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Abstract

A quantitative method for measuring phase in three dimensions using a scanning

optical fiber interferometer is described. By exploiting phase modulation in the

reference arm, this technique is insensitive to large variations in the intensity of the

field being studied, and is therefore highly suitable for measurement of phase within

spatially confined optical beams. It uses only a single detector, and is not reliant on

lock-in electronics. The technique is applied to the measurement of the near field of

a cleaved optical fiber and shown to produce results in good agreement with theory.

1. Introduction

This paper describes the development of a high resolution quantitative optical phase mi-

croscope based on a scanning fiber interferometer. Interferometric techniques are of great

general interest, for example in the characterisation of surfaces, the measurement of vibra-

tions, and the measurement of physical properties such as temperature and pressure. Broad

reviews of interferometric techniques include Ref. 1, 2, for example.

Besides being of use in the measurement of the properties of physical objects, inter-

ferometric techniques can be used to study the distribution of phase within propagating

wavefields. In particular, there are many optical wavefields that possess interesting phase

discontinuities and dislocations. These include the field near the focus of a lens (the Gouy

phase anomaly) and the so-called 'donut-beams' (optical vortices). As well as optical fields
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that possess unusual phase behaviour, it is also essential to be able to characterise the near-

field phase distribution of optical waveguiding devices. For example, in fiber-fiber splicing,

and other fiber coupling operations, it is commonly held that optimal coupling is obtained

when the intensity distributions of the two modes coincide; in fact, optimal coupling is ob-

tained when phase distributions also match exactly3. Also, a number of integrated optical

components, such as multimode interference (MMI) splitters, rely on the control of the phase

relationship between individual waveguides. MMI splitters exhibit self-imaging properties,

which make them useful for wavelength division multiplexing. The operation of multiplexers

is determined by the relationship between the phases of various inputs into a star coupler,

and the knowledge of these relationships is therefore central to the development of such

devices4.

Measurements of the near-field phase of MMIs and of laser arrays have already been per-

formed in a shearing Sagnac interferometer5'6, but this technique relies on the re-imaging of

the near-field by propagation through a lens system or free space, which imposes a resolution

limit of the order of a wavelength. Optical intensity and phase maps have been obtained by

Iiyama et. al.7 b)' scanning a tapered fiber probe through the field emitted from an optical

fiber, and producing an interference pattern by illuminating a screen with light emitted from

probe and reference fibers onto a screen. The introduction of a mask at the detector stage

enabled the determination of a phase map from this interferogram8. The mask was aligned

with the fringes, and had to be physically scanned across the detector plane simultaneously

with the scanning of the probe through the field.

All previous techniques allow for quantitative phase measurement only if there is either a

very small intensity variation across the field of view, or if multiple detectors are employed.

We present here a fully fiber-based technique using fiber directional couplers, which enables

the quantitative measurement of phase using a single detector through sequential measure-

ments of a phase-modulated signal. Unlike Fourier techniques such as that of Takeda et

a/.9, our technique also provides a simultaneous measurement of intensity, giving a value of

both the phase and intensity at each scan point, independent of the broad structure of the



scanned image

2. Quantitative phase measurement within a scanning fiber interferometer

Figure 1 shows a schematic of the experimental apparatus. A He-Ne laser is used as a light

source. This is launched into a single mode optical fiber, which is split into two arms: signal

and reference. The fiber in the signal arm is cleaved to produce a freely propagating beam.

The probe fiber is positioned in this beam close to the cleaved end-face of the source fiber.

By scanning the probe through this field, we build up an image of the source near-field. The

field that couples into the probe fiber is superposed with the mode propagating through

the reference arm via a fiber coupler, producing an interference signal in both fibers. Our

technique measures only one output, avoiding the need for balancing two separate detectors.

This is achieved by measuring the interference signal with a phase variation introduced in

the reference arm with a phase modulator.

A. Theoretical basis

Assuming perfect coherence, we will observe

' = 2 ^ + /* + W * « , s * j (1)

if half the power in each fiber is coupled into the other, where Is and IR are the intensity

of the modes entering the coupler from the signal and reference arms respectively, and 8 is

the phase difference between the two arms.

