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ABSTRACT

Measurements of the output of a Raman amplifier when there is no input
Stokes seed are presented. It is shown that a fully quantum mechanical scaled
planewave theory describes the growth from spontaneous emission well in the high
gain limit. However, in the low gain regime there is a significant increase in the
amount of Stokes output which is not predicted by the plane wave theory. To account
for the deviation from planewave growth observed at low gain, a fully quantum
mechanical theory of amplification in a focused gain geometry is presented. The theory
is based on a non-orthogonal mode expansion of the amplified field and incorporates
the effects of both gain-gniding and diffraction. In addition to accounting for the
observed Stokes output at low gain the non-orthogonal mode theory predicts that the
Stokes field can experience enhanced gain as well as have excess noise. Results from -
an experiment are presented which verify the existence of enhanced gain in a multipass
Raman amplifier. Though the experiment does not give a direct measure of the excess
noise factor the results indicate that there may be more than the usual quantum limit
of 1 photon of noise effectively. seedmg the Raman amplifier. :




CHAPTER 1
INTRODUCTION

The term Raman scattering is used to describe an inelastic photon ‘scatteﬁng
process. When a photon scatters off a Raman active medium it can either deposit or
extract energy from the medium depending on the initial state of the medium. Though
Raman scattering is typically done using the vibrational. and/or rotational states of
molecules in a gas or liquid it can also be done using -electronic states of an atom or
can occur through an interaction of the incident photon with lattice or phonon modes
of a solid.

When a photon is red shifted in the Raman process it is commonly referred to

as a Stokes photon. In Fig.1 an energy level diagram of the Stokes process is shown.

The Raman active molecule starts in the ground state |1) . An incident pump photon

with energy ho, scatters off the molecule leaving it in level |3) . In order to

conserve energy the scattered Stokes photon energy is given by ho, =ho ~ho,, - The

Raman process can also lead to blue shifted photons referred to as anti-Stokes photons.
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Figure 1 Simplified energy level diagram for Raman scattering process

There are two scattering mechanisms which contribute to the production of anti-Stokes

photons. The non-resonant contribution to anti-Stokes scattering occurs when the pump

photon scatters off a molecule which starts in the excited state, |3) . The scattered

photon is blue shifted in energy and the molecule is left in the ground state, [j) .In

resonant or coherent anti-Stokes scattering (CARS) the blue shifted photon results from
a four-wave mixing between the Stokes and pump fields. In this case the molecule starts

in the ground state and ends there as well. For both paths energy conservation dictates



Raman Cell

Laser

Figure 2 Essential components of a stimulated Raman scattering experiment,

that the resulting anti-Stokes photon has an energy given by “aes=litop+>C3l

Stokes scattering can occur spontaneously or, as alluded to in Fig.l, can be
stimulated by other Stokes photons which are incident on the molecule at the same time
the pump photon interacts with the molecule. The latter process is referred to as
stimulated Raman scattering. Even in the absence of an initial Stokes field, stimulated
Raman scattering can still occur. In Fig.2 the essential details of a Raman scattering
experiment are shown. An intense laser is used to pump a Raman active medium. Since
no Stokes photons are incident with the pump field only spontaneous Raman scattering
occurs. However some of the initial spontaneous Stokes photons travel in the direction
of the pump and are subsequently amplified through the stimulated Raman process

discussed above. Exploring both experimentally and theoretically the various aspects of
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quantum injtiated stimulated Raman scattering is the central theme of this thesis.

Background and Motivation

Stimulated Raman scattering(SRS), although actively studied since 1962,
continues to be an important and exciting research field as well as a practical and useful
tool. Along With, the well known applications in _spectrbscopyz's sﬁch as generation of |
efficient tunable lasers in the infrared, SRS haé recently been used to génerate very
narrow linewidth pulses.® In the non-linear regime it has been shown: that thevequati.ons,
describing SRS‘ admit soliton solutions.” These solitons have been observed'to occur
spontaneously and recently much effort has gone into studying aﬁd understanding the
role of quantum fluctuations in the generation and propagation of the SRS.solitﬂon’s.""11

SRS has also been used to gain insight into.the microscopic ‘quaritum world,

through amplification of the vacuum field the microscopic quantum fluctuations are.

manifest in frequency; time, spatial and energy fluctuations of the macroscopic output

Stokes field. In addition it has been demonstrated both theoretically and
experimentally that a Raman amplifier can be operated at the phase insensitive quantum
noise limit (;f 1 pimton per mode.'!” In this thesis I present and di‘écuss experimental
data on SRS generation in a multipass cell (MPC).

There are several advantages to doing SRS, as well as other stimulated emission
processes, in a MPC. In a MPC, the amplified field and the pump field are focused on
each pass. In a focused ‘geometry where the confocal paramefer of the. pump ﬁeljd is

small compared to the medium length the threshold for amplification is minimized.51%1
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The MPC can also be used to increase the gain. The galn enhancement is due to the
multiple passes which effectively increase the Iength of the medium. Th1s gain
enhancement, which can easily be as much as an order of. maghitude with the us'el of a
MPC *is extremely useful in cases where the gain is very small, such as SRS of CO,
lasers in the IR.

As well as threshold reduction and gain enhancement, the MPC provides an
excellent arena for studying first Stokes generation and amplification since focusing and
wavelength selective mirrors each reduce the gain of higher order emission processes.
For example, it has beg:n shown that for single focus SRS, the ratio of anti-Stokes to
Stokes is reduced to the 10® level.’** For a MPC configured with mﬁrors that reflect
strongly only at the Stokes and pump wavelengths the anti-Stokes to Stokes ratio is
further reduced, and other foﬁr-Wave mixing processes such as second or higher order
Stokes. are inhibited. In addition, the MPC can be configured, as in our experiment, so
that the transit tirﬁe of the pump through the MPC is greater ‘than the temporal width
of the pump. In this configurat'ion the growth of backward Stokes is also greatly
reduced. Thus the amPlific_:ation of the-Stokes pulse in a MPC can be studied ‘without’
the usual complications of higher order mixing processes which accompany a high gain
single pass system.

In both the experimental and theoretical work discussed in this thesis the Raman
medium used was molecular hydrogen. Molecular hydrogen, H,, is a homonuclear

diatornic molecule. In Fig.3 a detailed (though not to scale) diagram of the energy levels




Figure 3 Detailed energy level diagram for molecular Hydrogen.

for H2 is shown. The ground electronic state is denoted (lsa)(lsa) Zj , where Jl

indicates that the state has zero projected angular momentum, the indices + and g
indicate the symmetry properties of the electronic wavefunction and the superscript |
indicates that the electrons are in a singlet spin configuration.2l The coarsely-spaced

energy levels above the ground state are due to the vibrational degree of freedom in the

molecule and are denoted by v-0,1,2.. <The first few vibrational levels are separated

in energy by approximately 0.5 eV. In addition, for each vibrational level there is a

finer energy level structure corresponding to the rotational degrees of freedom which
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are denoted by =(,1,2... and are separated in energy by approximately 0.03eV. The

first electronic excited state denoted (1so)(2po) X , is separated from the ground

state by approximately 90,000cm™ or 11.2¢V. Though not shown, there is a similar '
coarse and fine scale energy level structure associated with this state.

Raman scattering transitions amongst these levels do not take place arbitrarily

- but are constrained by the selection rules Av=0,AT=0,£2 Or Ay=+1 AT=0:+2 -

Because in our work the pump photons were linearly polarized, we only had to consider

pure vibrational Raman scattering, Ay=+1AJ=0 .The nomenclature used to label pure

vibrational transitions is Q,,(J) where v is the initial vibrational level, v’ is the final
vibrational level and J is the rotational state of the molecule.

At room temperature, which is the temperature at which our work was done, the
molecule is primarily in the ground electronic state with v=0. ﬁoWever, due. to the
combined nuclear and rotational degeneracies, a majority of the moleculés(GG%)
p(;pulate the J=1 rofational state rather then the lowest, J=O? rotational state. The

following correspondences can be made to the simplified energy level diagram given

"in Fig.1; the ground state, |1) , corresponds to the electronic ground state (15(5)2[,:312;
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with v=0 and J=1, level |[2) is identified as the first -el‘ectronic’excited. state, and

level |3) again corresponds to the ground electronic state but now has v=1 and J=1.

This is summarized by saying that Raman scattering was done using the Qg;(1) branch
of H,. In this case a pump photon at 532nm(green) undergoing Raman scattering will
be Stokes shifted to Become a photon at 683nm(red). \

In the following chapter a brief description of the fully quantum mechanical
- plane wave theory of vst‘imulated Raman scattering is presented‘. ‘The theory accounts fof 3
both quantum initiation and propagation Qf .the Stokes field. In ad‘dition 'we present a
meth'od for extending the jillisdicﬁoﬁ of this .theory to Raman scatteri_r‘l‘g in a multipase |
cell. Finally we show the results ef several experiments whieh point out some
limitatio‘ns‘ of thé plane wave theory in describing the growth from spontaneous
emission in a multipass cell.

