THE INTEGRAL SPECTROMETER SPIP. Mandrou, G. Vedrenne, P. Jean, B. Kandel, P. Von Ballmoos, F. AlbernheCentre d’Etude Spatiale des Rayonnements, BP 4346, 31029 Toulouse Cedex, FranceG. Lichti, V. Sch�nfelder, R. Diehl, R. Georgii, T. KirchnerMax-Planck Institut f�r extraterrestrische Physik, Giessenbachstr., D-85740 Garching, GermanyPh. Durouchoux, B. Cordier, N. DialloCEA Saclay, SAP, 91191 Gif-sur-Yvette Cedex, FranceF. Sanchez, B. PayneIFIC, University of Valencia, 50 avenida Dr. Moliner, 46100 Burjassot, SpainP. LeleuxInstitut de Physique nucl�aire, Universit� de Louvain, Chemin du Cyclotron 2, B-1348 Louvain-la-Neuve, BelgiumP. CaraveoIstituto di Fisica Cosmica del CNR, Via Bassini 15, 20144 Milano, ItalyB. TeegardenGoddard Space-Flight Center (Code 661), Greenbelt, MD 20771, USAJ. MattesonUCSD/CASS-0111, 9500 Gilman Drive, La Jolla, CA 92093-0111, USAS. Slassi-Sennou, R.P. LinSpace Sciences Laboratory, University of California, Berkeley, CA 94720, USAG. Skinner, P. ConnellUniversity of Birmingham, Space Research Group, Birmingham B15 2TT, UKABSTRACTThe International Gamma-Ray Astrophysics Laboratory(INTEGRAL) is conceived as the next logical step in g -rayastronomy after the US Compton Gamma-Ray Observatory(CGRO) and the French/Russian SIGMA mission.The INTEGRAL scientific payload consists of two maininstruments (Imager and Spectrometer) and two monitorinstruments (X-Ray Monitor and Optical Transient Camera).The INTEGRAL spectrometer (SPI) is optimized for detailedmeasurements of g-ray lines and mapping of diffuse sources.It combines a coded aperture mask with an array of large-volume high-purity germanium detectors. The detectorsmake precise measurements of the g -ray energies over the20 keV - 8 MeV energy range.This paper presents the instrument characteristics; theseproperties have been evaluated by means of Monte-Carlocalculations. With the characteristic features it will bepossible to study g -ray emission from compact objects orline profiles with a high-energy resolution and a very goodangular resolution.Keywords:g-ray astronomy, g-ray spectroscopy,g-ray telescope INTEGRAL.1. INTRODUCTIONThe importance of gamma-ray spectroscopy has alreadybeen demonstrated during the last decade thanks to veryinteresting g-ray line detections obtained with:

balloons

:-SN 1987A, 56Co radioactive decay lines (Matz et al.1988 and Tueller et al. 1990), Galactic Center emissionat 511 keV observed since 1970 (Johnson et al. 1972,Leventhal 1973).

satellites

:- OSO 7 - SMM:Solar g -ray line (Chupp et al. 1973, Chupp 1990)- HEAO-C - SMM:26Al and annihilation line from the central region ofour galaxy (Mahoney et al. 1984, Share et al. 1985).- CGRO:with OSSE:a) the first real 511 keV galactic distribution revealingdifferent components (Kinzer et al. 1996).b) 57Co decay lines in SN 1987A (Kurfess et al. 1992).

