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I. Introduction

This document is meant to tell the observers what the SPI instrument is, how it works and how
to use it for astronomical observations.

The INTEGRAL: payload consists of four mstruments two gamma ray instruments (a spec-
trometer, SPI, and an imager, IBIS) and two momtormg cameras (an X-ray monitor, JEM-X, and
an optical monitor, OMC). Whereas the main scientific goal for the 1BIS instrument is high reso-
lution imaging of gamma ray sources with some spectroscopic capabilities, the scientific goal for
the SPI (Spectrometer onboard INTEGRAL) instrument is hxgh resolution gamma ray spectros-
copy with some imaging capabilities in the 20 to 8000 keV: range The SPI instrument will be the
first high resolution gamma ray spectral imager to operate in this energy range. SPI is the next
major breakthrough in the fickd of gamma ray spectroscopy and nuclear astrophysws after the
highly successful Compton Gamma Ray Observatory (CGRO).

The spectrometer SPI is being developed for ESA under the responsibility of CNES, Toulouse
‘as prime contractor. Subsystems for. SPI have been built by DARA and MPE (Germany, Anti-
coincidence subsystemi), the- Umvcrsny of Louvain (Belglum Germanium for detectors), CESR
(France; Ge detectors anid their electronics), CEA (France; Digital Front End Eléctronics), CNES
(France; cryostat, lower structure, flight software, thermal control), University of Valencia (Spain;
coded mask), IFCTR Milano (Italy; Plastic Scmtlllator) and the University of Berkeley and San
Diego (USA; Pulse Shape Discriminator). The instrument has two Co-Pls: G. Vedrenne (CESR
Toulouse, France) and V. Schonfelder (MPE (;archlng, Germany)
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II. Description of the instrument

1. Overall design

The SPL instrument design is based on a hexagonal geometry, which is the most compact one.
The instrument is a coded mask spectrometer. The main characteristics of the instrument are given
in Table 1. An overall cut-out view of the instrument is given in- F 1gure I.

Table 1 Mam characterlstlcs of the SPi mstrnment

Maek (hmemxons 665 mm. ﬁat to ﬂat
30 mm th}ck Tungsten

Detector unit Encapsulated Ge, hexagonal
geometry, 19 detectors
_ o ; ‘ - 70 mm thick -
Bnergy range | 20keV-8MeV
: Energy resolution (FWHM) . 2.2keV at 1.33 MeV for each
S | detector, 3 keV for the whole spec-
‘ trometer '
Angular resolutlon v : ‘ 250 f(n' po[nt SOUI‘C_CS
Point source p051t10n1ng ‘ <1.3° for point s_(:)urcbe_s (depending

- on point source intensity) -

Field-of-View fully c‘oded:‘ 13.2° flat to flat,
16° corner to corner
zero coding: 30.5° flat to flat;
35° corner to corner (zero sensitiv-
ity).

The detector of the instrument consists of 19 cooled, hexagonally shaped, high punty Ge
detectors, providing a total area of about 500 cm?. The background on the detectors is limited by
use of several methods. A Pulse Shape Discriminator system (PSD) reduces the  decay back-

: ground in the Ge. An Anti- Coincidence veto System (ACS), consisting of 91 bismuth-germanate.
(BGO) scmhllator blocks vetos out-of-field photons and particles, and a plastlc scintillator under-
neath the coded mask vetos photons originating in the mask. The veto shield also defines the field-
of-view of the instrument, since it vetoes the out-of-field photons. The sensitivity of the instru-.
ment is limited by the background due to the primary and’ secondary cosmic ray parucles and the
cosmic background radiation. :
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Figure 1 A cﬁt,—éway view of the SPI instrument. The mask, plastic
scintillator, camera and ACS subsystems are highlighted.

2. The Passive Mask

The passive mask is locatéd at the top of the SPI instrument, above the plastic scintillator. The
purpose of the mask is to code the incident gamma rays in the field-of-view, giving the instrument
imaging capabilities. The mask also provides stiffness to the primary structure of the SPI instru-
ment. o v

The mask consists of a sandwich structure made of:

7 of 30




i INTEGRAL %
NES  SPECTROMETER

CENTRZ NATIENAL JETUDES *PATIN.Zh

SPI-MU-0-1062V 3-CNES
Issue :5

Revision : 0

Date . 28/02/02
Page No. : ANX4-9

SPI Observer's Manual

= a nomex honeycomb core covered by two skins,

< a titanium ring that forms the interface to the rest of the instrument

» a coded motif made of hexagonal tungsten blocks that are stuck and screwed onto the sand-
wich structure.

The tungsten motif provides the specific transparency and geometry for the mask. The mask is.
made of 127 elements of hexagonal shape and inscribed in a 78 cm diameter circle. Of these ele-
ments 63 are opaque and 64 are transparent. Each opaque element 1s 30 mm thick and 60 mm flat-
to flat in size. The tungsten elements stop the gamma ray radiation in the range 20 keV to 8 MeV
with an absorption efficiency greater than 95% at 1 MeV. The holes in the mask have a gamma ray
transparency of 60% at 20 keV and 80% at 50 keV. The mask is located 171 cm from the detector
plane, The distance between the mask and the detector plane is driven by the required field-of-
view and angular resolution. The total mass for the mask is 139.4 kg (10 kg titanium, 107 kg
tungsten, rest in other materials). A picture of the mask pattern is given in Figure 2

Figure 2 The passive mask of the SPI instrument. The hottom picfur’e
indicates the direction of the spacecraft Y and Z axes with respect to
the mask. (See the “IN TEGRAL Manual” for the definitions of the
axes.)

