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ABSTRACT

Cross polarized wave generation (XPW) is an e ect that occursiicrystals that have an
asymmetric third-order nonlinear susceptibility. Becaus of the cubic intensity dependence
of the conversion e ciency, the XPW pulse is shorter in time tlan the input pulse. For
well-compressed pulses, the XPW spectrum will be broader atite temporal pro le is
cleaner, with better contrast between the pulse peak and tHew-intensity background.
Shorter, cleaner pulses are desirable for many applicat&anAn example of an application
for cleaner pulses like this is for experiments where hightémsity pulses hit solid targets.
Having better intensity contrast between the pre-pulse andnie main pulse allows the main
pulse to interact with the unexpanded, high density plasma.

In this thesis, a novel method is developed to improve congeon e ciency that should
also provide better quality spatial modes than previous mbhbds. An optical system was
demonstrated where the pulse is relay-imaged from the crgsétio itself for multiple passes.
This system allows for e cient conversion of low intensity plses (low energy or long
duration). Also, since chirped mirrors can be placed in the &g, the pulse can be more
e ciently compressed to short duration. Conversion e cierncies as good as some previous
improvement methods are achieved while using uncoated dais, with quality output
mode shapes. Using anti-re ection coated crystals with thisew multiple pass setup will
likely lead to signi cant improvement in conversion e ciencies. This method will be
attractive for high repetition rate ampli ed systems that have modest pulse energy in the

microjoule range.
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CHAPTER 1
INTRODUCTION

Nonlinear optics is a subdivision of the general eld of optal physics. In linear optics,
e ects from interactions with light follow a predictable linear behavior. Linear optics
describes how incoherent and coherent low intensity lighbteracts with matter[1]. High
power continuous wave (CW) and pulsed lasers are capable obgucing light with very
high intensities. When the beam is focused, these intensgiean be strong enough to
change the optical properties of the medium they pass throhg These changes depend on
the applied optical eld in a nonlinear fashion[1]. This leds to the term nonlinear optics to
describe these types of optical processes. The most commonlmear processes are second
order and third order processes, which depend on the squaraahe cube of the applied
eld intensities respectively[1]. One of the more common send order processes is second
harmonic generation (SHG), and its discovery in 1961 by Fraek et al. is generally taken
to be the beginning of the eld of nonlinear optics[1]. Crospolarized wave generation, also
known as XPW, is an example of a third order process and is the tecof this thesis.

XPW was rst found by Minkovski et al. where XPW was originally thought to be a
polarization rotation, since what appeared to be a polarizion rotation around the optical
axis of YVO, was observed[2]. However, this was not quite correct and XPW astually a
more complex nonlinear optical process that will convert agstion of an input polarization
to the orthogonal polarization[3]. XPW generation is a thirdorder process that is a
frequency degenerate four-wave mixing due td® asymmetry[4, 5]. When the intense
fundamental beam passes through the crystal, the strongnéarly polarized eld forces the
bound electrons to oscillate with large amplitude. Becaus# the third order asymmetry,
these bound electrons will have a component of their motioat is orthogonal to the

driving eld. This generates a wave that has a polarizationtate orthogonal to the



fundamental polarization.

The most common crystals used for XPW generation are barium aride (BaF;) and
yttrium vanadate (YVO 4)[6]. There are also two di erent types of crystal cuts, the
holographic [011] cut and the Z [001] cut[6]. YV@has a higher strength of nonlinearity,
but since it is also birefringent it is not as commonly used iste careful alignment is
required to make sure the orthogonal polarization comes gnirom XPW. The holographic
cut has a slightly higher nonlinearity than the Z cut, and is emewhat less sensitive to
crystal rotation under saturating conditions[6]. Becausef the cubic dependence of the
XPW signal on the fundamental, the generation process strolygfavors the portions of the
beam that are at the highest intensity. As such, the XPW processan act as a sort of
spatial Iter. The lower energy part of a fundamental pulse W not convert to XPW as
easily, and since this is usually the part of a pulse that is sbnon-Gaussian, the resulting
XPW pulse will have a cleaner and more Gaussian shape. In thene domain, the
corresponding e ect is to convert more at the pulse peak thathe leading and trailing
edges, making the pulse shorter. If the input pulse is well epressed, the XPW signal is
spectrally broadened. Since a Gaussian function raised tioet third power has a
characteristic width that is smaller byIo 3, if the pulse and focal spot are Gaussian, there is
a decrease in widths in both time and space by a factor gf§[3, 4].

These attributes of having a shorter pulse with more power dna cleaner shape make
XPW generation attractive to use for preparing high quality plses for other experiments.
XPW generation is already being used to help in many high-pow&aser systems. For
example, an XPW generation stage has been implemented in a jgct to generate
multi-petawatt laser pulses with high contrast between thgeak of the pulse and the
low-intensity ampli ed spontaneous emission background #t is present in laser ampli ers
[7]. XPW generation has been used in conjunction with spectraroadening in a hollow
core ber to act as a temporal cleaning device to enhance therhporal contrast of

femtosecond pulses[8]. Using this method, they were able tcheeve 14.5% conversion



e ciency which helped lead to 15 fs pulses[8]. As an example afhigh power system, a
group in South Korea used an XPW stage to temporally clean angbsctrally broaden the
pulse to give approximately 20 fs pulse durations with 83 Jaeling to 4.2 PW pulses[7].
The XPW stage was implemented after a frontend ampli er that anpli ed the output of
the oscillator[7]. After the XPW stage the pulse was sent to a #tcher before going into
an extensive ampli cation system before being recompres§é]. Using the XPW stage, the
temporal contrast was enhanced by four orders of magnitude 8 10 ?[7].

The main procedure for XPW generation is to place a crystal ate focus of a beam
and rotate the crystal to nd a maximum in the XPW generation dueto the geometry of
the lattice structure of the crystal[3, 6]. However due to othrenon-linear e ects such as
self-focusing and phase modulation, XPW conversion is liredl to about 10-12% of the
fundamental in a single pass[5]. A few methods have been t$tand proposed to increase
the conversion e ciency to make XPW generation more useful ahpractical. One is to use
a double crystal setup where the beam passes through two thenystals separated by some
distance[5]. Another setup uses one crystal but re-imagesetbeam back into the crystal
for a second pass, instead of using two crystals[3]. The sedanethod has the advantage of
being able to adjust the beam size in the crystal for the funaaental and XPW for the
second pass which leads to better mode shapes[3]. These tvaihods have been shown to
improve XPW conversion e ciency to between 20-38%[3, 5, 6]. Aé thesis with the latter
method also included a suggestion that a multi-pass setuptwia single crystal could
improve conversion e ciencies even more while giving goodode shapes|3].

In this thesis work, single crystal XPW generation and doublerystal XPW generation
were investigated, recreating previous work to gain famalrity with XPW generation. The
primary goal of this project was to construct a multipass caty for use with XPW
generation. To accomplish this, a cavity that can re-image lheam to the same spot
multiple times was needed. Cavities that can do this are sommaes found in power

ampli cation systems, and the design for one of those cawis has been slightly modi ed



where the gain crystal was replaced with a holographic cutQ1]) barium uoride crystal
for XPW generation. This multipass system has the potentialofr achieving high conversion
e ciency for low peak power pulses. With the addition of chirged mirrors in the cavity, the
multipass system can be used to generate pulses much shottemn the input since the

pulses can get progressively shorter on each pass.



CHAPTER 2
CROSS POLARIZED WAVE GENERATION THEORY

In conventional optics the properties of a material that ditate how light will behave
when it interacts with that material are independent of intesity. This ensures that the
driving optical eld will produce a linear response from thanteraction. At high intensities,
the response of the material depends on the strength of theldein a nonlinear fashion
giving rise to nonlinear optics[1]. The process of XPW gendian is a third order nonlinear
process. This chapter will give some background on nonlireaptics to give some context

to what that means. It will then also give a description of theXPW generation process.
2.1 Introductory Nonlinear Optics

A useful way to help understand nonlinear optics is through description using the
wave equation. We will start with Maxwell's equations and wik towards a non-linear

version of the wave equation for an anisotropic medium. Bewfiing with Maxwell's

equations:
r D=0 (2.1a)
r B=0 (2.1b)
_ @
r E= “at (2.1¢)
r B= O%t (2.1d)
where
D= oE+P (2.2)



We take the curl of 2.1c giving,
r (r E)= —{r B) (2.3)

We can use the identityr  (r  E)=r (r E) r Z2E to help simplify the left hand side.
When the medium does not have spatial gradients, D= r E =0,sother E term

will vanish. This leaves us withr 2E[1]. Then using 2.1d on the right side gives

@ @
’E= = — 2.4
r °E at ° ot (2.4)
distributing the partial time derivative through and using 2.2 along with the de nition
c= p=— we nd
00
1 @E P
r °E = _@;4_ 0@; (2.5)
cc @1 @1
The polarization of the mediumP can be de ned as
P= o, E (2.6)
and expanded in a Taylor series with respect to the eld as
P= o WE+ @E?+ OE3+ ] (2.7)

to account for higher order nonlinear e ects. @ is the linear susceptibility and @ and
) are the second and third order susceptibilities. They @E? and , ®E? give the
higher order nonlinear polarizations.P can be rearranged to separate the linear and

nonlinear polarizations as
P=pP®+pNht (2.8)
where the linear polarizationP® and nonlinear polarizationPN- are

Pl =, ME (2.9)

pNL = p@ 4 p@)... = 0 @24 0 G E3:: (210)



Substituting these and putting 2.8 and 2.7 into 2.5 will yied the nonlinear version of

the inhomogeneous wave equation

1@ _ @ WE  @P™
) 0

’E —— = 211
e S at 211

Using 2.2 and 2.6, we can identify the linear portion of the diacement vector as
D= o1+ ME= (WE= (n%E (2.12)

where 1+ @ = ) = n2 Using this we can rearrange 2.11 to
2 E PNL
r 2E n_@; = O@— (213)
¢ @t @1

which is the nonlinear inhomogeneous wave equation for amtiopic medium. For an

anisotropic medium, is replaced with the tensor form, j [9], giving

1.0@E _ @P"
¢l @ ° @t

where the repeated indices on the left hand side implies a swwver the indexj. That term

r ZEi

(2.14)

accounts for any birefringence in the medium. In general, &itd-order nonlinear
polarization can result from a combination of di erent driing frequencies, but for XPW we
are interested in the degenerate process, where the outpantral frequency is the same as
the input. For the case of degenerate frequencies is
NL X (3
Pr-(1)=3" g =0+ DEOEMEC!) (2.15)
ikl
Since the negative frequency is like a complex conjugate, ghgan be written in a more

compact form
PiNL =3 "0 I(j:|3()| EJ EkE| ; (216)

where again there is an implied sum over repeated indices.



2.2 XPW Theory

For the case of XPW generation in a linearly isotropic crystdike BaF,, we can

combine equations 2.14 and 2.16 to get

|2 |2
rPE P B = 35 [ EEE (2.17)

where we are assumingxp[ it ] time dependence of the elds. While the left hand side of
this nonlinear wave equation is simpler because the crystal not birefringent, the right
hand term still contains a sum over all possible combinati@nof the driving elds.

The full set of XPW interaction terms include all combinatiors of degenerate nonlinear
e ects such as self phase modulation (SPM) and cross phasedulation (XPM) in
addition to XPW generation[3]. For a linearly polarized inptt beam amplitude a, the
process that converts it to an orthogonally polarized bearn has been described in the

literature using the following set of equations [3, 6, 10].

@a=i( 18%°a + ,a’b +2 ,aab+2 zabb+ sPa + ,b) (2.18)

@b=i( ,a%°a + 3a°b +2 zaab+2 jsabb+ ,fa + sKPb) (2.19)

These are coupled nonlinear equations. In 2.18, the rst ter is SPM, the fourth is
XPM of wave a by wave b, and the sixth is an XPW process that leads to back conversion
from wavebto wave a[3]. In 2.19 the rst term is XPW generation for from wavea to wave
b, the third is XPM of wave b by wave a, and the sixth is SPM[3]. The remaining terms are
other four wave mixing combinations. All these terms must bencluded when saturated
conversion is modeled[3]. For very simple modeling of noeqleted conversion where

jaj >> jbj, we can just use a reduced form of 2.19:
@b=i ,a’a (2.20)

The ; terms control the strength of each term as a function of the® asymmetry

parameter and the crystal rotation angle [3, 10]. Using the tensor form of @, is



de ned as

©)

- 3 XXyy
=1 =3 (2.21)
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The ; terms are di erent for di erent types of crystal cuts. The ; terms for two types of
cuts, the holographic cut [011] and the z-cut [001], were fod by Canova et al. in [6]. Here
they are given in the same form as given by Dr. lliev in [3]. Inhie ; terms, o is de ned to

be equal to 6 & =8n [6]. The ; terms for the holographic [011] cut are

()= o 1 Zcos(2)+ i—Gcos(4) 1—6 (2.22a)
20)= o §sin(2 )+ ?1’—65in(4 ) (2.22b)
_ 1 3 7
s( )= o 3 ECOS(4) 18 (2.22c)
)= o gsin(2 ) i—65in(4 ) (2.22d)
()= 1+ —cos(2)+ 3 cos(4) r (2.22¢)
> 0 4 16 16 '

The ; terms for the z [001] cut are

()= o1 2t Zcos(4) (2.23a)
20)= o Zsin(4) (2.23b)

1
3( )= o 3 2005(4) o (2.23c)
()= o Zsin(4) (2.23d)
s()= o1 7+ ;cos(4) (2.23e)

The , and 4 coe cients control the process of XPW generation[10]. The X®/ eld of
interest, b, depends on the cube of the fundamental eldg, and ,. With the
dependence, there also comes angular dependence based[8h Plotting 2 against all

possible angles of shows how XPW generation will depend on the rotation of the csjal



since 7 is proportional to the intensity of the generated XPW signal.For z cut [001]
crystals, there are four equal sized peaks [3], with zerodsa, 45, 90, 135, and 180]6].
For holographic cut crystals, there are two large peaks anavd small peaks in the plot that
alternate [3], with zeroes at 0, 353 , 90, 1447 , and 180[6]. Plots of 2 for holographic

and z cut crystals are shown in Figure 2.1(a) and Figure 2.1(b).

XPW Signal vs. Holographic Crystal Rotation XPW Signal vs. Z Crystal Rotation

NN
(NN

0.08} 0.08 -

0.06 - 0.06

0.04 - 0.04

0.02 - 0.02

I I I I I
50 100 150 50 100 150

(@) Plot of 2 for holographic cut crystals (b) Plot of 2 for z cut crystals

Figure 2.1 The plots of 2 for holographic cut crystals (a) and 2 for z cut crystals (b). The
holographic cut shows two large peaks alternating with twonsall peaks. The z cut shows
four equal sized peaks.

