PHYSICAL REVIEW A VOLUME 56, NUMBER 1 JULY 1997

Influence of gain and index guiding on the mode structure and performance
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The amplified Stokes beam’s mode structure in the Raman amplifier, which comes from the interplay of gain
guiding and index guiding, is studied both numerically and experimentally in this paper. Theoretical results
predict that gain and index guiding will lead to a narrower amplified Stokes beam of higher output energy
when the input Stokes signal is detuned to the blue side of the Raman resonance. In addition, the results show
that the coupling strength of an input Stokes beam into the Raman amplifier is related to the spatial overlap of
the input Stokes mode with the mode supported by the Raman amplifier. Overall there is a competition
between diffraction and the nonlinear effects of gain and index guiding. Theoretical calculations predict that
the coupling of the Gaussian input signal mode into the amplifier is optimized by shifting the focus of the input
signal towards the entrance to the Raman amplifier, shortening the Rayleigh range on the input signal with
respect to the pump beam, and detuning the input signal to the blue side of the Raman resonance, all of which
are contrary to the common usage of the Raman amplifier. A discussion of these phenomena in terms of a
nonorthogonal mode description of the amplifier is give$1.050-2947®7)02107-Q

PACS numbeps): 42.60—-v

I. INTRODUCTION from the signal wavelength or nonlinear effects are occurring

in the optical amplifier, it may not be clear how or even if the

Understanding the spatial structure of the amplified fieldinput signal mode can exactly overlap the dominant amplifier

in an optical amplifier is critical in understanding how to mode. If, for example, the phase fronts of the input signal
optimize the performance of an optical amplifiér-4]. Two ~ mode and dominant amplifier mode are not matched, inter-
effects that can change the spatial structure of the amplifieference effects can lower the coupling between these two
beam are gain guidinf5—7] and index guidind8,9]. Both mod_es, th_us diminishing the per_formar_lce of the amplifier.
gain and index guiding can occur whenever the amp“ﬁe,l\/lanlpulatlng the structure of the input signal mode to match

gain is nonuniform in the transverse direction. Nonuniformt"€ dominant amplifier mode can increase the output of the
I, . s5’;1mpl|f|er by forcing the input signal mode to overlap the

);iominant amplifier modgl—4].

when the amplifier is pumped by a beam whose intensit . . .
varies in the transverse direction. A common example for th? Understandlng the Structurg of the mput ;lgnal .mo.de and
e dominant mode of the optical amplifier is crucial in un-

Raman amplifier occurs when the Raman medium is pumpe, erstanding how to manipulate the structure of the input sig-

by a focused Gaussian beq0—12. nal mode to better overlap the dominant amplifier mode. The

For a focused Gaussian pump beam, the center of the galy,ctre of the dominant amplifier mode is determined by
profile, which is proportional to the pump intensity, amplifies ihe physical parameters of the optical amplifier and is diffi-
the center of the signal more than the wings because the gaijt 1o change. Changing the structure of the input signal
is larger near the center of the Gaussian gain profile. Becausggde is much simpler and for this reason changes in the
the center of the signal grows more than the wings, the amstrycture of the input signal are considered in this paper.
plified field narrows. Thus gain guiding can narrow the am-  The coupling of a Gaussian input signal mode into the
plified field in an optical amplifier. dominant mode of a gaifil,2,5—7 and index[8,9] guided

In an amplifier with a gain due to the imaginary part of Raman amplifier with a focused Gaussian gain profile is con-
the optical susceptibility, a real part of the optical susceptisidered in this paper. However, the ideas presented here can
bility will also exist from the Kramer-Kronig relationships be used to enhance the performance of other gain and index
[13]. This real part of the susceptibility will lead to a non- guided amplifiers such as with x-ray las¢ist]. Some de-
uniform transverse index of refraction that can lead to indexgree of gain and index guiding can be expected to occur
guiding. Thus both gain and index guiding will be present inwhenever the amplifier gain is nonuniform in the transverse
an optical amplifier with a nonuniform gain in the transversedirection.
direction. The mode structure supported by the Raman amplifier

