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We present a real-time differential phase-front detector sensitive to better than 3 mrad rms, which corre-
sponds to a precision of approximately 500 pm. This detector performs a spatially resolving measurement
of the phase front of a heterodyne interferometer, with heterodyne frequencies up to approximately 10 kHz.
This instrument was developed as part of the research for the Laser Interferometer Space Antenna
Technology Package interferometer and will assist in the manufacture of its flight model. Because of the
advantages this instrument offers, it also has general applications in optical metrology. © 2007 Optical

Society of America
OCIS codes:

1. Introduction

Many applications in optical metrology require preci-
sion measurements and characterization of laser beam
wavefronts, as well as an accurate mode matching of
laser beams. To this end, it is usual to perform various
adjustments that are both complex and time consum-
ing, based on repeated measurements of beam param-
eters [1]. Alternative methods are Shack—Hartmann
sensors, which measure the shape of a single wave-
front with an accuracy of typically A\/100 [2], and
phase-shifting interferometry (PSI) [3,4], which typ-
ically reaches \/1000 [5].

Similar to PSI, the relative phase is found by a
mathematical algorithm [6,7] that is applied on the
intensities sampled for n = 4 instantaneous operating
points with equidistant phase increments. This hap-
pens in parallel at each pixel of the spatially resolving
photodetector (CCD camera). The advantage of our
method over conventional PSI is that the phase shift,
normally implemented by a piezoelectric transducer
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(PZT), is intrinsically contained in the time-dependent
sinusoid obtained from the interference of two electric
fields at different frequencies (optical heterodyning).
Thus, nonlinearities of PZT elements and additional
electronics required to keep the interferometer at a
specific operation point can be avoided [8].

This article describes an apparatus able to measure
in real time the relative spatial structure between two
interfering wavefronts in a heterodyne interferometer.
This allows a quick and precise characterization of the
mode mismatch between two beams in real time, mak-
ing possible an online adjustment of the optical com-
ponents according to the mode mismatch displayed. By
using beams with known shape, this method can also
be used to analyze surfaces and optical components (in
transmission and reflection), reaching a sensitivity
better than A /2000, which corresponds in our case to
a precision of approximately 500 pm at A = 1064
nm (Nd:YAG laser).

Optical heterodyne interferometry [9,10] is a useful
technique for measuring distance variations with
subwavelength precision and large dynamic range.
This concept is applied, for example, in the Laser
Interferometer Space Antenna (LISA) Technology
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Package (LTP) [11], which utilizes a set of heterodyne
Mach—Zehnder interferometers to measure relative
changes in the separation of two drag-free test
masses with a noise level better than 10 pm/\Hz in
the frequency range of 3-30 mHz. It is well known
that heterodyne interferometers are susceptible to
various noise sources [12,13] that corrupt the phase
measurement. One important noise source is the
wavefront imperfections of the interfering beams in
combination with beam jitter [14,15]. This effect is of
particular importance if quadrant photodiodes are
used, which are often employed to obtain alignment
signals from the interferometer. The error term in-
duced by the spatial inhomogeneity of the wavefronts
can be minimized if the interfering beams have iden-
tical shape. The device we present here allows one to
match the shape of the wavefronts with a simple
procedure, permitting an online adjustment of the
optical components.

2. Theoretical Background

A. Interference Pattern and Heterodyne Interferometry

The electric field E(r, ¢) of a linearly polarized light
beam can be described as

E(r, t) = Ep; exp{i[27fit + ¢; + V;(1)]}, (1)

where j is an index to distinguish several beams,
the vector p; describes the polarization, E; is the am-
plitude of the electric field, and y;(r) is the spatial
distribution of the phase front. The intensity distri-
bution I(r, ¢) oscillates at the heterodyne frequency
fhet = f2 - fl and is proportional to |Et0tal(r> t)|2>
where E, .. (r, t) = E(r, t) + Ey(r, t) is the interfer-
ence pattern. Assuming identical polarization vectors
P: = p. and also that the differential coherence
length of the laser used is much larger than the dis-
tance from the source to the recombination point of
the interferometer, the heterodyne component can be
described as