Other important e ects of the XPW generation process is thatdr a pulsed Gaussian
input the beam is spatially smaller by a factor OP 3, as well as shorter in time also by a
factor of P 3 due to spectral broadening[3, 4]. These qualities of the XPignal are of
great interest for applications in pulse cleaning and pulssompression, which can be

extended to preparing high quality pulsed beams for experants.
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CHAPTER 3
PREVIOUS XPW EXPERIMENTS

Cross polarized wave (XPW) generation has been a topic of inest for approximately
15 years. As such, there have been numerous experiments with\XRjeneration before
this thesis. Some of these experiments and their results Mdle summarized in this chapter.
Originally, XPW conversion e ciency had been fairly low [5],but some experiments have
made good progress in improving the conversion e ciency and scaling up the input

power.
3.1 Single Crystal Experiments

The earliest XPW generation methods only used one crystal, drwere only able to
achieve about 10-12% conversion e ciencies[5]. In one expeent, XPW generation was
used to improve temporal contrast in femtosecond laser pelg11]. In their XPW setup, an
oscillator and ampli cation system produced a pulse that wathen linearly polarized.
Using af = 3m focal length lens the pulse was focused to a nonlinear crylstdhe
nonlinear crystal used was a 2mm thick Baf-crystal. The distance of the crystal after the
focus was varied to achieve the desired intensity. After rotiag the crystal to an optimized
angle, the XPW signal was transmitted through a polarizatioranalyzer to be measured.
Using this setup with an input energy of 1.2 mJ the group was ablto produce an XPW
signal with 120 J, giving a conversion e ciency of 10%[11]. Changing the infgienergy to
150 J and thef =3m focal length lens to af = 1 m focal length lens still resulted in 10%
conversion e ciency[11].

Another group, Canova et al., working with XPW shows that crysals with the
holographic cut ([011] cut) are somewhat better for XPW genation than Z cut crystals
([001] cut)[6]. This is because the asymmetry parameter thanters into the nonlinear

coe cients is slightly higher. The pulses were again focudeonto a 2mm thick crystal Bak
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crystal using af = :5m lens. They achieved a slightly better 11.4% percent convers
e ciency for the [011] cut crystal, while the [001] cut crysal only achieved a conversion
e ciency of about 10%[6]. They also explore XPW generation'slependence on the
crystal's angle of rotation. In [011] cut crystals they showhat there is a pattern of XPW
generation maximums with two small maxima followed by two ke maxima, with zero
conversion at crystal rotation angles of Q 353, 90, 1447 , and 180[6]. In [001] crystals,
it is shown that there are four equal sized peaks with zeros @t, 45, 90,135, and 180[6].
Dr. Marin lliev also did a brief experiment with a single cry&al to characterize its
behavior before moving onto more complicated experiments lis thesis. Using & = 1:5m
focal length mirror, the polarized output pulses are focudeonto a 0.5 mm thick Bak,
crystal[3]. From there they pass through a calcite polarizeorthogonal to the fundamental
beam so that the XPW signal will pass through. Using input energs of 28.5 J and 47.5
J, conversion e ciencies of 3.5% and 8.4% respectively werbtained.[3] Dr. lliev also
shows the pattern of XPW dependence on rotation in [011] cutystals that results in two
large XPW peaks and two small peaks with zeros at the same angjimentioned previously
from Canova et al. for XPW rotation dependence.[3, 6] He also®hs the four equal size
peaks for XPW generation dependence on rotation angle for tf@01] cut, again with zeros

that match with what Canova et al. found[3, 6].
3.2 Double Crystal Experiments

Later, a new method for XPW generation was found that signi catly improved the
conversion e ciency of the process|3, 5, 6, 12]. The new meith involved using two thinner
crystals instead of one longer crystal[3, 5, 6, 12]. This sgtis advantageous as the
fundamental beam needs more time in the crystal to generate X¥ but the longer crystal
length also leads to self-focusing and continuum generatigvhich actually decrease the
amount of XPW generation, so splitting the crystal into two snaller crystals allows for
management of self focusing and continuum generation in tloeystal[3, 5]. By placing a

second crystal a distance away from the rst crystal, the ben is allowed to expand again
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some after the self focusing in the rst crystal which will pevent the high intensity e ects
due to self focusing that limit XPW conversion. In one of the st double crystal
experiments, a pulsed laser beam was sent through a polarizerd af = 1500mm lens.
The rst crystal (BaF ;) was placed beyond the focal point to avoid damage. The secdon
crystal (also BaF,) was placed at a variable distance downstream from the rstAnother

f =1500mm lens was used to re-collimate the beam before it passed thgbuanother
polarizer to separate the fundamental input beam and the XPW éam[12]. Using a 310 fs
pulse with input energies ranging from 200J to 1 mJ, the highest conversion e ciency
found was 22% with an input energy of 850J[12]. This is a signi cant increase over single
crystal XPW conversion, and it was found that the pulse was a &or of P 3 shorter in time
as predicted[12].

Another double crystal experiment was more rigorous and wemnito more detail on the
setup. In this experiment, the two z cut [001] Bak crystals were placed between two
crossed polarizers, with the rst crystal placed at the watsof the focusing lens[5]. The
second crystal was then placed a certain distance behind thst, and that distance was
varied to nd the optimal separation[5]. In addition to di e rent distances being tested,

di erent input energies and crystal thicknesses were teste With two 1 mm thick crystals
the maximum conversion e ciency was 18.5% when separated % mm, as compared to a
single 2mm thick crystal that only achieved 12% conversiort & most e cient[5].

However, when using two 2 mm thick crystal separated by 65 mnhe conversion e ciency
was improved to 20%, even though uncoated crystals were uggd

Canova et al. also performed a double crystal experiment.8e they found that the
holographic cut ([011]) crystals performed better in XPW coversion with a single crystal,
holographic cut crystals were used in the double crystal eggment[6]. Two 2 mm thick
BaF, crystals were placed at a distance apart of about 50 cm in a waem chamber[6]. A 7
mm diameter beam with an input energy of 190J was focused using & = 5m lens[6].

With this setup, a XPW conversion e ciency of 29% was achievedhe highest seen for a
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double crystal setup at the time[6].

In his thesis, Dr. lliev extends his single crystal experinms into a double crystal
experiment. The setup begins with the rst crystal from the sgle crystal experiment
already being optimized[3]. The second crystal was rst pt&ed at the maximum separation
used, to avoid the self focusing from the rst crystal damagyg the second[3]. The second
crystal's rotation was optimized for maximum XPW conversionand the conversion
e ciency is tested for di erent input energies and di erent crystal separation distances.
For an input energy of 26 J, the conversion e ciency maxes out at about 20% with a
crystal separation of about 3 cm[3]. With an input energy of 44J, a maximum e ciency
of about 36% is achieved at a separation distance of about T[3]. Theoretically though
the conversion e ciency should peak at about 45% with a crysil separation of about 3.5
cm, but due to the self focusing from the rst crystal the beanwould be too intense in the
second crystal at separations shorter than the 5.5 cm and s®iwhite light generation in
the second crystal both decreasing the XPW conversion e ciey and potentially
damaging the second crystal[3]. As such, data was not taken gttorter separations.
Though the double crystal setup yields good conversion e encies, it also leads to poorer
mode shapes[3]. The near- eld XPW signal was measured, andifiol to have a at top
shape which will lead to a ring structure in the far eld[3]. f XPW generation is to be
used for generating high quality pulses, both temporally @hspatially, this far eld ring
structure is not desirable in most applications. Other metbds will be needed to maintain
quality mode shapes while simultaneously yielding high ceersion e ciencies if XPW
generation is to be used to prepare high quality pulses. Metts for this are described and

proposed in the next section.
3.3 Other Experiments

In this section, other work done with XPW generation that doesot fall into the
categories of a simple single crystal setup or double crykstetup is discussed. The latter

method to be discussed is one to improve the quality of the bma& spatial modes while
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still maintaining high conversion e ciency.
3.3.1 XPW Generation with a Super-Gaussian Beam

Another experiment looks at using an input pulse with a at topsuper-Gaussian spatial
pro le in a single crystal setup[13]. The laser used in the periments produced 25 fs
pulses, and the laser ampli er was pumped with a spatially atop beam that leads to the
ampli ed output pulses having a similar super-Gaussian sip&[13]. The beam then follows
a typical XPW experiment setup. The beam is polarized then fased using & =2 m lens
onto a 2 mm thick holographic cut [011] Bak crystal[13]. The crystal is also placed under
vacuum, along with a 500 m diameter lItering hole placed in front of the crystal to
further ensure that the input beam is super-Gaussian[13]. Wg this super-Gaussian input
beam, a maximum XPW conversion e ciency of 28% was achieved]L This high e ciency
is due to the super-Gaussian shape which limits self focugiand self phase modulation,
which are both causes of decreased XPW conversion e cienc8]1 While this e ciency is
very high for a single crystal experiment, there are some am®rns. Since a at top
super-Gaussian is used as the input, the XPW may also take on at top shape. Itis
shown in Reference [3] that XPW with a spatial at top pro le can lead to ring structures
in the far eld, which indicates that the XPW generated with this method may also posses
ring structures in the far eld making this conversion metha not ideal for producing XPW

with quality spatial pro les.
3.3.2 XPW Generation with Re-Imaged Double Pass

A novel method for XPW generation is presented in Dr. lliev'shesis. Using a curved
mirror and a single crystal, the rst pass of the beam is re-iaged back to the crystal for a
second pass[3]. This setup allows for more control over beaire in the crystal on the
second pass and limits the nonlinear self focusing and centum generation that are
detrimental to XPW generation[3]. Since the beam is re-imadeor the second pass, it

should have similar properties the second time it enters therystal, which results in much
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better XPW output beam mode quality. Used in the experiments we polarized 55
femtosecond pulses with 44 J of input energy, focused onto a .5 mm thick Baj~
holographic [011] cut crystal with af = 1:5m lens[3]. Di erent focal length spherical
mirrors were tested when re-imaging the beam back to the ctgéfor a second pass. For a
f = 5cm mirror, the maximum conversion e ciency was about 34%[3]. & af = 25cm
mirror, the maximum conversion e ciency was about 38%]3],tlis important to note here
that this conversion e ciency is almost identical to the cormversion e ciency Dr. lliev
obtained in his double crystal experiment with the same inguenergy on the same system.
Both of these conversion e ciencies are very high and very gd for XPW. When
comparing the two methods though, the double pass setup doegve a signi cant
advantage over the double crystal setup. As stated previoyskhe double crystal setup
leads to a at top spatial pro le in the near eld which leads to a ring structure in the far
eld. This spatial behavior is not good for preparing high gality pulses. This is where the
double pass setup di ers and shows its advantages. In the daa pass setup, Dr. lliev
shows that the experimentally measured spatial pro le of ta XPW signal in the near eld
has a very smooth high quality Gaussian shape, which leadsttee far eld also having a
very nice Gaussian spatial pro le[3]. Figure 4.8 in Dr. llie\s thesis does a very good job
showing the modes from each method and comparing them. For raaletail on the mode
shapes produced it is recommended to look at Dr. lliev's thiss Reference 3, speci cally at
Figure 4.8. Since the double pass setup achieves just as highwersion e ciency as the
double crystal, but maintains much better mode qualities inlie near and far elds it is a
better option for preparing high quality pulses. Building oof the double pass setup, Dr.
lliev suggests that a multi-pass setup could be used to actheebetter conversion e ciencies
than shown in Reference 5 [3]. The free space propagationwetn passes can also be used
to adjust the phase di erence between the fundamental inpypolarization and the XPW
signal after the rst pass[3]. However, the beam conditionsauld need to be the same from

pass to pass. A 4f relay imaging cavity would be highly suitetd accomplishing this task.
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The design of system for this purpose and the experiments Wwithis system and their

results are discussed in Chapter 5 and Chapter 6.
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CHAPTER 4
RECREATING PREVIOUS XPW EXPERIMENTS

Before beginning construction of a multi-pass cavity, lessomplex XPW generation
experiments were performed. This allowed for an initial undstanding of how XPW
generation worked and for gaining experience working withon-linear optical processes. It
was also helpful to establish a baseline of how well our laserystals, and other equipment
performed. This chapter provides a short summary of our lassystem that was used for
these initial experiments as well as later experiments, argives results from our initial
XPW generation investigations with both the single crystal stup and the double crystal

setup.
4.1 High Power kHz Laser System

The laser system used in the experiments in this chapter isehbsame system that is
used in the experiments in Chapter 6. As such it would be beneat to give a brief
overview of the system and its operation. The system beginstiva Ti:sapphire oscillator.
The oscillator is pumped with a 532 nm Sprout laser. The Spropumps the Ti:sapphire
crystal through one of the oscillator cavity mirrors. With the help of two prisms in the
oscillator cavity, the cavity uses Kerr-lens mode lockingotlock in a broadband mode.
Typically this broadband mode is centered around 808-810 nmith a FWHM of 45-50
nm. The output of the oscillator is sent to a stretcher to strich the pulse to avoid burning
optics and inducing unwanted nonlinear e ects later when theulse is ampli ed. The
stretcher uses a grating to chirp the pulse and induce chrom@dispersion in the stretcher
to temporally lengthen the pulse[14]. From the stretcher,ite lengthened pulses are sent to
the regenerative ampli er. A two Pockels-cells system is ad in the regenerative ampli er
to select pulses to be ampli ed, and to hold them in the regenative ampli er for multiple

passes through the gain medium. The gain crystal is pumped Wit 527 nm laser. The
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pulse beam and the pump beam are overlapped in the gain cryista optimize

ampli cation. An electronic timing system controls the Poclels-cells and the pump laser to
pick pulses out to amplify and establish a 1 kHz repetition ra for the ampli ed pulses and
thus the laser system. When the pulse has gained enough enetbg, electronic timing
system releases the pulses from the regenerative ampli érypically, the output from the
regenerative ampli er is about 1.4 W, or 1.4 mJ per pulse. Frorthere there are two
options. If higher energies are needed, the pulses are sanatmulti-pass ampli er. Using
the geometry of the cavity, the pulse beam is passed throughe gain crystal a set number
of times. The gain crystal is housed in a vacuum system and isimpped with a high power
laser, also at 527 nm. The power ampli er will give very high gwer reaching up to 10 W,
or 10 mJ per pulse. If the pulses do not need extra ampli catioafter the regenerative
ampli er, the multi-pass ampli er is skipped and the pulse bam goes directly to the next
step which is a compressor. This is the case with the laser ®m operation for all
experiments in this thesis. On the way to the compressor, tHeeam passes through a
polarizer. By rotating the polarizer the amount of polarizd light let through changes. This
is used to control the power output of the laser. The compressutilizes two gratings to
undo some of the e ects of the stretcher. The gratings are moted on stepper motors that
adjust the spacing between the gratings. By adjusting the sging, the amount of
re-compression of the pulse can be controlled, thus contiog the pulse duration. After
exiting the compressor, the beam is ready to be sent to expeents and used. The whole
system produces a horizontally polarized pulsed beam withcgnter wavelength of about
808 nm, a FWHM around 30 nm, with a £€ beam diameter around 6 mm (most recently

5.8 mm), and a pulse duration of about 40-50 fs.
4.2 Single Crystal

To begin with, a single pass through a single crystal of BaF.5 mm thick was used for
XPW generation. A lens was used to focus the fundamental bear the crystal. A calcite

polarizer is placed after the crystal such that the XPW signaWwill be transmitted. In our
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case, the output from the laser is horizontally polarized,osthe XPW will be vertically
polarized. The polarizer is oriented such that the verticaKPW will be transmitted to the
detectors. With the beam focused on the crystal and the crydteotation optimized, barely
any XPW was generated. The XPW was still visible with an infraredviewer, but was too
weak to be measured with available power meters due to theower sensitivity. However,
the XPW signal was strong enough to be picked up by our spectreters. The input, or
fundamental wave (FW), spectrum before the crystal was measd, as was the XPW

spectrum. The measured spectra are displayed in Figure 4.1daRigure 4.2.
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Figure 4.1 The FW spectrum from the input to the .5 mm crystal wih its 1=€ width of
51.393 nm.

