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ABSTRACT

An optical test has been devised to test and qualify null correctors that are used for
measuring highly aspheric primary mirrors. The technique employs a rotationally
symmetric computer-generated hologram (CGH) that tests the null corrector directly by
synthesizing a wavefront that would be returned by a perfect primary mirror. A description
of the test and summary of the error analysis are given. The error analysis includes
hologram errors from pattern distortion, substrate flatness, and etch depth variations. It
also includes the effects of errors in the wavelength and data analysis errors. This resulting
analysis shows +78 ppm accuracy for measuring the conic constant of null correctors built
for measuring 3.5-m f/1.75 primary mirrors.

1. INTRODUCTION

Aspheric optical surfaces are often measured using null correctors to allow a null interferometric test. Since the optical
surfaces are fabricated based on the results of the test, the null correctors define the shapes of the final optics. There is always a
possibility that the null corrector could be flawed, resulting in the final shape of the optic being incorrect. Two recent
telescopes had their primary mirrors made to the wrong shape because of errors in the null correctors — the Hubble Space
Telescope! and the European New Technology Telescope?. If accurate testing of the null correctors had been performed, the
errors would have been discovered and corrected in the shop. Instead, the errors were not discovered until the finished mirrors
were in their operational telescopes.

A new, highly accurate test for null correctors is described that uses circularly symmetric computer-generated holograms. This
paper gives a general description and error analysis of this new method of testing null correctors. The derivations are given
more completely by Burge3, also the results and more detailed analyses of actual measurements are given in another paper®.
Some useful background information on CGH and optical testing is given in Section 2. The design and fabrication of the
hologram are described in Section 3. An error analysis is presented in Section 4 that includes errors in the fabrication of the
CGH, errors in performing the test, and errors in the data analysis. The CGH null lens test was successfully performed on null
correctors for two 3.5-m f/1.75 primary mirrors, and the error analysis for these tests is given as an example in Section 5.

In the CGH null lens test, a computer-generated hologram of the mirror is tested by the null lens. The hologram is made so it
will appear to the test lenses as if it were a perfect primary mirror. The test is insensitive to alignment errors, and uses no
optics other than the hologram. The hologram is designed and fabricated independently from the null corrector, so agreement
between the two indicates a high probability that both are correct.

The hologram is simply a circular grating or reflective zone plate fabricated onto a flat glass substrate. The holograms used at
Steward Observatory were made by etching concentric grooves into fused silica substrates and coating with reflective
aluminum. The CGH patterns were fabricated using electron beam lithography that has been developed for the production of
integrated circuits. The spacing of the grooves is determined analytically to synthesize a wavefront reflected by a perfect
mirror. The groove depth and width are optimized to minimize fabrication costs while giving the correct intensity of the
diffracted light.
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A layout of the CGH null test, shown in Fig. 1, depicts SHACK CUBE

an Offner null lens3-* and CGH. No modifications are INTERFEROMETER
made to the null lens for performing this test; the null
corrector tests the hologram exactly as if a real mirror
was being measured. The use of the hologram to test
the null corrector is surprisingly simple. The CGH is
positioned at the paraxial focus of the null corrector.
Once the CGH is near the correct position, the shape
of the fringes in the interferometer is used to align the
hologram. Since the CGH appears to the null
corrector to be a complete primary mirror with the
correct shape, the alignment of the hologram is exactly
like that of the actual primary. The lateral translation,
axial translation, and tilt of the null lens are adjusted
to eliminate tilt, focus, and coma from the
interferogram.

NULL CORRECTOR

The azimuthal errors in the holograms were removed
from the null lens measurements by averaging many
data maps taken with the CGH at different rotational
positions. When an average of many maps is taken
with the CGH at equally spaced rotational positions,
the non-axisymmetric errors in the CGH average out Figure 1. Layout of CGH test of null lens. The use of the CGH
while the errors in the null lens remain. It is easy to involves simply positioning the hologram at the correct location
rapidly make many measurements with the CGH and making the measurement as if testing the mirror itself.
because of the short optical path length.

