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Design of concentric ring
bi-detectors to obtain directly
the curve of frequency

discrimination

HUANG MAO-QUAN, ZHANG KUAN-SHOU, ZHENG JING-LING,

LIAN YI-MIN

A novel concentric-ring shaped Si-photocell bi-detector, to detect the frequency-
discrimination curve, is suggested and details of the design procedure are given.
The design is based on the shrinkage and expansion of the interference fringe of a
confocal Fabry-Perot cavity when either the cavity length is scanned or the light
frequency modulated. It has been successfully used in frequency-stabilized pulsed
Nd:YAG laser systems and gives a frequency-stability of better than 1 MHz.
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Introduction

A frequency-stabilization system using a Fabry-Perot

(F-P) confocal cavity as the reference cavity has been

extensively used in laser techniques because of its wide
frequency tuning range.

The amplitude—frequency characteristics of the Fabry-
Perot cavity are used to obtain error signals. Generally,
this is achieved in two ways. The first method is the
modulation, synchronous demodulation detection
method!. However, the bandwidth of the system is
narrow and the falling side of the frequency-
discrimination curve is narrower still. An accidental
frequency jump can easily cause the laser to become
out of lock. The other method is to lock the laser
frequency to one side of a transmission fringe of the
F-P cavity by means of the usual differencing servo-
technique”. Short-term stability can be improved.
However, a shift of the light axis and/or a variation of
light intensity may cause frequency instability.

In recent years, attention has turned to the phase—
frequency characteristics of a Fabry-Perot cavity. The
error signal at the ends, far away from resonance,
remains strong enough to permit re-locking even after
larger accidental frequency jumps. In addition, it also
offers a larger signal-to-noise ratio.
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In its early stage, a dispersive frequency-stabilized
system is achieved by placing a piece of polarizer in the
Fabry-Perot cavity’. However, a polarizer in the cavity
will degrade the finesse of the cavity, and this system
also needs a larger number of optical elements. Drever
et al. gave another method* of obtaining the frequency
error signal from the reflected light of a Fabry-Perot
cavity—the method of checking the RF phase-
modulated sideband with an optical heterodyne
method—and built a high precision, low noise laser
frequency stabilization system. However, this system is
very complicated.

We have designed a simple frequency-stabilization
system. It uses a Fabry-Perot cavity as a reference
cavity but uses a parallel bi-detector as shown in Fig.1.

The system detects the difference in the transmitted
light from a Fabry-Perot cavity and gives the error
signal without the light being modulated. It also gives a
good result, of less than 1 MHz, for a cw Nd: YAG

Fig. 1 Diagram of parallel bi-detector
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Fig. 2 Diagram of concentric bi-detector

laser’. However, a detailed analysis shows that it does
not work at the central interference spot, where the

dispersion is largest. Thus, we suggested and designed a
concentric-ring shaped bi-detector. This works well in
the frequency stabilization of a pulsed Nd : YAG laser.

Design principle

The interference ring fringe of a confocal Fabry-Perot
cavity will shrink or expand when either the cavity
length or the light frequency is changed. Thus, if a
concentric-ring shaped bi-detector is placed at the
centre of the interference fringe, with its axis coincident
with the cavity axis, we can obtain the error signal
directly by the voltage difference of the bi-detector.

The diagram of the detector is shown in Fig. 2. It
consists of a round detector A and a ring detector B.
The two detectors are connected in series in an inverted
order. Therefore, the output of the bi-detector will be

Up = U, — Uy (1)

In normal conditions (the laser working at the to-be-
stabilized frequency), the photo-voltages of A and B
will balance and the bi-detector gives a null output.
However, if the laser varies from its normal frequency,
the balance changes and an error signal will be given,
with different signs (+ or —) for different changes (an
increase or decrease) if the light is modulated or the
cavity length is scanned. We will obtain the frequency
discrimination curve directly.

Interference pattern of a Fabry-Perot confocal
cavity

As is well-known, when a laser beam of wavelength \ is
incident on a confocal Fabry-Perot cavity, the intensity
distribution function of the interference fringes is

1p.3) = 1o/{ (1 = B)’ + 4R{sin(/2)]"} 2)

here R is the reflectance of cavity mirrors, ¢ = 27A/\
and A are the differences of the phase and optical paths
between successive interfering beams. A simple
geometric-optics calculation gives

A =d4r 4 p*/r (3)

where r is the radius of curvature of cavity mirrors and
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p is the distance from any point on the focal plane to
the optical axis of the cavity. When ¢ = 2mr or

A = mA, where m is a positive integer, we obtain the
interference maximum of the integral order m with the
radius

1/4

Pm = [(m)\ — 4r)r3] 4)
The radial dispersion is
j—i = (mr [4)[(mA — 4r)rP] " (5)

In the case of mA = 4r we have p,, = 0 (see (4)), the
mth order interference maximum appears on the
optical axis and the maximum of the radial dispersion
also appears here (see (5)).

Design of concentric ring bi-detector

The round detector A and ring detector B are made of
the same material and have the same quantum
efficiencies. The crucial point of the design is the choice
of pa and pg, which must meet the following
requirements.

