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SUMMARY

This final report has two parts. The first part describes the development of a common-

path, optical heterodyne fiber sensor for remote monitoring of the electrically induced

birefringence of materials. The second part is a report from Professor John P. Wikswo

of Vanderbilt University, who is a sub-contractor on the University of Maryland contract.

He is working on the development of a very small SQUID "NanoSQUID", which will allow

monitoring of the magnetic fields from cells and tissues within about 2mm of tissue at

physiological temperature. The SQUID is at - 4K.

EXTRINSIC OPTICAL HETERODYNE FIBER SENSOR

The principle of this sensor is that an electrooptically active medium placed at the end

of the sensor will induce a differential phase shift between two offset laser frequencies

propagating in the fiber. Since the fiber is only a means of delivering laser light to the

sensor element, which will eventually be a cell, the sensor is referred to as "extrinsic." In

application of this sensor to a study of cellular electrical activity the fiber sensor observes

changes in cell membrane birefringence. In this sense the cell becomes the "extrinsic"

sensor element.

In parallel with our development of a coherent sensor of cellular electrical activity we have

been continuing work on an incoherent fiber optic probe of the same phenomenon. We

have had considerable success already with these incoherent fiber optic probes that utilize

voltage-sensitive dyes bound to the cell membrane [1,2]. Two of the publications that

describe this work are appended to this report. This work was done in conjunction with

scientists from the FDA Center for Devices and Radiological health in Rockville, Maryland.

The coherent sensor uses the naturally varying birefringence of the cell membrane that

occurs during polarization and depolarization as an extrinsic sensor element. Research

on this sensor is well advanced and it has been successfully implemented in several non-

biological experiments. To optimize the performance of the sensor it has proven easiest to

build various versions and test them in situations where birefringence can be induced and

the sensor can be optimized. In a series of papers we have demonstrated that a heterodyne



version of this sensor can detect birefringence effects at the distal end of the sensor - I prad.

This sensitivity should be adequate for the study of cell membranes where birefringence

effects of about lmrad have been observed in transmission.

Our successes to date with our coherent, hybrid, extrinsic fiber sensors - so called because

the single-mode fiber serves as a delivery pathway for coherent light to a sensor element

at the distal end of the fiber - have been spectacular. Not only can we see weak induced

birefringence produced by both electric and magnetic fields, we can monitor mechanical

motions on the order of picometers at the end of the fiber. These observations can be made

in a spatially resolved way with -0.5pm resolution. It turns out that delivering light from

a fiber to a sample followed by collection of the light by the same fiber, gives a confocal-

type resolution advantage. We are in the process of exploiting this further by making

tapered fiber tips and using the emerging techniques of near-field optical microscopy to

achieve resolutions that should ultimately reach into the nanometer region. In summary:

highlights of our work to date are:

"* remote detection of induced birefringence with microradian sensitivity

"* use of a coherent, hybrid extrinsic sensor to perform spatially resolved imaging on GaAs

circuits - used by us as a convenient test vehicle that is easier to handle during optimization

than cells in vivo or in vitro.

"* surface imaging in three-dimensions with - 0.5pim resolution

"* development of tapered fiber tips with size <100nm, which should allow increased reso-

lution.

These developments are well described in the reprints and preprints that are appended

to this report. These developments in the use of scanning fiber probes for sub-micometer

imaging are potentially more exciting even than'the use of the probe for electrical field

measurements. In contrast to Scanning Tunneling Microscopes (STMs), and to some ex-

tent Atomic Force Microscopes (AFMs), the emerging field of Scanning Tunneling Optical

Microscopy (STOM) can provide imagery of live biological materials. A conductive, dead,

metal-coated sample is not required.
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WORK TO DATE ON NanoSQUID

Substantial effort has been directed towards the optimization of the SQUID sensors re-

quired for nanoSQUID. Initially, Professor Wikswo intended to utilize miniature pickup

coils connected to separate DC SQUID sensors, but came to recognize that there would

be severe problems with impedance matching and stray pickup in coupling the low induc-

tance pickup coils to the existing high inductance SQUID sensors. Claudia Tesche and

Mark Ketchen of IBM then agreed to fabricate a custom SQUID sensor with an integral,

miniature gradiometer, so that the low inductance pickup coil could be properly matched

to a low inductance SQUID. He then conducted an extensive design study to devise the

optimum coil geometry, and Claudia Tesche prepared the circuit layout. Process problems

at IBM prevented the successful fabrication of the devices using 0.5 micron Josephson

junctions and circuit linewidths, so the circuits were then modified to use larger junctions

and one micron linewidths. The modified circuits are presently being processed and should

be available in the near future.

In parallel with this effort, he has continued to develop the cryogenic instrumentation

required for nanoSQUID. He has obtained a set of state-of-the-art, four-channel SQUID

electronics from Quantum Design. Preliminary tests of the SQUID sensors will be con-

ducted in a probe that has been developed for immersion in a liquid helium storage dewar,

and subsequently the sensors will be mounted in a novel cryogenic refrigerator that was

custom- fabricated by Abbess Instruments to provide the small pickup-coil to sample dis-

tance.

The development of high resolution SQUID magnetometers poses a number of challenging

technical problems, but these instruments will be unique in their ability to measure quan-

titatively action currents at the cellular level. While electrical measurements of biological

systems have been explored extensively over the past century, only in the past few years

has it been possible to utilize magnetic measurements to image cellular action currents.

Many biological phenomena, particularly those involving cell-to-cell communication and

non-uniform propagation, are governed by the transfer of electrical charge. Since the dis-

tributed electrical resistivity and capacitance of these systems is often unknown or poorly
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characterized, electrical measurements alone cannot suffice to quantify this charge transfer.

Hence direct measurements of current are crucial to understanding cell-to-cell coupling.

More importantly, the combination of magnetic measurements of current and electrical

and optical measurements of voltage offers unique promise towards improving our under-

standing of not only the transfer of charge between cells but also the tissue properties that

relate current to voltage.

CELLULAR MAGNETIC FIELDS

Although the magnetic activity of large organs of the human body has been frequently

observed [3-16], and indeed has been used for diagnostic purposes in a clinical setting

[5,8,15], the magnetic activity of individual cells has never, to the best of our knowledge,

been observed. These fields are expected to be small, as the fields produced by large organs

are themselves quite small. For example the fields generated by a healthy heart are on the

order of 5OpT (10-8 Gauss) when monitored close to the chest, magnetic contaminants

in the lung can lead to nearby fields of 100pT, the brain alpha rhythm produces about

lpT, and the brain activity evoked by sensory stimuli is on the order of 0.1pT [13]. Larger

magnetic fields are generated by the current flow in single axons. Wikswo and co-workers

[17] have demonstrated that they can be detected with a ferrite core toroidal transformer

and special amplifier system [18,19]. The magnetic field from medial giant axons changes

by 200pT in 0.1ms.

The magnetic fields associated with single cells, or small groups of cells, are expected to be

very small, particularly if the electrical activity of the cell only involves a few ion channels

in the membrane. However, electrically active cells involve many channels and combined

channel activity can easily reach 10pA for a cell about 100prm in diameter [20], as has

been observed, for example, in squid (the marine variety) giant axons. Heart cells, which

are very active electrical, probably involve cellular currents up to 10pA. Such a trans-

membrane current could lead to a flux linkage of 3.75 x 10-5 fluxon. This lies within the

detection capability of SQUID magnetometers, which have achieved performance on the

order of 10-6 fluxon /v'Hz [21,22].

4



CIRCULATING ION CURRENTS ON THE MEMBRANE

If ion currents circulate near, or on, the membrane, larger magnetic fields may be gen-

erated, flux linkages through an external coil might easily be several fluxon or larger.

Certainly, if such currents exist their detection will be much more straightforward than if

only transmembrane currents are to be detected.

SQUID OPERATION

The basic theory underlying the operation of a DC SQUID has been given in several

references [23-25] so we will not review it further here.
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The following section provides a detailed, tutorial discussion of the underlying principles

of coherent optical sensors. It is provided for the reader who is not acquainted with these

ultra-sensitive devices.

INTRODUCTION TO COHERENT SENSIR TECHNOLOGY

Coherent optical sensors utilize homodyne or heterodyne interferometry to detect small

phase modulations or chirps impressed on a single frequency laser beam by the phenomenon

being sensed. In some sensors that we have developed for magnetooptical studies, the opti-

cal mixing occurs between two orthogonal polarization states of a beam that are modified

by a magneto-nonlinear sample and recombined with a polarization sensitive beam splitter.

Coherent sensors that are well designed and fabricated work at the photon noise limit.

The technological development of coherent sensors for practical applications requires that

the sensor be:

* easy to use

* very sensitive in the required application

* have wide dynamic range

9 have sufficient bandwidth

For biological sensing applications, in addition it is desirable that the sensor be:

"* minimally invasive

"* biocompatible

"* have resolution on a micrometer size scale

For detection of the electrical activity of individual cells it is also important that the sensor

not perturb the natural field; associated with the cell.

To accomplish these goals we have developed fiber optic probes that can be used to monitor

local changes in birefringence that occur in a medium placed at the end of the fiber. The

single mode fiber in all these experiments serves as a delivery system for coherent light

that is modified by the medium, or media, placed at the end of the fiber. The modification

of the light appears as a phase, or polarization modulation of the light returned down
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the fiber. The phenomenon is studied by demodulating this FM or PM signal contain-

ing the sensor information desired. The exact demodulation scheme used depends on the

sort of phenomenon being sensed. Low frequency, thermal phenomena are best studied

directly in base-band by using homodyne techniques, while other coherent probes utilize

true heterodyne techniques to extract the information required and avoid the system phase

stabilization needed in the homodyne sensors. We are working on several different demodu-

lation schemes involving highly linear discriminators, phase-locked loops, and direct digital

data acquisition and tracking.

OPERATING PRINCIPLES OF COHERENT SENSORS

Before describing the value of fiber sensors as a means for studying the electrical activity

of individual cells in vitro we will review the use of laser homodyne (or heterodyne) inter-

ferometry as a sensor technique. This can best be done with reference to the archetypal

experimental arrangement shown in Fig. (1).

A single-frequency laser beam illuminates a Mach-Zehnder interferometer, one arm of

which contains a sample whose refractive index is modified by some physical phenomenon

- for example the application of an electrical or magnetic field. The electric field of the

wave that has passed through the sample can be represented at detector 1 by its analytic

signal as

Es = EAei(Wt+0A+A(t)), (1b)

where OA is a static phase factor and Ao(t) is an induced phase chirp. For a uniform

change in index along the path

A -(t)- 2wrin(t) (2b)
A0

If the change in index is a function of position along the path then

27r It

AO(t) = T n(x, t)dx (3b)

The electric field of the reference wave can be similarly represented as
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ER = EBeI(wt+B) (4b)

If detector 1 is a square law detector its output is

iI(t) cx (Es + ER)*(Es + ER)

cc EA + EB + 2EAEB cos(A --B + AP(t)) (5b)

oc E2 + E 2 + 2EAEB cos(OA + 'B) - 2EAEB sin(OA -- ¢B)AW(t)

where we have used the small-angle approximation. Optimum demodulation occurs if

(OA - 'B) = (2n + 1)7r/2. (6b)

Since the total intensity passing to detectors 1 and 2 is constant, it is easy to see that the

output from detector 2 is

i2(t) oc E 2 + E - 2EAEB CoS(A - B) + 2EAEB sin(¢A - -B)A¢(t). (7b)

Note that if EA = EB then E2 cc 1/4 where I is the laser power. If AO(t) is sinusoidal

and is written in the-form

A'(t) = -m sinwmt, (8b)

where m is called the depth of modulation, then the wave emerging from the sample

cell is a phase modulated wave with Bessel-function-amplitude sidebands at frequencies

w ± pw.. where p is an integer. For small modulation depths m < 1 the only sidebands

of importance are at w ± wn. Their amplitudes are J, (m) relative to the carrier whose

amplitude is Jo(m). The demodulation process involves detection of these sidebands. For

coherent detection (which is true in this case as both signal and reference waves are derived

from the same laser) the signal to noise ratio is [33]

S =_17P (9b)
N - hvAf'
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where P, is the power associated with both sidebands, 71 is the quantum efficiency of

the detector, hv is the quantum energy from the laser and Af is the signal processing

bandwidth.* If
_4ir LAn

M = 41rf ' (10b)
A0

which corresponds to sinusoidal refractive index modulation of amplitude An, then the

sideband power is

_ aPm2  47r2t 2aP(An) 2

4 - 2  (A2b)
0

where

a E (12b)

and P is the total laser power.

The coefficient a is determined by the effective reflectance/transmittance of the first beam

splitter in Fig. (1). Usually a "_ 1/2.

Thus for a S/N = 1

Anmil = O ( hvAf, 1/2 (13b)

For A0 = 514.5nm, a = 0.5 r/ = 0.85 this translates into a minimum refractive index

modulation of

Anmin = 2.5 x 1O-' 3 /v-fHz/cm/v'rW. (14b)

We and others have achieved sensitivities of this order in practice.

