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Abstract Frequency-doubled light at 532 nm from the
microchip Nd:YVO, lasers is a promising candidate to
replace the widely used He-Ne lasers in length metrology
due to their superior characteristics, low-cost and rugged
structure. In this paper, the spectral characteristics of a com-
mercial microchip Nd:Y VO, laser are investigated. The laser
temperature is initially controlled to facilitate the study of
longitudinal mode structure of the laser at different pumping
current and temperatures. Additionally, a simple method is
suggested to obtain a single-mode operation at a relatively
wide temperature range, namely from 20 to 25.8 °C, and
pumping currents from 300 to 385 mA. The frequency sta-
bility is evaluated after controlling the laser temperature to
be 1.9x 1078 at 1 s. Additionally, parameters that are impor-
tant for locking the frequency of the laser to a molecular ref-
erence transition are investigated such as laser linewidth and
the relation between current/temperature and wavelength.

Keywords Microchip Nd:YVO, laser - Linewidth -
Longitudinal modes - Laser power stability - Allan
Deviation

Introduction
Lasers with superior characteristics, such as narrow-

linewidth, single longitudinal mode operation, enhanced
frequency stability, are important in several applications

< Ahmed S. Elsafty
ahmed.Saudi @nis.sci.eg; ahmed_s_elsafty @yahool.com

1" National Institute of Standards (NIS), Tersa St. Haram,
P.O.Box: 136, Giza 12211, Egypt

Physics Department, Faculty of Science, Cairo University,
Giza, Egypt

including length metrology, Doppler wind lidar, coher-
ent optical communication, gravitational wave detection,
holography, and interferometry [1, 2, 3, 4, 5, 6, 7]. The
development of more compact Nd:YVO, lasers with fre-
quency-doubled output at 532 nm is also progressing. Due
to their attractive spectral characteristics, they are expected
to replace the He-Ne lasers, which have been the backbone
of length metrology for several decades.

A Nd:YVO, crystal has several superior characteristics
over Nd:YAG crystal since it has a high pump absorption
coefficient that pave the way to manufacture efficient lasers
with short cavities [8, 9]. Figure 1a shows the structure of
a microchip laser which consists mainly of a pump diode
laser at 808 nm and two crystals bonded together are; the
laser gain crystal (Nd:YVO,), and a frequency-doubling
crystal, potassium titanyl phosphate (KTP). Although the
crystals are coated in such a way to allow only light at
532 nm (green) to exit the cavity while keeping the fun-
damental lasing wavelength at 1064 nm (NIR) to resonate
in the cavity, some traces of 1064 nm remain with green
output light. Therefore, we have exploited this advantage
in our test schemes using optical bandpass filters. Figure 1b
shows the atomic energy level diagram of the transition at
NIR of neodymium. The compact structure and rigidity of
microchip Nd: YVO, lasers enable the employment of such
lasers in several instruments [1, 2, 5, 7, 10, 11]. It is worth
mentioning here that the green laser pointers are made from
Nd: YVO, laser due its rigid structure [12].

The Spatial Hole-Burning (SHB) in (inactive materials)
of the Nd:YVO, laser leads to multi- longitudinal mode
operation [13]. But since single longitudinal mode (SLM)
operation is a perquisite for several applications (includ-
ing optical length metrology), several techniques have
been developed to attain such desired behaviour [3, 4, 8,
9,11, 14, 15, 16, 17, 18, 19, 20, 21]. The most common
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Fig. 1 a Microchip Nd:YVO, (a)
green laser module struc-
ture, LD: laser diode, AR:
Anti Reflection, HR: High
Reflection,b Atomic energy

