MONTANA

STATE UNIVERSITY

Construction and noise studies of a continuous wave Raman laser
by Jason K Brasseur

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Physics

Montana State University

© Copyright by Jason K Brasseur (1998)

Abstract:

The first non-resonant cw Raman laser in H2 is presented in this thesis. A time-dependant theory is
presented that describes the cw Raman laser in the high pressure limit, so population dynamics can be
ignored. The theory is tested in the steady-state regime and it matches well against the experimental
data obtained. The theory also predicts the relaxation oscillations of the cw Raman laser and provides
insight to minimize these oscillations. The theory predicts the relative intensity noise of the cw Raman
laser, which is in good agreement with experimental results. Finally the cw Raman laser linewidth is
measured to be 4kHz over a 10ms scan, and the Allan variance of the laser linewidth is experimentally
measured.



CONSTRUCTION AND NOISE STUDIES OF A CONTINUOUS WAVE RAMAN LASER

by

Jason K. Brasseur

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Physics

MONTANA STATE UNIVERSITY — BOZEMAN
Bozeman, Montana :

No?ember 1998




APPROVAL
of a thesis submitted by

Jason K. Brasseur

This thesis has been read by each member of the thesis committee and has been found to
be satisfactory regarding content, English usage, format, citations, bibliographic style, and
consistency, and is ready for submission to the College of Graduate Studies.

Dr. John Carlsten
Date

Approved for the Department of Physics

Dr. John Hermanson
Date

Approved for the College of Graduate Studies

Dr. Joseph Fedock
Date



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a doctoral degree at
Montana State University — Bozeman, I agree that the Library shall fnake it available to
borrowers under rgles of the Library. I further agfee that copying of this thesis is allowable only
for scholarly purpo;es-, consiétent with “fair use” as prescriBed in the U.S. Copyright Law.
| Requests for extensive copying or reproduction of this thesis should be referred to University
Microfilms International, 300 North Zeeb Road, Ann Arbor Michigan 48106, to whom I have
granted “the exclusive right to reproduce and distribute my dissertation in and from microform
along with the ﬁon—exclusive right to reproduce and distribute my abstract in any format in whole

or in part.”

Signatufe———~—c— o
\‘ \

Date 121198




v

ACKNOWLEDGEMENTS

I would. like to thank John Caflsteﬁ, my advisor, for giving me the opportunity to work on
. sométhing sp'eciai, and giving me his passior_l for ‘physicé, for these things I will always be
‘ grateful. —

I would like to thank R.T. Robiscoe for his endless homework which taught me to think
like a physicist. I would like to thapk Kevin Repasky and Gregg Switzer for their thoughts and
help. I thank Pete Roos for his help on the last experiment and his enthusiasm. Many other pasf
and present members such as Pete Sellin, Lei Meng, Jim Wessel, Rand Swanson and Phillip
Battle, thank you. I would like to thank Michael Jefferson and Jan ﬁall for their help with
electronics and freqﬁency locking.- | o

I would like to thank Norm Williams and Eric Anderson fér their help with machining

and electrorﬁbs. I thank my friends for their support Monty, Darrell, Margaret, and Georgé.

Finally, I would like to thank my graduate committee for their help and support.




INTRODUCTION

THEORETICAL DESCRIPTION OF THE CW RAMAN LASER

STEADY-STATE CW RAMAN SCATTERING .

TABLE OF CONTENTS

...............................................................................................

................................................................................................

References

THRESHOLD PREDICTIONS AND PROOF OF CONCEPT EXPERIMENT.

-Theoretical Prediction of Threshold
Design CONSIAETALIONS. ...cvuvvveereisereieceesreeresessesss s sessessessssescsessesessnsensens
Experimental Apparatus
Experimental Results
IS CUSSION. vvveeeeerirrrrreeisssrreererstereeesessnraesransnaaesassnnenesesasssesesssssssssnnsasansnes
RETEIEIICES. . reeenrerereersruerereeseesineeresresssesssesesstesstessnsestessaaasssassssessssnessasas

............................................................................

R R T R R L A

Physical SYSLEM ..cccecuervrrrirerereresivnne s ssssieeeseenens reerveereereearesaeeens
Polarization of the Medium and the Density Matrix '
Far-off Electronic RESONANCE .....c.cvcuvercerireminmncniiiiiniinissisienciis
_High Pressure and Estabhshed Coherence L1m1ts .....................................
REFETEIICES v.vvvveeeeralenentiereeseresesssessesessasesesesssesssissasessesasesensaneressensssssssaens

.................................

.................................................

Determination of Constants ..........ceveveeveecrenenes ettt s
How the Cw Raman Laser Starts Up......ccoveveeiiennniincniineninin vrerenne
Steady-State LImit co.ooeeierennnnnnneeceecines reeeeeeeeeesr ettt atens
Experimental Verification of TheOTY ......cocvvveviimniviiiiiiniinnnes et :
Remarks ......... SO OO RO PP TRO PPN v ~
REFEIEIICES 1ucvururrsrrnsrisrererensisiieniisinsissnnssisanass erereeraeeansarens beveras

RELAXATION OSCILLATIONS AND NOISE ........... ettt ernaes -

Motivation for a Linearized ThEOIY ...coceeverieriieniinninineiinireneenecncne
Linearization of the Cw Raman Laser EQUations ...........ccccoeveiniiiiinnnnes

Relaxation OSCIllations .......ccecvveiiriinmiiensiinnsstseneseeeiei e :

Experimental Elimination of Relaxation Oscﬂlatlons .................................
Predictions of RIN on the Raman Laser .....ocoeecverecernrereencesssnisesnnnesssessssnnes
Conclusions .....cc.ceeeens RIS e

10
12
13
16,

18




vi

References ......cooeeviernneinnenne oot sren et s st 61
6. CW RAMAN LASER LINEWIDTH .......cccocevviinmiiniiiniciiinenens eeeeeereeeeeeesessio 62
Motivation for 2 Linewidth Measurement .....................eeresssssssnrresssssess - 62
. Measurement of Laser Linewidth .......... FE OO PSOPOIRON 62
Experimental Apparatus and Linewidth Measurements .........cceevcerceeeences 64
CONCIUSIONS 1.vvererenreciienieiiiiitiiieni e as b s s ne JROT 69
RETEIENCES .vvrrreneeseeiniieteeennee ittt st e s b e s a s r e st e snc b 70

7. CONCLUDING REMARKS t....ooosvvvossssssessesssessssssssssssessessssssessesssssssesssisssens 71
APPENDICES ....coceiiinirninrennereissesdesnenenennasd et e e 72
AppendixA—'Locking e etre ettt e e b et a bR r e bes e LT3
Appendix B — Servo Design «..c..ocevuiveiinens. ettt eber st ra e te e se s e senndassaana 78
Appendix C — PieZ0 DIIVET vt 83
Appendix D — AOM DIIVET 1ccevcvmerceiiicisiiiiineisssnsisiassenes s 87
Appendix E — AOM Temperature Controlling ...........cocveveunenes e 90
Appendix F — Pumping SYStem i ieccniiiiiiiiscn s 92
Appendix G — Raman CaVILY ..oc.oveeeeneiernimiiminiiiiiim e 94

Appendix H — Math-Cad PTOgrams .......c.cevcuveisiiiiiiiiiis e, 97




Figure

1.1

1.2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

3.2

3.3

4.1

42
43
4.4

4.5

4.6

4.7

vii

LIST OF FIGURES

. Energy Level Diagram ................ reeieteereeenreeteartenebearaeeateesae st se b e e aanebas 2

" Potential Raman Lasers .........coev.u.... ettt ettt be e ae e b e e 4
CavVity BUld UD .oveeeereeererirecniesensisecssisnssse s ssssssssssssisssssssssesssssssins 9
Cavity Mode OVErlap .......couveirmninniinincceei s 11
Cavity MOAE OVETIAD .....urverrimmrmiisisresissessissssssssesissess s sssssssnens 11
Experimental APPAratUs........coouuuueruesinesiosssssssssersssiossssnesssissssssssnssisssssseses 12
Stokes Output and Photon Conversion Efficiency vs. Pump Power ........... 14

l Pump and Stokes Profiles ..., SRR R LI
Beam Diameters through a FOCUS ... 16
Resonant Cavity ...eceveerereesesccnenene et renenas eeerereeeereseeeseressennsssnsns 20 |
Energy Level Diégram ................ e e 22
Energy Level Diagram e et eee et R e a R e 24
Cw Raman SEATE UD veeernrrerrsssersnsssssssssssssismssssssssssssssnessssssssssssssssssssisnsees 30
Conversion Efficiency vs. Time ...... ceereieseeseasseessssaessasensssansen SIS ¥
Pump Coupling Efﬁciency vs. Time.......c.o..... ettt es 38
Conversion Efficiency vs. Times Threshold ..c...ooeiuieiineiiccncinsiiiniisninnns 40
Experimental Diagram .......... 41
Stokes Output and Conversion Efficiency vs. Pump Power (fitted).............. 42

Experimental Diagram ......c.ooeeeeveivicisinninninnnnes ettt naeas 43




4.8
5.1
52
53
54
5.5
5.6
5.7
© 5.8

5.9

5.10 -

5.11

5.12

6.1

62

6.3
Al
| A2
B.1
B.2
Cl1
D.1

E.1

viii

Stokeé Output and Conversion Efficiency vs. Pump Power (thre'shold)....... 44
Raman SEAt UD cevvcreiriiiiiiinrinierenstnte et sans 49
Comparison of TREOTIES .....vuurrrivisiinriessivninse | vttt 49
Relaxation‘Oscillations Frequency and Dami)ing ....................................... Si
Damping in 1 0SCHIAtION ..veiveieecieicncii e 51
Experimental Set-UpD......cecereernieriiiiiin st .52
SHOKES RIN w.crvvvvesssenssssssssssss s 5.4
Stokes and Pump RIN as Function of Pump POWeT.....cccoveuevecisinsiiense 55
Cavity Lineshape ....cooeiimeseirreersennciiinniiiieissssssssneacs I 56
Pump RIN £OT TREOLY wvvrerrersrsssssssssssse st 57
Stokes and Pump RIN as Function of Pump Power (Theory) .ccoeeveeennen 57
| Stokes and Pump RIN as Function of Pump Power (with input RIN) ...... .. 58
Low and High AOM GEif...rrvets e .59
Experimental Apparatus ......... ...................................... 65
Linew'i.dth MEaSUIEIMENL .. ccvvveeeeeceeeresrmesiessessansseeesasenes feveeeeenaeaens bereesenes 66
" Allan Variance vs. Integration Time ....................... 68
Production of Error Signal ettt s 75
Error Signal .....cocovevmenvennsicnnniiinnnns e eretee sttt ettt r ettt R e 77
-Servo and Overall RESPONSE ..ccoverveuvirenrarireneseenessisnns ferereeere et 80
Servo Circuit Diagram ......ocevvevimnieennsesneeiinsiennens — . s 81
Piezo Driver ‘Cir'cuit DIAGIAM 1.vievverenininnsivenssssssstsessssass st sesscnens 85
AOM Driver Circuit Diagram ........ o e e 89
AOM Temperature Stability ...... ................................. 91




F.1

G.1

G.2

G.3

G4

ix

PUMPINg SYSLEIN w.cvvvvvvreirniiiieriic it e creee 93,
cw Raman Laser ................... ceerernenreneenreneas reresrenereseenetressasresaeeeeneseeeentens 55
Cavity Hé)using ..................... A e e e anenes e 95
cw Raman Laser ........c..c.o..... ............. et e 96
Isolation Shell ...... e varensarsasanesenssessessssnsnsnsassssassas 96




ABSTRACT

The first non-resonant cw Raman laser in H is presented in this thesis. A time-
dependant theory is presented that describes the cw Raman laser in the high pressure limit, so
population dynamics can be ignored. The theory is tested in the steady-state regime and it
matches well against the experimental data obtained. The theory also predicts the relaxation
oscillations of the cw Raman laser and provides insight to minimize these oscillations. The
theory predicts the relative intensity noise of the cw Raman laser, which is in good agreement
with experimental results. Finally the cw Raman laser linewidth is measured to be 4kHz over a
10ms scan, and the Allan variance of the laser linewidth is experimentally measured.




CHAPTER 1
INTRODUCTION

. If you were to take a poll and ask a group of laser physicists: “What do you think the
iaser field as a whole needs in the future?”, the answers would vary, but there would be.an
underlining theme. They would want to have a narrow linewidth laser at every wavelength in the
spectrum, ultra-violet, visible and infrared parts of the spectrum, with a géussian spatial mode fof
the output. So why would we want.to have all of these lasers? What good would they be?

The needs vary from making more stable atomic clocks to moﬁito'ring of atmospheric
gasses. Imagine if we cc;uld puta smail laser system on a smoke stack that could tell us what
pollutants a faétory was putting out. We cc.>uld place these laser systems' around airports and

. monitor the wind conditions and monitor for wind shear, by using a laser that is in the ;‘eye” safe
region o:f the specfrum. Both of these lasers are ﬁeeded in the 2-5 pm infrared region of the
spectrum. Now how can we make.these dreams of bigger énd better things become a reality?
Either we can make new lasers, or take existing lasers and externally shift the wavelength.

Currently available lasers ih thi§ region have some disacivantages. For example, a lééd
salt laser can produce laser light into the infrared but itlhas small output powers (~tens of uW)

~ and needs to be qoéled at liquid nitrogen ‘tcmperaturesi. An alternative is to take existing lasers

. "and double, or triple the frequency- of the laser by using second harmonic gengratfon and other_ -

nonlinear effects. We also can make optical parémetric oscillators which can form laser




frequencies lower than the original laser. However, all of these devices have drawbacks that

range from output linewidths to the multi-mode spatial outputs of the optical parametric

oscillator to the high thresholds often needed to construct the lasers, typically in the 50 to 100

mW range [1,2]. In addition, the cost of some of these devices is ~$100k and up. -

Another method to shift the frequency of a laser is to use Raman scattering. Laser

induced Raman scattering, first studied in 1962 [3], occurs when an incident photon interacts

with a molecule (or an atom) and generates a red shifted photon resulting from the conservation

of energy when the excitation in the molecule occurs. The molecular excitation can be

rotational, vibrational, or electronic, which accounts for the possibility of many different

wavelengths. For example, figure-1.1 shows the levels involved for vibrational Raman

scattering of a 532 nm lasef in H, to 683
nm. At high intensities the Raman
process can have gain an.d produce
stimulated Raman scattering, and,
because of the high intensities needed,
Raman scattering is most often studied in
the high power pulsed regime.
Stimulated Raman scattering has also
been utilized in tﬁe continuous wave

(cw) regime to make cw Raman lasers.

However, because of the lower

intensity of the cw pump

e
Pump ' . Stokes
532nm 683nm

v=1

v=0

Figure 1.1 ‘Energy level diagram for Hy, to
scale. - :
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lasers, these cw' Raman lasers generally operate near a molecular (or atomic) resonance to
increase the Raman gain and are therefore tunable only over a naﬁow regions near the resonance.