The full 1=¢ width was chosen to be presented to remain consistent withtéa sections
of this thesis. In later experiments the measured XPW spectrare not very Gaussian and
the 1=€ width gives a better representation of how wide those speatare. Being
consistent in using the &€ width allows for easier and more direct comparisons between
spectra. The XPW spectrum measured=¥¢ width was 10.723 nm wider than the FW

spectrum E€& width, a 1.21% increase.
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XPW Spectrum
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Figure 4.2 The XPW spectrum from the output of the .5 mm crystal \ith its 1=¢ width of
62.116 nm.

The 0.5 mm thick BaF, crystal was not giving consistent results and signi cant XPW
generation was not able to be achieved with it so a thicker ImBaF, crystal was used for
the next experiment. Besides the di erent crystal, the setp was mostly the same as
before, except that the compressor on the laser system wadinmjzed better. Spectra of
the FW input and the XPW were collected again. The power output his time was
stronger, and was able to be detected by a power meter. The pmwneter was used to
record the power of the XPW generated as the crystal was rotatgo observe its
dependence on angular rotation. The spectra measured useg input power of 46 mW,
equivalent to an input energy of 46 J since the laser system is a 1 kHZ system, are given
in Figure 4.3 and Figure 4.4.

While the fundamental spectrum in this experiment was not as ide as in the 0.5 mm
crystal experiment, it has a better Gaussian shape and stpiroduces an XPW spectrum
almost as wide as the XPW spectrum produced by the .5 mm crystalhe XPW spectrum
1=¢& width for the 1 mm crystal was 13.984 nm wider than the FW speaim 1=¢ width

used as the input. This is a 1.295% increase in width, a sligimhprovement over the .5mm
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Figure 4.3 The FW spectrum from the input to the 1 mm crystal withits 1=¢* width of
47.434 nm.
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Figure 4.4 The XPW spectrum from the output of the 1 mm crystal wth its 1=€ width of
61.418 nm.

crystal.
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The last measurement performed with the 1 mm crystal was a m&aement of the
XPW produced as the rotation angle of the crystal was changed.his was done by placing
a power meter after the cross-polarizer to detect the powef the XPW signal. The
evolution of this signal in time was recorded, as the crystdin a rotation mount) was
rotated slowly and as steadily as possible by hand. This prioked a fairly constant speed so

the XPW e ects evolve smoothly over time and are spaced fairlgvenly. The results from

this measurement are in Figure 4.5.

25 %107 XPW Power vs Rotation
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Figure 4.5 The power of the converted XPW recorded over time aké crystal was rotated
at a mostly constant speed. A clear pattern of two larger peakfollowed by two smaller
peaks that repeats is present.

The maximum power recorded during this measurement was 3&W. Given the
input power for this experiment was about 46 mW, this gives a owersion e ciency of
about 7.6%. Typically, single crystal XPW conversion e cierties are closer to 10-12%.
However, the crystal was not clearly labeled, and it is likelthis crystal was not AR coated
as most crystals in the lab were not coated. Re ections fromhe faces of the crystal were

not taken into account, so the actual conversion is likely aibhigher and close to the

typical conversion e ciencies.
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The XPW power versus rotation over time con rms that XPW generéion has a strong
dependence on the rotation of the crystal. There are very elepeaks and dips in the XPW
power at di erent rotations. Furthermore, there is a clear @attern of two large peaks
alternating with two small peaks. The type of cut of the crysal was not clear, but from
previously seen XPW versus rotation patterns[3, 6], the pattn seen here with alternating
sizes of the two peaks indicates a holographic [011] cut dais

To setup for the double crystal experiment in Section 4.3, angjle crystal must rst be
optimized for XPW generation with the rotation of the crystaland the compression of the
input pulse. Since a di erent crystal was used again, the raks from optimizing the rst
crystal are reported here. A 2 mm thick uncoated Baj-crystal is used. Using an input
energy of 25 J (25 mw), the resulting XPW had 2.0 mW of power. This gives an eciency
of 8.0%.

4.3 Double Crystal

After the optimization of a 2mm uncoated Bak crystal as described at the end of
Section 4.2, a second, identical crystal is added to the sptuThe spacing between the two
crystals is varied similar to what has been seen before [5]4ee the dependence of XPW
generation on the separation distance between the two crads. Starting with a large
separation distance between the crystals of 26 cm, the sedarystal was slowly moved
closer in. At each position the crystal rotation was optimied for maximum XPW
generation. The results of this experiment are presented Kigure 4.6.

With this experiment, a maximum conversion e ciency of 18% ibtained at 6 cm of
separation between the crystals with an input energy of 25J. At distances shorter than
this, the beam began to damage the second crystal. For unknoweasons, there is a large
drop in conversion e ciency at a separation of 13.5 cm. This @nt seems to be an outlier
as the rest of the data follows a clear trend that is also simait to trends seen previously for
this type of experiment[3, 5]. The maximum conversion e ciacy and distance at which it

occurs are also very similar to other results previously sg8, 5].
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XPW Conversion Efficiency vs. Separation
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Figure 4.6 Results from recreating the double crystal expement in lab. Data could not be
taken at separation distances shorter than 6 cm to prevent deaging the second crystal.
The sudden drop in conversion e ciency at 13.5 cm seems to b&é @anomaly as there is
a clear trend in the rest of the data that is similar to resultsfrom previous double crystal
experiments[3, 5]. The reason for this sudden drop in e ciay is unknown.
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CHAPTER 5
MULTI-PASS CAVITY DESIGN

This chapter is modi ed from a report submitted in the Spring 2020 Modern Optical

Engineering class for a project on the Zemax OpticStudio design of this cavity.

Dr. Marin lliev's thesis discussed previously included a ggestion that multi-pass setup
with a single crystal could improve conversion e ciencies\ven more, while maintaining
guality mode shapes[3]. Developing a multi-pass setup tocamplish this is one of the
highlights of this thesis. To increase XPW generation conv&on e ciencies, a cavity that
can re-image a beam to the same spot size and location mulégimes is needed. Cavities
that can do this are found in power ampli cation systems, lie on our laser system in lab,
and the design for one of these cavities has been slightly med, with the gain crystal

being replaced by a barium uoride crystal for XPW generation
5.1 Design Overview and Paraxial Design

In order to be able to re-image the beam, the cavity will be a 4&lay imaging system
that passes the beam through itself multiple times. A 4f systn consists of a lens one focal
length away from the object, another identical lens two foddengths away, and an image
plane one more focal length away. In order to turn a 4f imagingystem into a cavity that
can pass the beam through itself multiple times, the lenseseareplaced by spherical
mirrors and at mirrors are added for the beam path between ta spherical mirrors. An
input beam will enter and re ect o the rst at mirror and pas s through the crystal. It
will re ect 0 the second at mirror and hit the rst spherica | mirror located one focal
length from the crystal. From there it will re ect o three mi rrors such that when it
reaches the next spherical mirror the beam will have travadea distance of two focal

lengths. From there the beam travels to the second at mirroand back into the crystal

26



where it has refocused to the same size and same location itsviaitially in the crystal. It
can then make more trips through the cavity until hits the piko mirror and exits the

cavity. A schematic illustrating this design is shown in Figte 5.1.
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Figure 5.1 Schematic of the cavity with four passes through aystal with and a schematic
with only the optical components.

The cavity is designed to work for light at 800 nm and the avadble spherical mirrors
have 500 mm focal lengths. For XPW to occur, the beam should becused at the crystal.
For the cavity to act as a stable resonator, the focused bearhaild have a Rayleigh range
of 500 mm to match the focal length of the spherical mirrors.rbm Equation 5.1 the

necessary waist size at the focus can be found.

|1 2
"0

R = (5'1)

zr is the desired Rayleigh range, which is 500 mrhy is the waist size at focus, and is
the wavelength, which is 800 nm in this system. Solving fdry yields a waist size of 357
m. From there the initial size of the output from the laser andEquation 5.2 can be used

to nd the correct focal length of the lens needed to focus theutput to the correct size in
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the crystal.
by = —— (5.2)

Here,! ; is the desired beam radius of 35T at focus, is the wavelength of 800nm! ; is
the initial 1/ € beam radius of 2.9 mm, and is the focal length. Solving gives a focal
length of 4.065 meters, which has been rounded to 4.0 metess éase of nding optics. In
the lab, there is not enough table space to have a 4 meter foéahgth lens before this
experiment. Instead a lens combination of two lenses equieat to a 4 meter lens is used.
Based on available lenses, a 1 meter lens and -200 mm lens Viewed to have a good
combination. Details on combining lenses were found from Eations 5.3 and 5.4.

1 1 1 d

F-f f ff &9
_fo (d fy)
|3|:|_-m (5.4)

In the rst equation, f is the desired focal length, 4 meterd,; is the rst lens's focal
length, 1 meter,f, is the second lens's focal length, -200 mm, and d is the sepama
distance between the lenses which came out to be 850 mm. Theoswl equation is for the
back focal length (BFL) where all the other variables are theasne, and the back focal
length gives the distance from the second lens to the focushd& back focal length for this
lens combination is 600 mm. Using this information, a paraxiaesign for the input lens
can be developed in OpticStudio. Using the Lens Design Edit@tDE) in Figure 5.2 in
OpticStudio with an entrance pupil diameter of 5.8 mm and waslength of 800 nm, it is
shown this lens design does indeed give an e ective focaldémof 4 meters. Looking at the
paraxial Gaussian beam data in Figure 5.3 con rms that this les combination focuses
correctly to the right BFL and gives close to the speci ed beanwaist at the focus. The
focal spot radius is given at the third surface, the image sfaice, in the Gaussian beam
data. The waist size is 351.238n . This is slightly di erent than the 357 m specied

earlier as the desired focal spot radius. This small di ere® is due to using a rounded 4.0
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[ Lens Data x\ (> 3:Layout | 3+ 2:Spot Diagram 1: Prescription Data | < 4: Paraxial Gaussian Beam Data s
Update: All Windows - | @ @ < @& 1 TEE A S @

~ surface 2 Properties | < | > Configuration 1/1

. SurfaceType  Comment Radius  Thickness Material Coating Semi-Diameter ChipZone Mech Semi-Dia Conic TCEx1E-6 FocalLength = OPD Mode

0 OBJECT Standard ~ Infinity Infinity 0.000 0.000 0000 0. 0.000
1STOP  Paraxial v 850,000 2900 - - 0.000 1000.000 1
2 Paraxial ¥ 0435 - - 0.000 -200.000 1
3 IMAGE Standard ~ Infinity - 5.551E-17 0.000 5551E-17 0. 0.000

Figure 5.2 LDE for the combination of paraxial lenses of f=1@mm and f=-200 mm for
an e ective focal length of 4000 mm with an EPD of 5.8 mm.

_ LensData / () 3:Layout %+ 2:Spot Diagram 1: Prescription Data /=< 4: Paraxial Gaussian Beam Data X =

V) Settings| & 3 la = O/ =—A g =8 E @

Data for ©.8000 pm.

Size : The radial beam size at the surface.

Waist ¢ The radial beam waist.

Position : The distance from the waist to the surface.
Radius : The phase radius of curvature at the surface.

Divergence: The semi-angle of the beam asymptote.

Rayleigh : The Rayleigh range.

Units for size, waist, waist-z, radius, and Rayleigh are Millimeters.
Units for divergence semi-angle are radians.

Input Beam Parameters:

Waist size i 2.9000QE+00
Surf 1 to waist distance: 0.00000E+00
M Squared H 1.00000E+00

Y-Direction:

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 8.77694E-02 -9.99084E+02 -1.00000E+03 2.90132E-03 3.02514E+01
2 4.41357E-01 2.96394E-01 -3.80638E+02 -6.93306E+02 8.59154E-04 3.44983E+02

IMA 3.51238E-01 2.96394E-01 2.19362E+02 7.61905E+02 8.59154E-04 3.44983E+02

X-Direction:

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 8.77694E-02 -9.99084E+02 -1.00000E+03 2.90132E-03 3.02514E+01
2 4.41357E-01 2.96394E-01 -3.80638E+02 -6.93306E+02 8.59154E-04 3.44983E+02

IMA 3.51238E-01 2.96394E-01 2.19362E+02 7.61905E+02 8.59154E-04 3.44983E+02

Figure 5.3 Paraxial Gaussian beam data for the paraxial len®mbination. At the focus
(Image surface), the beam radius is 351.238 .

meter target focal length instead of the exact 4.065 meterdal length, and can be
corrected later on. In order to further set up the design of # cavity, the output of the lens
combination will be sent through two 4f imaging systems to siulate passing through the

cavity two times. The paraxial imaging systems will use pasaal lenses with 500 mm focal
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lengths instead of curved mirrors with 500 mm focal length®if ease of simulation. The
LDE used for this simulation is given below in Figure 5.4. Lodkg at the paraxial
Gaussian beam data in Figure 5.5 generated from this LDE, wercaon rm that the lens
combination performs as expected in two 4f imaging systenaalogous to two passes of

the cavity, and that design of real lenses and a real cavity oabegin.

_ Lens Data X ‘ 0- 3: Layout %+ 2: Spot Diagram 1: Prescription Data == 4: Paraxial Gaussian Beam Data s
Update: Al Windows - @ @ + @ 1 2 4|8 $ (O£ 6 ® S @
v | Surface 9 Properties =< Configuration 1/1
( 4 Surface Type  Comment Radius Thickness = Material Coating Clear Semi-Dia Chip Zone Mech Semi-Dia Conic TCE x 1E-6 Par 1(unused) Par 2(unused
0 OBJECT Standard ~ Infinity Infinity 0.000 0.000 0.000 0.0... 0.000
1 STOP  Paraxial ¥ 850.000 2.900 = = 0.000 1000.000 1
2 Paraxial ¥ 600.000 0435 = = 0.000 -200.000 1
3 Standard ~ Infinity 500.000 3.331E-16 0.000 3.331E-16 0.0... 0.000
4 Paraxial ~ 1000.0... 0.362 = = 0.000 500.000 1
5 Paraxial ~ 500.000 M 0.363 = = 0.000 500.000 1
6 Standard ~ Infinity 500.000 1.911E-31 0.000 1.911E-31 00... 0.000
7 Paraxial ~ 1000.0... 0.362 = = 0.000 500.000 1
8 Paraxial ¥ 500.000 M 0.362 = = 0.000 500.000 1
9 |IMAGE Standard ¥ Infinity = 1.110E-16 0.000 1.110E-16 0.0... 0.000

Figure 5.4 LDE for imaging the focus of the paraxial lens comimtion through two
simulated passes of the cavity.