levels and the operation of laser Focusing

HR@1064 nm

technique for obtaining the SLM operation is the insertion
of a selective element (such as a Bragg grating or a polariza-
tion separator) inside the laser cavity [11, 14, 21]. However,
insertion of selective elements inside the cavity will affect
the compactness of the laser cavity and its rigidity. SLM
operation can be also achieved by carefully controlling the
laser diode current and temperature under certain conditions
[16]. Although this technique seems to be simple, it could be
easily affected by the surrounding environmental conditions.
In the present work, a simple method is proposed to obtain
a SLM operation by using an external polarization element
together with controlling the laser current and temperature
over a wide operation range. In order to employ this laser in
length metrology, some other factors should be thoroughly
investigated. For example, the effect of laser temperature and
current on laser wavelength and mode structure is investi-
gated. The wavelength stability after applying temperature
and current control will also be evaluated. Furthermore, the
linewidth of the laser will be measured by beating its fre-
quency with an Optical Frequency Comb (OFC) since the
resolution of the available optical spectrum analyzer is not
sufficient to resolve the narrow linewidth of this laser. The
measurement of these characteristics will help to investigate
the suitable methods for stabilizing the Nd:YVO, laser to
an atomic/ molecular transition reference or even to use its
wavelength directly for application in length metrology.

Fig. 2 SLM operation, longi-
tudinal-mode analysis (at NIR),
thermal control, wavelength
measurement (at NIR), and
power measurement (at green)
of the Microchip Nd:YVO,
laser. PE: Peltier element, HS:
Heat sink, P: Polarizer, F,:

1064 nm filter, F,: 532 nm filter,
BS: Beam splitter, C: Collima-
tor, OSA: Optical spectrum
analyzer, M: Mirror, D: power Saeec |33
meter detector -

Temperature
controller
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Experimental setup

As shown in Fig. 2, the experimental setup consists of a low-
cost commercial microchip (Nd:YVO,) green laser which
emits (NIR and Green) optical radiation. To maintain the
temperature of the laser crystal during the experiment and
hence obtain a moderate wavelength stability, the laser is
mounted on a heat sink that is fixed on a Peltier element
(TEC thermoelectric cooler). A temperature sensor (AD590)
is fixed at the heat sink and connected with the Peltier ele-
ment to a PID temperature controller (TED 200 C). A cur-
rent controller (LDC 220) is used to adjust the laser current
during the experiment at the specific values that we need
to perform the required tests. A small cubic beam splitter
is used to split the laser beam into two parts, the first part
is directed toward a wavemeter (EXFO WA-1500) which is
connected to a computer to measure the laser wavelength
stability before and after controlling its temperature. A
bandpass filter at 1064 nm is used before the wavemeter to
block the green beam and to ensure passing only the NIR
beam into the wavemeter (since it can only measure down
to 600 nm). A Glan Thompson polarizer is used to filter
the two orthogonally polarized longitudinal modes and
hence obtaining the SLM operation. The second beam is
directed toward the optical spectrum analyzer (OSA), model
AQ6370C, that works in the wavelength range 600—1700 nm
and with a resolution of 0.02 nm to detect the longitudinal

1064.3720nm

Wavemeter

PC

Power meter
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oscillating modes (at NIR) of the microchip laser and the
mode spacing between the two longitudinal modes. The
green beam should follow exactly the NIR beam from the
phase matching condition of the second harmonic generation
process. The long-term stability of green output from the
laser is measured using a power meter (Newport 1835-C)
for five hours when the laser is operating at SLM (a green
filter is used instead of a NIR filter).

Results and discussion
Wavelength dependence on current and temperature

Laser wavelength dependence on laser injection current and
temperature are investigated here since they are very impor-
tant parameters for laser stabilization to atomic or molecular
absorptions. The wavelength measurement is made using
the wavemeter at the NIR wavelength since the wavemeter
cannot operate at the green wavelength and it is known for
sure that the green is double the NIR frequency from the
phase matching at the second-harmonic generation crystal
[3]. The laser is initially adjusted to run in a single-mode
(SLM) operation (see Sect. 3.2), afterwards, the temperature
is set to 23 °C while changing the injection current from
300.9 to 375.4 mA. As demonstrated in Fig. 3(a), a linear
relation exists between the wavelength and laser injection
current with a coefficient of AA/AI=0.22 pm/mA. Then,
the current is kept constant at 309 mA and the temperature
is changed from 20 to 25.8 °C. It is clearly seen that wave-
length changes linearly with changing the temperature with
a coefficient of AA/AT = 12.9 pm/°C, as shown in Fig. 3b.

