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Abstract. The combined effects of the pump noise suppression and injection locking technique on the inten-
sity noise of a diode pumped Nd:YVO4 microchip laser are theoretically and experimentally investigated.
Complete cancellation of the relaxation oscillation peak is experimentally achieved. Very good agreement
between experimental results and theoretical predictions of a fully quantum model describing lasers with
injected signal is found.

PACS. 42.50.Dv Nonclassical field states; squeezed, antibunched, and sub-Poissonian states; operational
definitions of the phase of the field; phase measurements – 42.55.Xi Diode-pumped lasers –
42.50.Lc Quantum fluctuations, quantum noise, and quantum jumps

1 Introduction

In recent years, intensity noise properties of various kind
of lasers have been thoroughly investigated to the search of
quiet light sources for applications in metrology, informa-
tion technology and high precision interferometry [1–3].
Great interest has been focused on diode pumped solid
state lasers such as Nd:YAG or Nd:YVO4 lasers [4–11].
The intensity noise spectrum of these lasers is determined
by two dominant factors: the noise of the pump mecha-
nism (for frequencies below the relaxation oscillation) and
the resonant relaxation oscillation. The first factor can be
partially eliminated using solid state lasers pumped with
amplitude squeezed diode lasers [9–11]. The second fac-
tor is usually eliminated by using a standard feedback
control on the driving current of the pump laser diode.
However, the use of a standard feedback loop (which usu-
ally has a maximum gain at zero frequency) can be shown
to completely destroy (due to the coupling with the vac-
uum fluctuations) the quantum intensity noise features
of the laser and cancel the advantages coming from the
squeezed pump [12–16]. The injection locking of the laser
constitutes a very efficient alternative technique: in fact it
has been theoretically predicted and experimentally ob-
served that the relaxation oscillation of the slave laser
is overdamped when injection locking with an intensity-
stabilised master laser is applied [7,8,17]. The cancellation
of the relaxation oscillation peak is achieved without af-
fecting the intensity noise features of the injected laser in
the low frequency range. In this region, in fact, the in-
tensity fluctuations of the laser are strongly coupled with
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the pump fluctuations [18] and the intensity noise perfor-
mances are mainly determined by the noise of the pump
mechanism. The combination of pump noise suppression
and injection locking is hence a very promising technique
which should allow to improve the noise performances of
diode pumped solid state lasers: the elimination of the
relaxation oscillation peak results in an efficient stabilisa-
tion of the intensity noise in the middle frequency region
(megahertz range), while the suppression of pump noise
should allow to achieve intensity noise reduction below the
shot noise level as predicted by theoretical models.

To date some accurate theoretical and experimental
investigation have been performed on the effects of pump
noise [9–11,18] and injection locking [8] on intensity noise
of solid state lasers. However, mainly due to technical limi-
tations, no works addressed the experimental investigation
of the combined effects of these techniques. In particular,
no experimental studies combining pump noise suppres-
sion based on amplitude squeezed pump laser diode and
injection locking by an intensity-stabilised master laser
can be found in literature. Our work is the first attempt
to experimentally access for solid state laser an operating
regime in which non-classical effects could be relevant. The
outline of the paper is as follows. In Section 2 we use a
quantum model describing lasers with injected signal for
theoretical investigation of the intensity noise properties
of an injected Nd:YVO4 microchip laser pumped by an
amplitude squeezed diode laser; an analytical expression
is derived for our specific laser which clearly shows the
effects of injection locking. In Section 3 the experimental
set-up is described. Finally, in Section 4, agreement be-
tween the experimental realisation and the assumptions
of the model is discussed and the experimental results
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are presented. Complete cancellation of the resonant re-
laxation oscillation is experimentally achieved and good
agreement is found between experimental results and the-
oretical predictions.