HOLOGRAM

The holograms are designed to give about 4% diffraction efficiency into the desired order. This matches the intensity from the
reference surface to give a high-contrast interference pattern. A pinhole positioned near the Shack cube rejects the stray orders
of diffraction and lets only the desired order through. The size of the pinhole is optimized so that the area corresponding to the
entire tested region of the mirror is free from spurious orders, but the spatial frequency cutoff is acceptable.

2. OPTICAL TESTING WITH COMPUTER-GENERATED HOLOGRAMS

2.1. BACKGROUND ON CGH AND OPTICAL TESTING

Optical testing of aspheric surfaces using computer-generated holograms (CGH's) has been used for over twenty years. An
excellent summary of CGH optical testing is given by Loomis®. Some more recent work in the field is given in a thorough
review by Creath and Wyant’.

A hologram is generally used to modulate the phase or amplitude of a wavefront, causing it to propagate such that it forms a
desired phase front or intensity distribution. A photographically produced hologram may be used to store and play back an
existing wavefront®. Synthetic holograms may also be specified by a computer and written with an electronic plotter®. The
computer-generated hologram is a diffraction grating that uses a spatial variation in ruling frequency to create a desired change
in wavefront. The CGH may be interpreted as changing ray directions according to the grating equation,

s(sin 6, +sin 8,))=mA
0)
where 6, 6, = incident and diffracted angle
A = wavelength

m = order of diffraction
s = local ruling center-to-center spacing.
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Equivalently, the hologram changes the wavefront phase. When used in m™ order, the CGH adds m waves of optical path to
the wavefront for each ruling cycle.

Optical testing with a CGH is commonly!%!! performed using a configuration similar to that shown in Fig. 2. The spatial filter
is required to block the unwanted orders of diffraction. The diverger lens need not be perfect, but only well known because the
CGH will correct for the mirror-lens combination.
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Figure 2. Modified Twyman-Green interferometer for testing an aspheric mirror with a CGH.

A large amount of tilt must be created by the CGH to cause the orders to fan out, enabling the isolation of a pure reference and
pure test beamS. This wavefront tilt, which causes a carrier frequency in the ruling, must be three times larger than the
maximum slope of the aspheric wavefront to insure complete separation of orders!2.

Since the CGH is nothing more than a pattern drawn on film or glass, its errors take the form of spatial distortion in that
pattern. The magnitude of the wavefront error due to the distortion is given by the scalar product of the wavefront gradient and
the vector distortion!3,

2.2 CIRCULAR HOLOGRAMS

Circular holograms have been used in optical testing and are used for the CGH null lens test. Rather than using a tilt carrier to
fan out the orders laterally, the rotational CGH causes the different orders to focus at different positions along the axis. The use
of circular holograms for optical testing was first demonstrated by Buynov!4. Ichioka and Lohmann!® discuss the use of a
quadratic (focus) carrier to shift the longitudinal focus position of the unwanted orders. They used a small aperture at the focus
of the desired order to restrict the interference of spurious orders to a small central area of the optic. They also showed that the
actual number of fringes plotted may be less for a circular hologram than for a linear hologram. Further comparisons between
circular and tilt carrier holograms are given by Mercier!é and Mercier and Lowenthal!”.

There are several advantages of rotational holograms for testing axisymmetric optics. By preserving the axial symmetry, the
hologram design and analysis are reduced from two dimensions to one. The alignment of the centered system is
straightforward using conventional techniques!”. The symmetry also allows direct certification of the hologram by measuring
ring diameters!8. For testing optics with annular apertures, the inability to test the central region is inconsequential!®. For
testing a mirror with no central obscuration, the central region generally has very little asphericity and can be tested
conventionally20.

The use of circular holograms is ideal for conditions when the desired order comes to a sharp, unaberrated focus. At this point,
a small pinhole will allow the desired light cone through while blocking all other orders. Background light and spurious
fringes may be further reduced by physically masking off the inner region of the light cone, corresponding to the center hole in

the primary.
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The size of the pinhole is optimized to reject -

the stray orders without limiting resolution. unwanted order

The pinhole is positioned at the center of (defocused from pinhole) mask with

curvature of the interferometer reference aperture at focus

surface where the light comes to a sharp focus. \\ of desired order

Figure 3 shows how a stray order is blocked by desired order h““"‘w% ] _
the pinhole. The light from the desired order ] ;z:ng::lf T;::W
comes to a sharp focus at the pinhole. The setected order
unwanted orders are out of focus and aberrated

so they do not make it through the aperture.
Since an annular pupil is used, an out-of-focus
stray order will cause an annular image. As
long as the pinhole is smaller than the inner
diameter of this annulus, the light in this stray
order will be completely blocked.

