copper for better

cooling of the laser diode, since price and weight of the material are not a major

concern.

1.1.2 Dimension of the heat sink

To make the laser mount design to be future proof, since more and more powerful

InGaN laser diodes are being made available, we need a mount that is able to cool even

higher power laser diodes. To ensure that, I assumed that the heat dissipated by the
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Figure 1.2: Aluminium (Left) and Copper (Right) Heat Sink

laser diode mount is 40 Watts, double of the previous estimate of 20 Watts for the laser

diode at hand. If the efficiency of both laser diodes is similar, this would correspond to

approximately 7 Watts of optical power. The total heat generated should be around

140 Watts including the heat generated by the two TECs. Therefore, we would have to

use heat sinks that can dissipate atleast 70 Watts of heat while keeping the maximum

temperature close to 50oC. The results are shown in Table 1.2. It is clear that for

efficiently cooling the laser diode, the heat sink must have a base area of around 70

X 70 mm2.

Area of the Base Max. Temp. (oC)
52 X 52 mm2 79
60 X 60 mm2 64
70 X 70 mm2 53

Table 1.2: Area of the base vs. the maximum temperature reached

Figure 1.3: For Heat Sink with base area 70 X 70 mm2
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1.2 Laser diode properties

1.2.1 Current, voltage, optical power and wavelength

The electrical and optical characteristics of the laser diode are plotted in Figure 1.4.

Wavelength of the diode laser was also measured using a spectrometer as a function

of the laser diode current. Temperature was fixed at 25oCelsius. Wavelength spectra

as a function of current are shown in the Figure 1.5.
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Figure 1.4: Voltage and Output power as a function of current

1.2.2 Effects of temperature on the laser diode performance

The wavelength of the laser diode may change due to change in temperatures[5].

Since, the laser has to be used for pumping Ti-Sapphire laser, where small change in

wavelength may lead to a large change in absorption, therefore the wavelength of the

laser diode is a very important parameter. Therefore we measured the wavelength

of the laser diode at different temperatures. This is done by driving the laser diode

at a constant current without any active cooling. The temperature of the diode will
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Figure 1.5: Wavelength Spectra of the diode laser at different currents

increase due to the heat produced. The results are shown in Figure 1.6. The results

show that the change in wavelength is minimal and it will not significantly affect the

pumping of Ti:Sapphire.
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Figure 1.6: Peak Wavelength as a function of temperature at 1.5A

The optical power also changes with the temperature of the laser diode. To find

the optimum temperature to operate the laser diode, we measured the optical power

output as a function of the temperature of laser diode casing. The resulting plot of

temperature vs the optical power is shown in Figure 1.7. It is clear that the diode
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laser should be operated at a temperature as low as possible because the optical power

decreases considerably with rising temperature.

25 30 35 40 45 50 55
Temperature (Celsius)

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

In
te

ns
ity

 (W
at

ts
)

Intensity vs Temperature

Figure 1.7: Optical power as a function of temperature at 1.5A Current

1.2.3 Optical power stability

Output power stability was measured using a photodiode and an oscilloscope. The

results are shown in the Table 1.3 and the Figure 1.8 for various values of laser diode

current. Here, Standard Deviation(%) is used which is S.D.(%) = S.D.
Mean

∗100. Another

parameter used to quantify is the Degradation which is defined as Average Power in the

first 20 seconds minus the average power in the last 20 seconds of the measurement.

Degradation(%) is then simply Degradation
Mean

∗ 100. Negative values indicate that the

power increased towards the latter part of the measurement.

Current (A) S.D.(%) Degradation(%)
1.5 0.39 0.51
2.0 0.59 1.0
2.5 0.42 -0.53
3.0 0.86 -2.92

Table 1.3: Stability of the laser diode optical power as a function of the current
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Figure 1.8: Stability vs Current

1.2.4 Spot size as a function of current

We fixed the distance between the Beam Profiler and the laser diode to approximately

30 cm and measured the beam diameter in x and y axis. The results are shown in

Figure 1.9. We also show the beam profile in Figure 1.10. The beam spot size reduces

with increasing the current. However at around 1.5A, the spot size increases. This

may be due to effects of lasing threshold.

1.2.5 Finding the beam quality factor of the diode laser beam

M2 factor is a measure of the laser beam quality. A perfect gaussian beam has a M2

of 1 and it increases with decreasing beam quality.

ω(z) = ω0

(
1 +

(
M2λz

πω2
0

)2
)1/2

(1.1)
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Figure 1.9: Caption

Figure 1.10: Beam profile at 30 cm from the laser. The length unit is µm

where z is the distance from beam waist and ω0 is the beam spot size. We find the M2

value by focusing the beam with a lens and measuring the spot size as a function of

distance from a fixed point near the beam waist. Then we fit the spot size vs distance

curve to obtain the M2 value and beam waist position with Equation 1.1. The beam

quality of the laser diode was measured to be 1.65 in the fast axis and 8.53 in the slow

axis as shown in the Figure 1.11. This means that the beam will spread more in the

slow axis if we focus them to the same spot size. This makes it harder to pump the

Ti:Sapphire laser efficiently as discussed in the next section.
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Figure 1.11: Spot size as a function of distance near the waist. The data is fitted
to find the beam waist position and

1.3 Simulation of the beam shaping

We use ABCD matrices to simulate the beam profile of the diode laser beam as it

propagates through various optical elements. The main goal of the beam shaping is to

make the beam suitable for pumping a Ti:Sapphire crystal. A suitable beam will have

a large spatial overlap with the laser mode. This means that the spot sizes and beam

waist of the pump and laser mode should be similar in the crystal. Furthermore,

the diode laser beam should have similar Rayleigh range(zR) in the fast and slow

axis. This is difficult due to the large difference in the M2 values of the beam in the

fast(M2=1.65) and slow axis(M2=9). Rayleigh range dependence on M2 is given by,

zR =
πω2

0

M2λ
(1.2)

Therefore, we must find an appropriate beam shaping scheme for efficient pumping.

