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In this letter, a thin slab of glass is used as Fabry–Perot etalon inside a cavity of a continuous wave
(CW) Nd:YAG laser to change the behavior of its output longitudinal modes. The slab etalon is used
as tuning element when it turns around the laser cavity axis. Two simultaneous longitudinal modes
with a relatively wide tuning range from 5.83 MHz to 0.02 THz are obtained when the Nd:YAG laser
is operated at moderate output power of about 120 mW. The mode structure of this configuration is
modeled and simulated. Computer-generated diagrams are also presented schematically and compared
with the experimental results.
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Nd:YAG crystal possesses ideal optical properties, in-
cluding low threshold, ease of growth and thermocon-
ductivity; it can also operate at room temperature[1].
The Nd:YAG laser is very efficient and is a relatively
high-performance source for a wide range of applications
in pure and applied physics[2]. Additional applications
have been expanded to include machining of metals for
industries as well as marking and repairing of semicon-
ductor materials when the laser is equipped with fiber
delivery systems[3,4]. In combination with nonlinear crys-
tals, such as KTP and PPLN, Nd:YAG laser is capable
of generating parametric radiations from visible to mid-
infrared spectral region, where many molecular species
exhibit strong absorption lines and the laser absorption
spectroscopy is introduced as a very promising diagnostic
technique[5−7]. Recently, optically pumped submillime-
ter wave generation devices, such as semiconductor an-
tennas, have been developed, resulting in the dramatic in-
crease of THz wave generation for security purposes[8,9].

In the case of THz generation either in semiconductor
devices or through nonlinear optical crystals, a specific
laser source possessing two closely longitudinal modes
is essential. Different approaches have been proposed
to develop tunable simultaneous dual-wavelength coher-
ent sources since the first reported THz radiation in the
last decade[10]. Of these, possibly the easiest method
to achieve simultaneous dual-mode operation consists of
the use of diode lasers provided in several schemes. Most
of these approaches are also based on the process of us-
ing a tuning element, such as grating[11,12] or etalon[13]

within a fabricated external cavity in the front part of
a commercial diode laser. An external-short cavity in
the front part of a simple diode laser can also be used
to stabilize and control its spectral output[14]. Although
the diode lasers are favorable in terms of low fabrica-
tion cost, single-mode operation and compactness, they
suffer from low output power and sensitivity to electri-
cal shocks. Nd:YAG lasers can operate with sufficient
output power and under minimum environmental influ-
ences. The fluorescence spectrum of Nd:YAG exhibits

several transitions in the 4F3/2→
4I9/2,

4I11/2, and 4I13/2
manifolds that are suitable for many laser transitions[15].
An intracavity thin solid etalon, combined with a coated
resonator mirror, has been used to tune its output wave-
length over a comparable frequency range and hence ob-
taining additional lines[16]. Dual-longitudinal mode op-
eration of the Nd:YAG laser has also been reported using
two low-power seed lasers[17]. After adjusting the energy
of each mode through the power of injected seed lasers,
the obtained mode spacing ranged from 185 MHz to 17
GHz in increments of 185 MHz. Nearly at the same time,
wide-bandwidth Ti:sapphire laser has also been chosen as
an another candidate for dual-mode operation, in which
a cavity based on Littman configuration and a partially
reflecting feedback mirror are applied[18]. One example
is given in this letter, in which a diode-pumped contin-
uous wave (CW) Nd:YAG laser is shown to offer great
potential for simultaneous dual-longitudinal mode oper-
ation. Low tuning range of the generated modes is still
a limiting factor, and is determined by the narrow gain
bandwidth of this high-performance solid-state laser.

In the 1970s, Marling used a thin, solid fused silica
intracavity etalon in his experimental arrangement of a
high-power Kr-arc pump Nd:YAG laser in order to excite
19 additional transitions beyond the fundamental 1,064-
nm line[16]. By appropriate choice of the reflectivity of
resonator mirrors as well as by adjusting the angle of
uncoated intracavity etalons, he tuned each individual

Fig. 1. Schematic diagram of intracavity experimental setup
of a CW Nd:YAG laser for tuning and dual-mode operation.
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line over a range of several wave numbers. Moreover,
additional weak side bands and simultaneous dual-
longitudinal modes can be generated in the spectral
bandwidth of a Nd:YAG laser through the insertion of a
glass plate into its cavity as tuning element.