A few examples of near resonant Raman lasers include a 67pm cw Raman laser in NH;
[4],acw sodium Raman laser near the Na D lines [5], a two photoh pumped cw Rb Raman laser
near 776nm [6], and various cw Raman lasers near the Ne resonances in the He-Ne laser
discharge tube [7-9]. In addition, cw Raman lasing is also possible in optical fibers where the - .
long interaction length of the fiber and the small si)ot in the fiber increase 'the gain so cw Raman
lasing can occur. However, typically input pump powers on the.order ofa v;/att are need to pump
theée Raman fiber lasers [10]. In addition, the Raman shift in the optical fiber is only ~44'0 cm’!
and is inconvenient if one is looking for substantial shifts of wavelength. - |

Recent developments in mirror coating technology have lead to the ‘availabil'ity of new
mirrors with reflectivies of 99.995% and higher. To put this number in perspective a bath-room
mirrof only reflects ~.96% of the light that is incident on it while the 4% is typically absorbed,
these new mirrors absorb only 10 parts per million an improvement of over tﬁree orders of
magnitude. These low loss mirrors have been used to build nonconfocal cavities or optical
resonators with finesses of 50,000 and higher [11,12] ( a Q-factor of ~10° and greater). By the
use of the nonconfocal éavity we have a focusing geometry which makes the siaot size of the
beam on the mirrors on the order of 100pm, so thé degradation of the finesse ‘(Q-factor) that is
due to wavefront distortion is mirﬁmized anci the hlgh finesse cavity is achieved. |

With the advent of this new téchnology of high.finesse cavities it now becomes possible
to consider using these cavities to do studies in nonlinear optics with.cw lasers in the milli\watt
range of power. Sfpeciﬁqally, it is now possible to'use the high finesse cévitjes tobuilda widely

tunable cw Raman laser that can be pumped by a laser in the milliwatt range, namely low cost




diode lasers. If we consider all of the room temperature diode lasers, and a few gasses to
perform Raman scattering in, namely H2 and CH4, we can cover the 1-4pm range of
the spectrum. Figure-1.2 illustrates this point. This provides a lot more possibilities for new

lasers. This thesis will describe a non-resonant cw Raman laser in H2, the first of its kind [13].

Diode Lasers

Stokes in CH4

Stokes in H2

0 1000 2000 3000 4000 5000
Wavelength (nm)

Figure-1.2 Shows the possible cw Raman lasers for various gasses.

This thesis is arranged in the following manner. Chapter 2 describes the proof of concept
experiment and familiarizes the reader with the idea of the threshold of the cw Raman laser with
a back of the envelope calculation. The output mode of the cw Raman laser is characterized as
well. Chapter 3 develops the cw Raman laser equations that will be used throughout this thesis.
Chapter 4 studies the steady-state nature ofthe cw Raman laser. In chapter 5 a linearized theory

is developed to explain the relaxation oscillations that the laser is seen to exhibit. Chapter
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)

5 also predicts and explains the amplitude noise on the cw Raman laser. _Chaf)ter 6 measures the
Raman laser linewidth and the stability of the Raman laser frequency. Chapfer‘7 gives brief
concluding remarks, and a few appendices are included t.o‘ describe some of the devices and. -

methods used in this thesis. So off to the second chapter.
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"CHAPTER 2

THRESHOLD PREDICTIONS, AND PROOF OF CONCEPT EXPERIMENT

Theoretical Prediction of Threshold

As stated in the pr_évious chapter, this thesis presents the first non-resonant cw Raman
laser in Hy. In this chapter we will go though the initial thought process that led to the realization
of a cw Raman laser.

An important conceiﬁ when describing lasers is the threshold condition, since this is
when the light exiting the cavity exhibits laser-like qualities; i.e. coherence. Threshold happens
when the gain equalé the lossin a sysfem. To predict the threshold of the cw Raman laser we

start with the single-pass gain G in a focused geometry[1]:

G2 tn"‘(ﬁ)P 21
T24,+4, an \p)'e | "

Where G is the Raman gain per pass, o is the Raman gain coefficient, A, (As) is the wavelength
of the pump (Stokes) field, £ (b) is the interaction length (confocal parameter{2]) of the bearﬁ,
and Py is the incident pump power. The factor of one half accounts for the standing wave that is
formed inside of the resonant cavity instead of a traveling wave. The Raman gain coefficient, «,
has the followigg functional form[3]:

D(Vp - Vv) DV5

=2 22 — ;.2 22
v =-v,)" (M =)

2.2




Where D is a constant that incorporates the pressure of the gas at the linewidth of the transition,
vp (vs) is the pump (Stokes) frequency, and v; (vy) is the resonant electronic (vibrational)

frequency of the transition. Equation 2.2 assumes that tﬁe pump frequency v, is far from the
resonance v,. For diatomic hydrogen, vi=8.48x10%m™, and v,=4155cm™. Note that v;

corresponds to a resonance at 118nm in the UV, so vlz-vp2 will be a slowly varying function for
vp in the visible and the IR barts of the spectrum. Thus the cw Raman laser in H, is expected to
be broadly tunable. For a pump Wavelength of 532nm (18,800 ‘cn'fl.), o is 2.5x10° cm/W in the
high-pressure limit[3]. To generate a spontaneous Stokes photon in a single pass we need on the
order of 300kW of pump power. Since typical cw lasers are in the milli-watt to watt range, we
need a way of increasing our cw power te have cw Ramanllasiﬁg.

One way to increase the circulating power of the pmﬁp laser is to pump an optical cavity,
or a. high finesse cav1ty (HFC). To see this effect, we start with an interferometer and focus on
the intensity build up inside of the HFC. Because we are looking at an interference effect we

" sum the electric ﬁeld to build up the jntensity inside of the HFC. Figure 2.1 demonstrates how

the fields build up inside of the HFC.




tE

E trE

-t'rE

= trE

4 rE "_TE
s t'rE

't rE; E
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trE €
= t'rE

t rE * Ir'e

) =

Figure 2.1 Electric field buildup inside high finesse cavity
Where r (t) is the electric field reflectivity (transmission) which is just the square root of the
intensity reflectivity, R, (transmission, T). We see that, in the absence of mirror absorption, all
of the optical power is coupled into the HFC and the field builds by a factor of V(I-r) or the
power contained inside the cavity increases as the square of t/(I-r). [4], Thus our gam becomes

the following:

an i 2.3

incident

= -1
© 22 Tp+Ts

where Tp(Rp) is the transmission (reflectivity) of the mirrors at the pump wavelength, and
pincident IS the optical power incident on the HFC.

The mirrors ofthe HFC can be coated for both the pump and the Stokes wavelengths.
Now we need to think about how the Stokes reflectivity figures into the cw Raman laser

threshold. We have the gain per pass as given by equation 2.3, now we need to find the loss per

pass. This is:
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Loss=1-R, ‘ 24
where R, is the mirror reflectivity at the Stokes wavelength. By equating the gain and loss

equations (2.3 and 2.4) and solving for Pincident, We arrive at the following condition for the

.. threshold of the cw Raman laser:

o ~ 2(1-R,) (ﬂswlpj[j_\/g—p-}z
.Izhreshold tan_1 (l_i_) 4o ,\/ﬁ . -

To get an approximate value for the threshold let us choose some typical numbers. The
manufacture of the mirrors can produce mirrors with coatings for multiple wavelengths with
reflectivies of 0.9998 and absorption of 15 ppm or less [5]. The laser used to pump the Raman
cell has a Wavelength of 532nm, which would correspond to a Stokes output of 683nm. The
cavity length is approximately 7cm with 25cm radius of curvature mirrors, corresponding to a

. confocal parameter, b, of 17.3<.:m. If these parameters are plugged into 2.5, we predict a
threshold of 0.7mW, which is dramatically; lgss then the 300kW for a single pass. The only
assumﬁtion is that the optical cavity is resonant at both the pump and Stokes wavelengths.

Design Considerations

Thus the threshold of the cw Raman laser is predicted to be on the order of a milliwatt.

Now we need to think about how one of these lasers can be made. In order to make the cw

Raman laser work we need to make a cavity that is doubly resonant. At first this seems like an |

insurmountable task, because we have finesses on the order of 15,000 or the ratio of the free

spectral range (FSR) of the cavity to the linewidth of the HFC is 15,000. Figure 2.2 illustrates

this seemable impossible task.

’




u

Stokes Resonances
Pump Resonances

Free Spectral Ranges Free Spectral Range

Figure 2.2 Overlap of pump and Stokes cavity modes
We see that over a scan of seven FSRs the overlap of the Stokes modes to the pump modes is on
the order of 10'6, this would increase the threshold from a milliwatt to a watt! However, we have
overlooked the Raman linewidth. For 10atm. of H2 the Raman linewidth (FWHM) is 510MHz
[3], ForaFSR of 2GHz, we only need to scan seven FSRs before we have a significant overlap.
Figure 2.3 illustrates how the Raman linewidth relaxes the mode overlap constraint. We see the

Stokes resonances
------- Pump resonances

Free Spectral Ranges

Figure 2.3 Overlap of pump and Stokes cavity modes with the Raman linewidth included.

overlap approaches 50% in a few places, this would double the threshold from a milliwatt to 2

milliwatts. To ensure that the Stokes and pump cavity resonances fall within a Raman linewidth.
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either the pump laser or the Raman cavity must be scanned until an overlap occurs, ~7 FSR or
~20GHz (for a 2-3GHz FSR) of tuning is required for either the cavity or the pump laser.

In addition to the requirement that the pump and Stokes resonances overlap, the pump
laser needs to be stable enough to maintain the intensity build-up in side of the HFC. For the
cavities described in this thesis, the pump laser must be stable to about 10kHz (cavity
linewidth/10). As a result, the pump laser must undergo some frequency and phase stabilization.

Appendix A describes the Pound-Drever-Hall [6] method for locking, which is used to stabilize

the pump laser.

Faraday Isolator

12MHZ

Lens
Stokes Detector A
NB 683nm  X.
xy\
_ Raman Cell
cCuU Oscilloscope
a D

Power Meters

Figure 2.4 Experimental diagram of the cw Raman laser
Experimental Apparatus
The apparatus used to make the first cw Raman laser in Hz is shown above in figure 2.4.
For this experiment we chose to use a frequency-doubled Nd:YAG [7] laser with an output up to

200mW. The output of this Nd:YAG laser at 532nm was sent through a Faraday isolator to
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minimize the dptical feedback to the Nd:YAG laser. An electro-optic modulator (EOM) was
used to place sidebanas on the carrier frequency required for locking the pump laser to the
optical cavity. The pumpllaser beam tr;elveled through a two-element lens pair used to mode
match the pump beam to the cavity. A polarizing beam splitter (PBS) cube in conjunction with a
quarter-wave plate allowed for monitoring of the beam reflected from the cavity. A fast detector
(>12MHz) was then used to measure the error signal. A low' n’oise amplifier gave.the signal
30dB of amplification in power before the signal was mixed to dc. The error signal entered the -
servo, and the slow corrections were sent to temperature tune the pump laser, while the fast |
corrections were sent to the pump laser piezoelectric transducer (PZT). The entire apparatus was
placed on a ﬂoatir_ig platform to minimize the effects due to vibrations.

Experimental Results

The Raman cavity used in this experiment has a design.similar to thé high finesse cavi;ty
described in References 8 and 9, and diagrams 6f the latgst Rgman cavity used in this thesis can |
be seen in appendix G. The cavity mirrors had a radius of curvature of SOcm and were spaced by
7.28cm by ULE 7971, an ultra-low ex-pansion' material made by Corning. The cavity was filled
with 10atm. of H,, resulting in a Raman linewidth (FWHM) of 510MHz. The output of the cw
Raman laser was measured at the exit of the cavity, with a narrow-band (NB) filter at 633nm
placed in the beam at a slight angle to separate fhe pump and Stokes beams. The output power of
the laser was variéd, and the pump laser Was locked to the ca;/ity. The average pump and Stokes
powers were measured, and a phbtodiode was used to monitor the amplitude ﬁoise o.f the Stokes
beam.

Figure 2.5a shows the power of the total Stokes power radiated from the cavity as a
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function of the pump power incident on the cavity and Figure 2.5b shows the Stokes photon
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Figure 2.5 Shows the output of the Raman laser: (a) shows the output power of the cw Raman
laser while (b) shows the photon number conversion efficiency

number conversion efficiency as a function of pump power. The cw Raman laser has a threshold
of ~2mW. The maximum photon conversion efficiency is 35% at a pump power of 7.6mW.
The cw Raman laser had a maximum output of 8.2mW at 109mW of pump power.

The theory predicts a threshold of 1.2mW for mirror reflectivities (transmissions) of
0.99983 (92 ppm). However, in this experimental setup we see an experimental threshold of
~2mW. This difference can be attributed to the accuracy of the overlap of the double resonance
ofthe pump and Stokes beams.

The intensity fluctuations on the pump and the Stokes beams at the exit of the cavity are
less than 1% for high pump powers and increase to 5% for low pump powers. The intensity
fluctuations, which are in a frequency band of 30-300kHz, are believed to be relaxation

oscillations caused by the interaction between the locking servo loop with the intensity buildup

in the cavity, which occur on a time scale of 1-I0p.s. The cw Raman laser is more efficient at
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lower pump powers, causing a larger initial oscillation in the locking signal, which is feedback in

to the servo which maintains the oscillations.

The spatial profile and the longitudinal mode characteristics of the output of the cw
Raman laser are useful pieces of information. Because we are using a nonconfocal cavity with
spherical mirrors, one would expect a gaussian beam at the exit of the cavity. To confirm this
result the output of the cw Raman laser is sent through a pelin-broca prism to spatially separate
the pump and the Stokes beams. The transverse structure of the beam is measured by imaging
the pump and the Stokes beam on a charge coupled device (CCD) camera. These results can be

seen in figures 2.6a and 2.6b.
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Figure 2.6 Shows the output beam spatial profiles: (a) shows the pump beam while (b)
shows the Stokes beam

Figure 2.6a is the spatial profile of the pump beam, and Figure 2.6b is the spatial profile of the
Stokes beam. We see that both the pump and the Stokes beams have are circular (>96%) and the
gaussian fits are excellent (>0.97). To see the longitudinal dependence of the Stokes beam the
Stokes beam was measured through a focus and waist measurements were made at various places
throughout the focus. Figures 2.7a and Figure 2.7b show the vertical and horizontal waist as at

various places while the beam is focused.



16

3000 -1
2500- a

2000-

o m  Horizontal
s b

E

Q

500 -

10 12 14 16 18 10 12 14 16 18
Distance (cm) Distance (cm)

Figure 2.7 Shows the output Stokes beam of the cw Raman through a focus: (a) shows the
vertical while (b) shows the horizontal dependencies.

The beam diameter data is fit to the following equation [10]:

2.6

where x (z0) is the wavelength ( Rayleigh range ) of the beam and xo accounts for any
displacement in the origin. We see that the beam obeys gaussian beam propagation, however,
there is a slight astigmatism that is attributed to the pelin-broca prism, which was used to
spatially separate the pump and Stokes beams.
Discussion

The proof of concept experiment was just presented. The experimental threshold
matches our back of the envelope calculation for the threshold of the cw Raman laser within
experimental error, and the Stokes output propagates according to gaussian optics as expected.
However, there are many exciting unexpected subtleties. When one takes a closer look at the
photon conversion efficiency, we see that as we increase the pump power the efficiency increase

initially from zero (below threshold) to -34% and then falls to -10% at higher pump powers.
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This is peculiar, for a diode laser the conversion’ efficiency increases as m;);e current is supplied

to the diode and eventually levels off but is does‘not drop by a third. Another gem is when the
cw Raman laser lases it is prone to oscillate at a frequency that is highly dependentl on the pump

power which makes one think of relaxation oscillations. In order to explain and predict these

phenomena, we need to develop a time dependent theory for the cw Raman laser. This is

discussed in chapter 3.
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CHAPTER 3
THEORETICAL DESCRIPTION OF THE CW RAMAN LASER

Physical System

Typically the theory describing Raman scattering in Hy can be mathematically described
as amplifier theory. The main reason for this is the most important independent variable ie the
propagetion distance of the optical beam through a Raman cell. Even when_ the optical beam
undergoes many focuses in a multi-pass cell, the important variable is still the interaction length.
However, ih a resonant cavity, where the beam is folded back en top of itself, we lose the ability
to trace out the bea;rh ona pass per pass basis. In fact, we have two traveling waves.each
traveling in opposite directions interfering to fotm a standing wave inside of the cavity which has
no apparent preference to direction. If we look at this standing wave at time scales:larger than_ )
£/c, or O.Zhs for a 7cm cavity, the standing wave appears to be unifotm throughout the cavity
and the amplitude of the standing-wave increases uniformly with time as more light is pumped
into the cavity. This is true of any laser that is formed by a resonant cav1ty In Sargent, Scully
and Lamb's Laser Phys1cs [1],wea have a traditional treatment of a two 1eve1 laser system We
will extend this treatment' to the Raman system.