In Chapter 3 we develop a ‘gener‘al three dimensional theory of steady state
amplification in a focused gain geometry. The theory is based on a nonorthogonal mode
expansion of the amplified field. The implications of including both the effects of
diffraction and focused gain are explored. We show that the gain-guided nature of a
focu_sedagain‘ amplifier can have a large and profound effect on its output. In particula;
our analysis shows that the gain of ‘the field can become larger than the usual plane
wave gain and that the amount of noise effectively seeding the amplified field cee be

larger than the usual quantum limit of one photon per mode.
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A ‘In Chapter 4 we summarize the results of two experiments aesignedv to look for
the‘lexc':ess noise 1n output of the gain-guided Raman amplifier. The experiments were
performed using essentially the same apparatus as in the first set of experiments,
described in Cﬁapter 2. The only notable change wés the replacémént of our old
Nd:YAG laser with a new injection seeded YAG laser that might rightly be

: characferized as the "cadillac" of YAG’s. The results of the experiments indicate that
gain-guiding can indeed affect the noise properties of SRS.
Finally Chapter 5 concludes with a brief summary of the results in each of these

chapters. In addition, directions that future wotk could follow are discussed. .
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CHAPTER 2

GROWTH FROM SPONTANEOUS EMISSION IN STIMULATED RAMAN'
SCATTERING ‘

Recently, in one of the many theoretical and experimental ixavestigations of
amplification in a multipass cell (MPC)2%*?* Mac Pherson et _al . demonstrated fhét, for
stimulated Raman scattering (SRS) in the visible, arnpliﬁcatio_n of an inp‘ut Stok‘es pulse
is well described by a semi-classical tranéient plane wave theory, even in the non-linear
regime where pump. deplétion is sigpificant. ’fhe focusing and multiple passes that
occur in the MPC were accounted "for by simply scaling the plane wave gain coefficient.
In this chapter we show that the growth from 'spontanéous emission can also be
described by a fully. quanturh mechanical transient plane wave theory, but only for
relatively high gain. In the high gain regime we find that if the gain coefficient is scaled.,
in the same manner as previous work***** the growth of the Stokes | ﬁelci is §vél-1 |
described.

In the low gain regime w'é find there is mﬁch more ‘Stokes energy observed than | L
- predicted by the‘ simple scaled plane wave theory. In order to obtain an insight info the

origin of the excess Stokes energy, we considered the full three dilnensior_ial
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propagation/amplification problem. The solution to this was presented by Perry etal.?
f.or the case of steady state growth. By including the effects of spontané‘ous emission
phenomenologically we are able to calculate the Stokes. intensity from the MPC. ‘In the
low gain regﬁne, we find that the effects of higher order spafial médes become
significant, indicating that a simple transient pl;;ine wave.model is no longer adeciuate '

to describe the Stokes growth.

Plane Wave Theory of Stimulated Raman Scattering

Raman scattering is driven by a coherent interaction between the medium, a

pump field and a Stokes field. The beating of the pump and Stokes field produce a

coherence between states |1) and |3) in the Raman active medium which, for our

experiment, correspond to the ground state and first vibrational state in H,. The induced

molecular coherence then couples back to the pump field to produce the non-linear

polarization at the Stokes frequency, p' )~ (E;Es)Ef IE,|%E, - Stimulated Raman

scattering (SRS) occurs because the rate of Stpkes growth, which is proportional to the
nonlinear polarization, is directly proportional to the amount of Stokes present. This
implies that the Stokes growth will have exponential cﬂaxacter, a hallmark-of étimulated
emission processes.

On first inspection of the non-linear polarization given above, one might
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conclude that if there is no injected Stokes field in the medium thén, because the
polarization is "zero", no Raman scattering occurs. Experﬁnenta]ly, however, this is not
the case; when a Raman active medium is pumped in the absence of an initial Stokes
field, spontaneous Raman scattering is observed. This apparent paradox is resolved
when a fully quéntum mechanical description. of Raman scattering is considered.

In the fully quantum mechanical approach both the xlnolecular response and the
Stokes field are quantized. Then, just as the harmonic oscillator in its ground state has
zero point ﬂuctuations,‘ the Stokes field, even with no photops in it, also has quantum
zero point fluctuations. It is these quantum fluctuations in the Stokes field, bften
referred to as vacuum fluctuations, which are the_ origin of spontaneous Stokes
scattering. A compelling feature of the fully quantum mechanical approach is that it ties
together two seemingly distinct scattering mechanisms; using this 'model spontaneous
emission can be thought of as simply, stimulated ‘em_issi'on of the vacuum field.

A fully quantum mechanical deécﬁption of plane wave amplification process for
SRS has been presented by Raymer and Mostowski.”> In deriving the Maxwell-Bloch
equations that account for both growth and propagation of 'ti_le Stokes -field, they
consider a collection of molecules in a pencil shaped region of length /, and cross
sectional area, A, umifOnnly pumped by a plane monochrornafic field. The aséumpt‘ions
made are that the medium is left primarily in the ground state, and the pump field
remains undepleted. In the absence of pump depletion, the output- Stokes field ES(Z,T)

is related linearly to the input Stokes field ffs(O‘,’C), where T =t - z/c is the retarded
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time, and z labels the position of some point along the axis.of the amplifier. EV¢)

is the slowly varying negative frequency amplitide of the Stokes electric field

Ezr)=E u)e ™ + EOEme™ . @D

In terms of the retarded time parameter; the differential equations describing the growth

of the Stokes field and its coupling to the medium are given by

d

_a.z_éj’"‘(,z;c')=-ikZQT(z,T)EP(z,q:)‘ (2.20)
and
a—ié‘“(zm:—rQ”_(z,«.-)+ik1E;(zn:>'E§"(z,r)+F*<z,r) - ey

. where QT(Z,T) represents the polarization fluctuations in the medium, B (z,fc) is a
quantum Langevin opera-tor added to account for collisional dephasing, and I is the
dephasing rate in the Raman medium. Also, in Eq.(2.2) k, and k, are constants related |
to the field-molecule coupling strength® and can be expressed in terms of the plane
I'ca

167
Though somewhat disguised, the first equation, 2.2a, is simply the steady state

wave gain coefficient, ¢, by kk,=
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slowly varying form of Maxwell’s wave equation. The ri'ghf hand side of this équat_ion
is proportional to the non-linear polarization which is.prodﬁce& from the coupling
between the induced molecular coherence, QT(Z,’C) and the pump field E, The second
equation, 2.2b, represents growth of the molecular coherence which results from the
beating of the pump and Stokes fields.

The solution to Eq.(2.2) in terms of the Stokes field Ifi‘s(')(zj,’c)_‘ can be found in
ref.[25]. The average Stokes power is related to the expectation value of the normally

ordered product of the Stokes field and can be written as?0

P (=2 < E D 1)> | | @3
2r : S

120qt’))

' T
1 .. ) y AT -/
=gz |Y(%) |°Tha 7+gz1“fdc’ ') |2e 2@ /
0 q(tt)

where the pump field has the form Ep(T)'=EoY(T) , g = opr and I; is a modified Bessel

function of first order. In the steady state, F1p>>1, high gain limit the Stokes intensity
increases exponentially with increasing pump power. In this limit Eq.(2.3)3 becomes

ol e | B 2.4)

5 172 ¢
2(rgz)"'*
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which resembles the usual semi-classical high gain result and justifies calling o the
plane wave gain coefficient. |
\'J

Extension to a Multipass Cell

A theoretical investigation of amplification in a focused gain geometry, such as
a multipass cell, has shown that when the gain per pass is small the spatial modes
which describe the growth act independently.”? Additionally when the amplified field’s
wavelength is comparable to tﬁe pump field’s wavelength only one mode has dominant
growth.> For SRS with a visible laser, the above conditions can easily be met and thus
single mode growth can be expected. Previous theoretical and experimentallstudies“of
- Raman amplification in a MPC have shown .t'hat Stokes amplification can be described
by a plane wave theory.”** In this approach, however, the usual gain length coefficient,
gz, is scaled to account for the focusing and multiple passes.

In the next section we compare the output from a Ramén generator in a MPC
to the fully quantum mechanical plane wave theory presented above. As in previous
wotk, to account for focusing, we replace the non-uniformly pumped geometry by a
uniformly pumped region with an effective area given by*

_ lm(xs+xp)

- (2.5)
T 4tan”'( /)

where, as shown in Fig.4, [, is the medium length and b is the confocal parameter of
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the system which depends on the MPC mirror spacing. The effective area is defined

in this way so that the pump intensity,

Figure 4 Diagram showing relationship between Aeff and focused pump geometry.

gives the same total gain over a length Imas does a focused pump beam with the same
power and a confocal parameter b.23 To account for losses resulting from the multiple

passes through the medium an effective length is used which is given by2

=/ TCI-(T2*r) (2.6)
ZAff [1-(T2R))

where T is the transmission of the Raman cell, R is the reflectivity of the MPC mirrors
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and s is the number of passes. Note that in the limit of zero losses (T=R=15 Eq.(2.6)
goes to z,.= sl, so that the effective length is just the length times the number of -
passes.

Comblnmg the solution to the plane wave theory, Eq.(2.3), with the expressmn
.g1ven for the effective area, Eq (2.5), and the effective length, Eq.(2. 6), allows one to

calculate the growth, in a MPC, of the Stokes pulse from spontaneous emission.

Experimental Setup and Results

The experimental setup used to test the validity of this model is shown in Fig.5.
The major elements in the system are a single mode Nd:YAG pump laser, a Raman
generator, and three energy detectors. One detector monitors the pump and the other
two detect the Stokes energy at different intensity levels. | |

The Raman generator consists of a cell of H, filled to a given pressure in the
range of 3 atmospheres to 30 atmospheres. The Raman scattering, done at room
temperature, occurs predominantly at the Q;,lz(l) transition. As shown in ‘Fig.5 the |
Raman cell is simply pl'aced between the nn'rrors of the MPC. ‘Further details of the
experhnental éet up can be found in Appendix A..

In Fig. 6 we have plotted the logarithm of the Stokes output energy vs. input
pump energy. The data shown were taken at 264 and 3.2 atmospheres. The
transmission loss in the MPC as well as the loss from the cell to the detectors were

measured and folded out of the data, allowing a direct comparison with the theory. Each
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Flgme 5 Experimental apparatus used to measure Stokes growth from spontaneous
emission in a H, Raman multipass cell.

data point represents an ensemble average of at least 100 Stokes shots collected at a
given pump energy (within +3%). The error bars’ show'n include both .statisticai and
systematic error and are representative of the size of tlte errors on all the points. The
statistical errors are inherent in both the quantum nature of Stokes build up and in the
fluctuations in detection caused by finite quantum efficiency of the detectors. The
systematic errors arise from uncertainty in energy meter calibration and error in the
measurement of transmission and reflection coefficients of the optical elements. For
Stokes energies less than 10™J the vertical error bars become quite large due to the

uncertainty inherent in matching the output of the PMT to the absolute energy scale of |




19

: LU ML B l‘l LI I S B © .| T |+ LN R |'—' 1T

oy 26.4 atm . E

L + . *

— E 3.2 atm , * 7

- B . ]

o ]

& 107 E

® — 3

c L ]

Lod - =

n 1077 =
Q _

X — -

) - .