I(x, t) = A(r){1 + C(r)cos[ 2Tfpet — ()]}, (2)

where A(r) is a space-dependent factor, C(r) describes
the contrast in terms of the space r, and

Q(r) = [@1 T Py(r)] — [@2 + ao(1)] 3

gives the spatial dependence of the phase, where
Pi(r) = Yy(r) — Yy(r) is the spatial distortion of the
phase distribution. Ideally, for identically shaped
wavefronts [y(r) = i(r)], the longitudinal phase
term ¢, — @y, which is the usual interferometric quan-
tity to be measured, contains the length measurement
describing the path-length difference AL between the
arms of the interferometer:

A
AL = 2711_(@1 — $2), 4)

where N = ¢/f is the wavelength of the light. This
path-length difference can be strongly influenced by
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environmental changes that usually (as in the LTP)
disturb the main length measurement.

To maximize the contrast of the interferometer, the
beams need to be matched. It is therefore useful to
characterize the mismatch between them and to be
able to optimize it in real time.

B. Spatially Resolved Phase Measurement

The relative geometry of two interfering beams can
be described by the spatial structure of the functions
A(r), C(r), and {(r). The apparatus described here
measures these three functions in the real-time in-
terference pattern using a CCD camera and pixelwise
data processing. To obtain the phase of a sinusoidal
function as in Eq. (2), several mathematical ap-
proaches [6] can be used that are based on measuring
n equidistant intensity samples I, = I(¢,), with ¢, =
kAt, where & is an integer. The approach chosen for
this experiment is a four-point algorithm [16], cor-
responding to a straightforward discrete Fourier
transform of the signal with n = 4 samples and
At = T'/4, where T' = 1/f is the period of the signal.
For a noise-free signal, these intensities would be
given by

Ik=Ian[1+Ccos<<p+k;T>], (5)

where I, is the average of the sampled intensities.

The phase at the pixel v, ¢,, can be calculated from
these intensity samples [I," . .. I,"'] with the four-
point algorithm as

(6)

L —1,™
I, —-IL,™ |

¢, = arctan[

Several other useful quantities can also be obtained
from these four data points. Using the abbreviations

a,y = IO(‘Y) - 12(7), (7)
b,= L —1,™, (8)
d, =1, + [V + [, + D, 9
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Fig. 1. (Color online) Experimental setup used for the phasemeter.
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Fig. 2. (Color online) Time diagram of the signals processed to

trigger the CCD camera. Note that the sinusoid is measured by the
SED and yields a 180° phase shift with respect to the interference
pattern measured by the CCD camera.

we get the following:
e (Contrast at the pixel v:

a’+b?
c,=2"—" (10)
Y

® Total phase over the CCD surface:

Sb,
Protal = arctan éay . (11)
Y
® Total contrast over the CCD surface:
| 2 2
o) () 42
total 2 dy .
S
® Average intensity at the pixel v:
dy
Iavg(“ =4 (13)

® The maximum and minimum intensity for the
set of exposures (I, . . . I3) can also be determined for
diagnostic purposes.

Furthermore, an exposure of the dark fringe can be
directly captured by triggering the CCD camera with

Fig. 3. (Color online) GUI programmed to display the measured
data in real time.

Phase [rad]

805,

Fig. 4. (Color online) Spatial distribution of the phase.

the appropriate delay 74

317/2 — Qtotal
Ta= " g Dhet (14)

3. Instrument Components and Setup

The interferometer configuration used in this experi-
ment is a nonpolarizing heterodyne Mach—Zehnder
interferometer. The light source was a Nd:YAG non-
planar ring oscillator laser with a wavelength of
1064 nm. Two acousto-optic modulators (AOMs),
driven by slightly frequency shifted rf signals near
80 MHz, are used to generate two laser beams with a
frequency difference of fi., = 1623 Hz. Since the
beams diffracted by an AOM have a distorted non-
Gaussian beam profile, single-mode polarization-
maintaining fiber optics are used as mode cleaners.
The requirements on the CCD camera are as follows:

e FEvery pixel must have simultaneous exposure
(global shutter).

