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Competition between spontaneous scattering and stimulated scattering in an injection-seeded
Raman amplifier
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The amplification of a visible laser-diode beam in a gain-guided, multipass Raman amplifier is studied as a
function of laser-diode and pump-laser powers. At a relatively high laser-diode gb#&nW) the amplified
output grows as a simple exponential from very low gains to amplifier saturation. At a relatively low laser-
diode power(2.3 nW) the behavior is more complicated, since the seeded growth and the growth from
spontaneous scattering are comparable in power. The experiments, which also include an experiment with no
injected laser-diode light, are modeled by a nonorthogonal-mode theory that accounts for the three-dimensional
nature of the amplification process. The theory and data are found to be in close agreement in all experimental
regimes studied, except at low gains with low input seed power.

PACS numbsds): 42.50.Lc, 42.60.Da, 42.65.Dr

I. INTRODUCTION of the amplification process, including diffraction, is needed
to describe the results. This theory, which utilizes a
Externally injected input signals are used to control ornonorthogonal-mode expansion, has already been success-
modify the output fields of many types of laser amplifiersfully used to model Raman generator experiments in a mul-
and oscillator§1-5]. In Raman amplifiers external seeding tipass cel[12].
has been shown to reduce the pumping threshold, increase L0ogl, Scherm, and Maier{13] have also used the
the conversion efficiency, and increase the spatial quality ofonorthogonal-mode theory to describe single-pass Raman
the output Stokes fiel4—6]. Seeding of Raman amplifiers generator experiments. Their findings indicate that the non-

serves to stabilize the Stokes output since spontaneous scaffogonal theory works well for the high gain regime but

tering initiated Stokes fields have large fluctuations in fre-S€€MS to breakdown at low gains. They attribute the break-

- . down of the theory at low gains to the use of paraxial ap-

qguency[7], energy[8], beam pointing directiof9], and spa- L : . X
tial characteristics[10]. External seeding has become proximations that are valid for the collimated beams inherent
cheaper and simpler with the rapid expansion of the lasers. stimulated scattering but do not hold for spontaneous scat-
tering where the Stokes light scatters in all directions. They

diode industry, making available laser diodes with Wave-aiso thought the theory may break down at low gains be-
lengths covering much of the spectrum from long visible

- '~ cause the nonorthogonal mode theory predicts that the output
wavelengths to midinfrared wavelengths. These laser diodegi,yes power depends on pumping geometry, whereas the

can also be configured in extern_al (_:avities, which a_tllows the&tandard theory of spontaneous Raman scattering, which
wavelength to be tuned by a significant amount in a conq gg|, Scherm, and Maier found to be in agreement with their
trolled, repeatable manner. experimental results at low gains, depends on the total
In this paper we study, experimentally and theoretically,pumped volume but is not sensitive to the shape of the
the amplification of a continuous-wave laser diode in @ H pumped region.
Raman amplifier and also the growth initiated by spontane- In this paper experimental results from both Raman am-
ous scattering in a bl Raman generator. Previously we re- plifier experiments and Raman generator experiments done
ported[5] that for moderately high energy pump-laser pulsesin a multipass cell are presented and compared to the predic-
(90-150uJ) and a 30 nW visible laser-diode input, the out- tions of the nonorthogonal-mode theory. For the amplifier,
put of an amplifier utilizing vibrational Raman scattering the Stokes output energy is measured as a function of input
grew as an exponential of the pump power with near 100%aser-diode power and pump-laser energy. For the generator,
coupling efficiency of the laser-diode input. Uchida, Na-however, we measure the output Stokes energy as a function
gasaka, and Tashii@] reported similar results from a rota- of pump energy and diameter of the exit aperture on the
tional Raman scattering experiment in which an infrared la-Raman cell. In deference to the findings ofdlLoScherm,
ser diode was used to seed to the Stokes growth. The datamd Maier we also discuss the subtleties of using the
was well described by a relatively simple single-mode theorynonorthogonal-mode theory at low gain. The theory and ex-
of stimulated Raman scattering. In this paper, the growth operiments, with and without an input Stokes seed, make it
an input diode beam is studied as a function of input diodgossible to study the interplay between spontaneous scatter-
power over a wide range of amplifier gaifump-laser en- ing and the injected seed.
ergies, from very low gain to amplifier saturation. It is found In the following section a summary of the nonorthogonal-
that the amplifier output does not grow as an exponential irmode theory, which describes growth in a gain guided am-
all regimes, contrary to the predictions of steady-stateplifier, is given. The theory is sufficiently general to describe
single-mode theories of Raman scatterBgll]. Instead, a other types of gain guided amplifiers, not just Raman ampli-
theory that fully accommodates the three-dimensional naturéiers. The experimental apparatus used in our experiments is
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described in Sec. lll. The experimental data will be discussedvhere)\[1 is an eigenvalue that gives the growth rate for the
and compared to the nonorthogonal-mode theory in Sec. IMnode®, (z,r1). As a consequence of the non-Hermiticity of
A summary and closing comments are presented in Sec. VEq. (4) the modes are not orthogonal to each other, i.e.,