- ol .

P 1o E E

> E

13 ]

10—18 [T B R LAT A L1 | I "l | R R T B T O :

0 1 2 3 4 5 6

-4
Pump Energy (J) x10

Figure 6 Stokes energy as a function of purnp energy at two different pressures.
Individual data points are experimental, while the solid lines represent the scaled
transient plane wave theory.

the silicon detector.

The solid lines in Fig.6 represent the scaled transient plane wave theory
discussed at the beginning of this chapter. The theoretical curve is produced by.
numerically integrating the Stokes power, Eq.(2.3), over the pump temporal profile,
resulting in the ensemble averaged Stokes energy at a given pump energy. The
theoretical curves in Fig.6 were calculated using no free parameters. As discussed
earlier, the effect of focusing is accounted for by scaling the plane wave gain length
ﬁroduct, as given in Eq.(2.5) and Eq.(2.6). The plane wave gain coefficient and the

Raman linewidth are calculated using the work of Bischel and Dyer®; their values for
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these experiments can be found in Appendix A.

As is apparent from Fig.6 the predicted gain and the ﬁleasur'ed gain (slope) agree
remarkably well for the two pressures shown; we found this té be the case for 10
atmospheres as we]l.‘ There does, however, appear to be some discrepéﬁcy between the
overall measured energy oﬁtput and that predicted by the theory. At this point it is
unclear if this offset is an experimental artifact or due'to some stbtlety thch is not
properly accounted for by this theory. Future experiments using an injected signal from
a tunable diode laser should help answer this question.

Since the small gain portion of Fig.6 deviates from the theory by a large amount,
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Figure 7 Stokes energy versus pump energy on a linear scale. 'Thegé data show that the
Stokes growth at low gains is linear and scales with pressure as expected. ‘
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it is useful to expand this portion of the curve; ﬂlis is done in Fig. 7 for both the 26.4
and 3.2 atmosphere data. The data presénted reflect only the output of the PMT. Aléo,
the error bars shown do not include the uncertainty associated with calibrating the PM’I‘ '
output to the silicon detector output. Even though the theory does not accurately predict
the small gain data obtained, it does predict that, in the low gain regime, the aﬂlount
~ of spontaneous Stokes photons is directly préport—i_onal to the number of molecules, or
pressure, in the cell. In Fig.7, it is seen that the-output of the 26.4 atmosphere cell is
approximately an order of magnitude higher than output of the 3.2 atmosphere cell,
consistent with the theory. This leads us.to conclude that this exces;s signal is not an
experimental artifact, perhaps due to pump contamination of the signal or instrument
error, but is indeed exceés Stokes output. |

For clarity we plot the 26.4 atmos. data again (Fig.8); hoWever, the horizontal
axis is now in terms of the parameter gz. Again, the transient plane wave, quantum
theory is plotted as a solid line. It is evident from our results, that the fully quantum
transient plane wave theory, when scaled to account for the multiple passes and
focusing, describes the growth of ‘Stokes pulse re'asonably well for gz > 10. Thopgh
not shown we also found this “to be the case for 3.2 and 10 atmdspheres’ ‘as'w,ell‘».
Howevef, as is apparent in Fig.8 there is a large discrepancy between the output
predicted by the plane wave theory and the measured output for gz <10.

To account for the excess signal at low gain we have considered the work of
Perry et al”® They solve the propagation and émpl—iﬁcation problem for a system with

focused gain in s"teady state. By including spoﬁtaneOUS emission phenomenologically
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Figure 8 Stokes energy as a function of the gam-length parameter gz. The solid line
represents the scaled plane wave theory.

we generate the curve shown in Fig.9, which represents the growth of the Stokes ﬁeld
as a function- of the gain length parameter gz. "Also shown in Fig.9 (dashe‘d-curv«eﬁ is .
the single mode steady stéte theory.® As: is apparent from the ﬁgure, there is a large ‘
deviation from single mode growth for gz < ’1‘0:. The excess 'sig‘ﬁlal in this -ca‘se‘ is due
to spontaneous emission into higher order spatial @odes. If one looks carefully at- the
solid line in Fig.8, one can see a similar but smaller effec\;. in the transient theory (solid
line) at low gain. In this theéry the deviation from a straight line at 10{7\} gain is c,iu’c to
the phenomenon of temporal ga;in narrowing,‘25 as the system ‘giains fewer terhpbfal

modes become relevant. Thus, to adequately describe the Stokes growth in the low gain
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Figure 9 Comparison of the single mode steady state theory (dashed line) and the
steady state focused gain theory(solid lme) This indicates that higher order spat1a1
modes contribute at low gain.

regime a theory needs to include both the effects of' transiénc,y -and the effects of three
dimensional p‘ropagation. | | | |

A fully quantuﬁ mechanical solution to the Stokes growth in a focused gain
geometry will be presented in the next chapter. However we can get a qualitative
‘p.icture of how the higher order modes contribute to the Stokes growth by combining
the transient and focused gain theory in an approximate mannef. Since, in the low gain
steady state regime, the temporal modes act independently,"’ the two effect_é are simply
multiplied; for each temporal mode several spatial modes must be included. The number

of spatial modes, at a given gain, is estimated from the ratio of the focused gain result
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Figure 10 An estimate of the number of spatial modes which have ',s;igni'fiéa'nt gain vs.
gz. At high gain only one mode is important. At lower gdin more modes contribute.

of Perry et al. to the single mode theory. We plot this ratio as a furiction of gz in
Fig.10. Note that in the low gaiﬁ region, where there is not much gain vdiscriminatioﬁ,
several spatial modes are populated due to spontaneous emi'ssion. into these‘modes.
However, as the gain increases only the lowest (;rder‘ spatial mode 'ﬁas dominant growth;
it is in this region 'tflat the output of the amplifier is described well by the scaled
transient plane wave theory. -

If we approximate the gain for each spatial mode to be the same as the transient
plane wave gain, given in Eq.(2.3), then the effect of additional spafial modes can be

accounted for by scaliﬁg the transient theory by the number of additional spatial modes.
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Figure 11 Comp’é.riSOﬁ of experimental results to the combined focused gain and s’rcaleid‘
planel‘ wave theories (dashed curve). The scaled plane wave theory is also shown (solid
line). The results indicate that higher order modes are important.

In Fig.11 the result of the m‘édified transient theory(dashed line) is compared with- the
26 atmosphere data; also shown is the unmodified transient theory(solid line). As is
apparent from Fig.11, including the effects of the additional spatial modes dramatically
increases the theoretical Stokes output for gz < 10. The theory and expeﬁment’ still
don’t agree in absolute Stokes output erergy, but the overall shape of the respective
curves is now in reasonable agreement over the whole gain regime. Thus it seems
apparent that the experimentally observed excess noise, observed in the low gain

regime, is the result of population in both higher order spatial modes and temporal

modes.
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In the nex:t chapter we present a geueral theory fof the quantum initiated output .
~ of an amplifier with focused gam The non-Henﬁittan cha‘rac'ter. of the gahg—gu’idedr
amplification process leads naturally to a desc‘ri'ﬁtion of the amlulifieti'field 1n Lteuns of .
a non-orthogonal mode basis. In addition to accountmg for the observed output in the
low gain the theory 1nd10ates that the amphﬁed f1e1d can be strongly affected by the
gam—gmded nature of the amplification process. In parti‘cul’a‘r’ we s’hqw that the gain of
the amplified field ‘can“be. enhanced ever the. Iul'ane Waye gain and that ﬂ:lei'e can ‘be ‘
more than the usual quantum limit of 1 photou per inode effeetiVely seeding the mode.

Both these effects are collectively referred to in the literature as excess noise.
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' CHAPTER 3
GAIN-GUIDING EFFECTS IN A FOCUSED GAIN AMPLIFIER

Optical systems in which the amount of no’ise effectively seeding the mode is
larger than the usual quantum limit are said to have excess noise.>** Examp1§s of
systems where excess noise may occur ﬁlclude laser resonators with ’high: output
coupling, unstable resonators, and gain-guided amplifiers. In the lattér two systems the
excess noise is assbciated with the transverse .mo-des, while in the former case it is
associated with the longitudinal modes of the system. Whét these systems all have in
common is that they are described by wave equations which are non-Hermitian or have
boundary conditions which are non-Hermitian.*

Petermann was first to show that the non-Hermitian nature of a gain-guided laser
diode could lead to excess noise in the dutpu_t field.*! Tﬁough first mired in
controversy, the existence of excess noise in optical systems is now well established.
Excess noise has been predicted to play a role in a variety of phenomena including the
build up of transverse coherence in X-ray lasers,” larger spectral linewidths in laser
diodes,” and beam pointing fluctuations in gain-guided amplifiers.*’

In the case of a gain-guided amplifier it is the presence of the gain term in the
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wave equation which makes the équation non-Hermitian.- Past studies of excess noise
properties of gain-guided amplifiers have considered gain profiles which are functions
of the transverse coordinates only.***” However, that approach is unrealistic for systems
in which the gain région varies along the direction of propagation, as in the case of a
focused gain profile.

In an amplifier with a non-uniform transverse gain profile the amplified field
may experience transverse gain narrowing. This is due to the fact that the field near fhe
peak of the galn profile grows more than at the sides, and thus naturally begins to
narrow. For the case of a focused gaussia.n gain profile Petry ez al. solved for the output
intensity by expanding the amplified field into a set of orthogonal Gauss-Laguerre -
modes.”? They found that, through mplﬁcation, the growth of these modes was
coupled, which led to an enharicement of the field gain as well as transverse gaih
narrowing.

