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Raman conversion using crossed broadband pump beams
and bisecting Stokes
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The effects of stimulated Raman conversion under the conditions of crossed pump beams and a bisecting injected
Stokes are examined. It is found that the beam quality of the emerging Stokes wave and the effective gain can be
characterized by the following two parameters: the temporal coherence of the crossed pump beams and the angle

between the pumps.

INTRODUCTION

The problem of Raman “beam cleanup” has recently at-
tracted considerable attention.l2 Technically a misnomer,
this term refers to stimulated Raman scattering of a high-
beam-quality (near-diffraction-limited) Stokes wave by an
aberrated pump wave. If the Stokes wave amplifies at the
expense of the pump wave without aberrating, it is said to
have undergone Raman cleanup. In the case of a monochro-
matic pump, Raman beam cleanup is indicated by the right-
hand side (rhs) of the Stokes equation in the slowly varying
amplitude approximation3:

8,6, + (2ik )7V 26, = gl6 1?6 /2. 1)

In Eq. (1), k, is the wave vector of the Stokes, l¢ plz repre-
sents the pump intensity, &, is the (complex) Stokes ampli-
tude, and g is the gain (in centimeters per watt). &;and 6,
are assumed to be collinear. We note that the phase of the
pump does not enter the rhs of the equation. In what fol-
lows, we assume that the pumps are ‘broadband and the
Raman band width is less than the laser mode separation.
We likewise assume near-uniform intensity variation of the
pump. If the pump is not uniform, effects such as anoma-
lous Raman dispersion* and transient refractivity® can be-
come important. In the case of a broadband pump (many
longitudinal modes), the Stokes equation is generalized to®

8,6, + (2ik) ™IV 26, = (8/2)6 p; Z % 6 41 explic2),
k

(2)
where 6; is the amplitude of the jth mode and
nS
o, = (kpj = kpp)| 1 —— (3)
Np

where n, and n, are the refractive indices at the Stokes and
the pump wavelengths, respectively. If we restrict ourselves
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to the lowest laser transverse mode and if all longitudinal
modes have the same transverse wave front,” then one sus-
pects that there may again be no transfer of phase informa-
tion from the pump laser to the Stokes. This argument is
ultimately a ray-optics argument since it ignores the effects
of the diffraction. Diffraction can convert pump phase to
pump intensity, which can have profound effects on the
Stokes wave. The ray-optics domain of validity can be char-
acterized by saying that the variation of the pump phase
over a Fresnel zone (as viewed from the end of the Raman
cell) is small compared with a radian. We shall henceforth
assume this to be the case.®

Furthermore, for most cases of interest, the dispersion
term on the rhs of Eq. (2) can be neglected. We may then
write Eq. (2) in the form (now neglecting diffraction)

3,18y = IP) (PIS), 4)
where we have adopted the bra and ket notation from quan-
tum mechanics.? If N is the total number of modes,

Py
Py={ : |
Py

(Pl = (P*;...P*p), (5)

where similar definitions apply to the Stokes and
Pi = (wsX/’R/nsC)l/zgpi = (3/2)1/261,1'; (6a)
S; = (w,x"p/n,0) %6, (6b)

In Eqgs. (6a) and (6b) w; and wp, are the angular frequencies

of the Stokes and pump lasers at line center, ¢ is the speed of
light in vacuum, and x”g is the real part of the third-order
polarizability. Equation (4) can be augmented by a corre-
sponding pump equation and the combined system solved,10
but we shall treat only the pump-nondepletion limit here. A
formal solution of Eq. (4) can be written in the form (1So) is
the Stokes at z = 0 and P2 = (P|P) = 3 |P}?):
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IP) (PIS,)
= 2y — ] L 00
IS) = 1S,) + [exp(zIPI?) — 1] PIP)
(PIS,) |Py (Pl
= 2| -
exp(z|PI?)|P) ey T (1 IP) >|So), (7

showing the well-known result that the gain is the broad-
band Raman gain. Equation (7) also shows that it is only
the component of the Stokes along the pump (in the Hilbert-
space!! sense) that amplifies; the orthogonal component
does not grow.