[6] does it by using cylindrical lenses to have a good overlap between the pump and

laser modes. We first collimate the fast axis using an aspheric lens. Then we find the

beam diameter in the fast axis and the beam divergence and waist position (effectively

q-parameter). Then we used this data and information from ref1 to model the beam

shaping of the laser beam. To collimate the slow axis, ref1 first use a -50mm cylindrical

lens to expand the slow axis to 5 times the fast axis. Then ref1 collimate the slow axis

using a 500mm cylindrical lens as shown in Figure 1.12. The beam is now collimated.

The beam is now focused in the crystal using a 105mm Lens. The beam finally passes

through the dichroic cavity mirror with 100mm Radius of Curvature and is focused

in the crystal as shown in Figure 1.13. From the beam shaping simulation we find a

focal spot size at the crystal of 57X100 µm which is similar to ref1.
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Figure 1.12: This shows the collimation of diode beam in the slow axis.

1.4 Demonstrations of direct diode pumped Ti:S

lasers

As mentioned before, one interesting application of Nitride diode laser is to pump a

Ti:Sapphire laser. The Table 1.4 shows the time line of developments in direct diode

pumped Ti:Sapphire lasers. Roth, Kemp et al first demonstrated direct diode pumping

of Ti:Sapphire laser in continuous mode in 2009[4]. Roth et al. also demonstrated first

femtosecond direct diode pumped Ti:Sapphire laser by using SESAM mode-locking

to achieve 114fs pulse duration[7]. In 2017, Backus et al. produced 14fs pulses from

Ti:Sapphire oscillator pumped by a single 465nm blue laser diode similar to the one

studied here[6].
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Figure 1.13: Focusing the beam in the crystal after collimation. The second image
shows the spot size of the beam at the position of crystal.
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Year Author
Pump

Comments
Ouput

Wavelength Power Duration Power
2009 Roth et al[4] 452 1W Continuous 19mW
2011 Roth et al[7] 452 1W SESAM Modelocked 114fs 13mW
2012 Durfee et al.[8] 445 2X1W Kerr Lens Modelocked 15fs 34mW
2015 Tanaka et al[9] 520 2X1W Green Diode Pumping 74fs 45mW
2015 Gurel et al[2] 520 2X1.5W High Efficiency 39fs 450mW
2017 Backus et al.[10] 450 50W Regenerative Amplifier 30fs 1W
2017 Backus et al.[6] 465 3W Also wavelength multiplexing 14fs 173mW

Table 1.4: Demonstration of direct diode pumped lasers over the year
Adapted from [2]





Chapter 2

Semiconductor laser driven by

nanosecond electrical pulses

Gain switching is a phenomenon where we can obtain picosecond pulses from semi-

conductor diode lasers if we pump them with high amplitude short current pulses [11].

The output optical pulses can be shorter than the input current pulses. The current

pulses in our setup are generated from a high voltage avalanche pulse generator which

produces high amplitude nanosecond current pulses. These pulses are then used to

drive semiconductor diode lasers. This setup is very cost effective and the repetition

rate of the output is tunable. Also we can swap out the diode lasers for different

frequency diode lasers. This makes the setup very versatile.

2.1 Avalanche pulse generator

The schematic of the avalanche pulse generator is shown in the Figure 2.1. A high DC

voltage is applied to the Collector junction via a resistor.The capacitor charges via the

resistor and when the voltage reaches above the avalanche threshold for the transistor,

the capacitor is discharged via the resistor connected at the emitter junction. The

current pulse amplitude is decided by the transistor and the charge stored in the

capacitor. The capacitor along with the output resistor also places a limit on the

duration of the pulse.

15
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Figure 2.1: Avalanche pulse generator based on Jim Williams. Source: [1]

The output repetition rate depends on the C1 and high resistance connected to the

high voltage. Also, it increases with increasing the high voltage because the capacitor

reaches the avalanche breakdown voltage earlier. The repetition rate is limited by the

heat dissipating capacity of the transistor. At high repetition rates, it may happen

that the transistor is not able to dissipate the heat generated from one pulse before

the next pulse arrives, this will lead to cumulative heating which will eventually break

down the transistor.

2.2 Nanosecond pulses generated from different tran-

sistors

We tried different transistors to generate the electrical pulses. In the original paper

[1], 2N2369 was used. But as evident from Figure 2.2 (a), the peak current of the

electrical pulse is only 0.15 Amperes across 56 Ω. To drive semiconductor diode lasers

and to generate short pulses, we would require very high peak currents. The need for

high peak current electrical pulses is demonstrated in Figure 2.4.