In this chapter we are interested in describing the growth from spontaneous
emission in a focused gain amplifier. The output field is found by solving Maxwe]l-’s
wave equation; to account for spontaneous emission a quantum Langevin roperat(l)r,
fepresehting thé polariiation fluctuations in the medium, is included. In contrast to
Perry’s work, we begin by expanding the field into a set of non-orthogonal modes. By
forcing the modes to satisfy a non-Hermitian equation we are led tQ' ‘a general

~ expression fof the growth .of the amplified ,field.frorn spontaneous emission. The
expression predicts both gain enhancement and the amount of excess noise in the

amplified field. Our -analysis shows that as the hon-orth()gonal mode gain becomes
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larger than the usual scaled plane wave gain, the amount of noise .efféctively seeding
the mode also increases. From this we conclude that a measurement of-enhanced gain

is also an indication that excess spontaneous emission (or excess noise) is present.

Quantum Theory of Focused Gain Amplification

The electric field operator for a field traveling in the positive z direction having
a single transverse. polarization can be expressed as a sum of its positive and negative

frequency parts,

EA(t,z,rT) =E (+)(z,fr)e a0 , 7 (_)(z,rT)e -if-o) - (3.1)

In Chapter Two the Stokes electric field was decomposed in ‘a similar manner but
because we were only consideriﬁg plane wave growth the slowly varying amplitude did
not depend on the transverse coordinate, ry. For this work we are interested in optical
systems in which the growth of the amjplified field can be described by the slowly
varying Maxwell equation in the steady state paraxial limit. Then, in CGS units, the

34,37

amplified field obeys

(V2 -2ik9, + ik g(zr ) Ezry) =-k24m Bl 2,1, (32)

where V.’=0.>+0,>, g(ry,z) represents the gain profile and k=w/c. To account for

spontaneous emission we have included a quantum Langevin operator, p (z,rp) > which
P
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represents the quantum fluctuations in the polarization of the medium.

The formalism is purposely kept general in this work to stress the broad range
| of applicability. However it is not difficult to see the correspondence between Eq.(3.2)
and the coupled set of equations describing stimulated Raman scattering presented in
Chapter 2. First the transverse Laplacian must be included in Eq.(2.2a) so that the.

effect of diffraction is accounted for in Stokes propagation. Then if Q(z,”c) is replaced

At
in Eq.(2.2a) by its steady state value, found by setting a{? =0 in Eq.(2.2b), we find
ot

that the resulting equation, which describes three dimensional steady. state stimulated

Raman scattering is identical to Eq.(3.2) when the following identifications are made;

the operator used to account for the spontaneous emission, 19: is identified with F the
’ P

quantum Langevin operator representing collisional dephasing in the Raman medium

and the gain profile, glz,ry) » is proportional to I'EP(Z,,.T)|2 .

The presence of the gain term (loss if g is negative) in Eq.(3.2) makes the wave
equaﬁon ﬁon—Hermitian. If g(z,ry) were imaginary then the wave equation would be -
Hermitian and the optical system would be index-guided. In order to have amplification
the gain term must have a non-zero real part which implies the equations describing |

amplification will always have some non-Hermitian character. For this work we
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consider a focused gaussian gain profile,
_Zgo —r=

glzr)=—"0 ™ L o 33

w(z)

| ] - |

1 |

0= tan'1(z/zb),

Figure 12 Schematic of the focused-gain geometry.

where wgz(z)=wf(0)(1+(_z/za)2) , Z, is the Rayleigh Tange, r is thf: magnitude of the

transverse position vector ry and g, is related to the peak gain coefficient. In Fig.12

a schematic of the focused gain geometry is shown. As we will see, the effect of
defining the variable 0 is to fold out the focused nature of the system.

To solve Eq.(3.2), the mﬁplified field is expanded into a set of non-orthogonal
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modes,

E(ﬁ)(z,rr)=Ed,,”(z)d)f,(z;rr) | a N (3.4)
nl .

where 4'" is a generalized creation operator*for the photons in the non-orthogonal

mode q)fl(z,rr . We require the modes to satisfy the eigenvector equation

4ik

kg w,(2)

(VE-2ikd, +ik g(z,ry)) DL z,rp) =M, D zry \ (3.5)

where i is the eigenvalue associated with{he' mode '(pfz(z,rr) and kg is defined
by kg= 2z, . . The indices n and [ correspond to the radial and angular degrees of
3 .
w, (0) ‘

freedom respectively. In contrast to previous work®*******7in which the gain function
was not a function of z, the modes defined above are necessarily a function of z
because of the focused nature of the gain profile. In the limit when the gain is zero the

modes defined by Eq.(3.5) are related to the solution of the free space wave equations
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which in cylindrical coordinates -are the Gauss-Laguerre fu-rictio.ns.z‘2 As we will see the
modes which solve this equation provide a natural basis in which to déscribe the

amplified field.

Because the modes (Df,(ZJ'T_) are solutions to a non-Hermitian equation they |

have some unusual but exciting pfOpcrties. For instance, they ‘are not orthogonal to each
other in the standard power orthogonal sense. Another interesthlg aspect of these modes
is the fact that they are not guaranteed to form a complete set. ‘Completeness for these
modes depends on the choice of gain p_rofile and ﬁiust be proved on a case by ‘éasg
basis.*

As mentioned above, it is generally true that the usual power orthogonality
conditions for the modes do not hold. This is a consequence of the Ii_lon-_Henm'tian-
nature of the equation that these modes satisfy. The standaxd‘p0wér orthogonality

relation is supplanted by

Bn,lm:'fder@f:@i ‘ | S | ' (36)

which is a measure of the overlap between the non-orthogonal modes. An interesting
point here is that even though the modes are functions of z, the overlap between modes
does not change with z. Because the overlap between different modes is non-zero, noise

~can be transferred between modes and thus the noise in different modes is
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correlated.*******"The quantity (Bly is referred to as the excess spontaneous

emission or Petermann factor for the mode @ (zr;) and is greater than or equal to

unity.>*

There does exist a bi-orthogonality relationship, with another set of

modes, \Vfl(z,!rr , referred to as the adjoint modes, which are related to solutions of the

Hermitian adjoint of the differential operator in Eq.(3.5). Physically, the adjoint modes
correspond to modes of a field traveling in the negative z direction.®**The bi-

orthogonality condition is written as

[arayiai=s,, - | | CoN

In Appendix B an explicit solution for the modes found from solving Eq.(3.5)
is presented. In addition some properties of the bi-orthog’oﬁal modes, as well as the
normalization. choice, are also discussed.

With the modes of the éinpiiﬁer determined, wé turn our attention next to

solving for the evolution of the operators in Eq.(3.4). In particular we want to solve

for the correlation between the modes, <d,de > . This expression can then be used to

n
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determine the total output power in the amplified field.
Substituting the field expansion, Eq.(3.4); into Eq.(3.2) leads to an equation of

motion for the generalized creation operators,

Y 2,4, M2 _aly=kunBlar) - | 3.8)
" kgwg (2) ‘ ‘ .

If we assume that the spontaneous correlation function (f 'T(z,rT)P‘f(z ‘rl)) s delta
sp 4 N

correlated in space, which is the case for a generic two level vamplifie_ 3’34és well as for
Raman scattering,” then an e'xpression for the evélution‘, of" the” operators can be
determined, this is done in Append_ix C.

The total output power in the amplified field is detérminéd from “

Y <afa)> fdzr}@,:@f," o 3.9)

P=X [ar<ECGr)E G ry>=C
2n 2T i
Note that, because the modes are non-orthogonal the total power is not just a sum of
the power from each mode but has contributions from the cross terms as well. -
Substituting Eq.(3.6) and the expression for the correlation between the modes, found

in Appendix C, into Eq.(3.9) leads to

P=Avr0Y Y B,.) (e utha)©-8) _ 1) | - (3.10)
I nm : .
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where Ay is the Hertzian bandwidth of the applied field and for simplicity, we have

assumed a completely inverted system and that there is no injected signal.

The transformation from z to the new propagation variable 0 has the effect of
folding out the focused nature of the gain profile. Thus the growth of the amplified ﬁeld' ‘
is a simple exponential in 6. When the Rayleigh range, z,, of the amplifying field is
large compared to the medium length, the propagation parameter, 6, can be
approximated as z/z, In this limit Eq.(3.10) reduces to a form similar to those found
in theories which consider excess noise in systems where the gain profile is a function

?537] e. longitudinally invariant. In addition, because of

of transverse coordinates only,
the positive definite character of the gaussian gain profile, Eq:.(3.10) can be used 'td
characterize the growth of the field over the Whole gain region. This is in contraét to
previous work which considered a parabolic gain profile where, because higher order.
modes experience negative gain, growth in the low gain regime could not be adequately
described.”’

The utility of the non-orthogonal mode expansion is e\;i‘dént when the output of -

the amplifier is dominated by the lowest order non-orthogonal mode. Then, the

- expression for the power, Eq.(3.10), can be approximated by

P=Avio (BS,) ¢ XC-9 | | @A

From Eq.(3.11) we see that the gain of the dominant mode is determined from
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the real part of the eigenvalue Ay - In the low gain regime the coupling between free

space modes is very weak and thus the non-orthogonal modes are essentialiy the same
as the free space modes. In this regime gain-guiding effects are nof present so thét, in
the region in which the lowest order mode is dominant the gain of the amplified field
has precisely the same form as the scaled gaiﬁ-length coefficient used in Chapter 2.
However, as the gain of the amplifier is increased tile coupling be_tween- free space
modes becomes significant. In this regime there is an enhancement of the gain of ‘the
amplified ﬁel‘d over the uncoupled gain result used ‘previously; In Fig.13 we show a plot
demonstrating the enhancemeﬁt of gain in the dominant nonorthogonal mode; the
vertical axis represents the gain of the dominant mode(normalized ‘td gz) and the
horizontal axis is the scaled gain-length parameter. gz. The effect of ,g"ain enharicement
for the dém’iﬁant non-orthogonal‘ mode is related to the mode-coup'l?ii.lg discussed by
Perry et.al. and will be discussed in ‘fur.ther detail in the next .chapter. ‘ |

In addition to gain erihanccfneht, we find from Eq.(3.11) ;hat the amount of

~ noise effectively seeding the mode is greater than the usual quantum limit of 1 photon

. e o2
per mode by precisely the excess spontaneous emission or Petermann factor, (B'o b)‘
Though the dominant mode lappears to have more than the usual one quantum of noise,
it is not necessarily the case that the noise performance of the amplifier is affected. In -

fact Haus and Kawakami*have pointed out that if one injects.a signal into the adjoint
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Figure 13 Normalized gain» in domiﬁant noﬁ-orthogonal mode vs. the séaled plane wave
gain:

mode, \Ifg , of the amplifier, the signal to noise ratio is not degraded by the Petermann

factor.

