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1. OVERVIEW

This report summarizes the research performed by the Phoenix
Corporation under U. S, Naval Research Laboratory Contract No. NQOO1l4-
82-C-2201 during the period May 21, 1982 to February 28, 1983. The
basic goals of this research have entailed a continuation of research

performed under a prior contract, N00014-81~C-2148, with the basic

thrust lying in furthering the state of the art in the area of fiber
optic magnetometers. This work was performed by Phoenix Corporation
Staff Scientist, Dr. Samuel J. Petuchowski, on the premises of the

Navel Research Laboratory, Washington, D, C.
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2. MAGNLTOMETRIC STUDIES

The direction of technological advance which will lead to the
development of a deployable fiher-optic magnetic sensor has been brought
into closer focus as a result of studies conducted under this contract.
It 1s useful to categorize our work as comprised of the following constit-
uent efforts:

A. Componentry and configuration of optical sensors in general;

B. Transductive componentry whereby a magnetic field effects a
measurable change in a sensor system. This includes characterization
and optimization of magnetostrictive materials;

C. Configuration of a magneto-sensitive material for specialized
applications (tailoring of orientational characteristics, for example)
for measurement of total field, vector fiecld, field gradient, etc.;

D. Data acquisition techniques suited to the chosen transduction
mechanism and the optical configuration and sensitivity/spectral-response
requirement's of the application. 7

We note that all the above efforts are system-related and must be
addressed accordingly. Our summary of research highlights under the
rubrics of the tasks set forth in the Statement of Work will be sub-

sumed under che headings listed above.

A. Componentry and configuration of optical sensors in general

Experimental characterization of magnetometric configurations during
the reporting period employed a llach-Zehnder f ber interferometer which
incorporated a single (transverse) -mode optical fiber path and a single
(longitudinal and transverse) -mode diode laser source, A integral
fiber optic magnetometer employing no bulk optical components was
demonstrated for the first time under this contract. The laser source
was a .83 um GaAlAs laser supplied by Laser Diode Labs and "pigtailed”
by the manufacturer to a single-mode ITT optical fiber. This technology
has been developed at NRL in support of various FOSS (Fiber Optic Sensor
System Program) efforts such as the hydrophone, fiber gyroscope, etc,:
and the further progress in component fabrication (sources, fibers,
couplers, detectors) and noise reduction will be of a 'generic" nature

common to the entire FOSS technolopy.




Several aspects of the optical technology were addressed under
this contract:

1. Laser source frequency instability (or, equivalently, phase
noise) has been identified as a major limitation to the sensitivity of
interferometric sensors at low frequencles (see A. Dandridge, et al.,
Appl. Phys. Lett.37, 1980) as well as to coherent communications. The
incorporation of a diode lasing medium in a three-mirror external
cavity was shown to limit laser emission linewidth to less than 200 kHz.
These experiments are described in Appendix C.

2. A scheme involving the demonstrated injection-locking capability
of a diode laser as well as the narrow spectral feedback afforded by an
atomic vapor filter was disclosed (Appendix A).

3. The sensitivity of fiber interferometers to thermal effects was
investigated in some depth. The application of FOSS technology to point

and distributed temperature sensors, of potentially great impact for the

Navy, was demonstrated and is described in Appendices T and F, Prelimin-~
ary proof of principle was conducted on the disclosure of a Michelson inter-
ferometric fiber optical point temperature sensor (Appendix B). The sensor
has potential application to non-invasive and high-bandwidth temperature
measurement in flames and biomedia.

4, An extension of interfreometric techniques to the sensitive mea-
surement of small absorptions in a medium (for characterization of optical
media or for trace detection, for example) was pursued, resulting in the
demonstratiou, described in Appendix D, of a Fabry-Perot photothermal

trace detection apparatus.

B, Transductive components

Given the current state of the art in materials technology, the use of
magnetostriction in a suitable material coupled mechanically to an optical
fiber, in order to modify the propagation of a light wave guided through
the fiber, appears to be the most promising mechanism to allow magnetom-
etrics to benefit from the known advantages of fiber sensor technology.
These advantages include remote EMI-free deployment capability, the
potential deployment of an array of multiple sensors sharing a single

remote light source, and sensitivity enhancement for transduction schemes

which scale with fiber length, since long fiber segments can be configured




in small volumes. This is not to say that fundamental physical consid-
erations preclude the future devclopment of a magneto-optical transduction
mechanism at least as sensitive as the magnetostrictive scheme, if a suit-

able material is discovered.

et
=

Optimal magnetic field sensitivity of a magnetostrictive transduction

scheme dictates the search for a material with maximal slope of Induced

strain vs.applied magnetic field, 0E/OH, which Implies a search for a
material with a large saturation magnetostriction, \g, as well as one
with magnetostrictive saturation achieved at a low value of external
field. Both cenditions appear likely to be met using a metallic glass
material as opposed to a crystalline metal allow. This was borne out
in studies in which lengths of fiber bonded to MotglascD (Allied Corp.)

samples were incorporated as one arm of a fiber Interferometric test

setup. Induced optical phase shift was measurcd as a function of applied
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magnetic field.

Conclusions, in this regard, as of this writing:

1. The functional dependence of the magnetostrictive strain in a
metallic glass vs. the applied fileld varies with many parameters. including:

a. material composition;

b. material thermal history including:
(1) method of fabrication (splat-quenching or sputtering).
(2) anneal temperature, duration, applied magnetic field or
strain during anneal;

c. geometry of magnetostricti{ve member;

d. method of bonding fiber to magnetostrictive member;

e. surface degradation to oxidation,.