In addition, it would be helpful also to know laser power
dependence on the laser current and temperature in order
to avoid introducing intensity fluctuations into our beam
while stabilizing the laser in a later stage. A dependence
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coefficient of 0.06 mW/mA and of 0.37 mW/°C are meas-
ured for current and temperature, respectively. While
the power dependence on current is clear but the power
dependence on temperature is related to the dependence
of the efficiency of the second harmonic conversion on the
temperature of the KTP crystal (the KTP crystal is bonded
to the laser crystal inside the laser cavity).

Laser longitudinal modes

Single longitudinal mode operation is necessary for using
the laser in length metrology. An optical spectrum ana-
lyzer (OSA) is used to perform this investigation, see
Fig. 2. The NIR wavelength is selected using bandpass
filter due to the limited range of the OSA from 600 to
1700 nm. The laser is found to operate at two or three
longitudinal modes depending on the laser injection cur-
rent (of the pump laser) and laser temperature, see Fig. 4.
The two-mode operation is obtained by operating the laser
at current and temperature values of 381 mA and 23 °C,
respectively. The two modes are found to be orthogonally
polarized; therefore, a Glan Thompson polarizer is used
to obtain a single mode from the laser which oscillates at
two modes, see Fig. 5a. The single mode power is meas-
ured to be 7.1 mW at green wavelength. The length of the
laser cavity is calculated from the measured mode spac-
ing between the two oscillating modes (55.6 GHz) to be
around 2.7 mm.

The power of the single longitudinal mode is measured
to be 7.1 mW at the green wavelength with long-term sta-
bility of £ 0.01 mW during 5 h as shown in Fig. 5b. The
laser current was at 381 mA and the temperature at 23 °C
and a Glan Thompson polarizer is used. This power and
wavelength stability allow to implement the laser in many
interferometers.
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Fig. 3 Laser wavelength dependence on a injection current and b temperature
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Fig. 4 a The laser operates in three longitudinal modes at injection current of 307 mA and laser temperature of 25.5 °C. b laser operation at two
longitudinal modes at injection current of 387.3 mA and laser temperature of 23 °C
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Fig. 5 a Filtering the two modes into a single-mode operation with the polarizer, power at 532 nm is 7.1 mW. b Long-term optical power stabil-

ity of SLM operation at green

Wavelength stability measurement

Wavelength stability is crucial for several applications like
length metrology measurements where stability less than
1077 is required to allow length metrology with accuracy of
0.1 um in a one-meter range. Consequently, different tech-
niques are introduced to stabilize the frequency of solid-state
lasers. The most commonly used technique is the stabili-
zation of the laser frequency to the doppler-free molecu-
lar transition lines in Iodine. However, such stabilization
technique does not allow a rigid structure of the stabilized
laser and it needs a careful search for the locking transition.
It is worth to investigate here if the thermal stabilization
of the Nd:YVO, laser is sufficient to obtain the required
frequency stability needed for interferometric application.
To perform this investigation, a single longitudinal mode
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is obtained from the laser as discussed in Sect. 3.2, then
the NIR wavelength of this mode is sent to the wavemeter
to check its stability. Laser stability is measured without
applying the temperature stabilization for 6 h at room tem-
perature of 21 °C. Allan deviation reaches around 5 x 10~
at 100 s, see Fig. 6 (open circles). After applying the PID
temperature control to thermally stabilize the laser tempera-
ture, the wavelength stability is improved to the limit of our
wavemeter. Allan deviation of the laser stability is obtained
from the measured data to reach around 1x 10~ at 1000 s
(closed diamonds), which mostly reflects the stability of the
wavemeter and not our laser which is expected to be more
stable than 1x 1078, Therefore, we believe that it can be used
in length metrology even without stabilization to a doppler-
free atomic or molecular absorption. Even with stabilization
to absorption reference, it can be actively controlled with
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Fig. 6 Relative Allan standard deviation of wavelength stability

current and temperature to achieve stability sufficient for
length metrology.