Il. THEORY f d2r @ ¥ (z,r1) ) (z,11) = 8B, n# 1, 5

The theoretical model used to describe the experiment
must account for growth from spontaneous scattering as wellhere B!, )% is referred to as the excess spontaneous-
as amplification of an input seed. Previous experiments havgmission féct0[17]_ However, there is another set of modes,

shown [12,13 that a theory that incorporates a cgjieq the adjoint modes and denoted Py'(zro)}, to
nonorthogonal-mode expansion of the electric field ady iy, yhe mode$®! (z,r)} are orthogonal. This biorthogo-
equately describes growth initiated by spontaneous Scatteﬁ'ality relationship is given by

ing. This theory readily accommodates an input seed into the
amplifier, and therefore will be used to model the experi-
ments described in this paper. The nonorthogonal-mode J der\I"r:(z,rT)(I)'n(z,rT)=5myn. (6)
theory, which utilizes earlier work by Perry, Rabinowitz, and

Newstein[14], has already been presented in detail elseppysically, the adjoint modes correspond to the nonorthogo-
where[12]. Therefore only a brief outline of the theory is 3 modes propagating backward through the amplifier.
presented here. o _ o In the complete theoretical solution to Ed), the nonor-
The starting point for describing growth in an amplifier is thogonal modes themselves are written as a linear combina-
Maxwell’s wave equation. In the steady state, paraxial limityjo of Gauss-Laguerre or free-space mo@#®,14. The

the wave equation for a slowly varying electric field travel- free-space mode$U' (z,r1)}, are solutions to théHermit-
ing in the positivez direction can be written as ian) free-space wave e,quati’on

2_ o ; =(—) — _12g4-pt
(VA= 2ikoz+ikg(zmEC am = - amPrzm, (V2-2ika,) Ul(2,rr) =0 @
2 o2, o2 . ' and as such form a complete, orthonormal set. These modes
whereVy=V,+Vy, g(zrr) represents the gain profile, and are commonly used in optics with the lowest-order free-

KTZW”‘ is the Stokes wave vector. Th_e quz_antum Oper"f"tor'space mode being the usual focused Gaussian. In the limit of
Psz,r7), represents quantum fluctuations in the polariza,, gain G—0) the nonorthogonal modes become the free-
tion of the medium and is included to account for spontane-space modes, to within a phase. Thus at low gains the non-
ous scattering. The gain profile, which |n_th|s.exper|ment ISorthogonal modes are approximately complete and orthogo-
due to a pump laser, is a focused Gaussian, i.e., nal.

Total power in the Stokes field at a locatiens obtained

9(z,r1)=g(z,r)= —4Grexr[—2r2/w2(z)], (2) by integrating the intensity operator over transverse coordi-
kgwg(2) g nates. The result is

wherewy(z) = wy(0)[ 1+2%/25]*? is the radius of the pump C [ 2 2 .

beam,z, is the Rayleigh range of the pump beaky,is the ~ P(2)= ﬁf dr(E'"(z,r) BT (2,r7)

pump-field wave vector, an@ is proportional to the plane-

wave gain coefficientl5]. By modeling the gain profile as a - -

focused Gaussian, diffraction of the pump field is included :A”h‘“n%, (aﬁ*(z)a'p(z))J dr 0z ) (2,r7)
priori. Diffraction of the Stokes field, however, is accounted o

for by the transverse Laplacian.