3. The Camera

3.1 Cryoestat

For an optimum sensitivity and resolution the detectors of the SPI instrument have to be kept
at a constant, low temperature of 85 K. The SPI cryostat (which is made in Be) is designed to keep
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the detectors at this optimum operating temperature. The cryostat is composed of three parts: an
active cooling system, a passive cooling system and a cold box. The active cooling system brings
the temperature of the cold plate on which the detectors are mounted down to 85 K, using two
pairs of cryocoolers. In normal operating mode all coolers work sxmultaneously In case of failure
of one of the cryocoolers, or of the electronics, the instrument will be functional, but in a degraded
mode, as the detector temperature can rise to more than 100 K. The detector assembly is placed
inside the cold box, which is kept at approximately 210 K by the passive cooling system. All tem-
peratures of the cryostat subsystems are regularly monitored to provide the ground operators with
early wammgs on failures of coolers, and to provide temperature information that can be used for

' the data processing.

3.2 Detectors and pre amplifiers

The detectors used for SPI are 19 hexagonal-shaped Be encapsulated high purxty Germanium
detectors, mounted on a cold plate at 85 K, as close as p0351ble together. The size of the detectors
is 5.6 cm, flat to flat, with a height of 7 cm. The cold plate is made of beryllium and it is directly
cooled by the SPI cooling system. The bottom of the cold plate is hollowed to mount the printed
board pre amplifiers (PA-1) cold electronics. The: PA-1 electronics include the high voltage filter
and the connection between the detector and the Charge Sensitive Amplifier (CSA). A second set

- of 19 pre-amplifiers (PA-2) is mounted on a second cold plate (beryllium, at 210 K) The PA-2 is
connected to the PA-1 with a cryogenic cable.

» The hexagonal detectors are mounted with minimum space between them, such that the axes
of two adjacent detectors are 6 cm apart. The material in front of the detector has good transpar-
ency for gamma-rays at 20° keV. To cure the degeneration of the Ge détectors, an annealing opera- .
tion should be done every 6 to 12 months, strongly dependent on the high energy neutron flux at

_ the satellite position, in which the detéctors are heated to 105 degrees C. The instrument will not
be available for scientific observations during the time needed for the annealing operation and the
cooling phase afterwards (in total approximately 200 hours).

3.3 The detector electronics

The signals from the pteaampliﬁers are sent to the amplification chain, which is'made up of a
Pulse Shape Amplifier (PSA) and a Pulse Height Amplifier (PHA). The PSA amplifies the pulses.
such that the performance of the spectrometer is optimised. This is done by making a compromise
between getting the best signal to noise ratio for the pulses, operating in the full 20 keV-8 MeV
energy band of the instrument without resolution degradatlon and making the output pulses
insensitive to the fluctuations in the detector signal rise time. The PHA is used to maintain the
energy resolution in the full 20 keV-2 MeV ot 2 MeV to 8 MeV range. Finally the detector elec-
tronics also comprise a high voltage power supply (0- 5000 V) and a low voltage power supply (19
mdependent chains per amplification chain).

3.4 Pulse shape discriminator (PSD)

The PSD subsystem comparcs the form of the pulses produced by the pre amplifiers with pro-
files stored in an onboard archive. Based on this comparison the PSD flags each event with a sig-
nal type (single or multiple event), and consequently the type of processing necessary: Only non-
vetoed events are processed by the PSD. The output of the PSD is provided to the Data Processing
Electronics (DPE, see below). The PSD works in an energy range from 200 keV to 1 MeV. The
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onboard pulse shape library will be updated twice a year in connection with the annealing of the
detectors. The PSD is important to identify the background photons impacting on the detector. It
can reduce the background between 200 keV and | MeV by a factor TBD, and thus increases the
sensitivity of the instrument in this energy range.

4. Anti-Coincid,ence Subassembly (ACS)

The main function of the Anti-Coincidence Subassembly (ACS) is to shield the Ge detectors
against background (photons and particles) from sources outside the field-of-view. The ACS sys-
tem consists of 91 Bismuth Germanate (BGO) scintillator crystals in combination with photo
multiplier tubes. The BGO crystal thickness has been optimised with Monte Carlo simulations to
minimize the detector background (by minimizing the shield leakage and neutron induced radia-
tion in the BGO). The BGO shield for the side and the rear of the camera is 5'¢m thick. The com-
plete shield consists of two collimator rings (that define the SPI field-of-view), located between
the mask and the camera unit, a side shield and a rear shield that surround the camera. The BGO
scintillator crystals are used to convert all incoming events into- -photons in the 480 nm region (vis-
ible light). Photo-multiplier tubes are used to detect these photons and convert them into electrical
pulses which are sorted, normalised and summed up by the ACS electronics. Bach photon induces
a time tagged veto signal. The ACS output data is directed to the D1g1ta1 Front End Electronics
(DFEE) which formats the data and time tags each event. Photons that are not in coincidence with

- an ACS veto event are considered “good”. The ACS-off photons (i.¢ all photons that are detected:
by the Ge detectors, mdependent of the veto status) are 1ntegrated into background spectra, that
are sent to the ground every 30 mimutes.

5. The Plastic Scintillator Anti Coincidence Subassémbly (PSA.C)

The purpose of the plastic scintillator subassembly (PSAC) is to reduce the 511 keV back-
ground due to particle emission by the passive mask. The detector consists of a plastic scintillator
inside a lxght tight box, located just below the passive mask. It has a good gamma ray transpar-
ency, and actively detects particles which deposit energies in excess of 300 keV. The light flashes
that are produced by the impacts of these high energy particles are detected with- four photo multi-
plier tubes located around the light-tight box and converted into electrical pulses which are proc-
essed by the PSAC ‘electronics assembly. The electronics send a veto signal associated with the
detected events and compatible with the Anti-Coincidence Subassembly (ACS) Front End-elec-
tronics veto signal to the veto control unit of the ACS.

