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ABSTRACT

We describe the infrastructure developed to align and measure the focal plane arrays (FPA) for the Subaru
Measurement of Images and Redshifts (SuMIRe) Prime Focus Spectrograph (PFS), and detail the results of
these efforts at ambient and operating temperatures. PFS will employ four three-channel spectrographs with
an operating wavelength range of 380 nm to 1260 nm. Each spectrograph will be comprised of two visible
channels and one near infrared (NIR) channel, and each channel will use individual Schmidt cameras to image
the captured spectra onto their respective detectors. In the visible channels, Hamamatsu 2k x 4k charge coupled
devices (CCDs) will be mounted in pairs to create a 4k x 4k mosaic, while the NIR channel will use a single
Teledyne H4RG 4k x 4k Mercury Cadmium Telluride (HgCdTe) complementary metal oxide semiconductor
(CMOS) device.
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1. INTRODUCTION

PFS is a multi-object spectrograph which is four identical spectrographs that are fiber-fed from Subaru’s prime
focus. PFS will employ 2400 fibers with each spectrograph receiving 600 fibers. The individual spectrographs
will consist of three channels covering the wavelength ranges 380 - 670 nm, 650 - 970 nm, and 950 - 1260 nm.
Vacuum Schmidt cameras with a fast f/1.1 focal ratio will be used in each channel to focus the dispersed images
of the fibers onto the detectors. The detectors used in the two optical channels will be Hamamatsu 2K x 4K
fully-depleted CCDs, with 15 µm square pixels, operated at approximately 170 K. The prototyping of these
devices was previously described in Kamata et al.1 and their characterization for use in Hyper Suprime-Cam
(HSC) was reported in Kamata et al.2 A pair of the Hamamatsu detectors will be side-butted in each visible
camera to yield a 4K x 4K FPA. The near infrared camera will use a 1.75 µm cutoff Teledyne H4RG-15 HgCdTe
4K x 4K device with 15 µm pixels, and this device will be operated at approximately 110 K. Blank et al.3

provides a detailed report on the H4RG-15 prototypes functionality and performance test results.

The fast f/1.1 optics of the Schmidt cameras yield a shallow depth of focus necessitating an optimization of
the FPA flatness. The minimum achievable departure from flatness of a visible FPA is bounded by the intrinsic
CCD flatness, which for the PFS devices is on average approximately 1.4 µm root mean square (RMS). We have
been able to adjust the coplanarity of a pair of CCDs such that the flatness of the array is not significantly
worse than the intrinsic flatness of the detectors themselves. To achieve this level of precision we used an optical
non-contact measurement system to measure coplanarity and selective thickness shims to effect adjustment. The
measurement system we have employed is also able to measure the surface flatness of the PFS FPAs at operating
temperatures. This capability has allowed us to verify the operating temperature flatness of the Hamamatsu
CCDs and the Teledyne HgCdTe CMOS devices.

2. FOCAL PLANE ALIGNMENT

PFS will use a f/1.1 camera with fibers approximately 1.1 arc-seconds in diameter. This will create a image size
on the detector of about 54 µm in diameter, or nearly 4 pixels in extent. Deviations from flatness in the focal
plane, whether intrinsic or alignment errors, will defocus the fiber images. While the detectors will not be the
dominate source of wavefront error in the PFS instrument, we still do desire to minimize any contribution which
they may make to the total error of the instrument.
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2.1 Measurement Method

A Micro-Epsilon confocalDT-2451 white light confocal microscope was used to perform distance measurements
through the test cryostat window as shown in Fig.1. The confocal microscope uses chromatic aberration to
disperse the white light through a range of focus distances. The wavelength of light which is focused at the
measurement surface has the highest reflectance, and the microscope measures the spectrum of the reflected
light which is directly translated into a distance between the microscope and the target. The spot size of the
confocal microscope is 16 µm in diameter. The microscope was operated at a 1 kHz sampling rate, and was
shown to have a measurement error of less than 0.1 µm in Hart et al.4

Figure 1: The confocal microscope measures the
device through the window of the test cryostat.

Figure 2: Wenzel XO-87 CMM, with the confo-
calDT2451 attached to the Z-ram. The coplanar
cryostat is mounted in the measuring envelope of
the CMM.