In the foﬂov;/ing chapter we use this theory to analyze the results of two
experiments in which the output of a Raman generator in a MPC were measured. The
experiments, though similar in several respects to those presehted in Chapter 2, are
different in detail. The experiments were done at a much higher pressure so that we
operated in regime of steady state SRS justifying the application of the nonorthogonal

mode theory. In addition, to demonstrate the effects of gain-guiding we had to configure
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the experiments so that we could increase the gain, g, while leaving the scaled gain-

Iength parameter essentially constant. This was. done by decreasing the number of

passes in the MPC.
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CHAPTER 4

GAIN-GUIDING EFFECTS IN RAMAN AMPL-‘IFICATION ’

The stimulated Raman process providés an excellent .-arena for studying‘ the
effects of gain-guiding on the noise properties of an -amplifi’e’r. Though SRS hjas: been
actively studied since 1962 it is only recently that the e‘ffectsf of gain-guiding in SRS .
have been investigated both experimentally and theoretically. Using a single pass
Raman amplifier Perry et.al. found that gain enhancement in the amplified Stokes field
led to reduction of pump Power needed to reach a given Stokes output.'® Recently, Kuo
et.al. used an non-orthogonal mode expansion of the Stokes field to describe the results
of an experiment which examined beampointing fluctuations in the butput of a Raman
amplifier.”” They reported that excess noise in the Raman process influenced the beam
~ pointing fluctuations.

In Chapter 2 we presented the results from several experiments in which the
output energy of a Raman generator in a multipass cell was measured as a function of
the pumﬁ input power. In that work it was found that for large gz the output could be
reasonably described using a fully quanturnvrnechani“cal.plane wave theory of SRS,

when the gain length coefficient, gz, was scaled to account for focusing and the
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multiple passes. However in the }ow gain regime where spontaneous Raman scatt¢ring
was dominant, the simple. pléne wave theory'failéﬂ because the total Stokes output °
contained a significant contribution from the spontaheoﬁs emission present in the higher
order non-gaining _spatial modes. Though the effects of g-ainégu’idmg. were not manifest
in this experiment, the results show 'thatfhig.:ll-ler ‘order ‘spatial modes are coupled to the
pump field which, as pointed out by LaS‘ala et.al.?® is a necessary condition if gain-
guiding effects are to be seen inhigher gain regimes. Gain-guiding effects did not occur
in that work because the pump intensities used were too small to get Significant
coupling between the higher order spatial fnodes.

In this chapter we report the results of an experiment that shows that gain-
guiding effects can affect the noise properties of a Raman amplifier. To interpret our
‘results we use the three dimensional theofy of focused gain amplification derived in the

previous chapter.

Experimental Results and Analysis

To demonst:até the effects of gain-guiding in an amplifier with focused gain we
present the results from two expeﬁments. In both experiments the oﬁtput‘Sto‘kes energy
from a Raman generator 1n a multipass cell(MPC) was measured. A Raman generator
is simply an amplifier with no input signal. Thus the output is due to amplified
spontaneous emission only. The Ramaﬁ generator, for these experiments, consistéd of

a cell of H, filled to 95 atmospheres pressure. The pressure was chosen so that the
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amplifier operated in the steady state regime since this is the regime in which the theory
presented above is applicable. In steady state stimulated Raman scattering, the growth

of the Stokes field is described using Eq.(3.2). The physical origin of the . quantum

Langevin term, 15; , responsible for spontaneous emission, is the collision induced

polarization ﬂﬁctuations in the medium.?

The experimental apparatus used in both experimgnts was the same as used for
the experiments presented in Chapter 2. Howéver for completeness we présent fhe
diagram qf the apparatus again(Fig.14). The essential d‘etails‘of the exper’imeﬁt are the
same as those discussed in Chapter 2 and Appendix A. We did however replace the
old YAG laser with an injection seeded Nd:YAG which provided increased stability as
well as a larger dynamic energy range. The temporal perile of -Fhe new laser was near
gaussian with a half width at half maximum (HWHM) of 2.5 ns. In Appendix E further
details relevant to this experiment are given,

To compare the results of the experiment, in which the total energy of the
Stokes pulse was measu;ed, to the nOn-orthogonal mode theory, the instantaneous power
given by Eq.(3.10), must be integfate_d over the temporal profile of the pump pulse.
Additionally, to account for the spectral gain narrowingzsin the Stokes pulse we

use Av=_ L for the full width at half maximum(FWHM) Stokes bandwidth in the
T/ gz , |
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Gated
Integrator

Figure 14 Experimental apparatus used to measure the growth from spontaneous
emission in a Raman multipass cell.

calculation”6]; F is HWHM of the Raman linewidth and gz is the scaled gain length
coefficient used in the previous calculations of Stokes amplification in a multipass cell.

Though the theory presented in the previous section was for a single focus
geometry the results can be extended to account for multiple passes. In particular for
the case in which each pass has the same confocal parameter, as was the case in these
experiments, it is shown in Appendix D that the multiple passes can be accounted for
by increasing the propagation parameter 9 by the number of passes. We point out
however that extending the results to multiple passes in this manner is strictly correct

only for the case in which the mirrors are in the medium and there is no loss between
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. passes. Thus even ‘—though we find excellent agreement between theory and ‘experiment.
further studies need to be done to clarify the validity of this approach. To a(:couﬁt for
the loss between passes we used an effective number of passes given by Eq.(2.6). In
addition, to discern when the effects of gain-guiding are important we also‘comparc‘a the
results of our experiments to the fully quantum mechanical‘ planewave- theory of ‘
stimulated Raman scattering presented in Chapter 2.

As lhehtioned above in our first study of Raman ainplification in a MPC gain- |
guidiﬁg effects did not play a role. The results from these experiments were successfully
described using a plané wave theory of stimulated Raman scatteﬁng. The multiplé
passes were accounted for by extending the gain length product;' gz, by the number of
passes, while thé- effect of focusing was .accou.nted for by scaling the 'plane wave ’gain" ‘,
-coef_ficient. The sdaling law was calculated based on the assumption that thé Stokes
pulse growé in only the lowest order gaussian mode and has the same confocai
parameter as the i)ump.23"24 Co‘nsequent'ly‘ the scaled gain coefficient used in those
invastigdtions was the same as the uncoupled gain co'effici‘ent'discussed at the end of
Chapter 3.

In Fig.15 the results of the experiment using the long cell‘u(lceu,:141.50m ) are

- presented. The horizontal axis is the géin léngth‘ Tproduct, gz, while the vertical axis-is
the output 'e'nérgy of the generator. The solid line is the output of _the ‘,ge'nérator
predicted by the non-orthogonal mode theory.‘ As-‘c_én‘ be seen, the hQn~orthogonal
mode theory ﬁts t-he shape of the data quite well. Alsc:) plotted in ’Fig:. 15asa vdé;shed line ‘

is the plane wave théory, where, as mentioned earlier, the gain length coefficient has
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Figure 15 Stokes energy as function of the scaled gain-length parameter, gz. The
experiment used a long Raman cell. The solid line represents the no-orthogonal mode
theory while the dashed line represents the scaled plane wave theory.

been scaled to account for focusing and the multiple pﬁss,es. For gz < 10 there is a
substantial deviation from the scaled plane wave theory which is. similar to what we
found in Chapter 2. The increase in the Stokes energy is due to spontaneous emission
in the higher order7 spatial modes, which are not accounted for in the plane wave theory.
Because the gain in the higher order modes is less than the loss due to diffraction only
the lowest order gaussian mode experiences exponential growth. In this experiment the

coupling between the free space modes is negligible which implies that the lowest order

non-orthogonal mode is approximately cpg(z,rr zUOO(Z’rT) over the whole gain range.
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Consequently, for gz > 10, the Stokes output can be described by both the scaled plane

wave theory(dashed line) and the non-orthogonal mode theory(solid line).
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Figure 16 Stokes Energy as function of the scaled gain-length parameter, gz. The
experiment used a short Raman cell. The solid line represents the non-orthogonal mode
theory while the dashed line represents the scaled plane wave theory.

In Fig.16 the results of the experiment which used a short cell(l_,, = 25.4cm) are
presented. Again we find a substantial deviation from the plane wave theory(dashed
line) at low gz and as gz increases the Stokes growth initially follows the scaled plane
wave theory. However; in contrast to the results of the long cell experiment, for gz >
15 the Stokes gain becomes larger than the scaled plane wave gain. In this experiment

- the effect of gain-guiding is apparent; the Stokes grthh is not described‘by the scaled

plane wave theory, but is described by the non-orthogonal mode theory.
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In the short cell experiment almost twice as much pump energy was needed to
reach a given x/;alue of the gain length product, gz, than was needed for the long cell.
The gain enhancement, first predicted by Perry et.al.,* occurs whén the Raman cell is
pumped hard enough that the gain in the higher order free space modes overcomes the
loss due to diffraction. When the growth of the higher order free space modes is
significant the Stokes field narrows in the transverse direction. This effect, referred to
as transverse gain narrowing, is analogous to temporal mode locking in lasers.*! Recall
that in temporal mode locking the térn‘poral modes of a laser act together to form a
pulse which is narrower in time than the pulse wquld be if only one mode of the laser
is used. By analogy transverse gain narrowing results when the transverse free space
modes act together to form a new mode With a transverse profile which is narrower than
the transverse profile of any one free space mode. This coherent superposition of free
space modes is what results in the foﬁnation of the dominant non-orthogonal mode.