Efficient coupling of an input signal into an optical am- arises from a complex interplay between gain guiding, index
plifier requires that the input signal mode strongly overlapguiding, and diffraction. Gain guiding is a nonlinear effect
the dominant amplifier mode that has the highest growthhat causes the dominant mode supported by the Raman am-
rate. When the structure of the input signal mode, includingolifier to be narrower than the diffraction limit and because
the phase fronts, exactly matches the dominant amplifiethe dominant amplifier mode is narrower, it tries to diffract
mode, all of the input signal is available to gain at the highestaster. Index guiding is also a nonlinear effect that affects the
growth rate. However, if the pump wavelength is differentstructure of the dominant amplifier mode. Index guiding oc-
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curs when the input signal is detuned from the Raman resowvave equation that yields the nonorthogonal modes is then
nance, yielding a real term in the Raman susceptibility thapresented.
affects the index of refractiof®,13] and causes the dominant ~ The growth of the amplified Stokes field traveling in the
mode to focus or defocus depending on which side of theositive z direction can be described by the slowly varying
Raman resonance the input signal is detuned to. Maxwell wave equation in the steady-state paraxial limit. In
The photorefractive effecf{15,16 has been used to cgs units the amplified field obeyg—9,17
modify the spatial structure of a beam propagating through a
crystal. This effect can be used to compensate for the effects 2 . .
of diffraction and allow the beam to propagate without VIES(Z.r1) = 2iksdzBs(2,17) +iks9(Z 1) AZ+T2
changing its radius. The gain and index guiding effects can
also be used to compensate for diffraction in a Raman am- i I'A E(zr)=0 1)
plifier. However, no amplifier parameters have been found AZ4+T2) 7SO0 T '
yet that lead to an amplified Stokes beam that propagates
with the gain and index guiding, exactly compensating forwhere V4= g2+ d; is the transverse Laplaciaf(z,ry) is
diffraction. the slowly varying Stokes field, is the wave vector of the
A recent experimenf{4] was performed in which the Stokes field, ang(z,r1)I'%/(A%+1?) is the gain that results
structure of the Gaussian input signal mode was modified bjrom the imaginary part of the Raman susceptibility. The
changing its focus and Rayleigh range relative to the domigain explicitly included’, the Raman linewidtfi18], andA,
nant mode of the Raman amplifier. The output of the Ramaithe detuning wheré = o, — (@, — wg), with w, the resonant
amplifier was increased by over 70% without changing theérequency of the Raman active medium, the pump laser
pump laser power or input signal power. In this paper wefrequency, andwg the input signal or Stokes frequency.
will study in more detail the mechanisms behind this resultg(z,r1)I’A/(A2+T?2) is the index term, which results from
A recent experimeri9] also looked at the effects of index the real part of the Raman susceptibility and also includes
guiding in a Raman amplifier. The index guiding results in aexplicitly the Raman linewidth and detuning. When the de-
higher Stokes output when the input signal is detuned to th&uning is set equal to zero Effl) reduces to the wave equa-
blue side of the Raman resonance. The enhanced gain duetton presented in Ref.7] with no noise term to account for
index guiding results from focusing the dominant mode supspontaneous scattering. It has been shown that an input sig-
ported by the Raman amplifier to a smaller spot size so thatal of only a few nanowatts is enough to dominate the quan-
it overlaps a more intense part of the pump beam that protum noise in a Raman amplifi¢i2]. The experiments we
vides the gain mechanism and hence experiences a largeonsider are assumed to utilize an input signal much larger
gain. than a few nanowatts, so noise effects may be neglected.
The key to understanding how the coupling of the Gauss- The gain profile[3,7,9 takes into account the focused
ian input signal mode into the dominant amplifier mode isnature of the pump beam and is written
enhanced by modifying the structure of the Gaussian input
signal mode and detuning the input signal to the blue side of
the Raman resonance lies in understanding the structure of
both the input signal mode and dominant amplifier mode.
This paper studies the structure of the input signal and domiwhereG is related to the pump ener$9] and plane-wave
nant amplifier mode including the effects of gain and indexgain coefficienf20], k, is the wave vector of the pump laser,
guiding. The enhanced coupling is also studied in terms oénd wg(Z)=wg(0)\/l+(Z/Zog)2 is the waist of the pump
the structure of the input signal and dominant amplifierlaser wherezy, is the Rayleigh range. The solution to the
mode. wave equation is found by expanding the Stokes field over a
This paper is organized as follows. Section Il contains anonorthogonal modal basj&,2,6,7,14,21 The Stokes field
brief review of the nonorthogonal modes that describe thds written[7]
Raman amplifier. The mode structure of the dominant mode
of the Raman amplifier including both gain and index guid- | |
ing is discussed in Sec. lll. An experiment is described in ES(Z'rT):BLZn an(2)Pn(z.r7), )
Sec. IV that allows the measurement of the spatial structure
of the amplified Stokes beam at the exit of the Raman amghere 8 is a constant an(ﬁln(z) is the amplitude of the
plifier and Sec. V contains the experimental results. In Seyonorthogonal modeb! (z,r1). The nonorthogonal modes

Vi the effects of changing the structure of the Gaussian inpufre constructed from a superposition of the Gauss-Laguerre
signal mode and detuning the input signal to the blue side ofygdes and are written

the Raman resonance to enhance the coupling of the input
signal into the dominant mode of the amplifier is studied. | Lo
Section VII contains some concluding remarks. ¢n(Z,fT)=zp b pUp(Z,r7), (4)

2

9(z,r)= exf —2r% w3(2)], )

Kgwg(2)

whereU'p(z,rT) are the Gauss-Laguerre modes and are de-
fined in Ref.[17].