Therefore, to achieve higher peak currents, we used transistor 2N5192. 2N5192 has

avalanche breakdown at around 230 Volts compared to 60 Volts for the 2N2369. This

is a power transistor and is therefore able to sustain higher currents. 2N5192 was also

demonstrated to generate very high peak current pulses in avalanche mode in [12].
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The electrical pulses generated from 2N5192 are shown in Figure 2.2 (b). These pulses

have peak current of 5.45 Ampere across 56 Ω which is almost 40 times higher than

peak current from 2N2369. The pulse width is also very short at ≈ 7ns and therefore

these pulses are ideal to drive a diode laser. The oscillations in the pulse are due to

the lead inductance and capacitance.
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Figure 2.2: electrical pulse generated from the transistor (a) 2N2369 and (b)
2N5192
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2.3 Gain switching theory and simulations

Gain switching is a technique where we vary the optical gain of the laser to produce

extremely short pulses of the order of picosecond. In continuous operation the number

of carriers in the excited state are equal to the threshold and if we increase the current

further only the number of photons in the cavity increases and not the number of

electrons. We plot the number of carriers in the excited state and the number of

photons in the cavity vs the input current below in the continuous case (calculated

from the equations described below). If we increase the current provided to the laser

Current

Ca
rri

er
s

Ph
ot

on
s

Figure 2.3: Schematic diagram showing the dependence of carriers and photons
in the cavity as a function of current.

suddenly, the number of the carriers (electrons) in the laser cavity in the excited state

will rise above the threshold. The number of carriers increase above the threshold

for only a short time before coming below the threshold due to stimulated emission,

giving rise to a short optical pulse. This is the phenomenon of gain switching. With

suitable current pulses, we can obtain picosecond optical pulses. The lower limit on

the pulse duration is set by the cavity round trip time.

To model the effects of gain switching, we can use the following differential equations

for the number of carriers N, and the number of photons S. The table below gives the
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description and value of the various constants in the two expressions. The following

discussion closely follows [13].

dN

dt
=
I(t)

eV
− N

τs
− α(N −N0)S (2.1)

dS

dt
= α(N −N0)S −

S

τph
+ β

N

τs
(2.2)

Description Value

V Volume of Interest 4.2 ∗ 10−10cm−3

α Constant 1.1125 ∗ 10−6cm3s−1

β Fraction of useful photons from spon-

taneous emission

10−3

N0 No. of carriers over which there will be

simulated emission instead of absorp-

tion

1.1 ∗ 1018cm−3

τs Recombination of carrieres by sponta-

neous emission

4 ns

τph Optical losses in the cavity 2 ps

We provide a Gaussian current pulse with FWHM of 235ps along with a constant

biasing current which is 0.75 times the threshold current(26mA). I(t) = Ib + Ip. We

plot the current, number of carriers and number of photons for varying peak pulse

currents and obtain the FWHM of the optical pulses produced. The results of these

calculations are very interesting. The current pulse has a FWHM of 235ps long.

When the current pulse has a peak amplitude 5Ith, the optical pulse has a FWHM

of 200ps. However, if we increase the peak amplitude to 7Ith, the optical pulse has

a duration of only 25ps which is shorter than the input current pulse. If we increase

the peak current further to 14Ith, the pulse duration decreases further to 15ps. We

also see a smaller secondary optical pulse, because the number of carriers rises above

the threshold a second time due to the high amplitude of the pulse current.



Chapter 2 Semiconductor laser driven by nanosecond electrical pulses 20

2.4 Optical pulses from a laser diode

We use the electrical pulses generated from the transistor 2N5192 to drive a semi-

conductor diode laser.The diode was connected in series with a 66Ω resistor. The

diode laser is a simple red diode laser with wavelength of 650nm. The peak optical

power obtained was 5mW with a repetition rate of 1.5kHz which was determined by

the avalanche pulse generator. The optical pulse was measured using a photodiode

and an oscilloscope. The FWHM duration of the pulse is around 7ns as shown in the

Figure 2.5 which is similar to the driving current pulse.
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Figure 2.5: Optical pulses as measured using a photodiode and oscilloscope.



Appendix A

Finding the spot size in continuous

case in a laser cavity

The design of Ti:Sapphire oscillator given in [14] is taken as the reference, which is depicted

in Figure A.1. Now, we can find the configurations in which this oscillator will be stable. This

is done by using ABCD matrices for Gaussian beams. An introduction to ABCD matrices

and Gaussian beams can be found in [15]. The ABCD matrices for different components

are given in Table A.1. The following discussion closely follows [16].

Figure A.1: Schematic diagram for the X-folded Ti:Sapphire laser cavity with two
arms.

23
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The length of the two arms and the focal length of the focusing mirrors are kept constant.

Only the distance between the two curved mirrors is a variable. This is quantified by the

cavity parameter δ which is defined as the deviation of the two focusing mirrors from a

perfect telescope. In the perfect telescope limit, both the beams are collimated in the both

the arms. This implies that δ is equal to the optical path length between the two curved

mirrors minus 2 times focal Length of the curved mirrors.

First, We have to write the ABCD matrix for the round trip of the oscillator. As we know,

to find the round trip matrix, we just have to multiply the ABCD matrices of the individual

components in order. We don’t need to write the ABCD matrices for the prisms because

their dispersion effect cannot be modeled by the ABCD matrices, and since the prisms do

not change the path of the beam away from the principle axis their ABCD matrix is the

unit matrix. The ABCD matrices for different components are given in the following table,

Component Abbreviation ABCD Matrix

Short Arm SA

[
1 59
0 1

]

Focussing Mirrors M

[
1 0

−2/10 1

]

Crystal Cry

[
1 1.76 ∗ 0.475
0 1

]

Long Arm LA

[
1 101
0 1

]

Crystal to Focussing Mirrors CM

[
1 4.164 + δ/2
0 1

]

Table A.1: ABCD matrices for various components of the oscillator

We start at the end mirror of the short arm. The round trip matrix can be written as

RTM = SA ∗M ∗ CM ∗ Cry ∗ CM ∗M ∗ LA ∗ LA ∗M ∗ CM ∗ Cry ∗ CM ∗M ∗ SA
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We know that the q-parameter of the Gaussian beam after passing through an optical

component with ABCD matrix will be given by

q2 =
Aq1 +B

Cq1 +D
(A.1)

