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Abstract. The principle of pump noise suppression is applied to a Nd:YVO4 microchip laser, optically
pumped by laser diodes. The noise of the microchip laser at low frequency (below the relaxation oscillation
frequency) is compared for noisy and amplitude squeezed laser diodes. The minimum intensity noise of the
microchip laser is 7 dB above SNL at a frequency of 40 kHz. Very good agreement between experimental
results and theoretical predictions of a model based on quantum Langevin equations 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, diode-pumped solid-state lasers such as
Nd:YAG or Nd:YVO, lasers have been overcoming gas
lasers for many applications, because of their robustness
and reliability [1,2]. However, their noise properties are
quite different from those of the gas lasers [3-5]. Their
intensity noise is somewhat similar to the one of the semi-
conductor lasers. Like the semiconductor lasers, they ex-
hibit a large noise peak at high frequency due to the
so-called relaxation oscillation. The noise peak is in the
gigahertz range for the semiconductor lasers whereas it
is in the kilohertz-to-megahertz range for the solid-state
lasers, depending on the parameters of the laser cavity.
Well above the relaxation oscillation frequency, the inten-
sity noise goes to the standard quantum limit, since it is
mainly due to the vacuum fluctuations outside the laser
cavity that are reflected off the coupling mirror. For fre-
quencies well below the relaxation oscillation frequency,
the intensity noise of the laser is related to the noise of
the pump laser [6,7].

For semiconductor lasers, it was demonstrated that in-
tensity squeezed light can be generated when high impe-
dance pump noise suppression is used together with ap-
propriate line narrowing techniques [8-10]. The case of
solid-state lasers differs from that of the semiconductor
lasers by the pump mechanism, which is optical pumping
for solid-state lasers as opposed to electrical pumping for
semiconductor lasers. In the present work, our aim is to
precisely study the effect of the reduction of the optical
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pump noise on the intensity noise of solid-state laser and
to investigate the possibility to achieve sub-shot noise op-
eration under pump noise suppression. We present an ex-
perimental investigation of the intensity noise properties
of a Nd:YVO4 microchip laser pumped by laser diodes
having various noise characteristics. More specifically we
have compared the effect of pumping with laser diodes
exhibiting excess intensity noise, standard intensity quan-
tum noise and sub-shot intensity noise. The sub-shot noise
operation of the pump laser is achieved with two differ-
ent configurations: grating extended cavity and injection
locking, respectively. Accurate comparison between the-
oretical predictions of a full quantum model based on
quantum Langevin approach is presented. Our model is
based on a microscopic theory of the laser and does not
assume any approximation on the evolution time scales of
the various quantities involved in the problem. We show
that low-frequency noise decreases with pump noise, but
we observe a discrepancy at low frequency that cannot be
interpreted as due to excess pump noise (contrary to the
case of [11]). Agreement between theory and experiment is
retrieved when the amplitude of the relaxation oscillation
is decreased.

2 Theoretical model

For a theoretical description of the solid-state laser noise
properties we have used a full quantum model based on the
Langevin equations approach [12]. The model deals with a
system of homogeneously broadened two-level atoms with
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transition frequency wgp, assuming that the lower level is
not the ground state. The atoms fill a resonant cavity of
length L and volume V with intensity transmission coef-
ficient of the coupling mirrors T'. The atoms interact with
the radiation field of a single excited mode of the cav-
ity, which is considered as a plane wave with frequency
we. The model is well adapted to describe the behavior of
Nd:YVOy laser. The laser dynamics is described by the
following stochastic c-number Langevin equations:

A (t) = —k/2 A(t) + gM(t) + F, (1), (1)
M () = =y M(t) + g [Na(t) = No(B)] A(t) + Faa(t), (2)
Na () = R~ (Ya + 1) Na(t)
—g [A"()M(t) + M*(1)A[1)] + Fult),
Nb (t) = = No(t) + 7o Na(t)
+g [AT()M(t) + M*(t)A(L)] + Fp(t) .