The goal of the theory, that we are getting ready to derive, is to find time dependent
expressmns for the pump and Stokes fields. Because we are- dealing w1th fields, it is natural to

start with Maxwell's equations.
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V-D=0 VXE =--

V-B=0 VXH=J+- 3.1Ad

where D= E+E, B=/"0H, and J = 0oE. To simply the boundary conditions we assume the

presence of a lossy medium described by a which incorporates the losses due to the H2 by

scattering and losses due to transmissions and absorptions in the mirrors. Now if we take the

curl of the first equation we arrive at Maxwell's wave equation:
-VzZE+nQ(T— +ADED ' 3.2
0T g *PH 30 Go*

This is a common result that is seen everywhere in physics. This equation is true for both the
pump and the Stokes fields. Let us start by examining the spatial dependence of our fields. We
can separate the time and spatial dependence of equation 3.2 and arrive the at following second
order differential equation.

V2u(z) =-k2u(z) 3.3
Figure 3.1 is an illustration of the resonant cavity, so we can see our boundary conditions for

equation 3.3.

z=L, U(L)=0O
z=0, U(0O)=0

Figure 3.1 Shows the spatial dependency of a resonant cavity
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When we apply these boundary conditions to equation 3.3 we arrive at the following solution: -

u,(z) =B, sin(k,z) : 3.4
nzc L - . ‘ ' ‘ :
where k,c=Q, = W This results from separating our fields and our polarization into the -
following dependencies:
, o
E(z,t)=EZAn(t)un(z)+G.G. ‘ - » . 35

where A(t) is the complex electric field amplitude 6f mode n.. We can further set
Aq(t)=E, () exp{-i{v,t+ 4, ()]}, - 36
where the amplitude coefficient E}l(t) and the phase ¢n(t) vary little in an optical period, and

v, +@, is thé oscillation frequency of the mode. So the expansion of our field becomes
5(2, )= %Z E, (£)exp{—ilv t +4,Tu, (z) + ac . 3.7
similarly we find that we can express our polafizatiop as
F(z,t)= —;—zﬂ: 2.(t) éxp{—/[v”t +¢, B, (z)+ce. | \ .3.8 h

Now we take these expressions for the field and the polarization and plug them into ‘equ'ation 3.2,
and use the fact that Ey, ¢n, and P, vary little in an optical period to set the terms contaihing fén s
é.» gi, , oE,, o4, , 9,9, ,and .9; equal to zero. This approximation leaves us with the following

equatiori describing the pump and Stokes fields:

QiEn _/i vnEn_Z/VnEn—(vn+¢n)zEn=1‘/" '?,«, ’ ‘ . ' 39
‘ 5, ;.
where we have used Q. =k,c and multiplied the equation by c¢®. To make this ‘equ~atic.)n more

manageable let us assume that the cavity is resonant at both the pump and Stokes wavelengths,
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ie. Q, =V, +4,,and that we only have one mode of the pump or Stokes to worry about. This .

leaves us with the folIowing équation": _

. 1{ o 1{v ] - _ ,
E,=——|—|E,——=|— % - . ‘ 3.10
2 £, 2i\ g,

- where the subscript, a, will be used to denote either the pump (p) or the Stokes (s) field, the first
term corresponds to a loss term due to the medium and the mirrors, and the last term correspond
to a gain term. Now.we need to find an expression for the polarization of the medium, P.

" Polarization of the Medium and the Density Matrix

~ To find an expression for the polarization of the medium let us start with an energy level

diagram. Figure 3.2 shows the energy levels - 2>
involved vibrational Raman scattering in Hj (to
scale) with a 532nm laser used for the cw )

Raman laser. Note that the virtual leve] (dashed

line) is associated with the first electronic level

(labeled |2)) so the cw Raman laser is far off

the electronic resonance. The purhp laser

) . e .. P
establishes a polarization of the medium 5‘55”,,%1 \\ _ 2?;,—9,,?”
between the ground state, | 1), and the electronic | \/l;}

- ' 1>
state, | 2), which in turn produces a Stokes field

Figure 3.2 Energy level diagram of Hy, to

that establishes a polarization of the medium scale . N

between the electronic state and the vibrational
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state, |3). The strength of the polai_r_ization depends on the level of interaction between the
levels or the coherence between fhe s’;ates. We now need to arriv'e at an éxpression for ;the
coherence between various states. This is easily done by introducing the density matrix.
We start with the Schrédinger picture of quantum mechanics, and deﬂme the
wavefunction, ‘¥'(x, £), which is a solution to Schrédinger's wave equation, H¥Y = E¥ . Because
of our geometry, i.e. the resonant cavity, we assume the spatial dependence goes like un(z) of

equation 3.4. So all that we are left to find is the time dependence of the wavefunction. We can

expand the wavefunction in the following manner:
) = 6, (B . | 3

where c,(t) are called Schrodinger probability amplitudes, and |n) are the eigenstates 6f the
system. In the Schrédinger picture of quantum mechanics to evolve the wavefunction in time,
we evolve these probability amplitudes? not the eigenstate as in the Heisenberg picture. The
'change in the wavefunction as a function of time arises when a time dependent perturbation,
V(%), is applied to the system. This causes the probability amplitud'es:to change in the following

manne;r:
. . 1 *
&, (%) =——ia)ncn(1;)‘—-;i—z<n|V| Doy =700 3.12
' k .

where oy is the'frequency' of oscillation of the unperturbed wavefunction. The second term and
takes into account the perfurbation on the system, aﬁd the le;st term résul;cs from
phenomenologically adding in decay of an excited state. Now we want to change these
probability amplitudes into sorﬁething more physical, i.e. a population in a given state or a
coherence between states. So we define the density matrix:

P, =C.C, : L 3.13
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When a=b, we have the population in the in the state a, and when a%b we find but hbw the states
a and b are correlated or the coherence between the states. So the density matrix evolves
gccording to the following equation:

P, =6,0, +CL6p . -3.14

Now let us examine our system more closely. First of all let us define our potential

1 - - .
V(t)=—EgoE(t)e @ : 3.15
where g - is the electronic dipole term, E(t)
‘ 2>

is due to either the pump or-the Stokes

field depending on the transition, and ® is

the frequency associated with the field.

The parity of our potential is odd due to

the electronic dipole term. Let us revisit

our energy level diagram, figure 3.3.

Figure 3.3 illustrates the parity of the Pump . Stokes

, - 532nm 683nm

different states of the H, atom. We see \\ \/\—" ,

: 13>

that the states | 1) and | 3) are even while > A .
Figure 3.3 Shows the energy level diagrams of
H, scale

the state | 2) is odd. The. parity reduces
the amount of work that we have to do when we evaluate the density matrix. This is because .

{oddlodd odd) = O and {even|odd| even) = O while {odd|odd even) = ? and {evenlodd odd) = 7 .

Now let us look at the sum contained in equation 3.12, D kiviny =Y Vk; =Y. V* ,and use the
N n n n

parity argument. We find that we are'left with only two non-zero terms, V,; and V23.' When we

. evaluate these integrals, we find
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1
YV, =f—2—,goEp (t) exp[—i(copt+¢)]up(z)+CRT, and 3.16

Vo =—%50E5(t) exp[—i(@,t +@)]u, (z)+ CRT - 3.17

where fo ~ 0, ~ 0,5, and CRT denotes the counter -rotating term. The CRT can be neglected
* because it leads to a rapidly oscillating term. We ﬁow know our potentials, so we can begin to
write the elements of our density matrix.

Now to make the density matrix equations more manageable and to emphasize the spatial
and time dependencies, let us redeﬁﬁe some variablés and constants. Lét us start by redefining
our density matrix to incorporate the pump and Stokes fields as o, = p,,e'*",

{w,-o,)v

Oz = Pg€ > Opy = ,0256i“’5t ,and o,, = p,,. Our pump and Stokes fields are represented

by a= —%EP (t)e"i¢up (z),and B= _%Eé (t)e ®u, (z) respectively.. The decay of the

. ' 1
populations and the coherence will be defined as y,, = > (7a + 7b) [2], and the frequency

difference will be defined as w,, = @, — @, , and the detuning from the excited state will be _

represented as A, = @, — @y, and A, =, —@,; which are identical when the pump and

Stokes energy difference is identical to the vibrational energy. Because we only have a three
- level system we have an additional constraint on or density matrix equations which is

O, + 0, + 0y, =1, we define the population difference D, =0, —0,, . With these
definitions and constraints, we can write our density matrjx equations [3]
D, =—b(1+DZ,)—41m(a*az1)—2lm(ﬂ*az.5) | 3.18a
Dy =—bD 5 —4!m(ﬁ*025);21m(a*021)v © 3.18b

Oy = f'(1—i5p)b'21 +iaD,, —i,BO'51 ; : 3.8
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Gy = ~(1-18, )0 gy +ifID 5 — 105", ‘ 3184
Oy =—(1-1(8, = 3,))05 — 1B 0y +ictoy, ‘ - 318
where the population decays are setequal, I' =y, = 7 55, as well és the coherence decays,
Y =7, =7ps =¥z - Lheequations are divided by the coherence décay leading to the folfowing |
deﬁnitio’ns:. b=T"/y,and §=A/y. We have a set of expressions for our dénsity matrix, SO we |

can return to our field equation and write an expression for the polarization term.

We can \'Nrite the slowly varying piece of the polarization as
2 ()= 2(3x[¢9|:/'(a)t+¢)]%L Edzu; (Z)(Tr (g p)) . | 3.19
. a , :
where Nis a normalizat‘ipn factor which is just
g, = _Edzu‘ (2w (2). : _ . ) 3.20

To help us evaluate the polarization let us think back to the infinitely deep square potential well

of undergraduate Quantum Mechanics. The solution to Schrodinger's equation had the form

weu(x) ZA ﬁm(—) an(X) | | _3.21'

where ¢ is the length of the cavity. The importance of the solution is the orthogonality of the

eigenstates of the wavefunction, or mathematically {n|m) = Opm- S0 if we examine our

coherence terms of p, we see that ps; (p23) has the same spatial dependence as the pump (Stokes)

fields. As aresult, only one term survives the spatial integration for either the pump or the

. Stokes polarization term, &. This leaves
7, (L) =2x ,6p exp(/(@ £ +§)) = 2x,60,, exp(if) , and | 3.22a

P(t)=2X5,60,5 exp(/’(a);zt +9))=2x,,60,, exp(ip) | 3.22a
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- for the complex polarization induced by the pump and Stokes fields. When we take these results
and plug them into equation 3.10 with the appropriate change of variables, i.e. o, and_[?;, we

arrive at the following 7 equations which describe the Raman process [3]:

1(o, o, _
G =—7| "o+ expoy +K() ' 3.23a
2\ ¢, €o ' , .
SR -stﬂ+iw5 ‘ o 3’423b
=—— —2 X, O .
B 2 £o. g, EX 32 ‘25
D =-b(1+D, )~ 4Im(a* o) —2Im(f 0,s) E 3.23¢
D25 =—bD, —4lm(,3*025)+2161(a*021 ), ' - 323d
Oy = —(1-16, )0y +iaD ,, —ifos , 393
Oy =—(1=18,)05 +1D 55 —iqoy, : : . 393f
Oy = —(1-i(8, = 5,))o5 —if o, +iao,, : _ 3.23g

where K(t) of equati.on 3.23a accounts for the optical pumping of the HFC. These seven non-
linear coupled differential equations describe the cw Raman laser. Thar;i{fully we do not have to

_solve these equations in the present state. We are about to unleash a flurry of approximations for
our system. However, we will go one aﬁproximation at a time, this will take more time and
paper but it will provide the reader with a host of equations that can be used to describe the cw
Raman laser if one of the approximations or constraints is relaxed.

Far Off Eiectronic Resonance

The first approximation that will be made is the pump laser is far off resonance,

Wy >> W, This simple assumption has many repercussions. The energy needed to reach the

excited is 84,8000m'1 which exceeds the thermal energy by several orders of magnitude, as a
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result the population in the excited state is assumed to be zero, 622=0 and 6, =O. Similarly the

coherence associated with this excited state, 633 and 65;, do not vary with time, i.e.
Ops = Oy = O [4-7]. Equations 3.23e and 3.23f give rise to the following steady state values

for the coherences

1

1-i6,

Oy = (iaD 21 _iﬂo';) | -. | 3.24a

s

O = 1_15 ('ﬂDzz laa;). . 3.24b

Now we can use the fact that the population in the excited state is zero, o,, = O , to express Dy,

and D»3 in terms of Dys. This results in the following exbressions:

‘@ﬁ*ﬁ

> 3.25a

Doy =

Dy —1 : '
Do =—‘2'—. , A 3.25b

The fact that the process is assumed to be resonant with the vibrational state, i.e.

5P ~9,=0 >>1 , and using equations 3.24a — 3.25b, our seven coupled differential equations

reduce to the following four equations[4]:

_ 1( % i@, i@,

@==25, )" 20, o, —F B0y +K(2) 3.26a

> 1 Og Ig ' . sk . A

ﬂ:——( *)ﬂ+—(1~D' )B+igao. _ 3.26b
2 e, 2 13 31 |

. i 2 P .

Oy = —0O +5 0% (lel? —|,B| )—gaﬂ Dz _ 3.26¢

. 2 * *
D, =b(1-Dy)+= (a Bog~ap oh) } ~ 326d
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@, EX 5, CDP X4 . . .
where g = p == These equations are valid for any non-resonant cw Raman laser.
0 o :

High Pressure and an Established Coherence Limits

The next appfoximation that will be made answers the following questions. What
happens when the number of atoms inside the cavity increases? How is the population difference
equation, 3.26d, dependent on pressure. When do we have to worry abéut ground state
depletion? To answer these questions let us perform a back of the envelope calculation to
calculate the number of atoms available for the Raman process.

In 10 atm. of H; we have approximately 2.7x10% molecules/cc. Now we need to
calculate .an interaction volume. A typical Raman cell has 1m radius of curvature mirrors spaced
by 7cm which gives an interaction volume through one focus of approximately 7x107 ecm®, so
the number of atoms available is about 1.9x10'® atoms. If all of the atoms were converted into
Stokes photoné, we would have 13kW of Stokes with the lifetime of the vibrational state being

40ps. This exceeds the 10mW power expected to radiate from the cavity by ~3 orders of -
magnitude, so it is a safe assumption that the ground-state is not depleted. So D15 is set to zero
and D is setto 1, i.e. all of the atoms are in the ground-state. As a result we are reduced to the -

following three equations:

d=_l(&Ja+le g0+ 2 g6 +K(2) - 327
2\ &) @, @, o
. 1o, x . ' '
ﬂ=_—(——]/j’+igaa 3.27b
2 & : 31 , |
- P 1ol2y 0 o | :
Oz =—q'51+30'51(|a|2—|,3| )“'50‘:5‘ - 3.27c
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We have two field equations and a coherence equation which describe the cw Raman laser in the
high-pressure, non—résoﬁant regime. | |

Let us take a look at the coherence equation. In p’plsed Raman scattering this equation
plays an important role because the powers are high (100's of killiwatts) and the pulses are short
(10's of nanoseconds), resulting in the conversion process and the establishing of a coherence on
similar time scales. However, the HFC has buildup ﬁmés of aboﬁf 1-10ps which is about 3
" orders of magnitude slower than the pulsed system so the coherence is well established in the cw

Raman regime. So equation 3.27c is set to zero, and we are on resonance with the vibrational

state we have |a]? — | ,BI << & ,'this leaves the following two equations:.