* The SIN ratio predicted by Eq. (9b) can be reduced by up to a factor of 2 depending

on the specific detection mechanism in the photodetector[34]
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In practice it is difficult to approach sensitivities near the photon-noise limit predicted

by Eq. (14b) without compensating for amplitude noise from the source laser. It is also

desirable, if possible, to use a single frequency laser in these experiments to eliminate

noise resulting from modulation of intermode beat signals. The best way to virtually

eliminate amplitude noise problems in experiments of this sort is to use a balanced optical

mixer. This is not a new idea, indeed it parallels closely the balanced microwave mixer

first described by Dicke [35I in 1946. A recent quantum-mechanical analysis of the noise

reduction properties of this detection scheme has been given by Yuen and Chan [36]. In a

2-detector scheme as shown in Fig. (1), if the average signal levels from detector 1 and 2

are made equal and then subtracted, a substantial part, but not all [37] of the AM noise

is removed. The result obtained if

(OA - OB) = (2n + 1)7r/2 (15b)

is

i 2(t) - il(t) x 4EAEBAO(t). (16b)

The phase modulation AO(t) is thereby detected in the optimum way. This technique

also ensures that all the sideband power is detected, which is not true in a single detector

device.

In a heterodyne coherent sensor, one of the beams in Fig. (1) is frequency shifted with an

acoustooptical modulator. The sensor information must then be extracted from the phase-

moculated beat signal at the acoustooptical modulator offset frequency. This method of

operation is more complex from a signal processing standpoint than the homodyne scheme

and has only half the signal-to-noise ratio. However, it has the significant advantage of

requiring no phase stabilization to preserve linear response: all that is needed to accomplish

this is a highly linear discriminator or phase-locked loop demodulator.

STUDIES OF CELL ELECTRICAL ACTIVITY FROM MEMBRANE BIRE-

FRINGENCE

If a laser beam is directed down a single-mode fiber that is placed almost against a cell

membrane in vitro then a sizable fraction of the emerging light will make a double pass
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through the membrane and be recollected by the fiber. The electrical activity of the

membrane will show up as a modulation of the polarization state of the returning light.

Cell membranes are known to be electrooptically active in this way [38]. This polarization

modulation can as also be regarded as a phase retardation between the two orthogonal

polarization components of the returning beam. The phase retardation can be written in

the form

21rn 3 rVtx ¢ -,(lc)
A

where A is the laser wavelength, n is the refractive index of the membrane, and V is

the voltage across the membrane [34]. With V=100mV, A=632.8nm, n=2, and taking

r=10-1' m/V, which is a reasonable value for a fairly electrootrically active material, the

phase retardation is 0.8mrad. This is a relatively large value. We have previous experience

in constructing sensors with sensitivity - 10' rad/v/'-z. We plan to modify one of our

existing sensor systems to allow us to study the electrical activity of single cells in this

way. The following sections of this report will give some details of how this will be done,

and includes a tutorial discussion of fiber sensors in general. The two principal advantages

of this approach are that it is non-invasive, very sensitive, and allows spatial resolution on

a scale of - 1pm of the electrical activity at different points of the membrane surface.

HETERODYNE FIBER SENSORS

Fiber sensors come in both incoherent [1,2] and coherent forms [39,40]. We are inter-

ested in the former as a means for studying cell activity through the emission of special

dye molecules whose fluorescence spectrum varies as a function of the trans-membrane

potential. We are working on coherent heterodyne fiber sensors for local probing of bire-

fringence in cell membranes induced by the local trans-membrane electric field. These

sensors are being studied in several configurations, using conventional and polarization

preserving single-mode fibers. An ideal all-fiber sensor of this kind would include fiber

splitters and in-fiber frequency shifting. From a practical standpoint, however, the tech-

nology to build such a system is not quite mature, so we are using external frequency

shifting with acoustooptical modulators, and hybrid free-space/fiber interferometers.
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NEW HETERODYNE FIBER SENSORS

Homodyne interferometric sensors suffer from a phase ambiguity because both sidebands

of a sinusoidal component of an induced phase chirp are symmetrically placed. However,

heterodyne sensors do not suffer from this disadvantage, although their use involves an

extra degree of complexity in signal demodulation. The use of FM (or PM) demodulation

techniques that are standard in conventional FM receiver design allows the use of hetero-

dyne techniques in many sensor applications. The principal difference between FM sensor

demodulation and conventional FM demodulation revolves around:

9 large modulation depths in one frequency band may need to be handled in the presence

of small modulation depths in a second frequency band. This requires the development

of sophisticated, highly linear, broadband FM discriminators, or the use of high order

phase-locked loop techniques. We have investigated both approaches.

e for the detection of very weak phenomena the phase modulations or chirps that must be

detected can be tiny: for example < 10' rad/vgA-. In applications where the phenomena

produce phase modulations at low frequencies, the demodulation of a small modulation

at a low frequency on a much larger frequency IF represents a serious challenge. Homo-

dyne techniques may still be preferable in such applications, for example in photothermal

spectroscopy and low frequency magnetooptical studies.

Ref.[40] provides a g6od description of the sensor scheme that we have found most satifac-

tory so far for remote detection of induced birefringence. The beam from a single-frequency

laser is split and one part is frequency shifted by an acoustooptical modulator, typical fre-

quency offsets that we use are - 40MHz. The two beams are orthogonally polarized by

sending one through a A/2 plate and are then directed into a single-mode fiber. At the

end of the fiber the two orthogonal polarizations interact with an electrooptical or mag-

netooptic element, reflect, and return back along the fiber. A fiber coupler directs part of

each polarization state into a balanced mixer. The balanced mixer is constructed from a

polarizing beam splitter set at an appropriate angle (usually 450) to the original orthogonal

polarization directions.

We can represent the electric field of the injected vertical polarization after the modulator
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as

El = Eo cos(wot + 40), (1d)

and the horizontal polanization as

E2 = Eo cos((wo + wl)t + 01). (2d)

To simplify the discussion equal beam intensities are assumed. In the application of single-

mode fibers to the study of cell membrane birefringence the length of fiber needed to deliver

the beam to the cell to be probed is short, so we will neglect the birefringence of the fiber,

although such birefringence can be dealt with. After returning through the membrane the

vertical polarization can be represented as

E, = rEo cos(wot + €o + Ov). (3d)

The horizontal component is

E2 = rEo cos((wo + wi)t + €1 + Oh), (4d)

where we are for simplicity assuming equal amplitude reflection coefficients for the two

polarizations. The two polarizations are partitioned at the polarizing beam-splitter and

give photodiode currents

i. m 1E112,

and

ib CX IE212.

The result of the detection process is:

i. oc Eo2 + E( o2 (W cs•t + OW €) (5d)

ib O E02 - EO cos(wit + 0" - 4,), (6d)

where 0. = -1 + 44 and 4), = 0)2 + O)h. Balanced mixing removes common mode noise

(amplitude fluctuations) to give:

i. - ib = 2E0 cos(wIt + 0" - O,), (7d)
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which can be expanded to give

i, - ib = 2E2[cos(w 1t +• - 4h)COS(€1 -0 2) + sin(wlt + 4,v -- h)Sin(el -- 2)I. (8d)

The desired signal is the birefringence modulation Ov - Oh, which can be demodulated by

conventional techniques.

HIGH RESOLUTION IMAGING

We have been successful recently in using coherent fiber and free-space interferometric

techniques to perform imaging of both three-dimensional features [41], and birefringence

patterns in the surface of small structures [42]. This work, which has potentially enormous

biological significance has been a spin-off of our work on the development of a fiber-optic

probe for studying cellular electrical activity. The great advantage of this optical technique

over scanning electron microscopy, scanning tunneling microscopy, and to some extent,

atomic force microscopy, is that it can provide imagery of biological structures in the

living state. These techniques are described in the papers appended to this report.
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PROGRESS REPORT

DEVELOPMENT OF NanoSQUID

DAMS 1790Z0052

John P. Wikswo, Jr., P.I.
Department of Physics and Astronomy

Vanderbilt University
Nashville, TN

October 1992

Work on this project has been directed towards several fronts. The fabrication of the

high resolution nanoSQUID chip by IBM was delayed due to process problems. These problems

have been corrected, and I am told by Dr. Mark Ketchen that the chips have now been

fabricated with both one-half micron and one micron linewidth, but have yet to be diced and

tested. When my collaborator, Dr. Claudia Tesche, returns from her sabbatical leave in

Finland, we will prepare this chips and mount them in our cryostat. We have designed a

cryogenic dip probe to allow us to test these in our liquid helium storage dewar, and this probe

is presently being fabricated in the Physics Department Machine Shop. We have continued with

our design efforts for.the mounting of the nanoSQUID cryostat within the magnetic shield, and

expect to conduct cryogenic tests within the next six weeks.

While awaiting the completion of nanoSQUID, we have furthered our high-resolution

magnetic studies on cardiac tissue. As indicated in the enclosed conference paper, which was

presented just this past August, we have obtained the first images of octupolar current patterns

in cardiac tissue. As can be seen from the figure in that paper, the measurements of the

magnetic field pattern for both the stimulus artifacts and the propagating wavefront are consistent

with the theoretical predictions from the bidomain model. We are presently conducting model

calculations to ascertain the distribution of spatial frequencies in the magnetic field map. We
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believe that it is the high spatial frequencies, on the order of I mmf' and above, for which the

data can be used to discriminate between a doubly-anisotropic bidomain model and an

anisotropic monodomain model. The present MicroSQUID magnetometer, with its 3 mm coils

1.5 mm from room temperature, has very limited sensitivity at the needed high spatial frequency

ranges, and hence it is crucial for these studies to utilize nanoSQUID, which should definitely

be able to record signals greater than mm"' at the requisite spatial frequencies.

We have begun a mathematical analysis of the sensitivities and spatial resolution of

SQUID microscopes such an nanoSQUID. In our study, we have assumed that the spacing

between the SQUID and the sample is equal to the diameter of the pickup coil. In systems with

high temperature samples and low temperature magnetometers, it is clearly necessary to utilize

vacuum for thermal insulation, which in turn requires a thin vacuum window; the thickness of

the window and the vacuum space are of course minimized. Optimization of the pickup coil for

maximum field sensitivity and resolution indicates that the pickup coil diameter should be

approximately the same as the coil-to-sample spacing set by the window and vacuum thickness.

In fully cryogenic SQUID microscopes, it may be possible to get the coil to sample distance

smaller than the minimum SQUID size, but this has not yet been achieved, and is not helpful

for biological systems. Hence, as a first order of approximation, we have assumed that the coil-

to-sample spacing is equal to the length of the side of a square pickup coil. Furthermore, we

will assume that, for practical SQUID magnetometer designs, the geometry of the two Josephson

junctions and the coupling washer are fixed, and that the matching of the pickup coil inductance

to the SQUID inductance is done through picking the number of turns in the SQUID coupling

coil deposited above the washer. In this case, the magnetometer optimization can assume a fixed

value for the SQUID flux sensitivity, which we will assume to be 10' 6JHz"2 . The sensitivity

of commercially-available SQUIDs is as much as an order of magnitude worse than this, but the
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SQUIDs currently being fabricated at IBM may be at least a factor of 2 lower noise thah this

figure. Given a fixed flux noise, and unity coupling between the SQUID sensor and the pickup

coils, the sensitivity of the magnetometer in terms of fields is simply the flux noise divided by

the area of the pickup coil, implying that if our magnetometer size is reduced by a factor of 2,

the field sensitivity of the magnetometer is reduced by a factor of 4. Thus the smaller the

magnetometer, the lower its absolute field sensitivity. However, because smaller magnetometers

can be placed closer to the sample, there should be an increase in the field produced by the

source. If the source is a wire, the magnetic field strength is proportional to I/r. The

sensitivity of the magnetometer can then be expressed in terms of the minimal current that can

be detected in a wire, which is obtained directly from Ampere's law

or . M2 0rB

Hence as the magnetometer is made smaller, the field strength increases as I/r and the sensitivity

decreases as 1/r9, so that the minimum current detectable by the magnetometer is proportional

to I/r.

The situation is somewhat better if the magnetic field source is a current dipole immersed

in a conducting medium. In this case, the magnetic field is proportional io I/r1, so that the

signal-to-noise ratio, or the minimal detectable current dipole moment, is independent of

magnetometer size. If the sole object of an experiment is to detect the presence of such a

dipole, little is to be gained by miniaturizing the magnetometer, and in fact design comprises

during the miniaturization process may in fact lead to reduced sensitivity. On the other hand,

if the object of the experiment is to locate the wire or image a distribution of current dipoles,

it is clearly advantageous to use miniature magnetometers because of their increased spatial

resolution. We are presently attempting to devise a figure of merit that allows us to quantify
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the combined measures of both detectibility and spatial resolution to aid in our optimization of

SQUID microscopes.