2 Theory

For a theoretical description of the intensity noise prop-
erties of the injected solid state lasers, we have used a
full quantum model based on the Langevin equations ap-
proach developed in [17]. The model considers a system of
homogeneously broadened two-level atoms (assuming that
the lower level is not the ground state) in resonant interac-
tion with a mode of the electromagnetic field in a cavity of
length L and volume V . The field in the cavity is driven by
an external coherent optical signal, also resonant with the
cavity mode. The laser dynamics is described by the fol-
lowing stochastic c-number Langevin equations deduced
from the normally ordered operator Langevin equations
for the same system, using the standard procedure:

·
A (t) = −κ/2 A(t) + gM(t) + κ/2 λ(t) + Fγ(t) (1)
·
M (t) = −γabM(t) + g [Na(t)−Nb(t)]A(t) + FM(t) (2)
·
N a (t) = R− (γa + γ′a)Na(t)

−g [A∗(t)M(t) +M∗(t)A(t)] + Fa(t) (3)
·
N b (t) = −γbNb(t) + γ′aNa(t)

+g [A∗(t)M(t) +M∗(t)A(t)] + Fb(t). (4)

The stochastic c-number variable A(t) represents the elec-
tromagnetic field. λ(t) represents the injected coherent op-
tical signal. The injected field is assumed to be in a coher-
ent state, this means that its fluctuations are equivalent to
the vacuum fluctuations. In some case, this could limit the
possibility to apply the model to describe a realistic exper-
iment, since the master laser used for the injection locking
may exhibit some excess noise. More general models deal-
ing with arbitrary noise of the injected field have been
developed [7]. However, we will show in next section that
our experimental conditions meets very well the assump-
tions of the model. Na and Nb represent the macroscopic
atomic population of the upper and lower level respec-
tively. M(t) represents the macroscopic atomic polarisa-
tion. κ is the total cavity damping constant: we assume
a definition of κ that accounts for internal optical losses:
κ = κout + κlosses, where κout represents the output cou-
pling, and κlosses the internal optical losses. γa and γb are
the decay rates of the populations of the upper and lower
levels to other atomic levels; γ′a is the spontaneous de-
cay rate between the lasing levels and γab is the decay
rate of the atomic polarisation. R is the mean pumping
rate. The constant g corresponds to the electric dipole
coupling between the two-level atoms and the field. The
functions Fk(t) with k = γ,M, a, b are the stochastic c-
number Langevin forces with the properties:

〈Fk(t)〉 = 0 (5)
〈Fk(t)Fl(t′)〉 = 2Dklδ(t− t′) (6)

where Dkl represents the diffusion coefficient for the c-
number Langevin force. The nonvanishing diffusion coef-
ficients are given in the appendix [17].

The steady state is obtained from equations (1–4)
by neglecting the fluctuation terms and setting the time
derivatives equal to zero. Expressing the atomic variables
in terms of the steady state field As one gets:

Nas =
R

γa + γb
+

κγabγb
2g2 (γa + γb)

(
1− λ

As

)
(7)

Nas −Nbs =
κγab
2g2

(
1− λ

As

)
(8)

Ms =
κ

2g

(
1− λ

As

)
As (9)

where the steady state fieldAs is a solution of the equation

λ =
I − I0
I + 1

As · (10)

I and I0 represent the normalised intensity for the laser
with and without an injected signal respectively. Their
definitions are as follows:

I =
|As|2

|Asat|2
, I0 =

|A0|2

|Asat|2
(11)

where

|Asat|2 =
γabγb
2g2

γa + γ′a
γa + γb

(12)

is the saturation intensity for the free-running laser
(λ = 0) and

|A0|2 = |Asat|2 (R/Rth − 1) (13)

is the steady state intensity for the free-running laser. Rth

represents the threshold pumping rate for the free running
laser given by

Rth = k
γabγb
2g2

γa + γ′a
γb − γ′a

· (14)

By linearizing equations (1–4) around the steady state so-
lutions and by applying the Fourier transform to the field
and atomic variables, one gets a linear system of algebraic
equations. Its solution allows to calculate analytically the
intensity noise spectrum at the laser output as a function
of the relaxation rates and the pump noise. The derived
expression is quite general and does not rely on any adi-
abatic elimination of variables, hence it is suitable to de-
scribe any type of lasers. However, the laser under investi-
gation in our experiment is a Nd:YVO4 laser belonging to
the third class lasers: for these lasers the decay rate of the
atomic polarisation γab is much faster than the other re-
laxation rates. In this condition, it is possible to perform
an adiabatic elimination of the atomic polarisation and
derive an approximate expression for the intensity noise
spectrum at the laser output.
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In the original formulation of the model [17] the pump
noise is described by the parameter p ranging from 0 to 1
(p = 0 for Poissonian pump; p = 1 for regular pump). In
order to reproduce the experimental conditions more pre-
cisely, we generalize the model by introducing the spectral
density of the pump noise s(Ω̃) normalised to the shot
noise.