For the oscillator to be stable, the beam after making a round trip must be the same as

the original beam. We start by taking the q-parameter at one of the end mirrors and then

propagate the beam by the round trip matrix of the oscillator. This can be written as the

equation,

q =
Aq +B

Cq +D
(A.2)

where the ABCD matrix is the round trip ABCD matrix. We can invert this to obtain

1

q
=
C +D/q

A+B/q
(A.3)

This is a simple quadratic equation, solving for 1/q, we obtain

1

q
=
D −A

2B
−
i
√

1− (A+D)2/4

|B|
(A.4)

From the inverse q-parameter, we can find the spot size of the beam at one of the end

mirrors which is given by,

ω2 =
|B|λ
π

√
1

1− (A+D)2/4
(A.5)

This is done by equating the imaginary part of the 1/q with the standard expression for 1/q

which is,
1

q(z)
=

1

R(z)
− iλ0
πnω(z)2

(A.6)

Now we can plot the spot size of the Gaussian beam as a function of the separation between

the curved mirrors (The parameter δ). As is easily seen from the expression for the spot

size, the cavity is stable only when −2 < (A + D) < 2. This gives a range for δ for which

the cavity will be stable, as seen in the plot of the spot size at the short arm end mirror.

As shown above, we can use ABCD matrices to find the spot sizes in continuous mode but

Kerr Lens produces non-linearity in the cavity which cannot be modeled by ABCD matrices.

1 impor t ma t p l o t l i b . p yp l o t as p l t

2 impor t numpy as np

3 from sympy impor t Symbol , s o l v e

4 from ma t p l o t l i b . t i c k e r impor t StrMethodFormatter
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Figure A.2: Spot size as a function of the cavity parameter δ

5

6 wl = 800E−6 #De f i n e wave l ength

7

8 #de f i n e a f u n c t i o n to t r a n s l a t e i n v e r s e q paramater by ABCD

e lement RTM

9 de f t r a n s l a t i o n (RTM, i q ) :

10 A = RTM[ 0 , 0 ]

11 B = RTM[ 0 , 1 ]

12 C = RTM[ 1 , 0 ]

13 D = RTM[ 1 , 1 ]

14 r e t u r n (C+D∗ i q ) /(A+B∗ i q )

15

16 #f i n d the e i g e n v a l u e i n v e r s e q−paramete r g i v en a round t r i p mat r i x

RTM

17 de f e i g enq (RTM) :

18 A = RTM[ 0 , 0 ]

19 B = RTM[ 0 , 1 ]

20 C = RTM[ 1 , 0 ]
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21 D = RTM[ 1 , 1 ]

22 r e t u r n (D−A) /(2∗B) − 1 j ∗np . s q r t (1−((A+D) ∗∗2) /4) / abs (B)

23

24 #f i n d the s p o t s i z e g i v en i n v e r s e q paramete r

25 de f s p o t s i z e ( i q ) :

26 X=iq . imag

27 r e t u r n np . s q r t (−wl /( np . p i ∗X) )
28

29 #Cav i t y e l ement s t ha t a r e s t a t i c

30 sho r t a rm = np . mat r i x ( [ [ 1 . , 5 9 0 . ] , [ 0 . , 1 ] ] )

31 l ong arm = np . mat r i x ( [ [ 1 . , 1 0 1 0 . ] , [ 0 . , 1 ] ] )

32 cw c r y s t a l = np . mat r i x ( [ [ 1 . , 1 . 7 6 ∗ 5 ] , [ 0 . , 1 ] ] )
33 c u r v e d m i r r o r = np . mat r i x ( [ [ 1 . , 0 . ] , [ − 1 / 5 0 , 1 ] ] )

34

35 #de f the RTM as a f u n c t i o n o f the d i s t a n c e b/w the c r y s t a l and the

cu rved m i r r o r

36 de f c a v i t y ( x ) :

37 mtoc = np . mat r i x ( [ [ 1 . , x ] , [ 0 . , 1 . ] ] ) #Shor t Arm

38 ctom = mtoc #Long Arm

39 r e t u r n sho r t a rm ∗ c u r v e d m i r r o r ∗mtoc∗ cw c r y s t a l ∗ctom∗
c u r v e d m i r r o r ∗ l ong arm ∗ l ong arm ∗ c u r v e d m i r r o r ∗ctom∗ cw c r y s t a l ∗
mtoc∗ c u r v e d m i r r o r ∗ sho r t a rm

40

41 #Symbo l i c a l l y s o l v e the con t i nuou s ca se and f i n d the l i m i t s

42 f x = Symbol ( ” f x ” )

43 z=f x

44 l l i m i t = s o l v e ( c a v i t y ( z ) [0 ,0 ]+ c a v i t y ( z ) [ 1 , 1 ] − 2)

45 u l i m i t = s o l v e ( c a v i t y ( z ) [0 ,0 ]+ c a v i t y ( z ) [ 1 , 1 ] + 2)

46

47

48 d i s t =[ ]

49 s s =[ ]

50 s s l o n g = [ ]

51

52 f o r i i n range (0 ,5000) :

53 x = i /100

54 RTM = c a v i t y ( x )
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55 ctom = np . mat r i x ( [ [ 1 , x ] , [ 0 , 1 ] ] )

56 mtoc = ctom

57 i f abs (RTM[0 ,0 ]+RTM[ 1 , 1 ] )<2 and RTM[0 , 1 ] !=0 : #Cond i t i on f o r

s t a b l e c a v i t y

58 i q = e i g enq (RTM)