®3)

(4)

The stochastic c-number variable A(t) represents the
electromagnetic field. AV, and N, represent the macro-
scopic atomic population of the upper and lower level,
respectively. M(t) represents the macroscopic atomic po-
larisation. x is the total cavity damping constant. In the
original model, the cavity damping constant was assumed
to be equal to the output coupling rate xo,t . Here we
have included internal optical losses represented by the
rate Kiosses- Subsequently, we have kK = Kout + Klosses: Va
and -, are the decay rates of the populations of the up-
per and lower levels to the other atomic levels; 4/ is the
spontaneous decay rate between the lasing levels and v,
is the decay rate of the atomic polarisation. R is the mean
pumping rate. The coupling constant g is given by

1
25()ch

g = Wablh (5>

where p is the magnitude of the atomic dipole moment.
The functions F(t) with k = v, M, a, b are the stochastic
c-number Langevin forces with the properties:

(Fr(t)) =0,
(Fr(t)Fi(t') = 2Dpd(t —t'),

(6)
(M)

where Dy; represents the diffusion coefficient for the c-
number Langevin force. The nonvanishing diffusion coef-
ficients are given in appendix.

Solving the c-number Langevin equations allows us
to calculate the steady-state solutions for the field and
atomic variables and to derive the spectra of the fluctua-
tions of the field quadrature components. The steady-state
solutions for laser operation above threshold are obtained
by dropping the noise terms in equations (1-4) and setting
the time derivatives equal to zero. For the mean intensity
of the laser field inside the cavity Iy = A3, we obtain

Iy=1I,(R/Rwu —1) , (8)
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where the saturation intensity I is given by

Yab Vb Ya + Vo
=5 —"7",
29° Yo+

Ry, is the threshold pumping rate

KYab¥b Ya + Yo

Ry = .
‘ 202 W,

(10)

The steady-state populations of the upper and lower levels
are given by

R — kI,
Nyo = — 0 (11)
Ya + Ve
!
— kvl
NbO _ 'YaR KYalo (12)

Yo (Ya + )

The steady-state value of the atomic polarisation can be
expressed in terms of the mean value of the field
K

MO == 2—ng

(13)
The evolution of the quantum fluctuations is obtained by
linearizing equations (1-4) around the steady-state solu-
tion. A Fourier transform of the equations for fluctuations
converts the differential equations into algebraic ones. The
solutions of the linear system allow to analytically calcu-
late the intensity noise spectrum at the output of the laser
as a function of the relaxation constants of the upper and
lower levels of the laser transition and of the pump noise.

In the original formulation of [12] 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 precisely, we
generalize the model by introducing the spectral density

of the pump noise s(§2) normalised to the shot noise.

According to [12] and setting p(£2) = 1 — s(£2), the
normalised intensity noise spectrum at the laser output is
given by

V:)ut(9> =1+ n(VA(Q> - 1) ) (14)

Va(2) =1+ 2b‘;(i:/a/) D(lfz) <<b2+f22)

X [(a+ a’)2+§2} [r +n (aja, - 1>}
+2u? {[(b—a')ﬂfz?} [n+ (s(fz) - 1) r/2}

o] (42

+ {(a—f—a/)z—f—ﬁﬂ (a i/a, —221—21,) }) ,(15)

where 1 = Kout/K represents the correction for internal
optical losses. The dimensionless parameters a, b, ¢ and
the dimensionless noise frequency {2 are defined as follows:
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Fig. 1. Calculated normalised intensity noise spectra of the
Nd:YVO4 microchip laser pumped with a noiseless pump
(s(£2) = 0) with the parameters given in the text for r = 2, 10,
100, 1000, 10000.

a = 7,/k (respectively, b = 74/k) is the normalised
decay rate of the upper level (respectively, lower level);

a’ = . /k is the normalised spontaneous decay rate
between the lasing levels;

¢ = 7Yab/k is the normalised decay rate of the polarisa-
tion;

2= 0/k.