It is convenient to write the Stokes field as the expansion  =Aviw Zl Bp.n(Bp.nleXd (N + A ) (60— 6,)1—1}
n,p,
R 20Avh 1/2 R R R
E(‘)(z,rT)=<$) DENGLNCINNNC +(@ ()AL B))exiL (A + AT (0= 6)]), (8

where the many calculations necessary to transform the left-
whereAv is the amplifier bandwidth} w is the energy of a hand side into the right-hand sidehs) above are found in
Stokes photong is the speed of light, thgal'(z)} are gen-  Ref. [12]. In Eg. (8) the transformation z— 0=
eralized photon creation operatdd6], and the{CD'n(z,rT)} arctang/z,), which conveniently accounts for the focusing
are the nonorthogonal modes. Solving the wave equatiorgf the beams, has been madg,locates the amplifier en-
Eq. (1), by this ansatz has proven to be fruitful for severaltrance, and the correlatiof@y (¢;)a,(6;)) gives the Stokes
types of gain-guided systems ranging from diode lakET$  input into the amplifier. Thé,(¢;) are obtained by project-
to x-ray-laser amplifier418,19. The modes are not arbi- g the input Stokes fieldE()(6;,r), onto the basis of
trary; rather, they are required to satisfy the non-Hermitiamonorthogonal modes. The result is
eigenvalue equation

112
ikd,+i iy alnT("i):(—> d2r WX (B EC)(6; 1),
[V$_2'k‘92+'kg(Z:rT)]:KLWQL(Z,rT), (4) 2mAvh f T T T o
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The output power given by the rhs of E&) has two distinct LTUNAELE FARADAY
contributions. The first is the amplified spontaneous scatter- ISOLATOR o
ing, while the second is the amplified input. E s L A

Equation(8) appears to be quite complicated and indeed TR RO REER omlfq
must be evaluated numerically for all but the simplest cases. DQD FIBER
However, for some experimentally important cases it simpli- K ﬂ - I\L,
fies considerably. It has been demonstréfe?] that only one - ~
term (=n=p=0) is necessary to describe the growth initi- APERTRE _ RAMAN AMPUFIER _ " |
ated by spontaneous scattering at high gains in a Raman D EN N—
amplifier, whereas many Gauss-Laguerre free-space modes
would be needed to do the same. For this reason the nonor- % N

thogonal modes can be considered the natural modes of the SILICON oo LN
ifi i . DETECTOR o AMERA =
amplifier. Also under certain, rather common, experimental N |
conditions only a few terms in E@8) are needed to model ] Nl 7
-/ i 532 nm

the amplification of an input Stokes beam. %2
The final expression in E¢8) was obtained by assuming

infinite limits on the transverse integrals and therefore repre- FIG. 1. Experimental apparatus used to study growth of a laser-

sents the total Stokes power. To describe our Raman generdiode seeded Stokes beam in a multiple-pass Raman amplifier

tor experiments at low gains, however, it is necessary t®umped by a pulsed Nd:YAG laser.

derive an expression for Stokes power in a finite transverse

plane. We start with the first term on the rhs of E8§). but IIl. EXPERIMENT

this time explicitly limit the transverse integration to an ap-

. _ The experimental apparatus used in our Raman amplifica-
erture, i.e.,

tion experiments is shown in Fig. 1. The frequency-doubled
output at 532 nm of a pulsed, single-mode, injection-seeded
neodymium-doped yttrium aluminum garr(dld: YAG) laser
was used to pump the Raman amplifier. The temporal profile
of the pump beam was near Gaussian with a measured half
XD (0,r7). (100 width at half maximum(HWHM) of 3.5 ns. The spatial pro-
file of the pump laser was also near Gaussian.
At low gains the nonorthogonal modes become the free- The Nd:YAG pump beam impinges on a beam splitter
space modes, to within a phase, and as such are approXl, shown in Fig. 1. Part of the pump beam is sent to a Laser
mately orthogonal. Therefore the creation operators for phoPrecision model RJP-735 pyroelectric energy dete@tot
tons in different modes are no longer correlated and thehown to monitor the input pump energy into the Raman
correlation function can be expressed, assuming no externamplifier. The rest of the beam is sent through a two-lens
Stokes input, as system for the purpose of mode matching the pump beam to
the multipass cell. A beam splittd82 directs part of the
AT g)a = L™y o—0.)1— pump beam onto a charge-coupled deviGD) camera.
(@n (0)ap(6))={exf (A 25 (0= 00)1 =1} 80 p i '1 The CCD camera was used to monitor the pointing fluctua-
tions of the pump beam. The pixel cell size of the CCD