In the region where transverse gain narrowing occurs ‘there is' a significant

coupling between the free space modes which implies that the dominant non-orthogonal

mode, qu(z,rr) can no longer be approximated by the lowest order gaussian free space

mode. The amount of transverse narrowing expected in the short cell experiment is
shown in Fig.17. The solid line is the transverse profile of the dominant non-orthogonal
mode at the center of the Raman cell. For comparison, the transverse profile of the
lowest order free space mode is also plotted (dashed line). The non-orthogonal mode

pictured in Fig.15 has approximately 10% higher gain than the free space mode.
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Figure 17 Comparison of the transverse spatial profile of the dominant ‘non‘-orthogonal
mode(solid line) to the transverse profile of the lowest order free space mode(dashed
line).

In order to get a good fit to the data the theoret_«ical p‘iot«s in Fig.15 (Fig.16)
were shifted up by a factor of approximately 5 (2). At this point it is not known if the
needed offsets are an experimental artifact br some éubtlety which has not been properly
accounted for in the theory. However, it is élear ﬁoni Fig.16 that ga1n guiding can
affect the output of a Raman amplifier.

From the solution to the mode equation we are able to determine the Petermann
factor for the dominant lowest order non-orthogonal mode. For ’this. calculation we have
assumed that the modes of the amplifier are defined by the peak pump intensity. In

Fig.18 the Petermann factor is plotted as a furiction of the scaled gain length coefficient
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Figure 18 Pefemmh factor for both the short cell(solid line) and the long cell(dashéd
line) as function of gz.

for both the shdrt cell (solid line) and the long cell (dashed line). "I‘he_plot shows that
the system begins with the usual one photon of noise per-mode but, as gz increases, the
coupling between the free space modes leads to an increase in the‘ amount of
spontaneous emission that effectively seeds the dominant non-orthogonal mode. The
Petermann factor is much larger in the short cell experiment because, as discussed
earlier, at high gain there is a significant increase in the population in the higher order
free space modes contained in the dominant non-orthogonal mode.

The experiments presented do not directly probe the size of the éxcess noise

factor or Petermann factor. However, calculation of the excess spontaneous emission
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factor in the region of enhanced gain show that effects associated with a Petermann

factor as high as 2.5 should be present in the short cell experiment.
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CHAPTER 5
SUMMARY

In Chapter 2 we were concerned with testing thellimits of validity of the plane
wave theory of Raman scattering. Qur studies of t_llle‘_build-up of the Stokes intensity
from quantum noise in a MPC iﬁd_icafe that the fuin ‘q1‘1antu‘m‘~mecfhanical transient
_plane wave theory adequately describes the SRS process for gz > 10. The scaling laws
used to account fbr the focusing and multiple passes were the séme used in previous
experiments concerned with the émplification of a Stokes pulse in a MPC. We
emphasize that in calculating the theory no free parameters were used; the plane wave
gain coefficient and Raman linewidth, for the various. pressures, were taken directly
from empirical formulas given by Bischel and Dyer.%* Though the predicted absolute
intensity appears a little low for both pressureé, the -ga_iﬁ(slope) agree’s‘ remarkably well
with experiment.

At lower gains we found a substantial deviation from the plane wave theory
which we argue is due to the presence of higher order non-gaining spatial modes. 'fo
support this conclusion we present the results from a three dimensional theory by Perry
et al”* which takes into account the effect of focusing and the multiple passes. The

model is based on the solution to the steady state classical wave equation and therefore
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does not include the effect of temporal gain narrowing nor quantum initiation, inherent
in the transient plane wave theory of Raym¢r and Mostowski.

In Chapter Three we developed a general three dimensional quantum theory of
amplification for a focused gain geometry. The initial motivation for developing this
theory was to explain, in a rigorous mannér, the anomalous Stékes output measured in
the low gain regime. In addition to accomplishing this the theory. which is based on a
non-orthogonal mode expansiori of the amplified field also predicts that there can be
excess noise in the éutput of a focused gain amplifier: We found that the excess noise
takes the form of both enhanced gain é'nd.exces,s spontaneous emissiori in the output of |
the ampl-ifier.‘ Our analjsis ‘s_hows that as the gain in the non-orthogo‘n’él mode ‘bec‘omés
larger than the scaled plane wavé gain the amount of nois,e effectively seeding the mode
is greater than the usual quantum 1111'11t of oné photon per mode.

" In Chapter Four we presented the results from two experiments which were
designed to study the effects of gain-guiding on the noise properties of SRS. In those
experiments we found that the gain of the output field was greater than the usual plane
wéve gain when the amplifier was pumped with large enough intensities such that
significant coupling between the higher order spatial modes occurred. Though the
results of these experiments do show the existence of enhanced gain they do not .d,irectly

probe the size of the excess spontaneous emission factor.
Future

This thesis by no means constitutes a complete understanding of gain-guiding
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and its effect on the noise properties of a focused gam amplifier. In fact though we

have answered many questions through this research we ha’ve,“ as is perhaps inevitable,

found ourselves asking several more. In the next couple of paragraphs I point out -
several directions that are available for both -theoretica_l-and experiineﬁtal investigation.

The particular suggestions made are ones that I feel will further contribute to bur

understanding of quantum noise and fluctuations in .éam-.guided amplifi’cation; :

On the theoretical front, as mentione,d in Chapter 4, further consideration should
be given to how the results of the theory should be extended to account for multiple
passes. In particular, what are the effects of propagation outside the cell and the loss
between cell windows? From my point of view a far -mére interesting avenue to pursue
is how does the gain-guided or ndn—Hérmitian character of the amplifier affect the noise
performance of the amplifier. Specifically one can ask(and answer) how is the signal

to noise(S/N) in the amplifier affected by the spatial structure of the injected signal? For

example it has been shown that the S/N= 1 /(B, 0)‘2 if ‘a single photon is injected into

the lowest order non-orthogonal mode. Froﬁ this we conclude that the noise
performance of the amplifier is degraded by the presence of excess spontaneous
emission. However it has also been shown that if the phbton is injected into the lowest
order adjoint mode, referred to as adjoint mode coupling, that the noise performance is
not degraded by the excess spontaneous emission factor, that is S/N = 1. What has not
been explored, however, is how the S/N beh;elvés if one injects a photon into the lowest

order gaussian mode. Our preliminary calculations suggest that the S/N for the amplifier
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woul‘d'be better than non-orthogonal mode coupling but not as good as adjoint mode
coupling. Finally the combined effects of index and gain guiding should be explored
rigorously. Again our preliminary work suggests that the effects of the index term,
which can be realized experimentally, may have a significant effect on both the gain
enhancement and the size of the Petermann factor.

'With the advent of relatively cﬁeap, stablve, narrow 'linefwidth, tu'néble diode
lasers a wide variety of experiments have become accessible or at least more appealing. |
I think experiments concerned with deten-nim'ng the nature of the overail offset should
be performed. In particular one should explore how varying parameters like the nﬁmber
of passes, cell length and cell pressure affect this offset. In each case a direct
measurement of the offset could be made by noting at what injected intensities the |
output of the amplifier doubles the output when no signal is injected or, more concisely,
at what injected intensitiés is the S/N = 1 for the amplifier. Once this effect is
chairact,erized experiments could be done testinig -the dependenc.e of the amplifier S/N
on the spatial structure of the injected signal. What is appealjng about this experiment
is that though much theoretical discussion has gone on about different coﬁpling schemes
there have been, to my knowledge, no direct measurements of the Petermann factor.
Finally the effects of index guiding can be easily explored by tuning the injected signal
over the Raman linewidth. As the signal is detuned the susceptibility picks up a real
part which can be related to the index. By tuning to one side of resonance or the oth_&
the index can go from negative to positive, thus allowing the consequence of s¢l_f

focusing or focusing to be explored.
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orthogonal modes are complete enough to describe the growth of Stokes field from -

spontaneous emission.
“This expression for the bandwidth is only valid at high gains.?® At low gains the
lineshape is Lorentzian, however for simplicity we approximate the bandwidth

r

as ___
T8z +1
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APPENDIX A

DETAILS OF GENERATOR EXPERIMENT




62.

In this appendix the details of experiment discussed in Chapter 2 are presented.
The pump laser is a single mode frequency doubled Nd:YAG (Molectron mociel MY-
3Y/MY-SAM) based on a design by Fountain énd Bass,* though several modifications
have been made to simplify the alignment?® We have also made add-iti()nai
modifications to increase the _stébilfity of the single mode operation. Iﬁ addition vtd
thermally isolating thé laser we have mounted both tfle main cavity and sﬁb—cévity
optics on piezoeléctric ‘translator"stages (Buileigh PZAT Aligner/Translator): The piezo
devices are driven by two high voltage Bu-rleigh drivgrs which are_lihked so that they
éan be driven simultaneously or individually. By monitoring the output of the Iéser in
a Fabry-Perot we can make real time adjustments tokthe' laser cavities to ensure single
r;iode operation. In th1s manner we are able to keep the laser from mode hopping for
periods lasting up to several minutes.

The temporal profile of .tl‘ie frequency doubled pump beam is gaﬁssian with
FWHM of approximately 17ns. To improve the spétial quality of the pump beam the
output of the laéer is focused through a tungsten wire die. The resulting spatial profile
is near gaussian and is easily mode matched to the multipass cell. A Glan-air prism is
placed at the output of the laser to ensure that the pump beam is linearly polarized. An
optic placed after the spatial filter is used to pick off approximately 10% of the pump
beam from which the energy is recofded for each shot. The total energy available at
532nm to pump the Raman generator is about 2mJ.