(1) When the laser is working at the correct frequency
(Fabry-Perot cavity resonance), it gives a null
output.

(1)) When the Fabry-Perot cavity is out-of-resonance,
it should give an error signal as large as possible.

While the first requirement can be exactly expressed by
PA PB
/ I(p, Xo)2mpdp =/ I(p, Xo)2mpdp (6)
0 pa

the second requirement does tolerate some
arbitrariness. A reasonable choice is that we choose
both pa and pg to lie inside the central range, as shown
in Fig. 3.

| —

0 PA PB

p—>=

Fig. 3 The intensity distribution scheme of the central
interference fringe

The value of pg can be determined by direct
observation. Yet we make a numerical estimation by
calculating p; >, the radius at which the light intensity

is just half that at the centre under resonance, that is
Iy
I(PI/ZB) = 1/2Inax = E(T——R)Z
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Fig 4 Layout of the pulsed frequency-stabilized laser

I I
2 . 2 2 (7)
Expanding the function sin(¢/2) around its maximum

into a Taylor’s series and taking the fourth-order
approximation

A 2 P . 2m
sin(p/2) = sin TW (4,+J3ﬁ> — sin 2
r

Ar3
8
. ®)
TPy
Ar3
we readily obtain that
(1— R3]
Pr= "% 9)
2mvVR

In our experimental system r = 102 mm, R = 99% and
A = 1.064 pm, thus p;, = 1.16 mm.

The laser light has a definite linewidth and a detailed
analysis shows that this linewidth can be subdivided
into two kinds according to their origin: one is the
intrinsic linewidth of the light that is very narrow
(single frequency); the other is caused by the frequency
drift of the laser oscillation. As the bi-detector has a
rapid response, the linewidth has little effect in the
design procedure and is thus neglected.

In practice, we take pg = 2.0 mm, and p, is determined
by (6) through numerical integration to give

pa = 0.94 mm~ 1.0 mm. The fine adjustment of the
balance between Ua and Up is achieved by adjusting
the matching (loading) resistors of detectors A and B.

Application

For a frequency locked pulsed Nd: YAG laser, we
designed a frequency-control system consisting of a
confocal Fabry-Perot cavity, a concentric bi-detector,
an autosearch compensator and a quick-reaction
frequency controller. Using this system we have
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obtained an output of the frequency-stabilized pulsed
laser light at 1.064 um with a pulse width of 0.7 ms, a
peak power of more than 100 W, and frequency-
stability of less than 1 MHz (see Ref. 6).

Figure 4 is the layout of the pulsed frequency-stabilized
laser set, in which the concentric bi-detector (D-) is
placed at the centre of the transmitted interference
pattern of the confocal Fabry-Perot cavity. The error
signal received by D, is amplified and fed back to the
electro-optic crystal LN, which is placed in the laser
cavity, to result in the change of its refractivity. The
quick response of the electro-optic crystal to the error
signal can immediately compensate for the shift of laser
wavelength by changing the optical path of the laser
cavity.

Figure 5 shows the transmission curve of the confocal
cavity recorded by detector A when the Fabry-Perot
cavity length is scanned by applying a periodic
sawtooth voltage on the PZT that holds one mirror of
the cavity. In our experimental system

r = L = 102mm, the spectral range is

Av = C/2L = 735 MHz. According to the
experimental data used, one obtains a 1 ms time
interval corresponding to a frequency width of

1200 MHz. Figure 6 is the curve of the frequency-
discrimination obtained under the same conditions as
Fig. 5. The width and amplitude of the peak-to-peak

Fig. 5 Transmission curve of the confocal cavity

329



Design of concentric ring bi-detectors: H. Mao-Quan et al.

20mU  PEA

Fig. 6 Curve of the frequency discriminator

signal are 24 MHz and 108 mV:; therefore, the electric
signal of 1 mV corresponds to a frequency shift of
0.22 MHz.

Figure 7 shows the transmission curve of a Fabry-Perot
confocal cavity after the laser frequency is locked in.
The frequency stability is less than 1 MHz. The pulse
width, output energy and output power of the laser are
0.7 ms, 90 mJ and 130 W respectively®.

Conclusions

The curve of frequency-discrimination can be directly
obtained with the concentric bi-detector. The simple

Fig. 7 Transmission curve of a confocal cavity with frequency
lock-in

frequency-control system has a high sensitivity and a
quick response speed. In addition, as the laser is
locked to the centre of a cavity resonance, this bi-
detector can also be used in the frequency locking of a
OPO cavity.

References

1 White, A.D. /[EEE J Quant Electron, 1, (1965) 349

2 Barger, R.L., Sorem, M.S., Hall, J.L., Appl Phys Lett, 22 (1973)
573

3 Wieman, C.E., Opr Lett, 7-10 (1982) 480

4 Drever, RW.P., App/ Phys B, 31 (1983) 97

5 Peng, K.C. et al. Chinese J Laser, 16 (1989) 449

6 Huang, M.Q. et al. Chinese J Laser, 20 (1993) 24

Optics & Laser
Technology

330

Optics & Laser Technology
Vol 27 No 5 1995