59 i q l o n g = t r a n s l a t i o n ( long arm ∗ c u r v e d m i r r o r ∗ctom∗
cw c r y s t a l ∗mtoc∗ c u r v e d m i r r o r ∗ sho r t a rm , i q ) #f i n d

the i n v e r s e q paramete r on the l ong arm end m i r r o r

60

61 d i s t . append (2∗ x−91.2) #conv e r t the d i s t a n c e b/w c r y s t a l

and m i r r o r to d e l t a

62 s s . append ( s p o t s i z e ( i q ) )

63 s s l o n g . append ( s p o t s i z e ( i q l o n g ) )

64

65 f i g = p l t . f i g u r e ( )

66 ax = f i g . a dd subp l o t (111)

67

68 p l t . p l o t ( d i s t , s s l ong , ’ bo ’ , ma r k e r s i z e = ’ 1 ’ , l a b e l=”Long Arm” )

69 p l t . p l o t ( d i s t , ss , ’ ro ’ , ma r k e r s i z e = ’ 1 ’ , l a b e l=” Shor t Arm” )

70 p l t . x l a b e l ( ” De l ta (mm)” , f o n t s i z e =14)

71 p l t . y l a b e l ( ” S p o t s i z e (mm)” , f o n t s i z e =14)

72 p l t . y l im (0 , 2 )

73

74 #Conver t the S t a b i l i t y l i m i t v a l u e s to a p p r o p r i a t e d e l t a v a l u e s

75

76 l l i m i t = [2∗ x−91.2 f o r x i n l l i m i t ]

77 u l i m i t = [2∗ x−91.2 f o r x i n u l i m i t ]

78

79 #Plo t the s t a b i l i t y l i m i t l i n e s c o r r e s p ond i n g to d i f f e r e n t De l ta

v a l u e s

80 p l t . a x v l i n e ( l l i m i t [ 0 ] , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

brown ’ )

81 p l t . t e x t ( l l i m i t [ 0 ] , 0 . 4 , ’ De l ta 1 ’ , r o t a t i o n =90, f o n t s i z e =12)

82

83 p l t . a x v l i n e ( u l i m i t [ 0 ] , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

brown ’ )

84 p l t . t e x t ( u l i m i t [ 0 ] , 1 . 4 , ’ De l ta 2 ’ , r o t a t i o n =90, f o n t s i z e =12)
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85

86 p l t . a x v l i n e ( l l i m i t [ 1 ] , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

brown ’ )

87 p l t . t e x t ( l l i m i t [ 1 ] , 1 . 4 , ’ De l ta 3 ’ , r o t a t i o n =90, f o n t s i z e =12)

88

89 p l t . a x v l i n e ( u l i m i t [ 1 ] , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

brown ’ )

90 p l t . t e x t ( u l i m i t [ 1 ] , 1 . 4 , ’ De l ta 4 ’ , r o t a t i o n =90, f o n t s i z e =12)

91

92

93 #Formatt ing the t i c k s

94 p l t . gca ( ) . y a x i s . s e t ma j o r f o rma t t e r ( StrMethodFormatter ( ’ {x : , . 1 f } ’ )
)

95 p l t . y t i c k s ( np . a range (0 , 2 . 5 , s t e p =0.5) , f o n t s i z e =12)

96 p l t . x t i c k s ( np . a range (0 , 10 , s t e p=2) , f o n t s i z e =12)

97

98 p l t . l e g end ( f o n t s i z e =12)

99

100 #To get the p l o t i n a f u l l s i z e d window . For f o rma t t i n g

101 #manager = p l t . g e t c u r r e n t f i g ma n a g e r ( )

102 #manager . r e s i z e (∗manager . window . maxs i ze ( ) )

103

104 #Show and save the f i g u r e

105 p l t . show ( )

106 f i g . s a v e f i g ( ’ 01 y e f e t . pdf ’ , fo rmat=’ pdf ’ , dp i =1200)
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Beam shaping simulations

B.1 Before collimation

1 impor t numpy as np

2 impor t ma t p l o t l i b . p yp l o t as p l t

3

4 de f s p o t s i z e ( i q ) :

5 #f i n d the spo t s i z e g i v en the i n v e r s e q paramter i n cm

6 X=iq . imag

7 r e t u r n np . s q r t (−wl /( np . p i ∗X) )
8

9 de f t r a n s l a t i o n ( iq ,RTM) :

10 #f i n d s the i n v e r s e q paramete r a f t e r p a s s i n g through e l ement s

RTM

11 A = RTM[ 0 , 0 ]

12 B = RTM[ 0 , 1 ]

13 C = RTM[ 1 , 0 ]

14 D = RTM[ 1 , 1 ]

15 r e t u r n (C+D∗ i q ) /(A+B∗ i q )

16

17 l e n s 1 f = 500

18 l e n s 2 f = −50
19 p o s s t a r t = −200
20 p o s l e n s 1 = 0

31
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21 p o s l e n s 2 = 530

22 pos end = 560

23

24 l e n s 1 = np . mat r i x ( [ [ 1 . , 0 . ] , [ − 1 / l e n s 1 f , 1 ] ] )

25

26 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Fast Axis

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
27 M2 = 1.5

28 wl = M2∗470E−6
29 beam r = 0.44

30

31 s s =[ ]

32 d i s t a n c e =[]

33 # from s t a r t to end

34

35 i q = 0 − wl ∗1 j /( np . p i ∗beam r∗beam r )

36

37 f o r i i n range ( p o s s t a r t , pos end ) :

38 s s . append ( s p o t s i z e ( i q ) )

39 d i s t a n c e . append ( i )

40 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 1 ] , [ 0 , 1 ] ] ) )

41 negs = [−x f o r x i n s s ]

42 negd i s = [−x f o r x i n d i s t a n c e ]

