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ABSTRACT OF THE THESIS

Up-Conversion of Terahertz Amplitude-Modulated CO,

Laser Pulses Using Nonlinear Crystals

by

Kari S. Sanders

Master of Science in Electrical Engineering
University of California, Los Angeles, 2001
Professor Chandrashekhar Joshi, Chair

The purpose of this project was to demonstrate the up-conversion of THz
modulation in a 10 um optical signal using a nonlinear crystal, AgGaS,. The
motivation for this project is its possible application to the Plasma Beatwave
Acceleration experiments. For these experiments, the electrons produced by the
photocathode of an RF gun must be injected in phase with a relativistic plasma
wave in order to experience acceleration. The plasma wave is produced using the
beat frequency of two CO, laser wavelengths - 10.27 and 10.59 um. Since the
photocathode requires UV light to efficiently produce electrons, the proposed
method of synchronizing the laser pulses with the electrons was to up-convert the 1
THz modulation at 10 um three times using nonlinear crystals. The first crystal
would produce Near-IR light, the second green, and the third UV. This project was

a proof-of-principle experiment for the first stage of up-conversion.
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The AgGaS, crystal was chosen because it is transparent to the wavelengths used and
the group velocity mismatch between the incident wavelengths is sufficiently less
than 1 ps to not distort the THz modulation as it passes through the medium. Sum
Frequency Generation (SFG) was used to up-convert the laser pulses to 964 nm (SFG
of 1.06 and 10.27 um) and 967 nm (SFG of 1.06 and 10.59 um). The nonlinear
interaction was characterized using efficiency measurements and data describing the

sum frequency output - in both its angular dependence and spectral distribution.

Two methods of detecting the 1 THz modulation were investigated. The first
required the analysis of spectral data, where the modulation would be detected
using the spectral side lobes it would create. This method was not successful. The
second, autocorrelation, intended to detect the modulation by comparing the
output of the crystal with a temporally shifted version of itself , through
up-conversion the result in another nonlinear crystal. The first autocorrelator used
could not detect the modulation, due to the low efficiency of SHG and the
dispersive optical elements it used. Dispersive optics would spatially separate the
two wavelengths, destroying the beat pattern. A second autocorrelator was
constructed, but not tested. This device should measure 5.25 ps of the crystal

output - enough to see the 1 ps modulation corresponding to the 1 THz beatwave.

This work successfully characterized the up-conversion of the 10 um pulses in the
AgGas, crystal, provided insight into the setup required to produce sufficient
upconverted light, and made significant progress in setting the groundwork for

future work.



I OVERVIEW

The purpose of this project was to demonstrate the up-conversion of THz
modulation in a 10 um optical signal. This is accomplished by mixing itwitha 1 pm
pulse in a nonlinear crystal, AgGaS,. One of the possible applications of this work is
to provide picosecond synchronization and, eventually, phase-locking between the
fast 10 um laser pulse and the electrons produced by the photocathode of the RF
gun for the Plasma Beatwave Acceleration (PBWA) experiments."* The laser is used
to produce a plasma and the electrons must be injected in phase with the relativistic
plasma wave in order to be accelerated. Since the photocathode requires at least
100 uJ of UV light to efficiently produce electrons, the technological concept for
the PBWA experiment is to up-convert the THz modulated signal three times - the
first to produce 967 and 964 nm light, the second green light, and the third UV.
This thesis project was a proof-of-principle experiment, intended to demonstrate

the success of the first stage of up-conversion, in AgGasS,.

Green uv
10.59 um—> AgGas, > SFG > SFG |T—>
10.27 pm 964 nm Photcathode

Figure 1-1: Concept Overview for PBWA Experiment

A nonlinear crystal was used for this experiment because the electrons within the
solid material can react quickly enough (on the order of 10 fs) to transmit the 1 THz
modulation. The experimental results hinge upon the up-conversion of THz
modulation within the crystal, which occurs when the wavelength of an incident
optical signal is changed. This process, when resulting in a shorter wavelength, is

called up-conversion (Section 1.1). This project intended to demonstrate that the



original THz modulation was transmitted through the nonlinear crystal and was
present at the new wavelength. Theoretical studies predicted that the 1 THz
modulated wave should be transmitted by the AgGaS, crystal with minimal
distortion (Section 3.1.4), and the published literature demonstrated the detection

of a similarly-generated 2.3 THz beat-wave signal using an autocorrelator.®

.06 um > 967 nm
10.59 um——> AoGaS, '
10.27 uwm 964 nm

Figure 1-2: Block Diagram of SFG

Figure 1-2 shows the basic setup. The 1 THz amplitude-modulated signal is the
beat frequency of two output lines of the CO, laser. After amplification, the CO,
pulses are transported as a “pulse train”, as in the figure below.* (This is not the 1

THz modulation). The 1 THz amplitude modulation is the physical result of the

P! 50.0mvQ M 100ns A Ext /7 SoomvV

Figure 1-3: CO, Pulse Train



beating between the two laser wavelengths. The two wavelengths - 10.27 and 10.59
um - are transported simultaneously in both time and space to preserve the THz
beat frequency. An unmodulated 1 um signal is produced by a Nd:YAG laser. All
three wavelengths are incident upon an AgGaS, crystal, in which they were
combined through a nonlinear optical process - Sum Frequency Generation (SFG,
Section 2.2). The result was two shorter wavelengths, 964 nm (SFG of 1.06 and
10.27 um) and 967 nm (SFG of 1.06 and 10.59 um), with the 1 THz modulation

impressed upon them.