Substituting these approximations into E40) gives the —camera, which sets the resolution of the pointing fluctuation

2
spontaneous scattering initiated Stokes power passingi€asurements, was X113 um?®.
through an aperture: A New-Focus model 6100 continuous-wave, tunable laser

diode with a center frequency of 683 nm and an output
power of approximately 15 mW provided the Stokes input
P( g)szﬁwz {eXFIZRe()\In)( 6—6;,)]—1} into the amplifier. In addition to a mechanical tuning range of
n,l approximately =3 200 GHz, the laser diode has a tuning
range of approximately 60 GHz over an externally applied
Xj der|U'n( 0,rT)|2. (12 voltage ramp of—3 to +3 V. The laser diode is isolated
aperture from the rest of the experiment by a Faraday isolator, thereby
increasing the frequency and output power stability of the
As will be discussed in the next section, the detectordaser diode. Part of the beam is directed into an optical fiber
used to monitor our experiments measure the energy pdry the beamsplitteB3. The light coming out of this optical
pump-laser pulse and Stokes pulse. Therefore to compafier is then mode matched into a high finesse interferometer
experiment to theory, Eq$8) and (12) are integrated over [20], which is used to monitor the relative frequency of the
time. All calculations, including the temporal integration, arelaser diode. The high finesse interferometer has a free spec-
done numerically on a personal computer. tral range of 23 600 MHz and a measured finesse of approxi-
Given the input Stokes field and the gain due to the pumpmately 30 000, giving a resolution of greater than 1 MHz. It
ing field, Egs.(8)—(12) can be used to calculate the Stokeshas a measured frequency drift of less than 7 MHz/Hr. After
output from a Raman generator or amplifier. Before comparthe beamsplitteB3 the laser-diode beam is coupled into a
ing our experimental results to the theory, however, we dissingle-mode optical fiber that serves as a spatial filter. Upon
cuss the experimental apparatus used to collect the data. exiting the optical fiber it passes through a two-lens system

P(0)=Avho > (aK'(0)ay( e))f d?r®X(6,r7)
n,p,k,l| aperture
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that mode matches the seed beam into the multipass cell. The 103 ————
pump and laser-diode beams are combined at the beam com- = —3.97mm (expt.
biner B4, shown in Fig. 1. - Z3:95mm fgggﬁ ]
The multipass cell design was the same as used in previ- _GE =5.96mm the°r~g e“"{ E
ous investigationg5,12] with the following changes: The b E
107°F 3

o
T
i |

mirror spacing was 190 cm, the mode matching confocal
parameter was 43.6 cm, and the number of passes was 11.
Each of the mirrors has a hole in it to allow the beams to
enter and exit the multipass cell. The size of the output hole,
or exit aperture, was varied in the experiments. The Raman
amplifier for this experiment consisted of a cell with antire- of 1
flection coated windows filled with Kto a pressure of 34 1077 et ONE
atm. The transmission after 11 passes was measured to be R T
approximately 74% for the pump wavelength and 66% at the 0.0 0.5 1.0 1.5 2.0
Stokes wavelength. Pump Energy (J) 0
After exiting the multipass cell, the beams were focused 107 e
by a lens to ensure that all the Stokes light arrived at the E
detectors. The pump and Stokes beams were separated using
consecutive Pelin-Broca prisms located approximately 2 m
apart. BeamsplitteB5 directed part of the Stokes beam onto
a silicon energy detectaiLaser Precision RJP-7B5while
the remainder of the beam was incident on a Hamamatsu
R928 photomultiplier tubéPMT). The output of the PMT
was connected to a transient digitizer. The digitized output
was then transferred to a personal computer via a general
purpose interface bus. Since only the total energy of a Stokes
pulse is desired, the digitizer output was integrated over time i (b)
by the computer. This integrated output of the PMT was T
calibrated against the absolute energy readings of the silicon 19775 1 2 3 4 5
detector with the aid of calibrated neutral density filters. Nar- Pump Energy (J) x1o®
rowband filters(not shown in Fig. 1 that have a passband
centered at the Stokes wavelengthg nm) were placed in FIG. 2. Output of a Raman generat@aser-diode beam was
front of both the silicon detector and PMT to attenuate anyblocked as a function of pump-laser energy for two different exit

scattered pump light or room light that may affect the read-apertures. Ther's (X's) correspond to an aperture with a diameter
ing. of 3.97 mm(5.96 mm. The solid lines are the predictions of the

