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Abstract. In this paper we present quantitative results that show the superior sensitivity of the non-linear curva-
ture wavefront sensor (nlCWFS) compared to the Shack-Hartmann wavefront sensor (SHWFS) and the modulated
pyramid wavefront sensor (MPYWFS) for low and high order aberrations. We explain the design for the chro-
matic re-imaging optics (CRO) that introduces chromatic compensation which prevents broad band speckles from
suffering chromatic aberration. We show results from the CRO built for one of the four channels of the nlCWFS
design.

1 Introduction

Most conventional wavefront sensors (WFSs) like the Shack Hartmann wavefront sensor (SHWFS),
and the Modulated Pyramid wavefront sensor (MPYWFS) exhibit poor sensitivity to low order aberra-
tions [1][2][3]. In a SHWFS the wavefront slope is measured for each subaperture as a displacement of
the corresponding focal plane spot. The low sensitivity of the SHWFS is due to the angular size of the
spots which is at best λ/r0 and can be even larger if the subaperture size is smaller than r0. This spot
size is considerably larger than the diffraction limit of the telescope. The WFS we propose, the non-
linear Curvature wavefront sensor (nlCWFS), extracts wavefront information from diffraction limited
(λ/D) speckles and is therefore able to sense the wavefront at the diffraction limit instead of the seeing
limit [1][2][3]. For a tip/tilt measurement the sensitivity is improved by (D/r0) this is equivalent to an
increase in flux of (D/r0)2. To match the nlCWFS sensitivity the SHWFS would require an increase
in flux by a factor of 1000 to 2000 for an 8 m to 10 m telescope and factor of 10 times more for a 30 m
telescope. For Extremely Large Telescopes (ELTs) the increase in the telescope pupil contributes D2

gain in flux and the reduced speckle size also contributes a D2 gain in flux leading to a net gain of D4.
Thus with ELTs the diffraction limited sensing ability of the nlCWFS becomes even more useful for
observing dim objects or for lowering sampling times.

In this paper we also compare the nlCWFS sensitivity to the Pyramid wavefront sensor (PYWFS)
sensitivity. The PYWFS divides the focal plane in four quadrants each one being then re-imaged in a
separate pupil plane. In a fixed PYWFS the PSF core is centered on the quadrants and the interference
takes place between symmetric speckles that lie in quadrants 1 and 3. In a MPYWFS the PSF core
rotates about the center of the quadrant on a circle of radius rp > λ/d, where d is the size of the
quadrant. The quadrant containing the PSF core either contains only one speckle, both speckles or no
speckle [4]. A signal is produced when at least part of the PSF core and one speckle fall in the same
quadrant. Since the probability of this occurring is low and depends on rp the MPYWFS sensitivity
becomes a function of the angular separation of the PSF core and d [4]. The nlCWFS is able to maintain
high sensitivity for all spatial frequencies simultaneously.

In section 2 we compare the sensitivity of the nlCWFS with the SHWFS and the MPYWFS. WFS
sensitivity is defined as its ability to use a limited number of photons efficiently for accurate wavefront
measurement. In section 3 we discuss the need for chromatic re-imaging optics (CRO) when using a
broad band source and explain its conceptual design. In section 4 we present the experimental results
obtained with the CRO. In section 5 we analyze our results and present our conclusions.
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2 WFS Sensitivity Comparison

The theoretical optimal wavefront sensor sensitivity defines how accurately wavefronts can be mea-
sured if only limited by photon noise. In his paper Adaptive Optics for High Contrast Imaging [4]
Guyon defines a metric β that gives the theoretical sensitivity of several WFSs. For the nlCWFS the
1σ photon noise measurement error per mode is [4][2]:

Σ =
β

2
√

Nph
(1)

here Σ is in radian RMS integrated over the pupil plane and represents the standard deviation per
Zernike mode, Nph is the total number of photons available for measurement. If the WFS can measure
both phase and amplitude in the pupil, the ideal limit is set by β =

