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An External Cavity Diode Laser Sensor

RONALD O, MILES, MEMBER, IEEE, ANTHONY DANDRIDGE, ALAN B. TVETEN, AND
THOMAS G. GIALLORENZI, SENIOR MEMBER, IEEE

Abstract—A simple compact optical sensor system consisting of a
near-field external cavity coupled to a semiconductor laser is reported.
In this device, a change of phase in the light fed back into the laser
cavity by the perturbed external mirror modulates the output of the
laser by effectively changing the laser facet reflectivity. Phase shifts of
9.10°% rad and 107% rad were measured at 10 kHz and 100 Hz,
respectively, using a 1-Hz bandwidth and a 98-percent reflector placed
less than 10 um from the laser facet. The sensifivity of these devices
is shown to be limited by the intrinsic amplitude noise of the laser.
The implementation of this sensor configuration is reported as an
acoustic sensor, hydrophone, magnetic field, and current sensor as well
as an accelerometer.

I. INTRODUCTION

DVANCES in optical sensors have recently occurred
Aprimarily in fiber-optic systems. These devices sense
either a change in phase or amplitude of the light propagating
in the fiber due to a perturbation by an external field. Phase
sensitive devices consist of single-mode fiber, generally, con-
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figured in the form of a Mach-Zehnder-type interferometer
with a reference arm and a signal arm [1]-[5]. Small changes
in the phase of the light propagating in the signal arm are
induced by an external field. When combined with the light
in the unperturbed reference fiber at the detector, small
changes in phase are easily detected. Such devices can be
made increasingly sensitive by increasing the fiber-interaction
lengths. Phase shifts on the order of a microradian have been
detected with these sensors [4], [5].

Other fiber configurations sense changes in light transmission
through the fiber. In this case, external fields create a wave-
guide loss which results in an intensity or amplitude variation
in the output proportional to the applied signal [5]-[8].
Amplitude sensing devices are, in general, less sensitive than
interferometer configured sensors [7], [8]. The advantage of
this sensor is simplicity of construction and compatability
with multimode fibers. Fiber-optic sensors have been used to
measure various environmental conditions. Recently, how-
ever, they have been constructed as magnetic field, temperature,
current, acoustic, and acceleration sensors.

In this paper, we discuss recent developments of another
sensor that is primarily a phase-sensing device, the external
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Fig. 1. Diagram of an external cavity laser diode sensor.

cavity diode laser or simply referred to as a laser diode sensor
[9], [10]. A schematic diagram of this device is seen in Fig. 1.
The laser diode sensor consists of a laser diode acting as a
coherent light source tightly coupled to an external reflector
where d <<L. The presence of the external reflector creates a
standing wave which alters the effective facet reflectivity of
the laser diode source. A slight change in position of the
external reflector alters the phase of the light reflected back
into the laser cavity thus varying the effective laser facet
reflectivity. The output is monitored by a large area photo-
diode at the opposite output facet. '

Because the sensitivity of the fiber interferometer sensor is
proportional to the length of the fiber arms, the ultimate
sensitivity of the diode laser sensor will be somewhat less than
its fiber counterpart. Unlike the fiber system, the external
cavity diode laser sensor is simple and quite easily packaged in
a relatively small volume. The attributes of this device indi-
cate a small, inexpensive package with microradian sensitivity
and large dynamic range. While this device may be considered
very much a point sensor due to its geometry, it is possible by
using a fiber or other type of waveguide to attach the external
mirror to the laser and to extend its interaction length and
sensitivity. In this case, the sensor becomes sensitive to changes
in the waveguide or fiber-transmission characteristics. In this
extended configuration, it is possible to incorporate some of
the desirable characteristics of the fiber sensors described above,
such as flexibility and increased sensitivity. As in the case of
fiber sensors, the laser diode sensor can be configured to sense
acoustic waves, magnetic and electric fields, current, tempera-
ture, and acceleration.

II. THrorRY AND OPERATION

A. Spectral Characteristics

In the configuration of Fig. 1, light is fed back into the
diode laser cavity from the external reflector. The effects
observed in large-dimension external cavity lasers whered => L,
such as the presence of external cavity modes in the emission
spectra and spectral narrowing from several megahertz to a few
hundred kilohertz [11], are not observed in this configuration
where d << L. Since the external cavity modes for these
dimensions are spaced much farther apart than the gain profile
for the laser cavity, their effects are minimal. The emission,
however, remains on a single longitudinal mode with the out-
put and frequency stability significantly improved. Photo-

graphs of the laser output at about 1.2 [y, is compared in Fig.
2(a) for the coupled and uncoupled cases, where coupling is
to a 4-percent external reflector less than 5 um from the laser
facet. Accompanying this effect is an observed decrease in the
linewidth by a few megahertz; as shown in Fig. 2(b) and an
increased frequency stability appearing as a reduction in phase
noise [12], [13], in the order of 5-10 dB.