with COMPTEL :a) first galactic map of 26Al (Diehl et al. 1995)b)another observation of SN radioactive elementproduction: 56Co lines from SN 1991T (Type Ia˚SN)(Morris et al. 1995)c) 44Ti observation from Cas Aopening the field ofyoung (few hundred years) SN remnant identifi-cations in our Galaxy (Iyudin˚et˚al. 1994)d) possible detection of C and Obroad lines from thenearby molecular cloud ORION (Bloemen et al.1994).- SIGMA/GRANAT:Broad and narrow features in g-ray sources (galacticblack-hole candidates) : 1E1740.7-2942 (Bouchet et al.1991) and Nova Muscae (Goldwurm et al. 1992).These different line detections were often at the limit ofinstrumental sensitivities. Therefore an improvement infine spectroscopy with high-sensitivity instrumentspromises to provide adequate data for the study of followingchallenging astrophysical problems.1.1. Gamma-ray lines from nucleosynthesisa) Supernovae and Supernova remnantsThe observation of SN 1987A clearly demonstrated that SN-models have to be revised, taking into account the earlymixing of radioactive elements in the ejecta (e.g. theasymmetry of 56Co ejection). This has led to extensivemodifications in the models (Nomoto et al. 1988, Pinto &Woosley 1988, Bussard et al. 1989). But even with themost recent models the observed shape of the lines is notcompletely fitted (Tueller et al. 1990). The observationwith INTEGRAL of SN explosions within a few 10 Mpc(Virgo Cluster, probably mostly of type Ia) would offer theopportunity to have more data on this exciting stage of thestar life. The dynamic of the explosions is still to be studiedand the models to be improved (for an overview seeHoffman et al. 1995, and Prantzos 1996).Supernova remnants of galactic origin and not older than200-300 years can be in principle detected with INTEGRALby measuring the 1.157 MeV line from the 44Ti decay,defining the recent rate of galactic SN explosion andconnecting this information with a general description ofthe chemical evolution of our Galaxy. Already detected byCOMPTEL from Cas A, 44Ti is the most adapted tracer toachieve this goal. It is also very important for SN II modelsbecause its yield is a very sensitive function of the masscut. For SN 1987A this line is expected to be at the limit ofthe SPI sensitivity (Timmes et al. 1996) but remains aprime objective.b) 26Al galactic distributionDue to the long 26Al half life (106 years), it is a good way tostudy recent galactic nucleosynthesis by tracing thegalactic distribution of this element and identifying nearbyhot spots through the emission of the 1.8 MeV. Thegalactic distribution of 1.809 MeV gamma-rays asdetermined by COMPTEL (Diehl et al. 1995, Oberlack et al.1996) is interpretated to result from massive starnucleosynthesis as main source, from their supernovae orWolf-Rayet winds ; this interpretation mainly is derivedfrom the signature of spiral structure, and a generalirregularity along the plane, with prominent emissionregions far outside the inner Galaxy (Diehl et al. 1996,Kn�dlseder et al. 1996).But even if SN Type II can explain the observed 26Al g-rayline fluxes, the COMPTEL distribution does not allow toexclude definitively the role of WR stars. As Wolf-Rayetstars are not expected to produce 60Fe, while core-collapsesupernovae co-produce 26Al and 60Fe in the same regions(Hoffman et al. 1995), a measurement of 60Fe lines at 1.173and 1.332 MeV from 1.809 MeV 26Al source regions coulddisentangle those two 26Al candidate source types. Thisdetection seems possible with INTEGRAL even if theexpected fluxes are a factor of 5 to 10 lower than the 26Al g-ray fluxes. Moreover with its better sensitivity and itshigher energy resolution (positioning the 26Al line at thelevel of a few tenth of keV depending of course on theintensity of the line) it might be possible to better identifythe emitting foreground regions and the features connectedto the galactic spiral structure.c) Galactic annihilation lineThe general features of the annihilation-line distributionalong the galactic plane have been measured with OSSE(Kinzer et al. 1996) although this instrument has noimaging capabilities. Two components are identified: anextended one along the galactic plane mainly between -40�and +40� longitude; another one more concentrated in thegalactic Center region : a sort of spherical bulge with anextension of 11� FWHM (Kinzer et al. 1996). Thisdistribution is significantly different from that of 26Al,which means that their origin cannot be completelyidentified. The 26Al decay chain can only contribute for15˚% or less to the annihilation galactic distribution (theextended one) (Chan & Lingenfelter 1993). The emissionconcentrated in the bulge might be connected to nova (via22Na decay) or to Type Ia SN (via 56Co or 44Ti decay) but, inthe most central part of the bulge, point sources such as1E1740.7-2942 (Ramaty & Lingenfelter, 1994) may alsocontribute to the emission of the annihilation line. Thesensitivity and imaging capability of the INTEGRALspectrometer will allow a more precise determination of thisannihilation-line distribution. A possible annihilation-linecontribution from point sources such as 1E1740.7-2942 orNova Muscae which clearly show a transient feature at480˚keV (signature of a possible redshifted annihilationline) will be better determined. Nevertheless after theobservations of SIGMA (Malet et al. 1995) and OSSE thepresence of a variable point source at the Galactic Centerfirst suggested by HEAO-C observations seems to beunrealistic and not necessary to explain the observedemission. The imaging capability and sensitivity of IBISand SPI can help to solve definitively this problem.Concerning the extended galactic disc emission, Ramaty &Lingenfelter (1991) have shown that pulsars and cosmic-rayinteractions are not significant components in theproduction of positrons. After COMPTEL resultsdominating sources of 26Al appear to be core collapsesupernovae. A fraction of the positrons produced in the 26Alejecta can leave the supernova remnants and, for 105 years,move in the interstellar medium before they finallyannihilate. Nevertheless, a major difficulty to estimate thiscontribution is a realistic evaluation of the fraction ofpositrons which can escape from the SN remnant and reachthe interstellar medium for annihilation. In fact, a moresignificant source of galactic positrons could be 44Scsynthesized as 44Ti in supernovae (Clayton 1973, Woosley& Pinto 1988, Signore & Vedrenne 1988). Even if thenucleosynthesis of 44Ti remains uncertain, more recentlyTimmes et al. (1996) do not exclude the possibility that asignificant fraction (if not most) of the smooth 511 keVemission comes from the annihilation of 44Ti positrons (for