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Self-Mixing Displacement Measured by a
Two-Color Laser in 66-nm Steps

Silvano Donati

Abstract— We demonstrate a new self-mixing interferometer
(SMI) simultaneously working on two wavelengths, the funda-
mental at 1064 nm and the second harmonic at 532 nm delivered
in the same beam. The beam is sent to the remote target in the
usual way, and in the return path, two photodiodes detect the
two self-mixing signals without crosstalk. As the source, we were
able to use a diode-pumped neodymium-doped yttrium vanadate
(Nd:YVOy laser crystal) with potassium titanyl phosphate (KTP
nonlinear crystal) two-color laser of a commercial pointer. With
simple processing of the two self-mixing signals, we are able
to obtain the interferometric signals cos(2ks) and sin(2ks) at
532 nm, from which the unambiguous measurement of arbitrary
target displacement follows with counts in units of A/8 of the
second-harmonic wavelength or 66 nm.

Index Terms— Interferometry, second-harmonic generation
(SHG), self-mixing, solid-state lasers.

I. INTRODUCTION

S it is well known, the interferometric measurement of

an arbitrary displacement can be carried out by digital
processing of self-mixing interferometer (SMI) signal pair,
cos(2ks), and its orthogonal, sin(2ks), simply by counting the
zero crossings of each signal with the up/down polarity of the
other [1]. As the functions sin and cos have four crossing
per period and the period corresponds to half wavelength,
we obtain a digital readout in units of 1/8 or 79 nm in
commercial instruments working with a He—Ne laser; see, for
instance, [1] and [2].

On the other side, when just one signal is available,
e.g., cos(2ks), such as when in the case of a diode laser source,
we have the ambiguity problem [3], [4], [5], [6], because near
2ks = 0 or =, we cannot tell if displacement is increasing or
decreasing.

A way out is using the diode laser in the moderate feedback
regime [7] so as to develop a switching in the distorted
cosine waveform, which happens to be upward or downward
according to increasing or decreasing displacement [3], but
this method requires a relatively narrow range of feedback
strength, 1 < C < 4.7, and, therefore, needs a control on
returning field amplitude.
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Another method is to access the frequency modulated com-
ponent of the SMI signal at the optical frequency, which is just
sin(2ks), by means of a narrowband or steep optical filter [8],
[9] at the expense of setup complexity, however.

In this article, we propose and analyze, for the first time
at the best of our knowledge, an approach based on taking
advantage of the simultaneous presence of optical frequencies
o and 2w, in a solid-state laser with second-harmonic gener-
ation (SHG).

The two wavelength signals happen to carry independent
self-mixing modulations, and correspondingly, the two signals
detected at the receiving port by two separate photodetectors
can be brought to the standard form of sin and cos of external
path length 2k,s, where wavelength A, = 27 /k; = 532 nm is
the SHG of 1; = 1064 nm.

With standard digital processing, we can then obtain the
displacement measured in steps of 4,/8 & 66 nm. This
is a sizeable improvement also with respect to previously
reported distance measurements [10], [11] by self-mixing
interferometry.

This article is organized as follows. In Section II, we out-
line the basic properties and design of the two-frequency
SMI. In Section III, we will calculate the signal amplitudes
at w and 2w. Then, we report on the experimental results in
Section IV, and finally, we draw conclusions in Section V.

II. DESIGN OF SETUP AND SIGNAL PROCESSING

First of all, we shall clarify how the self-mixing effect
can take place in the second-harmonic field. Indeed, usually
we apply the Lamb’s equations to describe self-mixing in a
class-A laser, such as He-Ne [12], or the Lang—Kobayashi
equations [13] to describe self-mixing in a class-B laser, such
as the diode laser.

But, the second-harmonic field is just a wavelength-
converted radiation field, missing of a real active medium and
of an optical cavity, so the question is: what is the suitable
description of the interaction with the fraction returning from
the target? The answer is the rotating vector addition model
(see [7, Fig. 2]), explaining AM and FM modulations of the
nonresonant field at 2w, without the need to specify nor require
any active medium nor cavity.