The two lens éystem befolre the MPC was used to mode match the pump beam.

to the MPC. The MPC design is the same as used in previous investigations®® with the
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following modifications: the mirror spacing is now 1.95m, thus the mode matching
cenfocal parameter is20 b = 29cm, and the number of passes is increased to 17. The
transmission -of the MPC with the generator is measured directly using the pump beam
and is fouﬁd to _Be approximately 60%.. |

A lens et ,tlile output of the MPC is used to ¢ollimate both the puﬁlp and Stokes
~beam. The rem-aining ;punllp is‘ separeted from the ‘SItOk_es by two modified Pelin-Broca
prisms and is discarded. The second prism is separaied from the first by abproximately
3 meters and is used to ensure that any anomalously scattered pump radiation is
removed from the Stokes path. The Stokes pulse is then split and sent into both a
eiﬁcon detector and a photomultiplier tube (PMT). In‘ front of each of these detectors
is a'narrowband interference filter centered at the Stokes wavelength. The narrow band
filters have a peak transmiseion of approximately 50% at the Stokes wavelength and a
transmission of 10™* at the pump wavelength.

The PMT (I-I-amar‘natsu‘ R928) has a quantum efficiency of about 5% at the
Stokes _wavel"ength and is able ‘td meesure Stokes. pulses Wivth‘ as maey as :104
photons(femthoules) down to pulses with only a feW tens of photons on average. The
output of the PMT is coﬁnected‘ to a gated integrater (EG&G model 165) which "
converts the current pulse to a voltage. After each shot the voltage on the integrator is -
digitized by a data acquisition board (National Instruments AT-MIO-9) and stored by
a personal.computer.. The integrator-is then cleared and readied for the hext shot. For |
Stokes energies on the order of .1pJ or more, the silicen detector (Laser Precision RIP

765) becomes effective. The energy of each shot is recorded by an energy meter (Laser
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Precision RJ 7620) and sent to the computer over a GPIB interface. As the PMT nears
~ saturation a neutral density filter is placed in the beam path so that its effective energy
range overlaps with the silicon detector. In this way _the PMT can be calibrated to the
absolute energy scale of the silicon detector. With this detection scheme we are able
to detect the Stokes output over 1 2 orders of magnitude. As mentioned earlier, the pump
energy is also monitored; the pump detector is a pyroelectric(Laser:Precision RIP-735)
which connects to the same energy meter as the silicon detector. -

The plane wave gain coefficient and Raman line width are calculated using the
work of Bischel and Dyer?’. For 26.4 atmos. o = 2.93 X 10° cm/W and at 3.2 atmos.
a =1.75 x 10®° cm/W. The Raman linewidth is calculated®® to be I'/21t = 6.32 x10° sec™
at 26.4 atmos and I'/2x =1.29 x 10® sec™ at 3.2 atmos . The loss in the MPC and the

‘Raman cell windows lead to an effective number of passes of approximately 13.
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APPENDIX B

CALCULATION OF THE MODES IN A GAIN-GUIDED AMPLIFIER
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In this appendix we derive an expression for the non-othogonal modes defined ‘
by Eq.(3.5). In addition we enumerate some of the properties and relationships between
the non-orthogonal modes and the adjoint modes.

To solve explicitly for the modes of the system, we have found it useful to

expand the mode @/ (z,r,) interms of the free space, Gauss-Laguerre modes, Un’(z.,rr)
which satisfy the slowly varying steady state free space wave equation,
(Vz-2ikd, )Ulz,r,) =0 ®B1)

Since this equation is Hermitian the usual completeness and orthogonality conditions

hold for the free space Gauss-Laguerre modes,

n' an' >l

[, v)0,=8,,8, - » (B2)

An explicit form for the free space modes in cylindrical coordinates is™

U,,I(z,r%=
‘ ! ‘
[ 2y /7 S ) . 2 : "2 H
L nl ‘/_2_’ L2 lexpl T —ilio+ X ons1s1)an (2 |
w\ mlm)! | (W@ | "\ w2 w(z) 2R 2|

(B3)
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where  R(z) =z (z/z,+z/z) » L,(x) is an dssociated Laguerre polynomial and ()
is defined in the text. The indices n and 1 are associated with the radial and rotational

indices respectively.

In the case of a general gain profile the modes of the gain-guided
‘amplifier, (Df:(z”'r , will not necessarily have the same symmetry as the free space -
modes. However, in the case of an axially symmetric gain profile the non-orthegonal

modes have definite angular parity, just as the free space modes have definite angular

parity. Since the gaussian gain profile given in Eq.(3.3) is axially symmetric, fhe;

modes CDf;(z,r‘T) can be written as a sum over the radial part of the free space mod_es

only,

O zr)=Y b, @)U, (zry) - \ (B4)
r

The free space mode coefficients, b,,lP(Z) , are in general complex.

Substituting the above mode expansion into Eq.(3.3) and using the orthogohality

relation, Eq.(B2), leads to an equation of motion for the free space mode coefficients

given by
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1 . 2,
LI Udri U, g(Z,r)Upl)b,,l,p=—' b (BS)
P kgwg )

If the confocal parameter of the free space modes is chosen to be the same as the gain

function then the gain function introduced in Eq.(3.3) can be expressed simply in terms

of the lowest order free space mode, o(z7)=¢ |U°|? . Using this form of the gain
] g( 9 ) go 0 |

profile the second term in Eq.(B5), which represents the coupling between the free
space modes, can be worked out explicitly. The details of this calculation are presented

in Ref.22; the result is

j‘ ar TZ U pz I' "a(z,r) Upl - 81,1, A e 2i(p! -p)tan(zz,) Q;',p(p) (B6)

7tw;Z (2)

k+k

4

where = k- , and is referred to as the mode filling factor. st’,p('p‘-) in Eq.(B6)

is a polynomial in p only; its functional form is

I/

"1 p! 2 g —m+l)! -1 mp’ - ]
QJAp)w‘W‘ LMIEny _p)%uw W(L-pprer  (B7)




69

where p 2p, but Qp‘l’ L) is symmetric with respect to interchange of p and p’.

Equation B6 shows that, for the choice of “an axially sy@etﬁc, focused
gaussian gain profile, modes which‘s_taﬁ in a State with definite angular parity will stay
that way, which justifies letting the non-orthogonal modes have the same angular parity
as the free space Gauss-Laguerre modes.

As pointed out by Perry et.al.®%the key step in"solving for the evolution of
mode coefficients in a focused gain geometry is the change of variables O=tan'(z/z,) ,
Using this variable change in Eq.(B5) gives-

np'

aebniv’ ".E .bnl.pe _2&,/9Kp[’,p(}1)e 2i‘p.e’=7\;f:b l ‘ (B8)
2

ow (0)

where KP",’P(}]) = ( g %o )Qpl’,p('p) . If the set of free space mode coefficients for the

. ) X { 1 . ! . .
mode q:,fl(z,rr) is denoted as a vector, bh,={b”y} , and if Kp’-p(p) - is written as a

matrix, K’ ,then Eq.(B9) can be transformed to the operator ,equation,
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(3,-¢ ZK'me™ -A)b, =0 : : B9

where H;,g,, =2p5P '

The solution to a similar equation has been presented in detail by Perry et.al?*. Using

the same technique we find

b’ =e 2%, (B10)

where the vector sz is a solution to the eigenvector equation given by

1

& i Hon =K X - - ®B11)

Using this solﬁtion the modes of system with gain may be calculated explicitly;

in component form we-find

D zr) =Y. e Uy, - . (B12)
p

Some Properties of the Non-orthogonal Modes

As shown above the eigenvectors, Xf: , of the operator K'+iH determine the
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spatial modes of the amplifier. The set of eigenmodes associated with the adjoint

modes of the amplifier are found from the Hermitian adjoint of the operator K+iH,

(K-iHY, =AY, - - | (B13)

Some general properties of the eigenvectors follow from Eq.(B13) and its adjoint and

are listed below,

B =Xom o (B14)
=S, | ' B15)
* Al

Vo K Yo = ,”; Ve Yo , (B16)

wheré the dot implies the usual matrix multiplication. Using the fact that the free space

modes ar_e‘ orthogoﬂal and the bi-orthogonality property of the eigenmodes one can

construct the adjoint mode to q)f,(z,rr) . In component form it is given by

P

Y=Y e UM, - | | (B16)
| - p -
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Thus the non-orthogonal modes and their adjoints obey the bi-orthogonality condition,

JLES A ®17)

Finally, because the operator, K'+iH, is symmetric the eigenvectors are simply

related to the adjoint modes by complex conjugation. For our particular choice of

normalization we find that, 'Yf: =sz . The overlaps between the modes are therefore

related by

fdercpﬁ;cbf, - fder\;f,,*w’m =B}, . | | (B18)

Structure.of the non-orthogonal modes

In the limit of zero gain the non-orthogonal modes are s1mp1y related to the free
space modes. However as the gain increases the non-orthogonal mocies evolve into :a
coherent superposition of the free space modes. A natural question to ask is what de
thgse modes look like. In Fig.(19) we compare the lowest order non-orthogonal mode
width ‘a_nd radius of curvature(dashed line) to those of the lowest o‘rder'free spéce
modes(solid line). Note éhat the pa:ca‘meters“Were chosen to exaggerate the differences
between the two modes. One difference between the two modes is that the ﬁon-

orthogonal modes are narrower than the free space modes. This feature, called gain
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narrowing, results because the gain at the center of the gain profile is greater then in
the wings of the gain profile. This phenomena is analogous to temporal mode locking
in lasers. Recall that it is the coberent superposition of temporal modes in a laser which
leads to a pulse which is narrower in time than any of the constituent modes. From
Eq.(B12) we see that the non-orthogonal mode are simply a coherent superposition of
free space modes; thus it is possible that they are narrower in space than the free space

modes.