® The exposure time must be very short com-
pared with the heterodyne period, T}, = 1/1623 Hz
= 616 ps.

® The camera must be able to be triggered exter-
nally to allow frames to be captured at the required
instances of time.

® The signal for each pixel needs to be propor-
tional to the intensity on that pixel. Saturation ef-
fects, such as blooming, must be avoided.

Contrast

PEOOSOOOE
ouhWRNDNRO-

Fig. 5. (Color online) Spatial distribution of the contrast.
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Fig. 6. (Color online) Exposure of a dark fringe.

The CCD camera used is a model XEVA-USB from
XenlICs [17] with a 12-bit dynamic range that reaches
30 frames per second (fps) at a resolution of 320
X 256 pixels with a pixel pitch of 30 wm. The photo-
sensitive chip is made of InGaAs, which has a quan-
tum efficiency of approximately 80% for the near
infrared (0.9-1.7 um). The exposure time used was
1 s (1/616 T'.,). Ideally, the interference pattern
should be sampled four times within a single hetero-
dyne period of T}.. This would require a sampling
period of At = 154 ps (approximately 6500 fps) for
the CCD camera, which cannot be reached in practice
because of the time required to transfer the image. To
capture the intensity sample I, an integer number m
of heterodyne periods T} is added to Az, and the
trigger signal is sent to the CCD camera with the
delay

Atk = mThet + Thy (15)
with 7, = kT\.,/4. The heterodyne period T}, is esti-
mated by the timing control electronics of a field-
programmable gate array (FPGA) at the beginning of
the measurement as an average over 2000 periods
and is then transfered to the PC through the parallel
port interface. The experimental setup is outlined in
Fig. 1. In practice, the environment is not stable
enough to preserve a constant phase relationship
over many periods of f;... Hence, additional circuitry

Average [a.u.] 2500
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Fig. 7. (Color online) Average intensity over four exposures.
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Fig. 8. (Color online) Maximum intensity over four exposures.

is used to resynchronize the trigger timing electronics
with the actual phase of the heterodyne signal: A
single-element photodiode (SED) is located at the sec-
ond output of the interference beam splitter where
the same interference pattern emerges with a 180°
phase shift. The heterodyne signal measured by the
SED is bandpass filtered and digitized by a compar-
ator. When the phasemeter software is ready to cap-
ture the frame £, a command is sent from the PC to
the FPGA through the parallel port, which includes
the corresponding delay 1,. The FPGA detects the
rising edge of the digital heterodyne signal and trig-
gers the camera with the controlled delay 7, (see Fig.
2). The CCD camera captures the frame and transfers
it to the PC through its USB 2.0 interface. After all
four frames have been acquired, the phasemeter soft-
ware computes the physical quantities described in
Eq. (6)—(13) and an additional exposure is captured
by triggering the camera with a delay 74 given by Eq.
(14), which corresponds to an exposure of the dark
fringe.

4. Results

A. Real-Time Operation

A graphical user interface (GUI) was developed to dis-
play the measured data in real time (see Fig. 3). The
phasemeter reaches a rate of approximately 5—-6 data
displays per second and hence enables real-time mode
matching of the beams, as well as an online optical
alignment of an interferometer and optimal adjust-
ment of its components. The five different displays in
Fig. 3 are shown separately as three-dimensional rep-
resentations in Fig. 4—8. These measurements were

Table 1. Main Noise Sources of the Phase Measurement

Noise Source rms Phase Error

Laser power fluctuations 1.22 mrad
ADC digital noise of the camera 1.38 mrad
Time jitter 0.99 mrad
Total contribution 2.09 mrad
Noise level measured 2.96 mrad
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Fig. 9. (Color online) Experimental setup with an additional lens
in the path of one beam to intentionally change the curvature of its
wavefront.

conducted on a table-top Mach—Zehnder interferome-
ter, as shown in Fig. 1.