An uncoated slab of glass used as Fabry–Perot (FP)
etalon was used within the cavity of a CW Nd:YAG
laser (Fig. 1). The investigated laser was provided com-
mercially and used a high-power 2-W diode in a highly
efficient end-pumped scheme. The laser rod was 5 mm
in length and had a diameter of 5 mm. Its input facet
was high-reflection (HR) coated to excite the strongest
emission from Nd:YAG laser occurring at 1,064 nm. The
coating was designed for maximum pump beam tran-
sition with about 85% output coupling. To minimize
the cavity loss, the output facet of Nd:YAG road had
a high-quality antireflection layer for 1,064 nm. The
second resonator mirror was also coated for HR (about
99.95%) and mounted on a very precise three-dimensional
translator to either permit lowest-order transverse mode,
TEM00, or maximize the spacing of the etalon rotating
element around the optical axis of the resonator. An op-
timum resonator length of about 20 cm can be provided
by this arrangement.

The necessary pumping wavelength and power for
Nd:YAG lasing were attained by fixing the tempera-
ture and current of the 2-W diode laser pump at 28 ◦C
and 2 A, respectively. The output beam of the pump
source was then focused into the active medium using a
high-quality imaging lens with a focal length of 10 mm.
The Nd:YAG output power was kept nearly constant and
stable at around 120 mW.

The intracavity etalon used in the experiment was a
very thin slab of fused glass with submillimeter thickness
of about 200 µm, which was fixed during the measure-
ment. Its transmittance was T ∼= 30%. The intracavity
insertion loss resulting from the components within the
resonator was set on its minimum value. A convenient
feature of this scheme is the ability to provide low lasing
threshold of around 20 mW of the diode pump. The
internal etalon was placed on a scaled rotating plate,
enabling smooth tuning in a desirable range of angles
with respect to the optical axis of the cavity.

As long as the facets of the internal etalon were kept
parallel with the resonator mirrors, neither the side bands
nor the mode tuning was observed. Under this condi-
tion only the fundamental lasing mode oscillating near

Fig. 2. Spectrum of the fundamental Nd:YAG laser oscillat-
ing within 1,064.1-nm band, while the internal etalon is not
turned and keeps vertical. The laser bandwidth is 0.0023 ±
2 × 10−5 nm. Dots indicate recorded data throughout the
calibrated monochrometer; the solid line indicates the fitted
Gaussian profile.

Fig. 3. Simultaneous dual-mode operation illustrating
Nd:YAG laser tuning by angular variation of 200 µm in-
tracavity etalon. The rotating angle θ is 35◦. The FSR is
measured at 0.022 nm, which is equal to 5.83 MHz.

Fig. 4. Variations of the intensity of two modes with big-
ger etalon rotating angle, θ = 43◦ (compared with two picks
shown in Fig. 3).