2. Research to date haa only begun to provide a data base from which
to infer preferred materials processing recipes and and to project achievable
field sensitivities. The best JLE/9H achleved under this contract was
250 rad/0e/M in a sample of Metglas 2601-SC annealed at 325°C under longi-
tudinal tension and an obliquely directed magnetic field of 130 Oe for
~20 min, A systematic study in which different Metglas compositfons will
undergo different anneal procedures and will be bonded to fibers for

measurement of E-H curves was initiated and will be carried out by Drs.

Doon and Edelstein of the Naval Research Lab in collaboration with the




Optical Materials Section of the Optical Techniques Branch at NRL,

3. Data surveyed suggest that while g, for 2 given material
composition, is insensitive to thermal history, the "knee" (onset of
saturation) can be manipulated by inducing a magnetic anisotropy
through the field annealling process. It is our recommendation that
significant effort be committed to developing a fundamental understand-
ing of the physics underlying this phenomenolgy in order to define
wisely a technological approach to the [iber magnetometer problem,

4, Hysteresis of B vs, H is a necessary concomitant of ferro~
magnetic materials. The lowest coercive forces in this class have
indeed been found in annealed metallic glasses, however, even these
are significant (-mOe) on the magnitude scale of low frequencv fields
to be detected in naval applications. Hvsteretic bhehavior is documented
in our data. The fmplication for a magnetometric application is that
some scheme will be required to ''erase' ihc field memory prior to each
measurement so that the measured value of induced strain uniquely maps
a value of applied field. This involves driving the material to reset
from magnetostrictive saturation, and such a scheme was modeled experi-

mentally and is described below in Section D.

C. Configuration of the magreto-sensitive material

Most of the magnetometer experiments during the reporting period
were conducted using a linear sensor configuration: a 4-5-cm length of
unjacketed optical fiber bonded along the center of a l-cm-wide strip
of splat-quenched metallic glass. Considerations of symmetry dictate that
the strain induced along the fiber axls In the presence of an axial bias
field is linear in the external axial field and dependent on the trans-
verse fields only in second order. Any observed transverse-field effect
was down by greater than 40dB, which was the resolution to which the
orthogonality of the applied fields could be gauged with a Hall-effect
probe.

Preliminary investigation was performed on samples of fiber on which
metallic glass had been deposited by rapid sputtering from a conical
Metglas target by NRL researchers of the Magnetics Branch. Much work
remains to be done in developing this technology since direct sputtering

onto the fiber induced large scattering losses 1n the fiber and caused it

to be exceedingly brittle. One promising tack appears to accrue from
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sputtering over fiber pre~jacketed with a layer of aluminum. A sample

sputtered while an electrtc current was passced through the aluminum undcer-

jacket remains to be evaluated.

D. Data acquisition techniques

The challenge unique to magnetometry among FOSS sensor applications

is the requirement of effective DC detection capability. The fact that £

various processes contributing to sensor noise and degrading sensitivity,
by causing excursions of the interferometer operating peint from quad-
rature, all manifest 1/f - law dependence suggests that some means of
noise compensation must be implemented.

A sclieme utilizing two optical polarizations within a fiber inter-
ferometer was advanced by Dr. Petuchiowskl and might become viable as
polarization-maintaining optical fibers become available.

Other studies invoked the principle of an applied AC magnetic bias
and the net quadratic response of the material. To test such data
acquisition techniques, a mock-up has been configured in which the
symmetric material response is simulated by a piezoelectric fiber
stretching cylinder driven by a quadratic waveform. By sampling over
a short gate within a large total optical phase excursion amplitude each
cycle, behavior similar to that of a fluxgate magnetometer can be simu-
lated. This suggests the possiblity of achieving magnetostrictive
saturation once per half cycle of the AC bias field, thereby addressing
the hysteresis problem (since magnetostrictive '"memory' would be erased
twice per cycle)., The circuitry for this scheme has been provided to the
technical monitor of this contract.

In order to measure the nolse characteristics of this scheme at
very low frequencies, a desktop computer and Fourl{er-transform spcctrum
analyser have been interfaced to the mock-up, with documentation located

at NRL.




3. SUMMARY

In the course of the research performed under this contract, we
have made substantial progress in several parallel aspects of the de-
velopment of a fiber-optic magnetometer. The optical aspects of the
technology are advancing apace and are adequate to many foreseen appli-
cations, pending further progress into the understanding and application
of magnetostrictive materials. A systematic survey of the properties
of magnetostrictive metallic glasses, especrially as bonded to optical
fibers, has been shown to be a high priority of this effort and has

been initiated by the Naval Research Laboratory.
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AVPENDIX C

Phase sensitivity and linewidth narrowing in a Fox-Smith configured

semiconductor laser

S._J. Petuchowski. R. O. Miles, A. Dandridge.and 7. G. Giallorenzi

Nava! Research Laboratory. Washington, D ¢ 20375

{Received 3 November 198); accepted for publication 24 November 1981,

The behavior and spectral characteristics of a constricted double heterojunction injection laser
in a regime in which the lasing characteristics are dominated by a cavity comprised of two
external mirrors is reported. The Fox-Smith configuration is shown to limit the tasers emission
(previously multimode) to a single longitudinal mode with a linewidth of less than 200 kHz Tt is
also shown that this {aser interferometer configuration is effective as an extended. external cavity

laser diode sensor.