. 1{ % o, Dp .2
== %JCH—% ga w56g|,3| a+K(t) 3.28a
: 1| o, 1 2

=——|—2|f+= : 2
B=-7 %Jﬂ 5glal B 3.28b

These equations describe the cw Raman laser in the high-pressure and an established coherence
limit. Recall, to make the density matrix more manageable we transformed our fields to stress
certain (time and spatial) dependencies. However, now our equations are simple so we can

transform our field equations into something familiar:

s e~ 20 e P +k - 2
£, =-LyE, - R E k) 329
. 2 ~

£, =-L,E, +GE,| E, 3200

where the second term of equation 3.28a is dropped because we are not concerned with phase

. s 1 a 2 2 g
effects. The constants were transformed according to L, = S\ Z ) C= o5 5 and
) >
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AN | .
k(t)= (;JKU;). These are the equations that will be used throughout the thesis. In chapter 4

- we will determine the constants of the equations and examine the steady-state limit of these
equations. In chapter 5, we will study noise on the cw Raman laser and we will use a linearized

version of these equations that we will perturb to predict relaxation oscillations and amplitude

_noise.
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CHAPTER 4

STEADY-STATE CW RAMAN SCATTERING

Determination of .Constants

In chapter 3, we derived the cw Raman laser equations for a non-resonant system in the
high pressure limit. However, we did not calculate the values for the various constants. Let us

start by reviewing the results of the last chapter. The cw Raman laser equations are

- & Gle.[Pe, +k 41
E,=-L,E, —we of Ept (1) Jda
. 2

E5=—L5E5+G‘E‘p\ Es ~ 4.1b

-Ep (E) is the pump (Sfokes) field, and o, (@) is the pump (Stokes) frequency. The losses due to
the-mirrors at the pump (Stokes) frequency are given by L, (Ls). The gain of the Ramaﬁ system
| is given by G, and the cavity is optically pumped by k(w,t). Each of these constants clan'be '
found by seﬁing the appropriate conétant or constants equal to zero. The gain (G) is found by

~

setting Ls equal to zero in equation 4.1b. This yields the following differential equation:

. 2 '

t,=cf,| E.. 42
Assuming that E, varies little in a single pass transit time of the cavity, we have the following

solution:

E,=E_ GXI;J(G’EPF t) . | | 43
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Comparing this result to equation 5 of reference 1 while making the appropriate scaling for

optical power and setting t = £/ ¢, we arrive at the following expression for the gain

G| Lg.o |2 - 4.4
=—|—a°'C |— .
2\ 4 Ho )

where o is the plane-wave gain coefficient and c is the speed of light. Because we are using a
two mi‘rrored céwity as our resonator, we have a standing wave instead of a traveling Wave,
which accounts for the extra factor of one half. By setting G ana k(t) equal to zero in eqqations
4.1a and 4.1b, we arrive at the following expression for the fields é'ontaining L, and Lg

By =Eo exp(-L ooy E)- ' 4.5

Using the transit time, t = £/ ¢, and the field left after one reflection, ~/RE , we arrive at the

following expression for the losses: -

C ‘ . N .
Lp(s) =_EIHRP(5) 3 | | - 4.6
where ¢ is the length of the cavity and Ry is the reflectivity of the mirrors at the pump (Stokes)
wavelength. To determine the optically pumping constant, k(t), we calculate 'the field that

enters the cavity per transit time of the cavity. This srields:
() =2 e, 4.7

where T, is the transmission of the mirrors at the pump wavelength and Eyi, is the pump -field
incident on the cavity. To check this result, we set the gain, G, equal to zero in equation 4.1a.

This gives the following inhomogeneous differential equation:.

E, =—L,E, +k(t) : _ 4.8

which has the soluﬁon
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Ep(t) =L—‘(1—exp(—Lpt)) ' ‘ 4.9
p _ ‘ ‘

. when we apply the boundary condition E,(0) = 0. If we take the limit of equation 4.9 as

~ T,E .
t — oo, we find that the field approaches the discrete sum limit-of .

wifch the

approximation that In(~/&) = JR —1[2].

How the Cw Raman Laser Starts Up .

We have expressions for each of the co?stants' in equations 4.1a apd 4.1b. Now we need
to see how the cw Raman laser staﬁs up. Equations 4.15 and 4.1b are the field équations
describing what happéns inside the Raman cavity, so we need to calculafe the poWer exiting the
cavity. |

| To calcﬁiate the ﬁelds pfoduced outside of the .cavity let us briefly think about the field -
inside of the cavity. ‘There is a standing wave that is fo.rmed by two traveling waves,
mathematically: |

E

inside

= E exp(/(kx — @)+ E exp(/(—kx + ot) = 2E cos(kx) cos(wt) .

So we have only one half of the peak field incident on a mirror at a given time so we multiply the
internal field by By JT for each mirror where T is the transmission of the mirror. So the four

fields produced outside the cavity are

E i =—EEPIH +%\/FP—EP : | | 4-1'0:31

E?W =EEEP : o . o 4.10b
1
=—JT.E 4.10c
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E  =AvTesS 4.1Cd

To calculate the optical power we use the complex Poynting vector S = -ExH*, where the

optical intensity is the magnitude of S, and the optical intensity is the power per area. So we

arrive at the following expression for the optical power [3]:
411

where A is a scaled area of the beam to account for the transverse structure of the beam and the
overlap of the pump and Stokes modes. For the optical power contained in the cavity we average
the area through a focus and include a mode filling parameter. The end result is the following

scaled area [I]:

412

where XR9 is the pump (Stokes) wavelength and b is the confocal parameter of the beam. We
now know how to convert the results into something we would measure in an experiment so we
can begin to solve equations 4.1a and 4.1b.

Using the mirror characteristics given by the quote of the mirror manufacture (R=0.9998,
A=20ppm), the threshold predictions from
chapter Il, the plane-wave gain coefficient Pump Power at exit of cavity

------- Stokes Power at exit of cavity

a=2.5* 109cm/W [4], and the length of the

cavity i =1Zcm, we can model the cw

Raman laser by integrating equations 4.1a

D 20 30 40 50

Figure 4.1 Shows how the cw Raman
laser starts.
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and 4.1b in a Math-Cad program seen in appendix H. Figure 4.1 shows the output pump and
Stokes powers at the exit of the cavity for an input power of six times threshold. We see that the
power exiting the cavity increases until a Stokes field is produced. Notice that the cw Raman
laser actually overshoots the steady-state output, and we have a couple of relaxation oscillations
that were mentioned in chapter 1. These oscillations will be explained in chapter 5.

One might ask: how well does the process work, or what is the conversion efficiency of
the process? To answer this question we need to define what we mean by conversion efficiency.
Because the photon produced by the Raman process has less energy than the input photon, a pure
power conversion efficiency may be misleading to the performance of the cw Raman laser. A
more insightful measurement would be the photon conversion efficiency, this will tell us what
percent of the pump photons are converted to Stokes photons. The photon conversion efficiency

can be calculated by using the following equation:

%=— — x100% 4.13

where Psis the total Stokes power radiated from the cavity, Ppis the pump power at the front of
the cavity, and X&2¢is a factor that takes into

account the difference in energies of the pump

and Stokes photons. Figure 4.2 shows the

predicted photon conversion efficiency as a

function of time [5]. We can see that when the

Stokes field is initially generated the photon

conversion efficiency approaches 100%, but it

Figure 4.2 Shows the conversion efficiency
then drops to the steady-state value 0f-40%. as a function of time.
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So the question becomes: why does the conversion efficiency drop to about 40%, and
what is the upper limit to the steady-state photon conversion efficiency? Clearly the conversion
efficiency is dependant on the input pump power, however, the amount of the pump power that is
coupled into the optical cavity is dependant on the interference of the pump field inside of the
cavity, which changes when the pump is converted into Stokes. To see this effect we can look at
the pump power at the front of the cavity as a function of time. Figure 4.3 shows the percent of
the pump power coupled into the cavity as a function of time. Notice before the pump is
converted into Stokes, the coupling efficiency approaches 100%; however, when the pump is
converted to Stokes, the coupling efficiency drops to
about 40% until is reaches the steady-state value of
60%. Figure 4.3 is very helpful when we think about
the maximum conversion efficiency that we would St ®
expect in the steady-state limit [5], When a pump
photon is converted into a Stokes photon, one less

pump photon is left to interfere with the pump beam

Time (ns)

Figure 4.3 Shows the pump coupling

incident on the cavity, so the amount of pump that is efficiency as a function of time

coupled into the cavity decreases. The maximum
photon conversion efficiency one would expect is 50%. Given two photons one is converted and
one is used in the interference. We now know how the process starts and we are starting to
understand the subtleties of the cw Raman laser.
Steady-State Limit
In the steady state, equations 4.1a and 4.1b are set to zero, and we solve for the pump and

Stokes fields. This results in the following expressions for the pump and Stokes fields,
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5 =\o . | 4.14a

4.14b

From équation 4.14a, we see that in the steady-state limit, the pump field inside the cavity is
constant regardless‘ of the pumping rate after threshold is reached. Thus we expect that the
Raman process will reduce the amplitude noise of the pump laser which we will examine in

" chapter V.. At threshold the Stokes field becomes nonzero; this happens when k = L E, from

equation 4.14b. To write the threshold in terrns of the pump field incident on the cavity we use

equations 4.7 and 4.14a and arrive at the following threshold condition:

L, L : :
p 5
- | 4.15
E o c \|T,G

P.
where £, is the incident pump field required for threshold. Once again equations 4.14a and

4.14b are the pump and Stokes fields inside the cavity. Using the method to arrive at equations
4.10a - 4.10d, we find the following expressions for the steady-state value of the fields exiting

the cavity: |
— L |
Epgsﬁvnt = EP Epln + E TP g . 4'16a‘

1 , L ‘ ' ’ _ _
EP%W ='2— TP—G— | 4.16b

4.16¢
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| vetl 4.16d
"PGEP

As before we can convert these fields into optical power according to equations 4.11and 4.12.
One question that we now can answer is: What is the photon conversion efficiency, in the steady-
state, as a function of pump power? We use equations 4.7 and 4.13 through 4.16d to arrive at the

following expression for the photon conversion efficiency:

2
\VARYY

7 2 4.17
T t*xzpy
Em y

AN

If we take the derivative of equation 4.17 with respect to Eg and use equation 4.14b and set the

result equal to zero we arrive at the following expression for pump field for the maximum

conversion efficiency:

So we have a maximum in the photon conversion efficiency at four times the threshold, in
power, of the cw Raman laser. Figure 4.4 is a

plot of equation 4.17 for the quoted mirror

reflectivities [5]. We see that the maximum

does indeed occur at four times threshold, but o

we see that the photon conversion efficiency

drops off at higher pump powers. 1f we recall

that the pump field inside of the cavity stays Times Threshold

Figure 4.4 Shows conversion efficiency as a

constant regardless of the pump power at the function of pump power.
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front of the cavity, it makes sense that the efficiency falls off at higher pump powers. The reason
for this is: the harder we try to pump the laser the less efficient we are at coupling the light into
the cavity, because there is only a fixed amount of light in the cavity to interfere with the
reflected pump at the entrance of the cavity which is required for efficient coupling. We now
have an idea of how the cw Raman laser should work, now let us compare the theory to some

experimental results.

Experimental Verification of Theory
Let us start by examining the experimental data of chapter 2. So we can refresh our

memory, let us review the experimental apparatus of the first-version of the cw Raman laser as

Lens

O D

Power Meters
Figure 4.5 Experimental diagram of cw Raman Laser

seen in figure 4.5. The output of this Nd:YAG laser at 532nm was sent through a Faraday
isolator to minimize the optical feedback to the Nd:YAG laser. An electro-optic modulator

(EOM) was used to place sidebands on the carrier frequency required for locking the pump laser
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to the optical cavity. The pump laser beam traveled through a two-element lens pair used to
mode match the pump beam to the cavity. A polarizing beam splitter (PBS) cube in conjunction
with a quarter-wave plate allowed for monitoring of the beam reflected from the cavity. A fast
detector (>12MHz) was then used to measure the error signal. A low noise amplifier gave the
signal 30dB of amplification in power before the signal was mixed to dc. The error signal
entered the servo, and the slow corrections were sent to temperature tune the pump laser, while
the fast corrections were sent to the pump laser piezoelectric transducer (PZT). The entire
apparatus was placed on a floating platform to minimize the effects of vibrations.

Figure 4.6a shows the theoretical fit of output power of the cw Raman laser versus the
pump power, while figure 4.6b shows the theoretical fit of the conversion efficiency of the cw
Raman Laser. The theory was fit with the following experimental parameters: mirror reflectivity

(transmission) was 0.99984 (112ppm) [6] for both the pump and Stokes wavelengths. Notice the

-—- Theory
m  Experiment

$ 020

m  Experiment

Pump Power (mW) Pump Power (mW)

Figure 4.6 Shows the output of the cw Raman laser: (a) shows the output Stokes
power as a function of pump power (theory overlaid) (b) show the photon number
conversion efficiency as a function of pump power (theory overlaid)
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theoretical fits are good at the higher pump powers, but do not match well for the lower pump
powers. Recall, from chapter 2, that relaxation oscillations are present and more predominant at
lower pump powers.

The apparatus used in the previous experiment did not have the dynamic range in pump
power required to accurately study the region near the threshold of the cw Raman laser, so the
experimental apparatus was changed to allow for accurate, near threshold measurements. Figure

4.7 shows the experimental setup used to measure the threshold of the cw Raman laser.

SM. ARC, PM
Fiber

Lens

Lens

Figure-4.7 Shows the experimental diagram of the cw Raman laser used to make the threshold
measurements.

The system is again optically pumped by a frequency-doubled Nd:YAG laser with output powers
up to 200mW. The output of this Nd:YAG laser at 532nm was sent though a Faraday isolator to
minimize the feedback to the Nd:YAG laser. The optical beam is then launched into a single
mode (SM), angle physical contact (APC), polarization maintaining (PM) optical fiber to

provide a variable input power without beam steering. An electro-optic modulator (EOM) was
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used to place sidebands on the carrier frequency required for locking the pump beam. A
polarizing beam splitter (PBS) allowed for monitoring of the beam reflected from the cavity. A
fast detector was then used to measure the error signal. A low noise amplifier gave the signal
30db of amplification before the signal was mixed to dc. The error signal entered the servo and
slow corrections were sent to the piezoelectric transducer (PZT) on the optical cavity while the
fast corrections were sent to pump laser[7].

The finesse of the cavity was measured to be 17,000 £2000, and the ratio of the input to
the output of the cavity was measured to be 0.78 £0.08. The length of the optical cavity is 7.0
+0.4cm. The radius of curvature for the mirrors is Im. The plane wave gain coefficient, a, is
2.5*109 cm/W [4]. The pump (Stokes) wavelength is 532nm (683nm). The experiment was
performed in 10atm. of Hi giving a Raman linewidth of 510MHz [4], The data was fit with the
following parameters: RRY = 0.9998, TRY = 170ppm, ARJ = 30ppm, and the gain was scaled by
a factor of 2/3. The mirror characteristics are within error bars, and scaling the gain by a factor

of 2/3 would correspond to a detuning of 200MHz from the Raman resonance. Figure 4.8a

Experiment
m  Experiment Theory
-------- Theory
Pump Power (mW) Pump Power (mW)

Figure 4.8 Shows the output of the cw Raman laser near threshold: (a) shows the output
Stokes power vs. pump power (theory overlaid) (b) shows the photon number conversion
efficiency vs. pump power (theory overlaid)
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shows the theoretical fit of the output power of the cw Raman laser near threshold, while figure
4.8b shows the theoretical fit of the convérsion efficiency near threshold. The maximum output
power and conversion efficiency of the cw Raman laser was seen to.be at 9.8 mW of pump
power producing 3.1mW of Stokes powef with a photon conversion efﬁciency of 40%. Data
above 10mW of pump power was not included since at this power the lock was less stable due to
relaxation oscillations. The data can be téken at these higher pump -rates, however the output of -
‘the Raman laser is highly dependent on the servo gain. | |
| Remarks

In this chapter we developed a state-state theory which describes thé cw Raman laser
very well. However, the relaxation oscillations were present in both experiments, and presentea
problems in taking data in the region of 3-5 times the threshold of the laser. Remember that the
ﬁaximm conversion efﬁciency happens at four times threshold, so locking problems in the 3-5
times threshold region is not surprising. The percent.change in the output powers of the Stokes
and pump beam is the largest in this region, which presents problems in locking. Once agaiﬁ we
app‘ear- to have an insurmountable task at hand jn these relaxation oscillations, which provides
the motivation for the néxt chapter that mathematically describes these relaxation ;)scillations,

and amplitude noise on the Raman laser.
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The mirror characteristic.s were varied within the experimental error of the measurement
of the finesse and the throughput of the cavity to fit the theory.