Chronologically, there were three experimental phases for this project. During
the first phase, up-conversion of the Nd:YAG and CO, lasers was demonstrated.
The planned use of spectral data to detect the modulation was unsuccessful, and
there was insufficient power in the SFG output to try other means of detection. A
second phase was constructed to better characterize the interaction and to
provide sufficient power to try other methods of detection. The results of this
phase included the successful characterization of two stages of up-conversion - the
first in AgGaS, and the second in a KDP crystal, resulting in green light; however,
direct evidence of the THz modulation was lacking. Since the laboratory
equipment could not directly measure THz frequencies, the modulation was to be
detected using an autocorrelator (Section 5) - a device that optically compares two
signals. For the third phase, a commercial autocorrelator was used, but the
modulation could not be detected due to insufficient power and the presence of
dispersive elements (Section 5), which spatially separated the two wavelengths,
destroying the beat pattern. The final phase of the project was to use 6 ps pulses

from a different Nd:YAG laser, instead of 100 ps, and a custom autocorrelator to



detect the modulation. This phase was not completed, due to time constraints, but

an autocorrelator was designed and built for the purpose of detecting the

modulation. The following figure pictorially shows the relationship between the

three phases of the project.

Nonlinear Optical
Theory, Previous Work

Phase I: SFG in AgGaS,
using a fiber optic delay line

More power needed for
SFG and SHG in KDP

Phase 2: SFG in AgGaS, and
KDP w/out autocorrelation

More power needed
for autocorrelation

Phase 3: SFG in AgGaS, and
KDP with autocorrelation

L

Custom Autocorrelator

built for future tests

SFG in AgGas,
Experience with laser damage
thresholds of crystal, optics

SFG in AgGa$, and KDP
Developed simultaneity test
for Ilum and 10 um pulses

For two frequencies, an
autocorrelator must have
no dispersive elements

Figure 1-4: Chronological Overview



2 FREQUENCY CONVERSION IN NONLINEAR CRYSTALS

The theory of nonlinear optics describes the interaction of an electromagnetic
wave, e.g., light, with a medium. In this case, the medium is a very specific kind of
crystal - a negative uniaxial crystal.” (Section 3.1) The incident wave is described as
an electric field, E, with a polarization, P. A uniaxial crystal has only one optical
axis, defined as the plane along which the field may propagate without having its
polarization changed. Ordinary waves, E, , are polarized perpendicular to the plane
of the optical axis and experience an ordinary refractive index, n, as they
propagate. Extraordinary waves, E,, are polarized in the plane of the optical axis
and experience an extraordinary index of refraction, n,. For a negative uniaxial

crystal, such as AgGaS,, n, >n,.”

The field propagating through a nonlinear medium and its polarization are related
by a tensor quantity, named the atomic susceptibility, x, as P = xE. The order of this
tensor depends upon the order of the interaction within the medium. For example,
both SFG (Sum Frequency Generation) and SHG (Second Harmonic Generation)
are second order interactions, such that the susceptibility describing each is a
tensor of rank 2 - a 3x3 matrix. The efficiency of a nonlinear interaction is
proportional to the value of the susceptibility of the medium - i.e., the greater the

susceptibility, the higher the efficiency.® (Section 2.5)

Two types of nonlinear interactions are employed by this project - SHG, which uses

a single incident wavelength, and SFG, which uses two.



2.1 Second Harmonic Generation
In Second Harmonic Generation, a single incident wavelength is used to create an

output wave with half the original wavelength.

0,=0 +0, =20, (2.1)

If the crystal is transparent to the original wavelength, it passes through, as in the
figure below. Note that the output wavelength, 532 nm in this case, would be
spatially and temporally overlapped with the transmitted input wavelength for
collinear phase matching and is shown to be dramatically separated in the figure
only for illustrative purposes. (Note: Literally, some small separation of the beams
would occur as they exit the crystal due to the walk-off angle, but this separation is

not nearly as dramatic as that shown in the illustration.)

532 nm

1.06 um ——NL crystal =—F
.06 um

Figure 2-1: Block Diagram of SHG

The polarization of the resulting wave can be expressed as:
P,=0, +m)=%":E,)E®,) (2.2)

This process was observed in the KDP crystal (section 4.2) and used to test the

autocorrelator design, Section 5.3.



2.2 Sum Frequency Generation
In Sum Frequency Generation, two incident waves interact with the crystal to create

an output wave corresponding to the sum of the incident frequencies:

O =0 +O0, (2.3)

out mnl n 2

As in Figure 2-1, the wavelengths are shown to be separated only for

illustrative purposes.

10.57 wm——»
| wm ——

o
U
~N
3

NL crystal ™ 967 nm
crysta

=
3

Figure 2-2: Block Diagram of SFG
The polarization of the resulting wave can be expressed as:

P, =0, +0,)=y"E®)E0,) (2.4)

2.3 Phase Matching

In order to maximize the efficiency of a nonlinear optical interaction, the incident
wave(s) must be phase matched with the optical axis of the crystal. Phase matching
refers to the synchronization of the phase velocities of the waves within the material.”
The criterion for achieving this is generally expressed as the phase matching angle -

the angle the incident wave must make with the optical axis of the crystal.

There are two types of phase matching: collinear, where the incident waves overlap

in space, and noncollinear, where the waves intersect at a point within the crystal.



N >
Input | Input |
L crystal '_>Output stal '_>Output
Input 2 Input2/
Collinear Phase Matching Non-collinear Phase Matching

Figure 2-3: Diagram of Phase Matching

The phase matching angle is determined by the wavelengths involved in the

interaction and their polarizations. This angle can be mapped by plotting the wave

vectors, k. For uniaxial birefringent nonlinear crystals, %=

0

1s constant with

angle; whereas, n_ varies elliptically with the angle, 6, from the optical axis, Z :2

k

2
_ 2mn, (0) _ 2mn, \/ l+tan 6 (2.5)

A A 1"‘(”0/”@)2 tan’ ©

For collinear phase matching, the wave vectors add as scalars, as in Figure 2-4, and
the phase matching angle is defined as the angle corresponding to when the curves

for the resultant £ and the sum of the incident ks intersect.