B. Effective Reflectivity and Resonator Coupling

In the configuration of Fig. 3(a), the laser diode source is
tightly coupled to an external reflector in a short cavity
(d << L). The presence of an external mirror coupled to the
laser within a few wavelengths effectively alters the reflectivity
of the nearest laser facet. The equivalent diagram is shown in
Fig. 3(b), where the influence of the external reflector is
integrated in an expression for effective reflectivity, which is a
function of X and d. In this model, it is necessary to include
an expression for the coupling of light from a planar reflector
into the laser through an aperature. This model must also
include an expression for the effective facet reflectivity as a
function of phase angle, due to the presence and motion of a
near-field reflector, as was done by Voumard ef al. [14].

A second expression which adequately describes the laser
power output above threshold in terms of effective facet
reflectivity will describe the performance of the external
cavity laser diode as a sensor.

Complex reflectivities for the field amplitudes are used to
denote the diode (py, p2) and external (p,,) mirrors, where
all mirrors are assumed to be lossless. Since the external mirror
is assumed to be tightly coupled to the laser and d << L,
multiple reflections are possible. Therefore, in this model, it is
also important to take into account beam divergence and spot
size of the light emitted from p,. To do this, an individual
coupling factor C, at the nth reflection for p, must be in-
cluded. p, is obtained by summation of all the field contribu-
tions reflected back into the active region of the laser diode

Pe=pP2 - : ;jz é Ca(-p20m exp (2i6g))" (1)
where

0 = 2nL/A (2

Ry =|p,|* =032 3)
and

pe = VRe exp (i6,) 4)

Or is the phase term corresponding to one external resonator
length Lp at \. 0, is the effective phase change on reflection.

The coupling coefficient C, is dependent upon the configu-
ration of the external resonator and the emitting area of the
laser diode. Losses are assumed mainly due to diffraction. No
general expression describes all possible coupling configurations,
however, Roess [15] has derived expressions for coupling
from a rectangular aperture to planar reflectors in both the
near- and far-field cases. His model is based on an unfolded
equivalent resonator formed by the emitting area of the diode
and its image separated by 2Lp. Coupling for this configura-
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Fig. 2. (a) Emission spectra of a single-mode Hitatchi HLP-1400 laser
at 1.2 fyy, for the uncoupled (free running) laser and the laser coupled
to a 4-percent external reflector <5 pm from the laser facet. Data
taken with a scanning Fabry-Pérot interferometer scanning 3 orders
of spectral range. (b) Heterodyne line measurement technique show-
ing narrowing on the order of a few MHz.
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Fig. 3. Schematic representation of a diode laser coupled to an ex-
ternal cavity. (a) p; and p, are the complex reflectivities of the laser
diode facets and p,, the reflectivity of the external mirror M. (b) p,
(A, d) is effective reflectivity of the laser facet influenced by the
external reflector.

tion is by Fresnel diffraction where
F,(L)=a*\d
Fyp(L) = b*/\d (6)

are Fresnel numbers for the stripe aperture. 2a and 2b are the
thickness and the width of the near-field spot size on the laser
facet. For large Fresnel numbers where

F,, Fy>>1
C, = {1- 03[F,(nd)] 37 - 03[Fy(nd)] 112, (7)

For small Fresnel numbers coupling losses can be estimated by

%)

(b)

Frauenhoffer diffraction, where
F, F,<<1
Cy= TIFa(nd) ? Fb(”L)] . (8)

7 is a geometric proportionality factor (for the diode laser =
0.072). In the case where

F,<0.8 and F}, > 0.8,

The coupling coefﬁciént is
Ca = (¥Fa(nd) - {1~ 0.3[Fy(nd)] 12, )

The dimensions of the spot size, 24, and 2b are critical in
determining the coupling from the external reflector into the
laser cavity. For devices using index-guided symmetric wave-
guides such as the buried heterostructure, the near-field spot
size at the facet can be estimated from the far-field radiation
pattern, using an approximate relationship developed by Botez
[16]

w=B4031+3.15/D%* +2/D5, 15<D<6 (10)
where
2
D= (f-) - d(n? - n3). (11)

d is the thickness of the active layer and n; , i, are the refrac-
tive indexes of the active layer and cladding layers, respectively.
For lasers where the beam is guided by both the waveguide
index and the pain distribution in the waveguide, (10) does not
hold in all cases. Usually, to insure a single transverse mode,
the beam is index guided in the direction transverse to the
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Fig. 4. Maxima and minima of the effective reflectivitics of several
lasers coupled to an external cavity as the coupling distance is varied
from 1 to 50 um. The effective aperature for each laser is listed.