To insure an overlap of the Stokes cavity resonance with.the pump cavity resonance
either the cavity or the laser needs to be tuned ~20 GH;. Unfortunately the laser used in
this experiment is capable of tgning only 10GHz. Thus a piezo was placed inside th'é
Raman cell to tune the mirror spaclzi'ng. With a constant voltagé appulied to the piezo, ‘the': :

cavity spacing drifted as a result of piezo creep. However, the piezo creep was offset by
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sending slow corrections to cavity piezo (<10Hz) while sending the fast corrections to the

laser (>10Hz).
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CHAPTER 5

RELAXATION OSCILLATIONS AND NOISE

Motiyation for a Linearized Theory

In chapters 2 and 4 for certain pump rates we saw relaxatioﬁ oscillation.s. Norrhally,
these oscillations would not be a problem, because We can operate our cw Raman laser at pump
rates where strong relaxation oscillations are not present. However, if we are concerned about
fhe efficiency of the cw Raman laser, the optimal region to run the laser is at four times
threshold, where the maximum photon conversion efficiency occurs. Unfortunately this is where
the relaxafidn oscillations are the strongest. So one begiﬁs to .wonder if there is any hope to
remove these relaxation oscillations, or are they here to stay. One optimistic point is that for this

\feéion of instability (3-5 times threshold) the strength of the relaxation oscillations was highly
dependant on the servo electronics. Thus it may be possible that with faster frequency and phase
control we éan eliminate these unwanted oscillations. Regardless, to constiuct this all-knowing
servo we need to know more about these relaxation oscillations. In the traditional treatment of
relaxation oscillatioﬁs, we linearize the laser equations and approximat;: the system as a
harmonic oscillator [1].

Linearization of the Cw Raman Laser Equations

Let us start by reviewing the results of the last chapter. The cw Raman laser equations

arec:




49
Ep=—_LPEP—EGIE5| E, +k(t). | - . sla

E5=fL5E5+GIEP‘ E,. - ;o 5.1b

which have the following steady-state values for the pump and Stokes fields:

E, =.— | | ‘ 52a .

5.2b

Now we can bégin tﬁe linearization'of these equafions. We start with the following
transformations of the pump and Stokes fields:

E, >a+a, ‘ o 5.3a

E, >b+b,, _ | 5.3b
where a and b are allowed to vary in timie and ags and b are set to the steady-state values of ‘
equations 5.2a and 5.2b. We now éuBstitute equations 5.3a and 5.3b into our cw Raman laser

equations, 5.1a and 5.1b, and keep only the linear terms of a and b. After some cumbersome

algebra we arrive at the following linearized equations:

. Doz |22
a=- LP+a> Gb,, a—2a) Ay b b | 5.4a
9

.,
b=2Ga,b,,a - 5.4b

Just as a test, let us compare the predictions of the general Raman laser equations to these

linéarized Raman laser equatiqns and look for simila_rities and differences in the results.
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Figure 5.1a shows how the cw Raman laser is predicted to start up with the intensity
build-up in the cavity [3]. We still have the over shoot of the steady-state value of the initial

Stokes field. Figure 5.1b shows results by using the non-linear Raman equations [3]. Notice that

Time (us)
Figure 5.1 Shows how the cw Raman laser starts up: (a) shows the results of the linearized
theory while (b) shows the results of the standard theory.
the Stokes field starts about 7ps later than the Stokes of the linearized theory. We can explain

this by examining the gain terms for the Stokes fields in both the non-linear and linear theories.

2
The gain of the Stokes field in the non-linear theory is proportional to Ep  which varies as the

pump field builds-up in the cavity, while the linear theory's gain is proportional to assbss which
is the steady-state values of the pump and

Stokes fields, and does not vary in time. This

discrepancy should be expected; when we

linearized our Raman equations we dropped

the terms that varied like with the

assumption that « |. Figure 5.2 shows

Figure 5.2 Compares the Stokes output of
the two theories
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the Stokes from tﬁe liﬁearized_theo?y'plbtte.:‘d wifth the Stokeé from the non-linear thequ with the
‘non-linear Stokes displacéd sd they overlap [3]. Frorh this figure we can see that for small
changes in power (later relaxation os.c‘illations)' the pred'iétions of the tvslro theories begin to

< égnverge. This illustrates the regio’ns.where the linearized theory predictions can be considered
valid.

Relaxation Oscillations

So our linearized equations were determined to be valid for small deviations aboqt our. -
steady-s;tate vaiues for the pump and Stokes fields. The relaxation oscillations seen in earlier
chapters fall into this criteria. As stated earlie; in this chapter the ﬁaditional treatment of
 relaxation oscillations models our linearized equations as a simple harmonic oscillator. Let's

take a time derivative of equation 5.4b, so we have the following:

657 99

b=2Ga,b,,a - | . 5.5a
®, @, .
a=- LP+E‘G|755 a—Zz)“',a%bssb 5.5b
“se ] . .
.NO;V let's substitute 4 of equation S.SB_into 5.5a equation and use the valﬁ¢ of a given by

equation 5.4b. We arrive at the following differential equation:

bt+p+wib=0 . 5.6

e

P

— (26[7 o 55,)2 . Equation 5.6 is just a damped simple
a)5

where y =L, ‘-l-a)—pGlp‘:‘5 and @2 =
S

harmonic oscillator which has the following solution:

| b(t) = Ae "2 cos(at + @) ? - | | 5.7
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where ry2 Figure 5.3 shows how damping constant, y , and the relaxation

oscillation frequency, /2t vary as a
function of the number of times threshold
for mirror reflectivities (transmissions) of
0.9998 (180ppm). We can see that the
frequency of the relaxation oscillation
increases until it reaches the cavity

linewidth of-200kHz [3]. When the cavit Figure 5.3 Shows the relaxation oscillation
' y frequency and damping constant as a function

linewidth is reached, the relaxation oscillation  ofthe number oftimes threshold
frequency starts to decrease because the damping constant, y , still increases. So some questions

may arise. How persistent are these oscillations? How much damping occurs in one oscillation?
And is there a sweet spot in pump powers where the cw Raman laser is more prone to oscillate?
The first two questions can be answered by calculating how much a relaxation oscillation is
attenuated after one oscillation or mathematically:

[2 N
Atten = expl -

which tells us the attenuation of the

0.030

oscillation in one period. Figure 5.4 shows

0.025

the result of this calculation. Notice that we noe
a 0.015

see a peak, or a minimum in the attenuation at

o0 Damping in 1 oscillation

four times the threshold of the Raman laser

[3], For pump rates smaller and greater than
Times threshold
Figure 5.4 Shows damping of relaxation
oscillation in one period
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four times threshold we see greater attenuation of the relaxation oscillations. This explains why
in the previous experiments we saw problems in the Stokes output in the range of 3-5 times
threshold. In the previous experiments our servo only had -30kHz of bandwidth, so frequencies
larger than 30kHz experience positive feed-back. Our relaxation oscillations fall into that
category, so the relaxation oscillations would experience gain that would sustain the oscillation.
As illustrated by figure 5.4 at certain pump rates we are more likely to experience these
relaxation oscillations.
Experimental Elimination of Relaxation Oscillations

We now understand the problem at hand, and we can begin to construct a solution. What
is needed is a servo that is stable at these higher frequencies, so the oscillations are not fed by the
servo. We need to construct a servo that is stable out to the cavity linewidth. Another frequency
actuator is needed. An acousto-optic modulator (AOM) can provide small frequency corrections
(1-1OMHZz) in a bandwidths up to 300kHz for a carefully constructed AOM; these limitations are
explained in appendix D. The experimental apparatus that uses the AOM is illustrated in figure

5.5. The system is optically pumped by a frequency doubled Nd:YAG with output powers up to

|” cw Raman laser Spectrum Analyzer

Figure 5.5 Experimental apparatus used to eliminate relaxation oscillations.
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200mW. The output of this Nd:YAG laser at 532nm was sent through a Faraday oscillator to
minimize thé feedback to the laser. The beam is placed through an EOM to place sidebands on
the carrier frequency required for locking the pump bgani. The beam is double passed though an
AOM to minimize beam steering. A half-wave plate allows for rotation of the polarization c;f the'
optical beam. The beam travels thropgh a lens pair to mode match the opfical beam to the high
finesse cavity. After the lens pair the Igolarizing beamspﬁtter and quarter waveplate allowec:i for
monitoring of the beam reflected from the cavity. A narrow band filter at 532nm was used to
" block the Stokes outpﬁt from the fast detector which was used to measure the error signal. A
low-noise amplifier gave the signal 30dB of gain before it was mixed to dc. The error signal
entered the servcly and the slow corrections were sent to the cavity piezoelectric transducer, and
- the fast corrections were sent to a voltage controlled oscillator which controlled the AOM. The
output of the cavity (Raman laser) was sent through a pelin-broca prism to spatially separate the ‘
pump and Stokes beams. Fast detectors (500MHz) allowed for monitoring of the Stokes and
pump beams in conjunction with a spectrum énal‘yzer.

Before we look at the-a'mplitude noise of the output of the cw Raman laser, let us briefly
deﬁne‘ how we will measure it. We will measure the relative intensity noise (RIN) of the laser.
We do thié.‘r;y taking thé output of the specm analyzer, which measures the electrical péwer
. supplied by a photo-detector in dBm in a given resolution bandwidth. We want the ratio of the '

photo-current electrical power noise at a given frequency to the dc electrical power from the

photodiode, or mathematically[4]:

AP, 1H. -
RIN =10 log(——‘%*—ZJ 5.9
' ' dlode KB )
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where APdak is the electrical power from the photodiode measured by the spectrum analyzer in
a resolution bandwidth of RB, and Pdak is the dc electrical power generated by the photo-diode.

Notice that RIN is a natural or unitless number; however, we "say" that we measure it in dB/Hz
which is misleading because it implies that RIN is a frequency when it isjust a number. The
units stress the fact that we measure the power in a I Hz bandwidth. Now let us think about how
the photo-detector works. It converts optical power into a current which gives a voltage drop
across a resistor. So when we measure the power produced by the photo-detector we actually
measure the optical power squared. So a RIN of -20 dB/Hz actually corresponds to power
fluctuations of 10% (or - 10dB).

In order to lock the laser and produce a Stokes output, the pump laser was locked to the
cavity at a power below the cw Raman laser threshold. The pump power is then increased, by
varying the half-wave plate, to produce a Stokes
output. The relative intensity noise (RIN) of the

cw Raman laser was measured and is shown in Relaxation Oscllaon

Piezo servo
3 AOM Servo

figure 5.6 at a pump rate of about 4 times
threshold. In previous experiments the V) -no

relaxation oscillations were seen to be about

50000 100000 150000 200000

10% for a pump rate of four times threshold, Frequency ()

Figure 5.6 Shows the output RIN of the cw
which would correspond to a RIN of -20dB/Hz.  Raman laser.
Figure 5.6 shows the measured RIN of the
Stokes beam to be less than -90dB/Hz which is 7 orders of magnitude better than previous

experiments. From figure 5.6 we can see where the stabilities of our cavity and AOM servos

becomes a problem. Notice that the AOM servo becomes unstable at ~160kHz, and the
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relaxation oscillation occurs at ~115kHz. At 115kHz our AOM servo is being pushed and is
starting to have stability issues, but at 115kHz we still have a some phase margin left, so the
relaxation oscillations experience the proper feedback, but not enough gain to suppress them
totally. We can solve this problem by adding an electro-optic modulator to make corrections at
frequencies higher than the cavity linewidth.

So we can now look at the noise on the pump and Stokes beams as a function of the

number of times the threshold. Figure 5.7a shows the Stokes output RIN while figure 5.7b

2.3 times threshold

------- 2.3 times threshold 7.4 times threshold

------- 7.4 times threshold

50000 1 150000 200000 50000 L(111)] 150000 200000
Frequency (Hz) Frequency (Hz)

Figure 5.7 Shows the RIN of the (a) Stokes beam and the (b) pump beam for two different
pump powers.

show the pump RIN as a function of the number of times threshold. We can see that in both
figure 5.7a and figure 5.7b the RIN is dependent on pump power. Both figures contain data for
2.3 times threshold and 7.4 times threshold. We see that the noise of both the pump and the
Stokes beams decreases as the pump power increases for frequencies smaller than the cavity
linewidth (-IOOkHz). In both figures we can see the results of the instabilities in the piezo
(spikes at -8kHz) and AOM (spikes ~160kHz) servos. Now let us return to our equations to see

if we can predict the amplitude noise response of the cw Raman laser.
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Predictions of RIN on the Raman Laser

As seen in the previous section, we can suppress the relaxation oscillations if we have
enough bandwidth in the locking servo. Now that the relaxation oscillations are no longer of
major importance in the noise spectra of the cw Raman laser, we can start to make predictions of
what we expect the noise spectra of the cw Raman laser to be for a given pump laser noise
spectra.

Let us think about what the Stokes field thinks amplitude noise is. It is obvious that
amplitude noise on the pump laser will be viewed as amplitude noise on the pump laser by the
Raman laser. But what about frequency noise on the pump laser? Remember that the Raman
linewidth for 10atm. of Lh is about 510MHz [2]. So if the pump laser has a linewidth of-1kHz
as a result of locking the pump to the cavity, the Raman laser thinks that it is being pumped by a
infinitely narrow linewidth laser. The frequency noise on the pump laser would then correspond
to a dithering of the pump laser frequency about the cavity linewidth and produce an amplitude
modulation on the output of the cavity. Figure 5.8 gives a graphical representation of this effect.
We see that a small frequency excursion corresponds to a large amplitude modulation. The
Raman linewidth's maximum slope is overlaid to
illustrate the point that the cw Raman laser sees a
pump that is infinitely narrow in frequency. What
we gain from this information is we cannot just Cavity lineshape

Raman lineshape

measure the RIN of the pump laser when

-1000000 -500000 500000 1000000
Frequency (Hz)
modeling the noise. We need to include the Figure 5.8 Shows illustrates the transformation

) of frequency noise into amplitude noise.
frequency noise of the pump laser as well. Both of

these measurements can easily be taken by measuring the RIN at the output of the optical cavity.
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Figure 5.9 shows the RIN of the pump laser

-70

. L e it of Cavi
measured at the exit of the cavity below the S — Ef:n?o?ac\gzty

N
threshold of the Raman laser and at the front of the S

|
cavity. We see that the RIN measured at the front | 1O
of the cavity is significantly lower than the RIN 0

B B . 130 50000 [0000) 150000 200000
measured at the exit of the cavity. This means that Freauencv (Hz)
Figure 5.9 Shows the RIN of the laser at

there is a bit of frequency noise on the pump laser the entrance and exit of the cavity

that the cavity turns into amplitude noise. We can use
this information to predict what the RIN on the pump and Stokes beams will be. To predict the
RIN on the pump and Stokes beams we return to our Raman laser equations and place a noise

term on the optical pumping term, k. This gives us the following equations:
E =-L - — G|E5| E +k(I +Asin(<yt 5.10a
K (}EV 0e |ES| ( (<yt))

2
5.10b

where A and oo are given by the pump noise at the exit of the cavity seen in figure 5.9.
Equations 5.10a and 5.10b were numerically integrated for pump values of 2.3, 7.4 and 100
times threshold. The math-cad program used to perform these integrations can be seen in
appendix F. Figures 5.10a and 5.10b show the predictions of the theory, for mirror reflectivies

(transmissions) 0f 0.9998 (ISOppm) and G as defined in chapter 4 [3]. We see that the theory
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------- Pump in

------- 2.3 times threshold
------- 7.4 times threshold
------- 100 times threshold

50000 100000 150000 200000
Frequency (Hz)

Figure 5.10 Shows the RIN predictions of the theory for the (a) Stokes output and the (b)

pump output.

also predicts the reduction of amplitude noise on the pump and the Stokes beams as the pump

power increases as seen in figures 5.7a and 5.7b. We see from figure 5.10a that the Stokes RIN

is predicted to be slightly larger than the input pump RIN right above threshold, but it drops

below the pump RIN at higher pump powers. Now let us take another look at the data from

Pump Laser RIN
2.3 times Threshold
7.4 times Thresold

@ -110

50000 100000 150000 200000
Frequency (Hz)

Pump Laser RIN
2.3 times Threshold
7.4 times Thresold

50000 100000 150000 200000
Frequency (Hz)

Figure 5.11 Shows the RIN of the (a) Stokes beam and the (b) pump beam at various
pump powers with the input pump RIN overlaid.

figures 7a and 7b but let us include the input pump RIN so we can more accurately compare our
results with the theory. Figure 5.11a show the Stokes RIN with the input pump RIN overlaid,

and Figure I1b show the same for the pump MN. We see that there is more suppression at the
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lower frequencies, ~35 dB/Hz for the pump beam, and the RIN appears to peak near the cavity
linewidth of about 100kHz, as expected. The theory predicts more RIN reduction in the pump
beam than seen in figure 5.11a. Furthermore, the noise of both the pump and the Stokes beams
is predicted to remain below the input pump RIN at higher frequencies, which we do not see in
figures 5.11a and 5.11b. Remember that we are servoing the pump laser to the cavity linewidth
center, and we mentioned in earlier chapters about the Raman laser's sensitivity to the servo gain.
In figures 5.12a and 5.12b we show the RIN ofthe Stokes and the pump beams at ~7 times

threshold with slightly different servo gains.