6. Electronics

The electronics is divided into the Digital Front End Electronics (DFEE) and the Data
Processing Electronics (DPE). The DFEE is in charge of the real time acquisition, assembly, time
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stamping and intermediate storage of the various pieces of information coming from the SPI front
end systems (detector electronics, PSD, ACS etc.). The DFEE will subdivide the events into
classes depending on their origih in the instrument (detector electronics, Ge detectors, PSD; veto
shield) and will handle overall event energies and system monitoring statistics (dead time, signal
counts etc.). The detected events are time tagged with a 20 MHz local clock, which provides the
timing resolution. The reset (timing reference) is done with the 8 Hz satellite clock. The DFEE
uses the 125 ms time frames to-analyse and process the input information and pass it-on to the
DPE. The statistics are passed on to the DPE every second. The DPE is the interface to the instru-
ment. It is part of the On Board Data Handling (OBDH) unit. It provides the telecommand and
telemetry interfaces to the instrument and it provides the environment for the mstrument dedi-
cated software (Instrument Apphcatlon Software, IASW).
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III. Instrument Operations

1. How the instrument works.

The SPI instrument provides a combination of high-resolution spectroscopy with imaging
capabilities. The performance characteristics of the instrument each depend on one of the instru-
mental subsystems:

« Energy resolution: is determined by the cooled Ge detectors

+ Angular resolution: is determined by the pixel size of the mask and the detector and the dis-

tance between them. However imaging with SPI requires a special operation (dither) since a

single pointing does not unambiguously define a sky image. For this the 5 by 5 and hexagonal

dithers have to be used (see below). ' ,

»  Field-of-View: determined by the area of the mask and the detector and the distance

between them, as well as the ACS shield. .

+ Sensitivity: achieved by makmg the detector as large as possible and. by minimizing the -

background (by using an ACS that is. Optxmlsed in matenal and thickness, by incorporating a

PSD system, by carefully choosing the materials used in the instrument and by adding a plas-

tic scintillator below the mask). '

The passive mask prov1des the shadowgram for image reconstruction. The PSAC detects ener-
getic particles orlgmatmg in the mask, and provokes a-veto pulse from the veto system. The ACS
detécts gamma rays and charged particles from out of field sources, and also ‘provokes a veto
pulse: Each photon that is absorbed in a-Ge detector wdl give a pulse that is serit to the. electromcs .
The electronics analyses the incoming pulses and the veto signals and tags each photon with the-
energy, the time and the type of event (i.e; single detector events with or without PSD and multi-
ple detector events). These data are then sent to the ground (see below) The ACS-off photons are
summed into background spectra, that are sent to the ground every 30 minutes.

2. Operating modes

The SPI instrument has only one mode for normal observations. All scientific observations
with SPI are done in so called photon by photon mode with a high temporal resolution. In: this
‘mode scientific data is collected and transniitted to the ground for each photon. For each detected
photon, date is sent to the ground from which the type of event, the energy and the timing can be
“deduced. Furthermore detector spectra of all events- (mcludmg vetoed ‘events) are accumulated
and transmitted every 30 minutes. In case the SPI telemetry is commuously overﬂowmg due to
background radiation that is higher than expected or due to a strong solar flare, the instrument can
be operated in a ‘degraded’ science mode (TM emergency mode). In this casc the onboard
processing and transmission of data will be restricted to ‘good’ events (non-vetoed), ACS-off.
energy spectra, and PSD events. The maximum data generation rate in this mode will be about
half the rate for normal photon by photon mode. The observer cannot select the TM emergency
mode, it is commanded by the ground controllers in case of need.
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Before any change of mode the SPI instrument will be put into a special configuration mode.
This is the only mode in which changes to the instruments configuration can be made. The instru-
ment will not be taking scientific data when in configuration mode (science telemetry processing
is stopped). Several other special modes are available for early in the mission, for engineering
tasks (e.g. annealing) and for instrument calibrations (e.g: PSD calibration). They are not of inter-
est to-the General Observer.

3. Dead time

Due to several canses (e.g. veto signals), the SPI instrument experiences within a normal
exposure, a dead time, during which no useful scientific data are collected: Simulations and tests
have shown that this dead time is about 12% of the observing time. However; it depends on sev-
eral external conditions (e.g. increase of the ACS rate during a solar flare), and thus will only be
known accurately after launch. This takes also ‘into account the dead time as a result of ACS
vetoes (BGO and plastic scmtlllator) ’

4. Telemetry budget

In this section. an estnnate is made. of the telemetry needed for the SPI instrument data based
on model calculations of the background in a solar maximuri and a solar minimum situation. The
allocatxon of telemetry to the SPI instrument in photon by pheton or TM emergency mode is 16
kilobits per second (kbps) in solar maximum and 20 kbps in solar minimum. INTEGRAL uses
packet telemetry. Each packet corresponds to 0.44 kbps, so the above allocations translate into 36
and 46 packets for solar maximum and solar minimum cases respectlvely The model calculations,
done by the University of Southampton (England) using the INTEGRAL Mass Model and by the
SPI ‘instrument team, show that in solar maximum: a rate of 8 events/s/det is to be expected
(although it might reach 12 events/s/det especially taking into account the contributions of back-
ground lines), whereas in solar minimum this goes up to 20 events/s/det. These events are split
into 45.6% singles, 42. 3% PSD events and 12.1% multiple events. The total telemetry rate then
will be 17 packets per ¢ycle in'solar maximum (7.5 kbps) and 41 packets per cycle in solar mini-
mum (18 kbps). In addition to the telemetry needed for the photon~by—photon data, every 30 min-
utes the ACS-off specira are transmitted. This nominally requires 5 packets per cycle (1.9 kbps).
The total nominal SPI telemetry thus is 22 packets per cycle for solar maximum (10 kbps) and 46
packets percycle in solar minimum (20 kbps). If needed, the amount of telemetry in solar mini-
mum can be reduced by increasing the low-energy threshold to- 100 keV, but this is-at the cost of
loss of some science. Changing the low-energy threshold cannot be done by the observer, but is
done by the INTEGRAL ground segment if deemed necessary
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IV. Using the instrument

1. Spectroscopy and timing

In the standard observing mode the instrument can be used for spectroscopy and timing obser-
vatmns Smce every photon is tagged with an accurate time (see section section "Timing capabili-
ties" on page 26 for the timing accuracy), these data can also be used for timing analysis.

