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Enhanced input coupling into a gain-guided amplifier
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We address the experimentally important issue of coupling a Gaussian beam into an amplifier with a focused
Gaussian gain profile. Commonly, in such an amplifier the input beam is adjusted such that it focuses at the
same location and with the same Rayleigh range as the gain profile. However, we find that at high gains the
input coupling efficiency of a Raman amplifier is increased by using an input beam with a short Rayleigh range
that focuses well before the focus of the gain profile. Theoretical modeling and experimental data show that the
input coupling efficiency is enhanced by as much as a factor of 2 over that measured with the input beam and
gain profile focusing at the same position and with the same Rayleigh range. These effects are attributed to the
spatial gain narrowing and wave-front modification that the amplified field undergoes during amplification.
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PACS numbds): 42.60.Da, 42.65.Dr, 42.60.Jf

Efficient use of an optical amplifier requires that the sig-of output Stokes power to input Stokes powW&0]. It is a
nal to be amplified couple strongly to the gain mechanisnrelative measure of an input beam’s ability to induce stimu-
[1]. For amplifiers that utilize a pump beam, strong couplinglated emissior{or scatteringin the amplifier.
requires that the input signal spatially overlap the pump A nonorthogonal mode theory of a gain-guided amplifier
beam as much as possible. However, if the pump beam fds used to model the experimeli®,11]. For the purposes of
cuses or diffracts, has a nonuniform transverse intensity prdhis paper the most important feature of the nonorthogonal
file, or has a different wavelength than the input signal, ittheory is that at high gains the Stokes output can be de-
may not be clear how to make the signal optimally ovenapscrlbed in terms of a single mode, i.e., the growth rate of the
the pump beam. For pump and Signa| beams with GaUSSidﬂpminant mode is much Iarger than that of the other mOdes;
spatial profiles, many experimental and theoretical paperfus the power contained in these other modes is negligible.
[2—6] have examined the case in which the pump and SignaTherefore all the interesting characteristics, such as gain nar-
beams focus at the same location. A common focus may bE@wing and wave-front distortion, of the total Stokes output
necessary in some experiments and may simplify the calciare embodied in a single nonorthogonal mode. Describing
lations, but we find it does not necessarily maximize thethe amplification process with the nonorthogonal mode
input coupling. The issue of how to best couple a Gaussiath€ory requires that the Stokes input be written as a linear
beam input signal into a gain-guided optical amplifier is thecOmbination of nonorthogonal modes. To maximize coupling
subject of this paper. efficiency all the input light should be cou.pled into the domi-

We consider in detail the amplification of an input Stokesnant nonorthogonal mode. In general this mode has a com-
beam in a H Raman amplifier. However, the equations usedplicated transverse radius and radius of curva@temaking
to model the amplification process can be readily applied tét experimentally difficult to construct an input that couples
model other types of gain-guided amplifiers so that the phe100% into the dominant mode. However, by suitable adjust-
nomena reported here can be expected to occur in marfjént of its Rayleigh range and position of focus, even a
other systems. In our experiment, the pump beam and thigaussian beam Stokes input can efficiently couple into the
input Stokes beam, considered the signal, are both focusednplifier. The Rayleigh range and position of focus that
Gaussian beams, yet the output Stokes beam is in general id@ximizes the coupling efficiency depends on not only the
a Gaussian. Instead the spatial structure of the output Stok&imp laser but also on the Rayleigh range of the pump beam
beam, which is the result of a competition between gairdnd the length of the amplifier. We report nearly a factor of
guiding and diffraction, varies as a function of the pump2 increase in input coupling efficiency, over that obtained in
laser powef7-9]. At low gains(low pump powersthe out-  the usual experiment in which t.he pump anq input Stokes
put Stokes beam is nearly Gaussian but at high gains tran§eams focus at the same location, by focusing the Stokes
verse gain narrowing, due to the gain being largest on axidnput at an appropriate position before the pump beam’s fo-
becomes significant and the Stokes beam is no longer Gausgus. Theoretical modeling indicates that an even larger in-
ian. Also, since the Stokes beam is narrower at high gains grease in the coupling efficiency can be expected in other
diffracts more strongly, altering the radius of curvature fromtypes of amplifiers. It is now necessary to introduce some of
that of a Gaussian. It is now argued with the aid of a theothe equations that describe the amplification so that the cou-
retical model of a gain-guided amplifier that because the outPling can be addressed more quantitatively. o
put Stokes beam’s characteristics change as a function of the The Maxwell wave equation governing the amplification
gain, the coupling efficiency for a Gaussian beam with fixedof @ linearly polarized Stokes field in a gain-guided amplifier
Rayleigh range and position of focus is also a function of thdn the steady state, paraxial limit [,9,11]
gain. We consider only linear amplifiers, so coupling effi- S .
ciency at a fixed pump laser power can be taken as the ratio [V—2ikd,+ikg(z,r7)]E(z,r1)=0, 1)
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whereV 4=33+ 47 is the transverse Laplacian;=xX+yy TUNABLE CARADAY
is a transverse position vectdt=w/c is the Stokes wave =~ ASERDIODE ISOLATOR