√
2 [4]. In this paper we experimen-

tally measure β for the nlCWFS and theoretically measure β for the SHWFS and the MPYWFS over
several spatial frequencies and compare the results. The equations used for the beta calculations can be
found in [4]. The data acquired in the lab uses a 635 nm He-Ne laser as the source, static turbulence is
generated by using phase plates prescribed with Kolmogorov turbulence statistics [5], D/rO = 10 and
we image a 1 mm pupil on to the detector [3][6]. Photon noise is added to lab acquired data to simulate
low light levels. The maximum photon noise we can add to the data and still be able to reconstruct the
wavefront corresponds to 3×105 available photons. This is equivalent to an object of mv = 11 on a 8 m
telescope, operating at 500 Hz, and utilizing a bandwidth of 0.2 µm. Photon noise is added to the same
data set for a hundred realizations following a Poisson distribution. The wavefront is reconstructed
each time, and the pupil phase is decomposed into Zernikes Polynomials. The standard deviation per
Zernike mode is measured and β is computed using Eq. 1. The β comparison for the three WFS was
done for an 8 m telescope, see Fig. 1 and for a 30 m telescope, see Fig. 2. The median experimental
value for the nlCWFS βnlCWFS = 6, the theoretical median value for the SHWFS on a 8 m telescope
is βS HWFS = 300, and the theoretical median value for a 30 m telescope is βS HWFS = 800. There are
a couple of spatial frequencies for which the β values for the nlCWFS are larger than those for the
MPYWFS. To investigate the issue further we plotted β for several Zernike modes. The β values show
a surprising sinusoidal pattern as a function of Zernike modes, see Fig. 3. Our initial thought linked
this pattern to the specific number of photons available for reconstruction, so different levels of photon
noise were added to the same lab data to obtain a data set representative of different photon numbers.
The results are shown in Fig. 3. We see the same periodic rise and fall in the β values over the range
of Zernike modes for all the data sets.

By comparing the experimental β obtained for the nlCWFS against the best theoretical β obtained
with the SHWFS and the MPYWFS we show that the nlCWFS can operate with much fewer photons
compared to the other two WFSs and is hence a more sensitive WFS. The sinusoidal variation observed
is likely due to issues in the reconstructor use, and will be further investigated.

3 Chromatic Re-imaging Optics

Diffraction limited speckles are essential to maintain nlCWFS sensitivity. Obtaining sharp speckles is
not an issue when observing in monochromatic light however when switching to a broadband source
the speckles begin to blur due to diffraction and chromatic aberration. For the nlCWFS we do not
image the pupil plane but instead acquire images in four Fresnel propagated planes on either side
of the pupil plane. Eq. 2 shows that Fresnel propagation distance z is inversely proportional to the
wavelength λ. In Fig. 4 we see that the plane to be imaged at λ = 660 nm is formed a distance z660
from the conjugate pupil location. Similarly the planes to be imaged at λ = 589 nm and λ = 490 nm are
formed a distance z589 and z490 respectively, from the conjugate pupil. In order to image sharp speckles
the planes imaged at λ = 660 nm, 589 nm, and 490 nm need to overlap in the detector plane. Since we
are interested in imaging a Fresnel propagated plane and not the pupil plane, the pupil plane is first
propagated a distance z then the wavelength dependent shifts are measured. The chromatic re-imaging
optics (CRO) are designed to compensate for these wavelength dependent shifts so that the planes
imaged at different wavelengths fall on a common detector plane without any wavelength dependent
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Fig. 1: Plot of β versus spatial frequency comparing β values for three different WFSs,the nlCWFS, the SHWFS
and the PYWFS. These values are for a 8 m telescope.

Fig. 2: Plot of β versus spatial frequency comparing β values for three different WFSs,the nlCWFS, the SHWFS
and the PYWFS. These values are for a 30 m telescope.

magnification. The CRO introduces a prescribed amount of wavelength dependent propagation that
allows for the re-imaged pupil to remain sharp in the detector plane over the entire visible band. The
CRO is sandwiched in between a 1-to-1 afocal relay. The details of the CRO design can be found
in Mateen et al. 2011 [6]. The reconstruction algorithm requires 4 different Fresnel propagated pupil
images and requires a CRO for each channel. In this paper we will discuss the design of the CRO
for one of the four paths and will show experimental results obtained with the CRO. Each Fresnel
propagated pupil plane z has an associated Fresnel number N f , an observation wavelength λ, and a
pupil diameter a. These parameters are related to each other through Eq. 2:

N f =
a2

λz
(2)
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Fig. 3: Plot of β versus Zernike modes for the nlCWFS. β values were determined for different number of available
photons Nph.

