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Self-suppression of axial mode hopping by intracavity
second-harmonic generation
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Intracavity second-harmonic generation (SHG) in a single-frequency laser has an associated loss for adjacent
nonlasing modes, from sum-frequency generation, that is greater than the loss from SHG for the lasing mode.
Mode hopping is thereby suppressed, as the lasing mode dominates neighboring modes. We have investigated
this behavior in a Nd:YAG laser with LBO intracavity frequency doubler, obtaining frequency tuning over more
than 80 axial mode spacings, without mode hopping.  1997 Optical Society of America
Intracavity second-harmonic generation (ICSHG) has
attracted much attention since the 1960’s1 as a means
to generate short-wavelength light efficiently. For
diode-pumped miniature lasers, ICSHG offers a route
to compact visible light sources. However, minia-
turization has also reemphasized a problem that can
occur with ICSHG when only a few modes are os-
cillating, as is often the case for miniature lasers.
Then the coupling between modes that occurs from
sum-frequency generation can lead to chaotic intensity
f luctuations,2 thus giving the harmonic output an
unacceptably noisy behavior. One way to circum-
vent this problem is by constraining the laser to
oscillate on a single frequency (see, e.g., Ref. 3). We
recently reported efficient generation of , 3 W of
single-frequency output at 532 nm by ICSHG in a
diode-bar-pumped Nd:YAG ring laser, using either
potassium titanyl phosphate (KTP; Ref. 4) or lithium
triborate (LBO; Ref. 5) as the doubling medium. In
the course of these experiments we noticed a large
degree of suppression of the axial mode-hopping
behavior that usually occurs (without ICSHG) as
a result of cavity-length tuning. Using the reso-
nator shown in Fig. 1, we have demonstrated that in
fact mode hopping can be suppressed over significant
tuning ranges, i.e., many axial mode spacings. Here
we describe the observed behavior and propose a
mechanism to explain the behavior.

The basis of the proposed mechanism is that the
harmonic generator introduces a loss that is less for
the oscillating mode than for neighboring axial modes.
At first sight this seems counterintuitive, since it is
the lasing mode that obviously has a significant loss,
namely that resulting from generation of its second
harmonic, whereas adjacent, nonlasing modes would
have negligible loss owing to second-harmonic gener-
ation (SHG). However, they are subject to loss from
generation of their sum frequency, and this turns out
to be twice the loss that the lasing mode experiences
through SHG. To quantify these losses, we consider
the case in which two modes are oscillating, one of fre-
quency v1 and intensity I sv1d and the other of fre-
quency v2 and intensity I sv2d. Mode v1 suffers loss
that is due to harmonic generation s2v1d and sum-
frequency generation (v1 1 v2), with the loss of in-
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tensity per round trip being kfI sv1dg2 1 2kIsv1dI sv2d,
where k is a constant. The factor 2 in the term
2kIsv1dI sv2d has its origin in the two field terms
Esv1dEsv2d and Esv2dEsv1d that contribute to the po-
larization at the sum frequency. The appearance of a
final factor of 2 in the above expression is discussed
by Baer.2 The fractional loss for mode v1 is there-
fore kI sv1d 1 2kI sv2d. Similarly, the fractional loss
for mode v2 is kI sv2d 1 2kIsv1d. So

loss of mode v1

loss of mode v2


kI sv1d 1 2kI sv2d
kI sv2d 1 2kI sv1d

. (1)

Now suppose that mode v2 has I sv2d ,, I sv1d (as
would apply if only mode v1 were oscillating), then the
above loss ratio is 1/2, i.e., the oscillating mode has half
the nonlinear loss of the nonoscillating mode. Then
the loss difference between oscillating and nonoscillat-
ing modes is equal to the second-harmonic conversion
efficiency. This result will apply to all nonoscillat-
ing modes that fall within the phase-matching band-
width for harmonic or sum-frequency generation. On
the basis of this model one would expect to see the
following behavior in a single-frequency laser as the
cavity length was progressively changed: The single
frequency would scan continuously without mode hop-
ping until the reduction in gain owing to the frequency’s