MISALIGNED SINGLE-PUMP-STOKES SYSTEM

If the pump and Stokes beams have an angular offset, new
complications arise. For sufficiently large mismatch angles,
amplified spontaneous Raman conversion will occur. This
arises since, as we shall see, the broadband gain decreases
with increased mismatch angle. Eventually a point is
reached at which the amplified wave at the higher gain
(along the pump direction) dominates the injected Stokes at
the lower gain (along the injected-Stokes direction). We
restrict ourselves to the angular region where Raman-ampli-
fied spontaneous emission is not significant.

If the pump and Stokes are misaligned, then the rhs of Eq.
(2) must be modified. The rhs of Eq. (2) becomes (without
dispersion)

ths = (g/2)6p; > 6* 6, explilhy; = k)
k

X [(cos ¢ — 1)z + sin yx]}, (8)

where the propagation vectors of the pump and the Stokes
lie in the xz plane, with the Stokes taken along the z axis, and
¥ is the angle mismatch. The effect of the z exponentials is
to reduce the gain—the effect of the x exponentials is to
reduce the beam quality. Conditions for high gain with
good beam quality can be found by simply requiring the
exponential terms to be negligible. (We use similar tech-
niques with crossed pump beams as well.) From the form of
Eq. (8), we have (we assume that ¢ <« 1)

(ARYL)/2 < 1 ©)
(vanishing of the z exponential) and
(AkyD) K 1 (10)

(vanishing of the x exponential). In inequalities (9) and
(10), Ak is the bandwidth of the pump laser, L. is the conver-
sion length (~(|P|2)~1), and D is the beam diameter.

CROSSED PUMP BEAMS WITH BISECTING
STOKES

The geometry that we consider is outlined in Figs. 1 and 2.
The angle between the pump beams is 20, and the incident
Stokes is assumed to bisect the pump beams. We choose our
coordinate system such that the z axis makes an angle Q with
the incident Stokes. We may represent the pumps as

P = z Py, explik,,[z cos(Q + 0) — x sin(Q + 0)]}, (11)
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Fig. 1. Geometry for stimulated Raman scattering with two pump
beams P; and P; and an incident Stokes beam Sinc bisecting the
pump beams. S represents radiation scattered at an angle Q with
respect to the incident Stokes beam.
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Fig.2. The coordinate system for the problem. The z axis is in the
direction of the scattered Stokes. The 2’ axis is in the direction of

the incident Stokes. The unprimed coordinate system is used
throughout.

P, = Z Py, explik,,,[z cos(Q — ) — x sin(Q — 0)]}. (12)

The scattered Stokes at the angle Q can be written as
S = Z S, exp(ik,z) (13)
7
and the Stokes in the incident direction as

Gine = z S, ™ expliky,(z cos @ —x sinQ)].  (14)
q

Generalizing Egs. (2) and (8) to include crossed Raman
beams now yields

4
°9,8, = ZB,,,, (15)
r=1
where

Bln =P1nZP*1mSminc
m

X exp (ifk,,[z cos(Q + 0) — x sin(Q + 0)]
— kyplz cos(Q + 0) — x sin(Q + 6)]

+ kg2 €08 @ — x sin Q) — k,,2}), (16)
By, =Py, > P*y, S,
m

X exp(ifk [z cos(@ — 0) — x sin(Q — 0)]
= kpplz cos(Q = 0) — x sin(Q — 0)]

+ k(2 cos @ — x sin Q) — &,,2}), 17
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Ban = Pln Z P*2mSminc
m

X exp(itk,,[z cos(Q + ) — x sin(Q + )]
= kyplz cos(@ —0) —x sin(Q — 6)]

