


2. INSTRUMENT DESIGN

The requirements leading to the design of PACS have been discussed previously1; here we briefly summarize the
instrument concept.

The instrument will offer two basic modes in the wavelength band 60 − 210µm:

• Imaging dual-band photometry (60−85 or 85−130µm and 130−210µm) over a field of view of 1.75′×3.5′,
with full sampling of the telescope point spread function (diffraction/wavefront error limited)

• Integral-field line spectroscopy between 57 and 210 µm with a resolution of ∼ 175 km/s and an instanta-
neous coverage of ∼ 1500 km/s, over a field of view of 47′′ × 47′′

Both modes will allow spatially chopped observations by means of an instrument-internal chopper mirror
with variable throw; this chopper also is used to alternatively switch two calibration sources into the field of
view.

The focal plane sharing of the instrument channels is shown in Fig. 1.

The photometric bands, which can be observed simultaneously, cover the same field of view, while the field
of view of the spectrometer is offset from the photometer field (Fig. 1). Since photometry and spectroscopy

PACS Focal Plane

3.5' x 3.0'

3.5' x 1.75'

0.8' x 0.8'

Spectrometer Fields

Calibrator Field 1 Calibrator Field 2PhotometerField 1 Field 2

-8                -6                -4                -2                 0                 2                 4                 6                 8

  -8

  -9

-10

-11

-12

Y Direction [arcmin]

Z
 D

ir
e
c
ti

o
n

 [
a
rc

m
in

]

Calibrator Fields: 3.5' x 3.0'

Photometer Fields: 3.5' x 1.75'

Spectrometer Fields: 0.8' x 0.8'

1'

9.4"x 9.4"

spectroscopy

photometry

5 x 5 pixels

spectrograph

slit

32x16

pixels

6.4"x6.4"

64x32

pixels

3.2"x3.2"

spatial dimension

s
p

e
c

tr
a

l 
d

im
e

n
s

io
n

16 x 25 pixel detector array

Figure 1. Left: PACS focal plane usage. Long-wavelength and short-wavelength photometry bands cover identical fields
of view. The spectrometer field of view is offset in the +z direction. Chopping is done along the y axis (left-right in this
view) and also allows observation of the internal calibrators on both sides of the used area in the telescope focal plane. The
chopper throw for sky observations is ±1/2 the width of the photometer field such that object and reference fields can be
completely separated (photometer field 1 and 2). Right: focal plane footprint. A fixed mirror is used to split the focal plane
into the photometry and spectroscopy channels of the instrument. In the photometry section, the two wavelength bands are
simultaneously imaged with different magnification to reach full beam sampling in both bands. In the spectroscopy section,
an optical image slicer re-arranges the 2-dimensional field along the entrance slit of the grating spectrograph such that, for
all spatial elements in the field, spectra are observed simultaneously.
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operation are mutually exclusive this has no effect on the observing efficiency. The focal plane unit provides
these capabilities through five functional units:

• common input optics with the chopper, calibration sources and a focal plane splitter

• a photometer optical train with a dichroic beam splitter and separate re-imaging optics for the short-wave-
length bands (60 − 85µm / 85 − 130µm) and the long-wavelength band (130 − 210µm), respectively

• a spectrometer optical train with an image slicer unit for integral field spectroscopy, an anamorphic colli-
mator, a diffraction grating in Littrow mount with associated actuator and position readout, anamorphic
re-imaging optics, and a dichroic beam splitter for separation of diffraction orders

• 2 bolometer arrays with cryogenic buffers/multiplexers and a common 0.3 K sorption cooler

• 2 photoconductor arrays with attached cryogenic readout electronics (CRE)

2.1. Photoconductor Arrays

The 25 × 16 pixels Ge:Ga photoconductor arrays (Fig. 2) are a completely modular design. 25 linear modules
of 16 pixels each are stacked together to form a contiguous, 2-dimensional array. For the long-wavelength band
a sophisticated stressing mechanism ensures a homogeneous stress within each pixel along the entire stack of
16. The second – “unstressed” – array with improved short-wavelength responsivity is almost identical to the
long-wavelength array, except for the mechanical stress on the pixels which is reduced to about 10% of the level
needed for the long-wavelength response. Details of the design of both arrays have been published.2–5