It is expected that the background in each of the 19 independent detectors will vary in time in
a different way. This variation can limit the sensitivity that is obtainable. Several types of back-
ground variations can be anticipated:

« short-term variations due to solar activity and solar system “weather”.

» variations over the orbital period (related to the position of INTEGRAL in the orbit).

+ long-term variations over the mission duration.

In order to reconstruct the image on the detectors for all pixels in the field-of-view (25 degree
field, with 2 degree resolution) for a single pointing a set of 19 equatlons with 156 unknowns
would need to be solved. This is impossible; and the only way to increase the number of equations
and make the system solvable is to observe more pointings. Thus, in order to solve this problem of
background determination an appropriate dithering strategy has to be adopted for every observa-
tion (see also the “INTEGRAL Manual?). Dithering is also important to improve the i image qual-
ity of - reconstructed sky 1mages The dnhermg strategy that has to be adopted depends on the

" circumstances: -

"s observations of a single point source of known location, where there are no known other
objects of significant intensity in the field-of-view (fully and partlally coded, for all dithering
points, i.e. within a radius of about 20°). In this case the hexagonal dlthermg pattern can-be
used, where a.hexagonal scan is peﬁ'ormed with one pointing centred on the source, sur-
rounded by six pointings with distances of 2°. Note that the number of sources for which this
dlthermg pattern can be uséd is very-limited.

* observations of a region of multiple or complex sources or of sources w1th poorly known

position. In this case the 5 by 5 rectangular dithering pattern should be used, where 25 points

ona .'rectang.ular grid with 2° spacing around the source position are Observed.

Both d1thermg patterns use a dwell time of 30 minutes per pomt This is optlmlsed for the
instrument performance and expected background variations.
All SPI observations should- use dithering, since reconstruction for pomted observations is

very d1fﬁcult if not impossible, due to background in homogenelty over the detector plane (see
above).

2. Imaging

The imaging performance of SPI depends also on the dithering pattern that is used. In general
the greater the nuimber of pointings, the better the imaging. Calculations were done to estimate the
imaging performance of the instrument using simple correlation mapping. More sophisticated
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techniques may be used to reduce or remove artifacts present in such images, but this can only be
done at the expense of worsening the signal to noise ratio or worsening cotrelations between parts
of the image. In these calculations the background in each detector at each energy is assumed to
be constant, but different between detectors. The calculations show that, when using the hexago-
nal dither pattern the reconstructed point source response funiction shows very strong side lobes at
distances of 10° to. 20° from the centre. Therefore this mode should only be used for isolated point
sources and is not really suitable for imaging. The side lobes are still present, but significantly less
with the 5 by 5 dither. pattern. (about 50% of the hexagonal case). To remove these side lobes,
which will cause artifacts in reconstructed images, the only possibility is to enlarge the imaged
area by observmg multiple pointings (i.c. multiple dither patterns).

3. Gamma~_rziy burst detection

The ACS system of SPI will detect gamma ray photons from a large part of the sky during all
- observations. It can thus function as a gamma ray burst monitor. Because of the size of the ACS
BGO shield it has a high sensitivity for ganima ray bursts: A sensitivity calculation shows that SPI
will detect of the order of a-few hundred gamma ray ‘bursts per year (minimal detectable énergy
flux between 4 1077 erg cm‘2 Land 7 107 erg em™?s°!). This is comparable to BATSE.
Unfortunately. the ACS data cannot be directionally sensitive, therefore accurate positions of
gamma ray bursts that are detected with the ACS have to be determined through triangulation
" methods, with other (dlstant) spacecraft (e.g. Ulysses). To accommodate these tnangulatmns, the
-acquisition of the veto count which is done every 50 ms, has a timing: error of about 2.5 ms.
" The INTEGRAL Suence Data Centre (fSbCy w111 check the stream of veto count rates auto-
matxcally If a gamma ray burst is detected. (sudden increase in the count rate over a short period
of time); an alert will be 1ssued to the institutes that are doing the trlangulatlon obsetvations (4th
Interplanetary. Network) From the accurate timings of the SP1 detection and detectlons by other-
spacecraft a position will be constructed that is comimunicated to the world. The-accuracy that can
be achieved with- this method is much better than an arcminute (due to the long baseline, and the:
accurate timing of the SPI'ACS events). Note that the ACS events are written to the mstmment
House Keeping and are therefore made public immediately. : C
~ Observers can be notified of these gamma ray burst events by subscrlbmg to the gamma ray
burst alert system of the: INTEGRAL Science Data Centre (see also the INTEGRAL manual).
GRBs can of course also be detected in the field-of-view of SPI using the normal photon—by—pho-
ton mode. In this case the data belongs to the observer who has a accepted proposal for GRBs in
: the field-of-view (see also the document “INTEGRAL Science Data Rights”"). :
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V. Performance of the instrument

1. Components and sources of instrumental background

The SPI instrument is background limited. The sensitivity of the instrument is therefore
largely dependent on the background and on the correct identification of background photons The-
background can be divided into the following main components:
' * continuum radiation
« 511 keV line radiation
< gamma ray lines
" In the following subsections we will describe each of these components separately.

1.1 Continuum background

The continuum background can be split into several components, depending on their origin.
First the radiation coming from outside the instriment. This can be the cosmic diffuse gamma ray-
flux that comes in through the instrument aperture, or leakage through the BGO shield of cosmic.
diffuse gamma ray radiation and gamma continuum radiation from the spacecraft (induces by -
energetic cosmic ray particles). Secondly scattering in the Ge detectors of neutrons that were pro-
duced in the spacecraft-or other parts of the instrument. Thirdly background. components pro-
duced inside the spectrometer detectors. These consist of localised B~ decays, non localised B~
decays and B* decays. About 90% of localised ' B~ decays (single events) are identified by the
pulse shape discriminator system. The non-locatised B~ decays (multiple interactions in the detec—‘ :
- tor, e.g. Compton scattering and photoelectnc 1nteract10n) are miore difficult to 1dent1fy sirice in
this case the electron and the. gamma photon are: emitted. sxmultaneously, therefore the resulting.

pulse looks like a normal ‘source’ event for the PSD. The continuum emission from the mask and
the BGO emission when the veto electronics are blacked out (veto “dead time”) are’ neghgible

The individual components and the total continuum background emission are 1llustr_ated in Figure
3.