Collinear Phase Matching Example: SHG in KDP

0

C] ©

510 ke(2w)
< k, # —2ko
5 0

o g —ko

)

N

Figure 2-4: Sample Phase Matching Diagram for Collinear SHG

For noncollinear phase matching, the wave vectors add at an angle (the angle at

which the incident wavelengths intersect), as in Figure 2-5.

k,
Incident oc'\

- i g
Wavelengths W:ear SFG " o=k +k,
k, o

Figure 2-5: Vector Addition for Noncollinear Phase Matching




In vector addition, the phase matching condition, 2k, =k, (k, +k, = k, for SFG), is

satisfied by:
2 ‘ 2
?( T, ]Cosa:(%m“) 1+tan 29 : (2.6)
A Ay, N\1+(n,/n,) tan” 0
This condition can be fulfilled at a variety of angles, as shown in Figure 2-6.
Noncollinear Phase Matching Example: SHG in KDP
kZm
I e

z (optical axis)

—ko

erI oIh@«*\

s
ku) (xz\ ¢ s\(\Cy

Figure 2-6: Samples of Phase Matching for Noncollinear SHG

There are two types of phase matching - “Type I” and “Type II”. Type I phase

matching is used when two ordinary waves interact to produce an extraordinary

wave. Type II phase matching is used when an ordinary and an extraordinary wave

interact to produce a wave with extraordinary polarization. Since Type II

10



interactions have a larger group velocity mismatch, only Type I phase matching
was used in this project. (Section 2.6) For a negative uniaxial crystal, the Type I

phase matching angle can be calculated as:*

0oe

v, () Gien) .
S w-1 (s) ("5

N ORG )(T( e,
y () ) e

Type I: tan’ 9

Type I, noncollinear:

where A, and A, are the incident wavelength (A,=A, for SHG), A, is the output
wavelength, n_ is the ordinary index of refraction and n, is the extraordinary index

of refraction, and o is the angle between the incident waves.

2.4 Acceptance Angle
The acceptance angle is the range within which the incident beam may drift about
the theoretical phase matching angle and produce little to no effect in the output

wave. This angle, A8, may be calculated using one of the following:2

0443 [1+(22) tan” 0]
n,(0)

SHG, Type I: A0 (2.10)

00e

Ltan 9‘1 — (=

M2

O.886k3[1 +(22) tan’ e]
| (0)

SFG, Type I: A0, = (2.11)

N 42T
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where L is the length of the crystal, 0 is the incident angle, n_ is the ordinary index

of refraction and n, is the extraordinary index of refraction. For SHG, A, is the

incident wave and A, is the output wave. For SFG, A, and A, are the incident waves

and A, is the output wave.

The acceptance angle may be determined experimentally by plotting the variation

of the output intensity with angle. The intensity varies as a sinc-squared function, as

shown below, and the acceptance angle is estimated as the FWHM (Full Width at

Half Maximum) of the zero™ order lobe.*

[sin(4) ]
out o< Akz
2

Intensi
A ty

AB

-47 21 21 41 An gl e

Figure 2-7: Sample Intensity Profile

2.5 Efficiency

(2.12)

The efficiency of the nonlinear interaction is the percent of the incident energy

contained in the output wave and is calculated as:

- 2 2 |Ak|L
P, e cmn,h, Al

m

9 B S 2
on’d’ I'P | sin(
SHG: n — P()u,t — eff m ( 2 )

12

(2.13)



9 9 9 G 2
o' w’d’ L'P, (sin(%"
SFG: 1= P _ A ( : ) (2.14)

- 2 |Ak|L
inl 8061111121137\,3/‘1 T2

where d_; is a parameter related to the atomic susceptibility (Section 2.0) of the

medium, L is the crystal length, A is the area of interaction, c is the speed of light,
0.886m

g, 1s the permittivity of free space, and Ak is approximated as for

o

experimental purposes.”

2.6 Group Velocity Mismatch

Incident wavelengths will propagate at different speeds through a nonlinear
crystal. If one considers two packets - groups - of photons with different
wavelengths propagating simultaneously at one end of a crystal, then, by the time
they reach the other end they will be separated by some amount of time. This
temporal separation is called the group velocity mismatch. The time delay between

pulses of two wavelengths for a specific crystal length, 1, is calculated as below.®

t':lennghrk1 dn, A, dn, —|, SHG 2.15)
‘ ¢ { dh, d7»2J

dn . : . . .
m is calculated using the slope of the curve relating the index of refraction to the
. . . An
wavelength.” For SFG, the group velocity mismatch was estimated as —. The group
¢
velocity mismatch in the crystal is a crucial parameter for this experiment, as it

must be small to maintain the 1 THz beat frequency.

13



3 SFG IN AgGasS,

3.1 Crystal Selection for the THz Modulator

The AgGasS, crystal was purchased before I joined the project and was selected after
a careful comparison of the standard crystals available. When comparing nonlinear
crystals, one must consider attributes such as transparency, acceptance angle,
efficiency for the proposed interaction, and group velocity mismatch. An analysis of

the characteristics of AgGaS, is provided in this section.

Published literature indicates that this crystal was been widely used to up-convert

mid-IR wavelengths. For example:

Bhar, Das, and Datta achieved Type II SFG using a CO2 laser (10.6 mm), a
Nd:YAG laser (1.06 mm), and a 6 mm thick AgGaS2 crystal. The phase

matching angle was 40.17°, the acceptance angle was 0.17°."

Voronin et al achieved both Type I and Type II SFG of CW 10.6 um and 1.06
wm lasers in a 5x5x3 mm AgGaS, crystal. The phase matching angle was 42°,

and the interaction was approximately 40% efficient."

Bhar et al used noncollinear phase matching of CO2 and Nd:YAG pulses to
achieve a Type II SFG interaction. The phase matching angle was 38.9°. A
5mm beam size and shorter pulses were used to increase the power that could

be transmitted through the crystal without exceeding its damage threshold.'?

14



3.1.1  Transparency

The material must be transparent to each wavelength that is used in the interaction.
Transparency to the incident wavelengths allows them to interact with the entire
length of the material, increasing the efficiency. Transparency to the resulting
wavelength allows for the interaction to have an output. In this case, the material
must be transparent to al wavelengths used in the interactions: 10.59 um, 10.27 pum,
1.06 um, 0.967 pm, and 0.964 um. The AgGaS, crystal satisfies this requirement,
with a transparency range of 0.47 - 13 um. A plot of the variation in the absorption

coefficient of AgGaS, with wavelength is available in Figure 4 of Reference 13.