A close-up of one linear, high-stress detector module is shown in Fig. 2 (top right) with the light cones
removed. The light cones in front of the actual detector block provide for area-filling light collection in the focal
plane and feed the light into the individual integrating cavities around each individual, mechanically stressed
detector crystal. The light cones also act as a very efficient means of straylight suppression because their solid
angle of acceptance is matched to the re-imaging optics such that out-of-beam light is rejected. Responsivity
measurements of both stressed and unstressed modules show sufficiently homogeneous spectral and photometric
response within each module (Fig. 2, bottom center). Absolute responsivity numbers are preliminary as the
optimum bias for in-orbit operation is not determined, yet. Likely numbers will be ∼ 8A/W for the unstressed
detectors and ∼30A/W for the stressed detectors.

Each linear module of 16 detectors is read out by a cryogenic amplifier/multiplexer circuit in CMOS tech-
nology6, 7 (Fig. 2, center right). The circuit integrates 18 capacitive-feedback transimpedance amplifiers (CTIA)
with switchable capacitors – to ensure flexibility in terms of infrared background and readout rate – and sample-
and-hold output stages with a multiplexing output buffer. The readout electronics is integrated into the detector
modules. The relatively high telescope background (compared to e.g. ISO or Spitzer) and the readout noise
spectrum require a rapid readout (1/256 s) of each pixel which leads to a raw data rate substantially above the
maximum rate allowed by the Herschel on-board data handling system. A combination of data reduction and
lossless data compression8, 9 is carried out by a dedicated Signal Processing Unit (SPU) within the PACS warm
electronics. The data reduction part is implemented as either sub-ramp fitting or binning of n samples along the
integration ramp. In either case, the lossless compression allows a data rate of 64 samples/s within the available
telemetry bandwidth.

2.2. Bolometer Arrays

The PACS bolometers are filled arrays of square pixels which allow instantaneous beam sampling. Fig. 3 (top
right) shows a cut-out of the 64×32 pixels bolometer array assembly. 4×2 monolithic sub-arrays of 16×16 pixels
are tiled together to form the short-wave focal plane array (Fig. 3, top center). In a similar way, 2 sub-arrays of
16 × 16 pixels are tiled together to form the long-wave focal plane array. Fig. 3 (top left) shows a development
model of the 16×16 subarray with a micrograph of one pixel. The subarrays are mounted on a 0.3 K carrier which
is thermally isolated from the surrounding 2 K structure. The buffer/multiplexer electronics is split in two levels;
a first stage is part of the indium-bump bonded back plane of the focal plane arrays, operating at 0.3 K. Ribbon
cables connect the output of the 0.3 K readout to a buffer stage running at 2 K (Fig. 3, top center). Details
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Figure 2. Top left: Fully assembled 25×16 stressed Ge:Ga photoconductor array (QM), with baffle, housing, and electrical
distribution/filter board. Top center: The 25 stressed modules integrated into their housing. Stress is applied to the whole
stack of 16 Ge crystals and separating pressure “pistons” in each module with a precision screw; the C-shaped part of the
module serves as a spring clamp. Light cones provide for area-filling light collection onto the individual detectors. Top
right: Close-ups of one linear 16-element detector module without light cones (upper panel) and of the front-end electronics
with the CRE chip which provides an integrating amplifier for each pixel and an output muliplexer (lower panel). Bottom
left: Relative spectral response of stressed (long wavelength) and unstressed(short wavelength) detectors. Bottom center:
Relative photometric response of pixels within modules. Bottom right: Integration ramps of one channel as measured at
the CRE multiplexer output.

on the bolometer design are given elsewhere.10, 11 The post-detection bandwidth (thermal /electrical) of the
bolometers is ∼5 Hz; the 1/f “knee” of the bolometer/readout system has been measured to occur below 0.1 Hz.
The multiplexing readout samples each pixel at a rate of 40 Hz or 20 Hz. Both array assemblies are mounted in a
subunit of the FPU together with the 0.3 K cooler (Fig. 3, bottom left) which provides uninterrupted operation
for two days. This cooler is nearly identical to the unit developed for SPIRE.12 Measurements on a 16 × 16
subarray (Fig. 3), bottom center/right) show homogeneous responsivity across the array at a sufficiently high
level to overcome the demonstrated electronic readout noise under PACS/Herschel background loads. Because
of the large number of pixels, data compression by the SPU is required. The raw data are binned to an effective
10 Hz sampling rate (adequate for a 5 Hz detector bandwith); after that, the same lossless compression algorithm
is applied as with the spectrometer data.

