Suppression of intensity noise of a laser-diode-pumped
single-frequency Nd:YVO, laser by optoelectronic control
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The intensity-noise reduction of a laser-diode-pumped single-frequency ring Nd:YVO, laser when differ-

ent optoelectronic control systems are used is theoretically and experimentally investigated.

It has been

demonstrated that combining two techniques, optoelectronic feedback control of the drive current of the
pump laser diode and feed-forward control of the output laser beam, is a good way to significantly
suppress the intensity noise of a laser at low frequency. © 2003 Optical Society of America

OCIS codes:

1. Introduction

Single-frequency laser sources with low intensity
noise are useful for many applications such as high-
sensitivity measurements, high-precision inter-
ferometry, precision spectroscopy, and optical
communications. Laser-diode- (LD-) pumped
solid-state lasers and intracavity frequency dou-
blers are well known as efficient sources of
intensity-stable single-frequency radiation.’-* In
practical LD-pumped single-frequency laser sys-
tems, however, the intensity noise spectrum has a
resonance, that is an underdamped driven second-
order oscillation, that is known as resonant relax-
ation oscillation (RRO).> The low-frequency part
of the intensity-noise spectrum below the RRO is
determined by the laser’s pump noise, whereas the
RRO is driven by vacuum fluctuations, dipole fluc-
tuations, and intracavity losses. Significant sup-
pression of relaxation oscillations in diode-pumped
single-frequency lasers has been achieved in vari-
ous ways, such as stabilizing laser intensity by
means of electronic feedback loops,5—9 injection
locking the laser to an intensity-stable master la-
ser,10.11 and combining these techniques.’? The in-
tensity noise at low frequencies can be reduced by
suppression of the pump noise.’3-14 Unlike in the
single-frequency laser, in the intensity noise spec-
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trum of the single-frequency-doubling laser the
RRO is not present, but there is still a large noise
that results from an overdamped driven second-
order oscillator during nonlinear conversion.'®
And the intensity noise of the single-frequency in-
tracavity frequency-doubling laser was reduced
with an optoelectronic feedback circuit inserted di-
rectly into the pump current.16.17

The pump noise transfer function of a LD-pumped
single-frequency laser is an underdamped driven
second-order oscillator. Significant suppression of
RRO by an optoelectronic feedback circuit inserted
directly into the pump current is well known.6-?
However, there are a few technical problems in this
system that limit further improvement of its inten-
sity stability. The primary problem associated with
this system is the sharp 180° phase change across the
RRO, which, in practice, is electronically compen-
sated with difficulty; thus it is technically challenging
to reach the high-gain limit for a given system. An
alternative method for suppressing the intensity
noise of a laser is to insert an amplitude modulator
(AM) controlled by the optoelectronic feedback into
the laser beam.18.19 This feedback loop is designed
easily and can reach high gain because no under-
damped driven second-order oscillator is included in
it. But the RRO peak cannot be suppressed effec-
tively by this method. Optoelectronic feed-forward
acting on the AM has been used for producing perfect
noiseless signal amplification.2° In this paper we
describe a highly effective system for suppressing the
intensity noise of a LD-pumped single-frequency Nd:
YVO, laser. Based on analyzing the differences be-
tween the intensity-noise spectra suppressed by
means of feedback and feed-forward, we exploit two
techniques, an optoelectronic feedback circuit in-
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Fig. 1. Schematics of (a) the feedback and (b) the feed-forward
loops. D; and m;, in-loop detector and its quantum efficiency;
PBS, polarizing beam splitter; A/2, half-wave plate.

serted directly into the drive current of the laser di-
ode and a feed-forward loop acting on an AM inserted
into the laser beam in the system. Because of the
combination of the two techniques, both the RRO and
the intensity noise in low frequencies have been re-
duced significantly.