TABLE [
NEAR-FIELD SpoT S1zE FOR SEVERAL COMMERCIALLY
AVAILABLE LASER STRUCTURES
(The above data was obtained from the manufacturers in private
communication.)

Laser 22 )

type i jum Manufacturer

CsP 35 4 Hitachi

CSP .65 2.5 M/ACom Laser Diode
csP 1.0 4.0 M/ACom Laser Dicde LOC
B.H. W3 1.5 Hitachi

TJS .65 2.5 Hitsubishi

junction and, therefore, (10) can be applied. However, the
width of the spot size (that dimension parallel to the junction)
must be calculated from the solution of the waveguide modes
for the near-field case or measured from the near-field spot
size. A listing of the near-field spot sizes for several common
laser structures which are potentially useful in various laser-
diode-sensor applications, are given in Table I.

From (1) the effective reflectivity of the external cavity laser
diode is seen to vary sinusoidally as a function of d. In Fig. 4,
the maxima and minima of the effective reflectivity R, = p2
from (1) are plotted as a function of external cavity length, as
d is varied from 1 to S0 ym. Various laser structures are com-
pared. A high degree of coupling is assumed in each case
(N = 10).

From Fig. 4 it is observed that large changes in effective
reflectivity of the external cavity coupled laser occurs where
d is varied within 10 um of the laser facet and as expected,
the laser with the largest near-field spot size shows the greatest
variation in effective facet reflectivity. A plot showing the
sinusoidal nature of the effective reflectivity as d is varied over
3 pm is shown in Fig. 5. A comparison is made showing the
difference in output variation for the strongly coupled case
where 1 = 10 and for a single pass where n = 1. With increased
coupling, the presence of higher order harmonics tends {o in-
crease the slope of the transition between minima and maxima,
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Fig. 5. Variation in effective facet reflectivity for the Hitachi CSP laser
as coupling distance is continually increased over 3 um. Comparison
is made when the resonator is tightly coupled # = 10 and weakly
coupled ton ~ 1.

while the periodicity remains unchanged. As coupling increases
the output appears similar to a Fabry-Pérot interferometer
with moderate fineness.

C. Laser Qutput Characteristics

An expression relating the laser output to mirror facet
reflectivity can be found by considering the laser-rate equa-
tions and using a method outlined by Kato [17]. The laser-
rate equations may be written

1 dp N

e Af_ P+A po

¢ di = 7 T 3)
dN 1

—=8-|—+Pa} N
dt (T o) %)

P is the photon flux density in the diode cavity, N is the
population inversion density in the active region, ¢ is the
stimulated emission cross section for the laser transition, 7 is
the loss coefficient, 7 the lifetime of the injected free carriers,
and A4 is the coupling coefficient of the spontaneous emission
to the lasing mode. S is the pumping rate and is related to the
threshold current density by the expression

20

§==j

= (15)

where 7 is the quantum efficiency, ¢ the unit charge, d the
thickness of the active layer, and j is the forward-driving cur-
rent density. The loss coefficient y may be expressed in terms
of internal absorption and output-coupling losses

y=v+ 3 In(1R) (16)
where 7; is the internal loss term and L the length of the laser
cavity. R is the combined reflectivity of the end facets where
R=R\R,.

The solution of (14) indicates that the population inversion
increases with current density until threshold is reached. At
that point, N approaches its asymptotic value Ny, = 7/o.
Assuming only negligible amounts of spontaneous emission
are coupled into the lasing mode after threshold is reached
(4 << 1), then the pumping rate approaches § = y/or. When
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Fig. 6. Comparison of effective reflectivity and output power for the
Hitachi CSP laser where the external resonator is located 10 gm from
laser facet and J = 1.2 f;,. Horizontal line represents uncoupled laser
reflectivity and power.

this value and (16) are substituted into (15), an expression for
the threshold current as a function of facet reflectivity can be
written
qd 1
Jiw = 5|t T In(IVR1R2) 17
207 | L

when the quantum efficiency for the laser above threshold,
7 is known. The light output power of the laser can be written

in terms of relative driving current Iz =J/Jy, and the thresh-
old current density over the junction area L X W