PACS numbers: 42.55.Px, 42.60.Da

The sensitivity of the output intensity of a diode laser to
both the amplitude and phase of external optical feedback is
well documented "' There has also been substantial interest
in the spectral characteristics of the emission under various
conditions of external feedback including the introduction of
extra-cavity dispersive elements.* In this letter, we report
operation of a constricted double heterojunction (CDH} in-
jection laser 1n a regime in which lasing characteristics are
dominated by a cavity comprised of two external mirrors
configured such that the lasing medium “'sees” one constant
reflecting surface and one reflector of variable complex am-
plitude of refiection. The observation of emission linewidth
narrowing and the application of this configuration as a sen-
sor are discussed below.

The configurations shown in Fig. 1 are two conforma-
tions of the Fox-Smith interferometric cavity employed to
achieve single-mode operation of various classes of lasers.®
Both were implemented by using a CDH diode laser coated
to provide high reflectivity at one facet M, and a quoted
reflectivity of 5% at the opposite lasing facet. The laser was
coupled to the external cavity comprised of gold-coated con-
cave mirrors M, and M, and beam splitter BS (T = 547%,
R = 39% at 0.83 um) by means of a 45X microscope
objective.

The dashed lines in Fig. | represent the actual reflectiv-
ity r, of the {aser facet. r, represents an effective reflectivity
arising from the external cavity reflector elements. The free-
running laser with no external feedback (7} = 0.05) exhibited
a lasing threshold current of 104 mA with emission over
several longitudinal modes. Feedback from just M, alone
(7 =0.15 assuming an estimated coupling efficiency of 309%)
lowered the threshold to 93 mA. We have observed that,

302 Appl. Phys. Lett. 40(4), 15 February 1982
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both above and below the threshold of the free-standing la-
ser, the intrcduction of miriar M, can constrain oscillation
to a single mode, and that the linewidth of the emission is a
function of the position of 3f, and is thus controllable.
Since the laser output was ohserved to depend upon the
position of mirror M,, M, was mounted on a piczoelectnic
translator (PZT} allowing displacement of the mirror over
several wavelengths. This also provided a means for periodic
modulation of the pathlength. A triangle-wave voltage was
used to drive the piezoelectric element corresponding to a
peak-to-peak optical path variation of approximately /2.

ﬁ"MS
161 cm
|: \ l
M, f':r :as
213 11.0 cm
Bv i

™ Je-16.5 cm -«

FIG. 1 Fox-Smith type diade laser configurations. Dimensions of the ex.
periment are shown i (b

© 1982 Amencan Institute of Physics 302
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FIG 2. Laser output vs relative displacement of M, in terms of optical
phase. (a) Below, (b} abose lasing threshold of the free-standing laser. Out-
put units are consistent

For operating currents below the free-running laser thresh-
old, the amplitude of the light output was observed to be a
sensitive function of the position of M, as shown in Fig. 2(a).
with discrete mode jumping clearly evident. For operating
currents above the free-running laser threshold, stable single
mode operation was observed only over a portion of the mir-
ror excursion. Higher laser output amplitude was obtained
under this condition as shown in Fig. 2(b). When the laser
operated on a stable single longitudinal mode the output am-
plitude was high and varied with mirror displacement. Oth-
erwise, the output dropped by approximately 15% and the
laser broke into multimode operation exhibiting significant-
ly increased amplitude noise on the order of 10" times the
minimum noise level. Miles’ ef al. observed similar increases
of low frequency amplitude noise induced by phase depen-
dent optical feedback in channel substrate planar and buried
heterostructure lasers.

Emission linewidth of the external Fox~Smith diode la-
ser was measured by means of a delayed self-heterodyne
scheme." A beam splitter divided the output equally into two
beams. One beam was frequency shifted by ~90 MHz using
an acousto-optic modulator. The second was delayed
through an 820-m length of optical fiber.® The two beams
were then recombined and mixed in an avalanche photodi-
ode. The resolution of this measurement was limited to
~ 120 kHz by the length of fiber delay line. It was observed
that when the Fox-Smith external cavity laser was operating
in a stable single mode regime, as shown in Fig. 2(b), the
linewidth varied with displacement of M, from 150 to 320
kHz as seen in Fig. 3. Linewidths equal to or less than 120
kHz were also observed below the free-running laser thresh-
old in this configuration.

Spectral narrowing in semiconductor laser sources used
in interferometric sensor systems reduces frequency instabil-
ities {phase noise} 10 dB or more.® Such a reduction in phase
noise permits the use of optical path differences (OPD) in the
sensor arms ten times longer than in those instances where a
free-running laser diode is used as the source. The Fox-—
Smith external cavity diode laser configuration provides a
mechanism to effectively control the emission linewidth.

303 Appl. Phys. Lett., Vol. 40, No. 4, 15 February 1982
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FI1G. 3 Spectra of the heterodyne signal at two displacements of 3,
5, =107 mA.

The increased coherence length allows extension of the sen-
sor arm of a diode laser sensor."” Alternatively, the Fox-
Smith could act as a source for a Mach-Zehnder-type inter-
ferometer sensor."'