Pipzo instablity

Piezo instablity

AOM instablity
0 -110 ) )
"""" Higher AOM gain -—----- Higher AOM gain
"""" Lower AOM gain -------Lower AOM gain
50000 100000 150000 200000 50000 100000 150000 200000
Frequency (Hz) Frequency (Hz)

Figure 5.12 Shows the dependence of the (a) Stokes and (b) amplitude noise as the servo gain of
the AOM changes

The data for the figures was taken with two different AOM servo gains. Notice if we turn down
the AOM servo gain our piezo servo instability becomes more pronounced larger 9kHz
oscillation), and if we turn the AOM servo gain up, the relaxation oscillations produce an
instability in the AOM servo (-145kHz peaking), so we choose a AOM servo gain that balances

these two effects.
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Conélusions :

In this chapter we found‘a way to control the rélaxation oscillations for ouf éw Raman
laser. Our solution was to increase our servo bandwidth. However, by examiﬂing‘ the RIN of the
pump laser and the Stokes laser as a function of the pump powér we found that the RIN was
highly sensitive to the AOM servo gain. We ha(i enough servo béndwidth to reduce the
relaxation oscillations, but not enough tc; haven a'stable enough servo that could suppréss the
oscillations totally. A diode pumped Raman laser would be better suited to make RIN
measurements predicted by thé theor;l because of the large seﬁo bandwidth when using the
current to the diode laser (~iMHz).

We have control of the relaxation oscillations and uﬁderstand thé amplitude noisé of thé’
laser, so we only have to measure and describe the Raman laser iinewidth to describe the noise

characteristics of the cw Raman laser, which leads us to the final chapter.
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CHAPTER 6

CW RAMAN LASER LINEWIDTH

* Motivation for a Linewidth Measurement

By definition, a single mode laser must be monochromatic or contain just one frequency.
So one may ask what is meant by monochromatic. In quantum mechanics we learned that we
céimot measure things exactly; there ils an error associated with every measurement that we
.make. We can never know the frequency of a laser to infinite precision, so what is good enough
for a laser? Typical optical frequencies aré on the order of terahertz (10'° Hz). A diode laser has
a laser linewidth of .aBout 50MHz, or we know. the laser’s frequency to about 10ppm. At an&ther
extreme, a frequency controlled Helium Neon laser hés been shown to have a linewidth less than
50mHz or 1 part in 10" (root Allan variance for a 100s integration time). We see that we have a
wide range of possibilities for the linewidth, so it is useful to define the linéwidth to distinguish
between classes of lasers. We now have a reason to-measure the linewidth of our laéer, so how
do we do it?

Measurement of Laser Linewidth

Depending on the type of laser there are many Ways to measure the linewidth. If we start
with a diode laser with a linewidth on the order of 50MHz, we can feed the laser light into a high
finesse cavity, which can have linewidths on the order of 10-100kHz, and scan across the diode

line to take a measurement. Howei/er, this method fails when the linewidth of the laser in
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question is smaller than the cavity linewidth, so we need a method that works for any laser
linewidth.

We do not possess the electronics that are fést enbugh.to measure the frequencies in the
terahertz frequency band, hpweVer, if we have two “identical” lasers that differ in frequency by a
giggahertz or less we can beat the lasers together and measure the beat note. The beat nofe |
produced will have some uncertainty associated \;vith it, which we will call the linewidth of the
laser. Now we have a way to produce"a beat note which represents the laser linewidth, so how
do we measure it, and how do we interpret the results?

We can‘place the beat freduenéy into a spectrum analyzer and measure the linewidth or
the beat note. This measurement gives us an idea of how the instantaneous linewidth. is jittering
and on whét time scales. One application of an ultra-stable laser is as an atomic ¢lock. So we
wc;uld like to know how accurate the beat note (and hence the laser) is over the course of time.
Then we would know how accurate our clock could be. In particular. we would like to know how
our beat note change on time scales larger than 1-10ms (typical time of a sweep of the spectrum
, aneilyzer), and are there large variations over the course of an hour or a day?

Thus what we are interested in is how the frequency changes as a function of time. Given
two frequency measurements we are interested in the slope, or what is the frequency change

divided by the time between measurements. Mathematically we have [1]:

y .
yro =7 . : - 61

where x, and x, , are frequency measurements taken a time 7,apart, so y, is a measure of the

frequency jitter scaled by time. Because we want repeatable measurements, we take a family of
measurements and then we calculate the variance of these measurements. It turns out that if we

take a standard deviation of this family of points, for certain types of noise the standard deviation
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does not converge. So we take the Allan variance of the data which is defined as the following

[1]:

-

n—=

Z(y,+1 ¥,)? | 62

a() 2(_1)

where n is the number of data points. What we end up with is a linewidth “like” measurement
for a given integration time, 7,. So now we know what measurement we would like to take so

now we just need to construct the experimental apparatus to do so.

Experimental Apparatus and Linewidth Measurements

As mentioned in the previous section, in order to take a linewidth measurement for linewidths
less than ~100kHz, we need two identieal Raman lasers that are separa’eed in f:requency by less -
than 1GHz. If we pump both Raman lasers uvith the same pump laser we are guaranteed to meet
this requirement, because of the Raman 11new1dth (SIOMHz) [2]. One may ask: by pumping each
Raman laser with the same pump source won t our results be correlated‘7 This is not an
unreasonable question to ask.” Recall from the previous chapter, because the Raman linewidth is
on :che order of 510MHz [2], and the pump laser is on the ordef of 1kHz, due to locking, the o
Raman laser thinks it is being pumped by an inﬁnite‘ly narrow linewidth laser. The results |
should not be correlated given the locking‘schemes are not dependant on the pump laser.

Figure 6.1 is an experimental diagram of the apparatus used to take the linewidth

measurements of the cw Raman laser.
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Figure 6.1 Shows the experimental apparatus that is used to take linewidth measurements of
the cw Raman laser.

The system is optically pumped by a frequency doubled Nd:YAG laser with output powers up to
200mW. The output of this Nd:YAG at 532nm was sent through a Faraday isolator to minimize
the feed-back to the laser. The beam is placed through an EOM to place side-bands on the
carrier frequency required for locking the pump beam. The beam is split by a 50/50
beamsplitter to construct two identical cw Raman lasers. The beam is double passed through an
AOM (at 80MHz and 110MHz) to minimize beam steering. A half-wave plate allows for
rotation of the polarization of the optical beam to provide a variable pump power. The beam
travels through a lens pair to mode match the optical beam to the optical cavity. After the lens
pair a polarizing beamsplitter and a quarter-wave plate allowed for monitoring of the beam
reflected from the cavity. A narrow-band filter (NB) at 532nm was used to block the Stokes

from the fast detector used to measure the error signal. A low noise amplifier gave the signal
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30dB of amplification before the signal was mixed to dc. The error signal entered the servo and

the slow corrections were sent to the piezoelectric transducer (PZT) on the optical cavity while

the fast corrections were sent to the a voltage controlled oscillator that controls the AOM. Both

cw Raman lasers are identical except for the fact that the AOM's are driven by |1 lOMHz and

80MHz sources so the pump frequencies differ by 60MHz for a double pass. The Stokes beams

were overlapped and placed on a fast detector (500MHz) to measure the beat signal. A spectrum

analyzer was used to measure the linewidth of the beat frequency. A high precision frequency

counter (SR620) was used to calculate the Allan variance for integration times from Ips to 100s.
The output power of the Raman lasers that reached the fast detector was -25pW for each

laser. A narrow-band filter at 683nm was

used to eliminate the pump beam. Figure 6.2

shows the output of the spectrum analyzer.

We see that we formed a beat note at

9.557MHz that had a linewidth of 8kHz,

which is for two lasers so the linewidth of

one laser isjust halfthis value, or 4kHz. We Figure 6.2 Shows a measurement of the
. linewidth of the beat note formed by two
also see structure below 15mV, this is due to cw Raman lasers

jitter in the laser.

So why do we measure a linewidth of 4kHz? What is the minimum value that the
linewidth can be and why do we deviate from that number? Let us walk through a calculation of
what we expect the minimum linewidth of the laser to be. First let us think about what we expect
the linewidth to depend on. The linewidth of the laser should depend on the physical cavity or

resonator, for example, if the cavity has poor mirrors (low reflectivity) the cavity will have a
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large cavity linewidth, while a cavity with high reflectivity mirrors is going to have a narrow
cavity linewidth. So we might expect the following dependency:
laser CX: Aycavity ) 63

where Av,__ is the laser linewidth anq AV, is the cavity linewidth. What is the cavity

linewidth? The inverée of the cavity linewidth can be thought of as a lifetime of a pﬁoton inside
of the cavity. So the smaller the linewidth the léhger the photon stasrs iﬁsidé the cavity, the
longer the photon stays in the cavity the more “identical” photons it can produce by stimulated
emission which then produce additional “identical” photons. So we would like to know how
many photons the first photon can igﬂuence in its lifetime. We cannot measure the“ photon
number directly, because if we pléced a meter inside of the cavity we would destroy our
interference required for intensity 1l.)uild up. Howe\}ef, we can measure the rate at which the
photons are radiating from the cavity by measuring the optical power radiating from the cavity
and dividing by the energy per pho.ton. Remember in the steady-state, the number of new
ph9tons is equal to the ‘nurn;ber of photons raciiated from the cavity. This will givé us a rate of
the production of the photons. In the steady-state the gain of photons equals the loss of photons.
We can use this ﬁurﬁber to calculate the number of photons produced in a photon lifetime. The
result is:

photons ;‘;%’ | . | N 6.4

cavity
where 7, is the optical power radiated form the cavity, and /v is the energy of one photon.

We now can write the 'following relation for the linewidth dependency:

(Av ' )2 -hy

_ cavity .
A Vcaviﬂy /Nphatons - P . 6.5

out

Av

laser
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These dependencies are apparent, so it is not shocking that the Schawlow-Townes linewidth has

the following functional form [3,4]:

Av

laser,,.

where NaYgust the population for the a” state. For a cavity linewidth of-200kHz, Na-1 and

N]-0, 200pW of power radiating from the cavity (-8 times the power seen at the detector due to
optics), and the wavelength of the output being 683nm, we find the Schawlow-Townes linewidth
to be- 1 OmHz.

We measured a linewidth of 4kHz, which is six orders of magnitude larger than the
Schawlow-Townes limit; why? If our cavity was not stable, the resonant frequency would
change due to vibrations. How far would our mirrors have to move to correspond to 4kHz? The
free-spectral range of our cavity is ~2GHz which corresponds to one half of a wavelength
(683nnV2), so 4kHz would correspond to O.OlA! So we deviate from Schawlow-Townes due to
vibrations in the cavity or noise on the piezo driver used to control the spacing of the mirrors.

Since we know what the linewidth of the laser is, now let us examine the stability of the
laser. We do this by measuring the beat
signal on a high precision frequency
counter (SR620) for different integration o I
times. Figure 6.3 show the results of
measuring the root Allan variance of the

2.3x10"

beat signal for integration times from I[is

to 100s. The SR620 calculated the root Figure 6.3 Show_s the_AIIan variance ofthe
beat note for various integration times

Allan variance for a sample size of 100 for
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the integration times of 1ps to 10s and a sample size of 20 for the 100s integration time dﬁe to
time co‘nstraints establiéhed by laser lock stability. The root Allen variance at each integratioﬁ _
time was measurea 20 times sé error-bars could be calcuiated. We sée in figure 6.3 that there is
a resonance in the cavity for integration time near 6.02 and 0.01 secoqu or between 50-100Hz.
This resonance is most likely caused by line noise at 60Hz either vibrational or a small ground
loop in the system. The Allan variance has a mlmmum of 1.1kHz at an integration .time of Isee. -
The cavity drift takes over on the time s;:ale 0f 10 to100 seconds.

| Conclusions

We measured the linewidth of the laser to be 4kHz, which is attributed to the \‘/ibratibns
of the cavity. Theée vibrations appear in the root Allan variance at integraﬁon times of ~10ms,
most likely caused by 60Hz. sources.. The cavity drift bec.ame significant for times scales larger

than 10s.
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CHAPTER 7 -
CONCLUDING REMARKS

In this thesis we describe the construction of the first noﬁ-resonant cw Raman laser in Ha.
We saw a threshold on the order of a couple of milli-watts which is six to seven ;)rders of
magnitude émaller than the power used to produce Raman shifted light in previous bulsed
experiments. A time—depqndent theory was developed which can be manipulated to predict the
threshold of the Raman laser, steady;state values for the pump and the Stokes fields, as well as,
relaxation oscillations and the relative intensity noise of thé c¢w Raman laser. Experimental
techniques for building servos to a(;curately conﬁol the pump laser were learned and techniques -
for producing low-noise AOM and piezo drivers were de;/elopéd.