a complete discussion on the positron sources fromsupernovae, see Chan & Lingenfelter 1993). Amoreaccurate knowledge of this broad 511 keV distributionwould help to approach its origin and to possibly connect itto the 26Al extended distribution.d) Novae : another site of nucleosynthesisWe have envisaged the role of novae in the production ofpositrons and the annihilation line in the galactic bulge viaa possible 22Na decay adding its contribution to Type Ia SNvia 56Co and 44Ti decay. Early estimates of radioactive nucleiproduction (Clayton and Hoyle 1974) have been refinedwith more accurate nova models and nuclear networks(Hernanz et al., 1997): 22Na appears today as the mostinteresting g-ray line to look for at 1.275˚MeV. ACOMPTEL search for this gamma-ray line at the locationsof recent novae was negative, with 2˚sigma upper limits forneon-type novae in the Galactic disk of the order of 3 10-5ph./(cm2.s) (Iyudin et al. 1996). In particular, the twonearest novae observed both by COMPTEL and OSSE (NovaHer 1991 and Nova Cyg 1992) lead to 2˚sigma upper limitsof 3.3 and 2.3˚x˚10-5 ph/(cm2.s), respectively, well belowthe predicted values. SPI on INTEGRAL will be able todecrease these limits significantly, and possibly achieve apositive detection. This will contribute to constrain thepresent nova models.In addition, explosive hydrogen burning in novae canproduce 7Li. Hernanz et al. (1996) have computed the 7Liproduction. In the decay of 7Be to 7Li a photon with anenergy of 478 keV is emitted. For an ejected mass of 10-5˚Solar Mass with an abundance by mass of X(7Be) =8˚x˚10-6 the 7Be line would be detectable by SPI just afterthe outburst if the nova is closer than 500 pc. But theejected mass might be higher by a factor of 10 or more(Hernanz et al. 1996).From INTEGRAL we may learn if C-O novae are able toproduce 7Li, which is underproduced in the standard big-bang nucleosynthesis with respect to solar abundances bymore than an order of magnitude.1.2. Nuclear interaction linesIn addition to these important sources of nucleosynthesislines, COMPTEL has shown that another field might be ofhigh interest for g-ray spectroscopy: the interaction of low-energy cosmic-rays with matter and gas in dense molecularclouds as e.g. the nearby molecular cloud complex ofORION (Bloemen et al. 1994).This field of investigation no longer deals directly with thedeath of stars, even if strong shock waves in recent SNexplosions can be the source of the accelerated ions neededto explain the high intensity of the observed lines around4.4 and 6.1 MeV. COMPTEL observations of broad featuressupport the idea of a deexcitation of 12C and 16O nuclei. Theexcitation of the accelerated elements might be due tocollisions with the gas and dust of the molecular clouds.Lot of work is in progress thanks to better statisticsaccumulated on this emission which surprisingly is notaccompanied by emissions in the 1 - 3 MeV range nor bystrong emission in the EGRET energy range above100˚MeV. Depending on the detailed mechanism of low-energy cosmic-ray production, one would however expectother excitation lines (from Mg and Ne) to result inemission in the 1-3 MeV band not seen by COMPTEL. Thishas been interpreted as being due to a peculiar compositionof cosmic-ray seed nuclei (Ramaty et al. 1995).For˚associated work on this topic see also Cowsik &Friedlander 1995, Fields et al. 1996, Clayton et al. 1995.INTEGRAL with SPI and IBIS can help to identify with abetter sensitivity some active regions in such clouds, inorder to find out if this broad emission cannot be thesuperposition of narrower lines which can constrain theconditions and the dynamics of the emission. The observedOrion emission has been interpreted as splitting of the Cand O lines due to the anisotropy of the photon emission inthe rest frame of the excited nuclei, which occurs even if thedistribution of the fast emitting nuclei is isotropic (Bykovet al. 1996).1.3. Lines from X and g-ray sourcesThis field has just been evoked for the galactic distributionof the annihilation line because transient nova-typesources, such as Nova Muscae or 1E1740.7-2942, mightcontribute to such an emission.The strength and transient character of the Nova Muscaeredshifted annihilation line (not the only explanation forthis line) demonstrates the need for increasing thesensitivity of instruments with respect to SIGMA. The goalof the INTEGRAL mission is to develop instruments withsuch better sensitivities and, with the two telescopes IBISand SPI, this annihilation line can be investigated in greatdetail. It will be possible to find out whether this line isnarrow, broad and blue or redshifted. Accretion in thepresence of a magnetic field accompanied by the emissionof two jets are realistic configurations found in the radiorange by Mirabel et al. (1992) for 1E1740.7-2942, and areproposed to explain the blazar sources seen at high energyby EGRET (von Montigny et al. 1995). Such a geometry isfavourable to explain broad emission lines at 511˚keVconnected to a high-temperature plasma of pairs, and also anarrow emission line through the interaction of the jet withthe surrounding colder matter. Other effects such asCompton reflection have been introduced to obtain a betterfit with the observed spectra. But here again theseobservations are often at the limit of the instrumentsensitivities and are subject to controversy. INTEGRAL andits two main instruments could contribute to a clearconfirmation of these observations.Cyclotron absorption features are also of great interest dueto their signature of strong magnetic fields (teragauss)around neutron stars in X-ray binary systems. One of themost recent observation comes from OSSE with thedetection of a feature at 110 keV from A0535+26 (Grove etal. 1994). This observation has been interpreted as acyclotron scattering in a near critical field of about1013˚Gauss (Araya & Harding 1996). SPI and IBIS with theirimproved sensitivity and their extended energy rangetowards the lower energy (10-20 keV) will be well adaptedto identify all the harmonics of this kind of feature.Finally the high sensitivity of SPI and IBIS above a few10˚keV will allow to observe the continuum of thesedifferent Xand g-ray sources and especially the binarycompact sources containing a BH or a NS. The observationof these objects from a few keV with JEM X, to 10 MeVwith SPI and IBIS, can help to understand, among otherproperties, what are the true criteria to choose betweenthese two types of objects, when we do not know their massfunction. In fact it will be for the first time that anobservatory will cover such an energy range. SIGMA,CGRO, ASCA, XTE, SAX cover the low-energy range(below 500˚keV).