The pinhole may not be made arbitrarily small
however because it acts as a low-pass spatial
filter with cutoff spatial frequency derived
using Fourier optics3-21. For the null lens for
the WIYN 3.5-m primary that uses a 0.332 N4
beam, a 200-um pinhole gives 30 cycle-per-
meter resolution or 105 full cycles across the
mirror diameter. This frequency optimally
matches the Nyquist sampling rate determined
by the digitization of 200 pixels across the Figure 3. Rejection of stray diffraction orders. The order rejection relies on
mirror. This pinhole also completely rejects all two principles. (1) The desired order comes to a sharp focus where all other

but the desired orders of diffraction in the clear orders are out of focus, and (2) An annular pupil is used. There is a central
aperture. untested region that is blocked elsewhere.

3. DESIGN AND FABRICATION OF CGH FOR NULL LENS TEST

3.1.  CGH DESIGN

The CGH design is defined only by the shape of the primary mirror and not any specific null lens. The radial ring positions are
chosen based on an exact analytical model of the rays normal to the primary mirror3. The normal rays are propagated
analytically to intersect a plane at the paraxial center of curvature of the mirror. The intercept positions define the mapping of
the mirror position onto the hologram plane (See Fig. 4.) The path length variation across the mirror defines the hologram
phase function. This model gives an exact expression for the wavefront function that the CGH must create to synthesize a
perfect primary mirror. Approximations are used only for the error analysis.

The exact relationships were expanded in power series and truncated for the error analysis. The following definitions are
made:

r = radial mirror position

R = vertex (paraxial) radius of curvature of mirror

K = conic constant of mirror

x(r) = ray intercept position on hologram corresponding to » on mirror.

The CGH is encoded by specifying a phase function for the diffraction to create. For use in the mth order, this CGH will consist
of one plotted fringe for every m waves in the phase function. The holograms for testing the null correctors are used in
reflection, so the phase functions must be twice the OPD given above. This gives ring positions for every m x A/2 of the OPD.
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The shape of the OPD function (see Fig. 5) looks conical with little slope change over most of the CGH. This fortunate shape
allows the CGH to work with no carrier at all. The radial slope in the wavefront itself is sufficient to act as a circular carrier
with ring spacing nearly constant over most of the hologram. The CGH function shown in Fig. 5 shows why the conventional
method of specifying CGH functions as a power series with even terms fails to converge for designing this hologram. There is

a cusp at the center that is poorly modeled using a power series with a reasonable number of terms.

Mapping of mirror to CGH
For a hologram at paraxial focus, the rays map from the
mirror to the CGH according to
-Kr’
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Figure 4. CGH mapping function showing the relationship
between mirror position and position on hologram. This plot is for

OPD at CGH

The wavefront created by the CGH is approximated as

3Kr*

OPD = -
8R?

Mapped into CGH coordinates, this takes the form below.
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Figure 5. Wavefront phase function required of a paraxial-focus
CGH to test a null corrector for a 3.5-m f/1.75 primary mirror.

a CGH used to test a null corrector for a 3.5-m f/1.75 primary
mirror.

It is interesting that this OPD for the null corrector test has minus three times the aspheric deviation of the primary mirror,

Kr4
Surface Asphere = YT [0))

The surface aspheric departure represents the surface deviation from a reference sphere centered at paraxial focus. The above
OPD is the path difference for a normal ray that intersects the CGH plane.

3.2.  CGHFABRICATION

The fabrication of holograms using electron beam lithography is now quite common!1-22. There are firms that specialize in the
encoding and printing of CGH's. They have software that evaluates a phase function, usually specified with polynomial
coefficients, to create a data file that will drive the plotter. This involves approximating the continuous fringes as chains of
trapezoids that the plotter can directly write?3. The error in the approximation is negligible if small enough trapezoids are
used.