1,064 nm specified by the 4F3/2→
4I11/2 transition be-

came dominant. The spectrum of this fundamental laser
mode was resolved by a grating-based monochrome-
ter. The absolute calibration of the monochrometer was
carefully performed using the well-known atomic tran-
sition lines of a standard discharged Argon lamp. The
measured bandwidth of the recorded laser spectrum,
∆λFWHM, is 0.0023 ± 2 × 10−5 nm (corresponding to
about 0.6 MHz) by fitting the Gaussian profile into the
experimental data, as shown in Fig. 2. If the intracavity
etalon is turned with respect to the incident laser beam,
the laser bandwidth can be further reduced due to the
longer optical path inside the laser resonator. This setup
without internal etalon provided wider laser bandwidth,
which was in the order of a few megahertz. The pres-
ence of the etalon inside the laser resonator reduced the
laser bandwidth to a few tenths of megahertz even if the
etalon was not rotated. While the intracavity etalon is
tuned, dual-mode operation is achieved. Figure 3 shows
two longitudinal output modes while simultaneously os-
cillating with the measured free spectral range (FSR) of
0.022 nm. The pump diode was operated at a temper-
ature and current of 28 ◦C and 2 A, respectively. The
intensity ratio of the two modes is 1.45, which depends
on the angle of the etalon. When the same condition for
the pump diode is maintained at bigger etalon rotating
angles the weaker line becomes stronger while spacing
is slightly changed as shown in Fig. 4. The spacing of
the two generated modes strongly depends on the ro-
tating angle. When the tuning angle exceeded a certain
angle, the spacing and intensity ratio of the two modes
significantly changed, and lasing at a new wavelength
became possible (Fig. 5). This remarkable variation was
achieved by adjusting the rotating angle to θ = 70◦. At
this rotating angle, mode spacing was 0.088 nm. This
value is approximately equal to 23.3 MHz. The output
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at 1,064.260 nm was approximately three times stronger
than that of the output at 1,064.172 nm at the same
pumping level. As a result, the insertion of a thin slab
glass allowed the generation of simultaneous dual wave-
lengths.

According to Ref. [19]. the gain bandwidth of the
Nd:YAG material in 1,064-nm band is in the order of
few tenths of nanometers, which is quite larger than
the etalon FSR specified in those three figures. The
transmission maximum of two generated modes can be
situated inside the gain envelop, through which simul-
taneous dual-mode operation becomes possible. The
presence of etalon inside the laser resonator can lead to
the bandwidth reduction of the laser spectrum. Similar
behavior has also been reported in Ref. [20]. By turning
the intracavity etalon inside the laser resonator, the op-
tical path of the beam traveling in the cavity can then be
increased. The consequence of the bigger turning angle
is the provision of a longer optical path which, in turn,
leads to the reduction of the laser bandwidth. This is be-
cause the laser bandwidth is inversely proportional to the
optical path length of the traveling beam. For compari-
son, the bandwidth of the laser line labeled as 1,064.260
nm in Fig. 5 is measured and depicted in Fig. 6. As
is measured, the laser bandwidth is slightly reduced and
is about 3 × 10−4 nm less than the bandwidth of the
fundamental Nd:YAG laser mode shown in Fig. 2.

A mathematical model describing the dynamic emis-
sion of intracavity Nd:YAG laser is adopted in the follow-
ing. In many related textbooks, mode selection proce-
dures in different kinds of lasers using intracavity etalon
have been discussed[21]. There are two main multiple FP
systems. The first is the combination of FPs in series,
and the second consists of one FP within the cavity of
another FP to form an intracavity configuration. This

Fig. 5. Remarkable variation of both spacing and intensity of
two generated modes while the pump diode was fixed at the
same condition as 28 ◦C and 2 A.

Fig. 6. Spectrum of the laser line labelled as 1,064.260 nm in
Fig. 5. Dots indicate recorded data throughout the calibrated
monochrometer; the solid line indicates the fitted Gaussian
profile.

Fig. 7. Tilted etalon as a tuning element inside a laser and
r1r2 are the reflection coefficients, and t1 and t2 are the trans-
mission coefficients.

Fig. 8. Transmitted intensity of the intracavity scheme for
two different etalon rotating angles for d1 = 15d2, R1 = 90%,
and R2 = 65%. m is the interference order.

letter focuses on the latter. Based on the Schawlow–
Townes limitation, the bandwidth of the laser emission
is determined by the resonator characteristics; therefore,
the effect of the gain medium is not considered in our in-
vestigation. The Nd:YAG gain bandwidth is wide enough
to amplify the intracavity etalon transmission maxima as
measured and extracted from the experimental results.