According with [17], the normalised intensity noise
spectrum at the laser output for a third class laser is
given by:

Vout(Ω̃) = 1 + η
2b(a+ a′)
b− a′

1
D(Ω̃)

×
((

b2 + Ω̃2
) [

(a+ a′)2 + Ω̃2
] n

a+ a′

+2w2
{[

(b− a′)2 + Ω̃2
] [
n+

(
s(Ω̃)− 1

)
r/2
]

−
[
(b− a′) (a+ a′) + Ω̃2

](
r − a+ 2a′

a+ a′
n

)
+
[
(a+ a′)2 + Ω̃2

] a′

a+ a′
n
})

(15)

where we set p(Ω̃) = 1 − s(Ω̃), and η = κout/κ repre-
sents the correction for internal optical losses. The dimen-
sionless parameters a, b and the dimensionless noise fre-
quency Ω̃ are defined as follows:

• a ≡ γa/κ (respectively b ≡ γb/κ) is the normalised
decay rate of the upper level (respectively lower level);
• a′ ≡ γa′/κ is the normalised spontaneous decay rate

between the lasing levels;
• x ≡ λ/As; then x2 corresponds to the ratio between

the injected power and the power emitted by the laser;
• Ω̃ ≡ Ω/κ.

We also used the following definitions:

D(Ω̃) =
∣∣∣∣(1

2
x− iΩ̃

)
(b− iΩ̃)(a+ a′ − iΩ̃)

+2w2(a+ b− 2iΩ̃)
(

1− x/2− iΩ̃
)∣∣∣2 (16)

n =
r(a+ a′) + (b− a′)(1− x)

a+ b
(17)

w2 =
(a+ a′)b (r − 1 + x)

2(a+ b) (1− x)
· (18)

The normalised pump parameter r is defined as the ratio
between the pump power ppump and the threshold pump
power pth: r = ppump/pth. In order to gain some physical
insight on effects of the injection on the intensity noise
features of the laser from equation (15), we can make
some approximations which lead to a more simplified for-
mula. For the lasers under investigation the conditions
1 � b � a � a′ are verified. Moreover, from the inten-
sity noise spectrum of these lasers, shown in Figure 1, it
is evident that the minimum intensity noise is found at
zero frequency: setting Ω̃ = 0 in equation (15) and with
the additional conditions x, rx� 1 usually verified in the

Fig. 1. Calculated normalised intensity noise spectra of the
injected Nd:YVO4 microchip laser with the parameters given
in the Table 1 for different injected powers (curve a: x = 0,
curve b: x = 0.001, curve c: x = 0.01, curve d: x = 0.1). The
pump is assumed to be noiseless (s = 0). The normalised pump
parameter is r = 3.

experiment we derive the very simple following formula:

Vm(0) = 1− η + η

[
s+

s+ 1− 2x
r − 1

+
2(1− x)
(r − 1)2

]
· (19)

From equation (19) we can derive the condition for observ-
ing squeezing of the intensity noise at the laser output:

r >
3− s− 2x

1− s ≡ rsq . (20)

Equation (20) indicates that intensity squeezing can only
be observed with a squeezed pump (s < 1). The effect
of the injection is also clearly indicated by equation (20):
the normalised pump parameter rsq which allows to gen-
erate squeezing in the injection locked laser is lower with
respect to the corresponding value for the free running
laser, obtained setting x = 0 in equation (20). Inspection
of equation (19) clearly shows that the intensity noise of
the laser decreases with the pump rate r and is limited
by the overall quantum efficiency of the laser which ac-
counts for internal optical losses and for efficiency of the
pump mechanism. This behaviour is analogous to that ex-
hibited by the free running laser, as we have pointed out
in a previous work [11]. The role of the injection locking
is also evident from equation (19): the intensity noise at
zero frequency is less for the injected laser than for the
free running one. This behaviour is confirmed by the pre-
dictions obtained from the general formula (15) as shown
in Figure 2. In this figure we report the comparison, in
the low frequency range, between the intensity noise spec-
tra for the injected laser and for the free running laser.
It is worth stressing that equations (19, 20) were derived
in the limit x, rx� 1: taking into account typical experi-
mental values of x (of the order of 0.1 or less), the previous
condition implies that equations (19, 20) are good approx-
imations (within 5%) of the general formula reported in
equation (15) only for r < 10. Despite to the small range
of validity, these equations cover all the experimentally
accessible values for the normalised pump parameter r,
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Fig. 2. Calculated normalised intensity noise spectra in the
low frequency region for the injected (x = 0.1) and free running
(x = 0) Nd:YVO4 microchip laser. The parameters are given
in the Table 1. The pump is assumed to be noiseless (s = 0).
The normalised pump parameter is r = 3.