3‘|‘||||ri|,||_|||| III'IvI‘Il'III‘IIII

»Illl'-llllIIAI‘I‘Il!]]l‘l‘lllllllllr
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Figure 19 Comparison of beam width and radius of curvature between the lowest free
space mode(solid line) and the lowest order non-orthogonal mode(dashed line). The
direction of propagation is up.

The second more striking feature seen in ‘Fig.19 is the difference in radius of

curvature between the two modes. To understand why the non-orthogonal mode has this
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complex phase structure first consider a non-focused amplifier gcometry.- As the mode
narrows, due to gain narrowing discussed above, it diffracts and thus generates a
positive radius of curvature relative to the direction it is propagating. This is analogous
to light passing through-a narrow slit. Now add in the focused nature of the amplifier.
Before focus the total radius of curvature can be thought of as the superposition of two
components; a negative radius of curvature component which is associated with-
focusing and the positive component associated with gain-guiding. The net result is that
the radius of curvature before focus is ﬂatter than the gaussian mode. On the other side
of focus the net radius of curvature is greater than the gaussian because the focused and

gain guiding components are both positive .
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APPENDIX C

SOLUTION TO THE MODE CORRELATION FUNCTION
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In this appendix we derive an expression for the correlation function <c’i,‘,”d m’> .

The result of this calculation can then be used in Eq.(3.9) to find an explicit expression

for the power from a focused gain amplifier.

We ‘begin by solving for the evolution of the operators, d.’fT . To do this first .

multiply both sides of Eq.(3.8) by the adjoint mode \I’f: and then ixltegraté over the

transverse coordinates, Using the bi-orthogonality of the modes, Eq.(B‘18), ‘Eq.'(3.8‘)

becomes

9, (e aty = 2Tk p Hop it 1

i Py

Y .
where p/ = ksw @ j d er‘\yf,*Ps}T, . Formally solving Eq.(C1) and forming the correlation
2

P

function for the mode operators yields,

A

<a"(©)4,/©)>=2rkye 0| [[d0 dp e PO P LS|4 g GO 51 )50 )
¥ : ‘ 1 2 sp 4 [4

n SP"I
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(C2)
The correlation function has a contribution from two terms. The first represents the
correlation in the amplified- spontaneous emission. The second term is the amplified
correlation from the injected signal. In der‘iving‘ Eq.(C2) we have impliciﬂy assumed

that the input field and amplified spontaneous emission are not correlated. Thus terms

of the form <13spd;f’> are identically zero.

To proceed further an explicit expression for the correlation function

<13 tp P > is needed. Its functional form depends on the particular mechanism used

for amplifying the field. In this work the gain medium is modeled as an inverted two
level amplifier. The model, though restrictive, has been used to describe a wide class
of amplifiers, from the Raman amplifier’’to a single pass X-ray laser*®. For an inverted

two level amplifier the steady state spontaneous polarization correlation function is?>?*

(ﬁ;(ZJ'T)P\ SP(Z(,rT)> pDhAV gz -z (r -—rT) (C3)

where p = N,/(N,-N,) is the inversion density and Ay is the Hertzian bandwidth of

the amplified field.

Using Eq.(C3) to solve for the Langevin correlation function in Eq,(C2) we find
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sitpt __ Avph Wiz ’)kg N .
<PSP,.PSP,,.>—gU an ) 4 8(2 ” )fd 2r TIUO \Vn‘ytln . (C4)

Substituting the definition for \I'/n , given in appendix B, and the result from Eq.(B6),

the above expression for the Langevin correlation function can be rewritten as

PP s Az"p’ﬁ WD)k 3z 2" YYn K Y (C5)

Py Pp

where the dot between the vectors and the matrix represents ',thé‘ usual matrix
multiplication. Finally combining Egs.(B16) and (C5) and substituting this back into

Eq.(C2) yields
. ) .
<d,de,,f‘>= 21 PAVQﬁ(O (A’fz +?\If:)r¢:y:”e RS J‘de/e (Ao +e (oh)©-8) <d}f1‘(eo)d”5(eo)>
c ‘ C6)

_ anAvf]oa mln[ o MO0 _ 1] R WA MG
—Bc - .
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where 6=tan'1(z/zo) . If we omit the second term, which is associated with the input

signal, then Eq.(C6) is precisely the form of the correlation used in deriving the

expression for the output power Eq.(3.10).
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APPENDIX D -

EXTENSION TO A MULTIPASS CELL
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The expression for output power given in Eq.(3:10) is for single pass. In this
appendix we show how to extend the results of the theory to multiple passes. Results

are derived for two passes and then generalized to s passes. In particular we consider

the case in which the amplifier is symmetric and each pass has the same confocal

parameter, as diagramed in Fig.20. S'ince‘the MPC is mode-matched, the modes, q;fl ,

are the same for each pass, up to an overall phase shift, so that only the generalized

creation operator, 4/ , must be modified to account for the multiple passes.

Figure 20Diagram showing coordinates used in describing amplification in a multipass
cell. ' :

We begin by formally solving Eq.(C1) which gives an expression for the output '

of the first pass
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d,fT(9,=6)=2i,ke”"°‘ f de’e*""'ﬁsf + e™al'0,=-0) - . (D)
! 6,=-0 ! '

The first term on the right represents the spontaneous emission. The second term

represents the amplified input, 4 ,f‘T(91=-—9) being the value of the o_pera‘l,tor‘ at the input

to the amplifier. Equation D1 is general and thus can be used to obtain the output of
any pass as long as the input to that pass is known. For two. passes the generalized

creation operator is

2]
41(0,=0) =2 o1 f a8'e ™ B + ¢4,1(0,=-0) - D2
1 0,5-0 ’

“where d,ft(62=—6) is the input into the second pass. If we take the output of the first

pass to be the input into the second pass then Eq.(D2) can be written as

o+ e™a,0,=-0) (D3)

! ‘9 [¢]
41(6,=0)= 2K M8 [aore™B) « o™ [aore™p
! ’ 0,=-0

6,=-8
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From Eq.(D3) and its Hermitian adjoin't‘we obtain-the correlation function after

two passes

e .
< d"”‘(ez =e) d, :(92 =6)> = (27'C k)2 P 3L +AN0 f de// de/ e -(7_\,:,9’ Ao )<PA‘£ (e , )P‘S :, (e” )>
9,=-6

0 ‘
+@mipe ™ [ e aofe DL OO, (8 )>

0,=-0

(D4

+e Mgt @ =-6)4,i(8,=-0)>

In greneral, Eq.(D4) has nine terms. However, since the spontaneous emission from any
pass is uncorrelated to the inp_ut“ and the sponfaneous emission generated in different
passes is statistically independent, six of the nine terms vanish. Each of the three terms
in Eq.(D4) have clear physical interpretations: the first term represents the spontaneous
emission generated in the first pass and amplified in thé second pass, the second term:
is the spontaneous emission generated in the second pass, while the third reprcs_enfs the.
amplified input.

Eq.(D4) can be simplified further by assuming there is no input to the amplifier,
thus the last term can be neglected. In addition if we make the usual change of
variables z->0 in Eq.(C4) the ‘-épontaneous pdlarization cbrrelation funCtion__'can be

expressed as
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<P @) (©")> = ZA_\Z’B LA ©@-0") - - D3

Substituting Eq.(D5) into the two pass correlation function yields

m

<4/%(0,=0)4.(0,=0)> =2mkp Av1B, e 1) . (D6)
2 2 nn .

For the case of s passes it is straightforward to show that the correlation function is

simply

<d,N(0,=0)4,(0,=0)> =21 kp Av’ruBm',;(ez‘O‘H:‘)e 1) (D7)

Therefore we find that the multiple passes can be accounted for by simply scaling the

propagation parameter @ by the number of paéses.
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APPENDIX E

DETAILS OF GAIN-GUIDING EXPERIMENT
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In this appendix some of the détaﬂs of the experiment presented in Chapter 4
are given, However because the experimental apparatﬁs used in this work was simialr
to that used for the experiments discussed in Chapter 2 the essential details have are
ready been presented in appendix A and therefore are not repeated here.

The frequency doubled output of a pulsed, single mode Nd:YAG laser was used
to pump the Raman generator. As mention earlier the lasgr in this experiment was an
injection seeded Nd: YAG manufactured by Si)ect‘r’a—Physics. The temporal .prbﬁle of this
laser was approximately 2.5ns (HWHM). To improve the spatial quality of the pump
beam, the output of the laser was focused through a tungsten wire die. The resulting
spatial profile was gaussian which insured that the SRS gain profile would have the
same gain profﬂe(fc;cused gaussian) as that used in the theory. In addition the the
following modifications to the MPC set.up were fnade; fhe mirror spacing was changed
to 1.86m, the mode matching confocal paramgter was b = 2z, =46¢cm, and the number
of passes was reduced to 11. The transmission of the MPC including the Raman cell
was measured directly using the p@p beam and was found to be approximately 76%
for the experime‘nfs.presented in this chapter.

The plane wave gain coefficient, 00=g/‘Ip and the Raman linewidth, T, afe
calculated from Bischel and Dygr[17]. At 95 atmospheres o = 2.944){10;9 cm/W and
I'/2r = 2.12x10° sec. In both experiments the loss in the MPC and the Raman cell

windows led to an effective number of passes of 9.6.

In both data sets presented, each experimental point represents approximately o

100 shots all collected at a particular pump input energy (within 2.5%). The
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transmission loss in the MPC as weli as from the cell to the detectors were measured
and folded out of the data, allowing a direct comparison with the theory. The error bars
shown include both statistical and systematic errors and are representative of the size
of the errors on all the points. The statistical errors are inherent in both the quantum
nature of Stokes build up and in the fluctuations in detection caused by finite quantum
efficiency of the detectors. The systematic errors arise from uncertainty in energy meter
calibration and error in the meaéﬁrement of transmission and reflection coefficieﬁts‘ of
the optical elements. For Stokes energies less than 10™J the vertical error bars are
larger due to the uncertainty jnher;,nt in matching the output of the PMT to the absolute

energy scale of the silicon detector.
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