In this section the wave equation that describes the Ra- At high gains the output of the Raman amplifier is de-
man amplifier and includes the total Raman susceptibilityscribed by the lowest-order nonorthogonal mode because its
[9,11] is shown. A brief description of the solution to the growth rate is largest7]. Therefore, nearly all the Stokes

Il. THEORY
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power will be contained in this mode. The lowest-order non- ———T T
orthogonal modebg(z,rT) is written

[&Y]

—Nonorthogonal Mode
— —Gaussian Input Signal Mode

N

LA AL L L L B I

<D8<z,r>=§ bos(2)Up(Z.I7). (5)

Because the lowest-order nonorthogonal mode is made up of
a superposition of several Gauss-Laguerre modes, the curva:
ture of the phase fronts can be very different from the phase
fronts of the Gaussian input signal mode. The mode structure
of the lowest-order nonorthogonal mode is studied numeri-
cally in Sec. lll. The spatial structure of the lowest nonor-
thogonal mode that describes the amplified Stokes beam at n 7
the Raman amplifier output is studied numerically and ex- = 3 o 1 >
perimentally in Secs. IV and V. The largest projection of the Normalized Radius (r/wg)
Gaussian input signal onto the lowest-order nonorthogonal
mode occurs when the phase fronts of the lowest-order non-

orthogonal mode and Gaussian input signal mﬁde a;E-node(solid line and Gaussian input signal moddashed ling at
matched. However, the wave fronts of the nonorthogon arious locations in the Raman amplifier. The nonorthogonal modes

mode are very complicated and how best to match phasge swept back from the Gaussian input mode as a result of gain
fronts at the input to the Raman amplifier is a difficult ques-gyiging and diffraction. The phase overlap of the two modes is
tion that requires detailed knowledge of the structure of thgoor, indicating poor amplifier performance.
lowest-order nonorthogonal mode. This is studied in detail in
Sec. VL. input signal is focusing, while foz/zy;>0 the curvature of
the phase fronts indicate that the input signal is diffracting.
IIl. NONORTHOGONAL MODE STRUCTURE This is not surprising since the input signal is a simple fo-
cused Gaussian. However, the phase fronts of the nonor-
The phase fronts and spatial structure of the lowest-ordethogonal mode are much more complicated and very differ-
nonorthogonal mode and Gaussian input signal mode arent from the Gaussian input signal mode. The phase fronts
studied in this section for two cases. The first case occurfor the nonorthogonal mode for case 1 result from a compe-
when the input signal is tuned exactly to the Raman resotition between gain guiding and diffraction and is discussed
nanceA =0 and therefore the Raman susceptibility is purelybelow. Notice that the phase fronts of the nonorthogonal
imaginary, which leads to gain without any index effects.mode and Gaussian input signal are very poorly matched.
This case will allow us to understand how gain guiding af-This indicates that the Raman amplifier is not being used
fects the nonorthogonal mode. In the second case) and efficiently.
the Raman susceptibility contains both an imaginary term Gain guiding[5—7] has the effect of narrowing the Stokes
and a real term. In this case the real term in the Ramapeam as it grows in the Raman amplifier. Gain guiding
susceptibility leads to an index of refraction and gives rise tayvorks to narrow the Stokes beam because the gain that is
index guiding. Thus, in this second case there will be bottproportional to the pump laser intensity is highest when the
index guiding and gain guiding. transverse radius;— 0, so that the center part of the Stokes
Unless otherwise noted, the Rayleigh range was sé2 at beam grows faster than the wings and hence the Stokes beam
cm for both the pump and input signal. For parameters typinarrows. However, as the Stokes beam becomes narrower it
cal of Raman scattering experimefds9], the differences in  tends to diffract faster. The competition between gain nar-
the phase fronts would be difficult to show in the figures.rowing and diffraction causes the nonorthogonal mode to
Therefore, the waist and wavelengths were chosen so that thgwe phase fronts that are swept back from the input signal
differences between the phase fronts can be easily seen in tiBussian mode, indicating a higher rate of diffraction for the
figures. This makes the physical explanations of the mod@onorthogonal mode that is compensated by the gain narrow-
structure and coupling easier to understand. A dain3 ing.
and a pump beam waist,(0)=1 cm were used. The Raman  Figure 2 shows the spatial structure of both the nonor-
linewidth was set at 500 MHz and the detuning used washogonal mode(solid line) and the Gaussian input signal
A=0 for the on-resonance case afié- +50 MHz for the  mode (dashed ling The nonorthogonal mode is narrower
off-resonance case. The entrance to the Raman amplifier wasan the Gaussian mode because of the gain narrowing. It is
atz/zpq=—2. interesting to note that this result holds throughout the am-
Figure 1 shows the phase fronts for case 1 in which plifier, which may seem surprising because we would expect
=0. The solid line shows the phase fronts for the lowestthe narrower nonorthogonal mode to diffract faster than the
order nonorthogonal mode, while the dashed line shows th&aussian mode. The nonorthogonal mode stays narrower be-
phase fronts of the Gaussian input signal mode. The phasmuse gain guiding can compensate for the diffraction.
fronts are plotted at various locations in the cell defined by Figure 3 shows the index effe#,9] when the input sig-
2/754 with the Gaussian input signal mode focusing atnal is detuned to the blue side of the Raman resonance. As
2/754=0. Forz/z,4<<0 notice that the curvature of the phase before, the dashed line is the phase front of the Gaussian
fronts of the Gaussian input signal mode indicate that thénput signal mode and the solid line is the phase front of the