B. Performance of the Phasemeter

To measure the noise level of the instrument, the
camera was illuminated with a spatially homoge-
neous light source (an array of infrared LEDs behind
a matte glass window), the intensity of which was
modulated sinusoidally at a frequency of approxi-
mately 1623 Hz. This is a very stable test subject,
ideal to determine the phase noise level of the in-
strument. It is expected that a flat phase front of
the amplitude modulation can be obtained from this
measurement since all pixels capture a similar sinu-
soidally modulated intensity with the same phase
relationship. A series of real-time phase-front mea-
surements were conducted in this configuration, de-
termining the rms phase value at every pixel. Thus,
a spatial rms phase variation of 2.96 mrad was mea-
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Fig. 10.
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sured over the CCD area of observation. According to
Eq. (4), this value corresponds to a rms spatial reso-
lution AL of approximately 500 pm.

As can be seen in Eq. (6), one noise source of the
phase measurement is the fluctuation of the sampled
intensities. The rms error of the phase, Ag,,,, induced
by intensity fluctuations Al,,, can be estimated from
Eq. (6) as

A s(%Var
Prms = \J% (alk) rms

| 2
V(I — L) + (I, - I)?

Al (16)

After simplifying Eq. (16) by using Eq. (5), we obtain

\2 Al
A"Prms = E I .

avg

a7

The following three error sources were identified, and
their noise contribution to the phase measurement
was estimated:

1. Laser power fluctuations—An Allan deviation
of 8.6 X 10 * was measured at an averaging time of
33 ms, which corresponds to the sampling period
of the CCD camera (30 fps), yielding a phase error of
1.22 mrad from Eq. (17).

2. Analog-to-digital converter digital noise of the
camera—A rms intensity error of four quantization
units was measured by constant and spatially homo-
geneous illumination of the CCD camera. The pixel-
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10 5
5 0
0 5
-5
-10
-10
15 -15
80

. 0¥

40\§3 *=

Pixels in'y

(b)

(Color online) (a) Phase front measured with a lens f = +500 mm in one arm of the interferometer. The phase front is clearly

wrapped, due to the high curvature of the wavefront being transmitted through the lens with respect to the other one. (b) Phase front
obtained by postprocessing the data measured in (a) with a two-dimensional phase-unwrapping algorithm.
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Fig. 11. (Color online) (a) Phase front measured with a lens f = —500 mm in one arm of the interferometer. (b) Phase front obtained from

postprocessing the data of (a) with a two-dimensional phase-unwrapping algorithm.

wise rms variation and an average over the CCD
surface were then computed. This value corresponds
to a relative intensity fluctuation of 9.76 x 10°%
which translates [by using Eq. (17)] into a phase error
of 1.38 mrad.

3. Time jitter—There are at least three sources of
jitter: first, the synchronization delay of the compar-
ator output with respect to the 10 MHz clock of the
FPGA, which is uniformly distributed between 0 and
100 ns; second, a similar delay between the FPGA
clock and the CCD internal clock, which is also at

..

0 10 20 30 40 50 60 70 80 90
Pixels in x

(a)

Pixels in'y
N w D [ (2]
o o o o o

-
o

Fig. 12.

10 MHz but unsynchronized; and third, other jitter
effects, such as apparent period fluctuations of the
signal, due to setup conditional and limited stability,
and the nonsychronization between the FPGA and
CCD clocks with the clock of the modulation electron-
ics controlling the AOM’s driving signal and therefore
the heterodyne frequency generation. This latter ef-
fect is reduced (but not totally canceled) by retracking
the timing control electronics to the rising edge of the
digital heterodyne signal for each exposure. A phase
error of 0.99 mrad was obtained by simulating the

(b)

(Color online) (a) Phase front measured with a cylindrical lens f = +80 mm in one arm of the interferometer. (b) Phase front

obtained from postprocessing the data of (a) with a two-dimensional phase-unwrapping algorithm.
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first and second effects in software, using two inde-
pendent random delays uniformly distributed.