More precisely, an electric field E, that is supplied by the
SHG process and has a loss, obeys to Adler’s equation [14],
which is similar to Lamb’s equation, and ends up with the
well-known AM and FM terms.
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In the following, we will calculate the amplitude modula-
tion of both fundamental and second-harmonic components.
Considering the photodetected signals at k| and at k, = 2k,
they are written as follows:

I, = 11(0)[1 + m cos(2k;s)]
L = L1 + mj cos(2k,s)]. (1)

By ac coupling or a dc component tracking and subtraction,
followed by a gain m,/m, we can equalize the two amplitudes
and have:

81 = cos(2k;s) and S, = cos(4k;s). 2)

Now, several strategies are possible to transform S; and S,
of (2) into an orthogonal pair without ambiguity. We have
chosen to process S; electronically, so as to bring it to become
cos(4k;s) and process S, optically to become sin(4k;s). The
first operation is accomplished by computing 257 — 1 =
cos(4k;s) out of the electronic signal, for example, by means
of an analog integrated circuit (IC) multiplier. The sec-
ond operation is readily done by phase-shifting the second-
harmonic signal S, respect to the fundamental S; simply by
means of a glass plate inserted in the optical path, taking
advantage of the material dispersion to introduce a differential
path length at the two wavelengths. In this way, we obtain the
quadrature signal: in case of no extra phase from the setup,
such as in (2), a 1,/8 phase shift yields cos[4k;(s + 1,/8)] =
— sin(4kys).

With the pair cos(4k;s) and sin(4k;s), we can proceed in
the conventional way to obtain the variation of distance As or
displacement in units of 4;/16, as shown in the following.

About the source, it has been shown recently that an
ordinary green laser pointer, i.e., a compact diode-pumped
monolithic neodymium-doped yttrium vanadate (Nd:YVOy,)
laser intracavity doubled with a potassium titanyl phosphate
(KTP) crystal, can be used for vibrometry measurements
exploiting the SMI [15].

Although the pointers tested in the previous study had a
filter permanently glued to block the 1064-nm leakage (to
comply with laser safety requirements for use in public),
we actually need both the 532- and 1064-nm beams to develop
our SMI displacement measurement. Luckily, the technology
of green pointers readily supplies compact and low-cost two-
color lasers pumped by a semiconductor laser, and therefore,
we developed our proof-of-concept experiment with a mod-
ule containing a diode-pumped Nd:YVO4/KTP laser emitting
60 mW at 532 nm and 10 mW at 1064 nm, a unit with no
output low-pass filter.

Worth to note, the two-color unit is a good choice as
the source of an SMI instrument, because it is compact and
low cost, completely comparable to the diode laser source
normally employed [3], and can, therefore, lead to an attractive
alternative for SMI displacement measurements.

Both the two-color pointer and another homebuilt nonmono-
lithic laser confirmed predictions for the w/2w displacement
measurement concept.

The average power of the two-color laser unit was pretty
stable over time, apart instability on microsecond time scale
due to axial-modes coupling, i.e., the well-known “green
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Fig. 1. End-pumped solid-state laser firing on a vibrating target at distance

s(t). NLC is the nonlinear crystal. Mirrors A and B are shown separated from
crystals but in monolithic devices are actually part of them.

problem” [16], which causes the laser to run on alternating sin-
gle oscillating modes. Luckily, this instantaneous single-mode
regime increases coherence length that becomes long enough
to cover distances up to 5 m.

Interestingly, monolithic pointers produce SMI signals
robust against microphonic disturbances.

III. SELF-MIXING OSCILLATOR WITH INTRACAVITY SHG

To model our intracavity-doubled four-level laser, we use
the well-known Lamb’s equation for the fundamental field
Eq [3], [12], [14] that we write in the form

dE 1
1 ( 80 L—n)El

“2\1+P/Ps
tar(VT) Ercos@hs) )

where gq is the round-trip small-signal gain, Ps is the satura-
tion power, L = L;+T; is the intracavity fractional loss due to
internal contributions L; and output coupling 7 at @ (mirror
B in Fig. 1), tz is the round-trip time, «; is the target effective
reflectivity, and k; = w/c is the wave vector. The internal SHG
efficiency 7 of these continuous-wave (CW)-pumped lasers
usually is proportional to the undepleted fundamental intensity
I, and it is, therefore, [17]
2 2
n= % = BI; with g = 87[22(]”21—/1%13 )
being Zo = (uo/€0)"/? the vacuum impedance, d the SHG
crystal nonlinear coefficient, n the refractive index, and [,
the crystal length. A steady-state condition with no external
feedback, i.e., a; = 0, requires zero net gain
80
1 + P, 1/ PS
where P; is the circulating intracavity power, and A is the
area of the resonant mode, assumed approximately constant
in a compact resonator. Equation (5) leads to a second-
degree equation [17], which, for a laser operating well above
threshold gg > L and fPs/A = L for optimum SHG, gives