In order to evaluate the sensitivity of such a device the
minimum detectable phase variation was measured. The ex-
ternal cavity laser source and detector were mounted in an
evacuated isolation chamber to minimize ambient room
noise. A dc bias voltage on the PZT of M, held the emission
to a single longitudinal mode low noise regime. The output,
from 50 Hz to 20 kHz was measured with a Tektronix 7 LS
spectrum analyzer, while a calibrated modulation voltage
was applied to the PZT. Comparison with the noise level
over the same frequency range for an operating current of
103 mA yielded the minimum detectable phase variation asa
function of frequency shown in Fig. 4. For frequencies great-
er than | kHz microradian level sensitivities were realized.,
however, the sensor noise increased approximately as f ''?

-70r
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-100 \
> °
o °
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130}
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FIG. 4. Fea-Smith sensor noise and corresponding minimum detectahle
phave modulation Data normalized to 1-Hz bandwidih referenced 10 1-V
de on the detecior
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yielding a minimum detectable signal of about 100 4 rad at
100 Hz. When compared 1o the simple external cavity diode
laser sensor'” the level of performance is found to be nearly
two orders of magnitude lower. The dynamic range in the
absence of electronic compensation was limited by the re-
sponse nonlinearity evident in Fig. 2 with harmonic content
of the signal never better than — 40 dB.

1t has been shown previously that both amplitude and
phase noise of GaAlAs lasers exhibit an approximate /'’
behavior.’!" [n the case of the single reflector diode laser
sensor, the short length of the external cavity ( < 10 um) en-
sured that phase noise contributions were negligible. 1t was
also found that the amplitude noise in the single reflector
diode laser sensor was about equal to the / ''* noise in the
free-running laser. For the Fox-Smith external cavity con-
figuration, it is not clear whether amplitude or phase noise is
the major contribution to the decreased sensitivity. When
comparing the Fox-Smith line narrowed configuration to
interferometer systems'* with free-running laser sources, an
effective OPD 30 times larger can be used without increase
in phase noise. An extension to an all fiber configuration is
suggested.

In conclusion, we have shown that a Fox-Smith inter-
ferometer configuration when used with a semiconductor
laser with one facet antireflection coated, is effective in limit-
ing emission to a single Inngitudinal mode with a linewidth
on the order of 200 kHz or less. We have demonstrated that

304 Appl. Phys. Lett, Vol 40, No. 4, 15 February 1982

this laser interferometer configuration is effective as an ex-
tended, external laser diode sensor. The increased coherence
length of this device makes it attractive as a source for coher-
ent fiber optic communications applications as well as for
conventional interferometric sensors,

The authors acknowledge the assistance of L. Goldberg
in performing the linewidth measurements and are grateful
to him and H. F. Taylor for helpful diccussions.
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APPENDIX D

Fabry-Perot photothermal trace detection
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A novel trace gas detection scheme based upon the photothermal effect following light absorption
is described. The resulting index change, which is proportional to the trace specics absorption and

concentration, is measured interferometrically in a stabilized Fabry~Perot cavity. An
experimental noise limit corresponding to an absorption coefficicnt of 4 x 10~* cm~'/( v Ha)
was observed. We discuss possible improvements and estimate the ultimate scnsitivities

achievable with this technique.
PACS numbers: 06.70.Dn, 07.60.Hv, 42.60. — v

Local interrogation of the index of refraction modula-
tion produced in » medium by photoinduced heating consti-
tutes the basis of several photothermal schemes for measur-
ing small absorption. Examples include phase fluctuation
optical heterodyne (PFLOH) detection,’ thermal lensing,?
and laser beam deflection techniques.’ The first of these has
been proven useful in sensitive trace-gas detection
schemes,** the study of aeroso) absorption,® and of micro-
wave absorption in liquids,” and hus been shown to be com-
petitive with photoacoustic (PA) detection.® PFLOH detec-
tion monitors the refractive index change by placing the
heated sample in a Mach-Zehnder interferometer employ-
ing a stable single frequency helium neon laser.

We report a new technique in which the refractive index
change is also monitored interferometrically but in a Fabry-
Perot cavity incorporating the sample medium, thereby en-
hancing the detection sensitivity over that obtained in
PFLOH deiection by a fuctor which depends on the finesse
of the cavity. The finesse expresses the ratio of pesk spacing
to pesk full width ut half-maximum for the transmitted
probe powcer as a function of optical phase deluy per pass. We
have demonstrated the feasibility of this scheme in a prelimi-
nary experiment in which a calibrated mixture of NO, in
nitsogen flowed through a Fabry-Perot cavity and its ab-
sorption ul 514.5 nm was detected.

An cxperimental noise limit corresponding to an ab-
sorption cocflicient of 4 X 10 ~* cm ~'/( v/ Hz) was observed.
In thus letter we discuss possible improvements and estimate
the ultimate sensitivities achievable with this technique. It
appeass that measurement of absorption coeflicients less
than 10 '’ em ™' is possible.

Asin kindred photothermal detection techniques, ener-
gy is deposited and excites the medium by resonant absorp-
tion of electromagnetic radiation. Collisional relaxution of
the excited mode results in local heating of the background
medium and, consequently, to induced Jocal varniation in the
density of the medium. Detection by transduction of the
pressure change is the basis of PA which necessarily involves
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the integration of signal over the volume from which acous-
tic or barometric waves impinge on the transducer. The dea-
sity variation is also manifested in the concomitant change of
index of refraction given, in a gas, by the Clausius~Mossotti
relation:

dnm —(n— V)T /T, (1
where n is the refractive index, 7,,, is the absolute tempera-
ture, and d7T is the increment of induced local temperature

elevation. Over a pathlength L, this change is tantamount t0
a variation in optical path or phase delay of

d¢ = (2nL /A ) dhn, (2)
where 4 is the wavelength of the probe beam whose heating
effect can be neglected.