+ k(2 cos @ — x sin Q) — k,.2}), (18)
B4'TL = P2n zP*lmSminc

X exp(itk,,lz cos(Q — 6) — x sin(Q — 0]
- kpm[z cos(Q + 0) — x sin(Q + 6)]
+ k(2 cos @ — x sin Q) — kg,2}), (19)

We will find that the B; and B, terms are inherently
different from Bz and B;. Consider just the x exponential in
Bs. This vanishes when

(0 + Q) + Ry (Q + 0) =y = 0. (20)

Ignoring intrapump and intra-Stokes wave-vector differ-
ences, this leads to the condition

Q=Qq_= 2yl (21)
=Q_= y .
Similarly, the x exponential in B4 vanishes when
2k 0
=Q,= k” . (22)

S

There is a simple interpretation of these angles. The
crossed pumps form a grating with period A,,'2 where (A is
the pump wavelength)

A
A= _P, 23
ey (23)
The Stokes then scatters off this grating at an angle £,
where

A 2R,0
g ="2="F. 24
TN ks @y

To obtain significant wide-angle scattering the z exponential
must be small; otherwise integration along the scattering
direction will average out to negligible values. This require-
ment yields (L is the cell length)
2k, 2
—LIP«1 (25)
ks

or

0 < 0, = (ky/2k,2L)"2 ~ (2k,L)™V2 (26)
This corresponds to A\,L < A% that is, an optically thin
grating.

As the wide-scattered radiation grows, S/ on the rhs of
Egs. (15)-(18) must be replaced by Si¢ + S. However, we

shall not pursue amplified wide-scattered radiation further.

Inequality (25) gives an upper bound on 6 at which wide-
angle scattering can occur. A lower limit can be seen from
Eq. (23). When the spacing of the grating planes exceeds
the diameter of the beam, then the pump beams can be
considered collinear. Alternatively, the wide-scattered ra-
diation is within the diffraction angle. We shall return to
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the collinear case below. In any event, we note that wide-
scattered radiation can be observed only in the range

A/D = Oz < 0 < 0, = (2k,L) ™2, @

Let us return now to the B; and B, terms. We will show
that these produce forward scattering. Outside the wide-
scattering regime given. by Eq. (27) these are the only terms
that play a role in Raman conversion. The x-dependent
terms in Bj are of the form

[(Bpm = Rpn) (6 + @) — kg, Q. (28)

These terms can be neglected only for @ = 0, for then this
expression becomes

(kpm — kp)%0(S ARDS), (29)

which we assume to be small, as in inequality (10) above (or
else beam quality is not preserved). The vanishing of the 2
exponential yields the same result as inequality (9) (with 8
substituted for ). Likewise, the conditions under which
the B, terms lead to good beam quality with high gain repro-
duce inequalities (9) and (10). Let us now assume that

AEDO K1, 6« 0,=(DAR)™Y (30)

ARPL/2 &1, 0K 0= (2/ARL)Y2 (81)
We now have for forward Raman scattering
6zSn = Bln + BZn‘ (32)

Using the Hilbert-space notation, we may recast Eq. (32) in
the form

3,18) = [IP) (Pl + [Py) (P,]IS). (33)
This equation can be formally solved as
1Sy = explz(IP;) (P,] +|Py) (P)]IS(z = 0)).  (34)
Expanding term by term, we find that
ISy = [1+ 2(IPy) (Py| + |Py) (Py) + ... ]ISz = 0)). (35)
We consider now the following two limits:
(1) The two pumps are temporally correlated with the
same spectral distribution:
P,) = BlPy), (36)

where 8 is a constant. From Eq. (7) we now have [let 1Se) =
|Sine(z = 0))]

ISy = 1S,) + fexp[(1 + BA(P,IP)Yz] — LIP) (PISy), (37)

where |P;) is a unit vector in the (Hilbert-space) direction of
|P;). In this case we say that the Raman amplification
proceeds through multibeam gain.