43

44 f i g = p l t . f i g u r e ( )

45 ax = f i g . a dd subp l o t (111)

46

47 p l t . p l o t ( negd i s , negs , c o l o r=” darksa lmon ” , l a b e l=’ Fas t Ax i s ’ )

48 p l t . p l o t ( negd i s , ss , c o l o r=” darksa lmon ” )

49

50

51

52 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−SLOW−AXIS
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

53 M2 = 12

54 wl = M2∗470E−6
55 beam r = 2 .2
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56

57 l e n s 2 = np . mat r i x ( [ [ 1 . , 0 . ] , [ − 1 / 4 9 . 5 7 , 1 ] ] )

58

59 i q = 0 − wl ∗1 j /( np . p i ∗beam r∗beam r )

60

61 s s =[ ]

62 d i s t a n c e =[]

63 # from s t a r t to Lens1

64

65 f o r i i n range ( p o s s t a r t , p o s l e n s 1 ) :

66

67 s s . append ( s p o t s i z e ( i q ) )

68 d i s t a n c e . append ( i )

69 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 1 ] , [ 0 , 1 ] ] ) )

70

71 #from l e n s 1 to l e n s 2

72 i q = t r a n s l a t i o n ( iq , l e n s 1 )

73 f o r i i n range ( po s l e n s 1 , p o s l e n s 2 ) :

74 s s . append ( s p o t s i z e ( i q ) )

75 d i s t a n c e . append ( i )

76 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 1 ] , [ 0 , 1 ] ] ) )

77

78 #from l e n s 1 to l e n s 2

79 i q = t r a n s l a t i o n ( iq , l e n s 2 )

80 f o r i i n range ( po s l e n s 2 , pos end ) :

81 s s . append ( s p o t s i z e ( i q ) )

82 d i s t a n c e . append ( i )

83 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 1 ] , [ 0 , 1 ] ] ) )

84

85 negs = [−x f o r x i n s s ]

86 negd i s = [−x f o r x i n d i s t a n c e ]

87

88

89

90 p l t . p l o t ( negd i s , negs , c o l o r=” c o r n f l ow e r b l u e ” , l a b e l= ’ Slow Ax i s ’ )

91 p l t . p l o t ( negd i s , ss , c o l o r=” c o r n f l ow e r b l u e ” )

92
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93 p l t . a x v l i n e (−po s l e n s 1 , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

red ’ )

94 p l t . t e x t (− p o s l e n s 1 +2 ,−1.5 , ’ C y l i n d r i c a l \n500mm ’ , r o t a t i o n =90)

95

96 p l t . a x v l i n e (−po s l e n s 2 , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

red ’ )

97 p l t . t e x t (− p o s l e n s 2 +2 ,−1.5 , ’ C y l i n d r i c a l \n−50mm’ , r o t a t i o n =90)

98

99 p l t . a x v l i n e (− p o s s t a r t , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’

red ’ )

100 p l t . t e x t (− p o s s t a r t +2 ,−0.5 , ’To Focus ing Opt i c s ’ , r o t a t i o n =90)

101

102 p l t . a x v l i n e (−pos end , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’ red ’

)

103 p l t . t e x t (−pos end +2 ,−0.5 , ’ A sphe r i c ’ , r o t a t i o n =90)

104

105

106

107 p l t . x l a b e l ( ’ D i s t ance (mm) ’ , f o n t s i z e =12)

108 p l t . y l a b e l ( ’ S p o t s i z e (mm) ’ , f o n t s i z e =12)

109 #p l t . x l im (83 , 90)

110 #p l t . y l im ( −0 .120 , .120)

111 p l t . l e g end ( )

112 p l t . show ( )

113

114 f i g . s a v e f i g ( ’ B e f o r e c o l l i m a t i o n . pdf ’ , fo rmat=’ pdf ’ , dp i =1200)



Appendix B Beam shaping simulations 35

B.2 After collimation

1 impor t numpy as np

2 impor t ma t p l o t l i b . p yp l o t as p l t

3

4 de f s p o t s i z e ( i q ) :

5 #f i n d the spo t s i z e g i v en the i n v e r s e q paramter i n cm

6 X=iq . imag

7 r e t u r n np . s q r t (−wl /( np . p i ∗X) )
8

9 de f t r a n s l a t i o n ( iq ,RTM) :

10 #f i n d s the i n v e r s e q paramete r a f t e r p a s s i n g through e l ement s

RTM

11 A = RTM[ 0 , 0 ]

12 B = RTM[ 0 , 1 ]

13 C = RTM[ 1 , 0 ]

14 D = RTM[ 1 , 1 ]

15 r e t u r n (C+D∗ i q ) /(A+B∗ i q )

16

17 l e n s 1 f = 105

18 l e n s 2 f = 50

19 p o s s t a r t = −50
20 p o s l e n s 1 = 0

21 p o s l e n s 2 = 61

22 pos end = 110

23

24 l e n s 1 = np . mat r i x ( [ [ 1 . , 0 . ] , [ − 1 / l e n s 1 f , 1 ] ] )

25

26 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−FAST−AXIS
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

27 M2 = 1.5

28 wl = M2∗470E−6
29 beam r = 0.44

30

31 l e n s 2 = np . mat r i x ( [ [ 1 . , 0 . ] , [ − 1 / 5 0 . 4 2 , 1 ] ] )

32

33 i q = 0 − wl ∗1 j /( np . p i ∗beam r∗beam r )



Appendix B Beam shaping simulations 36

34

35 d i s t a n c e =[]

36 # from s t a r t to Lens1

37

38 s s =[ ]