_lensData / (}>3:Layout %+ 2: Spot Diagram 1: Prescription Data /< 4: Paraxial Gaussian Beam Data X

) Settings| & 3 al & O/ =—Alg =5 E @

Data for ©.8000 pum.

Size : The radial beam size at the surface.

Waist : The radial beam waist.

Position : The distance from the waist to the surface.
Radius : The phase radius of curvature at the surface.

Divergence: The semi-angle of the beam asymptote.

Rayleigh : The Rayleigh range.

Units for size, waist, waist-z, radius, and Rayleigh are Millimeters.
Units for divergence semi-angle are radians.

Input Beam Parameters:

Waist size : 2.90000E +00
Surf 1 to waist distance: ©.00000E+00
M Squared H 1.00000E+00

Y-Direction:

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 8.77694E-02 -9.99084E+02 -1.00000E+03 2.90132E-03 3.02514E+01
2 4.41357E-01 2.96394E-01 -3.80638E+02 -6.93306E+02 8.59154E-04 3.44983E+02
3 3.51238E-01 2.96394E-01 2.19362E+02 7.61905E+02 8.59154E-04 3.44983E+02
4 6.85439E-01 3.62500E-01 -8.28125E+02 -1.14968E+03 7.02477E-04 5.16031E+02
5 3.82078E-01 2.96394E-01 -2.80638E+02 -7.04719E+02 8.59154E-04 3.44983E+02
6 3.51238E-01 2.96394E-01 2.19362E+02 7.61905E+02 8.59154E-04 3.44983E+02
7 6.85439E-01 3.62500E-01 -8.28125E+02 -1.14968E+03 7.02477E-04 5.16031E+02
8 3.82078E-01 2.96394E-01 -2.80638E+02 -7.04719E+02 8.59154E-04 3.44983E+02

IMA 3.51238E-01 2.96394E-01 2.19362E+02 7.61905E+02 8.59154E-04 3.44983E+02

Figure 5.5 Paraxial Gaussian beam data for the focus of the Eoombination being passed
through two 4f imaging systems, similar to two passes throaghe cavity. The size is the
same at surfaces 3, 6, and 9 (Image surface) where the crystdl be.
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5.2 OpticStudio Design

To use OpticStudio to more closely simulate the real setup ithe lab, a few steps are
needed. First, the paraxial lenses need to be replaced withatdenses. Then a one pass
model of the cavity will be constructed in the sequential maal Using the one pass
sequential mode model as a starting point, a non-sequentialodel can be constructed that
will model the subsequent passes through the crystal. Lagtlthe real lenses designed in
OpticStudio will be replaced with lens designs from stockees commercially available

that are similar to what was actually used in the experimentasetup in lab.
5.2.1 Real Lenses and Sequential Setup

Paraxial lenses are not realistic, so real lens singlets Mdle designed to replace the
paraxial input lenses. The lenses will be made of BK7 glassdahave a thickness of 2 mm.

Finding the radii of curvature is done using the following ecations.

=(n 1) 2C (5.5)
=0 (5.6)
R= é (5.7)

Above, is the lens powerh is the refractive index of BK7 at 800 nm which is 1.5108[15],
C is the curvature,f is the focal length of the lens, an®R is the radius of curvature of the
lens. Lens 1 with a focal length of 1000 mm gives a curvature €©788*10 “mm ! and
radius of 1021.6 mm. Lens 2 with a focal length of -200 mm givesurvature C of -.004894
mm ! and radius of -204.32 mm. Each lens was optimized indepenthgiin OpticStudio
using the respective radius listed above for the rst surfacwith thickness of 2 mm of BK7
and pickup on the second surface with a magni cation of -1 sdat the second surface is
equal in magnitude but has the opposite sign. The OpticStudioptimization gave radii of
1021.214 mm for the 1000 mm focal length lens and207.750 for the -200 mm focal

length lens. The lenses were then put into the same OpticStad le with a variable space
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between them starting at 850mm, and a marginal ray solve aft¢he second lens to solve
for the back focal length. The system is then optimized usiniipe variable separation
distance between the lenses to a target e ective focal lergtFor an e ective focal length

of 4000 mm, a separation distance of 846.4 mm is needed whioleg a back focal length of
608.449 mm. These match pretty closely with the paraxial pdéctions of a separation of
850 mm and a back focal length of 600 mm. However, looking at tparaxial Gaussian
beam data shows that the spot size radius at focus is 351.288, which is a bit small due
to using the rounded 4 meter focal length as a target. By sligi adjusting the target focal
length, a spot size closer to the desired 35 spot size radius can be achieved. Using the
same lenses and variable, but a target e ective focal lengthf 4070 mm, gives a beam waist
of 357.3 m at the focus which is almost exactly the same as the desiredesi This results
in a new separation distance of 845.527 mm between the lenaed a back focal length of
622.661 mm. The LDE and paraxial Gaussian beam data detaijrthe nal setup used

that result in the more accurate beam size are shown in Figure6band Figure 5.7.

|/ v x| O 1itavomt 2 Presaiption Data Paraxial Gaussian Beam Data | %+ 4: Spot Diagram

WA -
>' Update: Al Windows - (@ @ + @ M| % % (& $ (O L C® T Seab @

~ | surface 1Properties < | > Configuration 1/1
. Surface Type  Comment Radius Thickness  Material Coating Clear Semi-Dia Chip Zone Mech Semi-Dia Conic TCE x 1E-6
0 OBJECT Standard ~ Infinity Infinity 0000 0000 0000 00. 0000
1|STOP__ Standard ~ 1021.214 2,000 BK7 2900 0.000 2900 00...

2 Standard ¥ -1021.214 P 845.527 V 2.898 0.000 2,900 00... 0.000
3 Standard -207.750 2,000 BK7 0446 0.000 0446 00... =
4 Standard ~ 207750 P 622661 M 0444 0.000 0446 | 00. 0.000
5 IMAGE _Standard ~ Infinity - 1.452E-04 0.000 1452604 00.. 0.000

Figure 5.6 LDE for the real lens combination that results in are ective focal length of
4070 mm.

After switching to real lenses instead of paraxial lenses,ahfocus is passed through a

few simulated passes of the cavity using real lenses instezdcurved mirrors to con rm 4f
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__ Lens Data (> 1: Layout 2: Prescription Data » Merit Function Editor = 3: Paraxial Gaussian Beam Data X | 1+ 4: Spot Diagram

Vsettngs| & Balpldm| /[ /" = A |2 = & (2]
Paraxial Gaussian Beam Parameters

(1=

File : C:\Users\domdo\Documents\Zemax\Samples\566LensComboOpt.zmx
Title:
Date : 5/5/2020

Data for ©.8000 um.

Size : The radial beam size at the surface.

Waist : The radial beam waist.

Position : The distance from the waist to the surface.
Radius : The phase radius of curvature at the surface.

Divergence: The semi-angle of the beam asymptote.

Rayleigh : The Rayleigh range.

Units for size, waist, waist-z, radius, and Rayleigh are Millimeters.
Units for divergence semi-angle are radians.

Input Beam Parameters:

Waist size 3 2.90000E+00
Surf 1 to waist distance: 0.00000E+00
M Squared s 1.00000E+00
Y-Direction:

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 1.75240E-01 -3.00952E+03 -3.02055E+03 9.61847E-04 1.82191E+02
2 2.89808E+00 8.77695E-02 -9.98422E+02 -9.99339E+02 2.90132E-03 3.02515E+01
3 4.52200E-01 1.39648E-01 -3.56337E+02 -3.93904E+02 1.20699E-03 1.15699E+02
4 4.49905E-01 3.01394E-01 -3.95349E+02 -7.17219E+02 8.44899E-04 3.56722E+02
IMA 3.57385E-01 3.01394E-01 2.27312E+02 7.87118E+02 8.44899E-04 3.56722E+02

X-Direction:

EFFL: 4070 WENO: 701.548 ENPD: 5.8 TOTR: 1|

Figure 5.7 Gaussian beam data for the real lens combinationt the focus (Image surface),
the beam radius is 357.385n .

imaging to the same size. The lenses designed for the simathtavity were equi-convex, 2
mm thick BK7 lenses optimized to a focal length of 500 mm with back focal length of
499.338 mm, and are shown in Figure 5.8 along with the lens camdttion to setup the two
pass simulation. Figure 5.9 shows the paraxial Gaussian beaata and con rms that the
beam is properly re-imaged to the same size in the crystal éggass of the simulated
cavity. Surface 5 is where the real lens combination corregtiocuses the beam to 35713 .
Surface 10 is the beam after it has passed once through a readd 4f imaging system like
one pass through the cavity. At surface 10 the beam size is ayg857.3 m , and the same
is true after another pass through at surface 15. This showhkdt the input from this lens
combination should get re-imaged to the same size in the ctgkafter each pass through

the cavity.
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¥ " LensData x ‘ < 3: Paraxial Gaussian Beam Data | (}» 1: Layout 2: Prescription Data | 4+ 4: Spot Diagram » Merit Function Editor
Update: All Windows - @ @ + & 1 2P BO-2c® e @

| Surface 5 Properties < | > Configuration 1/1

[, SurfaceType Comment Radius Thickness  Material Coating Clear Semi-Dia Chip Zone Mech Semi-Dia Conic TCE x 1E-6
0 OBJECT Standard ~ Infiity Infiity 0000 0000 0000  00. 0000
1 STOP  Standard - 1021.214 2000 BK7 2900 0000 290 00.. -
2 Standard ¥ -1021.214 P 845.527 V 2.898 0.000 2.900 0.0.. 0.000
3 Standard ¥ -207.750 2.000 BK7 0.446 0.000 0.446 0.0.. =
4 Standard + 207750 P 622661 0444 0000 0446 00.. 0000
5 Standard - Infinity 1495E-04 | 0000 | 1495E-04  0O. 0000
6 Standard ¥ 510438 2.000 BK7 0.356 0.000 0.357 0.0.. =
7 Standard ¥ -510438 P 998.675 0.357 0.000 0357 0.0.. 0.000
8 Standard ~ 510438 2000 BK7 036 0000 0356 00.. -
9 Standard + 510438 P 499338 035 0000 0356 0000
10 Standard ¥ Infinity 499.338 1.501E-04 0.000 1.501E-04 0.0.. 0.000
1 Standard ¥ 510438 2.000 BK7 0.356 0.000 0.357 0.0.. =
12 Standard ¥ -510438 P 998.675 0.357 0.000 0357 0.000
13 Standard * 510438 2000 K7 035 0000 0356 -
14 Standard ¥ -510438 P 499.338 0.356 0.000 0.356 0.000
|15 IMAGE Standard ~ Infinity - 1.506E-04 0.000 1.506E-04 0.000

TOTR: 5474.89

Figure 5.8 LDE for imaging the focus of the real lens combinatn through two simulated
passes of the cavity.

__LensData / < 3: Paraxial Gaussian Beam Data X ‘ () 1: Layout 2: Prescription Data %+ 4: Spot Diagram » Merit Function Editor

) Settings| & Ha lal & O/=Alg8 =8

Waist : The radial beam waist.
Position : The distance from the waist to the surface.
Radius : The phase radius of curvature at the surface.

Divergence: The semi-angle of the beam asymptote.

Rayleigh : The Rayleigh range.

Units for size, waist, waist-z, radius, and Rayleigh are Millimeters.
Units for divergence semi-angle are radians.

Input Beam Parameters:

Waist size : 2.90000E+00
Surf 1 to waist distance:  ©.00000E+00
M Squared H 1.00000E+00

Y-Direction:

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 1.75240E-01 -3.00952E+03 -3.02055E+03 9.61847E-04 1.82191E+02
2 2.89808E+00 8.77695E-02 -9.98422E+02 -9.99339E+02 2.90132E-03 3.02515E+01
3 4.52199E-01 1.39648E-01 -3.56336E+02 -3.93902E+02 1.20700E-03 1.15699E+02
4 4.49904E-01 3.01393E-01 -3.95347E+02 -7.17211E+02 8.44903E-04 3.56719E+02
5 3.57385E-01 3.01393E-01 2.27315E+02 7.87103E+02 8.44903E-04 3.56719E+02
6 6.83940E-01 6.70801E-01 5.30949E+02 1.39538E+04 2.51273E-04 2.66961E+03
7 6.84038E-01 3.56265E-01 -8.16958E+02 -1.12106E+03 7.14770E-04 4.98433E+02
8 3.79204E-01 3.71805E-01 -1.64423E+02 -4.25533E+03 4.53340E-04 8.20146E+02
9 3.79026E-01 3.01393E-01 -2.72023E+02 -7.39807E+02 8.44903E-04 3.56719E+02
10 3.57385E-01 3.01393E-01 2.27314E+02 7.87103E+02 8.44903E-04 3.56719E+02
11 6.83940E-01 6.70801E-01 5.30949E+02 1.39537E+04 2.51273E-04 2.66961E+03
12 6.84038E-01 3.56265E-01 -8.16958E+02 -1.12106E+03 7.14770E-04 4.98433E+02
13 3.79204E-01 3.71805E-01 -1.64423E+02 -4.25533E+03 4.53340E-04 8.20146E+02
14 3.79026E-01 3.01393E-01 -2.72023E+02 -7.39807E+02 8.44904E-04 3.56719E+02

IMA 3.57385E-01 3.01393E-01 2.27314E+02 7.87103E+02 8.44904E-04 3.56719E+02

Figure 5.9 Paraxial Gaussian beam data for the focus of the tdans combination being
passed through two 4f imaging systems, to simulate two passef the cavity. The size is
the desired 357.3m at surfaces 5, 10, and 15 (Image surface) where the crystallie.
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5.2.2 Non-Sequential Cavity

For the actual cavity, curved spherical mirrors will be usednhstead of lenses so that the
beam can propagate through the cavity properly. Using curveshirrors also has the
advantages of having less aberrations than a glass lens andazk focal length of exactly
its focal length. That means that distances between main cqronents in the imaging
system part of the cavity will be exactly 500 mm or 1000 mm for 800 mm focal length
mirror. The radius of curvature of a spherical mirror is whaidetermines the focal length of
mirror and is needed for input into OpticStudio to create thespherical mirrors. The focal
length of a spherical mirror is half of the radius of curvatw, so for a 500 mm focal length
mirror the radius of curvature is 1000 mm. With the orientation of mirrors that is
implemented in this design, a radius of curvature of -1000 mmaill be used. In addition,
the initial design of the cavity had a singlet with a 4 meter foal length used instead of the
lens combination of the 1 meter and -200 mm focal length lersst help make initial setup
and alignment a bit easier. This lens was designhed and optired in OpticStudio using the
normal methods, and is replaced later with the lens combinian designed previously. For
the initial setup of the cavity, it is input into OpticStudio in a purely sequential mode with
only the input and one pass through the cavity. The pure sequagal LDE outlining this is
shown below in Figure 5.10. The focus of the lens is at the crgtso the distance from the
lens to the rst at mirror is the back focal length minus 100 nm since the rst at mirror
is 100 mm away from the center of the crystal. And since the cigd is 1 mm thick, the
distance from the at mirror to the crystal is 99.5 mm, and thedistance on the other side
from the crystal to the second at mirror is also 99.5 mm. Thigjives a distance from the
crystal center to the at mirror behind it and in front of it 10 0 mm. From the second at
mirror to the rst spherical mirror the beam travels 400 mm. Together, this gives a
distance of 500 mm and is the rst part of the 4f imaging systemFrom the rst spherical
mirror to the second spherical mirror is 1000 mm, which is theecond part of the 4f

imaging system. However for this part to t in the cavity, it must re ect o three

35



4 Surface Type Radius Thickness = Material Coati Semi-Diameter Chip Zon Mech Semi-Dia Co TCl Decenter X DecenterY  Tilt AboutX TiltAboutY Tilt AboutZ Order

0 OBJECT Standard +  Infinity Infinity 0000 | 0000 0000 00. 0.

1 stop Standard ~ 4086.400 2000 BK7 2900 0000 2900 00.