AP,
PO~ [T =D and PP~ (g0 = DPs. ()

In practice, output SHG power is basically linearly depen-
dent on pump power through go. Assuming weak feedback
o) < 1 and using P} = Pl(o) + AP in (5), we obtain

tph— =
R=dr 2

—L—BP/A=0 )

T
P, ~ PI(O) |:1 + 2(Jc1g—1 cos(2kls)i|
0

T
P~ Pz“”[l +4a1g—lcos(2k1s):|. (7
0
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Since it is necessarily 77 < go, this SMI signal contri-
bution at @ is weak; however, it produces a “feedthrough”
modulation, which adds to the expected SMI signal at 2w with
twice the oscillation frequency. The SMI signal at @ detected
by a photodiode is usually dominated by the reflection on
the external side of mirror B (output coupler), as pointed out
in [18]

P ~ T PO + 2a; cos(2k;5)]. 8

SHG in our case is described by dE;/dz = KElzeiAkz,
where E| is approximately constant, k = Zowd/n, and
Ak = ky — 2k; is the phase mismatch in the crystal. By inte-
gration, we get

E>(l.) = E»(0) + x E?l.e' M/ ?sinc(Akl,./2) 9)

which shows that the initial field E,(0) simply adds to the
harmonic field generated in a single pass through the crystal,
starting from zero input.

Let us now calculate the field at 2w after one complete
round trip in the cavity. Assume E,; is the field just before
output mirror B (red dot in Fig. 1). Eé_) = [(RzB)I/ZEz,i +
EQ 9]¢k (naletnd) s the new field after propagation from
mirror B to mirror A, being Eéo) = ;cE%leinc(é), and 0 =
Akl./2. Eventually, after propagation from A to B, E;Jr) =
[(Rya)2ES ) eikam! 4 E\Dgidjgiknale is the new field at the
initial position of E»;. Ry p is the power reflectivity at 2w
for mirrors A and B, respectively. Therefore, the amplitude
change AE, = |E£+)| — E,; after one complete round trip
without external feedback from the target is

AEz — ’ /RZA( /RZB E2,i + Eéo)eié)ei2k2(nzl+nczlc)

+ ED ei(a‘+k2ncz/f)} — E»;. (10)

The resonating mode at frequency o satisfies the condi-
tion kynil + kinel. = mm; hence, 2k,(n; + An)l 4+ 2 ks
(ne1 4+ Anp)l. = 4 mrz + ¢ being ¢ = 4ky Anl +465, where An
is the dispersion n, — n in the laser crystal, and An, is the
dispersion in the nonlinear crystal (NLC), respectively. Then,
we get

AE2 = ’\/ R2A (\/ R23E2,i + E£O)€i5)6i¢

+EVe* |~y (11)

Here, phase ¢ includes microphonic effects in nonmono-
lithic lasers (cavity length fluctuations are included in /),
whereas ¢, = d+konel, is constant (apart slow thermal drifts).
It is easier to consider the situation Ry4 &~ Ryp < 1 (bidirec-
tional green output, such as in our homebuilt nonmonolithic
laser), which yields AE, ~ |E§0> | — E»,;. The equation for the
second-harmonic field evolution in the presence of an exter-
nal disturbance (feedback) contains the unperturbed solution
E, = kE}l|sinc(d)], that is,

dE
sz—tz ~ [k E3l|sinc(5)| — E]

+o2Thp/ Roa Er cos(dkys + ¢).  (12)
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Thus, it is similar to the Lamb’s equation, despite the con-
ceptual difference, because the active medium is missing.
Assuming again small feedback and T, =~ 1, the modulated
field at 2w is

Es ~ fozc|sinc(5)|[1 + 00/ Ron cos(dkis + ¢)]. (13)

Since the resonant fundamental field is also modulated
because of the feedback (7), the SMI signal at 2w will carry
two contributions

© h
Py ~ P,7 |14 20— cos(2k;s)
80

: [1 + 202/ Rap cos(dks + ¢)]. (14)

Usually, it is 71 /g0 &~ 0.01 < (Ry4)"/? ~ 0.1 — 1; therefore,
the feedthrough modulation contribution is <10% of the total
SMI signal at 2w. Furthermore, it can be suppressed with
high-pass frequency filtering of the cos(4k;s) signal or by
subtracting a fraction of signal at @, which carries cos(2kys).
Another option is to make sure that a; < a;.