90/ SPIE Vol. 1993



The fabrication of the holograms for testing the null correctors at SOML uses electron beam lithography to write a master,
which is then printed to the final substrate. This allows the usual practice of writing the master onto a thin, pre-coated glass
slide, while the final CGH is on a thick, optically flat glass substrate. This method can severely limit the accuracy of the CGH
if the printing is flawed. For this reason, it may be preferable to have the final CGH written directly by the e-beam writer.

The CGH is contact printed by holding the master in direct contact with the photoresist-coated blank and exposing with
collimated light. The master can be certified as accurate to +0.15 um, and the errors from well-controlled contact printing are
less than 0.1 pm?4. Since it is difficult to verify the final printing to sub-micron accuracy, an error in the printing could go
undetected, leading to an inaccurate optical test.

By using the CGH in third order, the number of rings required to test a null lens is reduced and the smallest feature size is
increased by a factor of three. This makes the part easier and less costly to fabricate. To get the desired diffraction efficiency
from the third order, the CGH is made into a pure phase element by etching grooves into the glass and coating the entire
surface with reflective aluminum.

4. ERROR ANALYSIS

The error terms, as analyzed in this section, originate from three sources: the CGH itself, the implementation of the test, and
the analysis of the data. These terms are described and analyzed below. The derivations are given more completely
elsewhere3.

4.1. ERRORS FROM FABRICATION OF CGH

The most obvious errors in the CGH null lens test come from the errors in the CGH itself. All possible error sources are
evaluated and added to estimate the uncertainty in the CGH. The CGH errors can come from the substrate surface figure, e-
beam writing errors, printing to the final substrate, or phase etching. They are separated as either figure or hologram errors
depending on whether the phase error is caused by the surface reflection or diffraction. The figure errors affect the wavefront
from all diffracted orders equally, and the effects of the hologram distortion errors are proportional to the order number. The
hologram distortion does not affect the wavefront from the zero-order specular reflection. However, the variations in etch
width and depth strongly affect the zero-order reflection, but have a minimal effect on the other orders.

4.1.1. SURFACE FLATNESS

The figure error in the hologram surface adds a phase error to the diffracted wavefront that is twice the surface error of the
CGH. The wavefront phase errors due to small-amplitude low-frequency figure errors are identical for all diffracted orders. In
the absence of other errors, this fact would enable the direct measurement of the figure errors using a Fizeau interferometer
with a flat reference. The measured figure errors could then be subtracted from the null lens measurement. However,
variations in the etch depth and duty cycle cause irregularities in the zero-order or specular wavefront that are much larger than
those in the non-zero-order diffracted wavefronts. The flatness of the CGH substrate must be measured before the hologram is
applied. The error in the null lens test due to the CGH surface flatness is quite small. The substrates are specified flat to A/20
at 546 nm and the majority of this error is likely to be astigmatism that is removed from the null lens measurement by rotating
the hologram.

4.1.2. HOLOGRAM DISTORTION

The most severe errors in this test are the hologram errors consisting of distortion in the ruling pattern. The distortion may be
caused by limitations in the e-beam writing or in the printing onto the final substrate. Distortion causes an error in the
diffracted wavefront, approximated for the null lens test as

2¢_r
AW =—X )
R
where, AW = wavefront error (twice surface error in measurement)

€, = radial CGH error (actual radial position of groove - desired position)
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r = virtual radial position in mirror coordinates
R = radius of curvature of primary mirror.

The first order approximation is independent of the order m and wavelength.

The effect of the CGH error for the null lens test is analyzed by making the above approximations for W(») and x(r). The most
significant radial error in the CGH is the linear scale of the hologram. A scale error C gives a shift in the pattern &,

proportional to radial position, £, = Cx.

This causes the diffracted wavefront to have an error, which is simply spherical aberration W,

2r kr? Kkrt
AW=—R;C(—2R2) =% @

The conic constant change in the primary mirror that would cause this W, is

4R®

r4

AK = X Wy, =—4K x C. (5)

This result is interesting; it is only the linear component of the CGH distortion, which is a scale error, that causes an error in
the measured conic constant.