2 Standard + -4086.400  3899.855 2900 | 0000 2900 00. 00

3 Coordinate Break + 0.000 ] 0,000 d 1 0,000 -13.000 -46.000 0.000 ooco |}
4 (aper) Standard v Infinity 0.000 MIR... 25400 U  0.000 25.400 0.0. 0.0.

5 Coordinate Break ~ 99500 0,000 2 Y 0,000 0,000 -46.000 0,000 0000 0
6 (apen) Standard +  Infinity 1000 BAR 15000 U 0,000 15000  00.

7 Standard +  Infinity -99.500 13000 | 0,000 15000 | 00. 00.

8 Coordinate Break ~ 0000 q 0,000 A ] 0,000 0,000 45000 0000 0000 0
9 (aper) Standard v Infinity 0.000 MIR... 25.400 U  0.000 25.400 0.0. 0.0.

10 Coordinate Break ~ 400,000 0,000 2 . 0,000 0,000 45000 P -0000 0000 0
1 Coordinate Break ~ 0000 I 0000 d d 0000 0000 0000 2500 0000 0
12 (apen) Standard + -1000,000 0000  MR.. 25400 U 0,000 25400  00. 00.

13 Coordinate Break ~ -350,000 ] 0,000 2 g 0,000 0,000 0000 2500 P 0000 0
14 Coordinate Break + 0000 . 0000 : : 0000 0000 0000 2500 0,000 0
15 (apen) Standard *  Infinity 0000  MR.. 2211 R - 00.00.

16 Coordinate Break ~ 110000 7 0.000 4 4 0,000 0,000 0000 P -2500 P 0000 0
17 Coordinate Break v 0.000 0.000 = = 0.000 0.000 -35.000 0.000 0.000 0
18 (apen) Standard *  Infinity 0000  MR.. 1757 5 - 00.00.

19 Coordinate Break ~ 220000 ! 0000 d d 0000 0000 35000 P -0.000 0000 0
20 Coordinate Break ~ 0000 0,000 q q 0,000 0,000 34000 3500 0000 0
21 (apen) Standard *  Infinity 0000  MR. 6173 @ - 00.00.

22 Coordinate Break 320.000 > 0.000 = | 0.000 0.000 34.000 P 3.500 P 0.000 0
23 Coordinate Break ~ 0000 0,000 q 3 0,000 0,000 1,000 3200 0000 0
24 (aper) Standard + -1000,000 0000  MR. 25400 U 0,000 25400  00. 00.

25 Coordinate Break ~ -400,000 0,000 : ! 0,000 0,000 1,000 P 3200 P 0000 0
26 IMAGE Standard +  Infinity E 14459 | 0,000 14459 00, 00.

Figure 5.10 LDE used to setup one pass sequentially throughetitavity.

additional smaller mirrors in between the two spherical miors. These mirrors are also
lower so that the beams can pass over them and travel betwedretlarger at mirrors and
the spherical mirrors. This results in four sections of beaipath travel between mirrors
with distances of 350 mm, 110 mm, 220 mm, and 320 mm which adds to a total
distance of 1000 mm between the two spherical mirrors for treecond part of the 4f
imaging system. From the second spherical mirror the beamatrels 400 mm back to the
rst at mirror. From there it can travel another 100 mm to the crystal for a total of 500
mm, which is the last part of the 4f imaging system and anothgrass through the crystal.
Layouts from OpticStudio are provided in Figure 5.11 and Figw 5.12 to illustrate the
beam path taken for one trip back to the rst large at mirror. The rst pass ends on the
rst large at mirror and since it has already been used, thiss the best place for the
non-sequential part of OpticStudio to take over. The inputéns does not need to be
converted, so Surfaces 4-25 from the sequential LDE are certed into a non-sequential
component. This results in the new LDE in Figure 5.13, to whicla picko mirror and

another turning mirror are added (in sequential mode) to atiw the beam to exit the cavity.
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1 200 mm

Figure 5.11 Top view of one pass sequentially through the cawi

.

i 200 mm

Figure 5.12 Side view of one pass to highlight the height di ence in mirrors.

4 Surface Type Radius | Thickness | Material Co Semi-Dian| Chip Zone Mech Semi-Dia Co | TCI Drav ExitlocX | ExitlocY | ExitlocZ | ExitTitX | ExtTity | ExitTitZ
[) Standard = Infinity Infinity 0000 0000 0000 00. 00,
1 Standard = 4086400 2000 BK7 2900 0000 2900 00,
2 ard - 4086400 3899.855 2900 0000 2900 00. 00.
3 - 0000 - 0000 - g 0000 -13.000 46,000 0000 0000 0
a ent~  Infinity B 18833 2 - 00.00. 2 0000  -135000 -150,000 40000 0,000
5 ard +  Infinity  -375.000 1000 U 0000 1000 00.00.
6 0000 - 0000 - g 0000 -15000 44,000 0000 0000 0
7 ard ~ Infinity 0000 MR. 10000 U 0000 10000 00. 00.
s 120000 - 0000 - - 0000 0000 44000 P 0000 0000 0
0000 - 0000 - g 0000 0000 45000 0000 0000 0
ard ~ Infinity 0000 MR. 2131 0000 2131 00. 00.
-100000 - 0000 - g 0000 0000 45000 P -0.000 0000 0
Infinity - 2804 0000 3804 00. 00,

Figure 5.13 New LDE with the non-sequential component for saes in the cavity.

Surfaces 4-25 from the original sequential LDE have been werted into objects in the

non-sequential component editor (NSCE) in Figure 5.14. In thBSCE the mirror positions
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and tilts can be adjusted to direct the beam like in a real labrad position the beam to

pass through the cavity multiple times. The NSCE has had the nmor positions and tilts

. ObjectType | Commen t | Ref Obj | Ins| X Position Y Position Z Position | Tilt About X Tilt About Y | Tilt AboutZ| Material | Radius1 |Co|  Clear1 Edge 1 Thickness
1 Standard Surface ~ mirror 4 0 0 0000 0.000 2.000 -2.400 0.000 0.000 MIRR... 0.000 0.0. 25.400 0.000
2 Null Object ¥ CBS5 0 0 0000 0.000 0.000 -46.000 0.000 0.000 -

3 Standard Lens ~ surfaces 6... 2 0 0000 1.500 -99.500 0.000 180.000 0.000 BAF2 -0.000 0.0. 10.000 1.000
4 Null Object * @8 2 0 0000 0000  -2000.. -45.000 0.000 0000 -

5 Standard Surface ~ mirror 9 4 0 0000 0.000 0.000 -3.100 0.000 0.000 MIRR... 0.000 0.0. 25.400 0.000
6 Null Object ~ 810 4 0 0000 0000 0.000 45000 P 0000 0000

L Null Object ~ CB 11 6 0 0000 0.000 400.000 0.000 2.500 0.000 -

8 Standard Surface~  mirror 12 7 0 0000 8000 0000 1120 0,000 0000  MRR.  -1000.000  00. 25.400 0000
9 Null Object ~ CB 13, 7 0 0000 0.000 0.000 0.000 2,500 P 0.000 -]

10 Null Object ~ B 14 9 0 0000 0000  -3500.. 0,000 -2.500 0000

11 Standard Surface ~ mirror 15 10 0 0.000 11.000 0.000 0.000 0.000 0.000 MIRR... 0.000 0.0. 28.398 0.000
12 Null Object ~ B 16 10 0 0000 0000 0.000 0,000 2500 P 0.000

13 Null Object ~ CB 17 12 0 0000 0.000 110.000 -35.000 0.000 0.000 -|

14 Standard Surface = mirror 18 130 -10000  17.000 0000 -1.000 0,000 0000  MIRR.. 0000 00. 28.398 0000
15 Null Object ~ CB 19 13 0 0000 0.000 0.000 -35.000 P 0.000 0.000 -|

16 Null Object ~ B 20 150 0000 0000 | -2200. 34,000 3.500 0000

17 Standard Surface ~ mirror 21 16 0 0.000 10.000 0.000 0.000 0.000 0.000 MIRR... 0.000 0.0. 28398 0.000
18 Null Object ~ 822 16 0 0000 0000 0.000 34000 P 3500 P 0000

19 Null Object ~ CB 23 18 0 0.000 0.000 320.000 1.000 -3.200 0.000 -]

20 Standard Surface ~  mirror 24 19 0 0000 1000 0000 0390 0,000 0000  MRR.  -1000.000  00. 25.400 0000

Figure 5.14 The new NSCE where surfaces 4-25 from the origin&E have been converted
into non-sequential objects.

adjusted so that the beam has a total of ve passes through thaystal. One from the
initial input focusing into the crystal, and then four more fom passes propagating through
the cavity. The four extra passes from the cavity re-imaginthe beam are clearly visible in
the cavity in Figure 5.15. A zoomed in view of the crystal in Figte 5.16 also shows that
the beams from each pass overlap very well in the crystal, whiis what is wanted. The
number of rays has been reduced to one in these layouts, sohegy is a pass through the
cavity.

Since a working cavity that is aligned well has been createi,is relatively simple to
take out the simpli ed 4 meter lens that was being used and iest the lens designed earlier
with the 4070 mm focal length that focuses to the correct spaize radius of 357.3m .

The new LDE with the lens replacement is shown in Figure 5.17nd the new NSCE with
the new setup is shown in Figure 5.18. The alignment of the céwimirrors did not need to
change at all so the NSCE is the same as before, since there waisthat big enough of a

di erence in cavity performance other than the focal spot ge to warrant a realignment.
Because of this the cavity is nearly identical to when the oltens was in. Figure 5.19 shows

the cavity has ve passes through the crystal and good beamgadement, and Figure 5.20
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Figure 5.15 Top view of the setup showing the initial pass thugh the crystal and the four
more passes through it from the cavity.

b

T i 50 mn

Figure 5.16 Close up view of the crystal showing that all the laens from the di erent
passes overlap well in the crystal and that there are ve beasrentering and exiting the
crystal.

shows good beam overlap in the crystal. The cavity performee is very good, and the
beam size should be on target at the crystal each pass. Conimg this on each pass is
di cult as the normal paraxial Gaussian beam data cannot be gnerated inside a complex

non-sequential component. The best solution at this time #® use the one pass sequential
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4 Surface Type Radius Thickness | Material Co. Semi-Diam Chip Zone Mech Semi-Dia Conic TC Draw  ExitlocX ExitlocY ExitlocZ ExitTiltX = ExitTiltY ExitTitz |

[ Standard > Infinity Infinity 0000 0.000 0000  00.. 00.

1 Standard > 1021.214 2.000 BK7 2900 0.000 2900 00..

2 Standard v -1021.214 P 845527 2898 0.000 2900 00.. 00.

3 Standard v -207.750 2.000 BKT 0446 0.000 0446 00...

4 Standard > 207.750 P 522661 0444 0.000 0446 00.. 00.

5 Coordinate Break ~ 0.000 - 0000 - - 0000 -13.000 -46.000 0.000 0.000 0
6 Non-Sequential Component ~  Infinity - 18831 - - o0 0000  -135000  -150.000 40,000 0,000 0000
% Standard > Infinity -375.000 1.000 U 0000 1000 00.

8 Coordinate Break ~ 0.000 - 0.000 - - 0000 -15.000 -44.000 0.000 0000 0
9 Standard > Infinity 0000  MIRR.. 10000 U 0.000 10000  00.. 00.

10 Coordinate Break ~ 120.000 - 0.000 g - 0000 0.000 -44000 P -0.000 0000 0
1 Coordinate Break ~ 0.000 - 0.000 | - 0000 0.000 45,000 0.000 0000 0
12 Standard ~  Infinity 0000  MIRR.. 2123 0.000 2123 00.. 00.

13 Coordinate Break ~ -100.000 - 0.000 g 0000 0.000 45000 P -0.000 0,000 0
14 Standard ~  Infinity -| 3795 0.000 3795 00, 00.

Figure 5.17 New LDE with the new lens combination for a focal spoadius of 357.3 m
and the non-sequential component for surfaces in the cavity

[ ObjectType | Comment | Ref Object  Ins| X Position Y Position Z Position  Tilt AboutX Tilt About Y| Tilt AboutZ —Materi Radius 1 Conic 1 Clear 1 Edge 1 Thickness |
1 Standard Surface  mirror 4 0 0 0000 0.000 2,000 -2400 0.000 0000  MIRR... 0,000 0.000 25400 0000
2 Null Object ~ cBS 0 0 0000 0.000 0.000 -46.000 0.000 0000 -

3 Standard Lens v surfaces6.. 2 0 0000 1500  -99.500 0,000 180.000 0.000 BAF2 -0.000 0.000 10000 10000

4 Null Object ~ cB8 2 0 0000 0000 -2000. -45.000 0.000 0.000
5 Standard Surface  mirror 9 4 0 0000 0.000 0.000 -3.100 0.000 0000  MIRR. 0.000 0.000 25.400 0000
6 Null Object ~ cB10 4 0 0000 0.000 0.000 -45.000 P 0.000 0.000
7 Null Object ~ CB 11 6 0 0000 0000 400.000 0.000 2500 0.000
8 Standard Surface ~  mirror 12 7 0 0000 8000 0.000 -1.120 0.000 0000  MIRR... -1000.000 0.000 25.400 0000
9 Null Object ~ CB13 7 0 0000 0.000 0.000 0.000 2500 P 0.000
10 Null Object ~ CB 14 9 0 0000 0000 -3500.. 0.000 -2.500 0000
11 Standard Surface > mirror 15 10 0 0000  11.000 0.000 0.000 0.000 0000  MIRR... 0.000 0.000 28398 0000
12 Null Object ~ CB16 10 0 0000 0.000 0.000 0,000 -2500 P 0000
13 Null Object ~ CB17 120 0000 0000 110.000 -35.000 0.000 0000 -

14 Standard Surface > mirror 18 130 -10000  17.000 0.000 -1.000 0.000 0000 MIRR... 0.000 0.000 28398 0000
15 Null Object ~ CB19 130 0000 0.000 0.000 -35.000 P 0.000 0000 -

16 Null Object ~ CB 20 150 0000 0000 -2200.. 34,000 3.500 0000 -

17 Standard Surface ~  mirror 21 16 0 0000 10000 0.000 0.000 0.000 0000  MIRR.. 0.000 0.000 28398 0000
18 Null Object ~ cB22 16 0 0000 0.000 0.000 34.000 P 3.500 P 0000 -

19 Null Object ~ CB23 18 0 0000 0000 320000 1.000 -3.200 0000 -

20 Standard Surface *  mirror 24 19 0 0000 1.000 0.000 0390 0.000 0000  MIRR... -1000.000 0.000 25400 0000

Figure 5.18 The new NSCE from the LDE with the new lens combinatn for a focal spot
radius of 357.3m

k

b i 200 mm

Figure 5.19 Top view of the setup with the new optimized lens siwing ve passes through
the crystal.
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Tt 1 50 mm

Figure 5.20 Close up view of the crystal showing that all ve kams still overlap well in the
crystal.

cavity with the new lens combination that should give a focaépot size radius of 357.3n
and let the beam propagate past where it was stopped so thatwtill travel an equivalent
distance to if it had gone to the crystal. Then the beam size nabe examined at that
point, and then the cavity should re-image, at least pretty losely to that beam size in the
crystal again. The LDE used for this and the resulting parasl Gaussian beam data are
given below in Figure 5.21 and Figure 5.22.