Table 1. Values of the laser parameters used for theoretical
calculations.

Parameter Value

γa 3.3× 104 s−1

γ′a 3.3× 103 s−1

γb 109 s−1

γab 7× 1011 s−1

κ 9× 109 s−1

κout 8.36× 109 s−1

as we will show in next section. The intensity noise proper-
ties of the injected Nd:YVO4 laser in the overall frequency
range are investigated using equation (15). In Figure 1 we
have reported a comparison between the intensity noise
spectra of the free-running laser and the injected laser
for different values of the injected power. The spectra are
calculated with the parameters corresponding to our ex-
perimental conditions listed in Table 1 and assuming a
noiseless pump. Another significant effect of the injection
is evident in Figure 1: the injection causes a very large
reduction (depending on the injected power) of the ex-
cess noise in the frequency region around the relaxation
oscillation peak. The strength of the relaxation oscillation
peak is determined by the term D(Ω̃) (Eq. (16)) which
has the typical structure of a damped oscillator and ap-
pears in the denominator of equation (15). To understand
the reason of the drastic reduction of the relaxation os-
cillation peak we have to compare D(Ω̃) with the cor-
responding term for the free running laser, obtained by
setting x = 0 in equation (16). Taking into account the
relation verified between the different laser parameters,
i.e. a′ � a � Ω̃rel � x, b � 1, where Ω̃rel is the di-
mensionless relaxation oscillation frequency, D(Ω̃) can be
written, for the injected laser, in a range of frequencies
around Ω̃rel, in the very simple following form:

Dinj(Ω̃) = b2
∣∣∣Ω̃2 − i

x

2
Ω̃ − a(r − 1)

∣∣∣2 . (21)

Starting from the same equation (16), setting x = 0 and
making the same approximations, we can write for the free
running laser:

Dfr(Ω̃)=b2
∣∣∣∣Ω̃2+a

[
1+(r−1)

2
b

]
iΩ̃−a(r−1)

∣∣∣∣2 . (22)

The strong reduction of the relaxation oscillation peak in
the injection locked laser is due to the very large damp-
ing term i(x/2)Ω̃ with respect to the free running laser,
where the damping term is given by a[1 + 2(r − 1)/b]iΩ̃.
Assuming a very weak injected power, for example 10−4

times smaller than the free running emitted power, we
have x = 0.01. A calculation with the parameters of our
laser and with the normalised pump parameter r = 4 (a
typical value used in the experiments) gives 2 × 10−4 for
the damping term of the free running laser. The attenua-
tion of the relaxation oscillation peak in the injected laser
scales roughly as the square of the ratio between the corre-
sponding damping terms. In this specific case the peak is
decreased by about 30 dB. From the theoretical analysis it
is clear that the combination of the principle of pump noise
suppression with the injection locking is a very promising
technique to obtain low intensity noise at the laser output.
In fact we have shown that by injection locking it is pos-
sible to generate squeezed states for lower values of pump
parameter r and to achieve better noise reduction in the
low frequency region. The cancellation of the relaxation
oscillation peak is also very important in order to improve
the noise performances of these lasers in the low frequency
region. In fact in a previous work [16] we have demon-
strated the occurrence of non linear effects in the low fre-
quency region of the noise spectra of these lasers in free
running regime, due to the very large excess noise of the
relaxation oscillation peak. The non linear effects result in
an increase of the intensity noise at low frequency with re-
spect to the theoretical predictions of the standard linear
model based on quantum Langevin approach. The strong
reduction of the relaxation oscillation peak should elimi-
nate the extra noise in the low frequency region and allow
to take advantage from the pump noise suppression. It is
worth stressing that the investigation of these effects was
not accessible in previous experiments which were dealing
with Non Planar Ring Oscillator Nd:YAG lasers that are
usually pumped by laser diode array, due to their rela-
tively high oscillation threshold. The large intensity noise
(typically more than 50 dB) exhibited by pump beam pre-
vents to investigate these effects which result completely
masked. In our case the choice of a microchip Nd:YVO4