Py = ﬂoﬁwjth(fﬂ - 1) (18)

since the facet reflectance R, can be replaced by the effective
reflectance R, calculated from (1). Equation (18) isan expres-
sion of the external cavity laser diode output in terms of known
laser parameters and phase effects from the varying position of
the external reflector. A plot of the effective reflectivity R,
and the output power calculated from (18) are shown in Fig. 6
as a function of external-cavity length over 2m rad. The param-
eters used to calculate the output power in Fig. 6 are for the
Hitachi HLP 1400 driven at 1.2 I';y, [17]-[20] whered =3.5 -
10 cm, 7=4-10"%, 0=19:1077, =051, and y=10
em™,

The light output characteristics as a function of current
calculated from (18) are shown in Fig. 7. The change in lasing
threshold is compared for the uncoupled laser (middle plot)
and the coupled laser where light is fed back in phase (low
threshold) and out of phase (high threshold), respectively.
Also shown in Fig. 7 are the data from a Hitachi HLP-1400-
CSP diode laser coupled to a 4-percent reflector placed <10
um from the laser facet, where open and closed circles repre-
sent data points for light returned in phase and out of phase,
respectively. Since actual experimental conditions were not
precisely known, the calculated results are somewhat arbitrary.
However, in this case, the calculated values seem to agree well
with the experimental values when n == 1. The difference in
slope of the output characteristics between the calculated and
observed data is thought to be due to the dependence of the
quantum efficiency of the device on optical feedback. This
dependency was not included in the model.
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Fig. 7. Light output characteristics as a function of currert from (18).
Middie plot is the uncoupled laser characteristics. Lower and higher
threshold characteristics shown for light fed back in phase and out of
phase, respectively, d < 10 um. Open and closed circles represent
data points for HLP-1400 laser coupled to a 4-percent reflector
<10 pm from facet.
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Fig. 8. Laser-diode-sensor output as a function of external reflector
distance from laser facet displaying a A/2 periodicity. Reflector
position for maximum sensitivity is indicated by point 4.

In Fig. 8, the output for the same laser is shown when a
98-percent reflector is placed within 10 um of the laser facet
and continuously moved away. The laser output varied sinu-
soidally with a periodicity of A2 corresponding to a w-rad
phase shift in the movement of the external reflector. Shown
in the same figure is the calculated response using (18), where
the best fit for the experimental data was for the weakly
coupled case, where n = 1.

The external reflector can be optimally positioned for sensi-
tivity by moving it until the output amplitude corresponds to
point A in Fig. 8. At this point the output corresponds to
the uncoupled laser. Slight movements of the reflector in any
direction produce substantial changes in the output intensity
of the laser. Obviously as the external mirror is more tightly
coupled to the laser, as in Fig. 9, the slope of the laser response
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Fig. 9. Calculated laser-diode-sensor output as a function of external
reflector distance from the laser facet. Comparison is made between
the output of a strong and weakly coupled external reflector.

increases, augmenting the sensitivity of the laser output to
the external reflector motion.

The sensitivity of this device as a motion sensor (where
motion in the external reflector can be induced by several
types of external fields) is determined first by the magnitude
of the movement of the reflector to the incident field and
second by the amplitude of the combined noise sources. The
noise floor of the laser source is determined by a number of
noise sources such as quantum shot noise, intensity noise, and
phase noise, which are a result of fundamental properties of
the laser. Thermal noise of the detector should also be con-
sidered as well as contributions from the external cavity struc-
ture. In general, the sensitivity depends on the resultant
amplitude of these noise sources relative to the slope of the
resonator response curve. For example, phase noise due to
the frequency instability of the laser, scales directly with the
slope of the response curve, as the origin of this noise is
interferometric. It should also be noted that the intensity and
phase noise has a 1/f frequency dependence [12], [13] while
detector shot noise and themmal noise are independent of
frequency. A short discussion of these predominant noise
sources follows.

D. Noise Characteristics
1) Shot Noise: The noise voltage developed across the load

resistor R of the photodetector (run photoconductively) by
the current is given by

dV, = \/2qVoAfR (19)

where g is the electronic charge, Af the bandwidth, and ¥
the dc voltage across the load resistance.
The sensor’s output V is approximately of the form

V=~ Vo(1 +sin 2¢)

where ¢=2md{\ is the phase shift caused by the change in
the facet/reflector distance d. At the maximum sensitivity
position, the slope of the response curve is given by

(20)

j—;=2VD cos 29 =2V, (21)
thus the minimum detectable phase shift ¢ is given by
dv;
b5y @)

where ¥, is the dc output of the sensor at maximum sensitivity;
this analysis assumes a 100-percent fringe visibility. Typically
R was 10 kQ and ¥V = 3.5 V, (these values are used in all sub-
sequent calculations). For these values, the shot noise limited
rms phase shift ¢; is ~3 X 107® rad; this corresponds to a
reflector movement of ~4 X 107% nm.