Changes in the phase difference between the two arms come from two sources. The

movement of the probe through the field produces a phase shift which corresponds to the

spatial variation of phase, and it is this phase, ^probe^ '^ ) ' ^ a t w e w^s^ ^° measure. The

phase modulator in the reference arm also causes a phase change, </>mod(t), which varies

continually with time. Our experiment thus measures

I(x,y,t) = Is(x, y) + IR + 2^fls(x, y)IR cos (6(x, y, t)) (2)



where

5{x, y, t) = ^ p r o b e ( x , y) + <^mod(i). (3)

The goal of our experiment is to determine <^probe(^! y), as well as the signal intensity

map Is(x,y), and to do this, we need to know 4>mo(\- The phase modulator was driven by

a sinusoidally varying voltage V — Vosin(u;£) + Vdc, producing a phase variation

'mo
= f(V{t)), (4)

where / is some non-linear function representing the phase response of the modulator.

At each scan point (x, y), we directly record a series of N measurements of the intensity

Ij U = 1-JV):

Ij(%,y) = h{x,y) + IR +

where ^ = ^ m o d ( ^ ) .

Algebraic inversion of Eq. (5) would be possible with N = 3, through solution of three

simultaneous equations for the variables Is, IR, and </>nrobe- Such an inversion is highly

sensitive to noise. This noise could be reduced by averaging over a number of measurements

for each distinct value of 0mod(1i/j)) but this would lead to a prohibitively large increase in

the data collection time.

Instead, we drive the phase modulator sinusoidally, so that </>mod varies smoothly and

continuously, and acquire a series of interference samples at distinct <pj. A least squares fit

is used to find the values of IR, 1$, and 0p robe ^na^ minimise the deviation of the curve

I(V) from the measured data10.

Rather than using iterative curve-fitting procedures, Eq. (5) is reformulated so that it

becomes linear in some combination of the parameters. This is done using trigonometric

identities to rearrange Eq. (2) as

/ = A + Bcos (d>mod(V)) + Csin (<f>mod{V)) (6)



with new variables

B =

C =

We express the condition to minimise the sum of the squares as a matrix equation:

x

C

(8)

£ sin2 (fa) £ sin (fa) cos (fa) £ sin (fa)

£ sin (fa) cos (fa) £ cos2 (fa) £ cos (fa)

£ sin (</>,•) £cos(0 i) iV

which we solve by inversion for A, B and C. Each element of this array that is subscripted

by j is summed over the number of data points, N, which was typically 10.

We invert Eqs. (7) to find Is and IR. Because the parameters A, B and C are symmetri-

cally dependent on Is and IR, these intensities are indistinguishable in the inversion. Hence

rather than calculating Is and IR, we determine two intensities I+ and /_:

A ± JA2 -B2-C2

1+ = (9)

where I+ is the larger of the two solutions.

One of these is the intensity coming through the probe in the signal arm. There is no

absolute method to distinguish between these two variables in order to determine which

corresponds to the signal intensity, and which to the reference intensity, and we therefore

must rely on some other information to make this separation. For example,, the signal

intensity measurements are correlated with the raster scan of the probe in space, while

the reference intensity remains more or less constant throughout the scan. This enables

identification of either / + or /_ with the signal intensity.

B. Phase Modulator: Design and calibration

The modulation of the phase difference between the two arms allows the separation of

intensity and phase. Several techniques can be used to produce a phase modulation in
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an optical fiber, including the wrapping of an optical fiber around a piezoceramic tube

that expands radially11, and the attachment of the fiber to a piezofilm, which imparts a

longitudinal strain12. We found that the first method introduces bending strains, which

lead to significant signal instabilities. Piezo films were too slow for our requirements.

The modulator we have developed (figure 2) keeps the fiber relatively straight and free

from bending strains, and achieves a phase modulation rate of approximately 5 krad/s. A

fiber is bonded in two passes over a split metal sheet, which is strained by a piezoelectric

stack (Tokin AE0203D08) inserted at the split. This acts like a tuning fork, responding

in an approximately linear manner to a sinusoidal driving voltage at the tuning resonance

of around 200 Hz. This operating frequency was chosen to match probe scanning and data

acquisition rates. The phase change imparted on the fiber is around 8TT with a driving

voltage of under 40 V.

A calibration function relating the imparted phase shift to the driving voltage is necessary

in order to be able to evaluate the parameters of best fit. To evaluate the function f(V) in

Eq. (4), the position of the probe is held fixed, so that the unknown parameters Is, IR and

^probe a r e a ^ constant. Then Eq. (2) becomes

Ij = a'+ b'cos (c'+ ^(Vj)) (10)

and it is possible to determine a suitable approximation for f(V), through the assumption

that the response can be approximated as a low-order polynomial series in Vf

f(Vj) = aQ + aiV0 + a2Vf + a?yf. (11)

A least squares fit to an extremely large number of Vj determines the ai that best describe

the curve. The fitting parameter ao can be considered part of the unknown parameter c in

Eq. (10), and is not important in the calibration of the modulator.