laser is determined by the necessity of having a low oscilla-
tion threshold which allows us to use a single element laser
diode as a pump laser. The intensity noise of this kind of
lasers can be reduced below the shot noise level applying
well established techniques [1,3,19–23]. Our experimental
set-up based on amplitude squeezed pump diode laser has
been developed on the precise purpose of achieving oper-
ating regimes of the Nd:YVO4 microchip laser suitable for
the investigation of possible non-classical effects.
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Fig. 3. Experimental set-up for noise measurements on the
injected Nd:YVO4 microchip laser.

3 Experimental set-up

The experimental set-up for the noise measurements on
the injected Nd:YVO4 microchip laser is shown in Fig-
ure 3. The amplitude squeezed diode laser used for opti-
cal pumping of solid state laser is an index guided quan-
tum well GaAlAs laser diode (SDL 5422H1) operating at
810 nm. Noise reduction in the pump beam is achieved
by driving the diode laser with a high impedance con-
stant current source and suppressing the side modes us-
ing feedback from an external grating in an extended
cavity laser [1,3,19–23]: by tilting the grating, the laser
wavelength can be tuned to match the maximum of the
Nd:YVO4 line absorption at 808.5 nm. Astigmatism in
the beam is corrected by means of anamorphic prisms.
Two optical isolators (for a total isolation of 70 dB) are
employed to prevent back reflection in the pump laser.
The optical power available for pumping process is 45 mW
(due to the losses of the grating): this allows us to oper-
ate the laser about 4 times above threshold. The intensity
noise of the pump diode laser is measured by a standard
balanced detection (two high efficiency EG&G FND100
PIN photodiodes), which allows to measure, under the
same conditions, the shot noise and the intensity noise
of the laser beam. We performed several tests in order to
check the reliability of the shot noise measured in this way,
as described in [23]. The common mode rejection of the
balanced detection is better than 30 dB in the range of
0−30 MHz; electronic and dark noise are typically more
than 10 dB below the shot noise level. The pump beam
is sent to the microchip laser by mean of two mirrors and
focused into the laser with a f = 8 mm objective. The
polarisation of the pump beam is fixed by a half-wave
plate in order to achieve the maximum absorption in the
Nd:YVO4 crystal. The microchip laser is mounted on a
xyz-translation stage which allows an optimum alignment.

The Nd:YVO4 microchip laser is 300 µm long, with a
plane-plane monolithic cavity (the stability is ensured by
thermal lens effects) in which the mirrors were deposited
directly onto the crystal. The output mirror and back re-
flector have reflectivities of 97% and 99.5% respectively

at 1.064 µm. The mirrors do not have special coatings for
wavelength of pump radiation at 810 nm. Accurate mea-
surements show a reflectivity of 24% and a transmissivity
of 7% for pump radiation.

The injection locking was implemented by using a com-
mercial Nd:YAG laser as the master laser. The frequency
of the master laser is about 120 GHz below the Nd:YVO4

laser frequency at room temperature. The frequency of
the slave laser is tuned inside the injection locking band-
width by heating the laser crystal. The temperature op-
eration is around 100 ◦C; the temperature stabilisation
by a PID control ensures variations less than 0.01 ◦C.
The frequency shift versus the temperature for Nd:YVO4

laser was found to be −1.6 GHz/◦C (see also [24]): this
implies that the jitter of the laser due to temperature vari-
ations is of the order of ten megahertz, and then negligible
with respect to the observed injection bandwidth of about
200 MHz (the bandwidth calculated from the usual for-
mula involving the cavity parameters, injected and emit-
ted powers is expected to be 1 GHz). The master laser
beam enters the output coupler of the slave laser through
the escape port of an optical isolator which automatically
match the polarisation of the master beam to the slave
one; the Gaussian parameters of the master beam are re-
shaped with a telescopic lens system in order to have an
efficient mode matching with the slave laser. The power
effectively coupled into the slave laser is evaluated (from
the observed injection bandwidth) to be 10% of the inci-
dent power, typically ranging between 100 to 500 µW. The
emission wavelength of both the master and slave laser are
measured by a high resolution monochromator. The in-
jection locking is monitored with a Fabry-Perot analyser.
With this experimental configuration we achieved a very
stable injection locking operation over several hours.