The Fresnel numbers associated with the four propagated distances that have produced successful
wavefront reconstruction in simulations are, N f 1 = +21.5, N f 2 = +30.1, N f 3 = −21.5, and N f 4 =
−30.1. In this paper we will discuss the CRO design specification for one of the four channels. We
have designed and built the CRO corresponding to N f 1 = +21.5. The observational wavelengths and
pupil diameters associated with N f 1 are listed in Table 1.

Table 1: Wavelength and aperture dependent Fresnel Scaling.
N f λ d z

(nm) (m) m
+21.51 850 8 3500 × 103

+21.51 660 1 × 10−3 70.43 × 10−3

+21.51 589 1 × 10−3 78.92 × 10−3

+21.51 490 1 × 10−3 94.86 × 10−3

The Zemax modeled separation, between the conjugate pupil and the pupil imaged at λ = 660 nm is
z660 = 7.85 mm. Similarly the model separations for the pupils imaged at λ = 589 nm and λ = 490 nm
and the conjugate pupil are z589 = 0.94 mm and z490 = 15.25 mm, respectively. The CRO is designed
such that if the conjugate pupil is located a distance zre f from the first lens (L1) of the afocal relay, see
Fig. 4, then the wavelength dependent pupils imaged above will be imaged onto a common detector
plane with no axial or lateral chromatic aberrations. For channel 1, the channel we are considering in
this paper and which corresponds to N f 1 = +21.5, zre f is about 172 mm.
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Fig. 4: Shows the location of the CRO pupil plane and the wavelength dependent shifts in the pupil plane due
to Fresnel propagation. The red, green, and blue pupils are shown at a distance z660, z589, and z490 respectively
from the lens 1 (L1). The chromatic re-imaging optics (CRO) is sandwiched between a 1-to-1 afocal relay formed
by L1 and lens 2 (L2). By using Eq. ?? we calculate zre f the location of the conjugate telescope pupil from
L1. The CRO is designed to introduce a prescribed amount of chromaticity so that each wavelength dependent,
Fresnel propagated, pupil plane is imaged on to a common detector plain without any axial or lateral chromatic
aberrations.

4 Experimental Results with the CRO

We start by experimentally verifying that the CRO is introducing chromatic aberration the way it is
designed to. We place a point source (an LED with a 5 µ pinhole) 98 mm (design specification) behind
lens 1 (L1). The point source is imaged through L1, the CRO, and lens 2 (L2) and viewed on a white
screen. The as-designed nominal CRO focus for green light is at about 98 mm behind L2. The CRO will
shift the focus as a function of wavelength. The screen is moved to find the sharpest image location.
When using a 625 nm LED as the source the sharpest focus is found 113 mm behind L2. For 530 nm
LED the sharpest focus is found 102 nm behind L2. These wavelength dependent focus locations agree
well with the CRO design specifications, see Fig. 4 and confirm CRO design conjugates.

Next we test the wavelength dependent CRO pupil imaging. For this experiment we use a 635 nm
laser diode to illuminate an iris placed 172 mm in front of L1. The iris is imaged through L1, the
CRO, and L2. A CCD is used to record image frames every 3.9 mm over a distance spanning from
90 mm to 160 mm behind L2. The iris is imaged through the above setup a second time, with the CRO
removed. For the iris imaged through the CRO it takes seven frames for a dark Fresnel ring to turn
into a bright Fresnel ring and for an iris imaged without the CRO it takes nine image frames for a
dark Fresnel ring to turn into a bright Fresnel ring. These results are shown in Fig. 5 and Fig. 6 The
difference of two image frames corresponds exactly with our design shift of zred = 7.8 mm. We carry
out a similar test using a 530 nm LED and find that the conversion difference of a dark Fresnel ring to
a bright one, between imaging the iris with and with out the CRO, is off-set by the design specification
of zblue = 0.9 mm. This experiment validates that the CRO performance is in accordance with design
specifications.