(2) The two pumps are temporally uncorrelated:

(P,IP,) = [((P,P,) (Py|Py))/N]"%exp(ix),  (38)

with x random and N equal to the number of modes.!! In
this case

IS> = |S()) + [eXp((P1|P1>Z) - 1]|P1> (PIIS())
+ [exp({PylPy)z) — 1]IP,) (PylSp). (39)

What emerges is now a Stokes beam, with one piece tem-
porally correlated with the first pump (with a gain propor-
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tional to the first pump’s intensity) and the other temporally
correlated to the second pump (with a gain proportional to
the second pump’s intensity).

The conditions for the temporal coherence of the multi-
mode crossed beams are the following:

(1) The lasers originate in the same master oscillator,
(2) sLAR K1, (40)
(3) DoAR < 1, (41)

where 6L is the path mismatch and Ak is the pump’s band-

width.

Temporal coherence also obtains in the case of single-
longitudinal-mode lasers. To obtain multibeam gain in a
beam-combining experiment with two different lasers, rath-
er than two laser beams originating from the same master
oscillator, very-narrow-band lasers must be used, since for
typical excimer lasers the mode spacings are of the order of
100 MHz.

Finally, we address the problem of forward scattering
when the angle between the beams is less than the diffrac-
tion angle. In this case the spacing between grating layers
exceeds the beam width, and the beam may be taken to be
collinear. Hence we must solve Eq. (15) by keeping all four
terms. Taking § and Q to be equal to zero, the exponentials
in Eq. (15) vanish, and we obtain

2 2
8,18y = (z IPp)(E <Pml>IS>. (42)
n=1 m=1

Assuming now lack of temporal coherence, we obtain by
formal integration

2 2 -1
ISy =18p) + ( > 1By (PmISo))<Z (lePﬁ)

n,m=1 j=1

X [exp(z Z (PJ-|Pj)) - 1]: (43)

so that in this case (collinear pumps) the multibeam gain is
obtained in the absence of temporal coherence.

There is, however, a price to be paid in beam quality of the
amplified beams if the pump beams have different trans-
verse phase fronts. This can be seen by noting that since for
the mth beam we may write

|Py) = |P,o)explis,,(x)], (44)

where ¢.,,(X) represents the phase front of the mth beam,
there is no cancellation of pump phases on the rhs of Eq.
(42). Cancellation obtains only if the transverse phase
fronts of the different pump beams are identical. This situ-
ation is to be contrasted with the finite-crossing-angle case
(above the grating angle) in which the crossed beams could
have different phase fronts and still preserve the Stokes
beam quality.
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SUMMARY AND CONCLUSIONS

We may most conveniently summarize our results by angles
of the crossed beams.

(1) Collinear (6 < \/D). In this case the multibeam gain
is attained even if the pumps are incoherent. If they are
coherent, the beams alternatingly reinforce and cancel along
the propagation direction. The beam quality is not pre-
served unless the phase fronts of the interacting beams are
the same.

(2) The Grating Regime (6; > 6 > \/D). Wide-angle
scattering occurs in this regime. (The amount of scattering
depends on the temporal correlation among the pumps and
on the temporal correlation between the Stokes and the
pumps.) Forward scattering also occurs with single-pump
gain if the pump beams are incoherent; otherwise it occurs
with multipump gain. .

(3) The Forward-Scattering Regime (05, 0, > 6 > 6,).
There is no wide-angle scattering. Multibeam gain obtains
if the pumps are temporally coherent; otherwise one has
single-pump gain. Beam quality is preserved even if the
pumps have different phase fronts.

(4) Single-Beam Dropoff (8 > 62 and/or 6 > 63). If 6 > 0,
there is a dropoff in beam quality. If 8 > 65 there is a dropoff
ingain. Both of these effects, however, also occur in the case
of a single pump with a misaligned Stokes.
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