2. Feedback and Feed-forward Control

Schematics of feedback and feed-forward loops are
shown in Figs. 1(a) and 1(b), respectively. A small
amount of light split from the laser beam by a polar-
izing beam splitter is detected by a photoelectric de-
tector. Then the signal is amplified by an electronic
feedback loop. The amplified electronic signal is im-
posed on the AM placed in the laser beam. We can
write the input laser beam in the linearized form

Ain(t) = Ain + 814in(t)> (1)

where A, is the field annihilation operator, A, , is the
classic steady-state value of the field, and 84,, is a
zero-mean operator that includes all the classic and
quantum noises. After passing the AM in the feed-
back loop, the laser field is written as

Ain,(t) = Am(t) + Bf" (2)

where 87 is a fluctuating term added in the laser field
by the AM, which does not affect the steady-state

value of the field. The laser beam is then split by a
beam splitter with intensity transmittance €;. The
reflected beam is incident upon the in-loop photode-
tector with efficiency m; to produce the feedback cur-
rent. The transmitted beam is the output field (out
of loop). The out-of-loop and the in-loop fields are
given by

AoutLP(t) = VEAin,(t) — 1 — &dvy,
Ap(t) = \/;(wl -4, () + \/;1801)
+ \1 802, (3)

where vacuum fluctuations dv; and dv, stand for the
noises from the beam splitter and the in-loop photo-
detector, respectively. According to the law of en-
ergy conservation, vacuum fluctuations dv,
introduced into the reflected beam should be anticor-
related with those into the transmitted beam. Pho-
tocurrent i7;,;p may be expressed in terms of the
detected in-loop field as

fip = A (OA (D). (4)

When we retain only first-order fluctuation terms, the
fluctuations of the in-loop photocurrent are given by

dinLe = A’ \/711(1 - 31)(\5“"7]1(1 - SI)BXAin’
+ \Thslqul + 1 - 7]18sz), (5)

where 38X, ,, 8X, , and 8X,, are the amplitude fluctu-
ations that correspond to the input field, to the vac-
uum noise from the beam splitter dv,;, and to the
nonunity detector efficiency dv,, where 8X, =
8A,,'(t) + dA}f (t) and 8X,, = dv; + dv;". Fluctuation
field 87 may be expressed as a convolution of the time
response of the feedback electronics, k(¢), and the ac
component of the in-loop photocurrent, 8i;,; p(t — 7):

oF = _J k(T)aiian(t - T)dT

—o0

= —f“ (1) A \mi(1 = e[ ymi(1 — £)8%,,

X (t—71)+ \ni€dX, (¢ — 7)

+ 41— 7118Xu2(t — 7)]dr, (6)

where the minus is involved with negative feedback.
The amplitude fluctuation spectrum of the output
field A, 1 p(t) is the expectation value of the Fourier
transform of the absolute squared amplitude fluctu-
ations, i.e., V yplw) = (|8§(w)|2). In experiments,
we obtained V. p by normalizing the power spec-
trum with a spectrum analyzer to the quantum-noise
limit (QNL), which is the noise spectrum of a coher-
ent state with the same optical power. Equations
(2), (3), and (6) may be solved in Fourier space to give
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the amplitude fluctuation spectrum of the output

field A, p(t):

eedback

The feedback and the feed-forward loops have the
same minimum out-of-loop noise spectrum, which is

|€1 — h(w) - 1?

&1 — my)|A(w)?

outLP ( )

|1 + h( )‘2 1n(w)
1- s1)51”f11[Vin(03) -

—&)|1 + h(w)]?
1] + &|h(w)|?

V6v1 + V‘o‘u2

(1 - &)m|1 + A(w)f*

=1+

(1 —e)mll + A(w)f? ’

(7

where the transfer function A(w) = k(w)A;;m:;(1 — €)
of the feedback system summarizes the effects from
the beam splitter, the control electronics, and the AM
and the noises from the beam splitter and the non-
unity detector efficiency are on the level of the QNL:
Voo, = = 1.