The advantages of magnetometer miniaturization are more obvious for magnetic fields

that are produced by magnetic dipoles. Since the magnetic field scales as I/r' while the

sensitivity scales as r?, the magnetic dipole detectibility goes as 1/r. This is why the relatively

insensitive magnetometer used in a magnetic tape recorder can give very large signals: the

spacing between the magnetic dipoles and the tape head can be on the order of a micron or less.

Similarly, the magnetic force microscope is an intrinsically insensitive magnetometer, but for

imaging the strong magnetic dipoles written on a computer disk, it can obtain a spatial resolution

on the order of 10 nanometers with tip to surface spacings of a nanometer. Unfortunately, the

field sensitivity of this type of device is five orders of magnitude worse than what can be

achieved with a SQUID microscope.

Based on this analysis, we recognize that the optimization of a SQUID microscope is

governed not only by the nature of the source, but also by the intended measurement. In all

cases, the performance of the instrument is determined directly by the sensitivity of the SQUID,

and, in this context, it is most reassuring that the new thin film, integrated SQUIDs being

produced by IBM have an order of magnitude lower noise than presently-available commercial

dc SQUIDs. As we continue to develop the cryogenic systems needed to exploit the sensitivity

of these SQUIDs for biological measurements, we anticipate a steady increase in the

performance of high resolution SQUID magnetometers over that already achieved with

MicroSQUID. The simultaneous development of improved instrumentation, more detailed

mathematical models, and suitable tissue preparations and measurement techniques should enable

us to make significant contributions to a broad range of biophysical problems.
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An optical probe capable of detecting intracellular potential changes in Individual cells, In vitro, which has the potential
for in vivo applications, has been developed. A single-mode optical fiber directs laser light onto cells stained with the
voltage-sensitive fluorescent dye, WW781 and also returns part of the resulting fluorescence to a detection system. Frog
cardiac cells In vitro were used in these Initial experiments. The fractional change in fluorescent intensity of 10 -3 for a
50 mV shift in transmembrane potential obtained from a heart Immobilized in zero calcium Ringer's solution is
comparable to that reported for other optical methods. For hearts in normal calcium Ringer's solutions, ver) large
reproducible motion related artifacts were detected.

Introduction variety of mechanisms have been proposed to explain
their spectra and optical responses 141. The relative

For many years the electrical activity of cells in change in fluorescence intensity from these dyes has
various organisms has been of interest to researchers. been shown to be a linear function of the change in
During this time, two of the primary methods for de- transmembrane voltage [1.2,5]. For absolute calibration
tecting and measuring electrical activity have been ex- of the fluorescence/voltage reponse the dye must be
tracellular electrodes that messure potential differences calibrated against an electrical recording made in the
between different areas of the sample and intracellular same cellular material.
microelectrodes that penetrate the cell and measure the A number of the fast response dyes have been used
potential across the cell membrane. Recently, optical to detect or map action potential propagation in various
methods have been developed that offer more direct preparations. The earliest studies were in squid axon
information than extracellular recording and do not 11,6,71 and invertebrate central neurons 18.91. More re-
require penetration of the cell. In these methods a cent studies have examined excitation spread in heart
sample is stained with a voltage-sensitive dye whose 110,11], remote regions of cultured neuroblastoma cells
fluorescence, absorption, or in some cases birefringence 112], intact whole salamander brain 113]. nerve terminals
changes linearly in response to changes in the mem- of the amphibian neurohypophysis 1141 and dendrites in
brane potential of a cell [1,21. Over 1800.dyes have been the barnacle central nervous system [15,161. In most of
tested for appropriate optical responses and for toxic these studies the stained samples were placed on the
effects on various specimens [3). Of these, approx. 200 stage of a microscope and illuminated over a relatively
have been shown to exhibit significant optical changes large area. A photodiode array placed in the objective
without causing excessive pharmacological side effects image plane was then used to detect the optical signal of
or photodynamic damage. Many of these dyes are clas- interest. Usually the source of illumination has been a
sified as fast response dyes and respond on a microsec- tungsten-halogen or mercury arc lamp with various
end time scale to membrane potential changes. The filters used to select an appropriate wavelength 11-3]. In
fractional change in fluorescence or absorption for these a variation of this method, a Helium-Neon laser has
dyes is on the order of 10- to 10- per 100 mV and a been used to scan across a stained preparation, allowing

a single detector to record from multiple sites [10-12).
While the methods used so far have worked quite

Corpoadence: C.C. Davis. Electrical Engiaeering Department, well for in vitro studies, they have severe limitations for
I niversity of Maryland, College Park, Maryland 20742, U.S.A. in vivo measurements. In those cases where absorption
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changes are measured directly, some components oI tic resoaution. inci uwc ui aijibc £inUliuIWIuill; 10c: prfnl4-

detection system must be located behind the sample, ises the highest theoretical spatial resolution, yet with
opposite the illumination source. k-or many in vivo some additional experimental difficulty. These fibers
systems of interest this configuration is impractical. For are less forgiving of misalignment than multimode fibers
fluorescence measurements and cases where the absorp- and lower fluorescence throughput is inevitable.
tion is measured by the changes in the the backscattered One drawback of the use of a single optical fiber is
excitation fight, the excitation and detection systems that absorption changes can not be measured. Absorp-
can be located on the same side of the sample, but a line tion measurements would have to be made using back-
of sight path between these systems and the preparation scattered light from the sample. This backscattered light
is required (17). Use of optical fibers to direct the would take the same optical path and have the same
excitation and fluorescence light would allow measure- wavelength as the excitation light reflected at the ends
ments to be made in organisms where a direct optical of the fiber, so it would not be possible to separate
path is not available [18,191. By using one single-mode them. The reflected light would add considerable noise
fiber to carry both the excitation light and the fluores- to the signal. In fluorescence measurements an optical
cence, the diameter of the area studied can be limited to filter can be used to separate the longer wavelength
approx. 4 #&m, (the core diameter of the fiber). This high fluorescence from the reflected excitation light. Another
spatial resolution is a fundamental geometric property drawback is that the use of a single-mode fiber reduces
of a single-mode fiber, which can only illuminate a the detected light levels considerably. Calculations of
small area of a cell membrane that is directly under it. the fluorescence intensity returned by the fiber to the
Such a fiber allows greater spatial resolution than the detection system indicate that a photomultiplier tube
photodiode arrays used previously, which typically mea- would be optimal rather than a photodiode detector.
sured from areas on the order of 40 x 40 to 100 x 100 and that shot noise is the limiting noise factor [22].
pm2 (10,16,20). If separate single-mode fibers (with
typical cladding diameters of 125 pm) were to be used Materials and Methods
to carry the excitation light and the fluorescence they
would have to be relatively far from the surface for both Voilage-sensitive dye
of them to be directed at the same spot. This would The dye WW781 (Molecular Probes, Eugene. OR)
cause a much larger area to be illuminated, and would was chosen for these initial experiments for a number of
also reduce the collection efficiency [21). High collection reasons. In particular, it can be excited using a Helium-
efficiency can be maintained, with a concomitant simi- Neon laser and has previously been used successfully in
lar reduction in spatial resolution by the use of pairs of a variety of preparations 110-12,25]. Its other beneficial
multimode optical fibers 118,21). A single multimode features include its low toxicity and the minimal photo-
fiber could also be used, but its large core diameter uynamic damage that it causes (4,231. As with all volt-
intrinsically prevents the attainment of high spatial age-sensitive dyes, however, it is subject to bleaching

Opiii..l I ita-i I

To D.11.1 ( olk'.1iln
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Fig 1. Optical apparatus. Excitation light at 633 im si emitted from a He-Ne laser. attenuated by a neutral density rdter and passed into a
aigle-mode optical fiber with a 4 pim diaeter core. Fluorescence from the tissue (represented by double arrows) travels back through the fiber and

wavelengths grar than 650 anm are reflected by the beaamsplitter into the photomultipber. See text for further details.
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when exposed to intense illumination. For the experi- Signal processing
ments conducted here, it was decided to use the highest lite current output of the photomultiplier tube was
incident intensity that did not cause extensive bleach- converted to a voltage signal through a 10 kP resistor.
ing, as evidenced by a minimal fluorescence baseline This voltage was amplified and displayed on an oscillo-
drift, and then use signal averaging to increase the scope. The signal was typically a 0.1% fluorescence
signal-to-noise ratio. change over baseline. It was necessary to filter the D.C.

component of the signal before it was digitized by a
waveform recorder with 10 bit accuracy (model 5180A

Optical setup Hewlett-Packard, Santa Clara, CA). A 10 s time con-
The optical setup is shown in Fig. 1. The laser used stant RC filter was used for this high-pass function

, was a 10 mW Helium-Neon laser (model 105-1, along with a pair of 1.A ms time constant low-pass
* Spectra-Physics, Eugene, OR). The output of this laser filters.

exhibited some amplitude modulation at 120 Hz and 25
kHz (the switching frequency of the laser power supply). Electrophysiological equipment and procedures
In these experiments shot noise was the limiting noise For all of these experiments the cells that were
factor. We were looking for signals with very low examined were. leopard frog (Rana pipiens) heart muscle
frequency components so the effects of the laser ampli- cells. Our choice of these cells was not spurred by a
tude modulation were removed by passing the detected desire to apply optical recording methods involving
signals through a lowpass filter. Alternatively, we have optical fibers to intact hearts 124), but was rather moti-
available a laser amplitude stabilization unit (EOD vated by the fact that these cells are known to give good
Stabilaser, Tecoptics, Merrick, NY) that reduces ampli- optical signals and are convenient to use in test experi-
tude noise by 50 dB from 0-10 kHz, but its use was not ments. The frogs (Wards Natural Science. Rochester,
required in the experiments described here. The laser NY) were maintained at 10*C. The heart was opened
output also varied in a random manner because of from the right atrium to the apex and pinned, endocar-
feedback reflections from the fiber coupler. This noise dial surface up, onto a paraffin dish where it was
was significantly reduced when a neutral density filter bathed with either normal or zero Ca2' Ringer's solu-
was inserted into the beam path. By placing the filter at tion. The composition of the zero Ca 2* Ringer's solu-
a slight angle to the beam almost all reflections back tions was; 116 mM NaCI, 2 mM NaHCO3 and 3 mM
into the laser cavity were eliminated. KCI. For the normal Ringer's solution I mM CaCi 2 was

A 100 x neutral density filter (model NG9, Schott added 125). The heart was covered for 30 to 60 min with
Glass Technologies, Duryea, PA) was used in most of a dye solution containing 0.1 mg of WW781 per ml of
the experiments. In addition to reducing the feedback to Ringer's solution and was rinsed with the appropriate
the laser, this filter also slowed the dye bleaching, Ringer's solution. Hearts used in zero Ca 2' had to sit
allowing the fluorescence baseline drift to be neglected. for at least an additional 3 h before motion in the heart
The beamsplitter was a shortpass interference filter was completely suppressed.
(model SP675, Oriel Corp., Stratford, CT) placed so Direct electrical recordings were made from the heart
that its normal was at an angle of 34 degrees to the for the dual purpose of forming a basis of comparison
beam. At that angle the filterpassed approx. 80 of the with the optical recordings and as a means of synchro-
laser light but reflected 95% of the returning fluores- nizing signal averaging. Extracellular electrodes con-
cence. sisted of two 36 gauge copper wires positioned approx.

After passing through the beamsplitter, a fiber cou- I cm apart in the ventricle and connected to an A.C.
pler (model F-1015, Newport Research Corp., Fountain preamplifier (model P15, Grass Medical Instruments.
Valley, CA) was used to focus the laser light onto the Quincy, MA) to give an EKG signal. In some experi-
end of an optical fiber. The fiber coupler contained a ments an intracellular glass microelectrode was also
20 x, 0.40 numerical aperture microscope objective, placed in the heart and connected to a microelectrode
The optical fiber used was Newport F-SV, which is amplifier (model 8100-1, Dagan Corp., Minneapolis.
single-mode fiber with a core diameter of 4 pm. The MN). When necessary, stimulation pulses of 200 us
fiber was positioned in the tissue with a micromanipula- duration, delivered via platinum electrodes, were used
tor. to pace the heart.

Fluorescence and reflected laser light travelled back
through the fiber and fiber coupler to the beamsplitter. Results
To remove any reflected laser light a Schott R0665
Iongpass colored glass filter was placed in front of the Detection of action potentials
detector. A photomultiplier (model 56TVP, Philips, Fig. 2 shows examples of recorded waveforms in
through Amperex Electronic Corp., Hicksville, NY) was which the optical signals indicate the occurrence of an
used to detect the fluorescence. action potential. These waveforms were recorded from a
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A value of AFIF printed next to it. For the electrical
signals the arrows F )int in the direction of positive

P; voltage and the length of an arrow corresponds to the
10-3value of AV printed next to it.