For the intensity noise measurements on the emitted
beam we used the following experimental set-up. For noise
measurements up to 30 MHz, balanced detection is no
longer reliable due to the very high excess noise of the
relaxation peak (more than 80 dB) which exceeds the
common mode rejection ratio (typically 30 dB). There-
fore in this range of frequencies we choose to calibrate the
shot noise level with an independent source. For the cal-
ibration we use the noise obtained by direct detection on
one photodiode of attenuated radiation emitted by a shot
noise limited diode laser. It is worth saying that no cor-
rection has to be calculated, due to the difference in the
wavelength of the two beam. In fact we detect the noise
of the photocurrent which is independent on the wave-
length. We check carefully linear dependence of the cal-
ibrated shot noise signal with the optical power incident
on the photodiode. The shot noise obtained in this way
was in agreement within 0.1 dB with the noise obtained
by a thermal light generating the same DC current on the
photodiode.

4 Experimental results

In this section we present the experimental results ob-
tained with the injected Nd:YVO4 microchip laser previ-
ously described. In order to make a comparison between
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theory and experiment we have to determine all the pa-
rameters of the model. A set of values for the parameters
describing the microchip laser (relaxations rates and cav-
ity damping) has been determined in a previous work [11]
in which an accurate investigation of the noise properties
of the free-running laser is carried out. The experimental
determination of the optical pump power threshold and
the measurement of the optical pump power allows us to
easily calculate the normalised pump parameter. With the
laser operating at a temperature of 100 ◦C we have ob-
served significant variations in the laser parameters with
respect to the laser at room temperature. Assuming that
the relaxation rates for the atomic populations and the
atomic polarisation are virtually insensitive to tempera-
ture variations, the total cavity damping constant κ can
be determined by the dependence of the relaxation oscil-
lation frequency on the pump parameter r [11]. We have
found for the total cavity damping κ = 9 × 109 s−1; the
output coupling κout, calculated from the reflectivities of
the cavity mirrors, is found to be 8.36× 10−9; the pump
power threshold for oscillation is about 13 mW (4.2 mW at
room temperature), the quantum efficiency of the pump
mechanism 12.5% (40% at room temperature) and the
maximum emitted power about 3.5 mW (10 mW at room
temperature). We report in Table 1 the values of the pa-
rameters used in the numerical simulations. The sharp
worsening of the performances of the Nd:YVO4 microchip
laser is strictly related to the heating of the crystal: in
fact, as previously explained, this allows to tune the slave
frequency at a rate of −1.6 GHz/◦C; on the other hand
the shift in the gain center frequency induced by heat-
ing is −0.53 GHz/◦C [24]. The oscillating mode, at res-
onance with the center of the gain bandwidth at room
temperature, is more and more detuned off resonance, as
the temperature is increased. In our case, the total de-
tuning from the gain center frequency (estimated to be
80 GHz) together with the FWHM gain bandwidth of the
Nd:YVO4 (257 GHz [24,25]) prevents us to obtain better
performances from our laser.

We consider now the noise features of the master laser:
our commercial laser is equipped with a standard feedback
loop on the pump in order to eliminate the relaxation oscil-
lation peak. Thus, the intensity noise spectrum at the out-
put of the laser, for an emitted power of 700 mW, is rather
flat over the whole range of observation (0−30 MHz) and
exhibit an excess noise of 30 dB above the shot noise level
(SNL). The theoretical model assumes that the injected
field is in a coherent state i.e. with intensity noise limited
to the SNL. However, in order to determine the intensity
noise of the injected field, we have to take into account
the linear optical losses that the beam emitted by the
master laser undergoes before to be injected in the slave
laser. Linear optical losses are usually modelled in quan-
tum optics by a beam splitter with intensity transmission
coefficient T . It can be shown that the effect of this atten-
uation on the intensity noise of the beam is expressed by
the following equation (see for example [26]):

Va(Ω̃) = 1 + T (Vb(Ω̃)− 1) (23)
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Fig. 4. Normalised intensity noise spectrum at the laser out-
put (after correction for detection efficiency) for the grating
extended cavity laser diode used as pump laser.

where Va represents the normalised intensity noise of the
beam after attenuation and Vb is the normalised inten-
sity noise of the beam before attenuation; T is the optical
attenuation. In our case the injected power is typically
0.1 mW, then T = 0.1 mW/700 mW = 1.4 × 10−4. It
is evident from equation (23) that the intensity noise of
the injected beam can be identified with the SNL with a
very good approximation, according with the assumption
of the model.