1.2 511 keV background

The 511 keV background can be split into four components:

¢ the continuum background under the 511 keV line. This component is esnmated from the
continuum background spectrum as explamed above.

* passive material: 511 keV photons from passive material, due to B" decays: of unstable,
nuclei in these materials. These unstable nuclei are formed due to interactions of protons and- -
neutrons that are prodiced in interactions of cosmic ray particles with the: detectors, shield or-
cryostat, The unstable nucléi decay through " decay. The annihilation of the positron leads to-
the emission of two 511 keV photons in opposite directions. If one is absorbed by the detector:
and the other escapes, a 511 keV background event is produced. :

« shield leakage: 511 keV photons, originating from interactions of cosmic rays with passive
spacecraft materials, that are not rejected by the BGO shield. '
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. .Fig‘ur.e.B'The continuum backgrouﬂd components for SPI. The individual 'co‘mjp'onents_ are
- identified. The total background spectrum is indicated with the blagk'line.

. mask component: 511 keV photons orlgmatmg from cosmic ray mteractlons with the mask
material. The main source is pair creation by cosmic ray proton interactions with W nucle1
This component can be reduced significantly with the Plastic Scintillator.

+ BGO shield blocking time component: 511 keV photons produced by B -decays in the BGO:
shteld when the ACS e!ectromcs 1S blocked by a large energy deposit and the.veto is on.

o All these compornents were calculated. w1th a Monte Carlo method The resulting line
strengths for the 511 keV line with and wnthout the PSAC are given in Table 2.
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Table 2 511 keV background line strength with and without PSAC. Calculatmns are for
5 cm BGO shield, 80 keV shield threshold wnthout PSD Fluxes in cts cm™ 57\,

component with PSAC _ without PSAC
continuum 49107 5.4 10°5
passive material 25 10% | 2510
shield ]eakage 8.6 10-6 ' R.6 10-6'
mask 12 1()'.55 2.1 10
RGO shield 1.410° 1.4 10°6

blocking time

Total 3210 | 52104

1.3° Background gamma—r’ay lines

Background gamma-ray lines are emitted in passive materials close to the detectors and in the
detector material jtself. Primary and secondary cosmic ray particles (protons and neutrons) induce
excited nuclei in nuclear reactions with nuclei of the passive material. The prompt or defayed

(radioactive) de-excitation of these nuclei leads to gamma ray lines which can be detected by the
germanium detectors. Calculations show that lines originating in the mask should not pose a prob-
“lem for SPL

2. Instrumental characterisation and calibration

The SPI instrument will be fully tested -and calibrated on ground before the launch. It is
_ planned that some tests and cahbratxons with radioactive sources will be- performed oni ground
* with the full satellite. The sensitivities, resolution, and other characteristics given in this document
are the result of testing of parts of the instrument, testing of preliminary models of the instrument
~-and careful model calculations. They represent the current best knowledge of the SPI instrumental
charaetensatlon
After launch the SPI team-will check that the pre-launch calibration, as estabhshed on ground,
is maintained. This is done dunng the initial in orbit phase (Commlssmmng Phase) Several
‘ observatlons are planned to check the imaging performance, spectroscopic performance, back-
ground, flux calibration (sensmvxty) and the sensitivity to out of -field sources. If any large
changes are found, especially in the sensitivities, observers will be informed. Currently calibra-
tion observations of the Crab nebula and Cygnus X-1 are foreseén to provide the calibration that
will be used for the data processing. Unfortunately the Crab nebula is not visible to INTEGRAL
so only Cygnus X-1 can be observed during the Commissioning Phase. The Crab nebula will
however be observed as soon as it becomes available. It is expected that the observation of Cyg-
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nus X-1 will provide an accurate calibration up to about 2 MeV, whereas .the Crab nebula is
needed to extend the calibration to higher energies. Currently the following observations of these
targets are foreseen:
s Cygnus X-1:
- 5 by-5 dithers on-source and two pointings 10 degrees off-source for 2: 7 10° seconds
each.
- hexagonal dither with source on-axis for 2 10° seconds.
*» Crab: '
- 5 by 'S dither centred on the source for 1.8 10° seconds.
- hexagonal dither centred on the source for 1.26 10° seconds.
In Table 3 we give the expected accuracy for the hexagonal dlthermg observatlon of both sources
for several energy bands in the range of the SPI instrument.

Table 3 Accuracy for calibration observations of Cygnus X-1 and the Crab nebula, using
hexagonal dithering. The integration times are 2 10° and 1.26 105 seconds réspectively.
Calculatmns ‘were: done usmg the Observmg Time Estimator. Fluxes are in ph cm? s -1

Energy band (MeV) . ‘Back--  CygnusX-1 | Crab
ow | high wowd o | o | Fux | o
004 | 01 85610‘2 i '2.;28_ w0 | 2281 '2;86_10.“2_ 1
01 | 025 4102 | 407 | s | L2107 | 4
025 | 04 | 387107 | 53710° | 130 | 27610° | 530
04 | 07 | 594107 | 249100 | s28 | 195100 | 328
07 | "2.5  ) | 212 102 | 123 10‘3' 955 | 185107 | 14
25 1 50 ] ~'._5..1§10"3 '9.2_1' 1073 1 099 | 35010" '. 30
5.0 R 107 | 2.0410‘5' 0.28 130 1:0'.4.:,  14

After the. Commlsswmng Phase the SPI team and the ISDC will calibrate the mstrument usmg
data taken during routine observations. This will allow-an accurate determmatlon of e.g. the back-
ground. Also lines originating in the BGO shield (511 keV, 6.1 MeV: O line) can be used:for cali--
bration purposes. (¢:g: energy calibration), and lines ‘that- originate from- matenals inside the.
cryostat that have known intensities can be used to measure the Ge detector efﬁmency “The detec--
tor gains, thresholds ‘and resolutxon Versus energy are determined from normal event data. and
ACS off spectra (for consistency checks) in the routine momtormg task of ISDC Fmally, after-
every detector anneahng a thorough check will be done of the. instrument 1magmg and spectro—
scopic response, smce these may change asa result of the anneahng process '
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Flgure 4 Example spectrum taken w1th laboratory detector units, representatlve of the ﬁxght
units.