A Wenzel XO-87 coordinate measuring machine (CMM), shown in Fig.2, is used to precisely locate the
confocal microscope allowing for the sampling of the entire surface of the device. The positional measurement
error of the CMM was found to be 0.3 µm in Hart et al.,4 yielding a total system measurement error of a little
greater than 0.3 µm. The devices measured were sampled in a 2-dimensional array of points with a 1 mm pitch.
A more detailed description of the measurement system can be found in Hart et al.4

2.2 Measurement Metric

Detector surface deviations from flatness are most commonly quantified using the peak to valley (P-V) metric.
An examination of the distribution of measured points in Fig.3 shows that the P-V of this particular device
is approximately 11 µm, but only 0.3 % of the measured points deviate from the median by greater than ± 3
sigma (± 4.2 µm). We decided to use the RMS metric to quantify surface flatness since it represents the average
deviation of the entire device that is not skewed by a few outliers as in the case of P-V. The surface topography
in Fig.5 shows that the areas of the device which exhibit the greatest deviations from flatness are near the edge,
and especially at the corners. Stover et al.5 found that the epoxy used in packaging the CCDs shrank more in
the center of the device in effect pulling the edges upward, and the Hamamatsu devices we measured exhibit this
same tendency.

2.3 Adjustment

The Hamamatsu CCDs employ three 5 mm in diameter pin bosses for attachment, and the general layout of the
pin bosses can be seen in Fig.4. Selective thickness invar shims 10 mm square with a 5 mm clearance hole were
used to adjust the devices to coplanarity. A small range of shim thicknesses around nominal with a 5 µm step
were fabricated on a wire electrical discharge machine (EDM). The practice shimming and measurement of a pair
of engineering detectors found the 5 µm steps to be insufficient in resolution to achieve the flatness specification.
To overcome this deficiency the shim thicknesses were reduced to their computed thickness by sanding with 2000
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Figure 4: Computation of the shim contact loca-
tions for a PFS FPA. The red dots highlight the
contact locations.

grit sand paper on a granite plate. The sanding also ensured the complete removal of any remaining burrs from
their manufacture.

Initial shimming results with a pair of engineering detectors were mixed as some adjustments would fail to
deliver the calculated results. These initial attempts calculated the adjustment at the center of the pin boss, but
it was later found that the detector most likely sat on one corner of each shim. The four corner thicknesses of
the shims were measured, and entered into a simple program which determined the three shim corners a plane
would contact. The graphical results of this process are shown in Fig.4, and the red dots highlight the contact
corner of the individual shims. The necessary adjustment for each shim to achieve coplanarity was calculated at
their respective contact corner. In the simplest case the contact location remained the same from the nominal
to the adjustment shim, but in the case when the location switched the required adjustment was calculated at
the contact location of the adjustment shim.

The typical micrometer offers a 1.27 µm resolution which was to coarse to effectively make sub-micron
measurements needed for the shim thicknesses. A Mitutoyo High-Accuracy Digimatic Digital Micrometer with
0.1 µm resolution was purchased and it fully alleviated this problem. With the improved micrometer is was
possible to repeatably measure the four corner shim thicknesses each to within a few tenths of a micron.

2.4 FPA Alignment Results

The final results of the FPA alignment for detector pair R1 is shown in Fig.5, and the RMS of this focal plane
was measured to be 1.6 µm. In an initial assessment of the error budget for the visible channels it was determined
that a 4 µm RMS deviation in the focal plane would not significantly degrade instrument performance. A total
of eight visible FPAs were assembled for PFS, and Fig.8 shows that the average FPA RMS was approximately
1.6 µm, well below our 4 µm target. This level of precision is quite exceptional considering that the average
intrinsic RMS of the devices themselves was 1.4 µm, and that these results were all achieved with at most two
adjustments. Additional adjustments would have improved coplanarity, but not significantly enough to risk
further handling.

Fig.7 is the distribution of the intrinsic deviations from flatness for the 16 Hamamatsu devices. Table 1 in
appendix A lists the measured deviations for all 16 CCDs and the 8 FPAs. We have shown that it is possible to
align an FPA to nearly the intrinsic flatness of the devices, and that the intrinsic flatness bounds the minimum
FPA deviation from flatness.

3. CRYOGENIC SURFACE MEASUREMENTS

The surface topography was measured through a vacuum cryostat window allowing both ambient and operating
temperature sampling. The operating temperature measurements were performed to quantify the deviations
from ambient. The mechanical behavior of these devices at their operating temperature is not well documented.