Normalized Location (z/zq,)

FIG. 1. Plot of the phase front of the dominant nonorthogonal
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FIG. 2. Plot of the spatial structure of the dominant lowest-order  FIG. 4. Same as Fig. 3 except with the input signal tuned to the
nonorthogonal moddsolid line) and the Gaussian input signal red side of the Raman resonance. The index effect acts as a defo-
mode. The nonorthogonal mode is narrower throughout the Ramagusing lens in this case.
amplifier due to gain guiding.

line is the contribution to the phase front due to the index
nonorthogonal mode when the detuning is set equal to zereffect. The phase front on the red side of the Raman reso-
which turns off the index effect. The dot-dashed line is thenance is swept back more than whar=0, indicating that
phase front of the nonorthogonal mode when the input signallefocusing is occurring.
is detuned to the blue side of the Raman resonance. When The spatial structure of the nonorthogonal mode/aj,
the input signal is detuned to the blue side of the Ramar=0 is shown in Fig. 5. The dashed and solid lines are the
resonance, the index guiding effect changes the wave frosdame as in Fig. 2 and are shown again for reference. The
much like a focusing lens. The phase fronts are swept bacHot-dashed line shows the intensity profile when the input
less on the blue side of the Raman resonance than when signal is detuned to the blue side of the Raman resonance.
=0, indicating that focusing is occurring. The fact that theThe dotted line is the intensity profile line when the input
index effect is trying to guide the Stokes beam gives rise taignal is detuned to the red side of the Raman resonance.
the term index guiding. When the input signal is detuned to the blued side of the

Figure 4 shows the index effect when the input signal isRaman resonance the intensity profile is narroweider)
tuned to the red side of the Raman resonance. The dashéehn when the input signal is tuned to the Raman resonance
and solid lines are the same as in Fig. 3. The dot-dot-dashed
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FIG. 5. Plot of the spatial structure of the dominant nonorthogo-

FIG. 3. Plot of the phase front of the dominant nonorthogonalnal mode. The solid and dashed lines are the same as in Fig. 2 and
mode including index guiding. The nonorthogonal mode for theare shown again for reference. The dot-dashed line shows the spa-
on-resonance case is shown as a solid line, while the Gaussian inpti&l structure of the nonorthogonal mode when the input is tuned to
signal mode is shown as a dashed line. The nonorthogonal modée blue side of the Raman resonance and the dotted line shows the
including the effect of index guiding is shown as a dot-dashed linespatial structure when the input signal is tuned to the red side of the
The index effect when the input signal is tuned to the blue side oRaman resonance. Tuning to the blued side of the Raman reso-
the Raman resonance acts as a lens that tries to focus the nonmance causes the nonorthogonal mode to become narfawickar)
thogonal mode and leads to less curvature in this case. than when the input signal is tuned on resonance.
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after B2 is launched into an optical fiber, which provides a