The transmission function of an intracavity laser sys-
tem can be modeled analytically by starting with the
assumption that the absorption of laser light on the sur-
faces is negligible. Basically, the emerging beam of λ from
a typical FP interferometer with mirror spacing of d is
characterized by either phase shift ϕ or amplitude vari-
ation. Those effects can be summarized in the following
relation:

AT = Tτ A0 eiψ, (1)

with

ψ = tan−1

(

Rsin ϕ

1 −Rcos ϕ

)

,

τ =
1

√

(1 − Rcos ϕ)2 +R2 sin2 ϕ

,

and

ϕ =
4π

λ
d cos θ, (2)

where AT is the amplitude of emerging beam; τ is the
amplitude coefficient; R and T are the reflectance and
transmittance of the cavity mirrors, respectively; and θ
is the angle of incident beam. Equation (1) can be ex-
tended for an FP including an internal etalon. To follow
that, the intracavity configuration is assumed to be the
same as that depicted in Fig. 7.

For the inner etalon, the field amplitude transmis-
sion coefficient BT = B0T2τ eiψ2 , can be obtained from
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Eq. (2) for R2, d2 given by

ϕ2 =
4π

λ
d2cos θ. (3)

The total transmitted amplitude of the laser beam AT

coming out of the whole intracavity configuration, which
is constituted by successive transmitted rays, can then
be written as

AT = A0T1T2τe
iψ2{1 + T 2

2R1τ
2ei(ϕ1+2ψ2)

+[T 2
2R1τ

2ei(ϕ1+2ψ2)]2 + [T 2
2R1τ

2ei(ϕ1+2ψ2)]3 + · · · }. (4)

Therefore, the correspondence relative intensity of the
above transmitted wave is given by

IT

I0
=

(T1T2τ)
2

(1 − T 2
2R1τ2)

×
1

1 + F sin2(ϕ1

2 + ψ2)
, (5)

where

F =
4T 2

2R1τ
2

(1 − T 2
2R1τ2)2

. (6)

Figure 8 is the plot of Eq. (4) showing the capabil-
ity of intracavity configuration providing very narrow
bandwidth and broad FSR for the laser emission at λ
= 1,064 nm when the intracavity etalon is adjusted for
different values of intracavity spacing d2, and its rotat-
ing angles θ. Wider FSR is also possible when the inner
etalon is tilted over a certain angle as shown in Fig. 8.
This configuration can be operated as an interferomet-
ric filter to omit the undesirable laser modes and tune
the output beam on specific longitudinal ones. Once
the etalon spacing is determined, its tilting angle can be
tuned over a desirable range, making simultaneous dual-
mode operation possible. One physical explanation is the
simultaneous formation of two different cavity lengths in-
side the laser resonator. The model presented above can
be extended to derive a transmitted intensity function
of this structure by summation of the expression given
in Eq. (5) over the intensity of individual modes. The
result of this physical interpretation is shown in Fig. 9,
which shows that our physical interpretation confirms
the experimental observations specified in Figs. 3–5.
The spacing of two modes is also increased due to bigger
rotating angles of internal etalon.

In conclusion, we show that the result of using in-
tracavity configuration to modify the mode behavior of

Fig. 9. Computer-generated graph of the transmitted inten-
sity function for simultaneous dual-mode operation produced
by intracavity configuration. This simulation is performed for
d1 = 18 d2, R1 = 90%, and R2 = 75% close to the experi-
mental values.

a Nd:YAG laser is quite significant. This configuration
enables the simultaneous generation of dual-longitudinal
modes. Compared with other tunable dual-mode laser
devices, the present apparatus can be evaluated as solid-
state high-power source providing moderate tunability
from about a few tenths to several terahertz. Those
two closely generated modes can be used in nonlinear
devices, such as difference-frequency schemes, as they
are mixed through interaction with high-optical-quality
nonlinear crystals, such as DAST. The mode spacing
has been observed to be slightly sensitive to the rotating
angle of the internal etalon. This tunability with the
variable thickness of the internal etalon is worth check-
ing. With the full analysis of an FP intracavity etalon, a
mathematical description for the dynamic emission of the
present configuration has been modeled and discussed
in this letter. This simple technique can be extended to
other wide-bandwidth solid-state laser materials, such as
Yb:YAG and Nd:YVO4 composites.
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