In the theoretical model the intensity noise of the
Nd:YVO4 microchip laser depends on the intensity noise
of the pump beam. We use in the model the pump noise
of the grating extended cavity diode laser, measured with
high accuracy in [11] (see Fig. 4): after correction for de-
tection efficiency the amount of amplitude squeezing at
the laser output is 0.7 dB, flat over the whole frequency
range between 1 to 20 MHz. For frequencies lower than
300 kHz the pump laser diode exhibits slight excess noise
(<3 dB). For frequencies below 50 kHz technical 1/f noise
increases the excess noise up to 10 dB.

The experimental results obtained with the injected
Nd:YVO4 microchip laser are shown in Figure 5. The
graphic reports the normalised intensity noise spectra for
different values of the injected master field amplitudes:
good agreement is found between the predictions of the
theoretical model (thick line) over a large range of frequen-
cies. The parameters used in the calculations are reported
in Table 1. As expected, the relaxation oscillation peak is
completely damped (more than 60 dB of reduction with
respect to the free-running laser) and the microchip laser
exhibits a flat intensity noise spectrum with a noise level
varying between 25 to 17 dB above the shot noise level,
decreasing with the injected power.

The quite high excess noise is due to the poor laser fea-
tures (namely high oscillation threshold and low quantum
efficiency observed at high temperature); significant im-
provement is expected for injection locked laser operating
at room temperature.

5 Conclusion

We have theoretically and experimentally investigated
the noise properties of an injection locked diode pumped
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Fig. 5. Normalised experimental and theoretical (thick line)
intensity noise spectra of the injected Nd:YVO4 microchip laser
for different injected powers (curve a: x = 0, curve b: x =
0.16, curve c: x = 0.28, curve d: x = 0.36). The parameters
used in the calculations are given in the Table 1; normalised
pump parameter is r = 3.5. The pump noise corresponds to the
experimentally measured spectrum of the pump diode laser,
shown in Figure 4.

Nd:YVO4 microchip laser. The theoretical analysis clearly
shows the effects of the injection: intensity squeezed light
is achievable with lower pump parameters and the ob-
tained noise reduction below the shot noise level are im-
proved with respect to the free running regime. Moreover
the relaxation oscillation peak is expected to be com-
pletely eliminated. The experimental intensity noise spec-
tra confirm the theoretical predictions, showing that the
injection technique allows to eliminate the relaxation os-
cillation peak, responsible for the huge excess noise that
affect the spectrum of the free-running laser in the mega-
hertz range. We found a good agreement between exper-
imental results and theoretical calculations based on a
fully quantum model describing the noise features of an
injected laser. The minimum intensity noise obtained with
this experimental configurations is 17 dB above the SNL.
Further improvements could be achieved by implementing
the injection locking at room temperature and increasing
the pump rate in order to operate the microchip laser far
above threshold.
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useful discussions and to Mr. Aubert, Molva and Fulbert from
LETI/CEA for the loan of microlasers. This research was car-
ried out in the framework of the EC ESPRIT Contract AC-
QUIRE no. 20029

Appendix

We report the non-vanishing diffusions coefficients for the
c-number Langevin forces

2Daa = (γa + γ′a) 〈Na(t)〉+R(1− p)
−g [〈M∗(t)A(t) +A∗(t)M(t)〉] (A.1)

2Dbb = γb 〈Nb(t)〉+ γ′a 〈Na(t)〉
−g [〈M∗(t)A(t) +A∗(t)M(t)〉] (A.2)

2Dab = −γ′a 〈Na(t)〉
+g [〈M∗(t)A(t) +A∗(t)M(t)〉] (A.3)

2DMM = 2g 〈M(t)A(t)〉 (A.4)
2DM∗M = (2γab − γa − γ′a) 〈Na(t)〉 +R (A.5)

2DbM = γb 〈M(t)〉 · (A.6)
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