The magnitude of the hologram errors is estimated from knowledge of the encoding, writing, and printing process accuracy.
The CGH encoding is performed with sufficient resolution to insure digitization errors less than the e-beam pixel size. The e-
beam writers are verified to be accurate to £0.15 um. The accuracy of the printing depends on the method used and the
expertise of the technician.

The form of the hologram errors determines the type of wavefront errors induced. Most of the encoding and writing errors
occur over small spatial scales causing high frequency errors that are filtered out?>. Since azimuthal errors average out when
rotating the CGH, the error budget must only include spherical aberration. The magnitude of the third-order spherical
aberration (which has a fourth order dependence on r) is estimated by assuming the distortion can cause pure W,,,. This
translates into a scale error given by the ratio of the maximum shift & over the radius of the CGH. The resulting wavefront

error is given by Eq. (4).

The higher-order spherical aberration is assumed to be much smaller than the low-order error described above. The holograms
are written and printed using equipment for making integrated circuits, so the higher-order writing and printing errors should
have no tendency to be axisymmetric. An upper limit on the magnitude of the higher-order errors may be obtained assuming
all of the grating error occurs where period is minimal. Assuming the maximum distortion occurs near the edge of the
hologram, the maximum wavefront error AW, is given by

2
AW, =2’—m(l+l‘f’max )xé‘m. ©)

™ R 2R’

For the CGH null lens test for a 3.5-m f/1.75 primary mirror, a 0.2 um maximum hologram error can cause a maximum
wavefront error of 56 nm at the edge of the clear aperture.

4.1.3. ETCHING ERRORS

Variations in the depth of the etched grooves and the ruling duty cycle must also be considered as potential error sources. The
variations in duty cycle or errors in the width of the etched grooves cause only variation in diffraction efficiency for the non-
zero diffracted orders. These errors do cause phase variations for the zero order diffraction. The etch depth variations cause
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phase variations for all orders. For grooves nominally A/4 deep, the wavefront variations are equal to the variations in etch
depth. Groove depth variation of +2% will give wavefront errors of +A/200.

4.2. ERRORS FROM USE OF CGH

A CGH manufactured without figure or writing errors does not guarantee a perfect null lens test. The test of the null corrector
will only give a null result for a flawless null lens and CGH that are designed for the same radius of curvature, conic constant,
and wavelength of light. Also, a change in the temperature of the CGH will cause it to expand and induce spherical aberration.
Since the CGH emulates a perfect primary mirror, the alignment does not significantly affect the test accuracy. Noise in the
measurements due to vibration, seeing, random electronic noise, and digital round-off errors are negligible in the average of
many measurements.

The analysis of these effects is handled by treating the CGH as a plane surface that introduces a wavefront change of twice the
single-pass OPD. This is a sensible thing to do because the ruling is known to introduce three waves of OPD per ring into the
third order. Since the measurements are performed in terms of surface variations, this OPD is treated using an effective surface
function S,;,, which is exactly half of the wavefront change. This surface function is equal to the single-pass OPD given above,

g - 3K
CGH SR )

where r is the virtual position at the mirror.

The null lens is designed to measure a mirror with a given radius R and conic constant X, but it will yield a null test for a
family of surfaces. The actual shape of the surface depends on the distance to the primary being tested. The CGH test
measures only the null corrector, so the measured errors must assume an R of the primary mirror. Ideally, the CGH is
fabricated for exactly the R of the primary. If it is not, corrections to the data must be made for the known differences.

4.2.1. RADIUS OF CURVATURE ERROR
If the CGH and the null lens are designed for different values of R, the primary radius of curvature, the CGH null lens test will
show spherical aberration. The relationship between the spherical aberration or conic constant change dX, and dR is shown to

dR _ dK
REK ®

So a CGH with dR = 0.0001R will cause spherical aberration that has the same effect as a conic constant change of +0.0001 for
a parabola.

4.2.2. ERROR IN LASER WAVELENGTH

Since diffraction is a wavelength dependent effect, a change in the laser wavelength would cause an error in the measurement.
The wavelength of the laser light is dependent on the frequency of the transition for stimulated emission and the refractive
index of the air. Using an unstabilized, single-mode gas laser, the frequency can take any value within the Doppler-broadened
width of the gain curve. The refractive index of the air is easily calculated based on the temperature and pressure.