3.1.2 Acceptance Angle

The acceptance angle, A8, describes how much variation with respect to the phase
matching angle the incident beams can have while maintaining the efficiency of the
interaction. The acceptance angle was calculated using the equations shown in
Section 2.4 and the Type I phase matching angle, coded in IDL. The results were
multiplied by the refractive index of the output wave within the crystal to determine

the external angle.

Phase Matching Angle Internal Acceptance External Acceptance
(degrees) Angle (degrees) Angle (degrees)
37.6 (10.27 um) 0.309 0.745
37.3 (10.59 um) 0.311 0.749

Table 3-1: Crystal Analysis, Acceptance Angle

15



The figure below shows the relationship between the acceptance angle and the
intensity profile for the proposed interaction. The phase matching angles are
indicated at the peak of the sinc® function (Figure 2-7) and the acceptance angle at
the FWHM points . The overlap between these two curves indicates that the two
SFG interactions - 1.064 um with 10.27 um and 1.064 pm with 10.59 um - can be
simultaneously phase matched using one crystal position. This concept is further
supported by Figure 3-2, which demonstrates that the phase matching angle

changes very little over the wavelength range of interest.

Intensity Profile for a 3mm AgGas, Crystal
0 0

pm: 10.6um  Jpm: 103 pm

. A
mya
. .

. -
|

|

X

o —o
[ o
A

[
L)\
o-gﬁmem-

Internal Angle (degrees)

Relative Units

Figure 3-1: Theoretical Acceptance Angle for AgGaS,
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3.1.3 Efficiency
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Figure 3-2: Phase Matching Curve for AgGaS,

A high efficiency is preferable, because less of the incident light is wasted. The

efficiency was calculated for Phase 1 using the equation in Section 2.5, coded in

IDL. For these calculations, the 1 um power was assumed to be at the damage

threshold of the crystal, 500 MW/cm?, focused to a spot with a radius of 50 um. For

10.27 pm, the efficiency was calculated as 0.145%, and 0.142% for 10.59 pm.
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3.1.4 Group Velocity Mismatch

For this experiment, the group velocity mismatch in the crystal must be small
enough to preserve the 1 ps pulses in the modulated signal. For all of the

interacting wavelengths, the AgGaS, crystal has a sufficiently small group velocity

mismatch to preserve 1 ps pulses.

Wavelengths (1m)

Group Velocity Mismatch

(ps/cm)
10.27 and 1.06 2.2
10.59and 1.06 2.9

Table 3-2: Crystal Analysis, Group Velocity Mismatch

3.1.5 Verification of Crystal Parameters for AgGaS,

Many of the parameters used in the calculations for Sections 3.1-3.4 were derived

from the Handbook of Nonlinear Optical Crystals.® A literature search was

performed to verify the values used in the handbook, such as the effective

nonlinear coefficient, d 4, and the indices of refraction.
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The value of the effective nonlinear coefficient is wavelength dependent and

proportional to the efficiency of a nonlinear interaction. For AgGas,,

d, =d,;sin(8)sin(20),* and the value of dy; has been reported in several

publications.">!'™*!
dys (pm/Volr) Wavelength (um) Reference

111417 10.6 .

125+25 10.6 5

18 £ 50% 10.6 "

14.5 1.06 14

11.2 10.6 15

Table 3-3: Values for d,; in AgGasS,

The index of refraction was calculated using the Sellmeier equation in the

handbook.

B\ D\’
+

2
A=A+ §
n (L) Rt
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The value for the index of refraction was also calculated using the Sellmeier

n, 10.59 um n,, 10.59 um Reference
2.29293 2.34695 5
2.2934 2.3472 16
2.29847 2.35232 17
2.29261 2.34678 18
2.29280 2.34681 19

2.292 2.352 20
2.29293 2.34700 14

Table 3-4: Index of Refraction for 10.59 um, AgGas,

coefficients from several publications, as in Table 3-6.'%!71%1920

3.1.6 Summary
AgGaS, was chosen for this project because it is transparent to the wavelengths of
interest, has a low group velocity mismatch, and has a sufficiently wide acceptance

angle to allow phase matching of SFG with 10.27 and 10.59 um simultaneously.
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3.2 Phase I: SFG Using a fiber optic delay line

The first phase of the experiment was designed to work independently of the
PBWA experiments. The results of this phase were encouraging and provided
much experience working with the crystal, but, due to a lack of incident power and
success with spectral analysis of the output, the construction of a new setup was

necessary (Section 3.3).
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Experimental Setup: Block Diagram
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Figure 3-3: Phase 1 Block Diagram
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3.2.2 Experimental Setup: Photos
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Fiber Delay: A

Figure 3-5: Phase I Interaction Point
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3.2.3 Equipment Selection
Each component of the system was analyzed prior to construction. This section
provides an overview of the theoretical work used to perform trade analyses and

select equipment.

3.2.3.1  CO, Optical Path

The manufacturer specified the damage threshold for the crystal at CO,
wavelengths as 20 MW/cm? for 100 ns pulses. The final setup did not use a lens to
focus the CO, pulses upon the AgGaS, crystal, because the shot-to-shot drifts in

pulse power were sufficient to threaten damage to the crystal.

3.2.3.2  Nd:YAG Optical Path

The main components of the 1 pm optical path were the lenses used for coupling
the pulses into and out of the optical fiber, the optical delay line (used for fine
adjustments to the delay for purposes of synchronization) and the lens that focuses
the pulses on the crystal. Other components were used for controlling the laser

power (attenuation) and adjusting the polarization (half waveplate and cube).

3.2.3.2.1 Optical Fiber Delay Line

An optical fiber was used to provide most of the delay required to synchronize the
Nd:YAG and CO, pulses, because a long length of it could easily be placed on the table
(in a spool). The design of the optical delay line included consideration for the surface

damage threshold of the glass and methods for coupling the pulses to the fiber.

The limiting factor for this phase was the surface damage threshold of the optical

fiber. The surface damage threshold was estimated as 10 G W/ ¢m” from the surface

21,22,23,24,25

damage threshold of silica, which is approximately 30% less than that of
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the bulk material.***” In order to maintain a high damage threshold, the tip of the
fiber must be carefully polished and kept dust-free.'”®® The polishing was
performed professionally by Fujiko Guth of Innova Quartz. A plexiglass case was

constructed to minimize dust collection.