Our technique is based upon the multipass interfero-
metric measurement of optical path variations in a Fabry-
Perot ctalon containing the excited medium. Since only the
path traversed by the probe beam is interrogated, this tech-
nique affords spatial resolution and the application to tomo-
gruphic lume snulysis is suggested.

The fractional transmission of an ideally monochroma-
tic probe beam through the etalon is a periodic function of
the optical phase dclay per traversal, ¢

T=T../fl¢)
Sig)=(1 +5sin’¢)"", 3
8 = (F/mp,

where Fis the cavity finesse. Maximum sensitivity of trans-

mission (o variations in phase delay occurs at a phase delay
of ¢, for which

cos(2py) = 49 + 476 + 4/87)"* — 1/6 ~ 1/2
=1-2/(36) whendpl. L]]
The trace detection technique entails maintaining the static
phase delay at ¢, by means of servo control of the ctalon
spacing and inducing a periodic phase perturbation,
@ COs{w,. 1) In the case of 3 1,
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Sut=[1 + {cos(2,, cos w,t)
+ 6/3sin (29, cosw, 1)} . (5)

From the small argument limit of the Bessel function expan-
sion, one obtains the Fourier component of the transmitted
intensity at the fundamental excitation frequency

T* = (T (V36)/2,, = (T V3/71F8,,. (6)

ftis thus evident that the induced signal, in the linear limit, is
directly proportional to the finesse. The attraction of this
technique is the smaller sample path required for compara-
ble sensitivity to that afforded by the Mach-Zehnder
PFLOH configuration.

This advantage is translated into increased detection
sensitivity only to the extent that the source of limiting noise
is not similarly enhanced. Of the contributions to system
noise, phase noise of the probe source laser (deviation from
monochromicity), mechanical noise inducing either a cavity
(AL ) or beam misalignment, and window effects due to pe-
riodic heating of the etalon plates scale with finesse, as does
the signal. Amplitude noise on the source beam can, in prin-
ciple, be compensated, and detector shot noise depends sole-
ly on net power incident on the detector and scales with
Tlnn (¥ l.

The experiment was implemented as depicted schema-
tically in Fig. 1. A single-frequency He-Ne laser (Tropel 200}
was used as the interferometer source. The Fabry-Perot cav-
ity was a Burleigh RC-110 with an etalon spacing of 12 cm.
The mirrors, one flat and one concave (R = 6 m), were di-
electric coated for high reflectivity at 633 nm, and a finesse of
50 could be achieved. Optical isolation of the reflected beam
and phase matching of the beam into the etalon were accom-
plished by the polarizer/retarder combination and lens L,
respectively. Aperture 4 was inserted in the cavity to inhibit
higher order transverse cavity modes.

Absorption was detected in a flowing calibrated mix.-
ture of 99 ppm NO, in nitrogen. The excitation source was
the continuous wave beam of an argon ion laser chopped
with a mechanical chopping wheel. This $14.5-nm beam was
coupled into the Fabry-Perot cavity at a slight angle from
the normal 50 as to minimize dependence of the intracavity
excitation density on etalon spacing. Filter F blocked the
green beam from detection by the photomultiplier PM and
no signal was present in the absence of the He-Ne probe
beam.

F10. 1. Experimental eonfiguration. BS—beam splitter, L—lens, M, M,—
Fabry-Perot mirrors, F~633-nm bandpams filter, und PM—photomulti-
phiar tube.
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FIG. 2. Calculated Fabry-Perot tranamission function for a finesse F = 15,

The sample flowed, at a rate of 0.2 t/min, through a
windowless cell consisting of a 10-cm-long by 3-mm-diam
bore glass tube with a central gas inlet mounted centrally in
the Fabry-Perot cavity. Both beams were approximately
TEM,,, and nearly coaxial with the cell, and focused to beam
waists (radius at half-field strength)at M, 0f0.38 and 0.2 mm
for the excitation and probe beams, respectively. In order to
maintain the etalon at a spacing corresponding to the optical
phase delay of maximum sensitivity in the face of slow ther-
mal drift due to cumulative heating, the difference
between the photomultiplier load voltage and a fixed refer-
ence voltage was amplified, integrated,and fed back to a pie-
zoelectric element to translate one of the etalon plates. Noise
spectra were measured using a Tektronix 7LS spectrum ana-
lyzer.

The heating of a cylindrical gas sample by a Gaussian
beam has been studied by Davis and Petuchowski.® In the
current experiment, the condition of b»w, , where b is the
container radius and w, is the beam parameter of the excita-
tion beam, was not rigorously satisfied. Thus the heating
along the axis in the region interrogated by the probe is prob-
ably somewhat less efficient at low frequencies than would
otherwise be the case. At a chopping frequency of 400 Hz,
the modulation period is short compared to the thermal dif-
fusion time across the sample in air at | atm, and, on axis,

T=Iwn/(2C,w,, ) 8in (1), 7

where [, is the peak excitation power density, a is the absorp-
tion coefficient of the sample, and C, is the specific heat at
constant pressure.

Inserting Eq. (7) into earlier expressions for index and
optical phase and evsluating, for atmospheric pressure ni-
trogen, m — 1 =2.92x 1074, C, = 1.17x 10 cal/cm’,
Tow =30K, 0, =27x400s" ", L =10cm, A =633
nm, one calculates 4¢,, /(/,a) = 0.17 rad cm*/W.