The data was collected in the following manner: Thenonorthogonal theory. The data indicate that, at low pump energies,
laser-diode frequency was slowly scanned across the full R4he output Stokes beam is spatially broad and_ is partially clipped by
man gain profile via a voltage output from the computer. Ahe small aperture(a) Stokes growth for a wide range of pump
slow frequency drift made it difficult to hold the laser-diode EN€rgies(b) An expanded view that shows that the Stokes energy
frequency exactly at Raman resonance and necessitated fEPENdS on exit aperture at low pump energies.

petitive scans of its frequency over the gain profile while they, plane-wave gain coefficient, is a=(2.5+0.4)x 10"°
experiment was in progress. The laser-diode frequency, inpyy,\y [15,21. The lines were generated using
pump energy, output Stokes energy from the silicon detectof, — 5 1% 10-9 cm/W. However, as pointed out by gb
and from t_he PMT-digitizer combination, f_;lnd the location OfScherm, and Maigi13], the gain parametet represents the
the centroid of the pump beam were monitored for each Iasedam of the dominantQ(1) Raman vibrational transition,
shot. whereas the PMT, even with the narrow-band filer, detects
the sum of theQ(0) to Q(4) transitions. At high gains this
distinction is unimportant; however, at low pump powers the
other transitions cannot be neglected. The ratio of the total
The results from experiments with no input Stokes will bespontaneous Stokes energy to that of @) transition is
considered first. The growth of the Stokes beam in a Ramaf.5. This factor has been included in the nonorthogonal-
generator is shown as’s andx’s in Fig. 2. The two data mode theory at low pump energies.
were collected under identical experimental conditions ex- In Fig. 2, Eq.(8) was used to calculate the Stokes energy
cept that the multipass cell exit aperture had a 3.97 mnfior high pump energies*¥70 wJ), while Eq.(12) was used
diameter for thet+’'s and a 5.96 mm diameter for the x’s. For for the lower pump energies. For reasons that will be dis-
comparison, the Gaussian pump beam had a full width atussed shortly it was necessary to include only one mode
e~ 2 intensity of 1.64 mm at the exit aperture. The lines are(n=p=1=0) in Eq.(8), while many modes (&n<85 and
essentially zero parameter fits of the nonorthogonal-mod@<I<20) were needed in Eq12). The theoretical lines are
theory to the data. The only parameter that was varied wasmooth and continuous even though different formulas were
the gain coefficient but the value chosen was within the pubused, indicating that the approximations used in deriving Eq.
lished error bars. At 34 atm pressure the published value af12) are justified. To account for the multiple passes used in

10712F E

Stokes Energy (J)
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|
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the experiment, we simply multiply by s, wheres is the T T T
effective number of passes the beams make through the am- 1.2x107"° -
plifier [22]. s is the total number of beam passages multiplied
by a factor that takes into account optical losses due to in-
complete reflections from the mirrors and incomplete trans-
missions through the cell windows. In our experiments the
number of beam passages through the cell was 11, while the
effective number of passes was 9.5.

For pump energies greater than approximatelydCand
less than 18QuJ, where the amplifier begins to saturate, the i
output Stokes grows as an exponential in the pump energy L . ]
regardless of the aperture size. In this range of pump ener- 04y 7]
gies the data shows some scatter but, in general, there is no e 2'0 —— 4'0 —— 6'0 BT
measurable difference in Stokes energy between the large radial modes
aperture and the small aperture data. This type of growth is
predicted by plane-wave theorig5,11] of Raman scattering FIG. 4. Theoretical output Stokes energy as a function of the
as well as the nonorthogonal-mode theory. However, to prenumber of radial modes included in the nonorthogonal-mode
dict the Stokes growth for pump energies less thapJ@ is  theory. Data for three different apertures indicate that as the aper-
necessary to employ a theory, such as the nonorthogonalire size increases, so too must the number of modes included in the
mode theory, which takes into account the three-dimensionaheory.
nature of the amplification process.