vector, ande(z,r1) is the slowly varying Stokes fieldy(z,r ) I:l =]

represents the gain profile, due to the pump laser, and is INT G FINESSE DC%
taken to be proportional to a focused Gausdia®,11. In ngm

this paper we assume that the Stokes input is large enough in K ﬂ

power to completely dominate amplifier noise due to spon-
taneous scattering; thus no noise source terms have been in- = q
cluded in Eq(1). Previous experimen{d.2] have shown that

at high gains an input Stokes signal of order 1 nW is large
enough to dominate the noise. The present experiment uses a
500-nW Stokes input.

The detailed solution to Eqil) has already been pre-
sented elsewheffd 1] and is not duplicated here. However, a
few important equations will be listed for the sake of clarity
and continuity. The method of solving E.) involves writ-
ing the Stokes field as the sum over modes
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FIG. 1. Experimental apparatus used to measure coupling effi-
ciency. The Nd:YAG laser provides the gain profile while the tun-

E(Z,I’T)Z,B% aﬁ(z)cbﬁ(z,rT), (2) able laser diode provides the Stokes input.

fected by the Rayleigh range and position of focus of the
whereg s a constant andn(z) is the amplitude of the mode input Stokes beam. Next, the apparatus used to measure
®L(z,r7). The moded®l(zr1)} are referred to as the non- these effects is described.
orthogonal modes. They are not orthogonal to each other Figure 1 shows the key components of the experimental
because they are eigenmodes of a non-Hermitian wave equapparatus. The pump beam at 532 nm is supplied by an in-
tion similar to Eq.(1). The quantity measured in the experi- jection seeded, frequency-doubled Nd-doped yttrium alumi-
ments is the output Stokes energy. This is obtained theorethum garnet(Nd:YAG) laser. Temporally, the beam is near
cally by time integration of the Stokes power at position Gaussian with a half width at half maximum of 3.5 ns. Spa-
z,P(2), given by tially, as the beam exits the laser it is astigmatic and exhibits
Fresnel rings. Correction of the astigmatism is accomplished
P(2)= < f d2r-|E(z )2 by reflecting the beam off a spherical mirror at an oblique
27 T ETT angle[13]. The Fresnel rings were removed kyice) spa-
tially filtering the beam by focusing it through a tungsten
3) wire die. After these corrections the spatial structure of the
pump beam is near Gaussian. The two-lens telescope shown
is used to set the Rayleigh range and position of focus of the
where the second equality holds only in the limit of high gainpump beam. Mirrors after the telescope direct the beam into
when the lowest-order mode is dominant. In E), BOOIS a the Raman cell, which is filled to 95 atm with,lgas.
normalization factor for the lowest-order modB3(6,r+), The other optical beam used in the experiment is the input
f=arctang/z,) accounts for the focusing of the gain profile Stokes beam supplied by a tunable, continuous-wave laser
[7], |ad(6,)|? is proportional to the power input into the diode with a wavelength of 683 nm. After exiting the laser,
lowest-order modeg, locates the amplifier entrance, anfl  the beam goes through a Faraday isolator to keep unwanted
is the growth rate for the lowest-order modad(4,)|? is  backreflections from entering the laser and degrading its fre-
obtained by projecting the Gaussian input beam onto thguency and power stability. The frequency of the laser is
lowest-order nonorthogonal mode at the amplifier input. Thisaccurately monitored with a high finesse interferométdi
calculation is straightforward and is detailed in RE®].  that has a free spectral range of 23 600 MHz and a finesse of
Armed with this expression for output Stokes power, we areapproximately 30 000, giving a resolution of greater than 1
now in a position to revisit the issue of efficient coupling. MHz. The remainder of the beam is directed into a single-
Assume for the moment that the amplifier length and themode optical fiber, which serves as a convenient spatial fil-
Rayleigh range and power of the pump beam are fixed. Wither, transforming the beam into a Gaussian at the fiber out-
these assumptior)a 3(6;)|? is the only parameter in EG3)  put. The beam then propagates through a telescope and an
that is not uniquely determined. Increasing the coupling efoptical delay line before entering the amplifier. The delay
ficiency is equivalent to increasing the power coupled intdine allows the position of focus of the diode beam to be
the dominant modebd(6,r;) without increasing the total varied without affecting its Rayleigh range.
power of the external input into the amplifier. As stated ear- The Nd:YAG pump pulse and the laser diode Stokes input
lier, this mode’s wave fronts and transverse radius can bbeam are combined at beam combiner B1 near the entrance
rather complex and in general quite different than those of @o the amplifier. They are accurately overlaid at the entrance
Gaussian. Thus to maximize coupling efficiency a rathemand exit of the Raman cell using a charge-coupled device
complicated input beam must be construdi@d However, it CCD camera. Thus the beams travel collinearly throughout
is experimentally much easier to construct a Gaussian beathe Raman cell. For all experiments discussed in this paper
input and we find that its coupling efficiency is strongly af- the pump beam focuses in the center of the 141-cm cell with
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a Rayleigh range of 30 cm. On the other hand, the Rayleigh 2.0
range and position of focus of the laser diode beam were
varied. The beams make one pass through the cell and then
are incident on a Pelin Broca prism, which disperses the
pump and Stokes beams at different angles. After passing
through another Pelin Broca prism, a beam splitter, cali-
brated neutral density filters, and bandpass filters, part of the
Stokes pulse is directed onto a photomultiplier t{B&T)
allowing for detection of low-energy pulses while the re-
mainder is incident on a silicon energy meter. The output of
the PMT was correlated to the absolute energy measure-
ments of the silicon meter with the aid of calibrated neutral
density filters.