2.3. Entrance Optics, Chopper and Calibrators

The entrance optics (see Fig. 4) fulfills the following tasks: It creates an image of the telescope secondary mirror
(the entrance pupil of the telescope) on the focal plane chopper; this allows spatial chopping with as little as
possible modulation in the background received by the instrument. It also provides for an intermediate pupil
position where the Lyot stop and the first blocking filter, common to all instrument channels, can be positioned,
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Figure 3. Top left: Micrograph of one pixel of the filled bolometer array development model next to a photo of the 16×16
pixels subarray. The physical size of a PACS pixel is 0.75 mm. The absorber and back-reflector grids as well as the
integrated thermistor are monolithic silicon structures. Top center: 4× 2 subarrays form the focal plane of the short-wave
bolometer assembly. The 0.3K multiplexers are bonded to the back of the subarrays. Ribbon cables lead to the 2 K buffer
electronics. Top right: Photometer focal plane unit (QM) with the two bolometer assemblies (short-wave/long-wave) and
the 0.3 K sorption cooler. Bottom left: The 0.3 K 3He sorption cooler with evaporator, sorption pump, connecting tube, and
heat switches. All functional components are suspended from the (4 K) structural frame by Kevlar strings. Bottom center-
left: Efficiency of the bolometer absorber structure in the PACS long-wavelength band. Bottom center-right: Responsivity
histogram of one 16 × 16 QM subarray. Bottom right: NEP map of the same subarray.

and it allows the chopper – through two field mirrors adjacent to the used field of view in the telescope focal
surface – to switch between a (chopped) field of view on the sky and two calibration sources (see also Fig. 1).

The chopped image is then re-imaged onto an intermediate focus where a fixed field mirror splits off the light
into the spectroscopy channel. The remaining part of the field of view passes into the photometry channels. A
“footprint” of the focal-plane splitter is shown in Fig. 1.

The calibration sources are placed at the entrance to the instrument to have the same light path for observation
and internal calibration. This is essential for removing baseline ripples as best as possible, a serious task with
a warm telescope and the associated high thermal background. To eliminate non-linearity or memory problems
with the detector/readout system, the calibrator sources are gray-body sources providing FIR radiation loads
slightly above or below the telescope background, respectively. This is achieved by diluting the radiation from
a (small) black source with a temperature near the telescope temperature inside a cold diffusor sphere with a
(larger) exit aperture. The temperature of the radiator (∼ 80 K) is stabilized within a few mK.

The chopper (Fig. 5, left) provides a maximum throw of 4′ on the sky; this allows full separation of an “object”
field and a “reference” field. The chopper13, 14 is capable of following arbitrary waveforms with a resolution of
1′′, referred to the sky, and delivers a duty-cycle of ∼90% at a chop frequency of 5 Hz.
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Figure 4. PACS Focal Plane Unit. Left: Optical layout. After the common entrance optics with calibrators and the
chopper, the field is split into the spectrometer train and the photometer trains where a dichroic beam splitter feeds
separate re-imaging optics for the two bolometer arrays. In the spectrometer train, the image slicer converts the square
field into an effective long slit for the Littrow-mounted grating spectrograph. The dispersed light is distributed to the two
photoconductor arrays by a dichroic beam splitter which acts as an order sorter for the grating. Right: Fully assembled
Qualification Model.

Figure 5. PACS cryomechanisms. Left: Qualification Model of the focal plane chopper.13, 14 The chopper is used for sky
modulation and also to deflect the detector field of view toward 2 internal calibration sources. Center: Qualification Model
of the grating unit. A torquer motor is used to actuate the grating angle which is measured with sub-arcsecond precision by
an Inductosyn angular resolver. Right: Qualification Model of one of the two filter wheels. The motor is the same design
as the grating torquer.