Fig. 1. Diagram of the intracavity frequency-doubled ring
laser, with LBO as the nonlinear crystal, a pair of prisms
for cavity-length adjustment, and a 250-mm-thick uncoated
fused-silica étalon. R.O.C., radius of curvature.
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being offset from the gain maximum exceeds the SHG
conversion efficiency. At that point the mode closest
to the gain line center would have a gain higher than
that of the oscillating mode by an amount equal to
the loss difference between them imposed by the sum-
frequency processes. A mode hop would then occur to
the mode at line center. This frequency offset can be
calculated and for small cavity losses is given by

Dnmax 
DnL

2

µ
h

h 1 L

∂1/2
, (2)

where L is the round-trip cavity loss, excluding the
nonlinear loss, h is the frequency-doubling conversion
efficiency, and DnL is the gain linewidth. In principle
this frequency offset can be a significant fraction of the
laser gain linewidth.

To examine this predicted mode-hopping behavior
we made use of a Nd:YAG laser, operated as a uni-
directional ring laser (using a Faraday rotator), with
a 15-mm-long LBO crystal located at the tight fo-
cus of the bow-tie resonator shown in Fig. 1. To
ease the cavity design requirements, the spot size in
the LBO was larger than that used in the resonator
designed for maximum green generation.5 An addi-
tional feature of this laser was the inclusion of a pair
of prisms, each with one Brewster-angled face and
one face that was antiref lection coated for use at nor-
mal incidence. By translating the prisms parallel to
their Brewster face, we could scan the resonator length
over many mode spacings without beam displacement,
thus maintaining the alignment of the laser during
scanning. The leakage of the fundamental through a
high ref lector was used to monitor the tuning range
with a plane–plane scanning Fabry–Perot interfer-
ometer with adjustable free spectral range. A con-
focal Fabry–Perot (7.5-GHz free spectral range) was
simultaneously used to confirm single-frequency op-
eration. The tuning range of the laser was found to
be severely limited by any intracavity étalons, such
as those resulting from ref lections from the antiref lec-
tion coatings of the laser rod and the terbium gallium
garnet rod. With these components at normal inci-
dence, tuning was restricted to a few mode spacings.
To remove these effects, both these components were
tilted away from normal incidence. A further addi-
tion to this resonator was a thin fused-quartz étalon
(250 mm thick), angle tuned for maximum transmis-
sion at line center. This étalon had a free spectral
range of ,400 GHz, somewhat broader than the gain
linewidth, although by virtue of its having a deeper
modulation of the transmission than the value of the
laser gain, it actually contributed a frequency selectiv-
ity comparable with that of the gain line. The effective
linewidth with the étalon in place is given by

1
Dn

2
eff


1

Dn
2
L

1
F 2

sFSRd2sh 1 Ld
, (3)

where F is the finesse (0.60 for uncoated fused sil-
ica) and FSR is the free spectral range of the étalon.
This gives an effective linewidth of 100 GHz, com-
pared with 150 GHz with no étalon. The étalon was
found to improve the stability and reliability of single-
frequency operation, which was necessary for this
resonator when other intracavity étalon effects were
removed. The étalon still allowed a significant tun-
ing range. With the étalon and prisms included, re-
liable single-frequency operation was achieved, with a
second-harmonic power level of 1.8 W generated in the
LBO crystal (reduced to 1.3 W of usable output be-
cause of losses at the Brewster face and the concave
output mirror). This corresponds to ,1% conversion
efficiency in the LBO, and at this level a mode-hop-
free tuning range of more than 80 GHz was obtained
(40-GHz for the fundamental), which corresponded to
80 times the 500-MHz mode spacing, cyL, of the ring
resonator. As the conversion efficiency was reduced
(by reduction of the diode pump power), the tuning
range was also reduced, as shown in Fig. 2, broadly
as predicted by Eq. (2), allowing for the additional fre-
quency selection of the étalon, although typically some-
what smaller than the predicted value. It was also
noted that, if beam quality was in anyway degraded,
the tuning range was reduced. As expected, it was
found that if laser operation was deliberately inter-
rupted at any point in the frequency scan then, on
restarting, it was a laser mode near to line center that
would oscillate. However, a striking difference from
the prediction of the simple model was the observation
that when the mode hop occurred at the end of the scan
range, the hop was to an adjacent mode rather than to
the mode at line center.