In the feed forward loop a beam splitter of trans-
missivity €, is placed in the laser beam before the AM
[Fig. 1(b)]. Similarly, the out-of-loop and the de-
tected in-loop fields are given by

AoutLP(t) = \‘EAin(t) - /_731801,
Aip(®) = (V1 — £,4,(0) + \&30y) + 1 = m130,.
®
After it has passed through the AM, the out-of-loop
field is written as
A i (8) = Aguun(t) + 87, 9)

where 87 is a small fluctuation term added in the
laser field. Solving Egs. (9), (8), and (6) in Fourier
space, we obtain the amplitude fluctuation spectrum
of the output field A_ . p'(£):

Ve w) = [Vey = h(w) Vi) + |1 - &
/; 2
T h(w) —L .
((0) \m dvy

h(e ) /( M)
—&)m
Minimizing Vieedback( ) and yiorward( ) we get the

optimum gain of the feedback and the feed-forward
loops for suppressing classic noise:

(10)

V802

haaac(®) = M1(1 — &) (Vi — 1) (11
1—g) eV, — 1
B a(e) = ML EE L

1+m(1—¢)(Vy,—1)°

With the optimum gains, the minimum out-of-loop
noise spectrum is obtained:

V?eedback(w) forward(w)
£1(‘7in - 1)
=1+ .13
1+m(1—e)(Viy, — 1)
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above the QNL. This is a fundamental limit to the
performance of an intensity-stabilization loop.
When the classic noise V,,, — 1 less than 1/(1 — g,),
the noise is not suppressed by the control loop. The
noises relative to the QNL of the out-of-loop light as
a function of the loop gains at different laser noises
for the feedback and the feed-forward loops are
shown in Fig. 2. For the feedback loop, large laser
noise needs large gain for maximum suppression [see
Eq. (11)]. Further attempts to suppress the remain-
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Fig. 2. Theoretical plots of the noise levels for (a) the feedback
and (b) the feed-forward loops versus the loop gains at several laser
noises: (i) 0 dB, (ii) 5 dB, (iii) 10 dB, (iv) 20 dB, and (v) 30 dB.
g =m; = 0.95.
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Fig. 3. Optimum gains for (i) the feedback and (ii) the feed-forward
loops as a function of laser input noise V;,. & = m; = 0.95.

ing laser noise by increasing the gain will actually
cause the noise to rise again. In the high-gain limit
the out-of-loop noise is found to be

&
+ 77
n1(1 —g)

which depends only on beam splitter ratio €, and
in-loop detector efficiency v;. For a Poissonian vac-
uum at the beam splitter (V;, = 1) the high-gain
limit of the out-of-loop noise is always greater than 1;
i.e., it is always super-Poissonian. This result is in
agreement with those calculated from other
quantum-feedback models.® The cause of this be-
havior lies in the vacuum fluctuations introduced by
the beam splitter. The noise that is due to the beam
splitter in the out-of-loop field is out of phase with the
noise introduced in the in-loop field. Negative feed-
back therefore amplifies the beam-splitter vacuum
noise in the out-of-loop field, preventing sub-
Poissonian intensity statistics. For the feed-
forward loop the gain for maximum suppression
reaches a limit with increasing laser noise:

lim (eredback) =1

H(w)—

(14)

Hm [Afaa(@)] = (& (15)
For the gain Ag, . ..q(®) = V&, the laser input noise
term (the first term) in Eq. (10) is eliminated and only
the vacuum input noise term is retained; thus the
out-of-loop noise spectrum of the feed-forward loop is
equal to that of feedback loop in the high-gain limit:

hm (Vforward) = hm (eredback)
H(w)=Jer/m(1-¢1) H(w)—
—1+— (16)
”fh(l - 51) '

When we further increase the gain, the out-of-loop
noise spectrum will rise quickly. Figure 3 shows the
optimum gains for (i) the feedback and (ii) the feed-
forward loops relative to the input laser noise. Com-
paring curves (i) and (ii), we can see that, when the
laser noise increases, the optimum gain required by
the feed-forward loop is smaller than that required by
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Fig. 4. Theoretical plots of noise versus loop gains for (a) the
feedback and (b) the feed-forward loops at several phase lags: (i)
0, (ii) /8, (iii) w/4, and (iv) 3w/8. V,, =30dBand &, = m; = 0.95.