IV. EXPERIMENT

Normally, green pointers use the same laser technology, i.e.,
a Nd:YVO; slab and type-II KTP crystal for SHG as in [15],
and the elements are glued together to form a monolithic
resonator with mirrors directly deposited on end faces.

Also, because of design, end mirrors have high reflectivity at
1064 nm, and mirror B is nearly 100% transmitting at 532 nm.
Mirror A is likely highly reflecting at 532 nm.

In our unit, output powers of 60 mW at 532 nm and 10 mW
at 1064 nm were measured. Although the self-mixing signal
at o can be independent on 7} (as pointed out in Section III),
sufficient power at 1064 nm is required for successful two-
color SMI displacement measurement. In our experiments,
we found that the minimum power required for detecting clean
self-mixing signals was on the order of 1 mW on each color.
To this aim, suitable values of 7} are in the range of few 0.1%
as for typical B-coatings of dichroic mirror (DM).

In the SMI experiment (Fig. 2), a piece of superdiffusing
tape (Scotchlite) attached to a loudspeaker driven in the
range 10 Hz < f < 100 Hz, far from mechanical resonances,
by either a sinusoidal or sawtooth waveform with an amplitude
of about 50 mV, yielded few micrometers displacement and,
thus, an SMI signal with a reasonably low number of fringes,
easy to check for unambiguous counts generation.

A 1-mm BK7 glass beam splitter (BS in Fig. 2) was placed
at the output of the laser. The 1064- and 532-nm signals were
separated by a DM with a high reflectivity at 532 nm and a
high transmissivity at 1064 nm. An infrared-blocking filter F2
(BG38, Schott) was placed in front of the photodiode detecting
the 532-nm signal, while a long-pass color filter F1 (FEL1000,
Thorlabs) was placed before the other photodiode detecting the
1064-nm signal.

Regarding the detection of the interferometric signal at the
two wavelengths, namely, 532 and 1064 nm, two pream-
plified photodetectors have been realized. Specifically, a Si
and an InGaAs p-i-n photodiodes (Hamamatsu S9055 and
G3476-03, respectively) were reverse-biased at 10 V and
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Fig. 2. Experimental setup. BS: glass beam splitter; P: differential phase-

shift glass plate; DM: dichroic beam splitter, reflecting green light and
transmitting infrared; F1: visible blocking filter; F2: infrared blocking filter;
PD1,2: photodiodes detecting infrared and green channels, respectively.

amplified through operational amplifiers (Texas Instruments
TLO082) with 10-kQ transimpedance gain and 3-MHz band-
width. With impinging (unfocused) signals of about 1 mW, the
dc components visible on a 1-MQ oscilloscope input reached
about 2.5 V, while the detection noise remained below 2 mV.
In the experimental conditions, the interferometric signals for
both wavelengths have amplitude ranging from about 20 to
200 mV around the dc value when using either monolithic
(pointers) or nonmonolithic laser sources. This allowed dis-
placement measurements up to A&5-m target distance.

At present, the bandwidth of our photodetectors is
B ~ 10 kHz; therefore, the maximum speed of the target is
limited to BA,/8 =~ 0.66 mm/s. However, with a refined
design, the preamplifier could be improved to B ~ 1 MHz, and
the speed would reach a reasonable 66 mm/s for a practical
instrument.

To demonstrate correct performance with direction discrim-
ination, we acquired simultaneously the two interferomet-
ric signals at frequencies @ and 2w previously introduced
as S} = cos(2k;s) and S, = cos(4k;s), respectively. The
acquired experimental signals are shown in Fig. 3 when the
target displacement was about 1 um at 20-Hz vibration
frequency. The peak-to-peak amplitude of the SMI signal was
found stable to <1% on a period of several minutes, and the
baseline drift was less than 1% of the peak-to-peak amplitude.

Signal processing was carried out with LabVIEW, in order
to fully simulate the operation of the real hardware. The first
step consists in the removal of high-frequency noise on the
traces through a digital low-pass filter with a cutoff frequency
at 1.5 kHz. The next processing step was obtaining the new
synthetic signal C = 2S12 — 1 = cos(4k;s), from S, to be
compared with a phase-shifted S, i.e., S = — sin(4k;s).