2.4. Imaging Photometer

After the intermediate focus provided by the entrance optics, the light is split into the long-wavelength and
short-wavelength channels by a dichroic beamsplitter with a transition wavelength of 130µm and is re-imaged
with different magnification onto the respective bolometer arrays.

The 32× 16 or 64× 32 pixels in each array are used to image a field of view of 3.5′ × 1.75′ in both channels,
providing full beam sampling at 90µm and 180µm, respectively. The long-wavelength band (130−210µm) can be
combined with either one of the two bands of the short-wavelength channel, 60− 85µm or 85− 130µm. The two
short-wavelength bands are selected by two filters with a filter wheel (Fig. 5, right). All filters are implemented
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as multi-mesh filters and provided by Cardiff University∗.

The re-imaging optics also creates exit pupils at appropriate distances from the bolometer arrays to allow
efficient baffling with the bolometer assemblies.

2.5. The Integral-Field Spectrometer

The spectrometer covers the wavelength range from 57µm to 210µm. It provides a resolving power of 1000−4000
(∆v = 75 − 300km/s) with an instantaneous coverage of ∼ 1500km/s and simultaneous imaging of a 47′′ × 47′′

field of view, resolved into 5 × 5 pixels. An image slicer employing reflective optics is used to re-arrange the
2-dimensional field of view along a 1× 25 pixels entrance slit for a grating spectrometer, as schematically shown
in Fig. 1. A detailed description of the slicer optics is given in a paper on the SOFIA experiment FIFI LS.15

The integral-field concept has been selected because simultaneous spectral and spatial multiplexing allows the
most efficient detection of weak individual spectral lines with sufficient baseline coverage and high tolerance to
pointing errors without compromising spatial resolution, as well as for spectral line mapping of extended sources
regardless of their intrinsic velocity structure.

The Littrow-mounted grating with a length of ∼ 30cm is operated in 1st, 2nd or 3rd order, respectively, to
cover the full wavelength range. The 1st order covers the range 105 − 210µm, the 2nd order 72 − 105µm, and
the 3rd order 57 − 72µm. Anamorphic collimating optics expands the beam to an elliptical cross section to
illuminate the grating over a length required to reach the desired spectral resolution. The grating is actuated by
a cryogenic motor16 (Fig. 5, center) with arcsec precision which allows spectral scanning/stepping for improved
spectral flatfielding and for coverage of extended wavelength ranges. The settling time for small motions is
≤ 50ms.

The light from the 1st diffraction order vs. light from the other two orders is separated by a dichroic beam
splitter and passed on into two optical trains feeding the respective detector array (stressed/unstressed) for the
wavelength ranges 105 − 210µm and 57 − 105µm. Anamorphic re-imaging optics is employed to independently
match the spatial and spectral resolution of the system to the square pixels of the detector arrays. The filter
wheel (Fig. 5, right) in the short-wavelength path selects the 2nd or 3rd grating order.

3. OBSERVING MODES

The observing modes supported by PACS are combinations of instrument modes and satellite pointing modes.
All satellite pointing modes – stare, raster, and line scan (with or without nodding) – are foreseen to be used for
PACS observations. The following section describes the PACS instrument modes.

3.1. Dual-band Photometry

In this mode, both bolometer arrays are operating, providing full spatial sampling in each band. The long-
wave array images the 130 − 210µm band while the short-wave array images either the 60 − 85µm or the
85− 130µm band. The respective sub-band is selected by a filter. This mode is the standard mode for PACS as
prime instrument. Observing parameters are the chopper mode (off/on; waveform, throw), pointing parameters
(stare/raster/scan;nod), and the integration time per pointing.

3.2. Single-band Photometry

In this mode, only one bolometer array is operating such that either the long-wave array images the 130−210µm
band or short-wave array images the 60−85µm or the 85−130µm band. This mode serves as a test mode for PACS
as prime instrument, but it is also foreseen as standard mode for PACS/SPIRE parallel observations. Observing
parameters are the chopper mode (off/on; waveform, throw), pointing parameters (stare/raster/scan;nod), and
the integration time per pointing.