For 99 ppm NO, (@ = 6107 “cm™ ') (Ref. 9)in | atm
N,, the phase modulation amplitude due to excitation at 400
Hz with 30-mW average power {/, = 26 W/cm?) is calculat-
ed to be 2.7 mrad. The observed signal is shown against the
background noise spectrum in Fig. 3. The ordinate is norms-
lized to the dc voltage corresponding to maximum transmis-
sion indicating a signal of — 40 dB or 1.09% modulation. At
a finease of 50, Eq. (6) implies an expected signal of 7.3% or

—22.7dB.
The lower sensitivity actually observed is attributed to

Campilio ot o/, e




NOISE RELATIVE
TO DC LEVEL (d8)

o 400 800
EXCITATION FREQUENCY (Hz)

FIG. 3. Interferometer noise level, showing signal at 400 Hz due to 99 ppm
NO, in nitrogen with 30-mW excitation at 514.5 nm.

operation at other than the optimal phase point and possible
finesse degradation during the course of the experiment.
The noise floor at 400 Hz shown in Fig. 3 corresponds
to a minimum detectable absorption (1-Hz detection band-
width)of 1.3x 10~ 7cm ™' W {or 7 ppb NO, with 3-W excita-
tion}. Actual sensitivity was limited by a residual signal of
— 55.7 dB present even when the cell was cantinuously
flushed with pure N,. This limitation is attributed to syn-
chronous heating of the optics and the adjacent air layers by
the excitation beam, and could be overcome by coupling the
excitation beams into the cavity transversely to the probe.
In order to estimate ultimate sensitivity limitations of
the technique, we note that the noise floor (4 f= 1 Hz) of
— 83 dBV observed at 400 Hz is due to mechanical noise,
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(4 L )/L, to which the cavity is as sensitive as to signal. — .

Careful design of a stable etalon, deliberate choice of operat-
ing frequency at an acoustic null, and electronic subtraction
of source amplitude noise should allow operation limited by
shot noise, for our source, at — 132 dBV. Density fluctu-
ations in the sample will not limit sensitivity for samples at
atmospheric pressure even of dimensions on the order of the
He-Ne beam waist.

Shot noise limited detection with a cavity finesse of 50
corresponds to a phase sensitivity of 9 10 ” rad/l v/ H2).
Considering the extreme stability required, this might be
achievable only in sealed environments or condensed phase
samples. A more reasonable phase sensitivity of 10" 7 rad/
{ V'Hz) in our system with L = 1 ¢m corresponds to an ab-
sorption sensitivity of 1.9 10" cm” ' W.

We have demonstrated a simple interferometric tech-
nique for performing photothermal spectroscopy of trans-
parent media with ex:reme sensitivity and spatial resolution.
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APPENDIY E

FIBER OPTIC THLRMAL SENSORS
S. J. Petuchowski

Phoenix Corporation }

Cregory S. Maurer and Luise Schuetz
Naval Research Laboratory

Theoretical calculations suggest that optical fibers can perform
thermometry with unprecedented sensitivity and frequency response. The
high sensitivity results from the strong temperature dependence of the
effective optical path length in the fiber, and the wide frequency response
from the extremely low thermal mass of the fiber. Additional advantages
of these sensors include the ability to operate in electromagnetically a;tive
environments and the ability to optically integrate thermal variations over
. finite distances. The performance of fiber optic thermal sensors is the
subject of an ;;tive research effort at NRL,

Experimental verification of the thermal response was accomplished by
coating sample fibers with an aluminum jacket., The fibers were then heated
by passing AC current through the jacket.l»2 Thermally induced phase shifts
were detected using Mach - Zehnder interferometry. Two single-mode fibers
and one nultimode fiber were stucdied; the thickness of the aluminum jackets
ranged from 1.2 um to 20 ym. The magnitude of the temperature variations
wa; calculated from known experimental parameters and a simplistic cooling
model, and was confirmed in one instance using a Chromel-Constantan thermo-—
couple,

Dynamic thermal response was observed from ] Hz to 30 kHz, although

resonances above 3 kHz preclude a simple analysis of the frequency response.

UNCLASSIFIED




These resonances are ascribed to mechanical resonances in the fiber, and
appear to be related to the specific fiber configuration. Minimum detectable
temperatures for a 1 cm length of fiber, assuming a ninimum detectable phase

shift of 107 radians, aré 10 1K for the 1.2 micrc Jacket and 11K for the
20 micron jacket.

The ability of the fiber to spatially integrate ;hermal flu;tuations
was verified by imposing a low-frequency square wave current through one
section of a sample fiber and a high-frequency sine wave through another
section. As expected, the optical output of the fiber was the superposition
of the individual waveforms.

An analytic model has been developed for the dynamic thermal response
of multilayered optical fibers.3 This model calculates the phase of co-
herent light passing through the fiber as a function of the fiber surface
temperature. The effects included in the model are 1) thermally induced
changes in fiber length, 2) the temperature dependen&e of the refractive
index, and 3) changes in refractive index resulting from thermally induced
strains in the fibers.