In Figs. 2a and 2b the electrical recordings were
obtained from the extracellular electrodes. The largest

- event on the electrical trace occurs at 0 seconds and is
s.1.v f the stimulus artifact. The next deflection. beginning at

. 650 ms, is the QRS wave which indicates the start of
action potentials at the electrodes. The slower deflection

.... . -- ............ .. at about 1600 ms is the T wave and indicates the end of

BI the action potential.
The shape of the electrical recordings from extracell-

i 31 ular electrodes depends on the physical separation be-
1. tween the electrodes and the fact that the action poten-

tials occur at slightly different times in different areas
of the heart. For this reason the electrical signals shown
in Figs. 2a and 2b only show the approximate timing of
the action potentials at the spots being measured by the

0.1mv t optical probe. A more accurate comparison of the tim-
ing between electrical and optical signals was obtained

. . . . . ._ using an intracellular microelectrode. Since the micro-
electrode is extremely small it can be inserted very close

C [to the end of the optical fiber. Fig. 2c shows the result
L when this was done. In this figure the stimulation pulse

! l appears at t - 0, and the action potential lasts from 700
10-31r nms to about 2000 ms. The electrical filtering used to

r obtain Fig. 2c was identical for both optical and electri-
cal recordings. Also in this figure it can be seen that the

.i nse time of the optical signal is slightly longer than that
aMv of the electrical signal. This result was also observed in

most of the other recorded waveforms: it was not caused
by electrical filtering. but could be due to the limited

. . . . .. . ,spatial resolution of the fiber in the z direction, since
-0. 0.0 0.8 1.6 2.4 3.2 the timing of the action potentials at different depths

t (seconds) may vary (10]. This does not invalidate our previous
Fig. 2. Cardiac action potential signals. (A) Simultaneous optical statements about the potential high spatial resolution of
(upper traces) and EKG (lower traces) recordings of cardiac action the single monoinode probe. In this case the test tissue
potentials. Heart was bathed in 0 Ce2 e Ringer's solution for over 4 h masks this resolution because cells at different depths
to suppress all movement. A stimulating pulse was required to evoke
the action potentials. Single sweep. (3) Same as in (A). Average of 30 below the fiber tip are being illuminated. In other
Sweeps. (C) Simultaneous optical and intracellular electrode record- preparations this need not occur.
ings of cardiac action potentials. The resting potential was - 50 mV.

Same heart as in (A) and (B). Average of 30 sweeps. Movement related signals
The movement related signals (Fig. 3) that were

recorded using the fiber optic probe were several orders
heart whose movement had been completely suppressed of magnitude larger than those reported previously by
with zero Ca 2÷ Ringer's solution. This heart was not other researchers using different detection schemes [25].
spontaneously active and therefore had to be paced. The dye was necessary for these signals to appear. as

Fig. 2a is a single event and Figs. 2b and 2c are the movement related signals were not detected from un-
averages of 30 individual records. In all three figures the stained preparations. In most cases other researchers
top trace is the optical signal and the bottom trace is have reported motion signals that were slightly larger
the simultaneous electrical recording. The vertical scales than the electrically generated optical signals, or changes
for these and other similar figures are indicated by the of AFIF from about 10-1 to 10-1. In these experi-
arrows to the left of the plots. For the optical signals the ments, values of A F/F of 5 were occasionally seen and
arrows point in the direction of an increase in fluores- values of 0.5 were regularly detected. These movement
cence and the length of an arrow corresponds to the related signals may have some diagnostic value in their
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moves the surface closer to the fiber causing a large
l "--increase in the amount of fluorescence collecte.. The

second is that lateral dispacement of the muscle bnngs
'fresh' (unbleached) dye into the narrow field-of-view of
the fiber causing a temporary increase in the amount of

fluorescence. In other systems, which collect the light
with a lens, the preparations are diffusely illuminated.
so that bleaching is isotropic and light collection does
not vary much with small changes in distance.

All movement was suppressed in the heart from
0* which the records shown in Fig. 2 were obtained. In

10-2 addition to not being able to see any movement when
the bean was viewed through the microscope. two other
indicators support this statement. The first of these was
that the speckle pattern around the end of the fiber was

2OmV t stationary. It did not flicker at all after a stimulation
pulse. The other indicator was the simultaneity of the
electrical and optical signals 120]. As Salama [251 has
discussed, there is a delay of approx. 200 ms between an

S S.d 5.5 1.2 1.6 action potential and the contraction that it causes. This
t (seond) delay is apparent in Fig. 3b for a heart which exhibited

Fig. 3. Movement-related signal. (A) Simultaneous optical and EKG a very small amount of movement. This figure was
recordings from a heart in normal Cal* Ringer's solution. Note the obtained by adding two drops of normal Ca 2 "* Ringer's
magnitude of the fluorescence change is over 200g. Optical recording
shows two peaks which apparently correspond to contraction of the solution to the dish ontaining the heart used in the
hurt and relaxation back to the resting position. Average of 10 earlier experiments. After several minutes. the speckle
weeps. (3) Simultaneous optical and intracellular electrode record- pattern at the end of the fiber began to flicker after
amp from a heart in very low Cal* Ringer's solution. Stimulation each stimulus and a tiny amount of movement could be
pulse was required. Action potential is visible in optical si&nal at 0.1 s seen through the microscope.
(indicated by arrow). Much larger movement related signal occurs
almost 200 ms after the start of the action potential. Average of 25

Smeps- ConcdWso

These experiments demonstrate that action potentials
own right, independent of optical recording of changes in frog cardiac cells can be detected with a single optical
in trans-membrane potential. monomode fiber probe. This represents a potential im-

Fig. 3a is an example of this type of signal. The provement over the previously used optical techniques
amplitude of the large movement signals was practically in that it may allow recordings to be made from intact
constant when the 100 x neutral density filter was used, animals. Also, the improved spatial resolution available
but decayed fairly quickly in arly experiments using a with single-mode fiber may allow recordings to be made
10 x neutral density filter. The decay in the amplitude from the fine processes of cells that previously could
of the signals is due to bleaching, rather than a decline not be examined.
in the signals themselves. The primary drawbacks of the optical fiber probe are

Although a majority of the movement signals were in the large movement related signals and the low detected
the direction of increased fluorescence, occasionally a light levels that made it necessary to use signal averag-
signal was obtained where there was a decrease in ing to obtain an adequate signal-to-noise ratio. Several
fluorescence. This type of signal could be obtained by possible improvements to the system used in these ex-
positioning the end of the fiber near the edge of a periments would increase the detected light levels and
darkly stained area so that contraction caused a lightly therefore reduce the effect of shot noise on the signals.
sained area to move into the illuminated region. Also, These include the use of a photomultiplier with better
in some cases where the heart was beating vigorously it sensitivity at the fluorescence wavelengths, and the use
was difficult to determine the polarity of the signal of a fiber with a larger core diameter. A larger diameter
since there didn't appear to be a resting baseline, core would increase the collection efficiency of the

There are two explanations for the findings that the fiber, but would also decrease the available spatial
movement-related signals are larger than those previ- resolution. Another way to increase the light levels
ously reported and consistently in the direction of in- would be to increase the incident intensity by replacing
creased fluorescence (with the noted exception above), the neutral density filter with one that is more trans-

5



compensate tor we tauorcacn cW8, 123-137.
would result from bleaching of the dye and it would not 3 GMnvaldo A. (1985) A8 nu. Rev. Neurosci3 83 263-30
be possible to signal average as long. Grinvald et aL. [261 4 Wagoner. A. (1979) Annu, Rev. Biophys. Bioeng S. 47-68.
have described one way that the baseline drift com- S Cohen. L.B. and Salzberg. B.M. (1978) Rev. Physiol SBochem
pensation can be accomplished. Pharmacol. 85. 35-88.

Although in these experiments the cardiac action 6 Davila, H.V., Salzberg, B.M.. Cohen. L.B. and WaUoner. A.S

potentials were recorded from only one spot at a time, (1973) Nature New Biol. 241. 159-160.
ptheentis noereason the systed m could notbe expotane to, 7 Tasaki, L.. Watanabe. A., Sandlin. R and Camnay. L (1%8) Proc
there is no reason the system could not be expanded to Nail. Acad. Sci. USA 61, 883-838.
include several fibers simultaneously recording from 8 Salzberg S.M., Davila. l.V. and Cohen. L.B. (1973) Nature. 246.
different areas in the sample. This could allow the 50-509.
propagation of the action potentials to also be ex- 9 SalzbeC. S.M.. Grnvald. A.. Cohen, L.B and Ross. '.N. (1977)

amined. To do this a single laser could be used and with J. Neurophysiol. 40.1281-1291
10 Hill, B. and Courtney. K. (1987) Annu. Biomed. Eng 15. 567-577.

the use of fiber couplers illuminate several fibers. A 11 Dilon. S. and Morad, M. (1981) Science 214. 453-455
separate optical detection arrangement would be needed 12 Grinvald, A., Ross, W. and Farber. 1. (1981) Proc. Nail Acad Sci.

for each returning fluorescence signal, although in USA. 78, 3245-3249.
principle this could involve a fiber bundle and an opti- 13 Kauer, J. (1988) Nature 331. 166-168.

14 Salzberg, 9;, Obaid. A.. Senseman, D. and Gainer. H (1983)cal detector array. The simplest multiplexing we en- Ntr 0.3-9
visa woud ivole te ue oftwoseprat prbesfor Nature 306, 36-39.

vI ge would involve the use of two separate probes for 1 Krauthamer, V. and Ross. W. (1984) J Neurosci. 4. 673-682.

mapping the transit of electrical signals in tissue, or 16 Ross. W. and Klrauthamer. V. (1984) J. Neurosci. 4. 659-672.
between cells. 17 Orbach, S. and Cohen, L. (1983) J. Neurosci. 3. 2251-2262.

Future research will determine if the use of an opti- 18 Dillon, S. and Wit. A. (1988) Biophys. J. 53. 641a.

cal fiber probe can be successfully extended to measure 19 Kudo. Y., Takeda, K.. Hicks. T.P.. Ogura, A. and Kawasaki. Y.
(1989) J. Neurosci. Meth. 30. 161-168.

electrical activity in preparations other than frog heart, 20 Hill. B. and Courtney. K. (1982) Biophys J. 40. 255-257.

possibly leading to in vivo use in situations where a 21 Snyder, A. and Love. J. (1983) in Optical Waveguide Theory.
direct line of sight path is not available. Chapman and Hall. London.

22 Bowmaster, T. (1988) Masters Thesis. University of Maryland
Ac o d nts; 23 Morad. M., Dillon. S. and Weiss. J. (1986) in Optical Methods in

Cell Physiology. Chapter 12 (DeWeer. P. and Salzberg. B.. eds.)
Wiley Interscience. New York.
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ABSTRACT

With the use of a single, implantable, optical fiber, to excite

fluorescence and detect changes from voltage-sensitive dyes,

transmembrane potential changes were measured without the need

for a clear line-of-sight path between the excitation light,

tissue and detector. In a previous study, we were required to

use signal averaging and could only detect cardiac action

potentials from frog. In the present study we improved this

system so that unaveraged cardiac action potentials were resolved

with high fidelity, and action potentials from single nerve axons

were detected. Endeavors to optimize the signal-to-noise ratio

resulted in the selection of: a larger core fiber with a rounded

tip, styryl dyes, and filters based upon fluorescence spectra of

the dyes when bound to membrane (rather than in solution). The

frog gave signals nearly comparable in magnitude and

signal-to-noise.ratio to those seen with systems that use a

fluorescence microscope. Action potential-induced signals could

be detected in single lobster axons with the intracellular

injection of a dye. The improvement in signal-to-noise ratio

allowed the use of a reduced intensity excitation illumination

which produced less bleaching of the dye.

Key words: Voltage-sensitive Dye, Optical fiber, Fluorescence,

Lobster axon, Frog heart, Laser
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INTRODUCTION

Optical recording of electrical activity in excitable cells

with voltage-sensitive dyes has been used by neurobiologists for

some time [5]. Dyes exist that produce linear changes in

absorption of transmitted light or fluorescence from excitation

light. Two advantages of optical recording of voltages are the

ability to make; 1) intracellular recordings simultaneously from

many sites that could not be penetrated by microelectrodes [10,

151, and 2) recordings that are isolated from stimulus artifacts

[4].

Until recently, the use of optical recording has required

extensive dissection because of the necessity of a direct

line-of-sight path between the living tissue and the recording

system, usually utilizing a microscope. Two recent works with

optical fibers have only partially obviated this constraint.

Dillon [3, 4] employed a multiple fiber system in which

excitation light was emitted from one fiber and the fluorescence

detected by other fibers in the bundle. Kudo et al. [11] used

two fibers held in a micropipette for exciting and detecting

respectively, the fluorescence from a calcium-sensitive dye. As

a result of the use of more than one fiber in both of these

systems, spatial resolution is limited, areas directly under the

excitation fiber (that receive the most fluorescence excitation)

are not closest to the detection fiber, and significant tissue

disruption would occur if these fiber systems were implanted. In
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our previous preliminary work [1), we described a technique for

using a single, implantable, fiber for both delivering the

excitation light and carrying the fluorescence to a detector.