2. GENERAL DESCRIPTIONOF THE INSTRUMENTThe goal of the INTEGRAL spectrometer SPI is to image thesky in the 20˚keV˚-˚8˚MeV energy range with anunprecedented energy resolution. To meet this objective, adetector with an energy resolution in the parts per thousandrange with a sensitivity of the order of 2 to 5˚10-6ph/(cm2.s)is needed. The detectors able to achieve the required energyresolution are cooled high-purity Ge crystals. Thesedetectors have to be efficiently shielded to obtain the bestpossible sensitivity. The imaging will be achieved by acoded aperture mask designed to have at the same time agood angular resolution for point-source identification anda wide field-of-view for the mapping of extended regions.The main performance parameters of the SPI spectrometerare summarized in Table 1.Table 1Energy range20 keV - 8 MeV

Energy resolution2 keV at 1 MeV (E/DE » 500)

Angular resolutionpoint sources » 2�

Field-of-view» 16� Fully coded

Narrow line sensitivity» 3. 10-6 ph/(cm2.s) at 1 MeV

Timing100 ms (absolute U.T.)

Detector area500 cm2

The spectrometer concept evolved all along phases Aand B(Figure 1), and improvements were achieved thanks to animportant effort of tests and simulations performed both bythe scientific and technical teams.Figure 1 : Schematic view of the SPI telescope.The central element of SPI is a detector array made of19˚independent large-volume Ge˚detectors, arranged in ahexagonal geometry. These detectors are placed into acryostat and cooled down to »˚85 Kby the association ofpassive and active cooling systems.The detector array is surrounded by a massive BGO (BismuthGermanate) anticoincidence shield optimized to minimizethe background (Lichti et al., 1996). The field-of-view ismodulated by a passive coded-aperture mask placed at1.71˚m from the top of the detector plane. The Pulse ShapeDiscrimination (PSD), a specific electronic system designedto increase the sensitivity in the 200 keV - 2 MeV range bya factor of » 1.5 to 4.5, depending on the deposited energyof the particles (Slassi-Sennou et al., 1996), will beconnected to the detectors.Each subsystem of the SPI spectrometer is described indetail in the following chapters.2.1. The Ge detector assemblyThe Ge detector assembly consists of 19 reverse-electroden-type Ge detectors, grown from natural Ge. The detectorshave a hexagonal shape; they have a side length of 3.2 cmand a height of 7 cm. Each crystal has a central hole (6˚mmin diameter, and 6 cm in length) and is individually mountedinside a Beryllium capsule pressurized to 0.3 atm. with achemically pure passive gas.The 19 encapsulated detectors are mounted, with a center-to-center distance of 6 cm, on a Be cold plate, connected to twopulse tubes through copper braids. The cold plate is placedinside a cryostat made of Russian Beryllium (Figure 2).Figure 2: Cut view of the cryostatThis Beryllium, poor in radioactive residuals (< 5 ppm ofUranium) in order to reduce the background, will be alsoused for the capsules and the cold plate.The cooling down of the Ge crystals to < 85 Kis achievedby a two-fold cooling system:- a passive radiator with ammonia-driven heat pipes coolsthe cryostat down to a temperature of » 205 K- two double compressors connected to the pulse tubescool the cold plate to the required temperature of < 85 K.Ge crystals are sensitive to radiation damages. Protons andneutrons from cosmic origin or induced by cosmic rays inthe close environment of the detectors induce trappingcenters in the crystals which decrease the energy resolution proportionally to the received radiation dose or crystaltemperature. It is of first importance, to maintain thedetector temperature as low as possible (< 85 K), to decreasethe effects of radiation damage (see Koenen et al., 1995).Nevertheless, crystals can be regenerated by an annealingprocess which consists of heating them to 373 Kfor24˚hours. The cold plate is thus equipped with heaters to beused periodically for the annealing process. The expectedfrequency of such a process is 6-12 months depending onthe available orbit for INTEGRAL.In order to minimize the background for the detector, allmechanical parts in its close environment (parts situatedinside the BGO shield) are built with as low as possible Z-value materials. Because of this and despite thecomplexity