At low pump energies the output Stokes energy shows aver, since the input noise photons are not measurable. A
characteristic “hump” due to the contribution of higher- mathematical manifestation of the immeasurability of the in-
order spatial modes seeded by spontaneous scattering. Figyygt noise photons is the-1,” which occurs in the expres-

2 shows that the Stokes energies measured with the smafions, Eqs(8) and(12), which describe growth from spon-
aperture installed are consistently less than those measuregheous scattering.
the large aperture in place. It is apparent that at low gains the |t is rarely necessary to consider growth in all the spatial
Stokes beam is much larger than the pump beam and is pafodes, however, since only a finite number of these modes
tially clipped by the exit aperture. A physical picture of why couple strongly to the pump and experience significant
the Stokes beam is so broad can be obtained by considerirgowth. In our experiments the pump laser is spatially
the following model of spontaneous scattering. Spontaneousaussian; hence, the low-order Stokes modes tend to have
scattering is vibrational Raman scattering ip Ean be cal-  the largest growth rates. Also, the exit aperture utilized in the
culated by assuming the Raman medium is a fully invertedexperiments partially filters out the higher order modes, fur-
two level amplifier. The noise in such an amplifier is onether reducing the effect of higher-order modes on the output
photon per mode; that is, the spontaneous scattering initiateStokes energy. At larger pump energies the Stokes grows
output behaves as if one photon per mode were input intpredominantly in the lowest-order mode which is spatially
and amplified by a noiseless amplifig23]. Thus to model narrow. The Stokes beam can even become narrower than the
the spontaneous scattering in the amplifier it is assumed thglump beam at high pump energies. This spatial gain narrow-
each of the infinite number of spatial modes that couple tang is predicted by the nonorthogonal-mode theory and has
the pump beam and experience growth are seeded by omgen experimentally measurglB]. Since the Stokes beam is
noise photon. The total output Stokes energy is finite, hownarrow at high gains the measured Stokes energy is the same
e for both apertures. At lower pump energies, however, the
LR - Stokes field has substantial growth in many modes. High-
Eox $=5,96mm (oxpt) L order modes tend to be spatially wider than low-order
[ .2 200 modes x X modes; therefore, the Stokes beam can be significantly wider
3 E than the pump beam.
Figures 3 and 4 illustrate how the number of modes in-
- _ cluded in the theory affect the theoretical Stokes output en-
107 - e E ergy. First consider Fig. 3 in which the 5.96-mm aperture
F - e ] Stokes output energy given by E(L2) is computed using
e . 1 700 modeq85 low-order radial modes and 20 low-order
3 E angular modes 200 modeg10 low-order radial modes and
7 ] 20 low-order angular modgsand the lowest-order mode.
I 1 The radial modes are indexed hy while the angular modes
10“50 S E— are indexed by in Eqg. (12). The graph shows that at low
Pump Energy (J) 107 pump energies many modes cqntrlbute to the output Stokes
energy. At higher pump energies, however, the difference

FIG. 3. Output Stokes energy as a function of the number ofo€tween 1 700 modes and one mode is very small, indicating
modes included in the nonorthogonal-mode theory. At relativelythat the Stokes field grows predominantly in the lowest-order
large pump energies the Stokes field grows predominantly in onlynode. Figure 4, obtained by integrating Efj2) at G=0.3
one mode, while at low pump energies many modes are populated33 wJ pump energyas a function of the number of radial
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modes, shows the effect of aperture size on output Stokes
energy. All data in this figure was calculated using 20 angu-
lar modes. High-order angular modes weakly couple to the
pump beam 14]; therefore, including more angular modes
increases the output Stokes energy little. Notice that the
Stokes energy increases nearly linearly in the number of ra-
dial modes for the infinite exit aperture. With the finite aper-
tures, however, the Stokes energy is a slowly increasing
function of the number of radial modes and appears to be
converging to finite values. Limited computing power pre-
vented us from including more modes in the calculations.
The calculations indicate that the number of modes that need
be included in the theory to properly describe an experiment
depend on experimental parameters.