The fiber delay was designed to deliver 20 uJ of 1 um light to the crystal. A 200 um
core, graded index silica/silica multimode fiber (WF-L22-201 from Wave Optics)
was used. The length of the fiber was 86 m - to compensate for the 309 ns time delay
between the CO, and Nd:YAG pulses and the 123 ns delay from transporting the

beam to the setup, assuming a refractive index of 1.5.

3.2.3.2.1.1 Scattering and Self-Phase Modulation

Consideration was given to the possibility that the optical fiber could change the
pulses, through mechanisms such as self-phase modulation, or lose energy to
scattering mechanisms. Theoretical studies demonstrated that the scattering losses
should not affect the fiber transmission, and analysis of the fiber’s output with the

spectrometer did not detect spectral broadening.

3.2.3.2.1.1.1  Raman and Brillouin Scattering

Scattering within the fiber is likely to occur with high incident intersities. Both
Raman and Brillouin scattering cause losses by propagating some of the incident
light backward. The threshold intensities for these processes are approximately 15
MW/cm? for Raman scattering and 80 kW/cm?® for Brillouin scattering®, both of
which are below the typical operating intensity of 3.9 GW/cm?® (when the 1 pm

pulses are focused upon the fiber). Thus, losses from scattering would be expected.
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3.2.3.2.1.1.2 Self-Phase Modulation

If the intensity incident upon the fiber exceeded the threshold for self-phase
modulation, one would expect to see frequency effects, such as chirping, in the
pulses exiting the fiber. The threshold intensity for self-phase modulation may be

calculated as follows:*’

I, = (3.2)

where n,, the nonlinear index of refraction for silica, is approximately 2.4x10™"°

Cm?/w.?;l,fﬁ

For an 86-meter fiber, the intensity threshold for self-phase modulation is 8.2
MW/cm?®. Typically, 30 u] was incident upon the fiber in a spot with a 50 um radius.
This corresponds to an intensity of 3.9 GW/cm?, which far exceeds the self-phase
modulation threshold. The resolution of the spectrometer was insufficient to
measure the chirp this produced, and no data was available after the scan angle for
the crystal was corrected (Section 3.3.1.1) to determine the effects of this chirp

upon the SFG output.
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3.2.3.2.1.2 Coupling Lens Selection

Two lenses were needed for coupling the Nd:YAG pulses to the optical fiber.
Traditionally, this coupling is performed using short focal length lenses or
microscope objectives.” These methods are employed in order to properly launch
the light into the fiber, which consists of two layers of glass, such as doped silica.
The critical parameters are the angle at which the light enters the fiber and its
position on the tip of the fiber, and the efficiency of the coupling is very sensitive to
both. A significant decrease in the coupling efficiency may occur with a 10 to 20 um
change in the position of the beam on the fiber or a 2 to 5 degree change in the
incident angle.”® Short focal length lenses are therefore typically used to provide

better control over both the position and the angle of the input light.

The problem with using short focal length lenses for this project is that, due to the
small spot size produced, the intensity delivered to the fiber would far exceed its
damage threshold. To determine the spot size produced on the fiber by the short
focal length lenses, the non-Gaussian beam profile of the Nd:YAG laser must be
accounted for. The deviation of the beam from a Gaussian profile is described by

M?, equal to 2.5 for this laser.” The spot size, w,, was calculated as shown below.”

_AM S
w, = D = 34“772 (33)
[ =25mm,D = 125¢m, \ = L064um, M~ = 2.5 (3.4)

A standard lens with a focal length of 401 mm was chosen to focus the pulses on the

tip of the fiber - producing a spot size of approximately 135 um.
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The light exiting the fiber quickly diffracts, necessitating a short focal-length lens
to collect it. The theoretical angle of diffraction may be calculated using the fiber’s
numerical aperture. The numerical aperture for the fiber is defined using the

difference in refractive index between the core and the cladding,

(3.5)

where n, is the refractive index of the core and n, 1s the refractive index of the
cladding that surrounds the core.’”” The numerical aperture can also be expressed
as the sine of the acceptance angle of the fiber.”® For WF-1.22-201 graded index
multimode fiber from Wave Optics, Inc., the numerical aperture is 0.22.39 The exit
angle of the fiber is 8 = sin~ (0.22) =12.7°. Using a HeNe laser, a ruler, and a white
screen, , the diffraction angle was measured as 11.8"+0.3". A standard lens with a

one-inch focal length was chosen to collect the light exiting the fiber.

3.2.3.2.1.3 Alternate Delay Design

The optical fiber was originally chosen as a less expensive and time-consuming
method of achieving the necessary delay for the Nd:YAG pulses. The drawback to
this method was that it severely limited the 1 pm power incident upon the crystal.
Other options, which would have allowed a much greater input power, was to create
an optical delay using mirrors. One such design uses two curved mirrors that can be
configured on the same axis to create a lissajous pattern® or off-axis for a tighter
pattern requiring less space."’ Another design uses one flat mirror and curved
mirror.” In either case, the light enters and exits the cavity through a hole in one of
the mirrors, and the number of passes within the cavity is set by the angle at which

the light enters, the curvature of the mirrors, and their spacing.
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3.2.3.2.2 Focusing Lens
The lens used to focus the Nd:YAG pulses on the crystal was chosen to deliver an
intensity of 500 MW/cm?® to the crystal - approximately half the damage threshold

quoted by the manufacturer for 100 ps pulses.

3.2.3.2.3 Optical Delay Line

The purpose of the optical delay line was to provide a fine adjustment of the delay
between the Nd:YAG and CO, pulses. The line consisted of four mirrors, two of
which were on a translational stage, allowing the length of the delay path to change
(I mm = 3.33 ps). The mirrors were gold-coated, reflecting both 1 pm and visible

light for alignment purposes.

3.2.3.3  Beam Combiner

For collinear phase matching, the Nd:YAG and CO, pulses must overlap spatially
as well as temporally. To achieve this, ZnSe was used as a beam combiner. One side
of the ZnSe was coated to reflect 10 um light with 98.5% efficiency and the material

transmitted 1 um light with 75% + 7% efficiency (as measured experimentally).