Table 1 summarizes the noise contributions iden-
tified for the phase measurement.

C. Measurements

To test the functionality of the phasemeter, a series of
measurements were conducted on the table-top inter-
ferometer shown in Fig. 1. The aim of these measure-
ments was to intentionally change the curvature of
one of the interfering wavefronts and to use the
phasemeter to read out the spatial distribution of the
phase. Since the two interfering wavefronts are sim-
ilar, a lens was introduced into the path of one beam,
between the corresponding fiber injector and the
beam combiner (see Fig. 9). The results of these mea-
surements are shown in Figs. 10—12. Three different
type of lenses were used: f = +500 mm (Fig. 10),
f = —500 mm (Fig. 11), and a cylindrical lens with
f= +80 mm (Fig. 12). The curvature of the wavefront
considerably increases (due to the lens) such that it
covered several wavelengths in the area of observa-
tion. The resulting phase front measured is wrapped
as can be recognized by the phase rings in Fig. 10(a)
and 11(a) and the stripes in Fig. 12(a). A two-
dimensional phase-unwrapping algorithm [18-20]
was developed and was used for postprocessing these
data. The result of this postprocessing is shown in
Figs. 10(b), 11(b), and 12(b). It can be seen, by com-
paring Figs. 10(b) and 11(b), that the inflection of the
phase-front curvature changes according to the focal
length of the lens used (=500 mm). Within the LTP
interferometry research and development, this instru-
ment will be used during manufacture of the optical
bench interferometer flight model. The lenses of the
fiber injectors can be adjusted such that the difference
in curvature between the two interfering wavefronts
are minimized by using the real-time phase-front read-
out provided by this phasemeter. A phase-front mea-
surement was already conducted at the optical bench
engineering model for LTP [11,21]. These results are
presented in Fig. 13 and clearly show an inhomoge-
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Fig. 13. (Color online) Phase front measured at the engineering
model of the optical bench for the LTP.

Phase [rad]

Fig. 14. (Color online) Adjusted phasefront measured on a table-
top Mach—Zehnder interferometer.

neous phase front, which can be attributed to nonop-
timal adjustment of the lenses in the two fiber
injectors. A further test was done on a table-top inter-
ferometer to adjust the lenses of two commercial fiber
injectors by using this instrument. The aim of this
adjustment was to match the parameters of the inter-
fering beams and to obtain a homogeneous flat phase
front. The result of this experiment is shown in Fig. 14.
A considerable improvement was achieved in match-
ing the shape of the two beams (compare the phase
scale of the plots in Figs. 13 and 14). It can be seen that
over a surface of approximately 1.2 mm X 1.2 mm the
phase front shows a considerably homogeneous spa-
tial profile. We analyzed a circular section of approx-
imately 1 mm diameter at the beam center. The
standard deviation of these data is 3.49 mrad, which
is very close to the measured sensitivity of the instru-
ment. This value corresponds to a spatial resolution
of 590 pm and amounts to a considerable improve-
ment in the correction of the beam shapes.

5. Conclusions

We have developed an instrument that allows real-
time phase-front detection and mode-mismatch char-
acterization of two interfering beams in a heterodyne
interferometer. A rms noise level of 2.96 mrad, which
corresponds to a wavefront roughness of 500 pm, was
obtained experimentally. This makes it possible to
optimize the beam shapes by adjusting the optical
components in real time with the help of the data
displayed onto the GUI (5-6 data displays per sec-
ond). The results shown in Figs. 10-12 demonstrate
the proper functionality of the instrument. By using
well-matched wavefronts, this method can also be
used to analyze, and measure accurately, surfaces
and optical components down to subnanometer lev-
els. It is planned that this instrument be used in the
manufacturing of the flight model of the optical bench
for the LISA Technology Package.
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