The lens combination was designed to give a focal spot sizéites of 357.385m and
the lens combination focused down to 357.30h when used in the actual setup, which is
extremely close and good enough for the purposes of this esipent. The re-imaged beam
size is 357.222m , extremely close to the initial beam size. There's a 0.08& di erence
in beam size radius, which is 0.023% di erent. This is a greaesult which is very

promising for the experiment, and con rms the cavity is workng how it is designed to be.
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4 Surface Type Co  Radius Thickness | Material Coati Clear Semi-Dia ChipZon Mech Semi-Dia Co TC! Par 1(unused) Par2(unused) Par3(unused) Par4(unused) Par5(unused) Par 6(ur

0 OBJECT Standard ~ Infinity Infinity 0000 0.000 0000 0. 00,

1 sTop Standard ~ 1021214 2000 BKT 2900 0000 2900  00.

2 Standard ~ 1021214 P 845527 2898 0000 2900 00. 00

3 Standard ~ -207.750 2000 BK7 0446 0.000 0446 00.

4 Standard ~ 207.750 P 522661 0444 0000 0446 00. 00,

5 Coordinate Break ~ 0000 0.000 - - 0000 -13.000 -46.000 0000 0000
6 (apen) Standard ~ Infinity 0000  MIRR. 25400 U 0.000 25400  00. 00,

7 Coordinate Break ~ -99.500 - 0.000 - - 0000 0000 -46.000 -0.000 0000
8 (apen) Standard ~ Infinity -0500  BAF2 15000 U 0000 15000 00.

9 (apen Standard ~ Infinity -0500  BAF2 15000 U 0000 15000  00.

10 Standard ~ Infinity -99.500] 13000 | 0000 15000  00. 00,

1 Coordinate Break ~ 0000 0.000 - - 0000 0000 -45.000 0000 0000
12 (aper) Standard ~ Infinity 0000  MIRR.. 25400 U 0.000 25400  00. 00,

13 Coordinate Break ~ 400000 - 0.000 - - 0000 0000 -45.000 P -0.000 0000
14 Coordinate Break ~ 0000 0.000 - - 0000 0000 0,000 2500 0000
15 (aper) Standard ~ -1000.000 0000  MIR. 25400 U 0.000 25400  00. 00,

16 Coordinate Break ~ -350.000 - 0.000 - - 0000 0000 -0.000 2500 P 0000
17 Coordinate Break ~ 0000 0.000 - - 0000 0000 0.000 2500 0000
18 (aper) Standard ~ Infinity 0000  MIR. 4265 - - 00.00

19 Coordinate Break ~ 110.000 - 0.000 - - 0000 0000 0.000 P -2500 P 0000
20 Coordinate Break ~ 0000 0.000 - - 0000 0000 -35.000 0000 0000
21 (apen) Standard ~ Infinity 0000 MIR.. 1750 - - 00.00

22 Coordinate Break ~ -220000 - 0.000 - - 0000 0000 -35.000 P -0.000 0000
23 Coordinate Break ~ 0000 - 0.000 - - 0000 0000 34,000 3500 0000
24 (apen) Standard ~ Infinity 0000  MIR.. 6166 - - 00. 00

25 Coordinate Break ~ 320,000 0.000 - - 0000 0000 34000 P 3500 P 0000
26 Coordinate Break ~ 0000 - 0.000 - - 0000 0000 1.000 -3.200 0000
27 (apen Standard ~ ~1000.000 0000  MIR. 25400 U 0.000 25400  00. 00,

28 Coordinate Break ~ -500.000 0.000 - 0000 0000 1.000. P -3200 P, 0000
29 IMAGE Standard ~ Infinity - 14565 | 0000 14565 0.0. 0.0,

Figure 5.21 LDE for one pass through the cavity that extends B0Omm after the last
spherical mirror to reach the same distance the beam wouldatrel to reach the crystal.
Note the crystal has been split in half to look at the beam siz& ¢he center of the crystal
at surface 9.

@ 1:3D Layout < 2: Paraxial Gaussian Beam Data X |  Lens Data

V) Settings & 3 lal o= O/ =—AQ == 5 @

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 1.75240E-01 -3.00952E+03 -3.02055E+03 9.61847E-04 1.82191E+02
2 2.89808E+00 8.77695E-02 -9.98422E+02 -9.99339E+02 2.90132E-03 3.02515E+01
3 4.52199E-01 1.39648E-01 -3.56336E+02 -3.93902E+02 1.20700E-03 1.15699E+02
4 4.49904E-01 3.01393E-01 -3.95347E+02 -7.17211E+02 8.44903E-04 3.56719E+02
5 3.20013E-01 3.01393E-01 1.27315E+02 1.12679E+03 8.44903E-04 3.56719E+02
6 3.20013E-01 3.01393E-01 -1.27315E+02 -1.12679E+03 8.44903E-04 3.56719E+02
7 3.20013E-01 3.01393E-01 -1.27315E+02 -1.12679E+03 8.44903E-04 3.56719E+02
8 3.57158E-01 3.01393E-01 -3.54180E+02 -1.23024E+03 5.41071E-04 5.57030E+02
9 3.57304E-01 3.01393E-01 -3.54680E+02 -1.22950E+03 5.41071E-04 5.57030E+02
10 3.57449E-01 3.01393E-01 -2.27455E+02 -7.86898E+02 8.44903E-04 3.56719E+02
11 4.08839E-01 3.01393E-01 -3.26955E+02 -7.16147E+02 8.44903E-04 3.56719E+02
12 4.08839E-01 3.01393E-01 3.26955E+02 7.16147E+02 8.44903E-04 3.56719E+02
13 4.08839E-01 3.01393E-01 3.26955E+02 7.16147E+02 8.44903E-04 3.56719E+02
14 6.84169E-01 3.01393E-01 7.26955E+02 9.01998E+02 8.44903E-04 3.56719E+02
15 6.84169E-01 3.56428E-01 8.17408E+02 1.12189E+03 7.14444E-04 4.98888E+02
16 6.84169E-01 3.56428E-01 8.17408E+02 1.12189E+03 7.14444E-04 4.98888E+02
17 4.88421E-01 3.56428E-01 4.67408E+02 9.99897E+02 7.14444E-04 4.98888E+02
18 4.88421E-01 3.56428E-01 -4.67408E+02 -9.99897E+02 7.14444E-04 4.98888E+02
19 4.88421E-01 3.56428E-01 -4.67408E+02 -9.99897E+02 7.14444E-04 4.98888E+02
20 4.38456E-01 3.56428E-01 -3.57408E+02 -1.05378E+03 7.14444E-04 4.98888E+02
21 4.38456E-01 3.56428E-01 3.57408E+02 1.05378E+03 7.14444E-04 4.98888E+02
22 4.38456E-01 3.56428E-01 3.57408E+02 1.05378E+03 7.14444E-04 4.98888E+02
23 3.69700E-01 3.56428E-01 1.37408E+02 1.94873E+03 7.14444E-04 4.98888E+02
24 3.69700E-01 3.56428E-01 -1.37408E+02 -1.94873E+03 7.14444E-04 4.98888E+02
25 3.69700E-01 3.56428E-01 -1.37408E+02 -1.94873E+03 7.14444E-04 4.98888E+02
26 3.79551E-01 3.56428E-01 1.82592E+02 1.54568E+03 7.14444E-04 4.98888E+02
27 3.79551E-01 3.01393E-01 2.73045E+02 7.39079E+02 8.44903E-04 3.56719E+02
28 3.79551E-01 3.01393E-01 2.73045E+02 7.39079E+02 8.44903E-04 3.56719E+02

IMA 3.57222E-01 3.01393E-01 -2.26955E+02 -7.87631E+02 8.44903E-04 3.56719E+02

Figure 5.22 Paraxial Gaussian data for if the beam had traveleall the way back to the
crystal once. The initial focused beam size radius from therls combination at the center
of the crystal is at surface 9 with a radius of 357.304n . The re-imaged beam is at
Surface 29 (Image Surface) with a beam size radius of 357.222
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5.2.3 Inserting Commercial Lenses

One nal step in trying to more closely simulate the setup in e lab is to use stock
commercial optics in the OpticStudio design. Here the lensesthe lens combination from
earlier are replaced with lenses from Thor Labs similar to vat is actually in the setup in
the lab. For the 1000 mm focal length lens LA1464-B was used,dafor the -200 mm focal
length lens LF1097-B was used. Thor Labs had Zemax les for the lenses available to
download on their website. They were put together in Optic®tdio with some separation
and optimized. With a target e ective focal length of 4000 mm docal spot size of 368.5
m resulted, which is a bit bigger than desired. However, by chgimg the target focal
length to 3880 mm a spot size radius of 357.5@ resulted, which is right on speci cation.

The LDE and paraxial Gaussian beam data for this are shown lwe¥ in Figure 5.23 and

Figure 5.24.
. Surface Type  Comment Radius Thickness  Material Coating Clear Semi-Dia Chip Zone Mech Semi-Dia Conic
0 OBJECT Standard v Infinity Infinity 0.000 0.000 0.000 0.0...
1 STOP (a Standard ¥  LA1464-B 515.080 2.150  N-BK7 TH... 12.700 U 0.000 12.700 00...
2 |(aper) Standard v Infinity 843.095 V TH... 12.700 U 0.000 12.700 0.0...
3 (aper) Standard v  LF1097-B 100.000 3.000  N-BK7 TH... 12.700 U 0.000 12.700 0.0...
4 (aper) Standard v 50.220 578.606 M TH... 12.700 U 0.000 12.700 00...
5 IMAGE Standard ¥ Infinity - 0.116 0.000 0.116 0.0...

Figure 5.23 LDE for the stock lens combination that results iran e ective focal length of
3880 mm.

This combination of commercial lenses optimized for a 3880mT¥ocal length and 357.58
m has a separation distance of 843.095 mm and a back focal lédngt 578.606 mm.

Substituting this combination of commercial lenses in fortie previously designed lens
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~ LlensData | () 1: Layout 2: Prescription Data o Merit Function Editor /< 3: Paraxial Gaussian Beam Data X

Wsetings € a @ /[0 =—A Q=& E@®
Paraxial Gaussian Beam Parameters
File : C:\Users\domdo\Documents\Zemax\Samples\566ReallensComboOpt.zmx

Title: LA1464 Plano-Convex - N-BK7
Date : 5/6/2020

Data for ©.8000 pm.

Size : The radial beam size at the surface.

Waist : The radial beam waist.

Position : The distance from the waist to the surface.
Radius : The phase radius of curvature at the surface.

Divergence: The semi-angle of the beam asymptote.

Rayleigh : The Rayleigh range.

Units for size, waist, waist-z, radius, and Rayleigh are Millimeters.
Units for divergence semi-angle are radians.

Input Beam Parameters:

Waist size i 2.90000E+00
Surf 1 to waist distance: ©.00000E+00
M Squared £ 1.00000E+00

Y-Direction:

Fundamental mode results:

Sur Size Waist Position Radius Divergence Rayleigh

STO 2.90000E+00 8.85083E-02 -1.52209E+03 -1.52351E+03 1.90439E-03 4.64759E+01
2 2.89591E+00 8.85083E-02 -1.00606E+03 -1.00700E+03 2.87710E-03 3.07629E+01
3 4.77159E-01 4.81251E-02 -1.35542E+02 -1.36935E+02 3.50241E-03 1.37405E+01
4 4.66707E-01 3.38964E-01 -4.27032E+02 -9.03765E+02 7.51253E-04 4.51199E+02

IMA 3.57580E-01 3.38964E-01 1.51574E+02 1.49468E+03 7.51253E-04 4.51199E+02

X-Direction:

Figure 5.24 Gaussian beam data for the stock lens combinatioAt the focus (Image
surface), the beam radius is 357.58t .

combination still gives a cavity that works very well. The d&ils of the cavity are given in

Figure 5.25, Figure 5.26 ,Figure 5.27,and Figure 5.28.

P Surface Type Comment  Radius | Thickness | Material Coating| Semi-Diameter Chip Zone Mech Semi-Dic Co | TCI| Draw Exitloi ExitlocY | ExitlocZ | ExitTilt) ExitTili ExitTiltZ
[} Standard v Infinity Infinity 0000 | 0000 0000 00, 00

1 Standard +  LA1464-8 515080 2150 N-BK7  TH.. 12700 U 0000 12700 00

E Standard ~ Infinity 843.095 TH.. 12700 U 0000 12700 00. 00.

E Standard ¥ LF1097-B 100.000 3.000 N-BK7 TH... 12.700 U 0.000 12.700 0.0.

4 Standard ~ 50.220 478.606 TH... 12700 U 0.000 12700 00. 00.

5 Coordinate Break + 0.000 B 0,000 3 413000 46000 0000  0O. 0
6  Non-Sequential Component ~ Infinity = 18.979 - N o o0 o 135000  -150000 40000  00.. 0000
7 Standard ~ Infinity | -375.000 1000 U 0,000 1000 | 00. 00.

8 Coordinate Break v 0.000 - 0.000 = = 0.0... -15.000 -44.000 0.000 0.0... 0
9 Standard ~ Infinity 0000  MR.. 10000 U 0.000 10000 00. 00.

10 Coordinate Break + 120000 ] 0,000 . . 00... 0000  -44000 P -0000  00.. 0
1 Coordinate Break + 0,000 - 0.000 - - 00.. 0000 45000 0000  00.. 0
12 Standard ~ Infinity 0000  MR.. 2148 0000 2148 00. 00.

13 Coordinate Break v -100.000 - 0.000 - - 0.0... 0.000 45.000 P -0.000 0.0... 0
14 Standard ~ Infinity - 3813 0000 3813 00.00.