The future of this field has many exciting possibilities. We can now build lasers at many
new frequencies. Because of the low threshold, we can puﬁp the Raman lasers with inexpensive
low amplitude noise diode lasers. The amplitude noise reduction that was seen in chapter 5,
makes one wonder what V\;ould happen if we used a squeezed source as the pump source for the

Raman laser. The possibilities seem endless, and offer many directions for this field to grow.
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APPENDIX A

LOCKING
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In order for the cw Raman laser to reach threshold, there needs to be an intensity build up
of the i)ump laser inside of the higﬁ finesse cavity (HFC). In order for the intensity build up the
pump laser must the resonant with the HFC, which can b;a done by passive or active feeci-back. |
Passive feed-back uses optical feed-back from the HFC to coerce the pump laser to lase at the
cavity frequency: This méthod is possible with diode lasers because. of their large gain profiles,
which increases the chances of an oveﬂép of a laser mode with the cavity mode. ' However, the
laser used to pump the cw Raman laser isa diode-pumped miser crystal Nd:YAG .which only has
a bandwidth of ~20GHz whiéh is much smaller than the tens of nanometers of a diode laser, so
passive feed-back is impractical. |

‘There are two common ways_of.using active feed-back to lc;ck a pump laser to a HFC.
The ﬁr.st and simpiest is fringe locking. This‘method uses the throgghput of the HFC. A servois
designed to hold the power at one half of the maximum value, this methc')d is impractical for the
cw Raman laser because we need fche intensity build up inside of the cavity. A second method is
the Pound-Drever-Hall method for locking where side bands‘ are placed on the pump frequency.
A l;eat note is produced and an error-signal is formed, this method was chosen for the ;Jvork in
- this thesis. |

Pound-Drever-Hall Locking

An electro-optic modulator (EOM) is used to modulate the phése of the input laser. beam.
The EOM is driven by a sine wave generator at a known frequency, @,,. So we can write the '
electric field of the lasef in th;e following manner:

E(t)=E, cxp(— i(arb +p 5in(a)mt))) | | Al
where £ is the modulation depth. We now expand our field using the Bessellfunctions as our

N

basis function leaving:
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E(t) = Efe-F"(jOM +JUA>-“*+], Me*“ +.) A2

where J il are Bessel functions. Now we assume that the modulation is small, and making the

approximations for the Bessel functions: J* = 1- =l,and J, = _J , =" we can write our

field as:
E(t) = EOe BA(l + i sinco)mt)). A 3
We now know what the EOM does to the laser field, so we can look to see what happens when
place an optical cavity into the system. Figure A.1 shows an optical cavity to illustrate how we
produce an error signal. We use a beam
splitting polarizer with a quarter wave
plate to monitor the reflected beam from
the cavity. We then place the reflected
beam, which includes the leaked beam
from the cavity, on a fast photo detector.

We then use the signal generator with an

Figure AT Shows how the error signal is

appropriate phase shift to mix the beat produced.

signal seen at the detector to dc. Let us
examine mathematically how this works.

We want to know the laser field that the photo detector sees. The field is a combination
of the reflected field from the cavity and the field leaked form the cavity. Let us start by writing

the reflected pump beam.

Er(t) = - rEOe (I + if3siii(<yrt)) A4
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where ris +/R'. Now we need to write an expression for the field leaked from the cavity. We

start with the following differential equation that describes the cavity.

E=-LE~iE+K - A5
where L accounts for the losses in the cavity, ¢ is the detuning from the center of the cavity and

K is a pumping term. This equation is solved in a manner similar to the method used in chapter

VI, which yields:

i £ k ~(L+i6 o
Elsatea (F) = E e m(?m'L_*_ig(FG (Lt )”)] A6,

where tr, is the transmission of the mirrors. We just consider times where the field inside the

cavity is well established, this leaves:

. -1 t k ' .

The detector measures the power of the optical field. The output of the photo detector will be

proportional to:

) :
Out oc (E, (8)+E e (5)) | | A8 _
The output of the photo detector then enters the mixer, Whjch'multiplieslthe signal by sin(@,,t).

The output of the mixer will contain components at dc, @,,, 2w,,, etc.. We are just concerned

with the near dc component, so we can build filters to eliminate the higher frequencies. If we

just look at the dc components, we find the following dependency of the error signal:

0 po-w,) ﬁ(emm)J Ao

Error(6) < tmk[éz +12 2(6%41%) 262 +17)

We now have an expression for the error signal as a function of cavity detuning. Figure A.2

shows typical error signal. The cavity frequency is scanned from 15MHz below the carrier -
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frequency to 15MHz above the cavity frequency. We see that our error signal changes sign as
we scan though the carrier frequency, which is

needed if we want to lock to the center of the

cavity resonance. Another point of importance

is the fact that the error signal maintains the

proper sign for frequency excursions up to the

modulation frequency.

We now know the mathematics behind the Deviation from center Frequency (MHz)

error signal. Figure A.2 Shows the error signal as a
function of cavity detuning
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APPENDIX B

SERVO DESIGN
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In appendix A, we learned i’lOW. to create an error signal by placiﬁg side-bands‘on the
- carrier frequency by modulating the pl;ase of the laser béam. Now we need to learn how to use
this information that ,’Ehe error signal provides to lock the laser to a high finesse cavity. We need
to build electronics to control the laser and servo it to the center of the cavity line.

The first thing that we need to learn is how to control the frequency of the laser. Lasers
can be tuned in maﬁy ways: adjusting the current to the laser, changing the temperature ‘of the
laser, or s_tressing the lasing medium in some way. The frequency can also be tuned externally
by using an elect'ro optic modulator to vary the phase of the laéer beam or an acousto optic
modular to vary the frequency of t’he laser. There are many ways to vary the frequency, but the
important question is: Howymuch does the frequency change for a give voltage and how fast can
we control the frequency? The transfer finction is a measure of the frequency actuators response
to a given input. These are important functions to know when one is trying to build a servo to
control the laser.

The basic séheme to make a servo is the following: our error signal monitors the laser
frequency, §ve see the laser drift so our servo tells the laser to do the opposite, or we give it
negative feed-back.. So our servo is 180° out of phase with the laser drift. Now if we think back
to figure-1b we see that the phase of the frequency actuator changes as \;ve go through the corner,
so our phase will change from -180° to -270°. Our electronics that we use to construct these
servos are not perfect so at high frequencies they will add more phase shift. ‘It is unavoidable
that we will cross over from negative feed-back to positive feed-back. When we are trying to
control the laser with positive feed-back we will create an oscillation. In ordef to prevent this,

the frequencies with receive positive feed-back must be attenuated. We do this with an
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integrator. Figures B.laand B.lb show the desired response. We create the integrators response
by placing a capacitor in series with a resistor and using the combination as a feed-back

z
impedance for a operational amplifier (op-amp). The voltage gain of an op-amp isjust - — |

where Z2 is the feed-back impedance and Zi is the input impedance to the operational amplifier

used in an inverting mode.

100000

100000 e Overall response
------- Integrator response
of 10000 e Transferfunction response
10000
Frequency (Hz) Frequency (Hz)

Figure B.l Shows the (a) servo response and the desired (b) overall response of the locking
system.

We- see at low frequencies the capacitor has a large impedance, so the gain is large. However,
there will be a frequency where the impedance of the resistor is larger than the capacitor, so the
resistor sets the gain. Figure B.la shows this, we see a -20dB/dec slope for the capacitor and a
flat response at higher frequencies caused by the resistor. ldeally we adjust this comer to match
the comer of our transfer function, this gives a smooth gain profile and the phase does not
change from -270°, and we have a fall off of -20dB/dec in the region of positive feed-back.
Figure Ib shows our over-all goal. We know have an idea of what we want to do, use an
integrator to match the transfer function an give us a -20dB/dec fall off, so we can design a servo

to do so.
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Figure B.2 shows a servo which was originally designed by Jan Hall of Pound-Drever-

Hall, with a few changes to make the servo more practical for our use.

Figure B.2 A schematic of the servo board

We will go stage by stage and describe what happens. Our error signal enters through the BNC
J1, and is dropped across a resistor R40. Typically the value of R40 is 50Q, this impedance
matches the BNC cable with the circuit. We then go through some low pass filters which set the
maximum bandwidth of the servo. We then enter our first op-amp, U I, which is used as a buffer,
the capacitor and resistor used in feed-back help prevent parasitic oscillation caused by a stay
capacitance between the + and - input ports. We then enter our first integrator, U3, with a low-
noise dc basis to zero our error signal. Resistor R5 and capacitor C2 are chosen to match the
comer in the transfer function. Because of the large dc gain of an integrator a by-pass resistor

R2 is used until the laser is close to lock then removed by throwing a switch. The zener diode
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and signal diode pair provide a clamp on the voltage so the 6p—amp is neverrailed. R17isa
resistor that reduces the tendency for fhe op-amp to oséill.ate. Because we are not guaranteed
that the slope for every frequency transducer i's the same; we have an optional invert stage, U2, to
assign the proper sign to our feed-back. We now enter our final stage which consists of an array
of resistors to set the gain of the servo, and an optional second integrator, U4, for the work in this
thesis R19 and C6 we not used. We then leave the servo though a 10-turn pot thaf é,ives us fine
control of our gain.

The method of locking the laser follows these steps. First the servo is tuned to match the
transfer functlon of the frequency actuator. The frequency of the cavity and laser are tuned with
in the side-bands produced by the EOM. The gain is increased with R2 in the circuit. Once we
are close to the cavity center tﬁe switch is thrown removing R2 and leaving a pure integratér? the
gain is increased until an oscillation is seen, the gain is reduced until the oscillation disa;;pears.
The oscilllatio.n is cause by positive feed-back so the gain was reduced. So we hav¢ a locked

laser.
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APPENDIX C

PIEZO DRIVER
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In this appendix we will discuss the design of a low noise high voltage piezo-driver. In
this thesis we use a piezo inside the Raman cavity to control the spacing to the mirrors. So if we
apply a voltage to the piezo we change the length of the cavity, hence, change the frequency
which the resonant ﬁequency of the cavity. If we know the free-spectral range of the cavity
(2GHz), and the amount of voltage required to m.ove a free-spectral range ( 27V ) we can
calculate the frequency change for a give voltage. For the cavities used in this thesis this number
is about 75 MHz/V. So noise in the piezo driver on the order of 1ImV, would give us a minimum
linewidth of 75kHz. This is the level of typical piezo drivers that can be purchased over the
counter. So if we want a stable cavity or laser we neéd to improve on this number.

Figure C.1 shows a low noise piezo driver that was constructed with some guidance from

Michael Jefferson of IBM.
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Figure C.I A Schematic of the Piezo driver board

The error signal enters the driver at the BNC, J3. The error signal is dropped across a 50Q pot to
provide impedance matching and a variable gain. The error signal then enters a low noise buffer,
U4, which then enters the integrator U8 who's function is described in appendix B. We then
enter an optional invert and reach a difference amplifier U3, which sums our error signal with a
DC bias produced by a low noise voltage reference. The out output of the difference amplifier is
place into the high-voltage stage. This high voltage stage is a combination of two op-amps. The
first op-amp is low noise and it thinks that its output is after the high voltage stage U7, because
that is where the feed-back resistor is. So it controls the output of the high-voltage stage giving

us low noise. Because of the cost of the high voltage stage (-$200), some protection
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components were added, Ql-4, and \}oltage suppreésors on the poxlver supplies. The high
voltage the leaves the piezo drive;" th:ough a resis;cor which is chosen to give the desired
.bandwidth of the servo by forming a low pass ﬁl;ter with the piezo.' The noise of this system is - °
limited by the IC's that are chosle_:n so we will show .":1 list of the chips used' in the _circu’it.
LT1007 U8, Us, and U6 | |
AD797 U4, U2, and U3
MAX6250 Ul (low noise 5V ref, limiting piece in servo)
| PAOé or 85 U7 high voltage stage |
These IC were ;:hosen because of their sfabi’l'ity and low noise.
The noise of the‘ servo was compared to commercially available high Yoltagé devices, a
Thor labs piezo driver and a neﬁ;focus piezo driver’. The rms. voitaée was~ measured by
matching the oiltput impedances 'of each device and i)lacing the voltage across the piezo inside
the cavity; The New focus driver had 3,200V ms, the Thor labs piezo driver had 7001V g,

while the above piezo driver had 1V, which would correspond to 75 Hz. This is the driver-

" that is used through this thesis.




89

APPENDIX D

AOM DRIVER
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This appendix describes the AOM driver used in this thesis. An acousto optic modulator
works by géneration an acoustic wave in a crystal, whicﬂ then shifts the frequency of the laser
beam inside' the crystal. We want to use an AOM to frequency control the laser, so we need to
know some things about the AOM. The acoustic wave is generated by a piezo which is driven
by a voltage to frequency converter. The velocity éf the acoustic wave is 3,630m/s, and the -

wave has to travel 3mm to reach the beam in the crystal, this corresponds to a delay of 826ns. So

the usable bandwidth for locking with the AOM is f,,,, ~ , where t, is the time delay of

_
Znt,
the AOM. This gives a bandwidth of 19QkHz. However, if the AOM can still respond to higher
freqﬁencies, but with the ifnproper feed-back, so we need to be careful with the noise in the
electronics. The transit time of the acoustic wave acfoss the beam diameter is ~25 ns which
corresponds to about 6MH2, where noise can be placed on the AOM and no possibility of
removal. So we need to construct a low noise AOM driver that is quiet out to frequencies up to
6MHz.

Figure D.1 shows the schematic of the AOM driver used in this thesis. The error signal

enters through the BNC labeled J7. There is a high-pass filter that can be used to eliminate cross
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Figure D.I A schematic of the AOM driver board
talk from the slow servo. We then enter a low noise op-amp that clamps the voltage between
+4V, so the voltage to frequency converter is not damaged. We then enter a difference amplifier
that sums the error signal to a dc signal and the output goes to the AOM. The AOM has a center
frequency of 80MHz which corresponds to an input voltage of IOVDC. So the dc basis is tuned
to this voltage. Ifa R6 is replaced with a trimpot the center frequency can be changed. The
board is driven by -15V and +28V, so the output can be tuned from 6-14V. The +28V is used
because the AOM voltage to frequency converter requires +28V. The board also has a +5V
output that turns on the oscillator, with the option of being externally controlled by BNC, J1I.

This driver provides a low-noise IOV output that can be changed by the error-signal
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APPENDIX E

AOM TEMPERATURE CONTROLLING
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This appendix describes the need to temperature control the AOM. Normally the input
polarization of the beam entering an AOM is linearly polarized and sent down one of the axes of
the crystal. However, because we are doing a double pass, to minimize beam steering, we use a
polarizing beamsplitter and a quarter wave plate to separate the double-passed beam. So we
have circularly polarized light entering the AOM which has a slight birefringence, which
changes the polarization state of the beam so the polarizing beamsplitter does not work as
planned. Furthermore, the piezo is being driven by W of RF power so when we tune the AOM
we change the temperature of the AOM crystal, hence changing the beam’s polarization due to
the birefringence of the AOM. This results in drastic power fluctuations.

We can eliminate these fluctuations by temperature controlling the AOM. Figure E.I
shows the results of
temperature controlling the

Laser Power monitor
AOM. We can see when the Power out no Temp control
Power out Temp control
AOM is turned on both the
powers change drastically, 5 3
however after 1 Ominutes the

temperature controlled AOM

stabilizes, while the

Time (min.)
Figure E.I Shows the results of temperature stabilizing
the AOM.

uncontrolled AOM keeps
oscillating. So by temperature

controlling the AOM we can eliminate, or cancel the effects of the birefringent crystal.
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"APPENDIX F

PUMPING SYSTEM
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This appendix describes the pumping system used to evacuate the cavity ofair and fill it
with Hz. When one uses these high reflectivity mirrors (A<15ppm), one needs to pay special
care to the environmental conditions when a Raman cavity is constructed. Some examples: a
normal roughing pump can deposit oil on the mirrors and adversely affect the properties of the
mirrors; in addition, any dust in the Hz tank that reaches the cavity will also degrade the
performance of the cw Raman laser. To ensure the cleanliness of the mirrors the Raman cavities
are assembled under a hood and the cavity, and Hz lines are pumped down by an absorption

pump, and a 0.5 miron filter was placed after the Hz tank. Figure FT illustrates the pumping

system.

H1Tank
Absorption

pump
(> valve

[~x Pressure and

V'y Vacuum Gauges
| valve

Raman Cell

Figure FT Shows the pumping system used in this thesis.
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APPENDIX G

RAMAN CAVITY
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T &

Figure G.I The Raman cavity
This is the a diagram of the current cw Raman laser. The mirrors are spaced by 3 cylindrical
piezos. And the cavity is vibration isolated by o-rings and sorbathane. The cavity is enclosed

and is designed to safely hold 10atm. of H2(windows are limit).