The technique suffered from a poor signal-to-noise ratio that

required the averaging of multiple events, and the signals could

only be detected from cardiac muscle, not neurons. The

capability of this system was limited by; 1) the high

concentration of dye required, 2) the low intensity of the

fluorescence generated by the dye and 3) the fluorescence

collection capability of the 4 Am-core fiber. The latter two

limitations affect the size of the optical signal. In this paper

we describe improvements to this system, which now can be used

with different dyes at lower concentrations, and that permit

clear resolution of single (unaveraged) cardiac action potentials

and the detection of action potentials from single lobster axons.

MATERIALS AND METHODS

Animal Preparations:

Frogs (Rana pipiens) were obtained from Carolina Biological

Supply (Burlington, NC), and their hearts were prepared as

described by Bowmaster et al. ([1. The formulae for the frog

saline solutions have been described by Salama [16]. To prevent
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movement, the hearts were bathed in a calcium-free saline

solution. Lobsters (Homarus americanus) were obtained from local

fish markets, and their circumesophageal connectives were removed

according to the method of Dalton [2]. The saline solution used

was from Maynard and Walton [12].

Optical Recording Apparatus:

The arrangement for the optical recording is illustrated in

Fig. 1. The light source was either a red (633 nm) helium-neon

laser (Spectra-Physics, Mountain View, CA, model 105-1, 5 mW) or

a green (543 nm) helium-neon laser (Siemens, Iselin, NJ, model

LGK-7770, 0.5 mW) depending upon whether a red-excited oxonol dye

(WW781) or a green-excited styryl dye (RH237, RH414 or RH461) was

used. The laser light was attenuated by a neutral density filter

(by a factor ranging from 101 to 105), a procedure necessary to

reduce the extent of dye bleaching. The light next passed

through an angled, short-pass, interference filter (Oriel,

Stratford, CT, model SP675nm for red excitation, or model SP575nm

for green excitation). This filter served as a dichroic

beam-splitter, where the longer wavelength fluorescence was

reflected to the photodetector. The light was next focused into

the fiber through a X20, 0.40-numerical aperture microscope

objective held in a fiber coupler (Newport, Fountain Valley, CA,

model F-1015). The three fibers used (Newport models SW, MSD,

and MLD) had core diameters of 4 gm, 50 gm and 100 gm and
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cladding diameters of 125 gm, 125 pm and 140 gm respectively.

For some experiments, the tip of the 100 gm core fiber was

rounded (into a hemispherical shape) by melting it with a

hydrogen torch, in order to form a crude lens. The fiber end was

held by a micromanipulator and placed in the stained tissue.

Returning fluorescence was focused by the microscope objective

and reflected by the dichroic beam-splitter (angled short-pass

filter). A long-pass barrier filter (Schott, Duryea, PA, model

RG665nm for red excitation or model OG570nm for green excitation)

was used in front of the detector to prevent reflected laser

light from reaching the detector. The fluorescence detector was

usually a photomultiplier tube (Hamamatsu, Bridgewater, NJ, model

R1333) operated at -1.5 kV and terminated with a 10 Kn resistor

as a current-to-voltage converter. A photodiode (Hamamatsu model

S2386-44K) was employed for detection of high light intensities.

Without neutral density filters, the light transmission from the

laser to the end of the 1004m core fiber was 40%. Moreover, with

the system configured for green excitation, 95% of the light (at

633 nm) that entered the fiber was detected by the

photomultiplier tube.

Voltage Sensitive Dyes:

Initial experiments with frog heart [1] used the oxonol dye

WW781 (available from Molecular Probes, Eugene, OR) as has been

used in a number of previous studies (see Salama (16]). The dye
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was applied at a concentration of 1 mg/ml (1.32 mM) for 30

minutes and gave a fractional change in fluorescence of 1/1000

for a cardiac action potential. We also chose to try certain

styryl dyes that reportedly can be used at micromolar

concentrations with fractional fluorescence changes approximately

ten times greater in magnitude than oxonol dyes [6, 7].

In the frog heart the styryl dye RH237 (Molecular Probes)

was used. It was dissolved in 100% ethanol to a concentration of

3.8 mM. This dye-ethanol solution was diluted 1/100 with saline

solution to obtain a final concentration of 38 AM (20 Ag/ml) and

applied to excised frog heart or lobster nerve for 30 minutes.

In the lobster axon the only dye that produced a signal was

the intracellularly-injected styryl dye RH461. The technique of

Grinvald et al. [7] was followed, in which microelectrodes were

filled with a 100 mM solution of the dye in distilled water and

positive current was used to iontophorese the dye into the cells.

None of the extracellular dyes tried, including WW781, RH237 and

RH414 (I mg/ml in saline [6]) produced any detectable signal.

Electrophysiological Recording:

Standard techniques were employed for electrophysiological

stimulation and recording. The instruments used were a Grass SD9

stimulator (Quincy, MA) for stimulation, a Grass P15 preamplifier

for extracellular (electrocardiographic) recording, and a Getting
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5A microelectrode system (Iowa City, IA) for intracellular

recording. Microelectrodes were pulled from 1.0 mm thin-walled

tubing (0.75 mm, inner diameter) and had resistances of 20 Mn

when filled with 4 M potassium acetate and 70 Mf when filled with

100 mM WW781. Extracellular stimulation of lobster nerve fibers

was accomplished with a suction electrode fabricated from

polyethylene tubing.

RESULTS

Fiber Types:

Larger multimode fibers have the advantage of better light

collection efficiency. This was tested with some fluorescence

measurements. Table I compares the amount of green laser light

emitted from various core diameter fibers with the amount of

fluorescence returned from a dye (1 mg/ml WW781). Light

intensities were measured with a photodiode and the values were

normalized to those of the 4 Am fiber. The main finding was that

the 100 Am core fiber allowed a return of 80 times as much

fluorescence per unit of excitation illumination as the 4 Am core

fiber.

A second advantage of the larger multimode fibers is their

greater ability to collect light at a distance. This is
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illustrated by fig. 2 in which are illustrated plots of percent

maximal fluorescence intensity as a function of fiber distance

from a flat fluorescence source. The principal finding to emerge

from these graphed relationships was that there occurred a

decreased attenuation with multimode fibers (half intensity at

100 Mm) compared with the single-mode fiber (half intensity at

25 Am).

Styryl Dyes:

The styryl dyes, as compared with the oxonol dyes, have the

advantage of generating stronger signals, and of being employable

at low concentrations (6, 7]. Fig. 3 illustrates fluorescence

spectra from one of these dyes (RH237) in solution when bound to

mouse neuroblastoma cells. The mouse cells were selected because

they remain viable in suspension during the measurement of their

spectra. The dye is about ten times as fluorescent when bound to

cells as it is free in solution, and the fluorescence emission

spectrum is shifted to the left. The peak excitation of the dye

bound to cells is at 498 nm when emission is measured at 664 nm.

We found that, by using 10 nm band-pass filters between 590 and

700 nm, the action-potential-related signal was broad-banded, and

the long-pass filtcr allowed us to detect the entire signal.

Recordings from Heart:
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The dye RH237 gave signals with a high signal-to-noise ratio

when a 100 jim core fiber was used (fig. 4a). The heart that

generated the signal was spontaneously rhythmic. The upper trace

is an electrocardiogram with a QRS complex at 0 msec and a T-wave

at 900 msec; the lower trace is the optical signal which reflects

the cardiac action potential. This optical signal is expressed

as a change in fluorescence over baseline (AF/F). It was

possible to average the optical signal (middle trace) because

bleaching of the dye was not a significant problem at the

excitation intensity used. It took approximately 40 minutes of

continuous illumination for the fluorescence intensity to drop to

half intensity. One interesting feature of the 100 gm core fiber

was that the movement artifact that occurs in beating hearts when

calcium was present, is less than with the 4 gm core fiber 11].

The lower trace of Fig. 4b illustrates this. The trace begins

with the depolarization within 10 msec of the stimulus (time 0);

it is followed after 100 msec by a second deflection which

represents the contraction; the third deflection, at 570 msec,

simultaneous with the T-wave, represents repolarization;

relaxation occurs after 700 msec. The size of the part of the

signal related to movement varied greatly and depended on the

location of the fiber in the heart.

As a basis for comparison with the technique of Bowmaster et

al. [11, who employed a 4 Mm-core fiber, we repeated the work

employing a 100 Mm-core fiber. The signal generated by a cardiac

action potential recorded with 1/360 the excitation light used by
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Bowmaster et al. 11] was half the amplitude (relative to the

noise). Single, unaveraged, action potentials could be resolved

with the same lower excitation light intensity. A photodiode was

employed for these recordings because the fluorescence intensity

was high enough to obviate the use of the photomultiplier tube.

The one additional measure taken to improve the

signal-to-noise ratio was rounding the tip of the fiber with a

hydrogen torch to create a crude hemispherical lens. The beam

diameter of the excitation light was thereby made smaller and,

presumably, so was the field of collection. Experiments

performed to compare the non-rounded-tip and rounded-tip fibers

were performed at the same location in the heart. Fig. 5

illustrates the gain in signal size from rounded-tip fiber. The

increased signal is due to reduced baseline fluorescence (F)

rather than an increased fluorescence change (AF).

With the use of the aforementioned changes, to the system a

good quality cardiac action potential could be recorded without

averaging as illustrated by Fig. 6. The heart that generated

this signal was stained with RH237, a rounded-tip 100 pm core

fiber was used, and the excitation light intensity was increased

by a factor of 10 over the intensity used in Figs. 4 and 5. With

the higher light intensity, bleaching of the dye to half

fluorescence intensity occurred in 6 minutes.
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Recordings from Lobster Axon:

Numerous attempts were made to record from lobster axons in

desheathed circumesophageal connectives with superfused

fluorescent dyes (WW781, RH237, RH414). All of the dyes stained

and fluoresced strongly, but no action-potential-related signals

could be discerned from the noise. Success came with the

intracellular injection of the styryl dye RH461. The baseline

fluorescence (and noise) was less by a factor of approximately

100, and action-potential-signals could be detected above the

noise. Figs. 7a and b illustrate an average of 64 traces from a

lobster axon with the dye iontophoretically applied. The

recording in Fig. 7b was digitally filtered [15]. The nerve was

stimulated with a suction electrode at one end, and the optical

fiber was located about 1 mm from the intracellular (dye filled)

microelectrode with which the electrical recordings were made

(Fig. 7c). The signals are inverted because the dye molecules

are bound to the inner membrane so they experience an opposite

electric field than when the dye is applied to outer membrane.

Dye fluorescence was detected up to 3 mm from the injecting

electrode. The excitation light intensity was kept low (as in

Figs. 4 and 5) because photodynamic damage at greater intensities

caused the action potential to decrease in amplitude (probably

due to propagation failure beyond the damaged spot). Dye

bleaching did not occur at this intensity since the baseline
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fluorescence did not change over 5 minutes; however, the signal

size was reduced considerably over that 5 minutes. This may be

due to the dye leaving the cell and binding to the outer membrane

(Lev-Ram, personal communication). The dye was visible with a

fluorescence microscope as shown by Fig. 7d, The dye-fluorescence

in this micrograph was only visible to 1 mm from the injection

site, even though it could be detected to 3 mm.

DISCUSSION

Our results show that the technique of optical recording

with fluorescent voltage-sensitive dyes can be extended to use

with single optical fibers with comparable signal-to-noise ratios

as with other techniques. Cardiac action potentials were

recorded through a fine optical fiber (with an outer diameter of

140 Mm) without .signal averaging. Action potentials from single

axons were discerned. One improvement made was employing a

100 Am core fiber rather than the 4 Am core fiber used previously

[1). This allowed 80 times as much fluorescence to be collected

which should theoretically improve the signal-to-noise ratio by

about a factor of 9 (J80). Although the signal-to-noise ratios

varied between preparations and locations, we generally saw

signal-to-noise ratio improvements of this magnitude.

A second improvement was utilizing green excitation (543 nm)

excitation light rather than red (633 nm). The availability and
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relatively low-cost, green, helium-neon lasers allowed us to try

a variety of styryl dyes that are excitable at this shorter

wavelength and can be used at lower concentrations, with less

photodynamic damage [6,7]. We also found that the fluorescence

spectrum of one of these dyes, when bound to cells, is of short

enough wavelength to be optimally detected by a photomultiplier

tube. Additionally, calcium-sensitive fluorescent dyes are

excitable at the green wavelength [13], and can theoretically be

used with this system. Recently, Tung and colleagues [14] have

used an optically equivalent system to achieve recordings of high

fidelity from frog heart with the voltage-sensitive dye di-4-

ANEPPS [8].

A third improvement was rounding the fiber tip. This is

probably related to the crude lens narrowing the field of

detection and limiting the collection of fluorescence from

extraneous fluorescing tissue. The rounded tip has the

additional advantage probably being less traumatic when inserted

into tissue.