We believe that this mode hop to adjacent modes can
be explained as the consequence of optical parametric
oscillation pumped by the second-harmonic of the
dominating mode, with adjacent modes corresponding
to signal and idler. To obtain sufficient gain for
oscillation, given that the harmonic beam, acting as the
pump, is much weaker than the fundamental, requires
that this oscillation be doubly resonant (DRO). The

Fig. 2. Mode-hop-free tuning range versus conversion ef-
ficiency (which we adjust by varying the pump power).
The curves show the prediction of the theory for a
150-GHz laser transition bandwidth and an étalon thick-
ness of 250 mm. The solid curve shows the absolute maxi-
mum tuning range [Eq. (2)], and the dashed–dotted curve
shows the tuning range predicted by Eq. (4). The circles
represent the experimental results.
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conditions of intracavity SHG automatically provide
the requirements for a DRO since the cavity has
low loss for the lasing fundamental (and hence for
signal and idler) and also satisfies the DRO frequency
requirements, namely that signal and idler frequencies
match the cavity mode frequencies. In fact, one can
show that the gain produced by the harmonic wave,
for the DRO condition of equal signal and idler powers
into the doubler, is equal to the second-harmonic
conversion eff iciency. The derivation of this result,
which takes into account the fact that the harmonic
wave grows over the length of the crystal, will appear
elsewhere.6 With this exact equality of the signal and
idler powers, the loss discrimination as indicated by
Eq. (1) would then be exactly compensated by this
parametric gain, and as a consequence the suppression
of mode hopping would not occur. However, if the
lasing mode is off the gain line center, the signal and
idler modes will experience different gains in the laser
medium, have different intensities, and as a result
have slightly reduced parametric gain, sufficient to
allow mode-hop suppression. With an analysis that
incorporates this gain reduction it can be shown that
it is in fact mode hopping to the pair of adjacent
modes that actually limits the tuning owing to the
intensities of the two adjacent modes being almost
equal. After the two adjacent modes have reached
threshold, it is the adjacent mode with the higher gain
that dominates, giving the net observed effect that the
lasing line undergoes a mode hop to the adjacent mode
closer to line center, as observed experimentally. The
maximum tuning offset before the two adjacent modes
reach oscillation threshold is given by
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which differs only by a factor of
p

2 from the limit
indicated by Eq. (2). However, in practice, the tuning
range can exceed the above Dn0

max, as there are various
small effects that can break the symmetry between
signal and idler modes, such as four-wave mixing,
imperfect phase matching in the doubler, or second-
order dispersion. These effects will have the effect of
reducing the DRO gain and thus may slightly increase
the tuning range beyond Dn0

max. However, the tuning
range will still have, as an ultimate limit, the value
Dnmax.
In summary, we have observed a phenomenon
of mode-hopping suppression in a laser undergoing
intracavity second-harmonic generation. The basic
mechanism involves sum-frequency generation that
introduces a larger loss for the neighboring modes
than the SHG loss for the oscillating mode. This
loss discrimination is to a significant extent canceled
for the immediately adjacent modes by virtue of the
doubly resonant parametric gain of these modes, which
is driven by the second-harmonic wave as pump.
More-distant modes are still strongly suppressed as
cavity dispersion effectively eliminates this parametric
gain. To enhance the suppression of the adjacent
modes it would be benef icial to use shorter resonators
with stronger dispersion. It should also be noted that
effects resulting from this doubly resonant parametric
oscillation behavior can also present themselves in
resonant harmonic-generation schemes in which an
external resonator is used, where there will typically
be very little dispersion. Finally, we note that the
suppression of mode hopping can enhance the stability
of a laser with ICSHG and furthermore may prove of
interest for broad-linewidth lasers for which substan-
tial tuning ranges without mode hopping should be
possible.
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