3. Measured performance:

3.1 Imaging resolutlon

The true imaging rcsolutlon will only be known after launch, since it depends on the back-
ground radiation. The design of the instrument however is such that the angular 1 resolutxon for
(isolated) point sources is about 2 5° (FWHM). The location of point sources ¢an be done with an
accuracy better than this, but thls depends on the strength of the source. As: explamcd above, dlth-
ering is required, when i 1magmg more complex regions. :

3.2 Spectral resolutron

The spectral resolution has been measured in the laboratory with detectors that are representa-
tive of the flight units, and afterwards with flight model detectors and pre amplifiers: An example
spectrum obtained in this way is shown in Figure 4. The measured energy resolution as a furction
of energy for an individual detector is given in Figure 5. The energy resolution for the full instru-
ment is given in Table 4. The energy resolution does not depend strongly on the temperature of the
detectors, therefore even in the case of a failure of one of the coolers, the spectroscopic capability
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Figure 5 The measured energy resolution of an individual SPT detector. This was measured
usmg laboratory detectors _The resolution of the full instrument: wnth all 19 detectors is
slightly lower than this.

of the instrument is not significantly degraded However a small drlft in energy is observed as a
function of temperature, so a re-calibration would be requued
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Figure 6 The continuum sensntlvnty of the SPI mstrument fora3 sigma. detection i m
‘108 seconds, on axis. The fluxes-are for E/AE=2. The dashed lines mdlcate o
extrapolatlons from: the X-rays usmg an power[aw with photon index -2 for 1 100
-and 100 mCrab.

- 3. 3 Sensmwty

The continuum and line sensitivities of the SPI instrument are given in Figure 6 and Flgurc 7.

In Table 4 the instrument performance numibers (energy resolution, continuum and line sensitivi-
* ties) are glven ata number of energies in the SPI range. The sensitivities given in this table are 3

‘sigma in 10® seconds pure integration time, using a BGO threshold of 80 keV, a plastic. scmtdlatorv
" threshold of 300. keV and with PSD and multiple event reduction techmques applied (this is simi-
- larto the normal operating mode). The continuum senemvme‘; are for AE=E/2, and dre calculated
from the narrow line sensitivity by dividing those by J/R - where R is the instrument resolu-
tion for lines. The lme sensmvmes are fluxes in photons cm‘2 57!, the continuum sensitivities are
- fluxes in"photons cm s' keV'!: The line sensitivities are’ for narrow lines. For broad lines, the
- sensitivity of the instrument degrades as can be seen in Flgure 8, where the factor is plotted with

which the sensitivity is degraded as function of the energy for three line widths (1, 3 and 10%. of
~ the energy of the line). Note that the sensitivity for 511 keV is not given in Figure 7, but only in
Table 4. The 511 keV sensitivity is worsé than. the surroundmg continuum due to the strong
511 keV background line originating in the mstrument
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Figure 7 The narrow lme (w r.t. the mstrument resolutmn) sensmvxty of the SPI
instrument. for a 3 sngma detectlon in 10° seconds. Note that the 511 keV lme is not

shown in this figure.

Dégradati‘on of. Sensvitivity for Broad Lineé,

R il
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Figure 8 The degradation factor of the line sensitivity for broad lines (w1th a width

of 1, 3.and 10% of the line energy) as a function of energy.
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Table 4 The energy resolution (FWHM), narrow line and continuum sensitivities of the SPI
instrument. (30 detection in 108 seconds)

Energy (keV) Resolution Continqug; flénsiti:fity Line senfzitiylity
(keV) (ph-cm™s" keV™) (phem™s7")
50 1531 45310 2.80 10°
100 1.563 2.08 107 1.84 1073
200 1.654 703107 102100
300 176 . 14107 716 10°®
400 185 324 Ié)f7.' 62310
500 1.926° 2.66 107 5.83 10
511 “1o% 126100 2.80 10
600 1.992 230107 5.65 107
700 2.051 - 207107 555100,
800 2.106 1.38 1077 5.4510°¢
900 2.158 170 167 53110
1000 2209 1.54 107 501100
1100 2257 1:69 107 5.94 10°
1200 2.303 181 107 6.7410¢
1300 2347 172107 . 6;'.7010*5‘
1400 2389 T2 107 662100
1500 2432 199107 850 10°¢
1600 2473, 185107 82110
1700 2513 175 107 828106
1800 2.553 1.76 1677 841100
1900 2,553, 1.69'107 8.3910°°.
2000 2634 162 107 32910
2250 2.73 142107 7.85 109
2500 .:2."821 118 107 699 10°
2750 2'.911 925 10° 5.8510°
3000 2997 7:88 10°F 528 10°
3500 3062 C66210°% 49310
4000 EE) - 569108 4.64 A'_to*”
4500 3.471 5041078 S 445100
5000 o 3616 451108 428 19°
5500 3757 424 108 43110°
6000 3.889 3:96 10 4.2810°
6500 4.018 364 108 416 108
7000 4.141 33010% 3.9710°¢
7500 4.26 S2091 108 368 100
8000 4.376 248 10°% 3.28 10
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3.4 Dithering sensitivity degradation

The instrumental sensitivities given in Table 4 and Figure 6 and Figure 7 are for a source on
axis, and do not take into account dithering. As stated earlier (see section "Spectroscopy and tim-
_ ing" on page 14 ), observations with SPI should not be done in staring mode, since this makes the
identification and removal of the background impossible. Dithering on the other hand has the dis-
advantage that the source is not observed for the full integration time in. the centre of the fully