The difficulty in recording from lobster axon and the

necessity for intracellular dye injection underscores a

limitation intrinsic in using optical fibers. The problem is

that fibers have a low collection efficiency as the distance

between the fiber and fluorescing tissue increases (fig. 2).

Most likely, in the case of bath application of dyes to lobster

nerve, non-excitable glial and connective tissue generated most

of the background fluorescence (and noise) which obscured the
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signal from the more distant axon membrane. With intracellular

dye application, only the excitable tissue was stained and thus

fluoresced. This is in contrast to frog heart in which a great

proportion of the stained tissue is excitable.

This single fiber technique is potentially useful in

applications other than those described here. The chief

advantage of the fiber technique is that a line-of-sight path is

not needed for fluorescence measurements. The fiber is

implantable in tissue with relatively little disruption. Light,

once entering a fiber, can be carried many meters without

attenuation, therefore intracellular optical recording is

possible with all of the hardware located remotely from the

tissue preparation. We measured fluorescence changes of less

than 1% using excitation illumination that did not cause

photodynamic damage, and we detected fluorescence that was not

visible through a fluorescence microscope. Although we have

improved this system considerably, our recordings are still from

single sites and are noisier than those made through the optics

of a microscope by Salama (16]. These disadvantages must be

considered before adopting such a system. Similar fluorescence

measurements through optical fibers can, in theory, be applied to

any other fluorescent indicator, either physiological or

anatomical.
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Table I. Comparison of Fibers. Intensity measurements were made

of light emitted from tips of the fibers and returned

fluorescence from a solution of voltage sensitive dye (WW781,

lmg/ml) for the three fiber diameters.

Fig. 1. Diagram of Optical Recording System (adapted from (11

with permission).

Fig. 2. Attenuation of Fluorescence with Distance. This is a

plot of percentage of maximum fluorescence intensity with

distance from a fluorescent surface in air. The plot is shown

for fiber core diameters of 4 Am, 50Mm and 100Mm. "A" is plotted

on normal axes, and in "B" distance is plotted logarithmically.

Measurements were made at 10 Am intervals. The fluorescent

intensities have been normalized; the actual magnitudes for the

50 Am and 100 pm fibers were 92 and 450 times the value of the 4

Mm fiber. Note that half intensity is reached at distances of 24

Am for the 4 Mm fiber, 103 Am for the 50 Am fiber and 95 Am for

the 100 Mm fiber.

Fig. 3. RH237 Spectra. The top spectrum is from a 38 MM aqueous

solution of RH237 in phosphate-buffered saline (PBS). The middle

spectrum is from a mouse C-1300 neuroblastoma cell suspension [91

stained with 38 AM of the dye (for 10 minutes) and rinsed with

PBS; the fluorescence magnitude is plotted at 1/10 the scale as

for the dye in solution (upper spectrum). The bottom spectrum is
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of the dye excitation bound to the cells measured at the peak

fluorescence of 664 nm. These spectra were made with an SLM

Instruments, model SPF 500C, spectrofluorometer (Urbana, IL).

Fig. 4. Cardiac Action Potential. The frog heart was stained

with RH237; green (543 nm) excitation, a 10.2 neutral density

filter and 100 Mm core fiber were used. The signals were

processed through a passive high-pass filter (7 = 10 sec), which

removed the D.C. component of the signal, and a passive low-pass

filter (r = 1.4 msec) which removed high frequency noise. "A"

shows spontaneously-generated action potentials from the

ventricle in calcium-free saline solution. The upper trace is

the electrocardiogram (ECG), the lower trace is a single

unaveraged optically-recorded action potential, and the middle

trace is an average of 10 action potentials that was synchronized

from the peak of the QRS wave of the ECG. "B" was recorded in

the same manner-as "A" from a paced heart with 0.1 mM Ca2 ÷

present; it shows a movement-related signal (contraction) that

occurred 100 msec after the depolarization.

Fig. 5. Lens on Fiber. Rounding the tip of the fiber improved

the signal size from the frog heart. The optical recording was

performed as in Fig. 3. The upper trace is a single record from

a frog atrium detected with a 100 Mm-core non-rounded fiber. The

lower trace was made 10 minutes later with the rounded-tip fiber

from the same spot on the atrium.
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Fig. 6. Optimized Recording. This figure depicts a single

(unaveraged) action potential from frog atrium. It represents a

typical recording employing a 100 gm core fiber with a rounded

end and 10 times the light intensity (10" neutral density

filter) that was used in Fig. 3.

Fig. 7. Axonal Recording. This is an averaged (64 traces)

fluorescence recording from a lobster axon stained with the

intracellularly injected dye RH461. The same optical arrangement

as that used for RH237 was employed here with a 10-2 neutral

density filter in front of the laser and a non-rounded 100 Am-

core fiber. "A" represents the optical data processed through

passive RC filters (5 KHz - low pass, 30 Hz - high pass). "B" is

that same signal digitally filtered at 1 KHz (Ross and

Krauthamer, 1984). "C" is an intracellular microelectrode

recording made 1 mm distal from the optical recording site. The

fluorescence micrograph ("D") was made of the axon following

recording. Note that the dye appears bound to the membrane. The

fluorescence recordings in "A" and "B" appear inverted because

the dye was applied to the inner membrane as opposed to the outer

membrane as in the other figures.



Krauthamer et al. - Table I

Fiber Core Returned Returned
Emitted Light Fluorescence/Diameter FluorescenceEmteLih

Emitted Light

4 jm 1.00 1.0 1.0

50 pm 2.55 82.1 32.2

100 Mm 2.84 227.9 80.2
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Krauthamer et al. - Figure 3
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Hybrid fiber-optic sensor using true heterodyne measurement
techniques
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We describe a hybrid, coherent, fiber-optic sensor for the measurement of phenomena the, lead to birefringence.
polarization rotation, or differential phase shifts in a remote-sensing element. By utilizing a :.-n' fiber that carries
two ofthngosily linearly polarized laser beams of different frequencies to the sensor and true 'etero•yne detection.
we obtain high common-mode rejection of any unwanted intrinsic sensitivity of the fiber iaý-A The sensor is
esistant to fading and has a high dynamic range. For demodulation we use high-frequency phase-locked loop

detection that is insensitive to slowly varying phase shifts.

Fiber sensors are ideal for the remote sensing of pa- ber or the optical components must somehow be corn-
rameters in hostile environments or where electromag- pensated for, or the system must be designed to be
netic fields can interfere with traditional sensors.1-2  insensitive to them. Schemes employing fiber squeez-
Coherent fiber sensors detect phase or polarization ers. rotators, Faraday cells, and other techniques have
changes induced in the fiber itself (intrinsic sensors) been investigated with some success."- 9 We have
or in a sensing element interrogated through the fiber avoided these complicated approaches by using a
(a hybrid sensor) by using some interferometric or phase-locked loop demodulation scheme that is not
optical heterodyne scheme. Coherent sensors are sensitive to slowly varying phase drift. Moreover we
generally more complex than incoherent ones but have have minimized polarization state changes in the fiber
potentially much greater sensitivity. A potentially by using two orthogonally polarized beams in a single
important application of coherent sensors is in the in fiber. Our present system shows no signal fading
vitro (or in vivo) monitoring of the electrical activity of problems for fiber lengths of up to several meters. For
biological cells and tissue. 3 In this, and many other longer lengths of fiber an input polarization controller
applications, to be practicable the sensor must be could be used to maintain optimal demoduiation con-
made single ended. The fiber must carry both signal ditions.
and reference beams to and from a remote location Practical details of our fiber sensor are given in Fig.
where the desired phenomenon is sensed. 1. With a KD*P crystal as the remote-sensing ele-

In our coherent hybrid sensor we have combined meat, the local electric field modulates the birefrin-
two orthogonally polarized beams into a single fiber, gence of the crystal. This induces a phase shift that
thereby minimizing common-mode effects. In addi- can be detected by placing the output polarization-
tion, to avoid the operating point drift that plagues sensitive beam splitter PSBS2 at 45". If a Faraday
homodyne detection schemes, we have used a true cell is used as the remote-sensing element, rotation of
heterodyne scheme in which these two orthogonally polarization occurs that is modulated by the local
polarized beams are at different frequencies. A single magnetic field. To detect the modulation that results
monomode fiber acts to deliver and return the beams from this rotation of polarization, the output PSBS2 is
to and from a remote sensor element. The remotely aligned with the initial polarizations. This is done by
located sensing element changes the phase or relative adjustment of the X/2 plate in front of PSBS2. Vibra-
polarization state of the two beams, which are then tion measurements can be made by placing a PSBS, a
reflected back into the fiber. The detection optics X/2 plate, and a mirror at the end of the fiber as shown
and electronics can be located in a benign location at in Fig. 2. In vibration measurements a phase shift is
the input end of the fiber, where environmental inter- incurred owing to the differing path lengths, and de-
ference can be controlled. This type of single-fiber tection is similar to that of the first method just out-
system is less vulnerable to its environment, since per- lined. Finally, detection of the signal that returns
turbations affect both beams in the fiber and common- from the sensing element occurs at a balanced mixer
mode signals can be suppressed in the detection elec- using two wideband photodiodes.
tronics. If the fiber has significant circular birefringence

Interferometric fiber sensors, and interferometers that is not compensated for by polarization control at
in general, are sensitive to the relative phase differ- the launch end of the fiber,- then under worst-case
ence between the signal and reference arms.'-8  The conditions significant signal fading can occur. How-
polarization state at the output of the sensor must also ever, the signal can always be recovered and the detec-
be maintained for optimum mixing of the two interfer- torn brought back into balance by rotating the X/2
ometer beams. Slow, uncorrelated changes in the plate in front of PSBS2. For example, optimal phase
length, the birefringence, or the orientation of the fi- detection occurs when the two orthogonal polarization
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is the Jones matrix for a PSBS, followed by the matrix
for a medium with linear and circular birefringence.II
For simplicity, if we neglect fiber effects, then the first
and second matrices in Eq. (1) can be written as in the
second column of Fig. 2.

For linear birefringence measurements, the output
of the differential amplifier is

v Idiff -E212 - _ 2EE, Cos(Ait + A0, -,0 0
C uefte (2)

A2 -- ~ where A, - w- w' is the AOM excitation frequency, o.
!VC is the induced phase shift, and A0, - 0.8 - #, is the

P10$2 -static phase term. In an electrical homodyne demod-
ulation scheme, em is measured by mixing the detected
signal with a portion of the AOM excitation. The

Fig. 1. Experimental arrangement for the hybrid fiber-op. output from the mixer after low-ps filtering can be
tic probe. The two X/2 plates encountered after the wtten as
acousto-optic modulator (AOM) orient the 40-MHz separat- Idiff - E.E. cos(om - Aos).
ed beams with the rust polarization-sensitive beam splitter
(PSBSI). The combined beams are launched into a single- Optimum demodulation of 0. is achieved when A0, =
mode fiber (SMF) with a 3-dB coupler at. the launch end. (2n + 1)r/2. For long-term stability, this condition
The beam returning from the sensing stage, which in this should be maintained by feedback control.
case is a magnetic-field sensor that uses Faraday-active The Ao, term in relation (2) represents a static
glas, is directed through a X/2 plate onto PSBS2. Ampli- phase shift due to differing path lengths, thermal ex.
tude and phase modulation can be detected by the orients- passift d t rin path l temalnex-
tion of the beams on PSBS2. A phase-locked loop is usedto pansion and contraction of the optical components,
demodulate the signal information, and other slowly varying effects. This term includes

intrinsic effects in the fiber such as slowly varying
circular or linear birefringence. Heterodyne detec-
tion is immune to these pseudostatic phase perturba-

states emerging from the fiber are oriented at 450 to tions. In our current sensors of this kind we do not
the axes of the PSBS. Complete fading of the signal observe significant slowly varying phase changes at-
can occur if the two orthogonally polarized signals tributable to such effects, but their occurrence would
separated by 40 MHz emerge linearly polarized paral- mask low-frequency real signals from the sensor.
lel to the axes of the PSBS. In practice, we have not Therefore this configuration is not a good sensor for
had such problems associated with bending or twisting small dc effects.
of the fiber in the sensor described here. Linear bire. Magnetic fields and other phenomena that cause
fringence of the fiber can lead to pseudostatic phase rotation of polarization can be sensed by using the
differences, which the phase-locked loop (PLL) auto- second scheme in Fig. 2. In this case PSBS2 is orient-
matically tracks out of the demodulated signal. ed in the same plane as PSBS1. Difference detection