Also the following shorthands have been introduced:

D(T) = |-i (% +c—z‘(~z> (b-i2) (a+a - i)
+20? (a+b—i242) (1—1'?2)‘2, (16)
n:ra—l—b:——'c_tb(r—l)’ (17)
2:w(r—l). (18)

2(a+0)

The normalised pump parameter r is defined as the
ratio between the pump power pyump and the threshold
pUmMpP POWET Peh: T = Ppump/Pth-

Equation (14) is quite general and does not rely on
any adiabatic elimination of variables. It may be used to
deal with all types of lasers. In order to gain some physi-
cal insight from this formula, we can, however, make some
approximations which lead to a simplified expression. The
laser under study is a Nd:YVOy4 laser, belonging to a
third-class lasers [13], characterized by a decay rate of the
atomic polarisation much faster than the other relaxation
rates. With respect to the dimensionless variables previ-
ously introduced, this condition is written ¢ > 1 > a, b, a’.
Applying this approximation to equation (14) is equiva-
lent to perform the adiabatic elimination of the atomic
polarization. Moreover, the noise spectrum of these lasers
is dominated by the relaxation oscillation (Fig. 1): for low
frequencies the noise increases from its minimum value
corresponding to zero frequency; for high frequencies, the
intensity noise spectrum decreases toward the quantum
standard limit.
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The minimum intensity noise for the third-class lasers
is hence obtained from equation (14) setting 2 = 0 and
¢ — oo. For the specific case of the Nd:YVO, laser, the
condition b > a,a’ is also verified. This leads to the very
simple following formula:

s+1 2
s+ —+——|.
(r—1)

r—1
From equation (19) we derive the condition for observ-
ing intensity noise below the shot noise level in the laser
output:

Vin(0) =1 —n+n (19)

r>—— =T

- (20)

Equation (20) implies that intensity squeezing can only
be observed with a squeezed pump (s < 1) and that the
laser must operate very far above threshold.

To get the detailed noise properties of the Nd:YVOy
laser at all frequencies, we use equations (14) and (15).
Figure 1 shows the normalised theoretical noise spectra
for different values of the normalized pump parameter r,
and for a perfectly noiseless pump. The other parameters
correspond to the values of our microchip laser and are
given in the experimental results section. As can be seen in
Figure 1, suppression of the pump noise allows to generate
squeezed states.

According to equation (19), the amount of squeezing
increases with the pump rate r and it is limited by the
quantum efficiency of the laser. The frequency range suit-
able to observe squeezed light is limited to a low-frequency
region well below the relaxation oscillation peak, and it
also increases with the pump parameter r, because the re-
laxation oscillation frequency (f2ro) shifts to higher fre-
quencies, according to the equation:

2ro 2/ (a+a)(r—1). (21)

The theoretical analysis indicates very clearly the fea-
tures that the laser has to present in order to generate
intensity squeezed light via pump noise suppression. First
of all, the laser has to display a very low threshold to
achieve far above threshold operation. The laser should
also have a high quantum efficiency. Quantum efficiency
of the laser may be limited by internal optical losses 7 and
the conversion ratio 1, of the photons of the pump beam
into lasing photons. These two mechanisms, however, have
different effects on the noise properties of the laser. The
first one reduces the maximum achievable squeezing, but
it does not change the value of ry}, given by equation (20).
In contrast, the second one influences directly the noise
of the pump beam (which approaches the shot noise level:
s — 1 in equation (20)), increasing the value of r¢, neces-
sary to generate squeezed light (ry, — oo for n, — 0).

Finally, to avoid the competition between oscillating
modes, the laser should have single-mode operation. The
requirements concerning low threshold and high quan-
tum efficiency imply the use of a laser material with high
stimulated emission gain and high pump absorption; the
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Fig. 2. a) Experimental set-up for noise measurements in a Nd:YVO4 microchip laser pumped by a grating extended cavity
laser diode. b) Experimental set-up for noise measurements in a Nd:YVOy4 microchip laser pumped by an injection locked laser

diode.

single-mode operation can be achieved by a laser with a
short Fabry-Perot cavity, and a narrow gain curve. The
Nd:YVOy4 microchip laser used in our experiment is a good
candidate: the high absorption coefficient of 70 cm™! at
808 nm (2% Nd doping) ensures the low threshold (4.2
mW) and good quantum efficiency (~ 40%); the cavity
length of 300 um together with a narrow gain bandwidth
(0.95 nm [14]) ensure the single-frequency oscillation.