and cost of Be metallurgy, this material isplanned to be extensively used. All other necessary metalsas Copper, Aluminium, Stainless-steel, etc� are reduced totheir possible minimum, carbon fiber is favoured formechanical structures inside the veto shield.2.2. The Anticoincidence SubsystemTo protect the detector array against background radiation,and to define the needed field-of-view, a thick activeanticoincidence shield surrounds the cryostat. It consists ofa massive hexagonal container surrounding the Ge detectorarray, topped by two hexagonal collimator rings.The BGO thickness has been optimized by means of Monte-Carlo simulations (see Georgii et al., 1996 and P. Jeanet˚al., 1996) in order to minimize the detector background.Two components relating to the veto shield contribute tothe detector background :-the shield leakage which decreases when the BGOthickness increases.-the secondary particles induced in the shield itself bynuclear interactions and producing delayed reactions inthe Ge. This component increases with the BGOthickness.The best compromise for these two components has beenfound between 4.5 and 6 cm (figure 3). Athickness of»˚5˚cm has been chosen for the rear and side shields of thedetector array. The collimator rings limit the field-of-viewto » 25� FWHM. Their thickness decreases with the distanceto the Ge detectors but, taking into account the angles ofthe line of sight, the effective thickness as seen by thedetectors remains constant at » 6 cm. The distance betweenthe detector plane and the top of the last ring is » 1 m. Inorder to increase the shield efficiency it is planned to set theenergy threshold detection at 50 keV for the containeraround the detector array. This seems to be achievablealthough the moderate light yield of BGO and the poorlight-collection efficiency due to crystals geometry leadonly to few photoelectrons at 50 keV. At this level of thestudy, the BGO shield is made of 90˚independent crystalblocks each one being viewed by two photomultiplier tubesfor redundancy.Since the total counting rate of the anticoincidence shield isexpected to be of the order of » ˚65˚000 events/s. at solarmaximum and » 130 000 events/s. at solar minimum, theveto signal duration for each event will be optimized tomaintain the dead time value at a reasonable level (less than»˚8 %).

10-310-20246810BGO Threshold : 80 keV - with PSD

Integrated background rate (count s

-1

cm

-3

)BGO Thickness (cm)SPI-SIMULATION-BGO THICKNESS OPTIMIZATIONP. Jean - 12-12-95y = m1*exp(-m0/m2)+m3*m0+m4

Error

Value

0.0015373

0.031445

m10.028683

0.66936

m23.3242e-05

-0.00016226

m30.00017113

0.0035599

m4NA4.4451e-09

Chisq

NA0.99995

Ry = m1*exp(-m0/m2)+m3*m0+m4

0.0018192

0.0084342

m10.79349

1.8089

m20.0003518

0.00034087

m30.002543

0.00010541 m4

Ry = m1*exp(-m0/m2)+m3*m0+m4

Error

Value

0.0022039

0.0039206

m11.7134

2.4906

m20.00029135

0.00027244

m30.0024947

-0.00046412

m4NA6.9038e-09

Chisq

NA0.99557

0.0026972

0.039498

m10.075872

0.8356

m20.00013961

0.00024923

m30.00075638

0.021703

m4NA5.0107e-08

NA0.99973

R0.2 - 0.8 MeV0.8 - 2. MeV2. - 10. MeV0.04 - 10. MeV

4.8 cm4.5 cmBGO Thickness (cm)Figure 3: Optimization of background as function of theBGO thickness using simulation software.2.3. The passive maskThe mask associated to the detector to provide the imagingcapability of the spectrometer is a hexagonal array of127˚elements among which 63 are opaque, and64˚transparent. The pattern is from Hexagonal UniformlyRedundant Array (HURA) type. The opaque pixels, made of3˚cm-thick Tungsten blocks, are placed following a center-to-center distance of 6 cm (equal to that of Ge detectorsblocks). They are supported by a honeycomb carbon-fibersandwich structure, at a distance of 1.71 m from the detectorplane. This light structure gives a transparency of thetransparent elements of the order of » 80 % at 20 keV, 90 %at 50 keV and better for higher energies, for on-axisphotons. The transparency is important as the differencebetween opacity and transparency of mask elements at agiven energy is directly connected to the contrast of theshadowgram projected by a source, and thus is an importantparameter of the sensitivity.This detector/mask arrangement results in a hexagonalfield-of-view with the following characteristics :