3.2.3.4  Detection Systems

Three types of detection were used in this phase: a photodetector, an energy meter,
and a CCD careful aligned at the output of a spectrometer. The photodetector
provided relative power measurements for purposes of determining alignment and
efficiency. The energy meter provided absolute energy measurements, used to
verify that the laser power was below the crystal’s surface damage threshold. The
spectrometer provided frequency analysis of the crystal output. This spectral

information was mapped spatially and collected using a CCD.
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3.2.4 Experimental Data

3.24.1 Beam Profile Measurement

To ensure that the Nd:YAG pulses were properly collected after exiting the optical
fiber, the beam profile was measured using a micrometer and photodiode. The
photodiode was stepped through the beam and a number of data points were

collected at each position.

Beam Profile Measurement
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Figure 3-6: Beam Profile Data
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The profile was also examined using a Cohu camera. The figure below shows the

image of the beam, with its horizontal (left) and vertical (right) profiles below.
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Figure 3-7: Image of Nd:YAG Pulse
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3.2.4.2  Pulse Synchronization
The Nd:YAG (bottom trace) and CO, pulses (top trace) were temporally aligned, as

shown in the following figures.

wi ey ! flryl u\a.m.J.J.\M,w.‘ﬁ.‘.TiITr : *Wm“\-m
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Figure 3-8: Nd:YAG Pulse and CO, Pulse Train
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Figure 3-9: Nd:YAG and a Single CO, Pulse
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3.2.4.3  SFGin AgGadsS,

3.2.4.3.1 Efficiency of Coupling to Optical Fiber

The maximum efficiency of the coupling to the optical fiber was measured as 19% +
6% using a photodiode. The average coupling efficiency for measurements was
15%, and the efficiency was remeasured for each set of data to verify that the

alignment had not drifted.

3.2.4.3.2 Efficiency of SFG
The combined efficiency of the SFG interactions was estimated as 0.4% x 0.03%,

using a photodiode and calculating n = . By this estimation, each

Twn
interaction (10.59 pum + 1.06 pum — 966 nm or “10.27 um + 1.06 um — 964 nm)
would have an efficiency slightly less than 0.2%, which is in agreement with the

theoretical calculations in Section 3.1.3.

3.2.4.3.3 Spectral Data

The output of the AgGas, crystal was also viewed with a CCD at the output of the
spectrometer, for purposes of determining the frequency of the outputs and for
detecting the modulation (Section 3.2.4.4). Figure 3-10 shows the spectrometer
output, and Figure 3-11 is a plot of one line of spectrometer data. A grating with

1200 grooves/mm was used with a 64 um slit.
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Figure 3-10: Spectrometer Image of AgGaS, Output
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Figure 3-11: One Line of Spectrometer Data, AgGaS, Output
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3.2.4.4 Detection of Modulation
The first phase was designed with sufficient power to accommodate one
upconversion, and the modulation was to be analyzed spectrally. No spectral effects

of the 1 THz modulation were detected in the output of the AgGas, crystal.

3.3 Phase 2: SFG Using 100 ps CO, Pulses

A second phase of the experiment was constructed in order to provide sufficient
power to try other methods of detecting the 1 THz modulation (Sections 4, 5). Two
experimental setups were used, since the first did not provide scanning of the
phase matching angle. (Section 3.3.1.1) The scanning of this angle is necessary to

measure the acceptance angle (Figures 2-7, 3-1).

3.3.1 Experimental Setup

The longer, 100 ps CO, pulse was used for this experiment, instead of the short
pulse train (Figure 1-3). The need for the fiber optic delay line was eliminated by
not using the second stage of amplification of the CO, pulses, and, thus, the limits
on the 1 um power imposed by the damage threshold of the fiber were exchanged
for the higher damage threshold of AgGaS,. A bandpass filter centered at 970 nm
with a FWHM of 10 nm was used to prevent any residual 1 or 10 um power

transmitted by AgGas, from reaching the KDP crystal.
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Figure 3-12: Phase 2: First Experimental Setup

3.3.1.1 Crystal Orientation

When the AgGaS, crystal was received by the lab, no documentation was present to
indicate the orientation of the crystal’s optical axis. During the first and second
phases of the project, the crystal’s orientation was determined by the efficiency of
SFG - i.e., the crystal was rotated until the face yielding the highest efficiency was
found. Since the incident polarization was ordinary in each setup, each
experienced the same Type I ooe SFG interaction with the same output
wavelengths and the same efficiency; however, the position of the stage in the first
setup did not allow the phase matching angle to be scanned. Once the rotational

stage was correctly positioned, the acceptance angle was measured. (Figure 3-16)
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3.3.2 Theoretical Efficiency and Output Power

The purpose of this setup was to provide a higher output power - which differs from
the efficiency of the nonlinear interaction. The power of the output wave is
controlled by the amount of the medium used (length and area) and by the
intensity of the incident waves; thus, an interaction with a lower efficiency may still
yield a high output power if the interaction area is large or the crystal is long and

the incident waves have high powers.

The primary difference between this setup and the previous one is that this setup
used unfocused beams to interact within the crystal; whereas, the first setup used
focused beams. To develop a permanent system, one would have to optimize the

output power of the crystal by testing both the focused and unfocused geometries.