The model has been run for the single~mode fiber and agrees quite
well with measured results. Discrepancies are attributed to incomplete
knowledge of the fiber surface temperature and of the thermoelastic para-
meters of the fiber. The wodel can be used with confidence to predict the
performance of various fiber designs and several designs will be dikcussed

with regard to the optimization of the sensor for different temperature-

sensing applications.
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SINGLE-MODE-FIBRE POINT AND
EXTENDED TEMPERATURE SENSORS

Indexing terms  Optical fibres, Opticul sensors, Temperature
measurement

The response of single-mode fibres 10 time-varying thermal
perturhations has been charactenised by using & Mach-
Zehnder interferometer. It 13 shown that single-mode fibres
offer the possibility of high-speed, high-sensitivity remote

perature ing with & mi disturbance of the ther-
mal environment and the capability 10 operate in an electro-
magnetically active environment. In addition, fibre
temperature sensors can be configured to measure not only
the specific temperrture 2t any given point, but also offer the
unique feature of extended temperature measurements over
the length of a fibre segment in which the device optically
integrates any thermally induced fluctuations.

Optical-fibre sensor technology has advanced rapidly during
the past few years.' A key sensor area which has received only
minor attention thus far is that of temperature monitoring.
The steady-state response of fibres to temperature has been
measured’ * and a preliminary demonstration of optical
phase sensitivity to an AC heating current was reported by
Dandridge et al.® A qualitative study of the response of a fibre
interferometer to impulse heating has recently been reported
by Musha and Katsumoto.” In this letter we report a quanti-
tative study of the sensitivity of a fibre-optic temperature
sensor and a demonstration of its operation in a spatially
integrating mode.

The greatest potential for this class of sensors lies in their
use as high-speed, very high-sensitivity remote thermal
measurement devices. Dielectric fibre tempgrature sensors can
operate in electromagnetically active environments without
difficulty, and their small volume and heat capacity produces
a minimum perturbation of the thermal environment being
measured. Such applications as the in situ spatially resolved
analysis of temperature distributions in flames appear prom-
ising.

T‘iﬁs letter describes the sensitivity and frequency response
of single-mode fibres incorporated in one arm of a Mach-
Zehnder interferometer using the same basic configurations
described previously.! The interferometer was composed en-
tirely of single-mode optical fibre (ITT, 5 um core diameter)
with an optical path difference between the arms of ~ 2 cm to
permit homodyne demodulation using a phase generated car-
rier scheme® at signal frequencies above 50 H2 and ordinary
atatic interferometric operation below 50 Mz, One arm was
stripped of its polymer jacketing and coated by evaporation
with aluminium to a thickness of ~ 1:2 um. The coating was
evaporated in segments of length ~ 2:5 cm. separated by
masked sections of bare fibre of comparable length. Spring-
brass contacts held the sensor arm in contact with a plastic
base and permitted separately controlled clectrical currents to
flow through the coatings of each of the segments. The sensor
configuration is shown in Fig. 1. In order to demonstrate the
capability of the fibre to integrate temperature variations
along its length, current waveforms of different shapes and
frequencies were applied simultaneously to separate sensor
segments, and total phase response was measured.

.

current leewie

At bloy ok

The dynamic temperature response of the surface of the
coated fibre to ohmic heating 1% governed by diffusion of heat
into the fibre as well as heat loss at the surface due to conduc-
tion of heat to the brass contacts, plastic base and thermo-
couple leads, natural convection currents set up in the
surrounding air, and black-body radiation from the surface.
We note that only the diffusion of heat into the fibre is ger-
mane to the response of the sensor to variations in the tem.
perature of the surrounding heat bath. Calculation of the
sensor response requires solution of the heat diffusion bound-
ary value problem® for the concentric cylindrical regicns of
core, cladding and coating, and subsequent solution for the
induced strains so as to derive optical phase response. We
have performed an empirical study of the frequency response.

In order to calibrate the penodic surface heating n re-
sponse to a sinusoidal current through the aluminium costing,
it was necessary to consider heat loss to the environment. The
time scale for heat diffusion into the fibre, considering it as a
uniform silica cylinder, is in the order of a?/x = 3-1 x 107 Vg,
where @ = 43 um is the fibre radius and x = 58 x 107 cm?/s
is the thermai diffusivity of fused silica By comparison, the
rise time to thermal equilibrium in air was found to be :n the
order of seconds.

The ohmic heating of the fibre surface, typically in the order
of millidegrees Kelvin, was ectimated by means of a thermo-
couple ((dmega, CO2-F) of 0 S mm Chrome! Constantan foil,
in mechanical contact with the upper surface of the fibre,
midway between the brass contacts. The temperature response
to heating current actually measured was that of the thermo-
couple junction, and a finite temperature gradient is to be
expected even in the steady state. The rise time of the ther.no-
couple {ree standing in air was measured by heating with a
helium-neon laser beam to be 50 + § ms. and dvnamic tem-
perature measurements were corrected accordingly.

Absolute temperature calibration was performed according
to the following: we assume the measured temperature 7 to
be linearly related by a coefficient f to the actual temperature
clevation of the fibre surface T. We adopt a simpiistic picture
in which the fibre is considered as an infinite cvlinder of el-
fectsve thermal mass C per unit length, and alf heat loss
mechanisms are lumped into a linear coefficient H. Thus,

dT/dt = C "(I?’R — HT) n

where ] is the heating current, and R is the resistance per unit
length of the coating From the solution for time independent
current,

P4
T-= '—"5 (1 — ") ()

it is clear that the observed quadratic current dependence of
the steady-state temperature, as measured with the thermo-
couple, over the range of heating currents (< 100 mA) applied
in the experiment, indicates that H is independent of tem-
perature to within experimental accuracy. The measured slope
of steady-state temperature T, against [?R yields H/f = 3-6
mW/cm deg for the calibrated sensor segment. and the meas-
ured rise time to steady state of 0-96 s allows the solution for
C/B = 35 ml/cmdeg.