2} Intensity Noise: The noise voltage dV; caused by the
laser’s intensity noise d/, is related to the minimum detectable
phase shift ¢; by

dv;

%=y

(23)
For the low-noise lasers studied in this work, d¥; ~ 2-uV rms
for a 1-Hz band centered at 1 kHz, therefore, ¢y ~3 X 1077
rad.

3) Phase Noise: At the maximum sensitivity point for small
frequency excursions of the laser (such that the interferometer
responds linearly), the output of the sensor d Vg is given by

2nd
dVe =2V, (—f—)du (24)
c
where dv is the rms frequency fluctuation and ¢ is the free-
space velocity of light. Thus the phase noise-limited phase
shift ¢ is given by

g = (‘2"@‘) dv
c

thus for typical values of d (~10 pm) and dv (~10 kHz), ¢ is
~2 X 1072 rad at 1 kHz.

4} Thermal Noise: The thermal noise of the load resistance
is given by the standard Johnson noise equation and corre-
sponds to approximately a minimum phase shift ¢7 of ~2 X
107° rad.

The limiting minimum phase combining all of the listed
sources of noise can be expressed as

@ =2 + ¢ + 9f + 0F.

Obviously, from the discussion above, the chief source of noise
in most laser-diode-sensor configurations will be the laser in-
tensity noise. All other noise sources are nearly 2 orders of
magnitude less. It becomes obvious then that one of the
major criteria in the design of the external cavity laser diode
sensor is a source with low intensity noise.

The actual measured minimum detectable phase shift ¢,
varies from the ideal calculated value ¢, as a function of fringe
visibility ¥ or modulation depth, such that ¢,, = V¢, where

(25)

(26)

Vmax — Vmin

V:
anx + Vmin

(27
and Vpay is the maximum detector voltage and Vp;,, the mini-
mum. It has been assumed in previous calculations for mini-
mum detectable phase shifts that ¥'=1. Typically, V was on
the order of 0.90 or greater.

The modulation depth of this device is dependent upon the
operating point of the laser output characteristics (Fig. 7) as
well as the amount of light coupled back into the laser. A high
degree of coupling insures a maximum threshold shift. The
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equivalent phase shift with frequency;(c) 4- and (e) 98-percent
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laser-output operating point is selected by increasing the
driving current above threshold until Vi, rises slightly above
threshold. It is desirable that the laser operate substantially
above the free-running threshold to insure a good signal-to-
noise ratio, since amplitude noise has been shown to decrease
with forward-driving current [22].

In general, any misalignment of the external resonator cavity
causes decoupling substantially reducing ¥. Mechanical reso-
nances in the external cavity structure appear as discrete fre-
quencies in the frequency-response spectrum of the sensor.
By proper engineering design, such resonances can usually be
designed to occur well out of the spectral region of interest.

Measurements of the minimum detectable movement of the
reflector for the sensor system, diagramed in Fig. 1, were made
by mounting the reflector on a piezoelectric element to allow
a dc adjustment for maximum sensitivity, and to apply a signal
to the position of the external reflector. Using a spectrum
analyzer, the frequency dependence of the minimum detectable
displacement for the HLP-1400 laser diode with a 4 and a 98-
percent external reflector, placed less than 10 um from the
laser facet, was recorded and is shown in Fig. 10. Displacements
of about 3 - 107* and 9- 10™° nm were measured at 100 Hz
and 2 kHz, respectively, with a 1-Hz bandwidth for a 98-per-
cent reflector. It is important to note that all sensors discussed
in the remainder of this paper were limited to this sensitivity.
However, recently measured improvements in the amplitude
noise level of new low-noise CSP lasers, not yet commercially
available, provide a factor-of-4 improvement in sensitivity.

Shown also in Fig. 10 is the amplitude noise of a low-noise
uncoupled laser (solid line) and the corresponding minimum
detectable signal of a sensor using this laser as a source. The
corresponding (f )12 dependence of the amplitude noise of
the uncoupled laser and the minimum detectable signal in the
coupled-laser device indicate these devices are limited by the
intrinsic amplitude noise of the laser.