The latter can be done by adding a thin glass slab, properly
tilted, to phase shift S, with respect to S; by the desired
amount to produce a quadrature signal: we used a 1-mm
BK?7 plate for this (P in Fig. 2). With a tilt angle as small
as few degrees, we readily introduced the appropriate differ-
ential phase shift in the two beams, also compensating for
the contribution introduced by the BS (itself a BK7 plate)
of Fig. 2. The glass slab acts as a multiple-order wave
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Fig. 3. Top: target excitation signal (black color) and SMI signals after
low-pass filtering. Blue color line for the signal S, = cos(4k;s) obtained
from the 532-nm beam; red color dashed-dotted line for the signal S; =
cos(2kys) obtained from the 1064-nm beam. Bottom: zoomed-in view of the
three signals.

plate, but it is quite stable in a temperature range of several
degrees °C.

The resulting signals C and S are shown in Fig. 4(a).
The orthogonal pair C, S as a function of 4k;s allows the
determination of both the value and the direction of the
target displacement As(t) = socos(2x ft) with respect to rest

position.
Indeed, a logic signal U for forward (U = 1) or back-
ward (U = 0) motion can be set up by the simultaneous

analysis of the amplitudes A¢c and Ag, and slopes S¢ and
Ss, in the C and S signals reported in Fig. 4(a). The result is
U=Ac®Ss+ As @ Sc, where @ is the XOR operator, and
Ay is the negate of Ag, as shown in Fig. 4(d), for consecutive
semi-intervals of the loudspeaker excitation wave.

Displacement counts are reported in Fig. 4(c), derived
from Fig. 4(b) and from the slopes Ss and S¢ (not shown
in this figure): there are 33 in each direction, in units of
A1/16 =~ 66 nm, for a vibration amplitude so ~ 1.1 um.

It is worth noticing that the nonlinear function C is more
sensitive to disturbances and is responsible of fast artifacts
in the generated logic signals A¢ and S¢. Similarly, spurious
artifacts may happen also in Ag and Ss. These are readily
suppressed by a digital low-pass filter with 5-kHz cutoff
followed by a threshold discriminator. Fig. 4(e) shows the
accumulated up/down 66-nm counts for a sinusoidal wave
displacement s(z).

The result of Fig. 4(e) has to be understood as exemplary
of a displacement measurement, but it is by no way the
upper amplitude limit (or dynamic range) of the measurement.
Indeed, the SMI signals were detected up to a few meter
distances, but the lack of suitable translation stage prevented
us from extending the displacement measurements well above
the amplitude of Fig. 4(e).

All the signal processing outlined above can be readily
carried out also with standard analog/digital circuits or by a
dedicated reduced instruction set computer (RISC) or Arduino
computer, fed by an analog to digital converter (ADC).
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Fig. 4. (a) Loudspeaker and processed signals S = — sin(4k;s) (blue) and
C = 2S12 — 1 = cos(4kys) (red dashed-dotted lines) (zoomed-out portion
as in Fig. 3). (b) Boolean signals for amplitudes Ag and Ac. Slope
signals Sg and Sc¢ are omitted for clarity. Spurious high-frequency signals are
suppressed with low-pass filtering and threshold discrimination. (c) Displace-
ment counts (33 in each direction) in units 41 /16 =~ 66 nm. (d) Boolean signal
U corresponding to forward (1) and backward (0) target motion. (e) Displace-
ment resulting from up/down counting of pulses in (c), corresponding to a
total of ~2.2 um in each direction.

We investigated the effect of the target distance on the
parameter m [(1) of the SMI signal], namely, the modulation
amplitude peak-to-peak divided over the dc voltage at the
photodetector’s output. As can be seen in Fig. 5, the contrast at
both wavelengths decreases with increasing target separation
with a trend ~1/s. Thus, even at a target distance of 5 m,
the SMI signal is still visible in our setup: this proves that
the two-color SMI instrument can work on a span of a few
meters.

As a matter of fact, all above findings were confirmed also
with two other laser sources: a single-4 532-nm monolithic
pointer of a commercial supplier (following the measurements
of [15]) and a homebuilt two-1 table-mounted intracavity-
doubled laser.