Stokes Energy (J)
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The theory and experiment shown in Fig. 2 are in close
agreement except at low pump energies. Both the data and . . .
the nonorthogonal-mode theory exhibit the characteristic FIG. 6. Small aperture generator data from Fig. 2 is combined

« " . . . with the amplifier data found in Fig. 5. It is evident from the plot
hump” at low pump energies but it is more pronounced in o . . . )
that to maintain a constant output signal-to-noise ratio, the input

g‘e kdata. Intere;ﬁnﬁly,l however, thg relltlo of Lheor:etlcaIStokes seed power must be significantly larger at low pump ener-
tokes energy with the large aperture in place to the theoret jies than high pump energies.

cal Stokes energy with the small aperture installed in nearl

the Isame as the correspofndinghexr;:])erime_nt?l ra}tiq. For ex discrepancy between theory and experiment at low gains, is
ample, ata pump energy of 20 the theoretical ratio is 1.42 o+ the nonorthogonal-mode theory is a paraxial theory that

while the experimental ratio of large aperture output Stokeg,nnot properly describe the Stokes light that scatters in all

energy to small aperture output Stokes energy was 1.34. We o tions at low gains. However, by collecting only the

do not have a complete explananon for the d|screpan<;y bestokes light which is on axis or nearly so, we claim it should
tween the theory and experlmentallresults but propose It may, justifiable to use a paraxial theory to model our experi-
be do to one or more of the following reasons. First, at low, ot

gains Stokes light scatters in all directions. Some of this light  \na now turn our attention to the experimental data ob-

may reflect off the multipass cell mirrors and/or Raman Ce"tained when the Stokes seed was injected into the Raman

walls and enter the PMT. The theory does not account fopqqiym. Al experiments that utilized the Stokes seed were
this light. We are currently modifying our experimental setupyona with the small aperture=3.9 mm in place. The

to reduce the likelihood of scattered light impinging on thegq,; frequency drift of the laser diode made it difficult to

Stokesh detelctorsd. Ihncluding l(;n_ore mOdﬁS hin t_hehold the frequency on Raman resonance. Therefore the data
gonli)rt ogonal-mode tHeory on:_ mgreazedrt. € It eﬁret'ﬁ%as collected as the laser diode was repetitively tuned across
tokes output energy. However, Figs. 3 and 4 Imply that thig, e Raman line shape. The resulting data, Stokes energy ver-

effect &NOUIdb prpblablyhbe sma:jl. Another cf:)nsilder?tiond a%ys relative laser-diode frequency, is similar to that shown in
pointed out by Lgl, Scherm, and Maiel13] who also found ¢ 5 of Ref [5]. The measured line shapes were found to be

of Gaussian shape in accord with Raman theldry], but
were found to be wider than theory. For example, at a pump
energy of 14Q0uJ and a Stokes input power of 178 nW with
the experimentally measured linewidth is (258) MHz
(HWHM), while the theoretical linewidth predicted is

3 (131+6) MHZ (HWHM). This discrepancy is larger than

E that seen in a previous experimdr]; however, the error

3 bars are smaller in the present experiment. Part of the dis-
E crepancy is due to the fact that the theory does not take into
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E account the pump linewidth, which is approximately 30 MHz

(HWHM). Including the finite linewidth of the pump broad-

ens the predicted Stokes linewidth. The source of the remain-
ing discrepancy is unknown at this time. It does not appear to
be experimental artifact, however, since we have measured
the linewidth many times, and although there is some scatter
in the experimental data, the measured linewidth is, on aver-

FIG. 5. Data point®'s and A’s represent seeded growth for @d€, nearly twice that predicted by the plane-wave, steady-

input Stokes powers of 178 and 2.3 nW, respectively. The dashedtate theory11]. Later, in Figs. 5 and 6, the output Stokes
lines are the predicted growth if the amplifier were noisele$s ~ €Nergy vs pump energy for two different values of input
fects of spontaneous scattering were neglectetlile the solid line ~ Stokes energy is plotted. In these plots only the data points
includes both the amplified input and amplified spontaneous scaWwhich were collected when the input Stokes frequency was
tering. The falloff in Stokes energy at large pump energies is due t@t or very near exact resonance are displayed. We have im-
amplifier saturation. plicity assumed that the output Stokes energy is largest
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when the laser diode is tuned to Raman resonance. taking the ratio of externally seeded Stokes energy to the