TUNABLE
LISERDIODE  [SGiATo 52 OFReAt  convenient way of spatially filtering the input signal. The

l:] ol B } input signal then passes through a series of lenses that focus

INTERPEROMETER DC% the input signal in the center of the Raman amplifier.
DQD The input Stokes signal beam is combined with the pump
K H B = beam atB1. The beams then travel collinearly through the

DIELEGTRIC Lo Q Raman amplifier, which consists of,Ht a pressure of 65
MIRROR RAMAN AMPLIFIER atm. Both the pump and input signal focus at the center of
f—ﬂ d N the 141-cm-long Raman amplifier. The measured Rayleigh

range of the input signal was 31.4 cm and the measured
Rayleigh range of the pump beam was 27.4 cm.
SILcon e After exiting the Raman amplifier, the pump and ampli-

B3 DETECTOR — . ; .
N——[3 |/ fied signal beam pass through a lens with a focal length of

’ SNGLE MODE S 100 cm, which allows the amplified Stokes beam at the exit
ﬁm No:vAG LASER| f Smewey of the Raman amplifier to be imaged onto a camera with a
CAMERA Mirror measured magnification of 1.6. After the imaging lens, the
pump beam is blocked using a dielectric mirror that reflected
FIG. 6. Schematic of the experimental setup that is used tdhe 532-nm pump beam but allowed the 683-nm amplified
measure the radius of the amplified Stokes beam at 683 nm assignal to pass. A narrow-band interference filter centered at
function of the detuning from the Raman resonance of the inpu683 nm was placed behind the dielectric mirror to block any
signal Stokes beam. of the 532-nm pump beam that might have leaked through
the dielectric mirror. This method of separating the pump
and these result are consistent with the phase-front picturéeam and amplifier Stokes beam was found to be superior to
The use of index guiding to enhance the output of the Ramansing a pelin broca prism, which was found to introduce a
amplifier is discussed in the next section. Before we proceedignificant astigmatism into the amplified Stokes beam. After
to a discussion about enhanced coupling in Sec. VI, an exhe narrow-band filter, the amplified Stokes beam is incident
periment is presented that allows the study of the spatiabn beam splitteB3. Part of the amplified field is sent to a
structure of the amplified Stokes beam at the output of theilicon energy detector, which allows the energy of the am-
Raman amplifier. plified field to be monitored. The remainder of the amplified
Stokes field is incident on a Pulnix TM-745 charge coupled
device(CCD) camera. The CCD camera allowed the moni-
IV. EXPERIMENT toring of the radius of the amplified Stokes field with the aid
The experimental setup that allows the study of gain guid©f @ commercially available beam profile progrg@®).
ing and index guiding as a function of the detuniagis Data are taken as follows. The TLD was slowly scanned
shown in Fig. 6. The pump beam is provided by the&Cross the Raman resonance. The pump energy, relative in-
frequency-doubled output at 532 nm of an injection seede@Ut Signal frequency, amplified Stokes energy, and amplified
Nd:YAG laser(where YAG denotes yttrium aluminum gar- Stokes beam radius were monitored and recorded using a
ned. The Nd:YAG laser has a temporal half-width at half Personal computer for each shot of the pump laser. The
maximum of 3.5 ns. The output of the Nd:YAG laser is PUmp energy was set at 83(J, which corresponds to a gain

reflected from an off axis spherical mirror to correct a slightof G=6.65, wherea=2.95x 107° cm/W [20] was used.

astigmatism present in the output of the Nd:YAG laag]. The Raman I_|neW|dth was measure at 2&_380 MHz and agreed

The beam is then spatially filtered by a series of two pinhole&Vith the published value for the Raman linewid@g] at the

(not shown in Fig. & The beam next passes through a serie®ressure of 65 atm, which was used in this experiment.

of lenses that focus the pump beam at the center of the Ra-

man gmpliﬂer. After the Ienses., thg pump beam impinges on V. EXPERIMENTAL RESULTS

the dielectric mirror labele®1 in Fig. 6. Part of the pump

beam passes throud@il and is incident on a silicon energy ~ Numerical calculations that solve E¢l) by expanding

detector that allows the monitoring of the pump energy forthe Stokes field over the nonorthogonal modal basis were

each shot of the pump laser. The rest of the pump beam erformed for two cases. The first case includes the imagi-

directed into the Raman amplifier. nary part of the Raman susceptibility only. In this case only
The input signal or Stokes seed is provided by again guiding is occurring. In the second case the total Raman

continuous-wave tunable laser diod€LD) with a center susceptibility is included and both gain and index guiding are

frequency of 683 nm. The output of the TLD is sent throughoccurring. Figure 7 is a plot of the radius calculated for the

a Faraday isolator, which prevents feedback from affectinggmplified Stokes beam at the exit of the Raman amplifier as

the performance of the TLD. The input signal is then inci-a function of the detuning.