Indeed, in order to check that the operating principle of the
proposed two-color SMI was not tied to a particular design,
we built a compact intracavity doubled laser, based on a 3-mm
long, 1%-at doped a-cut Nd:YVOy crystal and an 8-mm long
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Fig. 5. Dependence of the modulation contrast of the SMI signal with respect
to the target distance for the monolithic two-color laser pointer.

lithium triborate (LBO) crystal for type-1 SHG, antireflection
coated on both sides at @ and 2w. We set up a 16-mm long
plane-plane cavity with high-reflectivity mirrors at 1064 nm
on both ends (one end mirror was the coated face of the laser
crystal).

The pump was a 1-W multimode laser diode emitting at
808 nm, focused into the laser crystal to a spot radius of about
30 um allowing TEMy, operation. Without the LBO crystal,
the laser emitted about 220 mW with a 1%-transmittivity
output coupler. With the LBO crystal angle-phase-matched for
SHG and the output mirror with transmittivity 77 =~ 0.1%,
the laser emitted about 1 mW at 532 nm (in each direction,
since Rogx & Ryp =~ 5%—-10%) and 5 mW at 1064 nm. With
respect to KTP, the type-I phase matching of LBO produces a
linearly polarized beam, while with the KTP, the polarization
is generally elliptic [19]. The nonlinearity of LBO is about
1/3 that of KTP, which accounts for the poor SHG efficiency
in our case.

We remark that, while the commercial monolithic lasers
displayed a very reproducible SMI signal at 532 and 1064 nm
(for the two-color pointer), the signals produced by our
table-mounted laser were affected by a marked microphonic
disturbance, due to the phase ¢ in the term cos(4ks + ¢)
of (13).

All the tested lasers operated reliably in TEMyy mode.
A laser spectrum was checked with a 1-mm etalon coated
for 95% reflectivity at 532 nm: in all cases, we detected two
or three longitudinal modes spaced by 40-70 GHz, which
is much larger than the resonator-free spectral range, and
occasionally even ran with a single axial mode. The number
of axial modes detected at 532 nm was confirmed by a
near-infrared optical spectrum analyzer (Yokogawa ANDO
AQ6317B) around 1064 nm. Fig. 6 shows an example of
frequency spectrum.

From Fig. 6, we see that the laser wavelength of the
fundamental component jumps on us time scale from 1 =
1063.7 nm to A = 1063.8 nm. Thus, the accuracy of
wavelength calibration of the displacement measurement is
presently limited to one part in 10*, but further study may
improve this result.
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Fig. 6.  Top: infrared spectrum of the SMI laser, detected with optical

spectrum analyzer (two dominant fundamental modes separated by 40 GHz,
and alternatively oscillating, one at the time). Bottom: frequency spectrum at
532 nm detected with 1-mm etalon (inset with rings), confirming there is no
significant SFG. The same holds for the two most intense lines in the infrared,
with consistent separation.

The amplification bandwidth of Nd:YVO, is about
210 GHz [20]: the measured wide axial mode separation is
due to spatial hole burning (SHB) [21], which is responsible
of a inhomogeneous broadening and allows oscillation of few
axial modes with spacing Avsyg ~ ¢/(n?l,), being the pump
absorption length /, & 1 mm and the refraction index n ~ 2,
in fair agreement with observations.

Sum-frequency generation (SFG) is known to cause switch-
ing between such axial modes in an intracavity-doubled laser,
which always runs on a single mode apart the brief transitory
during which the mode hop occurs [16]. This is consistent
with the measured coherence length >5 m. When our lasers
ran single-axial mode spontaneously for some time, the SMI
amplitude was maximum, whereas it was moderately reduced
with multiaxial-mode oscillation. It is worth noting that the
axial mode pattern, as well as the output power at both
wavelengths, has a significant dependence on temperature,
which influences cavity length, phase matching, and Lyot
filtering produced by the combination of the type-II KTP
crystal and the birefringent Nd:YVO, [22], [23]. These effects
are especially relevant in relatively high-power pointers, with
uncontrolled temperature of the laser assembly. Indeed, the
lower power monochromatic green pointer produced SMI
signals more stable in time.
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V. CONCLUSION

For the first time to the best of our knowledge, we have
proposed and demonstrated a two-color SMI with intracavity-
doubled diode-pumped solid-state lasers. Experiments with
both monolithic and table-mounted miniature resonators have
confirmed the SMI signals and the 4,/8 &~ 66-nm resolution of
our unambiguous displacement measurement. We have backed
the experiment with a simple analytic model for the physics of
our SMI, highlighting aspects, such as microphonic effects in
nonmonolithic sources, confirming the experimental findings.
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