3 Experimental set-up

The experimental set-up for noise measurements in
Nd:YVOy4 microchip laser is shown in Figures 2a and 2b.
The amplitude squeezed laser diode used for optical pump-
ing of solid-state laser is an index guided quantum well

GaAlAs laser diode (SDL 5422H1) operating at 810 nm.
Noise reduction in the pump beam is achieved by driving
the laser diode with a high-impedance constant current
source and suppressing the side modes using two different
configurations as described in [15], namely feedback from
an external grating in an extended cavity laser (Fig. 2a)
and injection locking with a master laser (Fig. 2b).

In the external grating configuration a reflection holo-
graphic grating is set at a distance of 10 cm from the laser,
in Littrow configuration. By tilting the grating, the laser
wavelength can be tuned to match the maximum of the
Nd:YVOy line absorption at 808.5 nm.

In the injection locking set-up, the laser is injected by
a master laser which is a grating extended cavity semi-
conductor laser. The injection locking set-up, with an ex-
tended cavity master laser is a device completely tun-
able over several nanometers, and allows us to match the
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frequency of the pump beam with the maximum of the
absorption curve of the Nd:YVOQOy. In both configurations,
astigmatism in the beam is corrected by means of anamor-
phic prisms. Two optical isolators (for a total isolation of
70 dB) are employed to prevent back reflection into the
pump laser. The optical power available for pumping pro-
cess is 70 mW for the injection locking set-up and 45 mW
(due to the losses of the grating) in the grating extended
cavity configuration. The intensity noise of the pump laser
diode 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 per-
formed several tests in order to check the reliability of the
shot noise measured in this way, as described in [15]. The
common mode rejection of the balanced detection is bet-
ter 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 maximum
absorption in the Nd:YVOQy crystal. The microchip laser
is mounted on a zyz-translation stage which allows an
optimum alignment.

The Nd:YVO4 microchip laser is 300 pm 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 pm. 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.

For the intensity noise measurements on the beam
emitted by the microchip we used a two-fold experi-
mental set-up. For measurements in low-frequency region
(0-300 kHz) we use a balanced detection designed for
1.064 pm. The 1.064 pm light is detected by two high
quantum efficiency (90%) InGaAs photodiodes. The elec-
tronic devices that complete the balanced detection are
analogous to those previously described in [15]. The com-
mon mode rejection is better than 30 dB. For measure-
ments at higher frequencies (up to 30 MHz), balanced de-
tection is no longer reliable due to the very high excess
noise of the relaxation peak (more than 80 dB) which ex-
ceeds the common mode rejection ratio. Therefore in this
range of frequencies we performed the noise measurements
with one photodiode, and we chose to calibrate the shot
noise level with an independent source. For the calibration
we use the noise obtained by direct detection on one pho-
todiode of attenuated radiation emitted by a shot noise
limited laser diode. It is worth saying that no correction
has to be calculated, due to the difference in the wave-
length of the two beams. In fact we detect the noise of the
photocurrent which is independent of the wavelength. We
check carefully linear dependance of the calibrated shot
noise signal with the optical power incident on the photo-
diode. The shot noise obtained in this way was in agree-
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ment 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 microchip Nd:YVOy, laser previously de-
scribed. The pump power at threshold is 4.2 mW, the
maximum single TEMyy mode power output is 10 mW
obtained by pumping with an injection locked laser diode
(pump power about 70 mW); in this conditions the nor-
malised pump parameter assumes the value » = 9.5. If the
pump laser is an extended cavity laser the maximum value
achievable for r is about 6. In order to make a comparison
between the experimental noise spectra and the theoreti-
cal predictions, the values of the parameters of the model
are set as follows: the decay rate of the upper level v, and
the spontaneous decay rate between the lasing levels 7/,
for a Nd:YVO, crystal doped at 2% are taken from [16,
17]; we set 7, = 3.3 x 10* s71 and v/ = 3.3 x 103 s~ 1.
The values of 7, decay rate of the lower level, found in
the literature [18,16] for Nd:YVO, crystal are affected by
a huge uncertainty (more than two orders of magnitude);
within this range, we choose a value of v, = 3 x 10° s~}
that ensures an optimal fit of the experimental curve. The
decay rate of the polarisation v, is set equal to 7 x 10!
s~! according to [16,17]. The experimental determination
of the optical pump power threshold and the measurement
of the optical pump power allow us to easily calculate the
normalised pump parameter r. The total cavity damping
constant k can be determined by the dependence of the
relaxation oscillation frequency on the pump parameter r,
according to the equation