The function Si; is the effective surface corresponding to three waves per cycle at the design wavelength. So Spgy in units
of length is really a phase function times the wavelength of the light used. A change in the wavelength must cause a
proportional change in Sqgy,

AL 3Kr* AA
AScoy = S, "/1_ == 3R 7 9
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This leads to

4.2.3. ALIGNMENT OF CGH TO NULL LENS

The procedure for aligning the CGH to the null lens is identical to the alignment for the null test of primary mirrors. The
lateral translation, axial translation, and tilt of the null lens are adjusted to eliminate tilt, focus, and coma from the
interferogram. This was derived analytically’ and verified experimentally. The alignment is easily performed to about an
eighth of a fringe and the rest is subtracted in software.

4.2.4. RANDOM MEASUREMENT ERRORS

The individual measurements of the CGH have small errors due to environmental effects, electronic noise, digital sampling,
and phase calculation errors. These errors become negligible in the average of many measurements since the errors are small
in amplitude and uncorrelated. The environmental effects, caused by air motion in the optical path and vibration, are much
smaller for the CGH test than they are for the test of the primary mirror since the path length is so much shorter for the CGH
test. For a null lens measurement consisting of 15 azimuthal rotations, 5 maps per angle, and 0.02). rms random errors, the
random component of error in the average is less than 1.5 nm rms, which is negligible.

4.3. ERRORS IN DATA REDUCTION

The last remaining type of error is due to possible errors in the interpretation of the data. This type of error is minimized for
the null test —- a null result is absolute and requires no interpretation. The actual errors in the null lens and the CGH result in a
measured figure that must be evaluated. Also, known errors in the CGH that are subtracted from the data cause an uncertainty
in the final map from both the CGH errors and the mapping between these errors and the measured data.

The errors in the CGH are calculated in the coordinates at the real mirror. To subtract these from the data, the errors must be
transformed into the data coordinates. This transformation requires knowing the imaging distortion of the null corrector and
the exact relationship between the edge of the data and the edge of the mirror. The imaging distortion of the null lens is
measured to about +0.5% and the edge is determined to within + 1 pixel. A computer program was written to remap the CGH
errors according to the imaging distortion, and then fit Zernike polynomial coefficients using least squares. The fitting error
due to distortion was directly assessed by simulating errors in the mapping function. The uncertainty in mapping the CGH
error is independent of the uncertainty in the CGH error itself.

S. ERROR ANALYSIS FOR NULL LENS TEST FOR 3.5-m f/1.75 PRIMARY MIRRORS
Two null correctors for 3.5-m f/1.5 primary mirrors were measured using the holographic test. The results showed the conic
constants of the null correctors to be correct within the measurement uncertainty of +78 ppm. The error terms that comprise
the measurement uncertainty originate from three sources: the CGH itself, the implementation of the test, and the analysis of
the data. A single error analysis for two null lens tests was performed taking the worst case from both tests for each error term.

5.1.  UNCERTAINTIES IN NULL LENS TEST

The errors in the hologram come from the surface figure, groove pattern distortion, and etch depth variations. The substrates
were specified to be flat to A/20 P-V. The component of this error that causes pure third-order spherical aberration (fourth-or-
der dependence on 7) in the null lens test has a cone-shaped appearance®#. For the error analysis, it was assumed that this
component of the figure error is less than A/20. The e-beam writer has errors as large as +0.15 um and printing errors can be
as large as +0.2 um. The encoding and digitization errors are not considered because they cause high-frequency errors that do
not affect the conic constant. The grooves were specified to be etched to a depth of A/4 with less than 5% depth variation over
the entire aperture. The error analysis assumes the worst case of 5% depth variation causing pure spherical aberration. The
gross errors discussed below are not included here because they cause phase discontinuities that are easily recognizable.
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The uncertainty of the laser wavelength has several components. The uncertainty in the laser frequency is determined by the
width of Doppler-broadened gain of the neon transition. The frequency of a single-mode, unstabilized HeNe laser will be
473612 + 1 GHz?S. Errors in the refractive index of air caused by the uncertainty in the temperature and pressure measurement
will cause an error in the wavelength. The thermal expansion of the fused silica holograms will also cause measurement errors
proportional to the temperature difference between fabrication and use.