~coded filed of view (centre of the instrument response). The SPI response falls off towards the
edge of the filed of view, and therefore dithering will degrade the sensitivity of the instrument
somewhat. The hexagonal dither (a central pointing with six surrounding pointings in hexagonal
pattern, all 2° apart) only samples the central part of the SPI fully coded field-of-view. Therefore
no reduction in the sensitivity is noticable. The S by 5 dither (a square pattern of 5 by 5 pointings
around the source, all with 2° spacing) however samples closer to the ‘edge of the fully coded
field-of-view. In this case the sensitivity is degraded by a factor 0.8374 (i.e. the sensitivities g1ven
in Table 4 should be divided by this number to get the effectlve sensitivity). -

3.5 Detection of off-ax1s sources

The wide ﬁeld-of view of SPI allows the detectlon of off axis sources. However it also means
that off-axis sources ‘will create a shadowgram onthe. detector that i increases. the background pho-
- tons for the prime target. To remove this ‘background’ a proper rnappmg of the source and the sur-
roundmgs is necessary. This is the main reason why-hexagonal dithering should only be used for
isolated point sources, where no s_xgmﬁcant contribution is. expected from- other sources with
~about 20°. In order to allow the observer to estimate the significance of an off-axis detection, we

-give the reduction factor for the sensitivity for hexagonal and 5 by 5 dithers in Table 5. The reduc-
 tion for staring is similar to the one for hexagonal dithers. Observers can calculate the effectlve
sensitivity by d1v1d1ng the sensmvuy limits given in Table 4 by the factor given in Table 5.

3.6 lmagmg capabilities

The values prescnted m Table 4 are for an 1dent1ﬁed point source (i.¢: a 36 excess in a pixel).
However for unknown soutces in an image of an area of sky, the situation is slightly different. In a
-‘map containing a large number of pixels, the probability that an n-sigma excess will oecur by
chance somewhere in the map can be significantly higher than suggested by the integral error
function. In a SPI map covering, say 25x25 degrees there are approximately 60 independent pix-.
els. Thus 99% confidence that a source at a specific position (a “known’ source) is real requires
235 sigma, whereas 99% confidence that a source found at an arbltrary posmon somewhere in the.

field (an new “unknown” source) is real requires 3.6 sigma significance.. Therefore to identify
'vnew unknown sources in the field-of-view, a higher significance is required than for an ‘unknown
. source in the field-of-view (since probabxhty for an chance n-SIgma excess due to noise sone-
where in the map is h1gher) ' : :
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Table 5 Sensitivity degradation factor as function of the distance off-axis for a hexagonal
and a 5 by 5 dither pattern,

Off axis distance (degrees)

Sensitivity degradation

hexagonal 5byS5s
0 1.0 © 08374
i 0.6655 | 0.7925
P 0.7638 08004
3 0.6838 0.7879
4 07147 07874
s 07056 0.7746
75 06309 0.7357
10 0.5505 » | 10.6’718 |
125 04938 - 0.5918
BE 0.3749 0.5002
17.5 10.1888 0.3774
20 0.0886 02047
s 0.0 00148
30 0.0

0.0

3.7 Timing capabilities

The mstrument works in photon by photon mode. Each photon data set includes timing infor-
mation given by a 100 us clock signal. This clock is synchromsed to the on board clock, and thus

" to the UTC. The timing error budget for SPI is derived from:

* the accuracy of the onboard clock and the synchromsatlon '

« the conversion between onboard time and UTC,

« the conversion between UTC arrival time at the spacecraft and the artival tlme at the solar
system barycentre.

The resulting SPI timing accuracy calculated in this way is 129 its, 3(5 accuracy, and a 90% confi-

- dence. accuracy of 94 ps.
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VI. Observation “Cook book”

1. Astronomical considerations on the use of the instrument

The SPI instrument is designed as a spectrometer, therefore it should primarily be used for
high resolution spectroscopy on sources with (narrow) lines, possibly on top of a continuum.
Given the imaging qualities of the instrument it can also be used for wide field imaging of diffuse
emission, especially in (narrow) emission lines. However if high resolution imaging, or observa-
tions of sources with only continuum emission or very broad lines are needed, the IBIS instrument
might be better suited as prime instrument; at least below a few hundred keV.

The prime astrophyswal topics to be addressed with SP1 are nucleosynthesis processes, super—
nova theories, nova theories, interstellar phys1cs and pair plasma physics in compact objects (neu-
tron stars, black holes). A number of interesting Imes fall in the SPI energy range Table 6 glves a
list of some lines and energies. :

Table 6 Some gamma ray lmes from cosmic radloactlvlty in the SP1 energy range

isotep'e " _ : :decay cnain h,ni;;:g il/.)gles | Mean llfe (year)
_5560 1 56y s Soco _;56}:;. o847 1238 | 0;31_
e | P 5 2N s | 38
“r 44?1.'—»4455%44@_'} o Tiss | , 70,:“'9-5
60Fq : 6()Fe__)SOCQ~_)60N'i. 1.173 1322 | 2'2:106

2. | How to estimate obs_erVingthinles' -

The formal way to- calculate accurate observmg times is via the Observing Time Estimator
(OTE). In this section however we give an easy way for observers to estimate the observmg times
using simple formulae. The times that are calculated in this way are reasonably accurate, and are
for most casés within a few percent from the OTE calculated times. In the worked examples we

give both times for comparison. Note that the ISOC will only use the OTE to assess the technical
feasibility of proposals. '

General observers can request to observe a gamma-ray line flux (m photons cm” 25l or an
integrated continuum flux over an energy band (also in photons cm 27! ) at a given energy from a
point source. Therefore, two types of observation timne calculation will be presented in the follow-
ing sections. The continuum sensitivity can be estimated using the narrow line sensitivity, the
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energy resolution and the energy-band required. In the Proposal Generation Tools, PGT, a line has
to be given in as a narrow energy range with the width of the line. The irputs to both OTE and
PGT for continuum are for an in-band flux, and since the sensitivities are for AE=E/2, the band
over which the flux is specified should not be too broad (maximum about AE=E). Specifically if
an in-band flux over the full energy band of SP1-(20 keV to 8 MeV) is given into OTE, the result-
ing significance or observing time are not sensible, since no spectral shape can be specified. The
observers should make sure that observing times entered into PGT allow the completion of at least
one full dither pattern (i.e. minimum of 12600 seconds for hexagonal dithers and 45000 seconds
for 5 by § dithers).