To test the performance of the CRO we introduce a broad-band source, a white light LED which
has a spectral range of 430 nm to 630 nm. The pupil relayed to the detector is measured in the conjugate
pupil plane and in several planes on either side of the pupil plane [3,6]. We compared images recorded
in white light, with and with out the CRO inserted, and images obtained using a monochromatic source,
a 625 nm laser diode. The monochromatic images are shown in Fig. 7. The white light images with no
CRO are shown in Fig. 8 and the white light images with the CRO are shown in Fig. 9. The propagation
distances for the images in Figures 7, 8, and 9 are identical. As expected we see the speckles to be
very sharp in monochromatic light. In polychromatic light the speckles are slightly blurred but still
appear better than expected. When polychromatic light passes through the CRO the speckles blur even
further, indicating that we have not achieved the designed chromatic compensation.

In an attempt to understand why white light speckles blur after passing through the CRO; we image
the pupil through the CRO at different wavelengths, using a 530 nm LED, a 590 nm LED and a 625 nm
LED. We see the pupil location move as a function of wavelength indicating that the CRO is shifting
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the pupil location as expected. We observe a 20 to 40 µm change in the pupil size as a function of
wavelength. This amount of magnification will affect the sharpness of a 100 µm speckle however it
does not explain the extent of blurring that we see. We need to explore other factors such as miss
alignment, diffraction, and dispersion from other optics in the beam path. There is a strong possibility
that the phase plates being used to generate turbulence are dispersive, however we need to determine
whether they are introducing the level of dispersion being seen.

Fig. 5: Fresnel propagated pupil plane re-imaged through the CRO. The Fresnel propagated pupil is 172 mm in
front of L1. It is imaged through L1, the CRO, and L2. The images shown are recorded from a distance of 90 mm
to 137 mm behind L2. An image is recorded every 3.9 mm. You can see the dark Fresnel ring turn into a bright
Fresnel ring in the seventh image.

Fig. 6: Fresnel propagated pupil plane re-imaged with out the CRO. The Fresnel propagated pupil is 172 mm in
front of L1. It is imaged through L1, the CRO, and L2. The images shown are recorded from a distance of 90 mm
to 137 mm behind L2. An image is recorded every 3.9 mm. You can see the dark Fresnel ring turn into a bright
Fresnel ring in the ninth image.
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5 Conclusion

We have quantitatively shown the nlCWFS to be more sensitive than the SHWFS and the MPYWFS
over most spatial frequencies. There is an unexpected sinusoidal pattern that raises the β value for
particular Zernike polynomial indexes. At this time it is not clear what is contributing to this periodic
behavior. We have built and tested the CRO for one of the four paths of the nlCWFS. We can see
the expected inverse wavelength dependent pupil shift as we illuminate the CRO with different wave-
lengths and we do not see significant pupil magnification with wavelength. However the speckles blur
as broadband light passes through the CRO and we are currently investigating the reason for this.

Fig. 7: Images of the pupil plane propagated through the CRO at λ = 625 nm, A 625 nm LED is used as the
source. The phase plates are placed close to the pupil. The pupil is imaged through the CRO and is relayed to the
detector plane, where it is measured. Additional images are recorded in planes on either side of the pupil plane.
The speckles are sharp in all the recorded planes.

Fig. 8: Broad-band images of the pupil propagated without the CRO. A white light LED is used as the source.
The phase plates are placed close to the pupil. The pupil is relayed to the detector where it is recorded. Additional
images are recorded in planes on either side of the pupil plane. The speckles appear to be slightly blurred.
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Fig. 9: Broad-band images of the pupil propagated with the CRO. A white light LED is used as the source. The
phase plates are placed close to the pupil. The pupil is imaged through the CRO and then relayed to the detector
where it is recorded. Additional images are recorded in planes on either side of the pupil plane. The speckles
appear to be greatly blurred in all the planes.
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