The dynamic range of this sensor is limited by the minimum
detectable phase shift (approximately 107° rad) and the maxi-
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mum phase shift which is determined by the allowed nonlin-
earity of the sensor response (chosen to be approximately 0.1
rad). Thus the dynamic range is approximately 10°. This
may be increased using an active feedback circuit to lock the
sensor to the point of maximum sensitivity (phase-locked loop).
In this case, when the voltage output of the photo detector
drifts from the preset value for maximum sensitivity, an error
voltage is fed back to the piezoelectric which corrects the posi-
tion of the mirror [21]. With sufficient gain in the electrical
feedback loop, the maximum phase shift may be increased to
about w rad (dependent upon the frequency). Consequently,
at low frequencies, a dynamic range of 107 should be
‘obtainable.

The implementation of these principles outlined above to an
actual device was found to be rather straight forward. Several
rudimentary sensor configurations were constructed and tested.
The simplicity of these devices was impressive, but in most
cases further design engineering is required to rid them of un-
wanted resonances. In some cases, schematic diagrams along
with an actual photograph of the device are shown with the
response data for the device.

IT1. SENsorR CONFIGURATIONS

A. Acoustic Sensor

An external cavity diode laser can be configured as an acoustic
sensor by using a thin plyable glass membrane either coated or
uncoated, as an external reflector. An acoustic pressure wave,
incident on the membrane, modulates the reflector position
with respect to the laser facet, producing a change in phase of
the optical feedback, which is then measured as an intensity
modulation by the photoconductor. When the external reflec-
tor is tightly coupled, the motion of the reflector is along the
direction perpendicular to the plane of the laser facet (x). It
is assumed that the displacement is a linear function of pres-
sure such that Ax = fAp. This configuration requires that the
thin membrane is mounted such that it has an adequate fre-
quency response free of mechanical resonances over the fre-
quency region of interest. The laser facet need not be anti-
reflection coated to produce good results.

A photograph of a laboratory device is shown in Fig. 11.
The laser is mounted on an orthogonal gimbal to provide the
required alignment for good coupling with the external reflec-
tor. A piezoelectric cylinder positions the laser providing a
separation distance for maximum sensitivity. The operating
point for maximum sensitivity is obtained by observing the
output from the rear laser facet with a photodetector mounted
inside of the piezoelectric cylinder. As the laser is moved
closer to the reflector on output response similar to Figs. 6
and 8 is observed; and maximum sensitivity set. The position
of maximum sensitivity, referred to as quadrature, can be
easily maintained by means of an active feedback circuit con-
nected between the photodetector and the piezoelectric
cylinder.

A typical response is shown in Fig. 12, where a calibrated
constant output acoustic source was used to drive the acoustic
sensor. The device’s response was similar over four orders of
magnitude of acoustic sensitivity. A number of resonances
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Fig. 11. Photograph of a laser diode acoustic senser.

—r

100F

i

N |
e N N __
A ¥ "_"\.\\

%
A

AMS QUTPUT mVOLTS

a1 1 10
FREQUENCY kHz

Fig. 12. Frequency respoﬁse of the diode laser acoustic sensor,

(attributed to vibration resonances of the flexible glass mem-
brane) were noted. Careful design of the membrane will be
necessary to move the resonances to higher frequencies yet
still maintain a high degree of sensitivity. The minimum detect-
able signal as a function of frequency for this device is seen in
Fig. 10. The sensor interaction area can be increased some-
what in an alternative cavity configuration where a fiber-
coupled reflector is used for the extended cavity.

B. Hydrophone

A simple hydrophone has been constructed using a configu-
ration similar to the acoustic sensor described previously. A
photograph of the device, showing a partially disassembled
view, is seen in Fig. 13. This device was made considerably
smaller than the previous laboratory acoustic sensor. Coupling
alignment of the diode laser and external reflector is achieved
by 3 alignment screws orthogonally mounted. Maximum sen-
sitivity is set with the piezoelectric cylinder. The entire
mechanical configuration was immersed in caster oil and the
housing pumped down to prevent air bubbles from forming in
the oil. A flexible reflective membrane of gold-coated mylar,
1 mil thick, was used as the reflector and interface with the

water. A small hole 0.2 mm in diameter was drilled in the side
of the housing to serve as a means of balance the static pressure
on either side of the membrane. The hole size was designed
such that its resonant frequency would be well above the
frequency region of interest. The configuration is shown
schematically in the insert in Fig. 14. The response to under-
water acoustic waves for a device similar to the one shown in
Fig. 13 is shown in Fig. 14.