- fully coded (maximum sensitivity)» 14� flat to flat» 16� on the long axis- partially coded (decreasing sensitivity versus pitch angle)» 30� flat to flat (zero sensitivity)» 34� on the long axis (zero sensitivity)- Angular resolution to point sources» 2� flat to flat axis» 2.7� on long axisThese values are adapted to the detection of diffuseemissions. As the needed exposure time to reach the bestsensitivity is long, it is important to collect large sky areacontribution within this time.2.4. The Pulse Shape DiscriminationOne important source of background in the detectors resultsfrom the b+, b- radioactive daughters induced by primaryprotons or secondary neutrons. The b- contribution peaks inthe 200 keV - 2 MeV range. The b+ component is situatedabove 1 MeV. An electronic device able to recognize the b-signals in the 19 detectors will be associated to SPI,increasing the sensitivity in the 200 keV - 2 MeV range bya factor of » 1.5 to 4.5 (figure 4). By analyzing the shape ofthe pulse, this device is able to discriminate the single ormultiple interactions in the Ge crystals. Single interactionscorrespond to photoelectric interactions or b- emission;multiple interactions correspond to multiple Comptoneffect and thus are associated to a photon.Figure 4: PSD efficiency in the 200 keV - 2 MeV rangeEliminating the single events decreases slightly the photondetection efficiency. But above 200˚keV the Comptoneffect is predominant in Ge, thus the b-˚elimination, of firstimportance for the background decrease in this range,favours the gain in sensitivity by an important factor.3. INSTRUMENT PERFORMANCESThe prediction of the instrument performances results fromboth Monte-Carlo simulations and experimentalmeasurements. Monte-Carlo simulations are useful tocalculate the in-flight background and study the imagingaspects. Experimental measurements on the detectorprototype are of great importance to check the validity ofthe technical concept.3.1. The energy resolutionAn engineering model of the detector has been built, andmechanically and electronically tested to check the validityof the concept. Measurements on the energy resolutionhave been performed using several nuclear g-ray linesdistributed in the energy range of the SPI instrument. Theresults of these measurements are shown in Figure 5. InFigure 6 we give an example of a spectrum obtained withthis model for the capture (n, g) reaction on Fe, where wecan see the spectroscopy performance on some doubletlines.Figure 5: Detector energy resolutionFigure 6: Example of spectrum obtained in thelaboratory with the detector prototype3.2. The sensitivityThe sensitivity is driven by several parameters: energyresolution, detector efficiency, effective area, etc� but themost important one is the background. The spectrometerwill operate in an environment where high-energy chargedparticles from cosmic origin are dominant. The interactionof these particles with the telescope as well as with themasses of the spacecraft induces secondary radioactivenuclei increasing the primary background sources effects.Thus, the background depends on the primary radiation, theposition of masses around the telescope and materialssurrounding the detectors.

In order to estimate the SPI background, a simulationsoftware based on Monte-Carlo simulations using theGEANT code has been developed. In parallel, acceleratortests on materials being used have been performed to checkthe validity of some interaction cross-sections (Jean et al.,1996). The model built for these simulations isrepresentative of the geometry and masses.The software follows the primary particles in theirinteractions, as well as their produced daughters up to theirdetection in the Ge crystals. The work of the PSD subsystemis also simulated to obtain the true response of the instrument.This software provided us with the estimated background onthe expected orbit. The validity of the result has beenchecked by applying the simulation model to previousexperiments and comparing the result to the measuredbackground.In Figure 7 the expected SPI 3s sensitivity for an obser-vation time of 106 s. to astrophysical narrow lines is shown,and in Figure 8 for continuum emission of celestial sources.Figure 7: SPI sensitivity for astrophysical narrow linesThe sensitivity in the 511 keV line is specific andcalculated independently. The background intensity in the511 keV line results from four components :-continuum-background component deduced from theprevious calculations,-passive-material component mainly due to b+radioactivity induced in materials surrounding thedetectors which correspond to an emission of one511˚keV photon detected by the Ge and the secondphoton is either absorbed in the passive material orgoes through the shield without triggering it.-shield-leakage component where 511 keV photonsproduced in the spacecraft have a probability to interactin the Ge detectors without detection by theanticoincidence subsystem.-mask component, due to e+ produced by cosmic rays andhigh-energy photons in the Tungsten.Taking into account these components, the 3s sensitivityin the 511 keV line for 106 s. exposure time has beenestimated to be :(1 to 2) 10-5 ph/(cm2 s.).Figure 8: SPI sensitivity for continuum3.3. Imaging quality improvementThe imaging performance depends on the contrast betweenilluminated and shadowed detector cells. These counting-rate differences are used to derive the location and intensityof the g-ray sources in the field-of-view of the telescope.The problem of the SPI telescope is the small number ofcells (19) available to derive the emission characteristics ofall pixels in the field-of-view (»˚156), especially if thepossible variation of the background of the 19˚independentdetectors is considered.The solution to this problem, the so-called ditheringconcept, consists in changing the orientation of thetelescope within the field-of-view to vary the figure of theilluminated and shadowed detector cells when observing asky region (Covault et al., 1991; Willmore et al., 1992,Skinner and Ponman, 1994).Thus the telescope axis will be re-pointed following aregular grid of points separated by the angular resolution,located around the direction of sky to be observed. Eachobservation will last typically 20 or 30 minutes dependingon the background behaviour.Simulations performed to check the performances of thedithering technique show a clear increase in the imagequality on the observation of both point sources andextended regions of emission of the sky.REFERENCESAraya R.A., Harding A.K., 1996, ApJ, 463, L33.Bloemen H., Wijnands R., Bennett K., Diehl R., HermsenW., Lichti G., Morris D., Ryan J., Sch�nfelder V.,Strong A.W., Swanenburg B.N., de Vries C., Winkler C.,1994, A&A, 281, L5-L8.Bouchet L., Mandrou P., Roques J.P., Vedrenne G., CordierB., Goldwurm A., Lebrun F. Paul J., Sunyaev R.