dent on beam splitteB2. Part of the input signal is sent via ~ The dashed line is the result of solving the wave equation

a single-mode optical fiber into a high-finesse interferometefor case 1 in which only gain guiding is occurring. At

(HFI) [23,24. The HFI has a free spectral range of 23 600=0 the radius of the amplified Stokes beam at the exit of the

MHz and a measured finesse of greater than 30 000, whicamplifier is a minimum. AtA=0, the gain[g(z,r)T'%/(I"?

allows the HFI to monitor the input signal relative frequency + A?)] is a maximum and the gain guiding effect that acts to

with sub-MHz resolution. The remainder of the input signalnarrow the amplified Stokes beam is the strongestAAs

[ 683 NARROW BAND
FILTER
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FIG. 7. Plot of the radius of the amplified Stokes beam as a FIG. 8. The solid line is the same as in Fig. 7. The dashed line
function of detuningA. The dashed line represents the case wheraepresents the real part of the Raman susceptibility. Notice that the
only gain guiding was included. The solid line is the case whereminimum radius of the amplified Stokes beam occurs when the real
both gain and index guiding are occurring. The radius for the soliderm of the Raman susceptibility is at a maximum. Bor0 (A
line reaches a minimum & = 1400 MHz, while the minimum ra- <0) the real part of the Raman susceptibility acts as a focusing
dius for the dashed line is @=0 MHz. (defocusing lens.

detuned away from the Raman resonance so &0 the Eg.(1). The on-resonance case occurs when0 MHz. No-

gain decreases and the gain guiding narrows the amplifiefce that the peak Stokes output is shifted to the blue side of

Stokes beam less. At large detunings, the gain goes towaifle Raman resonance. The shift results from the focusing of

zero and the radius of the Stokes beam approaches the radigie amplified Stokes beam due to index guidii®j. The

of the input signal. _ _ peak Stokes output occurs At=230 MHz. The peak in the
The solid line in Fig. 7 is the result of solving the wave stokes output results from the competition between an in-

equation when the total Raman susceptibility is included increase in the gain due to a narrower Stokes beam, which is

the wave equation. Both gain guiding and index guiding areaysed by index guidingee Figs. 7 and)&nd a loss in gain

occurring in this case. Fak>0 (A<0) notice that the ra-  [which is proportional td"2/(I'?+ A?)] due to the detuning
dius of the amplified Stokes beam is smallergep than A

gain guiding predicts. This additional narrowing of the am-
plified Stokes beam results from index guiding. The index
guiding is related to the real part of the Raman susceptibility
and is proportional td"’A/(I'>+A?). At A>0 (A<0), in-
dex guiding acts as a focusirigefocusing lens, which fo-
cuses(defocuseps the amplified Stokes beam to a smaller
(largen spot size.

Figure 8 shows the correlation of the change in radius of
the amplified Stokes as a function of detuning as the solid
line with the change in the real part of the Raman suscepti-
bility. The real term of the Raman susceptibility, which leads
to index guiding, is shown in Fig. 8 as the dashed line. The
strength of the index guiding is proportional to the magni-
tude of the real part of the Raman susceptibility. The mini-
mum radius for the amplified Stokes beam occurs when the
real part of the Raman susceptibility is at a maximuniat
=1440 MHz. WhenA>0 the real part of the Raman sus-
ceptibility acts to focus the amplified Stokes. Fbx 0 the
re-all part of the Raman susceptibility acts to defocu_s the am- FIG. 9. Plot of the normalized Stokes output energy as a func-
plified Stokes. AtA<—1200 MHz, the Stokes radius has tion of detuning from the Raman resonance. %Hs corrggpond to

become large enough so that only a smgll perpentage of tr‘L@(perimental data, the dashed line is a Gaussian least-squares fit to
amplified Stokes beam overlaps the gain profile and hencgie gata, and the solid line is the theoretical predictions from solv-
the _Stokes beam experiences a very weak gain. ing the wave equation with a nonorthogonal modal expansion for