∗P.A.R. Ade, Department of Physics and Astronomy, University of Wales, Cardiff, UK
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3.3. Line Spectroscopy

In this mode, one or two photoconductor arrays are operating for observations of individual lines. The long-wave
array will observe in the 105 − 210µm band while the short-wave array observes in the 57 − 72µm or 72 −
105µm band. The wavelength in the primary band automatically determines the wavelength in secondary band;
therefore, for most practical purposes, one can assume that only one line can be observed at a time, and only one
array needs to be read out. This will help to reduce the integrated data rate. Observing parameters are the scan
width (default 0), the chopper mode (off/on; waveform, throw), pointing parameters (stare/raster/scan;nod),
and the integration time per pointing.

3.4. Range Spectroscopy

In this mode, both photoconductor arrays are operating for effective observations of extended wavelength ranges.
Such observations can be continuous scans with full spectral resolution or steps for a coarser sampling of, e.g.,
spectral energy distributions (SEDs). The long-wave array will observe in the 105−210µm band while the short-
wave array observes in the 57−72 or 72−105µm band. Observing parameters are the start- and end wavelength,
the resolution mode, the chopper mode (off/on; waveform, throw), pointing parameters (stare/raster/scan;nod),
and the integration time per pointing.

4. SYSTEM PERFORMANCE

Based on the present knowledge of the components of PACS and of the Herschel satellite, the performance of
the entire system can be estimated in terms of what the observer is concerned with, i.e., an assessment of what
kind of observations will be feasible with Herschel/PACS, and how much observing time they will require.

The system sensitivity of the instrument at the telescope depends mainly on the optical efficiency, i.e. the
fraction of light from an astronomical source arriving at the telescope that actually reaches the detector, and on
the thermal background radiation from the telescope or from within the instrument as long as the fluctuations
of the background constitute the dominant noise source. As will be shown below, background-noise limited
performance should be feasible in both spectroscopy and photometry modes with the PACS detectors.

4.1. Optical Efficiency

The system optical efficiency has been modeled to the following level of detail:

• Telescope efficiency: The fraction of the power of a point source in the central peak of the point spread
function is modeled in terms of absorption/obstruction, diffraction, and geometrical wave front errors (6µm
r.m.s.), which have been assumed to occur as spherical aberration.

• Chopper: Errors/jitter in the chopper throw and the duty cycle (> 80%) are considered.

• Mirrors and filters: scatter/absorption losses – excluding diffraction – on each reflection by a mirror (1%)
and efficiencies of filters/dichroics (as measured for the QM filters) are taken into account.

• Diffraction: An end-to-end diffraction analysis with the physical optics package GLAD 4.5 has been carried
out for the spectrometer, where the image slicer is the most critical element of the PACS optics,15, 17 and
a simplified analysis for the less critical photometer as well as the effect of diffraction/vignetting by the
entrance field stop and Lyot stop have been included.

• Grating efficiency: The grating has been analysed and optimised with a full electromagnetic code.17
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Figure 6. Optical efficiencies. Left: Telescope (main beam) efficency for an assumed wave front error of 6µm r.m.s.
Center: Calculated grating efficiency. Right: Predicted photoconductor quantum efficiency based on typical relative spectral
responsivity measurements, normalized to a (single point) absolute determination of quantum efficiency from a signal-to-
noise measurement of a high-stress module with a TIA readout under well-defined background conditions near the peak
responsivity.
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Figure 7. Filter transmission of the QM filters. The graphs represent the overall transmission of the combined filters in
each branch of the instrument. The nominal band limits are indicated by the vertical lines. Top left: 60−85µm photometer
band. Top center: 85−130µm photometer band. Top right: 130−210µm band. Bottom left: 57−72µm spectrometer band.
Bottom center: 72−105µm spectrometer band. Bottom right: 105−210µm spectrometer band. Note: the low transmission
at the shortest wavelengths is mainly due to a problem with the dichroic beam splitters which will be improved for the FM.