the feedback loop. Usually, in practical systems la-
ser noise is significant and the in-loop electronic gain
can not be made high; thus use of a feed-forward loop
should be preferable. However, time delays are ac-
tually included in the feedback and feed-forward
loops, which have an important influence on sup-
pressing noise, as they introduce a phase lag. Fig-
ure 4 shows the effect of the phase lag in the loop on
noise suppression. Noise suppression with the feed-
forward loop is more sensitive to phase lag than that
with the feedback loop.

3. Experiment

Figure 5 is a schematic of the diode-pumped single-
frequency Nd:YVO, laser used in our experiments.

M4 M3
M2 4 P
Pump light

\ P
A2 TGG Nd:YVO,
Fig. 5. Schematic of a single-frequency ring Nd:YVO, laser.
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Fig. 6. Experimental arrangement for combining the two tech-
niques of the optoelectronic noise control. FW’s, feed-forward
loop; D, D,, detectors.

The unidirectional ring laser is pumped by a laser
diode through an optical coupling system. Input
mirror M1 has antireflection coating at 808 nm on
both internal and external facets and high-
reflectance coating at 1064 nm on the internal facet.
Concave mirrors M4 and M3 have high reflectivity at
1064 nm. A terbium gallium garnet (TGG) crystal
and a half-wave plate (\/2) are placed in the cavity as
an optical diode to enforce unidirectional operation.
Output coupler M2 has 96% reflectance at 1064 nm.
The pump power that corresponds to the lasing
threshold is 200 mW. The output power of the laser
is 350 mW at 1064 nm with a pump power of 1.5 W.

A schematic of the experimental arrangement for
noise control and monitoring of a laser is shown in
Fig. 6. In-loop and out-of-loop detectors D, and D,
use Epitax 300 InGaAs photodiodes. The beam
splitter in Fig. 6 consists of a rotatable half-wave
plate and a polarizing beam splitter that may adjust
the beam splitter ratio €. D; (Analog Modules
714A), which also includes an electronic amplifier,
has a large gain and broad bandwidth from 10 kHz to
~100 MHz. The power of ~1 mW is detected by Dy;
then the photocurrent amplified by a Mini-Circuits
ZHL-6A amplifier acts on an electro-optic modulator
(New Focus 4104), which, along with a polarizing
beam splitter, forms an AM. The gain of the in loop
is controlled by variable attenuators (Trilithic RA-50-
BNC). A transimpedance optical amplifier circuit in
D, is used to convert the photocurrent to voltage.
Detector D, samples a small fraction of the out-of-
loop laser from a beam splitter, and the detected
photocurrent is ~1.3 mA. The power spectrum of
the detected signal is recorded by a Hewlett-Packard
HP-8890L spectrum analyzer. The spectra of the
QNL are given by means of white-light illumination;
each produces the same amount of photocurrent (1.3
mA).21

Figure 7 shows the noise power spectra of the out-
of-loop fields when the in-loop gain is adjusted to
achieve the maximum intensity-noise suppression for
the feedback and feed-forward loops. Curves (i), (ii),
and (iii) are the spectra for free running, i.e., h(w) =
0, feedback, and feed-forward, respectively. Noise
suppression with feed-forward is better than that
with feedback at the low frequency because when the
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Fig. 7. Feedback and feed-forward experimental noise spectra:
(i) free running, (ii) feedback, (iii) feed-forward, (iv) the QNL.

electronic circuit has been saturated the optimum
gain required by the feedback loop is still not reached.
This means that the optimum gain required by the
feedback loop cannot be provided by our experimental
setup; however, the smaller gain required by the
feed-forward loop may be satisfied easily. Figure 8
shows the noise spectra (i) free running and with the
feed-forward loop with (iii) the optimum gain of 3 dB,
(i1) less than the optimum gain, and (iv) more than
the optimum gain. For gain that is less or larger
than the optimum gain, the noise suppression be-
comes worse. However, the change in the noise
spectrum is small near the optimum gain when the
feedback loop is used. The experimental results
agree with the theoretical expectation from Fig. 2.
The peak of RRO cannot be reduced effectively by the
optoelectronic forward or feed-forward loop acting on
the AM.