In practice, there is a phase lag between the driving signal and the response of the mod-

ulator, with some degree of hysteresis. Figure 3 shows a typical interferogram represented

by Eq. (10) and the calculated phase response using the quadratic fit in Eq. (11). This
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low-order nonlinear approximation for the phase response function is not accurate near the

turning points of the driving voltage signal and is multi-valued elsewhere. Synchronisation

of the detection system with this driving signal is therefore used to limit the range of the

modulation during which data is recorded to the approximately linear region where the driv-

ing signal is increasing in magnitude. A calibration interferogram and the corresponding-

phase response curve for this windowed region are shown in figure 4.

C. Implementation

Light from a He-Ne laser operating at 632.8 nm was coupled into a single mode fiber, and

passed through a 90/10 directional fused fiber coupler. The fiber with the greater intensity

was used for the signal arm, as there is significant loss at the point where the light propagates

into free space.

This signal arm fiber was connected to a cleaved optical fiber polished at an angle of

7 degrees to minimise unwanted reflections. A fiber cleaved perpendicular to its optical

axis was used as a probe for the field emitted from the angled fiber tip. The fiber probe

was connected to the reference fiber through a 50/50 directional fused fiber coupler, which

provides maximum contrast through the largest range of possible signal intensities. The

reference fiber was bonded to the phase modulator, as described in section 2B. One of the

fiber outputs from the last 50/50 coupler was passed to a photo-multiplier tube connected

to an ADC input on a computer, which simultaneously controlled the scanning of the probe.

The phase modulator was driven by a function generator at 200 Hz, and the data acquisition

was gated and synchronised with this driving signal, as explained in section 2 B.

Throughout the system, fibers were taped to the optical bench, to reduce both mechanical

and thermal fluctuations in the signal. The entire apparatus was in an enclosed environment

to further reduce thermal drifts.

The probe scanning apparatus consisted of a hollow PZT piezoceramic tube, coated with

nickel segmented into quadrants. The probe was positioned along the axis of the tube, and
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its scanning motion calibrated using Michelson interferometry

3. Resul ts

The scanning interferometer was used to map the near field of a cleaved single-mode optical

fiber. This field is well understood, and its measurement provides a confirmation of the

accuracy of the phase measurement technique.

A. Theoretical predictions

The field at the end-face of an optical fiber is approximately Gaussian in cross section3, the

approximation becoming exact for a parabolic index profile. This approximation has been

validated using near-field intensity measurements13. The propagating beam that emerges

from the fiber is also expected to have Gaussian beam characteristics, although the accuracy

of this model for the far field has been questioned14.

The waist of the beam is at the fiber end-face, and its diameter is equal to the mode-field

diameter. The fiber used has a mode field diameter of 3.92 /im at 630 nm. Gaussian beam

theory predicts the electric field E is given by:

—r
2

exp —i I kz
kr 2

(12)

where the beam is assumed to be propagating in the positive z direction, to is the beam

radius, equal to LOQ at the waist, R is the radius of curvature of the beam, r is the radial

position variable (distance from optic axis of beam), and $ is the Gouy phase shift. The

parameter z0 is the Rayleigh length, the characteristic length over which the beam broadens

as it propagates.

The phase component of the Gaussian field has three components. The first, kz, is the

phase advance along the optical axis that would be expected for an infinite plane wave of

wavelength A. The Gouy phase shift, $(2), varies monotonically from 0 to | , from the waist

to a point distant from the fiber. This is the phase deviation of a Gaussian beam from a
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plane wave. The last term is a radial parabolic curvature whose radius of curvature varies

with distance along the optical axis.

B. Results for Gaussian Beam

Images of the phase (modulo 2TT) through a plane containing the optical axis of the beam

emitted from the polished fiber tip are shown in figure 5. Figure 5(a.) shows the phase a

large distance from the beam waist where the beam is approximately planar over the scan

region. Figure 5(b) shows the phase at approximately the Rayleigh length from the fiber

tip, where the radius of curvature is smallest.

The fringe contrast vanishes almost entirely where the intensity is very low, that is at the

edges of these scans. However, the recovered phase image is both continuous and plausible

in these regions.