Churazov E., Gilfanov M., Pavlinsky M., Grebenev S.,Babalyan G., Dekhanov, I, Khavenson N., 1991, ApJ.,383, L45.Bussard, R., Burrows, A., & The, L.S. 1989, ApJ 341, 401.Bykov A.M., Bozhokin S.V., Bloemen H., 1996, A&A,307, L37.Chan K., Lingenfelter R.E., 1993, ApJ, 405, 614.Chupp, E.L. 1990, Physica Scripta T18, 15.Chupp, E.L., Forrest, D.J., Higbie, P.R., Suri, A.N.,Tsai,˚C., & Dunphy, P.P. 1973, Nature 241, 333.Clayton D.D., 1973, Nature Phys. Sci. 244, 137.Clayton, D.D., and Hoyle, F., 1974, ApJ. 22, 359.Clayton D.D. and Jin L., 1995, ApJ., 451, 681.Covault E., Grindlay J.E., Manandhar R.P., Braga J.,IEEE˚Trans. on Nucl. Sci., Vol. 38, 591-596, 1991.Cowsik R., Friedlander M.W.,1995, ApJ, 444, L29.Diehl, R., Dupraz C., Bennett K., Bloemen H., Hermsen W.,Kn�dlseder J., Lichti G., Morris D., Ryan J., Sch�nfelderV., Stacy G., Steinle H., Strong A., Swanenburg B.,Varendorff M., and Winkler C. 1995, A&A, 298, 445.Diehl R., Bennett K., Dupraz C., Kn�dlseder J., Lichti G.,Morris D., Oberlack U., Ryan J., Sch�nfelder V., StrongA., von Ballmoos P., Winkler C., Chen W., HartmannD., Prantzos N., 1996, A&A (Suppl. Ser.), 120, in press.Fields B.D., Cass� M., Vangioni-Flam E., Nomoto K.,1996, ApJ, 462, 276.Georgii R., Lichti G.G., Kirchner Th., Sch�nfelder V.,von˚Ballmoos P., Jean P., Mandrou P., Naya J.,Vedrenne G., Cordier B., Diallo N., 1996, SPIE’sInternational Symposium (Denver), Ramsey B.D. andParnell T.A. Editors, vol. 2806.Goldwurm A., Ballet J., Cordier B., Paul J., Bouchet L.,Roques J.P., Barret D., Mandrou P., Sunyaev R.,Churazov E., Gilfanov M., Dyachkov A., Khavenson N.,Kovtunenko V., Kremnev R., Sukhanov K., 1992, ApJ,389, L79.Grove J.E., Strickman M.S., Johnson W.N., Kurfess J.D.,Kinzer R.L., Starr C.H., Jung˚G.V., Kendziorra E.,Kretschmar P., Maisack M., Staubert R., 1995, ApJ,438, L25.Hernanz M., Jos� J., Coc A., Isern J., 1996, ApJ, 465, L27.Hernanz M., Gomez J., Jos� J. , 1997, these proceedings.Hoffman R.D., Woosley S.E., Weaver T.A., Timmes F. X.,Eastman R.G., Hartmann D.H.,1995 in "The gamma-ray sky with Compton GRO andSIGMA" (Eds. M. Signore et al.), 267-278.Iyudin, A., Diehl R., Bloemen H., Hermsen W., Lichti G.G.,Morris D., Ryan J., Sch�nfelder V., Steinle H., VarendorffM., de Vries C., Winkler C., 1994, A&A 284, L1.Iyudin A.F., Bennett K., Bloemen H., Diehl R., HermsenW., Lichti G.G., Morris D., Ryan J., Sch�nfelder V.,Steinle H., Strong A., Varendorff M., Winkler C., 1996,A&A, 300, 422.Jean P., von Ballmoos P., Vedrenne G., Teegarden B., NayaJ.E., 1996, SPIE’s International Symposium, RamseyB.D. and Parnell T.A. editors, vol. 2806, issue Nov.Johnson, W.N., Harnden, R.C. Haymes 1972, ApJ 172, L1.Kinzer, R.L., Purcell W.R., Johnson W.N., Kurfess J.D.,Jung G. and Skibo J., 1996, A&A˚Suppl. - in press.Kn�dlseder J., Prantzos N., Bennett K., Bloemen H., DiehlR., Hermsen W., Oberlack U., Ryan J. and Sch�nfelderV., 1996, A&A (Suppl. Ser.), 120, in press.Koenen M., Br�ckner J., K�rfer M., Taylor I. and W�nke H.,1995, IEEE Trans. Nucl. Sci., 42, 653.Kurfess J., Johnson W.N., Kinzer R.L., Kroeger R.A.,Strickman M.S., Grove J.E., Leising M.D., ClaytonD.D., Grabelsky D.A., Purcell W.R., Ulmer M.P.,Cameron R.A., Jung˚G.V., 1992, ApJ, 399, L137.Leventhal, M., 1973, ApJ 183, L147.Lichti G.G., Sch�nfelder V., Diehl R., Georgii R., KirchnerTh., Vedrenne G., Mandrou P., von Ballmoos P., Jean P.,Albernhe F., Durouchoux Ph., Cordier B., Diallo N.,Sanchez F., Leleux P., Caraveo P.A., Teegarden B.,Matteson J., Lin R., Skinner G.K., and Connell P.,1996, SPIE’s International Symposium (Denver),Ramsey B.D and Parnell T.A. editors, vol 2806, issueNovember.Mahoney, W. A., Ling, J.C., Wheaton, W.A., & Jacobson,A.S. 1984, ApJ 286, 578.Malet I., Roques J.P., Bouchet L., Vedrenne G., Paul J.,Cordier B., Ballet J., Lebrun F., Sunyaev R., ChurazovE., Gilfanov M., Khavenson N., Dyachkov A.,Kuleshova N., Sheikhet A., Tzerenin I., 1995, ApJ, 444,222.Matz, S.M., Share G.H., Leising M.D., Chupp E.L.,Vestrand W.T., Purcell W.R., Strickman M.S., ReppinC., 1988, Nature 331, 416.Mirabel, I.F., Rodriguez, L.F., Cordier, B., Paul, J., &Lebrun, F. 1992, Nature 358. 215.Morris, D.J., Bennett, K., Bloemen, H., Hermsen, W.,Lichti, G., Mc Connell, M.L., Ryan, J.M., &Sch�nfelder, V. 1995, in Proc. 17th Texas Symp. (NewYork : New York Academy of Sciences), in press.Nomoto, K. et al. 1988 in Physics of Neutron Stars andBlack Holes (ed. Y. Tanaka) Tokyo : Universal AcademyPress, 441.Oberlack, U., Bennett, K., Bloemen, H., Diehl, R., Dupraz,C., Hermsen, W., Kn�delseder, J., Morris, D.,Sch�nfelder, V., Strong, A., Winkler, C., A&A, in press1996.Pinto, P.A., & Woosley, S.E. 1988, Nature 333, 534.Prantzos N., A&A, in press 1996.Ramaty, R., & Lingenfelter, R.E. 1991 in Gamma Ray LineAstrophysics,(eds. P. Durouchoux & N. Prantzos) New York : AIP, 67.Ramaty, R. & Lingenfelter R.E., Proceedings of the SpaceTelescope Science Institute Symposium held inBaltimore, Maryland May 16-18, 1994, Ed. R. Williamsand M. Livio, Cambridge University.Ramaty R., Kozlovsky B., Lingenfelter R.E., 1995, ApJ,438, L21.Share, G.H., Kinzer, R.L., Kurfess, J.D., Forrest, D.J., &Chupp, E.L. 1985 ApJ 292, L61.Skinner G.K., Ponman T.J., MNRAS, Vol. 267, 518-522,1994.Slassi-sennou S. et al., 1997, these proceedings.Signore M. and Vedrenne G., 1988, A&A, 201, 379.Timmes F.X., Woosley S.E., Hartmann D.H., HoffmanR.D., 1996, ApJ. 464, 332.Tueller, J., Barthelmy S., Gehrels N., Teegarden, B.J.,Leventhal, M., & Mac-Callum, C.J. 1990, ApJ 351,L41.von Montigny C., et al. 1995, ApJ. 440, 525.Willmore A.P., Bertram D., Watt M.P., Skinner G.K.,Ponman T.J., Church M.J., Herring J.R., Eyles C.,MNRAS, Vol. 258, 621-628, 1992.Woosley S.E. and Pinto P.A., 1988, in NuclearSpectroscopy of Astrophysical Sources.Ed. N. Gehrels & G. Share (New York: AIP), 98.