Two different pump energie$315+2) uJ and(790+4)
ud, were used in the experiments. These values represent the

highest and lowest pump energies appropria_te for our ex_p_eri- FIG. 2. Normalized Stokes output as a function of the relative
ments, and ShO.UId show as _much af‘d .a.s little galn-gwdm%cal position of the laser diode input beam for two different gains.
effects, respectively, as pqssmle. A S'gn'f'cantl,y lower PUMPrpe Rayleigh range, of the laser diode beam is 30 cm for these
energy than 31%.J results in a Stokes pulse with an energy yaa The pump beam Rayleigh range is also 30 cm. The points
too low to be accurately measured. Increasing the puMpiney represent experimentdiheoretical data. At low gains the
much beyond 79Q.J causes the amplifier to saturate and thenpyt beam couples most strongly when it focuses near the center of
theory presented earlier no longer applies. Specifically, inhe amplifier. At high gains, diffraction and gain guiding have
saturation, the assumption of a focused Gaussian gain profil@odified the Stokes beam’s wave fronts such that it couples more
would no longer be valid. Once the proper pump energy wastrongly to the laser diode beam when the laser diode beam focuses
set, the data were collected in the following manner: Thewell before the center of the amplifier where the pump beam fo-
power of the laser diode input was set to 500 nW, largecuses.
enough to dominate any noise initiated by spontaneous scat-
tering events in the amplifigl2]. The delay line was ad- efficiency is increased by focusing the laser diode beam be-
justed so the laser diode beam focused at the desired loctere the center of the amplifier. In fact, Fig. 2 shows a 50%
tion. For each position of the delay line, greater than 1200ncrease in the coupling efficiency, compared to focusing in
pump shots were directed into the amplifier while the outputhe center of the amplifier, by focusing 30 cm before the
Stokes energy was measured. A slow frequency drift made itenter of the amplifier. Note that this offset in focal position
necessary to sweep the frequency of the laser diode across comparable to the Rayleigh range of the pump beam.
the Raman linewidth while the experiment was in progresdNext, we consider the possibility of further increasing the
[6]. coupling efficiency by varying the Rayleigh range of the
Figure 2 shows the data for two different pump energiedaser diode input as well as its position of focus.
with the Rayleigh rangéz;) set to nearly that of the pump Numerical modeling indicates that decreasing the Ray-
beam. This is a rather common scenario, especially for amleigh range of the laser diode beam as well as focusing it
plifiers placed in a resonator, since beams with the sambefore the center of the amplifier lead to coupling efficien-
Rayleigh range, regardless of their wavelengths, will reflecties larger than those obtained with the Rayleigh range set
off curved resonator mirrors in nearly the same mahtBl.  equal to that of the pump beafr,=30 cm). Figure 3 shows
Each data set is normalized such that unit output Stokes erthe data with the laser diode beam Rayleigh range set to 17
ergy is obtained when the input Stokes beam focuses in them. All other experimental parameters were the same as they
center of the amplifier. Also showsolid lineg are the pre- were for the high gain coupling experiment discussed earlier.
dictions of the nonorthogonal mode theory obtained by nuAlso shown are the numerical calculatiofs®lid lineg and
merically evaluating Eq(3). The error bars shown in Fig. 2 thez,=30 cm data for reference. The striking features of the