2.1 Gamma-ray line

The observation time, T, (in kilo seconds), is estimated using the relation

N S 2
T = 1. 10( line ) é_E_ _ i
3 Fhm, Frac R 1“’fdead

‘Where:
- Ny is the number of 31gma requlred
- Sl,,,e is the 3g, pomt source on-axis, narrow line sensmvnty for SPLat the consxdered
~ energy and for 10 s and a lifetime of 100%. The values of this parameter are in Table 4.

- Fje i3 the source line flux in ph/s cm?.
- Frac is the sensxtmty degradatlon factor due to the d[thermg or the source being off--
axis. See section "D_1thermg sengitivity degradatlon" on page 25 and section "Detecnon
of off-axis sources" on page 25 for details.
- AE'is the width of the expected gamma-ray line (FWHM inkeV).
- R is the energy resolution of the spectrometer (in keV), It depends on the energy, the val-

_ues of this parameter are in Table 4.

- faeaa 15 the fraction of dead-time (12%). This parameter is described in section "Dead
time" on page 13 .

2.2 Gamma-ray continuum

The observation time, Ty (in kilo seconds), is estimated using the relation:

Ny S s
Tope = 1 10( line ):AE'-- !
20 3 Fmr Frac _,1.5R Ve fioud
- 1 10 (N Scom‘ )2 . E 1
3 F.,,.-Frac 3AE L= fdead

Where:
- [}, s the flux integrated over the specified band (in ph/cm s)
= Feone is the continuum flux in the specified band (in ph/cm s keV)
- AE is the width of the energy band corresponding to the specified flux (in keV)
- S,om is the continuum sensitivity as given in Table 4. The continuum sensitivity can be
calculated from the line sensitivity using: S, = S,/ (VR - AE)
All other parameters are as described above. The factor 1.5 is used to correct the gamma-ray
line sensitivity that is calculated assuming that the total counts in a line are contained in an energy
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band of 1.5 times the spectral resolution (FWHM). Actually, 1.5 times the resolution contains
~95% of the line counts. The factor 3 in the bottom formula comes from this factor 1.5 and the
fact that the continuum sensitivity is calculated for AE=E/2.

3. Worked examples

In this section we present some examples of observations with SPI for which we calculated
the observing times with the formulae given above and the Observing Time Estimator.

« Example 1: a lme at 1809 keV (*°Al), with a-3 keV width, and a integrated line flux of
2-10 3 ph cm” 2571 observed with a 5 by 5 dlther pattern The requested significance is 3
sigma. The sensitivity at this energy is 8.41 10°® ph cm™s™!, the resolution is 2.553 keV, and
the sensitivity degradation factor for a 5 by 5 dither is. 0.8374. Using these numbers the
required observing time would be 336.7 ksec or 3.90 days (OTE gives 336 ksec).

» Example 2: the same line, but now observed with a hexagOnal dither (sensitivity degrada-
tion factor 1.0) would for a significance of 3 sigma require 236.1 ksec; or 2.73 days (however,
this mode is only applicable for isolated point sources) (OTE gives 235 ksec):

« Example 3: a continuum band of 150 keV width, centred at 350 keV, with a continuum flux
of 510 ph e s ke V'l , observed with a 5 by 5 dither for significance of 10 sigma: The con-
tinuum sensitivity for thlS energy is 3.83 10 ph cm‘2 TkeV'1, the resolution is 1.80 keV and
the sensitivity degradation factor is again 0. 8374 ‘This - observation would: then require

- 82.0 ksec, or 0.815 days (OTE gives 79 ksec, assummg a constant photonﬂux over the energy

- band, giving an m-band flux of 7.5 10" ph cm” 251y,

+ Example 4: the **Ti line (at 1.160° MeV) in a supernova remnant (e.g. Cas A). The line
width is 2000 km/sec (or 7.73 keV),. the mtegrated line flux 4.2 10 > ph cm"2s I The source
should be observed with a 5 by 5 dlther for a Slgmﬁcance of 5 sigma. The sensmwty of the
instrument at this energy is 6.72 10 phemi” 2571 the resolution is 2.28 keV, and the sensitivity
degradation factor is again 0.8374. The requlred observing time for a significance of 5 sigma
would then be 390 ksec or 4.52 days (OTE gives 367 ksec). .

.+ Example 5: a broad, red shifted 511 keV line. The.energy of the ling is- 47() keV, with a

width of 5000 km/sec (or 16 keV), and a integrated line flux of 107 ph em2sL. The observa-
tion should be in hexagonal dithering mode (isolated source) for a s1gn1ﬁcance of 5 sigma.
The sensmwty of the instrument at this energy is 5.95 1076 ‘phem s the energy resolution is
1.90 keV and ‘the sensitivity degradation factor is 1. () This observatlon woqu then take
94.1 ksec, or 1.09 days (OTE gives 92 ksec).
* Exam 7ple 6: a continuum band of 500 keV. width, centred at 4 MeV, with a continuum flux
of 4 107" ph cm %5 keV'L. The observation should usmg a5by S dlther pattern, and should
achieve 3 sigmma on source. The sensitivity of the instrument is 5.69 10‘ ph cm'zs eV, the
resolution is 3.32 keV and the sensitivity dégradation factor is 0.8374. This observation would
require 87 ksec, or 1.012 days (OTE gives 87 ksec, assummg a constant photonflux over the
energy band, giving an in-band flux of 2 10' ph cm'zs' ).
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