39 f o r i i n range ( p o s s t a r t ∗10 , p o s l e n s 1 ∗10) :
40 s s . append ( s p o t s i z e ( i q ) )

41 d i s t a n c e . append ( i /10)

42 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 0 . 1 ] , [ 0 , 1 ] ] ) )

43

44 #from l e n s 1 to l e n s 2

45 i q = t r a n s l a t i o n ( iq , l e n s 1 )

46 f o r i i n range ( p o s l e n s 1 ∗10 , p o s l e n s 2 ∗10) :
47 s s . append ( s p o t s i z e ( i q ) )

48 d i s t a n c e . append ( i /10)

49 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 0 . 1 ] , [ 0 , 1 ] ] ) )

50

51 #from l e n s 1 to l e n s 2

52 i q = t r a n s l a t i o n ( iq , l e n s 2 )

53 f o r i i n range ( p o s l e n s 2 ∗10 , pos end ∗10) :
54 s s . append ( s p o t s i z e ( i q ) )

55 d i s t a n c e . append ( i /10)

56 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 0 . 1 ] , [ 0 , 1 ] ] ) )

57

58 p r i n t ( ” Fas t Ax i s ” )

59 p r i n t ( ”Diameter ” ,min ( s s ) ∗2000 , ”um” )

60 p r i n t ( d i s t a n c e [ s s . i nd e x (min ( s s ) ) ] )

61

62 negs = [−x f o r x i n s s ]

63

64 f i g = p l t . f i g u r e ( )

65 ax = f i g . a dd subp l o t (111)

66

67 p l t . p l o t ( d i s t a n c e , negs , c o l o r=” darksa lmon ” , l a b e l= ’ Fas t Ax i s ’ )

68 p l t . p l o t ( d i s t a n c e , ss , c o l o r=” darksa lmon ” )

69
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70 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−SLOW−AXIS
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

71 M2 = 12

72 wl = M2∗470E−6
73 beam r = 2 .2

74

75 l e n s 2 = np . mat r i x ( [ [ 1 . , 0 . ] , [ − 1 / 4 9 . 5 7 , 1 ] ] )

76

77 i q = 0 − wl ∗1 j /( np . p i ∗beam r∗beam r )

78

79 s s =[ ]

80 d i s t a n c e =[]

81 # from s t a r t to Lens1

82

83 f o r i i n range ( p o s s t a r t ∗10 , p o s l e n s 1 ∗10) :
84 s s . append ( s p o t s i z e ( i q ) )

85 d i s t a n c e . append ( i /10)

86 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 0 . 1 ] , [ 0 , 1 ] ] ) )

87

88 #from l e n s 1 to l e n s 2

89 i q = t r a n s l a t i o n ( iq , l e n s 1 )

90 f o r i i n range ( p o s l e n s 1 ∗10 , p o s l e n s 2 ∗10) :
91 s s . append ( s p o t s i z e ( i q ) )

92 d i s t a n c e . append ( i /10)

93 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 0 . 1 ] , [ 0 , 1 ] ] ) )

94

95 #from l e n s 1 to l e n s 2

96 i q = t r a n s l a t i o n ( iq , l e n s 2 )

97 f o r i i n range ( p o s l e n s 2 ∗10 , pos end ∗10) :
98 s s . append ( s p o t s i z e ( i q ) )

99 d i s t a n c e . append ( i /10)

100 i q=t r a n s l a t i o n ( i q , np . mat r i x ( [ [ 1 , 0 . 1 ] , [ 0 , 1 ] ] ) )

101

102 p r i n t ( ”Slow Ax i s ” )

103 p r i n t ( ”Diameter ” ,min ( s s ) ∗2000 , ”um” )

104 p r i n t ( d i s t a n c e [ s s . i nd e x (min ( s s ) ) ] )

105
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106 negs = [−x f o r x i n s s ]

107 p l t . p l o t ( d i s t a n c e , negs , c o l o r=” c o r n f l ow e r b l u e ” , l a b e l= ’ Slow Ax i s ’ )

108 p l t . p l o t ( d i s t a n c e , ss , c o l o r=” c o r n f l ow e r b l u e ” )

109

110 p l t . a x v l i n e ( po s l e n s 1 , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’ red

’ )

111 p l t . t e x t ( po s l e n s 1 ,−0.5 , ’ 105mm Lens ’ , r o t a t i o n =90)

112

113 p l t . a x v l i n e ( po s l e n s 2 , l i n e s t y l e=’ dashed ’ , l i n ew i d t h=’ 1 ’ , c o l o r=’ red

’ )

114 p l t . t e x t ( po s l e n s 2 ,−0.5 , ’ 100mm ROC ’ , r o t a t i o n =90)

115

116 p l t . x l a b e l ( ’ D i s t ance (mm) ’ , f o n t s i z e =13)

117 p l t . y l a b e l ( ’ S p o t s i z e (mm) ’ , f o n t s i z e =13)

118 #p l t . x l im (80 , 89)

119 #p l t . y l im ( −0 .120 , .120)

120 p l t . l e g end ( )

121 p l t . show ( )

122

123 f i g . s a v e f i g ( ’ f o c u s i n g . pdf ’ , dp i =1200)
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Gain switching using RK4