Figure 5.25 New LDE with the commercial lens combination for a€al spot radius of
357.58 m and the non-sequential component for surfaces in the cavity
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Figure 5.26 The NSCE from the LDE with the commercial lens comtation for a focal
spot radius of 357.58m

| W,

i 500 mm

Figure 5.27 Top view of the setup with the optimized commerdidenses showing ve passes
through the crystal.
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Figure 5.28 Close up view of the crystal showing that all ve kems overlap well in the
crystal.

From these gures the commercial optics seem to yield just apod of results, with ve
passes in the cavity with little adjustment at all and closef overlapped beams in the
crystal. To con rm good performance, the beam size will alslbe found going into the
crystal initially and after one pass through the cavity. TheLDE setup for this is in
Figure 5.29, and the beam size data is in Figure 5.30.

The design focal spot radius was 357.581 , and the initial spot size radius in the
crystal was 357.537m which is almost the same. The re-imaged spot size radius is
357.494 m , which is only 0.043m smaller. This is extremely close and is only .012%
di erent. This also is a very good result, and it is promisinghat the cavity worked even
better with real commercial optics available in labs, and glws again that the cavity should

work as it was designed to.
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Figure 5.29 LDE for one pass through the cavity that extends ®0mm after the last
spherical mirror to reach the same distance the beam wouldairel to reach the crystal.

Figure 5.30 Paraxial Gaussian data for if the beam had traveleall the way back to the
crystal once. The initial focused beam size radius from therls combination at the center
of the crystal is at surface 9 with a radius of 357.53" . The re-imaged beam is at
Surface 29 (Image Surface) with a beam size radius of 357.494
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CHAPTER 6
MULTI-PASS CAVITY EXPERIMENTS AND RESULTS

After the simpler experiments discussed in Chapter 4 were permed, experiments with
the multi-pass setup were begun. Constructing and alignintipe cavity properly was
challenging and took quite some time. However, a system venyndar to the one modeled
in OpticStudio in Chapter 5 was constructed in the lab. An imag of the setup in lab is

provided in Figure 6.1.

Figure 6.1 A photo of the multi-pass cavity built in the lab tha was used for all of the
multi-pass experiments.

The spherical mirrors are on the black and silver platformsrothe near side of the
image. The two at mirrors are opposite them in the taller mouts. The smaller mirrors

are on the shorter mounts in between the spherical mirrors drthe taller at mirrors. All
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the mirrors used were broadband mirrors designed for lightith a center wavelength of 800
nm. A movable pick o mirror was used to adjust the number of pases through the cavity,
and when the beam would exit the cavity. A linear polarizer waplaced after the pick o
mirror to isolate the XPW signal to be measured. In addition tahe cavity, an imaging
system was set up to monitor the beam in the crystal. A lens wadaced behind the rst
spherical mirror to collect the light that leaked through. The focal length of the lens was
picked to image the beams in the crystal to a camera. By remay the crystal and placing
an object of a known size (an Allen wrench of known thickness) the crystal plane, the
magni cation of the imaging system could be determined andsed to measure the size of
the beam in the crystal. Also, the imaging system was used toquisely overlap the beams
from di erent passes in the crystal. When the cavity was propdy aligned, the

magni cation was found to be 1.6. A photo of the imaging systa in lab is provided in
Figure 6.2, as well as a diagram showing the multi-pass caviyith the imaging system in

Figure 6.3.

Figure 6.2 A photo of the imaging system added behind one of tlsavity mirrors to image
the beam in the crystal.
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Figure 6.3 A schematic of the multi-pass cavity with the imagig system behind the rst
spherical mirror.

The experiments in the following sections detail XPW generan with this setup for
di erent numbers of passes through the crystal, di erent iput powers, and di erent
amounts of dispersion. All of the experiments use an uncoat@dmm thick holographic
[011] cut BaF, crystal. An anti-re ective coated crystal was available butwas too damaged

to use.
6.1 Initial Experiments

Initially experiments were tried with input powers similarto experiments that had been
done before, around 20-25 mW. Due to losses in the cavity ands$es from re ections o of
the uncoated crystal very little XPW conversion was seen, arithere was not enough for
output XPW to get good e ciency measurements for each pass tbugh the cavity. Next,
the input power was raised to try to get better e ciencies. Ataround 71 mW of input
power, low amounts of XPW conversion were seen. The power otthesulting XPW was
measured and compared to the input power to measure e ciencyn these measurements
though, the power lost from re ections o the crystal and lo$ from passing through the
cavity were not measured. Since those losses were not taketo iaccount and the output

XPW was compared to the overall input, the e ciencies reporte are lower than the actual
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e ciencies. The results from the values that were measuredhilab that day are

summarized in Table 6.1.

Table 6.1 XPW power output measurements and e ciencies for €a pass

Pass Number| XPW Power (mW) | E ciency (relative to 71 mW)
1 2.0-2.25 2.82% - 3.17%
2 25-26 3.52% - 3.66%
3 1.6 2.25%
4 1.7-18 2.39% - 2.53%
5 10-11 1.41% - 1.55%

The conversion e ciencies found were not good even though\aty losses were not
taken into account, especially with how high of an input powethat was used. A few days
later it was found that the angles between the gratings in th&aser compressor were not
correct, and spatial chirp was being added to the beam. This likely the reason for the
low conversion e ciencies seen.

In another early experiment, the power of the XPW was even lowand not able to be
measured accurately for an input power of 68 mW. However, thixgeriment had enough
XPW output for the spectra to be measured for the output for edtpass. It was also found
later that there were more problems with the laser upstreammithe stretcher which were
a ecting the conversion e ciency and giving too low of XPW powers to be useful. While
the power measurements were not useful, but it was still hélp to examine the spectral
data taken. The XPW spectrum was measured after each pass thgh the crystal, from
one pass to four passes. The measured spectra are provideldwen Figure 6.4
to Figure 6.7. The spectrum from the fundamental wave used féhe input is also overlaid

on each plot for reference to see how much broadening occurshe XPW.
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Figure 6.4 Fundamental (blue) and XPW (red) spectra from one gs. The XPW spectrum
is 14.617 nm wider.
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Figure 6.5 Fundamental (blue) and XPW (red) spectra from two psses. The XPW
spectrum is 5.541 nm wider.
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3 Pass Spectrums
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Figure 6.6 Fundamental (blue) and XPW (red) spectra from thregoasses. The XPW
spectrum is 5.065 nm wider.
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Figure 6.7 Fundamental (blue) and XPW (red) spectra from four psses. The XPW
spectrum is 12.141 nm narrower. These spectra were odd in fiaet they had somewhat
di erent shapes than for spectra from fewer passes, and th#te XPW was narrower at the
1=¢ level. At lower levels the XPW spectrum was wider though.

The smaller amounts of broadening and even the narrower XPWgsial are likely due to
the compressor in the laser system being misaligned and atieg the compression of the

pulse and the dispersion in the passes through the cavity.
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With the compressor and stretcher xed, XPW experiments wereteempted again.
With the laser operating correctly though, it was found that he beam was too intense for
the lenses being used and there was white light generationthre second lens that was
distorting the spectrum and leading to low levels of XPW convsion. The spectrum of the
laser as it was before any lenses is shown in Figure 6.8(a) @amith the spectrum from
immediately after the second focusing lens in Figure 6.8(bT.he input spectrum was

relatively unchanged until after the second lens. The speaim out of the laser is Gaussian

Laser Output Spectrum ) Spectrum After Second Lens
T T T T T T T T T T

o . . . n . . . . . n
700 720 740 760 780 800 820 840 860 880 900 700 720 740 760 780 800 820 840 860 880 900
Wavelength (nm) Wavelength (nm)

(a) Output spectrum from the laser used as (b) The spectrum measured immediately after
the input for experiments the second lens

Figure 6.8 The input spectrum directly from the output of the &ser (a) is a good Gaussian
spectrum, while the spectrum after the second lens (b) hasdreheavily distorted and is no
longer Gaussian.

and is a good shape for the experiments. After the second letise spectrum is distorted
from what it was originally and is no longer Gaussian nor idédor experiments. Between
the energies being used, and the rst lens in the lens combiran focusing the beam the
beam was too intense for the material in the second lens to Idila by the time the beam
got there. In order to avoid non linear e ects distorting thebeam spectrum before the
experiment a new lens setup was needed. To make things simpad to avoid distortion

by a lens, a single lens was chosen. Due to space constraimd available lenses, af=2m
focal length lens was chosen. For the input beam radius of Z1tm, the lens should give a

focal spot with a radius of 175.62m according to Equation 5.2. When measured in lab it
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was found to have a radius of 21/ . When the spectrum was measured before and after
the lens, it was found to greatly reduce the distortion of théens as shown in Figure 6.9.
While the spectrum after the lens is not identical to before t& lens it is still very similar
and is still a Gaussian which is good for the experiments. Ugrthis lens and an input
power of 50 mW, e ciencies of about 2-2.5% were achieved for @@and two passes. At
three passes, the e ciency dropped to about 1.5%. These e encies are better than seen

before, but still not very good.

Input Spectrum - Before New Lens Input Spectrum - After New Lens

o . . . o . . . h
700 720 740 760 780 800 820 840 860 880 900 700 720 740 760 780 800 820 840 860 880 900
Wavelength (nm) Wavelength (nm)

(a) The spectrum measured before the new(b) The spectrum measured after the sec-
lens. ond lens.

Figure 6.9 The spectra measured before the new lens (a), anteathe new lens (b). The
spectrum after the lens is very similar to before, and it is Gessian and good enough for the
experiments.

Another experiment with the system better optimized yieldedetter results. The input
beam radius in the crystal the day of this experiment was 27619 m . An input power of
50 mW, which equates to an input energy of 5@ , was used in this experiment. Also in
this experiment, the loss from the re ections o the uncoatd crystal and loss from the
cavity are accounted for. From this, the e ciency of the caviy can be found as well as the
loss percentage from pass to pass. For this, a polarizer thaas zeroed to horizontally
polarized light was placed in the beam path after the picko nrror. The power was
measured before and after the polarizer to give the total opitit power and vertically

polarised XPW power respectively. The e ciency of the XPW conersion was then
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calculated as the ratio of XPW power to the total output power @r pass and turned into a
percentage. This method was used to collect all the followgrdata in this chapter. The

rst part of the results to be discussed are given in Table 6,2and the accompanying
spectra are given in Figure 6.10 to Figure 6.12. Only resultsoim the rst three passes are
given as the third pass warrants further discussion. The pa$o pass loss is calculated by
taking the di erence in power between two passes and takingne ratio of the second pass
to the previous pass. For the rst pass, the loss was calcukd by comparing the power
after one pass to the input power. This yields the percentagg energy lost for the rst

pass relative to the input power into the cavity.

Table 6.2 XPW power output measurements and e ciencies for # rst three passes

Pass Number| Total Power Out (mW) | Pass Loss XPW Power (mW) | E ciency
1 42.7 14.6% 1.7-18 3.98 - 4.22%
2 35.7 16.4% 1.35 3.78%
3 28.7 19.6% 12-13 4.18 - 4.53%
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Figure 6.10 Fundamental (blue) and XPW (red) spectra from onegss. The XPW
spectrum is 29.055 nm wider.

These results were very promising. The e ciencies, while iitnot great, were the best

seen up to this point. Even more signi cant was the large amais of spectral broadening
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2 Pass Spectrums
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Figure 6.11 Fundamental (blue) and XPW (red) spectra from two a@sses. The XPW
spectrum is 47.638 nm wider.
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Figure 6.12 Fundamental (blue) and XPW (red) spectra from thre passes. The XPW
spectrum is 66.442 nm wider.

seen. With one pass, the XPW signal was 1.69 times bigger (or atbop 3 times bigger),
growing from a E€& width of 42.361 nm to 71.416 nm. For two passes the spectrumegr
from 42.69 nm to 90.328 nm, 2.11 times bigger. Three passesréased the spectrum 4¢?
width from 42.677 nm to 109.119 nm, 2.55 times bigger. The trand second pass spectra
had shapes that looked good, roughly Gaussian or super-Gsiag, but the spectrum after

the third pass was odd. There was a large dip in the middle of ¢hspectrum. It was noted
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that by slightly rotating the crystal near this point the dip in the spectrum shifted, and the
relative sizes of the peaks on either side of the dip also clgaal. Spectra from di erent
crystal rotation positions are given in Figure 6.13. The rstposition is the same position

as where the spectrum was initially measured.

Three Passes- Different Rotations
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Figure 6.13 Spectra taken from di erent rotation angles of th crysal. The rst position
here is the same as the position from the initial spectrum tak for three passes in the
crystal.

To check if this spectral feature was correct or if it was mayddue to a scratched or
damaged crystal, the crystal was replaced with a second 2 mimdk holographic cut Bak,
crystal. The spectrum was again measured at the rotation thaave the highest XPW
power output, and is given in Figure 6.14. While this spectrumdd a cleaner shape
without any major dips it was not as wide, only having a £€ width of 71.831 nm. It
should also be noted that the spectrum like the one seen preusly with the dip was also
seen in this new crystal at a rotation angle for a smaller maxium in XPW output. The
spectrum there had a larger € width of 92.715 nm.

XPW generation was then tried for the remaining fourth and fth pass through the
cavity. Both of these passes gave around 4% conversion e oy and large spectra. These
spectra both had dips though, and are shown in Figure 6.15 anddtire 6.16. The XPW

spectrum is 2.37 times bigger for four passes, and 2.39 tiniegger for ve passes. The
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3 Pass Spectrum: New Crystal
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Figure 6.14 Spectrum taken for three passes in the new idemticrystal. This spectrum
has a better shape, but is narrower than before.

results for the powers and e ciencies of the XPW are also givem Table 6.3.

Table 6.3 XPW power output measurements and e ciencies for th last two passes

Pass Number| Total Power Out (mW) | Pass Loss XPW Power (mW) | E ciency
4 25.0 12.9% 10-1.1 4.0 - 4.4%
5 21-215 14 - 16% .86 4.0 -4.1%
>0 . W/J
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Figure 6.15 Fundamental (blue) and XPW (red) spectra from foupasses. The XPW
spectrum is 58.046 nm wider.
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5 Pass Spectrums
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Figure 6.16 Fundamental (blue) and XPW (red) spectra from ve psses. The XPW
spectrum is 59.556 nm wider.

One more experiment was conducted with similar setup con@ns. This experiment
had the advantage of being conducted right after some maimtance on the laser system in
the regenerative ampli er, so the beam was very good that dagnd led to good results.
The beam radius in the crystal was 262.828n , and an input power of 60 mW was used.
The e ciencies were higher than previously achieved, and thspectra were of good quality.
The powers and e ciencies recorded are given in Table 6.4. Ehspectra recorded are given
in Figure 6.17 to Figure 6.21. In general, adding more passesrneased the width of the
XPW spectrum. The exception was the four pass XPW spectrum begmarrower than the
three pass XPW spectrum. Though for four passes a wider spaatr that was also wider
than the three pass XPW spectrum was found, though it was not ahe crystal rotation
that gave the highest conversion of XPW according to power msarements. This is an
important result. It suggests that adding more passes thrah the crystal will signi cantly
increase the width of the XPW spectrum which will lead to evenhorter pulses. There are
a few drawbacks though. XPW conversion e ciency is still relavely low, which could
prevent practical applications of XPW generation. Also, the X®V spectrum is not

Gaussian after higher numbers of passes. The lower convense ciencies could be due to
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the high amounts of loss in the cavity from pass to pass (noted the tables and ranging

from about 10% - 20% loss from one pass to the next ) resultingm using an uncoated

crystal. These losses lead to lower powers available for XPVitea multiple passes which

could be hindering the conversion process.