2ro = VE (v +73) (r = 1), (22)
we find k = 1.56 x 10'% s7!. The output coupling Kout,
calculated from the reflectivities of the cavity mirrors, is
found to be 8.36 x 109 s~ 1.

We first consider the intensity noise characteristics of
the two different pump laser diodes, the grating extended
cavity laser diode and the injection locked laser diode.
As described in [15] the feedback from grating and injec-
tion locking are useful techniques to generate amplitude
squeezed light from laser diodes. Figures 3a and 3b show
the normalized intensity noise spectra of the grating ex-
tended cavity laser diode for low-frequency region (0-300
kHz) and for higher frequencies (0-30 MHz), respectively.
After correction for detection efficiency the amount of am-
plitude squeezing at the laser output is 0.7 dB, flat over
the whole frequency range between 1 to 30 MHz. For fre-
quencies lower than 300 kHz the pump laser diode exhibits
a slight excess noise (< 3 dB). For frequencies below 50
kHz technical 1/f noise increases the excess noise up to
10 dB. Amplitude squeezing of 1.1 dB at the laser output
in the range 0-30 MHz is achieved for the injection locked
laser; this represents a slight improvement with respect
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Fig. 3. a) Normalised intensity noise spectrum at the laser
output (after correction for detection efficiency) for the grat-
ing extended cavity laser diode in the low-frequency region
(0-300 kHz). The fit (thick line) is obtained with an empirical
expression which is then used to compute the noise shown in
Figure 4b. b) Normalised intensity noise spectrum at the laser
output (after correction for detection efficiency) for the grating
extended cavity laser diode and for the injection locked laser
diode (thick line) in the high-frequency region (0-30 MHz).

to grating extended cavity laser. The intensity noise spec-
trum for the low-frequencies region exhibits a behavior
similar to that of the grating extended cavity laser.

We will now consider the noise properties of the
Nd:YVOy4 microchip laser. All the noise spectra presented
in the following are corrected by taking into account
the detection efficiency, therefore they display the noise
at the output of the laser. Figure 4 shows the normal-
ized intensity noise spectrum of the Nd:YVO, microchip
laser pumped with the extended cavity laser, with pump
noise corresponding to Figure 3. For this measurement
the power was about 6 mW and r = 6. The theoretical
curve (thick line) is obtained from equation (14) with the
parameters given in the text; s({2) is given by an empiri-
cal expression fitting the measured pump noise (thick line
in Fig. 3) and it is corrected for losses experienced by the
pump beam (about 40%). The theoretical curve is in good
agreement with the experimental one for a very large range
of frequencies, particularly around the relaxation oscilla-
tion peak, well reproduced by theory (Fig. 4a). However,
a significant discrepancy is evident at very low frequen-
cies (below 100 kHz) (Fig. 4b). A minimum noise of 11
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line) intensity noise spectra of the Nd:YVO4 microchip laser
pumped by a grating extended cavity laser diode in the
0-20 MHz frequency range. The corresponding pump noise is
shown in Figure 3b. b) Normalised experimental and theoret-
ical (thick line) intensity noise spectra of the Nd:YVO,4 mi-
crochip laser pumped by a grating extended cavity laser diode
in the 0-300 kHz frequency range. The corresponding pump
noise is shown in Figure 3a.