C. Magnetic Sensor

In this sensor, the reflector is attached to an element whose
magnetic properties are such that the presence of a magnetic
field displaces the reflector, with the displacement being pro-
portional to the magnetic-field strength. One simple method
of achieving this result is shown in Fig. 15. The modulation
of the reflector position is achieved by mounting the reflector
on one end of a short piece of thin-walled nickel tubing. The
other end is attached to a piezoelectric element which is
securely fixed to the substrate on which the laser is mounted.
As with the sensors previously described, this device is kept at
maximum sensitivity by adjusting the voltage on the piezoelec-
tric element.

In this type of sensor, the term of interest is the first-order
sensitivity of the function which relates the change in the mag-
netostriction to the applied time-varying magnetic field H,
and the applied bias field Hy. By analysis of the Af/l versus
magnetic-field strength curves for various materials, it is possible
to identify regions of steep slope in which a small change of
AH results in a maximum dimensional change in Alfl. For
pure Ni, the bias field at which this change in length is a maxi-
mum is 3 G. At this bias-field strength Alfl = 2.9 X 107° H,,
where H, is measured in gauss. Consequently, if a l-cm Ni
tube is used then AL =2.9 X 107% m for a 1-G magnetic-field,
this displacement would result in a 0.22-rad phase change.
Therefore, if a 2 X 107° rad phase shift were desirable then
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Fig. 13. Photograph of a laser

diode sensor in a hydrophone
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Fig. 14. Frequency response of a laser diode sensor configured hydro-
phone. Insert shows schematic representation of sensor.

the minimum detectable magnetic field would be 1075 G. By
constructing the magnetostrictive translation element from
material with a larger magnetostrictive constant, such as metal-
lic glasses, sensitivities may be increased by one or two orders
of magnitude.

The frequency response of the sensor is shown in Fig. 16, at

these bias magnetic-field strengths, The frequency resporise
was flat up to approximately 900 Hz, where the resonance of a
part of the structure supporting the Ni tube is observed. The
longitudinal resonance of the Ni tube itself was calculated to
be about 10 kHz. The nickel tube was annealed to remove
residual internal stresses prior to the sensor’s construction.
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Fig. 15. Photograph of the laser diode magnetic sensor.
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Fig. 16. Frequency response of the laser diode magnetic sensor. Results
are shown for three different dc magnetic bias fields.

The measured sensitivity at 500 Hz, i.e., below the lowest reso-
nant frequency, was 4 X 107 G, whereas the predicted sensi-
tivity was approximately 6 X 107¢ G. 1t should also be noted
that the bias field required for maximum sensitivity is 30 G,

which is approximately a factor of 10 greater than the 3 G
published for pure Ni. It is known that the presence of small
amounts of iron can expand the characteristic magnetostrictive
curves of nickel along the magnetic-field axis. Impurities can
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Fig. 17. Photograph of a laser-diode accelerometer,

also have the effect of reducing the relative length change thus
reducing the magnetostrictive constant of the nickel. The
observed sensitivity of the sensor and the large bias field are
probably due to small amounts of impurity in the nickel used.

D. Current Sensor

The current sensor acts in a similar manner to the magnetic-
field sensor. A coil of wire, through which the current to be
detected is passed, is wrapped around the magnetostrictive
element in the magnetic sensor described above. The sensor
then detects the magnetic field associated with the current
passing through the wire. Consequently, the frequency re-
sponse curve is identical to that of the magnetic sensor; again
a dc bias magnetic field is used to increase the sensitivity. The
absolute sensitivity of the device is dependent on the coil
configuration, but typically current in the 107°~10-A range
may be measured.

E. Acceleration Sensor

The diode laser sensor was also configured to act as a sensi-
tive single-axis accelerometer. A number of devices of differ-
ent design have been constructed; a photograph of the simple
device is shown in Fig. 17. The external reflector is mounted
on a short 4-mm cantilever arm, the external reflector, approxi-
mately 1 mm?2, also acts as the mass at the end of the canti-
lever. An acceleration along the axis of the laser cavity
perturbs the position of the reflector from its rest position,
thus producing the detectable phase shift. In the device
shown, the maximum sensitivity position was achieved by
adjustment of the screws shown. The stability was such that
once adjusted the sensitivity remained constant for many
minutes. In a practical device, a method of phase compensa-
tion would be required. The cantilever construction ensures
that the device will not respond to cross-axis accelerations. A
typical response of the 4-mm cantilever arm is shown in Fig.
18, the sensitivity in terms of rad/gisindependent of frequency
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Fig. 18. Response of 4-mm cantilever arm.