Table 6.4 XPW power output measurements and e ciencies for €a pass

Pass Number| Total Power Out (mW) Pass Loss | XPW Power (mW) | E ciency
1 50.0 16.66% 3.6 7.2%
2 41 18% 3.4-35 8.29 - 8.54%
3 315 23.12% 29-3.0 9.21 - 9.52%
4 26.7 15.23% 2.5 9.36%
5 25.0 - 25.7 3.74 - 6.37% 2.35 9.14 - 9.40%

-
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Figure 6.17 Fundamental (blue) and XPW (red) spectra from onegss with a 60 mW
input. The XPW spectrum is 34.921 nm wider.
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. 2 Pass Speclrums
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Figure 6.18 Fundamental (blue) and XPW (red) spectra from two @sses with a 60 mW
input. The XPW spectrum is 54.060 nm wider.
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Figure 6.19 Fundamental (blue) and XPW (red) spectra from thre passes with a 60 mW
input. The XPW spectrum is 63.158 nm wider.
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4 Pass Spectrums
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Figure 6.20 Fundamental (blue) and XPW (red) spectra from faupasses with a 60 mW
input. The XPW spectrum is 58.545 nm wider.
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Figure 6.21 Fundamental (blue) and XPW (red) spectra from ve psses with a 60 mW
input. The XPW spectrum is 72.591 nm wider, though the same fuamental spectrum as
four passes is used.

The results obtained in the last experiment of this section &ve the best obtained at
lower energies between 50 mW and 60 mW. To further investigatke XPW generation
process, di erent experiments were performed. The next eggment tested how the XPW

generation would change at di erent powers.
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6.2 Dierent Power Experiments

The experiment discussed in this section was designed to aaplish two main things.
It was designed to look at how XPW e ciencies change at di erenpowers, and how the
FW and XPW beams change spatially from pass to pass, and at di ent powers. To
accomplish this, the picko mirror was placed such that the bam exited the cavity after
four passes through the crystal. The mirror was kept in the sae place, and the XPW was
observed at di erent input powers of 50 mW, 60 mW, 75 mW, and 85 mWbf the same
number of passes. Since the beam was picked o after four passthe rst three passes hit
the rst spherical mirror and their leakage was used to imagthe rst three passes in the
crystal. By having the beams spread out a bit in the crystal istead of overlapped, the
spatial changes in the beam from pass to pass could be trackesing the imaging system.
By placing a polarizer in a rotation mount in front of the camea, either the fundamental
or XPW beams could be selected to look at. A table with the di eent powers and

e ciencies is given in Table 6.5. The input beam used had a=F radius of 343.155m .

Table 6.5 XPW power output measurements and e ciencies withdur passes for di erent
input powers.

Input Power (mW) | Total Power Out(mW) | XPW power(mW) | E ciency
50 23.7 1.05 4.43%
60 27.2 2.0 7.35%
75 33.1 3.8 11.48%
85 36.0 4.8 13.33%

As the input power increased, the conversion e ciency incresed drastically. The
e ciency at 85 mW is three times higher than it is at 50 mW, and wa the highest seen in
the multi-pass setup up to this point. These results show aedr trend that the higher
powers and intensities are more e cient at XPW generation. Tis is due to having a
higher intensity and larger B-integral for higher powers. Tis trend is also supported by

the spectral data taken. The spectra measured when using h&y input powers were wider
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than those at lower powers. This is shown in Figure 6.22. The @ar XPW spectra also

mean that there is better XPW generation occurring, and will o result in shorter pulses.

Four Passes- Different Powers
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Figure 6.22 XPW spectra taken for di erent powers. The resultig 1=¢ widths were
100.628 nm for 50 mW, 104.217 nm for 60 mW, 110.019 nm for 75 mW, &i®.604 nm
for 85 mw

Looking at the spatial aspects of the conversion process imet multi-pass setup is very
promising also. The beam sizes of both the FW and XPW were measedrin the crystal for
the four di erent powers tested. The spatial modes were alsoeasured by taking a line out
on the camera of all the beams spread out in the crystal, agafior the FW and XPW at

di erent powers. These lines outs are in Figure 6.23 to Figure Z%.
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(a) Fundamental Wave (b) Cross Polarized Wave

Figure 6.23 The line outs for the beams at 50 mW. The three FW beani) had 1=¢ radii
of 233.754m , 233.754m , and 216.597m . The three XPW beams (b) had € radii of
154.601m , 142.555m , and 156.609m .

(a) Fundamental Wave (b) Cross Polarized Wave

Figure 6.24 The line outs for the beams at 60 mW. The three FW beani) had 1=¢€ radii
of 190.722m , 186.621 m , and 131.25m . The three XPW beams (b) had € radii of
127.031m, 122.797m , and 122.797m .
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(a) Fundamental Wave (b) Cross Polarized Wave

Figure 6.25 The line outs for the beams at 75 mW. The three FW beana) had 1=¢€ radii
of 205.551m , 205.551 m , and 170.953m . The three XPW beams (b) had € radii of
103.547m , 114.375m , and 96.937m .

(a) Fundamental Wave (b) Cross Polarized Wave

Figure 6.26 The line outs for the beams at 85 mW. The three FW bean(a) had 1=¢ radii
of 173.594m , 181.484 m , and 153.867m . The three XPW beams (b) had £€ radii of
119.383m , 123.430m , and 119.383m .

In all cases, the XPW beam for each pass has a spatially smaléard cleaner more
Gaussian shape. Some of the FW beams also start to change to atep shape that is
indicative of the high power portions of the beam being consted into XPW. The XPW
beam shapes were measured at the crystal in the near eld anere all good Gaussian
pro les, so in the far eld they should still have good Gaussin shapes[3]. This proves that

the multi-pass setup could be a viable way of producing high glity pulses that are
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shorter in time due to the large spectral broadening obsemeand smaller and cleaner in
space as observed here. The problem at this point is that theufti-pass setup has not

demonstrated conversion e ciencies better than other methds.
6.3 High Power Experiments

When testing the multi-pass setup with higher powers duringhe experiment in last
section it was noted that with four passes at 85 mW of input pogr the XPW conversion
e ciency was the highest seen in any multi-pass experimentsSince the conversion did so
well at higher powers in that experiment, all passes were ted using a higher input power
of 85 mW with the same input beam radius as before of 343.1%b . In this experiment,
the beams were also overlapped in the crystal instead of spdeout. Using a high input

power gave very good conversion results, as shown in Tablé.6.

Table 6.6 XPW power output measurements and e ciencies for €A pass with 85 mwW
input power

Pass Number| Total Power Out (mW) | Pass Loss XPW Power (mW) | E ciency
1 67.3 20.82% 11 16.34%
2 55.5 17.53% 10.1 18.20%
3 41 26.13% 6.8 16.58%
4 36.5 10.98% 5.5 15.07%
5 29 20.55% 3.9 13.45%

The conversion e ciencies seen here are very good for thisige especially considering
the crystal being used is not AR coated and there is signi caribss in the cavity, over 20%
loss on some passes. The highest conversion e ciency or IBRis seen at two passes, and
is about as good as what was achieved with a double crystal get After two passes, it
seems the loss in the cavity is too much for the XPW generatiom tovercome. The XPW
spectra also show that the XPW generation works best at thesegher powers. It also
seems that overlapping the beams in the crystal yields higheonversion e ciencies than

having the beams spread out. The spectra seen in Figure 6.27Rigure 6.31 are extremely
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broad, reaching up to a € width of 125.834 nm after ve passes. The spectra also show

the trend of broadening as more passes are made through thgstal.

1 Pass Spectrums at 85 mW
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Figure 6.27 Fundamental (blue) and XPW (red) spectra from onegss with a 85 mW
input. The XPW spectrum is 92.191 nm.

2 Pass Spectrums at 85 mW
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Figure 6.28 Fundamental (blue) and XPW (red) spectra from two @sses with a 85 mW
input. The XPW spectrum is 115.173 nm.
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3 Pass Spectrums at 85 mW
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Figure 6.29 Fundamental (blue) and XPW (red) spectra from thre passes with a 85 mW
input. The XPW spectrum is 120.970 nm.

4 Pass Spectrums at 85 mW
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Figure 6.30 Fundamental (blue) and XPW (red) spectra from faupasses with a 85 mwW
input. The XPW spectrum is 121.555 nm.
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5 Pass Spectrums at 85 mW
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Figure 6.31 Fundamental (blue) and XPW (red) spectra from ve psses with a 85 mW
input. The XPW spectrum is 125.834 nm.

6.4 Chirped Mirror Experiments

To see how changing the dispersion would a ect XPW generatipone of the at
mirrors in the cavity was replaced with a chirped mirror. Spa cally, it was the mirror
after the rst spherical mirror that was replaced. Windows wee also added to the beam
path in the cavity to further control the dispersion. The spetra were measured with a
di erent number of windows, ranging from zero to four window, in the beam path for two
passes and three passes. The windows were each 1 mm thick. hham size was 302.901
m , and an input power of 60 mW was used. The results from the twaaps experiment are
given in Table 6.7, and the three pass experiment results aire Table 6.8.

For the two pass experiment, the most of the XPW spectra are lger than seen in the
high power experiment. The spectra from di erent numbers ofvindows in the beam path
are shown in Figure 6.32 for two passes through the crystal. Bhsuggests that
compensating for the dispersion in the crystal and cavity cagreatly aid in improving
XPW generation. Using the chirped mirror and only one window te XPW spectrum =€

width is at a maximum of 142.718 nm. With more windows the spemtm was wider than
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Table 6.7 Results from adding a chirped mirror and windows ifdwo passes. The total
ouput power from the cavity was 39.5 mW.

Number of Windows | XPW Power (mW) E ciency XPW 1=¢ Width
0 3.3-3.6 8.35-9.11% 121.421
1 3.6-3.8 9.11 - 9.62% 142.718
2 3.7-4.0 9.36 - 10.13 % 133.239
3 3.7-3.9 9.36 - 9.87% 130.023
4 3.5-38 8.8 - 9.6% 126.931

Table 6.8 Results from adding a chirped mirror and windows fdhree passes. The total
ouput power from the cavity was about 31 mW.

Number of Windows | XPW Power (mW) | E ciency | XPW 1=¢ Width
0 3.25-34 10.5-11% 136.845
1 29-31 9.35-10% 141.792
2 29-31 9.35-10% 143.048
3 2.7-28 8.7 - 9% 144.948
4 2.5 8% 139.601

seen before, but not as wide as with one window. The e ciency isimilar to e ciencies

achieved from other experiments at similar powers.

Two Passes- Different Windows
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Figure 6.32 XPW spectra measured using a chirped mirror with @, 2, 3, and 4 windows
in the beam path for two passes through the crystal.
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For three passes with the chirped mirror, e ciencies were aibhigher that what was
seen before at similar powers. The spectra with the chirpedimor and windows after three
passes, shown in Figure 6.33 were much larger than seen prasip They were also larger
than the spectra from two passes with the chirped mirror and wdows. The largest

spectrum was achieved with three windows, and had=& width of 144.948 nm.

Three Passes- Different Windows
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Figure 6.33 XPW spectra measured using a chirped mirror with @, 2, 3, and 4 windows
in the beam path for three passes through the crystal.

6.5 Discussion and Suggestions for Future Work

The multi-pass relay imaging cavity has been shown to be a pnising method for
XPW generation, especially for low peak power pulses. With m@mpasses the spectral
broadening in XPW is seen to increase substantially from pags pass. The large amounts
of spectral broadening indicate that the pulses will also bg&horter in time, especially if
recompressed after the ring. The cavity was shown to produbgh quality Gaussian
modes because of the relay imaging, leading to spatially slhea and cleaner pulses being
generated. The addition of a chirped mirror (and windows oragne other method to ne
tune the dispersion) in this cavity geometry is a novel and pmising method for the

production of shorter cleaner pulses.
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There are several opportunities for improving on this workThere was only time to test
the chirped mirror at lower powers, where the e ciency of XPW onversion is not as high.
Performing that experiment at higher power could lead to higer conversion e ciencies of
XPW with the large spectra seen from using the chirped mirrorral windows. Another
change that would likely have the largest a ect on performare would be to use an
anti-re ection (AR) coated crystal. An AR coated crystal was na available for our
experiments, and was a severe limitation. Every time the beapassed through the crystal
there were re ections o of the crystal faces causing signtant loss. The accumulation of
too much loss on later passes is likely why our highest consiEn e ciencies were achieved
on the second pass. Using an AR coated crystal would eliminateetse large losses and
could lead to constant conversion e ciencies from pass to ga, or maybe even an increase
in e ciency on later passes. To give an idea of how much the Isss would be minimized,
results from cavity loss measurements with no crystal arevgin in Table 6.9. While an AR
coated crystal would still have a small amount of loss due terections, it would be much
less than seen with the uncoated crystals and would likely lmdoser to the losses seen in the
cavity without a crystal. The measurements given here wer@ken using an input power of

23 mW. Considering there are seven mirrors per round trip, a 6%ss per round trip would

Table 6.9 Results from measuring the loss per pass in the dgwvith no crystal.

Pass Number| Total Power Out (mW) | Pass Loss
1 22.2 <1%
2 21.1 4.95%
3 19.4 8.06%
4 18.3 5.67%
5 17.25 5.73%

correspond to 0.9% loss per re ection, which is typical of gh-power dielectric-coated
mirrors. We would expect the loss on each round trip to be idénal, so the variation from

pass to pass is likely due to localized scatter from the mirror clipping of the beam. The
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very low loss on the rst pass is due to the rst pass being pigd o before it re ects o

all seven mirrors in the cavity. The losses seen without a @tal in the cavity are much
lower than the losses seen with the uncoated crystal that rge from about 11% loss per
pass to over 25% loss per pass. Using an AR coated crystal woulkkdoss per pass levels
closer to the loss in the cavity without a crystal, maybe arawd 10% or less. This would
allow more energy in the fundamental and XPW beams to reach tHater passes where
more spectral broadening occurs, resulting in shorter pels with more energy that still
have good mode quality. Another change that could potentigllhelp with the mode quality
is changing the path length of the cavity. When we changed theaeity length it had no
noticeable a ect on the power and conversion e ciency, but w did not check how it

a ected the modes. Changing the cavity length would changeolw the beam is imaged
back to the crystal, and could be used to ne tune the spatial mde quality. Another area
we were not able to explore due to lower conversion e cien@eawith an uncoated crystal is
XPW beam shaping. If saturation can be reached, the XPW beam cloube intense enough
to actually undergo XPW again and convert the higher power p#s of its Gaussian shape
back to the original polarization. The XPW that is left would take on a at top shape, like

how the FW takes on a at shape as more of it is converted to XPW.
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