dB above shot noise level (SNL) is achieved at frequencies
of 30 kHz, whereas the model predicts 5 dB above SNL.
In a recent experiment [11] performed on Nd:YVO, mi-
crochip laser pumped by an amplitude squeezed injection
locked laser diode, an analogous discrepancy between the-
oretical predictions and experimental results is observed in
low-frequency range. The authors assumed that the low-
frequency extra mnoise could originate from the spectral
distribution of the intensity squeezed light of the injection
locked pump laser diode that they use in the experimen-
tal set-up. In fact, in the case of the injection locked laser,
the main mode can exhibit excess noise even if the total
intensity noise is squeezed [19]. This excess noise typically
ranges from 1 to 10 dB, depending on the optimisation
of the injection parameters such as alignment, injected
power, master frequency. As the microchip laser, due to
its absorption linewidth of 1 nm, is pumped only by the
main mode and few longitudinal side modes, it could ex-
perience excess pump noise.

However, this explanation does not hold in our case.
We have checked that in the grating extended cavity con-
figuration, as explained in [19], no difference is observed
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Fig. 5. a) Normalised experimental and theoretical (thick
line) intensity noise spectra of the Nd:YVO, microchip laser
pumped by a noisy grating extended cavity laser diode in the
0-300 kHz frequency range. The corresponding pump noise is
shown in b. b) Normalized intensity noise spectrum of the noisy
grating extended cavity laser diode in the low-frequency region
(0-300 kHz). The fit (thick line) is obtained with an empirical
expression.

between the total intensity noise and the noise of the main
mode alone: side modes are actually negligible and single-
mode squeezing is generated. Thus, when pumped with a
grating extended cavity laser, Nd:YVO, microchip laser
does not experience any excess pump noise; nevertheless,
extra noise in the low-frequency region is observed.

To further check the origin of the excess noise, we per-
formed a noise measurement on the Nd:YVOy, microchip
laser in the same conditions as Figure 4, except for the
pump noise, that exhibit a large excess noise peak up to
20 dB centered at 40 kHz, as shown in Figure 5b. The
corresponding theoretical and experimental intensity noise
spectrum of the microchip laser can be seen in Figure 5a.
The peak of the pump noise is very well reproduced in the
noise of the microchip laser. In this case the agreement be-
tween theory and experiment is good also at low frequen-
cies. Other measurements performed with a very noisy
pump (more than 40 dB) clearly confirms the significant
influence of the pump fluctuations on the low-frequency
noise of the Nd:YVO, microchip laser, as shown in Fig-
ure 6. This case is very illustrative of the high noise at
low frequency that is obtained when microchip lasers are
pumped with laser diodes arrays.
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Fig. 7. Normalised experimental and theoretical (thick line)
intensity noise spectra of the Nd:YVO4 microchip laser
pumped by an injection locked laser diode in the 0-300 kHz
frequency range.

To improve these results and to obtain a reduction of
the intensity noise of the Nd:YVO, with respect to the
minimum noise of 11 dB above SNL achieved in the ex-
perimental conditions of Figure 4, we substitute the grat-
ing extended cavity pump laser with the injection locked
one. In fact, as previously explained, with this new con-
figuration we are able to operate the laser 10 times above
threshold (r = 10) and according with theory, we expect
an improvement on the noise performances of the laser.
The result is shown in Figure 7 for a quiet pump like that
reported in Figure 3a. The minimum noise at 40 kHz is
7 dB above the SNL which is a significant improvement as
compared to the previous case. However, the theoretical
fit does not agree with experimental curve below 100 kHz.