are characteristic of the error bars on all points. Let us firszg=17 cm data is that the maximum coupling efficiency is
consider the low pump energy data. At low gain the Stokesiearly a factor of 2 larger than that measured with the beam
beam inside the amplifier is predicted to be nearly Gaussiaripcused at the center of the amplifier and approximately 20%
focusing at the center of the amplifier. The Gaussian bearhigher than the maximum coupling efficiency measured with
Stokes input couples most strongly to the amplifier when itz;=30 cm. The increased coupling efficiency obtained with
too focuses near the center. At high gains, however, théhe shorter Rayleigh range can be explained as follows: At
Stokes pulse differs significantly from a Gaussian beam. Aigh gains the Stokes beam inside the amplifier is narrower
key difference is the radius of curvature of the waveand has a complicated radius of curvature compared to a
fronts: For a Gaussian beam the wave fronts are flat aGaussian beam with a Rayleigh range of 30 cm. Therefore
focus while®J(6,r1)’s wave fronts, as shown in RgB], are  efficient coupling can be realized by using a spatially narrow
curved at focus and do not show any of the symmetry abouinput beam with wave fronts similar to those ®(6,r+).
focus that the Gaussian beam’s wave fronts do. However, byhese characteristics can be approximated by a Gaussian
focusing the Gaussian laser diode beam before the center béam that focuses before the center of the amplifier and has
the amplifier, the wave fronts more closely mimic those ofa shorter Rayleigh range than the pump beam. Our calcula-
®Y(6ry). Thus it may not be surprising that the coupling tions indicate that it is not possible, without changing the
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coupling efficiency requires modification of the input beam
into a non-Gaussian profile.

In conclusion we have shown that very efficient coupling
1 of a Gaussian beam input into an amplifier with focused
3 Gaussian gain profile requires, in general, that the beams,
1 pump and input, daot focus at the same location. Experi-
3 ments utilizing a Raman amplifier operated at high gains
] demonstrated that the most efficient input coupling occurs
3 when the Stokes input has a shorter Rayleigh range than the
] pump and focuses well before center of the amplifier where
3 the pump beam focuses. At low pump laser power, on the
] other hand, maximum coupling occurs when the pump beam
P RS B and Stokes input beam focus at the same location. These
~20 0 20 *0 results are all in accord with a three-dimensional theoretical
model of a gain-guided amplifier. The theory, which utilizes
a nonorthogonal mode expansion, predicts that at low gains
. . - X he Stokes beam inside the amplifier is a Gaussian but at
put as a function of the relative focal position and Rayleigh range of_. . " . . .

: . . L igher gains competition between gain narrowing and dif-
the laser diode input. Both data are collected at high gain with thiraction causes narrowing of the beam and distortion of its
pump Rayleigh range at 30 cm. Gain guiding narrows the Stoke - . -
mode as well as modifying its wave fronts; thus a tightly focusedVave fronts. Since the amou_nt of distortion deP?”dS on the
(short Rayleigh rangeinput that focuses before the center of the PUMP If_;lser power, the Rayle_lgh range and p0_5|t|on Qf_ focus
amplifier couples most efficiently. of the input beam that maximizes the coupling efficiency

also depends on pump laser power.
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FIG. 3. Theoreticallines) and experimentajpointy Stokes out-
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