The Hamamatsu CCDs are fabricated by bonding the silicon substrate onto an aluminum nitride base.
Aluminum nitride closely matches the cryogenic thermal expansion characteristics of silicon, and consequently
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Figure 5: The topography of FPA R1 taken at
ambient temperature. The largest deviations from
flatness occur near the edges of the devices.

Figure 6: The diffrence between ambient and op-
erating temperature topography of FPA R1.

Figure 7: The distribution of intrinsic surface flat-
ness for the 16 Hamamatsu devices to be used in
the PFS instrument. The average deviation from
flatness for the Hamamatsu devices was found to
be 1.4 µm RMS.

Figure 8: The distribution of deviations from
coplanarity for the 8 PFS FPAs. The average FPA
deviated from flatness by 1.6 µm RMS.

the these devices were not anticipated to change significantly in thermal cycling. Fig.6 is the difference in surface
topographies between ambient and the 170 K operating temperature of FPA R1. The operating temperature
RMS of FPA R1 was unchanged from the ambient at 1.6 µm, but Fig.6 does show the intrinsic flatness of the
CCDs did change. The most significant changes occurred at the short ends of the devices, but a comparison
with Fig.5 also shows a larger difference at locations of extreme features. The change in the intrinsic surface
topography of the individual devices did not have a significant impact upon the FPA RMS because the thermally
induced changes were small, less than a few micron, and the net sum of these changes was nearly zero. The one
σ width of the distribution of the difference between ambient and operating topography is 1.2 µm and 95 % of
the active surface changed by less than ± 2.4 µm when cycled from the 170 K operating to ambient temperature.
The thermal cycling did not effect the mechanical aspects of the FPA which would have been evidenced by piston
or wedge in the difference topography of Fig.6.

The Teledyne NIR devices are fabricated by bump bonding the HgCdTe active layer to the read out integrated
circuit (ROIC). Fig.9 is the topographic measurement of Teledyne SCA#18317 at ambient temperature, and the
RMS error is 4.26 µm. The surface topography of SCA#18317 was measured again but at 110 K, and the RMS
error was found to be 4.14 µm, slightly better than ambient. Fig.10 is the difference between the ambient and
operating temperature topography measurements. The most significant changes to the device due to the cooling
occurred near the edges. The 1 σ width of the distribution is 0.8 µm, and 95 % of the active surface changed by
less than ± 1.6 µm when cycled from operating to ambient temperature.

4. CONCLUSION

We have developed a system to measure the surface topography of the FPAs for the PFS instrument. This
system is able to perform these measurements at both ambient and cryogenic temperatures with an error of
approximately 0.3 µm.
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Figure 9: Teledyne SCA#18317 surface topogra-
phy measured at ambient temperature.

Figure 10: The difference between the warm and
cold topography measurements for SCA#18317.

The average deviation from flatness for the Hamamatsu CCDs was found to be 1.4 µm RMS, and we have
demonstrated that it is possible to adjust these devices coplanar such that the FPA deviation from flatness is not
significantly greater than the intrinsic flatness of the devices themselves. We also found that the surface flatness
of these devices showed minor changes when cycling from ambient to their 170 K operating temperature, but
these changes did not significantly effect the FPA RMS.

The Teledyne HgCdTe device SCA#18317 was also measured at ambient and an operating temperature of
110 K. SCA#18317 was found to have a deviation from surface flatness of approximately 4 µm RMS. This device
also exhibited minor changes to the surface topography upon cooling which were most significant near the edges,
but similarly these changes were not significant enough to impact the surface topography RMS.
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A. TABULATED MEASUREMENTS

FPA ID RMS (µm)

R1 BI-13-06-4K-1 1.44
BI-13-07-4K-2 1.49

FPA 1.6

R2 BI-13-20-4K-2 1.38
BI-13-18-4K-3 1.00

FPA 1.5

R3 BI-13-04-4K-1 1.3
BI-13-04-4K-3 1.17

FPA 1.6

R4 BI-13-06-4K-1 1.45
BI-13-07-4K-2 1.56

FPA 1.6

B1 BI-14-25-4K-3 1.4
BI-14-41-4K-3 1.67

FPA 1.6

B2 BI-14-24-4K-3 1.22
BI-14-31-4K-1 1.28

FPA 1.5

B3 BI-14-25-4K-1 1.42
BI-14-31-4K-2 1.24

FPA 1.4

B4 BI-14-23-4K-2 1.75
BI-14-24-4K-1 1.68

FPA 1.8

Table 1: Table of deviations from flatness for individual CCDs and FPAs used in the PFS instrument.
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