The fact that the theoretical noise spectrum is in
good agreement with the measured noise spectrum over
a very large range of frequencies seems to ensure that
the Langevin approach is well adapted for description of
the noise features of our Nd:YVO, microchip laser. The
problem of modeling the noise behavior of this laser arises
at low frequencies as can be seen in Figures 4b and 7.
A noticeable discrepancy between theory and experiment
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occurs for frequencies below 100 kHz. One possible source
of this low-frequency extra noise could be the presence of
non-linear effects generated by the very large noise peak
of the relaxation oscillation. In fact, the intensity noise
fluctuations at the level of the peak are typically 80 dB
above SNL, corresponding to 1-3% of the steady-state in-
tensity. Moreover, the occurrence of non-linear effects is
clearly demonstrated by the presence of the harmonic of
the relaxation oscillation peak (Fig. 4b). We have care-
fully checked the linearity of our detection system in the
overall range of detected powers, in order to exclude other
possible causes of the observed harmonic as non-linearities
or saturation effects in any photodetection stage.

The theoretical noise spectrum obtained by linearisa-
tion of the stochastic c-number Langevin equation around
the steady-state solutions does not take into account the
non-linear phenomena and its derivation is valid in the
case of very small fluctuations with respect to the steady-
state values.

In order to investigate the possible non-linear effects at
low frequency we have reduced the noise around the relax-
ation oscillations by an appropriate feedback loop react-
ing on the laser diode driving current. The feedback loop
has a tailored frequency response in order to be active
only in a narrow frequency region around the peak, while
keeping unchanged the noise features of the laser at low
frequencies. Nevertheless, we observed a sharp reduction
(typically 57 dB) of the intensity noise at low frequen-
cies. Although the feedback loop does not affect the low-
frequency part of the spectrum, the low-frequency noise
is now in agreement with the theoretical predictions. This
behaviour that gives a strong indication for non-linear ef-
fects will be studied in detail in a forthcoming paper.

5 Conclusion

In this work, we have presented a detailed investigation of
the intensity noise of a Nd:YVO4 microchip laser pumped
by an amplitude squeezed laser diode. The squeezed light
pump is obtained with two different configurations: grat-
ing extended cavity laser and injection locked laser. We
have clearly demonstrated the effect of the reduced pump
noise on the low-frequency region of the intensity noise
spectrum of the microchip laser. The sub-shot noise op-
eration of the pump laser diode allows to achieve an in-
tensity noise of 7 dB above SNL at 40 kHz, considerably
reduced with respect to the performances achievable with
pumping by standard laser diodes which present excess
pump noise of typically 20 dB at low frequencies. The
theoretical intensity noise spectra calculated from a full
quantum model based on quantum Langevin approach are
in very good agreement with experimental observations,
except for very low frequencies (< 100 kHz). This extra
low-frequency noise may be a consequence of a non-linear
effect due to the strong relaxation oscillation peak.

In conclusion, our analysis shows that the Nd:YVOy,
microchip laser could potentially exhibit sub-shot noise
operation in the low-frequencies region. At present, two
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dominant factors prevent to achieve noise reduction be-
low SNL in this laser. On the one hand, the pump laser
diode exhibits a slight excess noise in the low-frequency
range (< 300 kHz), where the microchip laser should take
more relevant advantages from pump noise reduction, as
shown by theoretical analysis. On the other hand, the pre-
viously described non-linear effects increase the noise in
the same low-frequency range. Therefore improvement on
low-frequency noise of the pump laser diode, together with
specially designed feedback loop to eliminate extra low-
frequency noise, are necessary to a further reduction of
the intensity noise of the Nd:YVQO4 microchip laser.
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ESPRIT Contract ACQUIRE no. 20029 and of the EC TMR
microlasers and cavity QED program (Contract no. ERBFM-
RXCT 96-00066). One of us (A.B.) had the support of a TMR
fellowship no. ERBFMBI CT950204.

Appendix

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

2Daa = (P)/a + P)/Zz) <Na(t)> + R(l _p)

—g [(MT(1)A[) + A" (OM())], (A1)
2Dy = 1 No(t)) + 7o (Na(t))
—g [(M*(D)A(t) + A" (OM())],  (A2)
2Dap = —7q (Na(t)) + g[(M"(t) A(t)

+ AT OM()), (A-3)
2Dpm = 29 (M(D)A(1)) , (A4)
2DM*M = (27ab — Ya — 7;) <Na(t)> + R? (A5)
2Dpp = 1 (M(2)) (A.6)
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