Figure 9 is a plot of the normalized Stokes energy as ane Stokes field. The on-resonance case-Q) was determined by
function of detuningA. The pluses represent experimental jowering the gain, which causes the peak Stokes output to move
data taken by scanning the TLD across the Raman res@ewardA =0. Notice that the peak Stokes output is noAat 0, but
nance. The dashed line is a least-squares Gaussian fit to tlse shifted to the blue side of the Raman resonance My
data and the solid line is the theoretical results from solving=230 MHz.
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FIG. 10. Plot of the radius of the amplified Stokes beam at the
exit of the Raman amplifier. The dashed and solid line are the same FIG. 11. Plot of the phase fronts of the nonorthogonal mode
as Fig. 7. Thet+'s represent experimental measurements. The ex{Solid line), Gaussian input signal modeashed ling and modified
perimental measurements are in agreement with the predictions &aussian input signal modeotted ling. The nonorthogonal mode

the wave equation when the total Raman susceptibility is included@nd modified Gaussian input match much better than the nonor-
allowing for both gain and index guiding. thogonal mode and unmodified Gaussian input, indicating that the

modified input enhances the performance of the Raman amplifier.

The Raman resonance &t 0 was determined as follows
[9]. The shift in the peak Stokes output is a function of theand Rayleigh range of the input signal, we can force the
gain of the Raman amplifier. As the gain is lowered, thephase fronts at the input to the Raman amplifier to better
index effect has a smaller focusing effect on the amplifiedoverlap the lowest-order nonorthogonal mode and hence en-
Stokes beam and hence the increase in the gain due tohance the input coupling of the Raman amplifier.
narrower Stokes beam overlapping a more intense part of the Figure 11 shows that by changing the location of focus
pump beam becomes negligible. At low gains the peak of thand Rayleigh range of the input signal Gaussian mode, its
Stokes output occurs neadr=0. Experimentally, the gain phase fronts can better overlap the nonorthogonal mode. The
was lowered by lowering the pump energy and the TLD wassolid lines are the nonorthogonal mode phase fronts whose
swept across the Raman resonance to firedl0 MHz. shape are determined by the Rayleigh range and power of the

Figure 10 shows the radius of the amplified Stokes beanpump laser. We consider these phase fronts to be fixed and
at the exit of the Raman amplifier as a function of the detunshow that varying the characteristics of the input signal
ing. The solid and dashed lines are the same as in Fig. 7 arfldaussian mode can enhance coupling into the amplifier. The
the pluses are the experimental points. The detuning rAnge dashed lines are the phase front of the input signal Gaussian
was limited in the experiment to approximately mode with a Rayleigh range and location of focus the same
+500 MHz, where the gain was large enough for the CCDas the pump. The dotted lines are the phase fronts for an
camera to measure the amplified Stokes beam. Beyond thisput signal Gaussian mode with a Rayleigh range one-half
detuning range, the gain was too small so that the CCD canthat of the pump and the focus shifted toward the entrance of
era could not measure the amplified Stokes beam. Each ethe Raman amplifier. Notice that the dotted line and solid
perimental point consists of an average of at least 25 pumfine match much better than the dashed line and solid line.
shots within a frequency window of 40 MHz. The experi- This indicates that the input signal Gaussian mode with a
mental measurements clearly indicate that both gain guidinghorter Rayleigh range and shifted focus relative to the pump
and index guiding are needed to account for the change iwill better overlap the lowest-order nonorthogonal mode and
the Stokes radius in the Raman amplifier as the detuning ithus improve the performance of the Raman amplifier.
varied. Figure 12 is a more detailed study of how the shift in
location of the focus can affect the output of the Raman
amplifier. The dashed line shows the output Stokes energy as
a function of the focal position of the input signal when the

The most efficient coupling of the input signal into the pump and input signal have the same Rayleigh range. The
lowest-order nonorthogonal mode supported by the Ramaautput Stokes energy in this plot has been normalized so that
amplifier occurs when the projection of the Gaussian inpuwvhen the pump and input signal focus at the same location
signal mode onto the lowest-order nonorthogonal mode isvith the same Rayleigh range the output Stokes energy is
maximized. This projection is maximized when the modesunity. Whenzys=2z,4 the output of the Raman amplifier is
have identical phase fronts. The overlap of the phase frontenhanced by 5% by shifting the focus of the input signal
of the Gaussian input signal mode and lowest-order nonortoward the entrance of the Raman amplifier by approxi-
thogonal mode is poor, as seen in Fig. 1, when the input seadately one-half a Rayleigh range. The solid line is the output
and nonorthogonal mode focus at the same location with th&tokes energy as a function of the relative focus when the
same Rayleigh range. By changing the position of the focuRayleigh range of the input signal is one-half that of the