below the resonance observed at ~500 Hz. This value for the
resonant frequency agrees with that calculated for the mechan-
ical model described above. For this model, the resonant
frequency varies inversely with the square root of the sensitiv-
ity. Therefore, an increase in the resonant frequency by a
factor of two reduces the sensitivity by a factor of four., For
any particular application, this relationship will determine the
ultimate sensitivity of the device. Using the sensitivity of
~5.8 rad/g obtained from Fig. 18, a minimum detectable
acceleration of ~1 ug is calculated for a frequency of 100 Hz.
As with the devices previously described, the sensor responded
linearly to the magnitude of the applied acceleration over ~5
orders of magnitude.

IV. SUMMARY

In summary, we have discussed recent advancements in a
new type of sensor. This sensor consists of an external reflec-
tor placed within a few wavelengths of the laser facet. This

device senses a change in phase of the light fed back from the

mirror as an external field perturbs its position with regard to
the laser facet. These devices typically can measure a phase
shift on the order of 107® rad with a dynamic range of 10°.
When the reflector is well coupled to the laser cavity, the
sensitivity of this device is dependent upon the magnitude of
the movement of the mirror to the incident field and the
amplitude noise of the laser source itself. In the devices tested
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above, in nearly all cases, sensitivity was limited by the intrinsic
amplitude noise of the laser. These devices can be configured
to sense many varying fields and conditions. We have reported
here the results of first effect sensors to measure acoustic
fields as a microphone, and hydrophone, also a magnetic field
sensor and current sensor, as well as an acceleration sensor.
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Fiber-Optic Current and Voltage Sensors Using A
Bi12GeO20 Single Crystal

KAZUO KYUMA, SHUICHI TAI, MASAHIRO NUNOSHITA, NOBORU MIKAMI, AND YOSHIAKI IDA

Abstract—By using Faraday and Pockels’ effects of a Bij2GeOyq
(BGO) single crystal, two kinds of fiber-optic sensors for electric cur-
rent and voltage were tentatively fabricated. The optimum design of
these sensors and their performances were investigated. It was verified
that the BGO crystal is very available for either of the current and volt-
age sensors with regard to their sensitivity and stability. As for the
experimental results, the minimum detectable magnetic field of 1072
Oe and the temperature dependence within = 2 percent in the tempera-
ture range of —25 to 85°C was obtained for the current sensor, while
for the voltage sensor the sensitivity of 1073 V and the temperature
dependence within + (.5 percent was in the same temperature range.

I. INTRODUCTION

STRONG DEMAND for employing fiber-optic cusrrent
and voltage sensors in electric power systems has been
currently increased [1], together with the progress of fiber
technologies. Attractive features of fibers [2], that is, good
electrical isolation and immunity from electromagnetic inter-
ference, enable such sensors to control power systems re-
motely and securely. Many efforts to realize these sensors
have been made by examining various kinds of magnetooptic
(Faraday effect) [3]-[5] and electrooptic (Pockels’ effect)
materials [6], [7].
In this paper, an attempt to use Bi;; GeOyo (BGO) single
crystals, as the fiber-optic current and voltage sensors, was
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TABLE I
ELECTRICAL AND OpTiCAL PROPERTIES OF A BiinGeQuo SINGLE CRYSTAL

Crystal form #*bee-23
Magnetism dismagnetics
Resistivity o 1011 u ].013 fiem
Band-edge wavelength hg 0,48 pm
Refractive index™ n 2,41

Electrooptic coefficient® ygq 3.1 x 10710 em/V

Verdet constant® Vg 0,188 min/Ce-cm

Optical activity* @ 9.6 deg/mm

* (ptical properties are measured at the wavelength of
0.85 pm. . '

#* Body-centered—cubic structure.
8

performed. This BGO crystal was grown by the conventional
Czochralski method [8)] in our laboratory, and its electrical
and optical properties measured are tabulated in Table I. The
outstanding features of the BGO current and voltage sensors,
fabricated here, are itemized as follows:

1) Since the BGO crystal has both remarkable Faraday and
Pockels’ effects, both the current and voltage sensors were
constructed of a BGO cell.

2) These sensors, based on microoptics, are compatible with
multimode fiber technologies.

3) Since the BGO single crystal has a body-centered cubic
structure and has no natural birefringence, the current and
voltage sensors have essentially very small temperature de-
pendence of sensitivities.
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