Figure 5 shows the output Stokes energy vs pump energgpontaneous scattering seeded Stokes at a particular pump
for input laser-diode powers of 178 n(Wircles and 2.3 nW  energy. For example, at a pump energy 1D taking the
(triangles. In both cases the laser-diode beam had the sammtio of either 2.3 or 178 nW seeded Stokes energy to the
confocal parameter as the pump beam and therefore wapontaneously initiated Stokes energy yields an effective
most efficiently coupled into the lowest-order nonorthogonalspontaneous scattering input of 0.04 nW. This means that to
mode. Injecting 178 nW into the lowest-order mode makesattain an amplifier signal-to-noise ratio of unity at 100
the effect of spontaneous scattering on the output Stokes epump energy it is necessary to inject approximately 0.04 nW
ergy negligible. In this case the amplified input is muchseed power into the lowest-order mode. It should be pointed
larger than the amplified spontaneous scattering in all theut that this method of estimating the amount of spontaneous
other modes and the amplifier output grows as an exponerscattering is inaccurate for the experimental regimes, such as
tial for all pump energies until the amplifier saturates. Inject-the low gain regime, in which the externally seeded Stokes
ing only 2.3 nW into the amplifier, however, is not sufficient growth takes place in only one mode while the spontaneous
to dominate the amplified spontaneous scattering for all valscattering initiated growth occurs in many modes, each hav-
ues of the pump energy. At higher pump energies, whering a different growth rate.
only one spontaneously seeded mode contributes signifi-
cantly to the Stokes output energy, the externally seeded
lowest-order mode is dominant. However, at low pump en-
ergies many spontaneous scattering seeded modes are sig-We have studied experimentally and theoretically the
nificant and the externally seeded mode is “washed outputrowth of an input Stokes beam in a Raman amplifier con-
by the amplifier noise. figured in a multipass cell. Results from a Raman generator

The dashed lines in Fig. 5 show the amplification of thewere also included. Generator data indicates that at low
input Stokes beam as predicted by the nonorthogonal modeump energies the Stokes beam is significantly wider than
theory. The effects of spontaneous scattering were not irnthe pump beam but at higher pump energies the Stokes beam
cluded in the calculation of the dashed lines. The amplifiecharrows. In the future we plan to directly measure the Stokes
input seed was calculated using only the lowest-order modprofile at very low Stokes energies using an image intensified
in the second term on the rhs of E®). The results of this CCD camera.
calculation for the two different input seed powers are shown The amplifier experiments show that for relatively large
as dashed lines. However, even in the presence of a seed, Eoput seed powe(178 nW the output of the amplifier grew
(8) indicates that the total output Stokes power is the lineaas an exponential in the pump power. At lower input seed
combination of the spontaneous scattering initiated Stokepower (2.3 nW) the amplifier output was a combination of
field and the amplified input. The amplified spontaneousamplified input and amplified spontaneous scattering. It was
scattering was calculated as it was in Fig. 2; EfR) was also found that the external Stokes seed more easily domi-
used for low gains, while E48) was used at high gains. The nates the spontaneous scattering at high gains than low gains.
solid lines in Fig. 5 represent the total Stokes output powerThe data, from both the generator and amplifier experiments,
amplified input and amplified spontaneous scattering. Sincevere modeled with a nonorthogonal mode theory of Raman
the amplified input and amplified spontaneous scattering adsicattering, which takes into account the focused Gaussian
linearly and the data is plotted on a logarithmic scale, includnature of the pump and Stokes beams. The theory was in
ing the effects of spontaneous scattering on the 178 nVgood agreement with the data except at low pump powers.
seeded data, changes the output Stokes energy negligibly. Also at low gains, where noncollimated spontaneous scatter-
2.3 nW seed power, however, adding the amplified spontaing occurs, care must be exercised to ensure that the correct
neous scattering to the amplified input increases the outputumber of modes is used in the calculations.
energy by a noticeable amount at low pump energies.

The data and theory from Fig.(@mall aperturgand Fig.
5 are combined in Fig. 6 to facilitate a comparison of the
growth from spontaneous scattering to externally seeded This work was supported by National Science Foundation
growth. From this plot we can estimate the amount of sponGrant No. PHY-9424637. We would also like to thank M.
taneous scattering that is effectively seeding the amplifier bjMaier for sending us preprints of RgfL3].

V. CONCLUSION
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