Measurements indicate that Phase 1 delivered 0.04 MW (4 1) of 1 pm light to the
crystal, whereas Phase 2 delivered 100 MW (10 m]). The efficiency of the
interaction in Phase 2 was calculated as 0.0091% for 10.27 um and for 10.59 um.
Regardless of having 15 times less efficiency, the output power of the crystal for
Phase 2 was theoretically predicted to be 100 times greater than that for Phase 1.
This would provide sufficient output power to up-convert the 964 and 967 nm

light in KDP. (Section 4)
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3.3.3 Experimental Data

Two sets of data were taken - one to verify that the output intensity varied linearly
with the input energy (using the first setup) and the other to examine sinc” function

in the intensity profiles of the 964 and 967 nm light (using the second setup). The

intensity in the 967 nm wave varied linearly with the input energy.
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Phase Matching Curves for SFG in AgGaS,
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Figure 3-16: Angular Dependence of SFG Output in AgGaS,

3.3.3.1  Non-Collinear Phase Matching in AgGas,

SFG was also achieved in the AgGaS2 crystal using non-collinear phase matching.
This layout eliminated the need for the ZnSe beam combiner, which made the
crystal’s surface damage threshold the limiting factor in the system. Previously the
power level in the system was determined by first the damage threshold of the

optical fiber and second by that of the ZnSe.
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The non-collinear phase matching setup, Figure 3-17, was used to measure the
efficiency of SFG and the SFG output data for Figure 3-16. The efficiency of the

interaction was also measured, Section 3.3.3.1.1.
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Figure 3-17: Non-Collinear Phase Matching, Experimental Setup

3.3.3.1.1 Efficiency: Non-Collinear Phase Matching

The efficiency of this setup was measured using a silicon photodiode, as follows:

Background = 20 mV
1 wm pulses: 159 mV with 10° attenuation

SFG output of (10.59 um + 1.04 um = 967 nm): 62 mV with 10* attenuation

This efficiency is roughly 0.3%, neglecting the CO2 input, and is consistent with the
efficiencies measured in the first phase (~0.12%) and the theoretically predicted
efficiency (~0.2%). This demonstrated that the noncollinear setup produces

equivalent results as that which include the ZnSe beam combiner.
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3.4 Summary

The results from this study included the characterization of SFG in AgGas,, as well
as much experience working with the crystal. Detecting the 1 THz modulation
proved to be more difficult than originally expected and provided the motivation

for the autocorrelator (Section 5.3). Conclusions from this work included:

In AgGas,, the phase matching curves for generating 967 and 964 nm light
by SFG are sufficiently overlapped that the interactions can be

simultaneously phase matched.

The proper orientation of the optical axis of an unknown crystal and,
subsequently, the angles through which all rotational stage scan, should not
be determined by only using the efficiency of a nonlinear interaction, but by

an angle dependent measurement, such as scanning the SFG output.

SFG in the short crystal may be achieved by either collinear or noncollinear
phase matching, with similar output powers. Using noncollinear phase
matching avoids the use of a beam combiner with a damage threshold lower

than that of the crystal, allowing for higher input powers.
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4 UP-CONVERSION IN KDP

In order for the 1 THz modulation to exist, the three waves incident on the AgGas,
crystal must be simultaneous in both time and space. To confirm this, the light
resulting from SFG in the AgGaS, was up-converted using a KDP crystal. If the
waves resulting from SFG in AgGaS, are spatially and temporally simultaneous,
then the up-conversion in KDP results in three waves*’: 483.4 nm (SHG of 967 nm),

482.7 nm (SFG of 967 nm and 964 nm), and 482.0 nm (SHG of 964 nm).

4.1 Theoretical Analysis

The KDP crystal is transparent to wavelengths between 0.178 and 1.45 um,* which
makes it suitable for the second up-conversion. In addition, the phase matching
angles for the interactions of interest are sufficiently similar and within the
acceptance angles to make phase matching of more than one interaction feasible.
(e.g., SFG of 1 um and 967 nm as well as SFG of 1 um and 964 nm). The group
velocity mismatch (GVM) between the 964 nm pulses and the SHG output, 482 nm,
is 0.8 ps/cm - small enough to maintain the 1 THz modulation over the length of

the crystal. (Refer to Section 3.1 for more details.)
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1 em crystal Phase Matching | Acceptance Angle
% Efficiency
8 mm spot size Angle (deg., int) (deg., int)

SHG ,1 um 41.208 0.0631 5.6E-07
SHG, 967 nm 41.411 0.0564 1.9E-09
SHG, 964 nm 41.432 0.0562 1.9E-09

SFG: 964 & 967 nm 41.421 0.0563 3.9E-09
SFG: 1 um & 967 nm 41.186 0.0596 1.2E-06
SFG: 1 um & 964 nm 41.120 0.0595 1.2E-06

Table 4-1: Theoretical Parameters for SHG, SFG in KDP

4.2 Experimental Data

The diagram for the setup is provided in Figure 3-11. The three output waves were
detected using the spectrometer and CCD camera, using a 1200 grooves/mm
grating and a 64 um slit. The difference in output power was theoretically
predicted, with the efficiency of SFG between 964 ad 967 nm four times that for
SHG of either. This difference was verified experimentally, where the output
power of SFG was 3 to 4 times that of the SHG. From these results, it was inferred
that the second stage of up-conversion (Figure 1-1) would use SFG, instead of SHG

- most likely SFG of the 1 pm pulses and the output of the AgGaS, crystal.
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This particular setup used a long CO, pulse which was gated by the 1 um pulse;

however, in the future, the up-conversion of the 964 and 967 nm outputs in KDP

could be used to demonstrate that the pulses incident upon the AgGaS, crystal and

spatially and temporally simultaneous.
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5 DETECTION OF MODULATION: AUTOCORRELATION

The purpose of an autocorrelator is to spatially map the temporal structure of a
laser pulse. This is accomplished by splitting the pulse into two paths, delaying one
of them, and recombining the paths through noncollinear phase matching in a
nonlinear crystal, such as KDP. The first autocorrelator used in the experiment was
built by Positive Light (Section 5.2). When this autocorrelator proved to not work
for dual frequency detections, a second autocorrelator was designed and built.
(Section 5.3) This will be used in future work on this project, in either a single-shot

or a multi-shot mode. (Section 5.4)

5.1 Background
An autocorrelator is used to examine the temporal structure of the laser pulse,

using the intensity autocorrelation function, below.*

Autocorrelation = A(t) = Jl(t)l(t + T)dt (5.1)

Two types of autocorrelators have been considered for this project - single shot and
multi-shot. Each uses a nonlinear crystal to provide the autocorrelation signal, by
SHG of the pulse with a shifted version of itself. The difference between the
multi-shot and single-shot configurations is the way in which the autocorrelation

signal is measured.