4.2. Detectors

The projected (dark) detector NEP of the Ge:Ga photoconductor system is ≤ 5 × 10−18 W Hz−1/2 for the stressed
detectors and ≤ 1 . . . 2 × 10−17 W Hz−1/2 for the unstressed detectors; it is dominated by the noise of the Cryo-
genic Readout Electronics which – with the most recent, post-QM CRE generation – is near spec for the stressed
detectors because of their higher responsivity, but a factor 2 . . . 3 too high for the unstressed detectors. A new
circuit is presently being developed for the FM detectors to meet the requirements for background-noise limited
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performance. Detective quantum efficiencies of ∼ 30% are feasible with careful cavity design.18 Our mea-
surements of the fully stressed PACS modules with a TIA laboratory readout system even indicate a quantum
efficiency near 35%. The achievable in-orbit performance depends critically on the effects of cosmic rays, in
particular, high-energy protons. We have performed first proton irradiation tests at the synchrotron source of
the Université Catholique de Louvain (Louvain la Neuve, Belgium) on a stressed QM detector module under
reasonably realistic conditions in terms of proton flux and energy, FIR background, and metallic shielding by
the cryostat. A preliminary analysis of the results indicates that we will face a permanently changing detector
responsivity: cosmic ray hits lead to an instantaneous increase in responsivity, followed by a curing process due
to the thermal IR background radiation. The necessary operating parameters (in particular, integration ramp
length, detector bias, and chopping schemes) still need to be explored before a dependable prediction can be
made to which level the cosmic ray effects can be modelled and eliminated, or at what level they will add to the
effective detector noise.

For the bolometers, the calculated background noise from the telescope is ∼ 2 × 10−16 W Hz−1/2. To ensure
background-limited performance we require an electrical NEP of ≤ 10−16 W Hz−1/2 which has been demonstrated
on a 16 × 16 bolometer subarray of the QM detector production run with its 0.3K multiplexer. The 2K buffer
amplifier has been demonstrated separately. The calculated and measured absorption efficiency (equivalent to
the detective quantum efficiency) is >80%.

4.3. Image Quality and Beam Sampling

The photometer optics – by design – delivers diffraction-limited image quality (Strehl ratio ≥95%). This has been
verified by visible-optical measurements of the (geometrical) spot sizes as part of the FPU alignment procedure.
We therefore assume that the instrument optics will only contribute in a negilible way to the dilution of the
central peak of the telescope PSF. This assumption will be verified durimg the QM instrument level tests with
a telescope simulator which allows observations of artificial sky masks.

The concept of approximately full beam sampling with our (filled) array will distribute the flux of a point
source over several pixels. An equivalent dilution applies to the background received by the pixel. To recover
the total flux (in the central peak of the PSF) several pixels have to be co-added. For the calculation of the
system sensitivity this is taken into account through a pixel efficiency factor, which is defined as the fraction of
the pixel area to the PSF area.

The spectrometer, and in particular its image slicer, is used over a large wavelength range. The (spatial)
pixel scale is a compromise between resolution at short wavelengths and observing efficiency (mapped area) at
long wavelengths. Full spatial sampling will require a fine raster with the satellite, for spectral line maps with
full spatial resolution. For the sensitivity calculation this is neglected as the line flux will always be collected
with the filled detector array. Therefore, for the plain detection of a line source, one pointing is sufficient. Fully
resolved maps will require between 2 and 8 raster pointings, between the long and short wavelength end of the
spectrometer range, with correspondingly longer integration time.

The spectral sampling also varies within each grating order; detection to the instantaneous resolution as given
by the convolution of the diffraction-limited resolution with the pixel function is the default for the sensitivity
estimates.

4.4. System Sensitivity

For the calculation of the system sensitivity we have included our present best knowledge of all components in
the detection path as described above. The results for photometry and spectroscopy are shown in Fig. 8

It needs to be stressed that these figures must be considered preliminary, given the early state of the test
program carried at the time of this writing. In some areas (e.g. short wavelength filters) we foresee improvement
for the FM compared to the achieved performance used in the system model, in other areas (in particular, the
cryogenic readout electronics for the photoconductor arrays) we have already assumed better performance than
what has been demonstrated so far. A more reliable prediction will be possible after characterization of some
of the critical FM components/subunits, in combination with the results from the ongoing QM instrument level
tests.
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Figure 8. Sensitivity of the PACS instrument on Herschel for point source detection in photometry mode (left) and
spectroscopy mode (right). For spectroscopy we assume that the astronomical line is unresolved at the respective resolving
power of the instrument (center). The solid lines represent chopped observations where only half of the integration time is
spent on the source. The dashed lines represent modulation techniques like on-array chopping or line scans where all the
integration time is spent on the source.
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