A comparison of rise times in air at atmospheric pressure
and at reduced pressures down to ~ 1 torr showed that the
dominant heat-loss mechanism in the configuration described
is due to conductive heat sinking by the brass contacts and
base. The effective thermal mass derived in this manner com-
pares with a calculated value, assuming homogeneous fused
silica, of 0-11 mJ/cmdeg. Thus, measured temperatures are
corrected by a factor 8 = 0-031.

The dynamic temperature response 1o periodic heating was
determined by plotting the response at the first harmonic to a
sinusoidal current about zero offset, and, as expected from a
substitution of I = I, sin wt in eqn. 1, is approximately in-
versely proportional to frequency at frequencies above | Hz

The actual response of the fibre-optic temperature sensor to
heating with a constant RMS current is plotted againet fre.
quency i Fig 2a. The skin effect  neghgible over the fre-
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hH 2z, snd these dare sttriibuted to mechamal 1esonances of the
nbie Lhe response, as plotted 1n kg 2b, has been normahised
for the £ ! heasting behaviour of the surface, and thus retlects
absalute sensor tesponse against temperature. The DC re-
sponse values of §agahos er gl * are shown for compasison 1t
s appatent that the lrequency response, alter cortection for
the expected /' dependence, vanies by no more than a factor
ol 55 from Y He 1o the finst resonance, above 3 kHz The
vogin of the actual response curve remams to be explained by
analyning the cffect of coating properties. The pussibility that
the unexpected rolotl in response below 100 Hz s due entirely
to interferometer nonhnedrity 1s discounted by the measurse-
ments below 10 Hy performed at lower levels of heating cur-
rent.
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a Temperature response against freguency

RMS heating cutrent 1s 67 (6 7) mA above (below) 10 Hz, Circles
are for passively stabilised interferometer

b Normalisad temperature response dgatnst fiequency

DC values from Reference 4.1 Jacheted tibre, 2. Bare fibre

oA

T 2T T T T
Al SHEN S
il

Fig. 3 Single qupper trawe) and dual (lower (race) segment healsng

Fig 3 illustrates the integraling capabihties of the fibre-
UPLIC temperdtuce sensor; 3 unipolar square-wave current of
63 mA at 6 5 Hz was apphed to one sensor segment in both
traces, while in the fower trace a sinusoidal current of 21 mA
RMS at 106 Hz was apphied to a second segment in the same
sensur arm The resultant interierometer signal shows the sum
of the two heating etiects.

In summary, the seastivity and frequency response of
single-mode-hbre temperature sensors has been measured
using an all-fibre interferometer, and the advantages of the
device have been outhned Perhaps the most interesting fea-
ture of the fibre thermal sensors 1s their ability to optically
integrate signals generated by thermal luctuations at spatially
separdted focations, thereby ehinunating the need for a large
number of puint sensors.
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LOW-LOSS LANGE COUPLER

Indexing terms Microwave crcusts and systems, Couplers

Vhe use of wir-Miudge stiwps i place of bond wues on the
Lange coupler vn up alununa substrate is investigated. 1t s
shown that the resultant coupler has lower toss when com-
pared with 4 coupler using bond wires and is more suitable
fur mass production than the bond-wire type

Introduction. The yse of the Lange coupler to make hybrid 3
dB couplers s well established. However, in order to equalise
the odd- und even-mode phase veiocpties, band wires have to
be used to join alternate haes of the coupler In monolhithic
circuts the incorporation of bond wires s not possible. Thus,
technigues have been developed by which the bond wires have
been replaced by ar bridges.'? However, no comparison 1s
known o have been made of the loss assocated with aur-
bridge and wire-bonded couplers on alumina.

Using semulac techaiques, ag for monolithic arcuits, Lange
couplers have been fabricated on alumina subsisates. The re-
sults of measurements on such couplers have been compared
with wdentical couplers constructed with bond wires. The com-
patison shows that up to 05 dB lower loss may be expected at
18 GHz as a result of using air-bridge straps.
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Fig. t Trunsmuission for Lunge « oupler with uir-bridge straps




AUPENDIX G

Guide to Use of the HP-9836 for
Real-Time Data Acquisition
and Control of the HP-3582A

Spectrum Analyzer

Note: Suggested modifications to the program are delimited
$3¢1ike thisdds,

I. SUMNARY

The program, "7TT_SETUP" allows the 1I'-9836 cdesktop compu-
ter to task the HF-220L0A Neasurement and Control Processor (I'CP)
to acquire real-time signals over extended periods of time (up to
seven hours) and to perform manipulation and cisplay of the ac-
quired data in the temporal and fregquency domains, by using the
dedicated fast-.ourier-transform (FFT) capabilities of the HF-3582A
Jourier-Transform Spectrum Analyzer. This software is intendec as
a bullding block and to illustrate the capabilities of the afore-
mentioned instruments to be operated in concert for the control
anc data-processing connected with very low frequency (VI1.F) experi-
ments. In particular, it allows extension of the spectrum analysis
capability of the 3582A to a resolution of 145 microHertz.

II. GENERAL #UI'E 70 USE C THIL 1RC7RA

A. loading the Trogram
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