Linewidth measurement

Laser linewidth is of great importance for length metrol-
ogy since it determines the coherence length of the laser
to which the laser interferometer could be used. Several
methods could be used for linewidth measurement such
as self-heterodyne, phase discrimination at a Fabry—Perot
interferometer and beating with another laser that has the
same wavelength and a narrower linewidth [22]. Among
these methods, beating with another laser method is the
most accurate means of linewidth measurement since it is
a direct method for linewidth measurement. However, to
find a laser at exactly the same wavelength so that the dif-
ference is small enough to be detected as a beat note at a
high-speed photodetector is very difficult. The candidate
laser also should be with a narrower linewidth and a better
frequency stability to avoid the fast drift of the beat note
while measuring the wavelength. Another superior alterna-
tive candidate to fulfill this task that is already available in
our lab is to beat the laser frequency of the laser to one mode
of a femtosecond laser optical frequency comb. The advan-
tage of this technique is that to beat the laser with any mode
from the frequency comb within 250 MHz frequency range
is easy even if the laser is drifting. This method was not suit-
able for the measurement of the stability of the laser since
the stability of the laser was not sufficient to keep the beat
within the bandwidth of the amplifier that is needed for the
frequency counter. The Optical frequency comb used here
is a Menlo System, FC1500-2500-WG fiber-based comb
with a repetition rate of 250 MHz and a linewidth of around
70 kHz. The green wavelength of the laser was made to beat
with the green output from the frequency comb which is

obtained from the frequency-doubled output from the comb
after passing through the self-phase modulation photonic
crystal, see Fig. 7.

Figure 8 depicts the spectrum of the beat note with the
comb at the green wavelength. After we have applied a
Gaussian fit, we deduced a linewidth of 2 MHz + 0.3 MHz
which corresponds to coherence length of around 150 m
[23].

Spatial beam profile

Spatial beam profile is also an important parameter when the
laser will be deployed in an interferometer. The beam profile
of the output laser green output beam is measured as shown
in Fig. 9. by using beam profile (Thorlabs, BP209-VIS). It
is found that the beam operates at a TEM, transverse mode.
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Fig. 8 The Gaussian fitting for the Spectrum of beat note of the
comb with the laser
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Fig. 9 Laser beam profile analysis: a Beam profile of the laser beam at Green, b X and ¢ Y cross-section of the beam

A cross-section of the output beam in X and Y directions
shows that the power distribution inside the measured beam
is characterized by a Gaussian shape.

Conclusion

In this work, a commercial microchip Nd:YVO4 laser that
is available at very cheap prices in the market is charac-
terized to be used in length metrology. The wavelength
dependence on pump laser current and the temperature
of the cavity is found to be (AA/AlI= 0.22 pm/mA and
AA/AT =12.9 pm/°C), respectively. By adjusting the cur-
rent and temperature over relatively wide ranges of 300 mA
to 385 mA and 20 °C to 25.8 °C) and by using an exter-
nal polarizer the laser can operate in a single longitudinal
mode with output power of around 7 mW. In addition, the
wavelength stability of the laser is measured using a high-
resolution wavemeter before and after applying thermal

@ Springer

stabilization to the laser cavity. The stability is found to be
lower than that of the wavemeter after applying the thermal
control, namely less than 1077, which is sufficient for most
length metrological applications to reach length accuracy of
0.1 pm for a measured length of one meter without stabili-
zation to any Doppler-free atomic or molecular transitions.
The linewidth of the laser is also measured by beating its
frequency with an optical frequency comb line to be around
2 MHz +0.3 MHz which corresponds to a coherence length
around of 150 m. In addition, the spatial beam profile is
measured for the green laser and is found to be Gaussian
TM,. Therefore, we believe that the microchip Nd:YVO,
laser could be used for length metrology after selecting the
single mode from the laser.
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