VI. ENHANCED COUPLING
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FIG. 12. Plot of the normalized output Stokes energy as a func- /G- 13. Plot of the shift in focus that yields the maximum
tion of the relative focal position of the Gaussian input signal andStokes output as a function of the Rayleigh range of the input sig-
pump focus. Whetty /zo4= 1, shifting the focus of the input signal nal. Also shown is the increase in Stokes outpuiogizog when the
by approximately one-half a Rayleigh range yields a 5% increase of\Put Signal is modified to yield the maximum output Stokes en-
the output Stokes energy. Fays/zo=0.5, shifting the focus of the ~ €'Y The maximum Stokes output occurs when the Rayleigh range
input signal by approximately one Rayleigh range increases th&2l0 IS Zos/Zog=0.5 and the relative focal position is shifted by
Stokes output by as much as 20%. When the input signal is detuneidZos=0.86.
to the blue side of the Raman resonance the Stokes output is in-
creased by a maximum of approximately 40%. VIIl. CONCLUSION

Nonorthogonal modes conveniently describe the Stokes
pump. When the focus of the seed beam is shifted toward thield in a Raman amplifier. The nonorthogonal modes result
entrance of the Raman amplifier by approximately one Rayfrom a competition between gain guiding and diffraction. In
leigh range the Stokes output is enhanced by over 20%. Thgae high gain limit only the lowest-order nonorthogonal
output Stokes energy is further increased when the input signode is needed to describe the growth of the Stokes field and
nal is detuned to the blue side of the Raman resonance. THer this reason the nonorthogonal mode is a natural choice
dot-dashed line in Fig. 12 is the Stokes output #r  for describing the output from a Raman amplifier.
=0.52y4 and detuning to the blue side of the Raman reso- An experiment was presented in which the radius of the
nance. The output is enhanced by over 40% when the inpuimplified Stokes beam was measured as a function of detun-
signal has been modified and tuned to the blue side of thing of the input signal. The experimental results showed that
Raman resonance. This implies that by carefully setting ughe radius of the amplified Stokes beam decreases as the
an optical amplifier the output can be significantly increasednput seed is tuned to the blue side of the Raman resonance.
without changing the pump or input signal power. This result does not agree with the predictions of theories

The enhanced performance of the Raman amplifier due tthat include only the imaginary part of the Raman suscepti-
index guiding is explained as follows. When the input signalbility and allow only for gain guiding. When the total Raman
is tuned to the blue side of the Raman resonance, the reglisceptibility is included, which allows both gain and index
part of the Raman susceptibility acts like a focusing lens, aguiding in the theory, the theory accurately predicts the ex-
seen in Figs. 3 and 5. Because the Stokes beam is focusedgerimental results.
a smaller spot, it overlaps a more intense part of the pump Gain guiding effects result in a narrower beam with phase
beam and hence experiences a larger gain. fronts that are swept back from the input signal Gaussian

The effect of different Rayleigh ranges and differentmode. The swept back phase fronts of the nonorthogonal
shifted locations of focus on the Stokes output are studied imode indicate a narrower beam that tends to diffract faster
Fig. 13. The shift of the focus that yields the maximumthan the free space mode. The phase fronts and spatial struc-
Stokes output for a particulaps/zyg ratio is plotted as the ture of the lowest-order nonorthogonal mode is further com-
solid line in Fig. 13. A larger shift in focus for a smaller plicated by index effects that tend to either focus or defocus
Rayleigh range ratio of,s/zy4 is needed to maximize the the Stokes beam depending on which side of the Raman
Stokes output. The dashed line is the normalized Stokes outesonance the input signal is tuned to. When the input signal
put for a particulazys/zog when the focus of the input signal is tuned to the blue side of the Raman resonance the phase
has been shifted to yield the maximum Stokes output fronfronts of the nonorthogonal mode are swept back less than
the Raman amplifier. The Stokes output has been normalizeghen the input signal is tuned to the Raman resonance. This
so that wherzys/zp,= 1 and the input signal and pump focus index guiding effect leads to an enhanced output from the
at the same location the Stokes output is unity.zAl/zy, Raman amplifier.
=0.7 the Stokes output has been enhanced by over 20%. The question of coupling a Gaussian input signal to the
Including index guiding will further enhance the gain as seerlowest-order nonorthogonal mode requires that the phase
in Fig. 12. fronts of the input signal match the phase fronts of the
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lowest-order nonorthogonal mode as closely as possible ahan resonance the input coupling and performance of the
the input to the Raman amplifier. The nonorthogonal moddRaman amplifier can be enhanced.

phase fronts are complicated and caused by the interplay of
the nonlinear effects of gain and index guiding with diffrac-
tion. By judiciously choosing the proper shifting of the focus
and Rayleigh range of the input signal relative to the pump This work was supported by National Science Foundation
and by detuning the input signal to the blue side of the RaGrant No. PHY-9424637.
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