6.000 - 03.000
-H 1—0.700 02.550
[ 02.232
01.876
0.750,
=]
-2.850- m2.450- 8-32 Tap

Figure G.2 The Raman cavity housing
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This picture shows the housing of the cw Raman laser cavity.

4.124

Figure G.3 The mirror holders
This figure shows the cavity section of the cw Raman laser, we can see the mirrors are held in
contact with the piezos by compressed o-rings. The two o-rings that are on the outside of the

cavity serve as vibration isolation.

Figure G.4 Isolation cylinder
This cylinder sides over the cavity of figure G.3 and sorbathane is placed around the exterior of
the cylinder to provide more vibration isolation from the cavity housing. The cw Raman cavity

was designed by John Carlsten and Pete Roos, and constructed by Pete Roos
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APPENDIX H

MATH-CAD PROGRAMS.
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This appencﬁx contains the computer programs used in this thesis. They are Math-Cad
programs.

Program list:

I Calculates the start of the Raman laser for both the normal and linearized theories
II - Calculates the steady-state values for the pump-and Stokes beams
III  Calculates the relaxation oscillation frequencies and damping

v " Converts spectrum analyzer data into RIN

v Calculates the RIN on the pump and the Stokes beams give a pump RIN
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Prbgrém |

This program integrates the pump and Stokes equations

1. Let's model the mirror first:

A. Pump: ) .

= “ = -6 = — _‘.
_Rp.—0.999! ' Tp. 18010. Ap. 1 Rp Tp
B. Stokes': ‘ , ‘
Rg=R, - Tgi=T, Agi=A,

Il. Let's define some constants:

c :=3-10lo cm/sec

L:=728 cm (cavity length) -
R:=50  cm (radius of curvature)

b :=4/(2R- L)-L cm (confocal parameter)

A= 532107  cm (pump wavelength)

-1
Ag = (L - 4155)

A p
Mg =6.8310° cm (Stokes' wavelength)
v p =1 {>S =1 -pump and Stokes freqhenci‘es
I p s :
: 2
. . 2 2 B R
- [(8.4&10“) - ( ! 7) } S
] 5321077} vp- 4155 = o
@ =2.510" " : P 2plane wave gain coefficient
- 4155 [ e 2 '
_ 84810 —
(532-10 7 ) ( Vo

G=248710% 1/sec*W - g:=G g=248710"

L ::-L-ln(R> L. =412110° 1/sec losses in pump mirrors
P 2L P P

L :=-—°—-1n(Ré) Ly =4.12110°  1/sec losses in Stokes mirrors
2L .

Threshold Powers:

Area ::F-(}»p-i—XS)

- 4-atan E
\b

Area=8.09410"  Average area through a focus




L'L L

102

P s 1
Ethres 7 T o Ehres =303.462
|Tpe
N p .
P 1B 2 Ar P = —4
thres *= 5"V S thres “Are2 thres =9-886 10

Times :=4 Number of time threshold

Eiy 2:/\/ Times'E p1es
S [z
K_i Tp'Ein Pump Rate
0 .
. X= , |Initial conditions
1.510 '

K =3.35610"

' D(t,x) = P
~Lgx+ (8) (%)% + 110

7 = Bulstoer(x.0, 10016°®,100,D)
i:=0.3n:=0. 100 m:=1..100

p hg ‘
(p) + K- (@) (5)"

Raman threshold in Watts

This. éection calculates thé fields and powers leaving the cavity

Pump:
Front

~ 1 _
Epf(n) :=- R p B+~ pr-zn’1 |

Ppb(n) 1=-;-q1-Area-pr(n)2 ¢

~ Stokes: -
‘ front ‘

o | .

Esf(n) "5',«]Tp'?n,2 '
1 2

Psf(n) -—E-W-Area-Esf(n)

P(n) =P thres-l_“imeslnput pump power

N

s
;—-(Psf(n) + Psb(n))

back

' 1 ,
Epb(n) -—E- Tp-Zn,1 field

Ppf(n) = é-lp-Area-Epf(n)2 power

.back -

1
‘Esb(.n) -—5- "Tp'Zn,z field

' Psb(‘n')1=;—;-w-Area-Esf(n)2 power

%(n) =P : -100 Photon conversion efficiency

P(n)

L 1
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0.002
Ppb(n)
%(n) 50

Psb(n)

Writes the results to a data file
Datari Q =Z1 Q-MO6 Time in micro seconds
Datan j =Ppb(n)-100C pump at exit of cavity in mW
Datan 2 =Ppf(n)100( pump at front of cavity in mW
Datan s =Psb(n)-100( Stokes at exit of cavity in mW
Datan 4 =Psfi(n)-100( Stokes at front of cavity in mW
Datan 5 =% (n) Conversion efficiency
Datan 6 =P(n) pump in (marker)
WRITEPRX start) =Data Writes to a data file: start.prn

This section tests out the linearized theory

=4.071-10 pump field in the steady-state

s " 3.59) I Stokes field in the steady-state

initial conditions

DIXt.x) := Xp linearized Raman equations

2-g-a ss b S5-73

777 =Bulstoer(x,0,10010"6,100,Do) integrates the linearized Raman equations
ZZn, =ZZZn ,+ ass pump field

72z =ZZZn ) +b Stokes field

n,2 , s§
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The pump and Stokes fields and powers at the front and the back of the cavity

pump:
front

Af(n) =-JTp-Ein® 2-J7p-ZZn |

Paffn) =--V-Area-Affn)2
2

Stokes:
Front

BK™) -1Jrpzz'.,

Pbffn) =--V-Area-Bffn)2
2

bbb =0..70
Ppb(bbb) 0.002
PatK bbb)
Psb(bbb)
Pbb(bbb)

Data2 n =ZZZ . time inseconds

back
Abfn):=1/Tp-22, , field

Pabfn) =--v Area-Abfn)2 power
2

back

BK") A '/ IV zz"! field

Pbbfn) =--V-Area-Bbfn)2 power

Data2n ( =Ppbfn) pump at back (normal)

Data2n 2 =Psbfn) Stokes at back (normal)

Data2n 3 =Pabfn) pump at back (linearized)

Data2n 4 =Pbbfn) Stokes at back (linearized)

WRITEPRHstart2) =Data2 writes to a data file: start2.prn
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Program II
This program takes the steady-state limit of the pump and Stokes equations

|. Let's model the mirror first:

A. Pump: ‘
= - i '= ) = — Rati = y 4 =1 - —
R, :=0.99978: Ratio := 86 T, (1 Rp)RanoTp 1.84910 Ap=1-R,-T,
_ 1073 '
A, =30r10°
B. Stokes'
R.=R_T.=T. A.:=A

y =2.65310 >
L (41-0)

L :=0.06 m (cavity length) .

R =1 m (radius of curvature)

b= J(Z-R— L)yLm (confocal parameter)

A p = 53210° m (pump wavelength)

. -1 ’
Ag ::H L 4155)-10'0} g =6.8310 m (Stokes' wavelength)

A 5100
T S
P s ‘
100 ° 2000
' 2
[(8.48104> —( = 7” ‘
cav 17 | v, — 4155
o :=25100L 1 53210 - P__
] 2
_ 4155 [ 12 2]
: -4 8.4810") :
(532-107 | ) (8.4810') ’p
«=2510" mw
Fac :=.66

=Ly.a-c G=248710° ° 1/sec*W g :=GFac
8 .

H
2 C *
- C, . L,.=537610°
L, 2.Lln(Rp> p=> 1isec
_ ¢ - i
Ls-"EJ“(Rs) L, =537610  1/sec

Let's do some steady-state-theory.
L{A,+A
L L)

4-atan E
b
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Threshold of the laser

}L, ' :

. L s o 3

E thres = 'Lp' ? "Ethres —‘4'525'10
c I ,

A =1.04%10

Y

1 : o -3
P thres "‘E'W'Ethres'Ethres'A P thres _2'843'10.

mm:= 100C . n;= 1. mm

'_' n-4 |
Pin(n)_'_ (_“’ .m)'Pthres
' m

The steady state Approximation:

2P (n)
k(n) ‘—J—p / in

LK + L\
P pump(™) :=5-w-}(l)-k(n)-(;) A

‘E sexit() = >

1
P gexit(m) ::E"V'E sexit(n) E gexit(n)-A

S(n) :=

1-2 _pi,g—P ()
‘ s

g=!

DDﬁ,o :=1000P pun‘lp(n) Pump power

DD, , :=2:1000P sei'cit(“) Total Stokes power
D .
Eae— Conversmn efficiency
Dn,O

WRITEPRN thres ) :'=.]5D V\(riteé to data file: thres.prn

‘ ‘ .57
j?s
‘ k(n)—Lp- —
I-JT‘: : g p_F
g Lg
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Program III

This program computes the frequencies of the relaxation oscillations

|. Let's model the mirror first:

A. Pump:
- - 6 —
R_p :=0.999¢ Tp_.—18010 ép .-l—Rp—Tp
B.' Stokes': ‘
RS.:Rp TS::Tp ' AS.:Ap-

Il Let's define some constants:

- ¢:=3-10'° cmi/sec Y y =2.65310 °

L:=7.28 cm (cavity lengthy
R:=50 cm (radius of curvature)

b :=4/(2-R— L)-L cm (confocal parameter)

A p = 532107 cm (pump wavelength)
| :

A= (——1— - 4155) A g =683 10° cm (Stokes' wavelength)
A - . .

p
N S
po - UsToT
Ap A
: 2
2 2
[(8.48104) —( 1 7” y
e v .~ 4155
¢ :=2510° — 53210 P
. . 2
_ 4155 [ 4)2 2]
- 8.4810") - v
- (532-107 ) ( ) P

@ =2.510" | cm/W .
G::l-(i- -C'\IJ) G=248710" 1/sec*W .g:=G g=2.48710 %
2 - =

= 1 =412 .
Lp: 2'Lln<Rp) L,=41 110 1/sec

L

c = .
S;z_ﬁ.m@s) Lg=4.12110° tisec

Threshold Powers:

L(h_+A . ~
Area = ( P S) Area =8.09410 *
L
4-atan|{—
H
+. Ethres '™ Ethres =303.462
P -1 E,_ .2Area P =9.88610 *
thres '_E'W' thres "2 Y thres = 7!
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n =3.. 100C

. 220 . .
Times(n) =1+ n —— This variable ramps the pump power
Ein(n) =VTimes(li)-Ethr

K(n) ="Jjrp EinCn)

Let's test out the linearized theory

| e
ass =4.071-10
An(K(n)“L a
bgs(n) ! ' P SS bss(l) =1.162 104
v Xg'g-ass
y(n) =Lp+- -g-bss(n)2 OF) ~(2-g-bss(n)-a,
XP XP
2 y(n) o
= ®o(n f(n) :=-----m(n)
ot L\ ™ 2
m =2.. 100C
6.126746+006)™°
IMO
£m)
r(m)
IMO
130362.61. 104

100 IMO

344 Times(m) 221,
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Now let's calculate how much damping occurs in one oscillation

Damping(n) =e 2 <l,tn)

0.025

Damping(m) 0.01

Times(m)

ng =Times(m)

Zml =fm)
Zm2 =r(m)

Zm 3 :=Damping m)

WRITEPRK relax) -Z writes to a data file: relax.prn
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Program IV

This program converts the spectrum analyzer data into RIN.

This section reads in the data file
X =READPRNfs90gl) A =rows(X) A =399 n

Now we want to convert the data to RIN

Vdc=Y v R=50Q

V hc2 1000
PH =— - mw RB =120C Hz

dc . R

correction =10-logjP dcj -t-10-log(RB) correction =55.048

Zn,o =xn. Frequency Zr>l =Xn | - correction

WRITEPRNfs90glr) - Z writes the RIN to a data file

1.5*10"
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Program V
This program integrates the pump and Stokes equations -

{. Let's model the mirror ﬁrst:

A. Pump: ,

R, 709998 T, =11010° ApE1-R,-T,
B. Stékes': :

R =.9997¢ | T, =18010° Ag=1-Ry Ty

ll. Let's define some consta}nts:

14

1-10

c:=3-10"° cm/sec Sy s
(47-c)

.y =2.65310°

L:=7.28 cm (cavity Iength)'
R:=50 cm (radius of curvature)

b ::«/_(2-R-— L)-L. cm (confocal parameter)

Api= 532-'10’7 cm (pump wavelength)

1 ' -1
A= [—— 4155
- A’ a

% .
Mg =6.8310° . cm (Stokes' wavelength)
V., = 1 Toug = ! A
Py STy
- A

‘ ‘ ) . 272 '
[(8.48104) - ( 7) } .
- 10 v, - 4155
@ :=2.5107°- " 153210 . P

. 2

_ 4155 { . 4)? 2]

- 84810') - v_?|

(53210 7 ) ( S - 2

«=2510° cm/W

G::l.(l-a.c-\y> G=248710" 1/sec*W g:=G g=2.48710"
2\4 ' .

_C _ 5
Lp.,—-a-ln(gp) I.Jp 267910  1/sec
e, N 5
LS.——ZI—J-ln(RS‘) L =4533100  1/sec
Threshold Powers:
LA _+A) -
_ﬁ—'l Area =8.09410 *

- Area ‘=

E s = 264.631

A_=210°
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~thres g M tmies 1Area Pthres 7.51S110

Times =5.6 =AJTimes Eyhres K =)y rPEin K=2.7071010

The steady-state values:

=S =1" =ss =4.2710" b, , =3.386,0'
8 1 ks'Sfass
Let us read in the pump RIN data file
Pump =READPRh(Pumpl) A =rows(Pump) A =399 list =O.. A - |

Col. 0 is the frequency, and col 1 is the SA data. We now need to convert the SA data into
RIN

RB =120GHz Volt:=— V R =500 D CPI1 O OC DCP= 103968 mW
2 R

Now we can convert to RIN

RBa =10-log(RB) RBa=30.792 DCPa =10-log(DCP) DCPa=20.169
Correction =RBar- DCPa Correction = 50.961

rin MsiiO = pumpPiistiO rin Msi, | =PumPMsti " Correction

1.5*10*

Now we have the pump fluctuations in RIN, now we want to place these fluctuations
in to an amplitude for the pumping term (in Field). Remember RIN goes like the
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optical power squared, so it will vary like the Field to the 4th power. The RIN is also
measured in RMS.

Ampljst Q =RINjjst “"Frequency of the oscillation

Artist i =42-1040 * Relative amplitude of the oscillation (in Field)

1.5*10'

Now we want to place this noise into the cavity pumping k(f) and generate what
we would expect to see in the output Stokes and Pump fields above threshold!
This program finds the noise spectra for the pump and Stokes beams after threshold:



{1 R | Y A W
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Answer D,List,Amp,a ,b )= | for ke 0..List- 1
ss?" ss
f—Amp, ,

Tim&'—Z
A Ampk,‘1

ass

X bss
2:-f
A
Z Bulstoer(x, 0, Time, 1500, D)
for se 0..1399

Pump —2Z 4 00,1

‘Stokes & Z

‘ s+100,2

‘ Noisek’ o f

2. max Pump) — min{Pump)
max Pump) + min{ Pump)

Noisek - 2 maxStokes ) — min( Stokes )
’ max Stokes ) + min( Stokes)

) Noxsek’ <

Noise

Now we need to write the vdifferentiél equation for the system
If inlx bs 2. W
- |k (st |- e )
p
D(t,x) := ’ 'Ls'xl +g (x0>2x1
' 0

L 0

A ::Ahswer<D?A,AmP,a gD ss‘>

Now we-need to convert the noise into a RIN

Freq(Jency of oscillation

ZZ 0= L oF!

40-log fist, 1 Pump RIN

g1 =

2:A12

Zlist 2 I'
77, , =40log = |Stokes RIN
o 22

2z 5 =RIN, ,Pump In RIN
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WRITEPRN: RINQ) -ZZ VVrites the data to a file RINQ.prn

-i0o-

- 120-

1.5*10"
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