The errors in data analysis are due to the uncertainty of the Zernike polynomial fit to the data and the uncertainty of the
mapping between the mirror and the image. The Zernike polynomial fit of spherical aberration is estimated to be uncertain to
+0.003). An error in the distortion coefficient of 0.5% would cause an error of 0.0001A in the 0.06) spherical aberration
correction to the WIYN data. A 1% error in the definition of the edge, corresponding to 1 pixel, would cause an additional
0.0024 A\ error.

These errors are summarized in Table 1 in terms of the uncertainty in the Zernike spherical aberration coefficient Z8 and the
conic constant dK. The estimated uncertainty of the test is found by taking a root-sum-square (RSS) of the independent terms.

Table 1. Error budget for CGH null lens measurements for 3.5-m f/1.75 primary mirrors.

Error term Value + uncertainty +Z8 (waves) +dK (ppm)
Manufacturing errors

write errors £0.15 pm over 20 mm radius 0.0054 32
print errors +0.2 pm over 20 mm radius 0.0072 43
substrate flatness A20 0.0083 50
etch depth variations 5% of M4 0.0010 6
Errors in use

CGH temperature 21x3°C 0.0014 8
laser frequency 473612+ 1 GHz 0.0011 6
air pressure 697 £ 5 mm Hg 0.0010 6
air temperature 21+2°C 0.0011 6
Data analysis error

mapping distortion error 6.7+£0.5% 0.0001 1
edge definition error 1 pixel 0.0024 14
fit error AZ8 0.0030 18
RSS 0.0131 78

A gross flaw that appears as a sharp step in the diffracted wavefront has been present in several holograms. This error, which
occurs during the replication of the e-beam written master to the final substrate, is not treated in this analysis. A hologram
with this printing error has the well-defined step that makes the hologram unusable.

5.2. RESULTS FROM TESTING TWO NULL CORRECTORS

The two null correctors for 3.5-m primary mirrors, for the ARC and WIYN telescopes, were measured at 11 and 15 equally
spaced rotational positions. Small corrections to the data were required to compensate for changes in wavelength and radius of
curvature between the hologram and null corrector designs. The CGH measurement of the ARC null lens found -11.4 nm
spherical aberration corresponding to a conic constant error of -72 ppm. The measured spherical aberration in the WIYN null
corrector was only -3 nm, corresponding to a conic constant error of -19 ppm. These are within the expected errors of 80 ppm,
as determined by the null corrector tolerance analysis.
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Figure 6. Contour map showing measured null lens error of Figure 7. Contour map showing measured null lens error of

7.6 nm rms for ARC primary mirror as represented by a 36- 5.1 nm rms for WIYN primary mirror. The surface errors,

term Zernike polynomial fit. Surface contours are plotted at 5 computed from a 36-term Zemike fit to the data, are plotted

nm intervals over a range from -20 nm to 20 nm. with contours at 3 nm intervals over a range from -12 nm to 12
om.

A visual comparison between measurements of the ARC null lens (Fig. 4) and the WIYN null lens (Fig. 5) shows a strong
correlation. This is expected because the largest source of error in the null lenses, the refractive index inhomogeneity, is the
same for both systems. The alignment errors are expected to be different.

6. CONCLUSION

A null lens test using a computer-generated hologram is presented including a background on CGH testing, a detailed
description of the CGH null test design and optimization, and a thorough error analysis. This new test works by using the null
corrector to test a small circular hologram or zone plate that is placed at the paraxial focus of the null lens. The zone plate
diffracts light back into the null corrector that precisely matches the light that would be reflected by a perfect primary mirror
many meters away. The CGH null lens test is used to certify a critical and precise instrument, so a thorough error analysis has
been performed. The test has three types of error sources: errors in the CGH, errors in the implementation of the test, and
errors in the interpretation of the results. An effort has been made to understand and minimize all three types of errors.

The test was performed on two null correctors for 3.5-m mirrors, and it verified the null correctors as having the correct conic
constants within the measurement uncertainty of +78 ppm.
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