Our sensor arrangement differs from previously re- is used to yield the output signal
ported coherent fiber sensor schemes in its use of two
orthogonally linearly polarized, frequency-shifted la-
ser beams, a single monomode fiber, which does not
need to be a high-birefringence type, and true hetero- Detection Jones
dyne demodulation. The extrinsic magnetic field sen- Schemes Matrix Sensitivity
sor described by Tatum and Jackson' 0 comes closest to
our scheme. However, these authors use a pseudohet- (, 0 _ ) 445 10. ad (-/r)
erodyne scheme with two orthogonally polarized 0 e *f" M
beams in high-birefringence fibers and multiple fibers
to return optical signals to their detectors. Chandler -s (
et at.' also use a double-frequency scheme in a single '(.o.s - nd(
fiber, but their sensor is an intrinsic one in which- sin , Cs00)

circularly polarized eigenmodes are used in circularly
birefringent fiber. An PS9

A general representation for our detection scheme - (er o3 1 i0-"
can be written as \O ( 0

E2.1 [coo -sin01 Fig. 2. Detection schemes and sensitivities. Different re-
E2J sin 0 oos j mote-sensing methods are shown schematically in the left

"1column, with a simplified Jones matrix for the respective[A -B]£[ exp(i.,t+#*') scheme in the center column. The sensitivities listed are
X ALEyexp(i•t ),(1) those actualy obtained with the sensor at a frequency of 100

B+ * Hz.
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Id40 L[2I - ILE =-Eo sin 2Fcos(,t + Ab,), (3) stable performance under noisy operating conditions.
If we operate our sensors to detect higher-frequency

where the rotation angle is phenomena, where environmental disturbances and 1/

*,n = VIB0 sin t0t, f noise are reduced, our sensitivities increase marked-
ly, e.g., by -10 dB in the heterodyne mode for signals

with V the Verdet constant. at 6 kHz. The power loss from source to detectors
The phase modulation in relations (2) and (3) is that we suffer results from the combination of bulk-

usually demodulated by either homodyne or hetero- optical elements and single-mode fiber that is used.
dyne detection.' Under ideal conditions homodyne The sensing elements themselves involve bulk-optical
detection gives the largest detected signal. However, elements, and there is substantial power loss in the
owing to pseudostatic drift a feedback system is re- beams' leaving the fiber, interacting with the sensing
quired to maintain the output signal level. Homo- element, and returning into the fiber. The remote-
dyne feedback systems of this sort have the drawback sensing elements used for these measurements were
that they eventually run out of control range and must composed of discrete components that themselves add
be reset. This reset problem can be avoided by using a noise and reduce performance, but these assemblies
heterodyne detection scheme. can be integrated onto the end of the fiber. We are in

In heterodyne detection the diode output phase is the process of integrating all our bulk optics into pig-
commonly detected with a FM discriminator or a PLL. tailed assemblies to minimize power loss. Since sin-
This can be done with commercial 455-kHz FM com- gle-mode He-Ne lasers are limited to low power levels,
ponents in a superheterodyne model2 or by direct PLL in order to increase sensitivity a single-mode diode-
detection at the carrier frequency. The direct detec- pumped 1.33-ism Nd:YAG laser should be an attrac-
tion method does not require a stable source since a tive signal source in future versions of this hybrid,
voltage-controlled oscillator is locked to the carrier, coherent sensor scheme.
A doubly balanced mixer can be used rather than the
digital phase detector common to commercial PLL This research was partially supported by the Na-
chips, which lack the phase sensitivity needed for ex- tional Science Foundation through Grant ECS-
tremely sensitive detection. Although other schemes 8906120.
exist for heterodyne detection,- they often require
complicated techniques and are usually not so sensi- References
tive as true heterodyne methods.9
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Abstract

A heterodyne interferometer that uses a vibrating sample has been constructed for "mr-

face diagnostics. This interferometer provides a detailed profile of the local slope and/or

roughness of a surface. A complete 3-D image of a surface cam be obtained.



There have been several reports of efforts to use interferometric schemes in microscopy1 I

Laser homodyne and heterodyne interferometry can measure extremely small displacement

changes'6. In a scanning microscopy application this should allow detailed mapping of

surfaces with ultra-fine depth resolution.

Matthews et al.2 and Suzuki et al.3 have demonstrated the potential of optical hoinodyne

interferometry in 3D microscopy. The optical path length of the reference arm of the

interferometer in these experiments was actively controlled to maintain the interferonieter

at maximum phase sensitivity. The error signal from a feedback control loop was monitored

while scanning the surface2 to obtain its 3D structure. Unfortunately, this method is

extremely sensitive to environmental disturbances: any thermal and acoustic change in

optical path length of the interferometer arms can disturb the measurement. Huang I w' -

able to overcome these difficulties by the use of a double beam heterodyne interferonieter

with common-mode rejection that allowed a depth resolution of 10pmo.

An optical heterodyne interferometric scheme was proposed by See et al. 4 In their expel-

iment the probe beam was periodically displaced at 1.7 MHz and the phase of the probe

beani was modulated by depth variations. These depth variations were converted into

intensity contrast on a CRT display. In this way they were able to identify the grain

boundaries on a polished stainless steel surface. Although they achieved plhase sensitivity

close to the photon noise limit, because of the wide noise banidwidth (30 kHz) and small

probe power (50 iW), the maximum differential depth resolution obtained was --10piii.

Moreover, because the amplitude of the displacement was approximately the size of the

focus, the spatial resolution was relatively poor compared to other microscopy techniques.

In this paper we present a more versatile and high resolution microscopy technique that

uses a heterodyne interferometer 7 . By using direct phase locked loop RF demodulation

we are able to narrow the bandwidth of the measurement, which gives almost two order-

of magnitude improvement in average depth resolution compared to that achieved by See

et. al. By applying a small amplitude lateral vibration to the object under test (typirally
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a few um at 1 kHz), we are able to determine the local slope of its surface. We will call

this technique scaniung coherent slope microscopy (SCSM).

The heterodyne interferometer used in this research is shown in Fig. I. Light friom a

single frequency He-Ne laser is split into two paths by an acousto-optic modulator. The

deflected beam suffers a 40 MHz frequency shift and is used as the local oscillator of the

intesferometer. After the beam splitter BS the other beam (the probe beam) is focused onto

the surface under test by a 1oX microscope objective (N.A. 0.25). The surface is laterally

vibrated by a PZT driven stage. The amplitude of the displacement is --5 man. The probe

beam is phase modulated by this sinusoidal lateral vibration of the surface. Since the

focused beam has a finite size, the modulation depth is determined by the geometrical

average of the pathlength (GAPL) over the focused region. The GAPL difference caused

by the small amplitude vibration of the surface is a measure of the local slope. The lateral

spatial resolution is thereby limited by the focusing optics, because surface rouglines,

smaller than the focal spot is averaged. The reflected beam from the surface is collected

by the focusing lens and sent back to the BS. The local oscillator and probe beamM are

combined in the BS and mixed at the photodiode PD. The phase modulation on the probe

beam is then carried by the RF intermediate frequency. The signal current i, from the

photodiode is

i, o( IE.i12 + IEs12 + 2IELIIEsI cos(Awt + A ), (1)

where Aw is the RF intermediate frequency and AO is the phase difference between the

probe and local oscillator beams. The phase term can be rewritten as

1& = 0,,1 + 0,, (2)

where •,n is the sinusoidally modulated phase term and 0. represents other environmen-

tally induced phase changes caused by thermal drifts of the optical paths and acoustic

vibrations of optical components. If the surface is displaced in the x-direction with a small
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displacement 6x = 6. sin w,,t the resulting optical path length change is

6z - a6z = 06o sin w.r (3)

where 6. and w,, are the amplitude and frequency of the displacement, and a = 6z/6rx =

tan e, is the local slope of the surface. The above equation is a good approximation for small

displacements because the path length change caused by the reflection angle difference i'

negligible. The modulated phase term is then given by

47-6z

4r(4)47r
= 060osinw,,t

This 4inusoidally modulated phase term can be detected by using a phase locked loop.

After a high pass filter, the RF signal from the photodiode is mixed with a RF local

oscillator derived from a voltage controlled oscillator (VCO). The intermediate frequency

output from the mixer passes through a loop filter mid is used as an error signal to drive

the VCO. The VCO is frequency locked to the RF input signal and the time variation of

the phase term can be measured from the VCO driving signal. Since this scheme is not

sensitive to a quasi-static phase change, it does not require feedback control of the optical

path length of the interferometer. Moreover, since the signal from the phase locked loop i,

synchronously detected by a lock-in amplifier, any unsynchronized background disturbancwe

of the interferometer is filtered out.

The sensitivity of a heterodyne interferometer has been calculated by many authors8 . If

a temporally and spatially coherent source is used, then the minimum detectable pha-e

difference between the two interferometer arms is

= ,,,,(5)
F24ilP
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where P/hv, Af, anod tj represent the number of photons, detection bandwidth, and quan-

tumn efficiency of the photodiode, respectively. The sensitivity calculation has been per-

formed by assuming: (1) 50 % conversion efficiency of the acousto-optic modulator, (2) half

of the probe beam is lost at the BS, and (3) there is a 3 dB loss in signal at the RF mixing

stage. For a I mW He-Ne laser and silicon photodiode (tj,, 0.8), the minimum detectable

phase difference is AO,. ,, - 5 x 10-rad.v¶-zI, or equivalently Al,,.,,, = 2.5 x 10-14O m vr'z.

In our experiment the equivalent noise bandwidth has been determined by the integration

time constant of the lock-in amnplifier. For a 10 msec. time constant, Af = 11(8-) = 12.5

Hz. With these paramneters, the theoretical limit of the average differential depth resolutioin

is Al4 -- = 8.8 X 10-1 In.

A complete map of the local slope of a test sample can be determined by scanning the

probe over the surface, and the surface structure can be regenerated from this map. In our

experiments the test salnple was mounted on a PZT driven stage that was itself mounted

on a motor driven X-Y stage. The X-Y stage and the lock-in amplifier were interfaced

with a personal computer (PC). While scanning the samlple over the region of interest, the

local slope at each data point was obtained by a standard numerical integration algorithm

(cf: Fig. 2).

Fig. 3.(a) shows a scan of an aluminum mirror surface on which a cross-shaped scratch

and a series of poifnt indentations were deliberately made. The corresponding scanning

electron microscope (SEM) image of the scratch is shown in Fig. 3.(b). A high resolution

SCSM image of the cross is shown in Fig. 4. Although in its present form SCSM cannot

compete with SEM in lateral resolution, its average depth resolution is much better and

depth profiles viewed at different angles are obtained directly. Moreover, the SCSM is

non-destnrctive, since it does not require a conducting surface, and the sample does not

need to be sliced to quantify the depth of the image.

It should be noted that the SCSM results shown in Figs. 3 and 4 are 2-D maps of 1-D

slope data. Although these maps show qualitative features of the surface, in order to
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obtain quantitative images the slope.data need to be converted to a depth profile. To-

date, we have not generated such quantitative images. In Figs. 3 and 4 the slope data wa,

obtained tmidirectionally and the data was not calibrated for scattering loss of the probe

beam on the scratch. Such scattering loss on the scratch can be compensated by adding

an automatic RF gain control stage, and a two dimensional slope vector can be obtained

by adding another PZT translation stage that provides lateral vibration in an orthogonal

direction.

In this paper we have introduced a heterodyne interferometer that can be used in surface

diagnostics. The interferometer has been designed to measure the local slope of a surface.

Using this technique we have been able to image the 3D surface structure of various optical

components such as lenses and mirrors. SCSM has the following desiral)le features:

(1) The microscope is non-destructive.

(2) The microscope can produce diffraction-limited 3D images of a surface with an average

differential depth resolution - 2.5 x 10-1i in.

(3) With longer scanning times a high resolution image of an entire surface can be ob-

tained. These images can be viewed at different angles with different inagnificationu

using computer graphics so both macroscopic and microscopic diagnostics can be per-

formed on the same data set.

The scanning speed of the current arrangement was determined by the motor driven X-Y

stage. With these stages I lOxlO0 data points were obtained in approximately 5 minutes.

We believe the scanning time will be significantly reduced by using a long travel PZT

driven stage. The scanning speed is then determined by the integration time constarut of

a lock-in amplifier.

This research was supported by the US Army through contract DAMD17-90-Z-0052. W\'el

acknowledge helpful discussions with Professor Marshall Ginter.
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Figure Captions

Fig. 1 Experimental Arrangement. hi the figure, 01 - optical isolator, AOM - acousto-optic

modulator, BS - beam splitter, PD - photodiode, BPF - band pass filter, and VCO -

voltage controlled oscillator.

Fig. 2 Phase modulation caused by lateral vibration of a curved surface.

Fig. 3(a) Low resolution SCSM image of a scratched and indented region on an aluminum

coated mirror.

Fig. 3(b) Corresponding SEM image of Fig. 4(a).

Fig. 4 A high resolution SCSM image of a cross-shaped scratch mark on aan aluminum coated

mirror.
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It is well known that GaAs has a large electro-optic (EO) coefficient. Therefore. GaA, in-

tegrated circuits and devices can be probed optically through the electro-optically indu,'ed

birefringence produced by steady or transient voltages in the circuit. For example. Bloom

et al. 0) have shown that noninvasive electro-optic sampling of microwave circuits is useful

for measuring electrical waveforms propagating on a GaAs substrate. Previously. GaA-

circuits had been tested by using a transmission line formed on an electro-optic snbtrate.