The intensity image at the Rayleigh length is shown as hollow contours, overlayed on the

(unwrapped) phase in fig. 6(a), and in isometric form with the phase structure superimposed

as.shading in fig. 6(b).

The curved lines marking the 2n phase discontinuities that result from wrapping of the

recovered phase images reveal the general form of lines of constant phase in this region of

the field. A slice through this image in a line at a constant distance from the beam waist

shows the phase to follow a quadratic curve, as expected (fig. 7). The solid line in fig. 7 is

a quadratic line of best fit through the data.

The constant term in this fit is an arbitrary additive offset, the quadratic term is directly

related to the radius of curvature, and the linear coefficient represents either a tilt in the

beam, or a displacement between the centre of the beam and the zero of our coordinate

system.

Equating the quadratic term to a radius of curvature gives us

R = ^ - (13)
Aa.2

Taking a series of images at different distances from the optical fiber source, we are able
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to calculate the radius of curvature using this quadratic fit, and thus look at how the radius

of curvature changes with distance. Gaussian beam theory predicts

-)') • (14)

We have no independent method for determining the distance of the probe fiber from the

source fiber. This distance is determined by studying the radius of curvature. We expect the

radius of curvature to approach infinity as we approach the beam waist (R —> -z as z —> 0).

Using a nonlinear least squares fit to this data, the location of the asymptote and hence the

beam waist is unambiguously determined.

Figure 8 shows how the experimental data compare with a theoretical fit. The data

has been fitted so that the asymptote position coincides with z = 0, while the calculated

Rayleigh length, z0 ?x 19/ira, (distance from asymptote to minimum) is not permitted to

vary during the fit.

4. Conclusion

We have described a new method for phase imaging of optical fields using a fiber interferom-

eter with a phase modulator. The phase measurement technique described in this paper has

been applied to the construction of a very high resolution scanning optical interferometer.

This device has been used for the study of the near field of a single mode optical fiber, where

the field is highly spatially confined. Our measurement of phase is quantitatively accurate

and does not rely upon correlation between a number of detectors, or lock-in electronics. It

is particularly useful in regions where the phase variation is of a significantly lower spatial

frequency than the intensity variation as described here, allowing the possibility of phase

studies in tightly focussed fields.

This technique can also be applied to the study of fields with extremely high spatial

frequency phase variations (e.g. fields with phase singularities), through the introduction

of a probe with a smaller (sub-wavelength) diameter aperture. There is also potential for
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direct measurement of the near-field phase relations in waveguiding devices like MMIs usin^

cut-back techniques to probe the phase within the couplers.
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FIGURES

Fig. 1. Schematic of device, including He-Ne laser, phase modulator <&, and photomultiplier tube

(PMT).

Fig. 2. Design for fiber phase modulator driven by a piezo stack, capable of imparting a phase

shift of 8TT radians with a driving voltage of amplitude 40 V

Fig. 3. (a): An interferogram obtained when the phase modulator in the reference arm is oper-

ated. The interferometric signal is plotted versus the driving voltage applied to the phase modu-

lator. The dashed line represents that part of the signal recorded whilst the fiber is being strained

(increasing modulator voltage/piezo expansion), and the solid line is the interferogram recorded

whilst the fiber is being relaxed (decreasing modulator voltage/piezo contraction), (b) Phase (or

fiber elongation) imparted by phase modulator, calculated through a polynomial sine fit to the

interferogram shown in (a).

Fig. 4. (a) Interferogram and (b) Calibration curve obtained by windowing the data acquisition

time about the increasing part of the driving voltage signal only.

Fig. 5. Two images recorded at different distances from the Gaussian beam waist. The images

are 8 microns across, and 2 microns along the optical axis direction (vertical axis in the image).

Image (a) is recorded at a very large distance from the waist, where the radius of curvature is

large; image (b) is recorded at approximately the Rayleigh length from the waist, where the radius

of curvature is minimum.

Fig. 6. Two images showing the superposition of intensity data with phase data, (a) is a contour

plot of intensity (hollow contours) superimposed over a contour plot of phase (shaded regions). (b)

shows an isometric plot of the field, with shading representing the cosine of the phase, and the

height of the surface representing beam intensity.

Fig. 7. Slice through the phase image showing the data to match the expected quadratic form.

The solid line is a least squares fit.
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Fig. 8. Radius of curvature measured at different distances from the fiber waist (discrete points),

together with a fit based on the theoretical form of the radius of curvature. Error bars represent

the error in the quadratic coefficient.
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