In the multi-shot configuration, the autocorrelation signal is measured by scanning

the shifted pulse through the original pulse, using an interferometer. The delay,

2d

AT, is provided by the scanning mirror, such that At = ——, where d is the diameter
¢
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of the mirror and c is the speed of light. This setup requires that the pulse
repetition rate be much greater than the scan rate.” The resulting autocorrelation

trace can be measured in many ways, such as by a CCD* or photomultiplier*.

In a single-shot autocorrelator, the autocorrelation function is measured once per
shot, using the spatial pattern resulting from noncollinear SHG of the pulse and
the shifted version of itself. Physically, the time delay between the two pulses is
different at every point in the crystal. When the light resulting from noncollinear
SHG at each point is measured, the effect is to provide “integration” of the incident

pulses similar to that which is obtained by scanning in multi-shot systems.***’

When the result of noncollinear SHG is measured, the width of the pulse, Aw,
corresponds to a specific amount of time, At. These quantities are related by the
crystal’s index of refraction at the incident wavelength, n, the speed of light, ¢, and
the angle between the two incident pulses, 26, as:*

cAT

Aw = — (5.2)
nsin 0

When designing a single shot autocorrelator, one must keep the detector close to
the crystal to avoid destructive interference 40 and use a beam diameter that is at

least 2/3 larger than the length of the pulse within the crystal, ¢t/n.***
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5.2 Commercial Autocorrelator

The first single-shot autocorrelator used was made by Positive Light. This
autocorrelator has two modes, differing by one component in the path used to
delay one part of the pulse. One setup uses a mirror to measure fempto-second
pulses (Model SSA-F) and the other uses a grating to measure picosecond pulses
(Model SSA-P).”" Since the modulation in this project should vary on the order of 1
ps, the SSA-P model was used. The autocorrelator was used in place of the

spectrometer, as in the figure below.

Variable

I um
Attenuator  7.ce AgGas, Autocorrelator
l m \‘> 970 nm

Filter
OD 2.0
C ] Attenuator -

Tl e 4+—
| ' 'M Co, pulses
‘ et g, from master
e oscillator
MSi Mirror

O,
e Phase | Sewp

Regen
Amplifier

Figure 5-1: Experimental Setup for Autocorrelation

The operation of the autocorrelator was tested using the Nd:YAG pulse (without
the AgGaS, crystal). The oscilloscope traces below show the two collinear SHG
pulses (1.064 um -> 532 nm), and the noncollinear SHG pulse. These were

obtained by rotating the KDP crystal in the SSA-P autocorrelator - adjusting the
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phase matching angle for first one collinear SHG pulse, next for the noncollinear
SHG pulse, then the other collinear SHG pulse. The structure in the traces is due to
the beam profile of the Nd:YAG laser. 1 MQ termination on the oscilloscope was
required to read data from the CCD. The 100 ps Nd:YAG pulse was too long to be
used for characterizing the autocorrelator, but this procedure demonstrated how

one would verify the device’s operation in the future.

@ 200mv 'M2.00ms A Ext S 642mV|
[ @+v -4.24000ms i

Figure 5-2: Collinear SHG in SSA with 1 pm Pulse, Path 1

®E 200mv [M2.00ms A Ext S 642mv|

N

[ v —-4.24000ms

Figure 5-3: Noncollinear SHG with two 1 um Pulses
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Figure 5-4: Collinear SHG in SSA with 1 pum Pulse, Path 2

Two problems arose when this autocorrelator was used to detect the 1 THz modulation:

1) The result of up-converting the output of the AgGaS, crystal in KDP was
sufficiently strong to be detected using a CCD, but not a photodiode.

2) In a different experiment performed by our lab group, it was discovered
that the grating spatially separated the incident wavelengths. Since these
wavelengths must be spatially and temporally overlapped to maintain the 1
THz modulation, the SSA-P model would not be suitable for detecting the
modulation in the output of the AgGaS, crystal.

5.3 Custom Autocorrelator Design
A custom autocorrelator was redesigned, from an older setup, and tested; however,
due to time constraints, the output of the AgGaS, crystal was not measured using

this autocorrelator.



5.3.1 Experimental Setup
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Figure 5-5: Block Diagram of Custom Autocorrelator
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Figure 5-6: Photo of Custom Autocorrelator
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5.3.2 Experimental Design

The custom autocorrelator was designed using non-dispersive elements and a 2.5
cm KDP crystal. Two cylindrical lenses with 10 cm focal lengths were used to focus
the pulses to a line, in order to increase their intensity. A line was used instead of a
point to preserve the width of the beams (Section 5.1). The 2.5 cm KDP crystal was
used because it had a sufficiently large aperture to accommodate the widths of the

incident pulses.

To calculate the width of the autocorrelation window, the intersection angle
between the pulses was measured - 22.6°. (8 = 11.3°, external to the crystal) This
corresponds to an internal angle of 7.6” (by dividing the external angle by n, = 1.49
for 1 um in KDP). Using this angle, a beam width of 8 mm corresponds to an
autocorrelation window of 5.25 ps. For an 8 mm-wide beam, this corresponds to a
resolution of approximately 0.6 ps/mm at the CCD. This should be sufficient to

detect the 1 ps beatwave modulation.

5.3.3 Future Work

The custom autocorrelator has been built and tested. For detection of the 1 THz
pulses, it can be used as either a “single-shot” or “multi-shot” autocorrelator. The
single-shot autocorrelation scheme is preferable - since the modulation is detected
using one laser pulse, the measurement errors are less. If there is insufficient power
to detect the output on a CCD, a “multi-shot” configuration can be created by
replacing the CCD with a photodiode. The laser pulses incident on the KDP crystal
would then be scanned through each other manually, using the micrometer on the
delay line. The data would be the average intensity of noncollinear SHG at each

point, as measured by the photodiode.
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6 CONCLUSION

This project accomplished some of its original goals by realizing two stages of
up-conversion - in AgGaS, and KDP - and established an experimental
configuration for up-converting the THz modulation in nonlinear crystals. A clear
path has been left for future work - including an operating autocorrelator for use

with a 6 ps Nd:YAG pulse. (Section 5)
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