EO crystals placed close to the device under test were sampled with a beam that probed

the crystal to ineastfre the fringing fields of the transmission line."2 ) Unfortunately. this

technique has limitations since the transmission line and crystal disturb the fiebl- in the

device under test. Techniques for non-perturbing, in-situ measurements. such aw tho-e

investigated by Bloom, are more desirable since an external crystal is not required. We

have extended the sensitivity and flexibility of electro-optic probing of GaAs structure-

through the use of a single-mode fiber probe that allows high resolution, remote mapping

of induced birefringence in electro-optically active materials. These techniiquie. allow ti:

to map the local electric field in GaAs circuits. The electric field induced birefringence

patterns mapped by the probe can be used to spatially monitor other parameters such a,

doping density, carrier concentration, etc. Also, we will show that this probe can be u1,ed

m i mm m m mam nm m m ml1



to uncover processing defects that would otherwise not be evident in conventional scanning

electron microscope (SEM) imagery.

Induced birefringence can be monitored with high sensitivity by the use of coherent

interferometry.(3 ) Typically in such experiments double beam interferonieters such as the

Mach-Zehnder are used in which two separate beams are derived from a single coherent

source. The relative phase difference between these two beamns can be detected by recoin-

bining them at a beam splitter and detecting concomitant intensity changes. The detection

sensitivity of such arrangements is limited only by photon noise if a sufficiently Coherent

light source is used.

Practical, convenient interferometers can be built with fiber optic components. although

better sensitivity can be obtained in a free space interferometer because an optical fiber

is more susceptible to environmental noise. If two independent fibet arm- art- u1,,d ini tlh

interferometer, then local environmental disturbances will effect both fibers independently

leading to increased background noise. In an optical fiber interferometer complete siglial

fading can also occur because of polarization state drift in the fiber. Optical fiber, tenId

to be highly birefringent and small mechanical stresses, bending. and twisting of a fiber

can induce linear and circular birefringence. The state of polarization (SOP) of a la,

beam in such a fiber is subject to the induced birefringence. When the interferometer arm'-

involve two independent fibers, the SOP's of returning beamni may not be the aame and

complete signal fading can occur. However, an optical fiber interferometer doe, have several

advantages: complact arrangements are possible, it does not require tediou- agligInWelr

between measurements, and the probe light can be easily routed to the sample under test.

Such versatility is essential for real time diagnostics.

Linear birefringence caused by the electro-optic effect canl be measured coherently with a

conventional interferonmeter. However, in order to minimize phase and polarization drift,

that occur when independent signal and reference arms are used, we have combined two

orthogonally polarized beams into a single fiber to minimize conunon-inode effects. Tlith
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birefringence of a GaAs sample will induce a phase shift between these orthogonally po,-

larized beams where each polarization component can be regarded as belonging to anl arm

of a conventional interferometer. A polarization sensitive beam splitter can be used to

demodulate the phase retardation on the beams. Since any fiber perturbatiou will affect

both beams in the fiber, the system is relatively invulnerable to environmental effect.".

and common mode signals can be suppressed in the detection electronics. In addition. to

avoid operating point drift that plagues synchronous detection schemes, we have used ;i

true heterodyne scheme in which the two orthogonally polarized lbeanis are at diffeient

frequencies.

A diagram of the fiber sensor is shown in Figure 1. A 35 mW 1.3pnin Nd:YAG laser is usled a,

the signal source. A monolithic ring laser (Lightwave Technology Model 120-03) was Choell

since it is recognized as ail ideal light source for an interferometric sensor because of it,

narrow linewidth and small amplitude noise. GaAs is also transparent at the laser ouitp)ut

wavelength of 1.3tin. The beam is optically isolated and passes through a 40 '.\Hz Acou.sto-

Optic modulator (AOM) that produces two beams, one of which is shifted in frequency by

40 M.\Hz from the fundamnental. The plane of polarization of one of the beanis is rotated

900 with respect to the other before entering polarizing beam splitter PSBS1. The two

beams are combined in PSBS1 to yield two copropogating orthogonally polarized beaii,.

These beams are injected into a single mode fiber and pass through a 3dB coupler. One

of the coupler output beams is dumped into index matching fluid, while the other output

beam continues to the sensing end. A 0.29 pitch graded index (GRIN) lens i-. epoxied to

the end of the fiber with a focal point 5 mm from the GRIN lens. The GRI.N is positioned

above the GaAs sample at a height that gives maximum collection of the reflected beam.

A computer controls anl XYZ positioner that scaans the GRIN above the GaAs device. The

local electric field in the GaAs modulates the birefringence of the substrate and induce, a

phase shift between the orthogonal components of the probe beam. The beani is refle,'tedI

back into the fiber and returns through the 3dB coupler, a A/2 waveplate, and polarizing
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be-am-splitter PSBS2 before reaching the detection photodiodes. The phase shift indured

by the GaAs is detected by placing the output bean splitter (PSBS2) at 450 to the principal

linear polarization directions, so that the two orthogonal components of the beam mix.

Final detection occurs at a balanced mixer using two widebaad photodiodes. Common

mode amplitude noise is suppressed by differentially amplifying the signals from these two

photodiodes.

The diode output currents in Fig.1 are

il, ! [ IE,12 + IE12 ±2E, E,. cos(A wt+ €. - 01)SI2~21 + 4,(1)

The signals are combined in an RF differential amplifier to minimize amplitude noi,,•.

yielding

Idtff cx cos (A4t + A¢, - (2}.

where Aw; = w-w'is the AOM excitation frequency. 6... is the induced phas.e shift. and _c.

is the static phase term. Thus, the phase modulation on the optical carrier ha• beeil down

converted to an RF frequency. The induced phase €,. can be detected by using standarld

RF demodulation techniques. Typically, in RF homodyne detection, a portion of the AOMI

drive is mixed with the detector output to beat the RF signal down to ba,,eballd. F11

optimum detection, this method requires active RF phase control to maintain quadrature

(AOS = (211 + 1)1) between the interferometer output and the AOM drive. Conversely. iII

RF heterodyne detection the sinusoidal signal modulation in 0... is directly detected in the

phase locked loop (PLL) stage. The AO, term above represents a static phase shift due

to differing path lengths, thermal expansion and contraction of the optical coinponenit-.

and other slowly varying effects. Heterodyne detection is immune to these pseudo-static

phase perturbations since the PLL automatically tracks the static phase, unlike honiodyiw

detection schemes. Furthermore, direct PLL detection does not require a stable source sine,

the voltage controlled oscillator is locked to the carrier. Although other scheme,- exN-t fi,
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heterodyne detection (4), they often require complicated techniques and are usually not a,

sensitive as true heterodyne methods.(5)

The simplicity of the detection electronics using the direct PLL method is evident from

Figure 1. The phase modulation is detected in a discrete 40 MHz PLL employing an

automatic gain control (AGC) stage, doubly balanced mixer, 40 MHz VCO. and an activw

loop filter. Phase demodulation is achieved by mixing the differential amplifier outIpt

with the VCO output. The mixer output is filtered and is used to derive the VCO control

voltage that keeps the VCO frequency and phase locked to the incoming RF carrier. The

VCO control voltage also contains the demodulated phase signal, which is fmurther amplifitl

before the output signal is displayed on an oscilloscope or dynamic signal analyzer. Thi-

detection scheme is elegant and does not require any specialized or expensive coiponent •.

making the sensor desirable for commercial applications.

GaAs belongs to symmetry group 43m, so its linear electro-optic tensor iS
f0 0 0/

0 0 0

0,nk 0 0 (3)
'41 0 0
0 r 41  0
0 0 ,',

In a princil)al axis system the indicatrix is

Sx2 + Y z2

2 + 27,41 (Ely: + Eyzx + E,,xy) = 1. (4

If the electric field is applied along the x direction, then

+ 27'41Ezyz = 1, (3)

0

which has new principal axes y' andl z' at 45* with respect to the original y and Th1

corresponding indices are

n + n' 1'413E(x), (6)
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S= 10 - no .4r.E(x). (7)

Therefore, only the x component of the electric field contributes to the birefringence. The

resultant phase retardation for light after reflecting off the back surface of a GaAs sample

is

r - (S)

where V is the applied voltage.

The sensitivity can be calculated using Eq.(8). For example, when 5 Volts is applied to a

wafer with a thickness of 500 pm, the output signal is 45 dBV2 above the noise floor in the

spectrum analyzer trace. The unity SNR sensitivity calculated from these values after the

spectrum analyzer bandwidth is taken into account is -20 prad/v'Tz. We ha1ve o1)tained

sensitivities in this range using a similar interferometric arrangement with a Ht-N•- la,-er' "

We have tested several GaAs devices to prove the usefulness of the probe for detectilQ,

features that would otherwise not be evident. All samples were gold circuit patterns with

mirrored ground planes deposited on (100) oriented substrates. With this orientation the

probe beam travels in the vertical plane, which gives maximum sensitivity to the electro-

optic effect. For example, we deliberately probed a test structure that had the SE.M i1nelloe

shown on the left in Figure 2. The birefringence scan results on the right show th:,t

the gold features of the structure are exactly reproduced. The signal dr(op' to zero, 0,1

the gold features of the structure since the beam is reflected, and the maximum signal i'

observed adjacent to the gold features since the fringing field component in the : direction

is maximum. Also, circuit features that could be overlooked in the SEM image stand out

in the probe results. For example, there is a small gold stripe above and to the right of

the alignment (+) mark. This can be clearly seen in the probe scan results and is barely

discernible in the SEM image.

To prove the probe's usefulness as a diagnostic tool, a coplanar strip line was scanned. A
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side view of the GaAs structure in Figure 3 shows the optical arrangement and GaAs crystal

orientation. The structure has a mirrored gold coating on the back and gold circuit trace,

on the top surface. The birefringence of the underlying GaAs varies with distance from the

surface traces due to the fringing fields that terminate on the ground plane underneath.

The scan results are shown in Figure 4. However, there is a great deal of reproducible fine

detail in the scan. This fine detail is not noise, but reflects real variation in the degree of

local birefringence anisotropy. To demonstrate the reproducible nature of the fine struct uri

in Figure 4, a high resolution scani of the circled region is shown as an inset. Fine a'riation

of the birefringence anisotropy can result from inhomogeneities in doping density. crystal

defects, failure to completely remove metal overlays during processing. or other processing

defects. Fine variation in scans does not result from variation in the substrate thicku,--.

since the signal from the probe depends on voltage acting across the substrate. not the

local electric field. This shows that the probe can be used to obtain images showing general

features followed by high resolution scans of the most interesting regions.

Another structure tested with the probe is shown in Figure 5. In this case the fringing

electric field near gold features did not decay as expected, and there is a periodic structure

evident in the results. This can be explained if there is any conducting pattern left on the

substrate after processing. On further investigation we also noticed that thle RF carrier

level moved in anti-correlation to the detected phase shift. These ob,,eivatioi, can be

explained if any of the p+ epi-layer remains after the processing steps. The carrier level

would drop due to increased surface reflection in the epi-layer. However, the detect ed signal

level increases when probing an epi-layer since the beam that penetrates sees a strong :-

directed electric field. The presence of residual epi material would also explain why the

electric field is maintained all the way to the edge of the substrate. It is important to note

that an SEM image of the structure shows no observable features outside the gold stripes.

We believe that such birefringence imagery can be useful in identifying potential problens-

in device processing and identifying subtle defects that affect device perfornianre. Our
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current spatial resolution is approximately 0.5 pm. This slightly better than diffractioli

limited resolution results from the effective confocal nature of the light dIeliver, and re-

collection by the single mode fiber. We anticipate even better resolution with tapeied filw•

tips.

This research is supported by the Department of Defense through Contracts DA.MD17-90-

Z-0052 and MDA9O04-91-C-9320.
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Figure Captions

Figure 1. Experimental arrangement. In the figure: ISO - Optical Isolator, AOM -

Acousto-Optic Modulator, PSBS - Polarization Sensitive Beam Splitter. SMF - Single

Mode Fiber, VCO - Voltage Controlled Oscillator.

Figure 2. Birefringence probe scan result for a GaAs test structure with corresponding

Scanning Electron Microscope (SEM) image on the left.

Figure 3. Side view of a GaAs coplanar strip line showing probe beani orientation and,

crystal orientation. Circuit traces on top are gold, and the polished botton -surface has a

gold coating.

Figure 4. Birefringence probe scan result for a GaAs coplanar strip line structure. Fine

details in the scan correspond to real features in the structure aw is evident from higji

resolution scans of interesting areas ( inset ).

Figure 5. Birefringence probe scan result for test structure showing conductive pattern

left on the substrate from an incomplete processing step.
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