To reduce the peak of RRO we combine two tech-
niques for optoelectronic control of the AM in the
laser beam and the pump current of the LD as shown
in Fig. 6. First, significant suppression of RRO is
achieved by an optoelectronic circuit inserted directly

Noise Power (dBm)

200.0k 400.0k 60(;.0k 806.0k 1.(I)M

Frequency (Hz)

Fig. 8. Noise spectra with feed-forward loops of several gains: (i)
free-running, (ii) less than the optimum gain of 3 dB, (iii) the
optimum gain, (iv) larger than the optimum gain of 3 dB, (v) the
QNL.
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Fig. 9. Experimental noise spectra: (i) free-running, (ii) with
only the optoelectronic feedback on the pump current, (iii) with
only using the feed-forward, (iv) with the optoelectronic feedback
control on the pump current of the LD and the feed-forward loop
inside it, (v) with the optoelectronic feedback control on the pump
current of the LD and the feed-forward loop outside it, (vi) the
QNL.

into the pump current. We inject the error current
directly into the diode laser from the driving circuit to
minimize the time delays. This circuit consists of a
buffer (BUF634) followed by a 100-( resistor with a
1-nF capacitor in parallel, followed by a 4-pF capac-
itor in series, which ac couples the injected signal to
prevent any change in the output power of the diode
laser. The noise suppression circuit used in the
feedback loop consists of three noninverting amplifi-
ers and a series of active filters to provide phase
advance and gain. The phase advance filter can en-
hance the performance of the control loop, including
second-order resonance. We adjust the phase ad-
vance value of the noise reduction circuit and achieve
the maximum phase advance 40° at 220 kHz with a
maximum electronic gain of 30 dB. Figure 9 shows
the intensity-noise spectra of the single-frequency
Nd:YVO, laser. When only the feedback control on
the pump current of the LD is used [curve (ii)], the
intensity noise is reduced by 28 dB at the RRO fre-
quency relative to that of the free running laser
[curve (1)]. The noise is amplified near 400 kHz be-
cause the open-loop gain approaches —1 there.
Then we place the AM of the feed-forward loop inside
[curve (iv)] or outside [curve (v)] the optoelectronic
feedback loop acting on the pump current of the LD
(Fig.6). The intensity noises are further suppressed
significantly, as shown in Fig. 9. The feed-forward
loop inside the feedback has an influence on in-loop
gain of the optoelectronic feedback loop on the pump
current of the LD; thus there is little difference be-
tween curves (iv) and (v). When two techniques are
applied, the intensity noise of laser is significantly
suppressed, especially at RRO.

4. Conclusions

We have investigated the properties of a feedback
and a feed-forward loop, demonstrating that the feed-

forward loop needs smaller gain to obtain maximum
noise reduction for large noise than the feedback loop
needs; however, the maximum noise suppression of
the feed-forward loop is more sensitive to the phase
lag than that of the feedback loop. We compared the
noise suppression spectra of a LD-pumped single-
frequency Nd:YVO, laser by means of feedback and
feed-forward loops. The feed-forward loop can effec-
tively reduce intensity noise at the low frequency;
however, the peak RRO cannot be suppressed signif-
icantly. We further suppressed the RRO of a laser
by combining an optoelectronic feedback circuit in-
serted directly into the drive current of the LD and
the feed-forward loop whose control element is an AM
in a laser beam. It has been shown that the RRO
and the intensity noise in low frequencies were re-
duced significantly, by ~40 and ~20 dB, respectively.
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