1 #Picosecond La s e r

2 #Gain Sw i t ch i ng

3 #Runge Kutta Method 4

4

5 impor t numpy as np

6 impor t ma t p l o t l i b . p yp l o t as p l t

7

8

9 ec = 1.602E−19 #E l e c t r o n i c Charge

10 volume = 4 .2E−10 #volume o f the a c t i v e r e g i o n

11 beta = 1E−3 #con s t an t to de t e rm ine how many

spontaneous g i v e mean ing fu l s t imu l a t e d radn

12 a lpha = 1.1125E−6 #con s t an t

13 N0 = 1 .1 E18 #de t e rm in e s o p t i c a l ga i n or l o s s

14 t au s = 4E−9 #Spontaneous r e comb ina t i on o f c a r r i e r s

l i f e t i m e

15 tauph = 2E−12 #l o s s e s due to c a v i t y photon l i f e t i m e

16

17 #Cur r en t Pu l s e Gaus s i an 100 ps

18 de f c u r r e n t p u l s e ( x ) :

19 r e t u r n 0 . 75∗0 .026 + 14∗0.026∗ np . exp (−0.5∗( ( x−250E−12)/100E−12
) ∗∗2 )

20

21 ps t ime = np . a range (0 ,1E−9,5E−12)

39
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22 c u r r e n t = [ c u r r e n t p u l s e ( x ) f o r x i n ps t ime ]

23

24 de f dNdt ( t ,N, S) :

25 r e t u r n c u r r e n t p u l s e ( t ) /( ec ∗ volume ) − N/ taus − a lpha ∗(N − N0) ∗S
26

27 de f dSdt ( t ,N, S) :

28 r e t u r n a lpha ∗(N − N0) ∗S − S/ tauph + beta ∗N/ taus
29

30 N l i s t = [ ]

31 S l i s t = [ ]

32

33 Ni = 1 .1 E18

34 S i = 0

35 h = 5E−12
36

37 f o r i i n ps t ime :

38 t i = i

39 N l i s t . append ( Ni )

40 S l i s t . append ( S i )

41

42 k0 = h∗dNdt ( t i , Ni , S i )

43 l 0 = h∗dSdt ( t i , Ni , S i )

44

45 k1 = h∗dNdt ( t i + 0 .5∗h , Ni + 0 .5∗ k0 , S i + 0 .5∗ l 0 )

46 l 1 = h∗dSdt ( t i + 0 .5∗h , Ni + 0 .5∗ k0 , S i + 0 .5∗ l 0 )

47

48 k2 = h∗dNdt ( t i + 0 .5∗h , Ni + 0 .5∗ k1 , S i + 0 .5∗ l 1 )

49 l 2 = h∗dSdt ( t i + 0 .5∗h , Ni + 0 .5∗ k1 , S i + 0 .5∗ l 1 )

50

51 k3 = h∗dNdt ( t i + h , Ni + k2 , S i + l 2 )

52 l 3 = h∗dSdt ( t i + h , Ni + k2 , S i + l 2 )

53

54 Ni = Ni + 1/6∗( k0 + 2∗k1 + 2∗k2 + k3 )

55 S i = S i + 1/6∗( l 0 + 2∗ l 1 + 2∗ l 2 + l 3 )

56

57

58 X=pst ime
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59 Y=S l i s t

60 de f t a k eC l o s e s t (num , c o l l e c t i o n ) :

61 r e t u r n min ( c o l l e c t i o n , key=lambda x : abs ( x−num) )

62 maxind = Y. i ndex (max(Y) )

63 FWHM1 = t a k eC l o s e s t ( max(Y) /2 , Y [ : maxind ] )

64 FWHM2 = t a k eC l o s e s t ( max(Y) /2 , Y [ maxind : ] )

65

66 LX = [X[Y . i ndex (FWHM1) ] ,X [Y . i nd ex (FWHM2) ] ]

67 LY = [max(Y) /2 ,max(Y) /2 ]

68 LX = [ x∗1E12 f o r x i n LX ]

69 FWHM= LX[1]−LX [ 0 ]

70 p r i n t (FWHM,LX , LY)

71

72

73

74 f i g , ( ax1 , ax2 , ax3 ) = p l t . s u b p l o t s (3 , 1 , s h a r e x=True )

75 ax1 . p l o t ( ps t ime ∗1E12 , cu r r en t , c o l o r=’ g ’ )

76 ax2 . p l o t ( ps t ime ∗1E12 , N l i s t , c o l o r = ’ red ’ )

77 ax3 . p l o t (LX , LY , ’ r ’ )

78 ax3 . p l o t ( ps t ime ∗1E12 , S l i s t , c o l o r=’ b ’ )

79

80 p l t . t e x t ( 0 . 3 , 1 . 2 , ”14 Times the Thre sho ld ” , f o n t s i z e =14, t r an s f o rm=

ax1 . t r an sAxe s )

81 p l t . t e x t ( 0 . 5 , 0 . 3 , ”FWHM i s 235 ps ” , t r an s f o rm=ax1 . t r an sAxe s )

82 p l t . t e x t ( 0 . 7 , 0 . 8 , ”FWHM i s { 0 : . 2 f }ps ” . fo rmat (FWHM) , t r an s f o rm=ax3 .

t r an sAxe s )

83

84 ax1 . s e t y l a b e l ( ’ Cu r r en t (A) ’ , f o n t s i z e =12)

85 ax2 . s e t y l a b e l ( ’ C a r r i e r s (N) ’ , f o n t s i z e =12)

86 ax3 . s e t y l a b e l ( ’ Photons (S) ’ , f o n t s i z e =12)

87 ax3 . s e t x l a b e l ( ’ Time ( ps ) ’ , f o n t s i z e =12)

88 ax1 . s e t y t i c k l a b e l s ( [ ] , [ ] )

89 ax2 . s e t y t i c k l a b e l s ( [ ] , [ ] )

90 ax3 . s e t y t i c k l a b e l s ( [ ] , [ ] )

91 p l t . show ( )

92 f i g . s a v e f i g ( ’ 14 I t h . pdf ’ , fo rmat=’ pdf ’ , dp i =1200)
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