THE SPI SPECTROMETER FOR THE INTEGRAL MISSIONG. Vedrenne1, P. Jean1, B. Kandel1, F. Albernhe1, V. Borrel1, P. Mandrou1, J.P.Roques1, P. von Ballmoos1, Ph Durouchoux2, B. Cordier2, N. Diallo2, V. Sch�nfelder3,G.G. Lichti3, R. Diehl3, M. Varendorff3, A.W. Strong3, R Georgii3, B.J. Teegarden4, J . Naya5, H. Seifert5, S. Sturner5, J. Matteson6, R. Lin7, S. Slassi7, F. Sanchez8, P . Caraveo9, P. Leleux10, G.K. Skinner11, P. Connell111 CESR, 9, av. Colonel Roche - BP 4346 - 31028 Toulouse Cedex 4, France2 CE/Saclay, SAp, l’Orme des Merisiers, 91191 Gif-sur-Yvette Cedex, France3 MPE, D-85748 Garching b. M�nchen, Germany4 NASA, Goddard Space Flight Center, Greenbelt, MD 20771, USA5 NASA/USRA, Goddard Space Flight Center, Greenbelt, MD 20771, USA6 Univ. of California San Diego (UCSD), La Jolla, CA 92093, USA7 Univ. of California Berkeley (SSL), CA 94720, USA8 IFIC, Univ. of Valencia, 46100 Burjassot, Spain9 IFC del CNR, Via Bassini 15/A, 20133 Milano, Italy10 Univ. of Louvain (Institut de Physique Nucl�aire),B-1348 Louvain-la-Neuve, Belgium11 Univ. of Birmingham, Birmingham B15 2TT, UKABSTRACT. SPI (Spectrometer for INTEGRAL) is a high spectral resolution gamma-raytelescope to be flown on board the ESA mission INTEGRAL. It consists of an array of 19closely packed Germanium detectors surrounded by an active anticoincidence shield ofBGO. The imaging capabilities of the instrument are obtained with a tungsten codedaperture mask located 1.7 m from the Ge array. The fully coded field-of-view is 16� and theangular resolution » 2�. The energy range extends from 20 keV to 8 MeV with a typicalenergy resolution » 2 keV at 1 MeV. The point-source narrow-line sensitivity is estimated tobe (3 - 7) x 10-6 ph/cm-2 s-1 over most of the energy range of the instrument (E > 200 keV)for a 106 s observing time. With these expected performances some examples of what mightbe the scientific impacts of the instrument are highlighted.1. IntroductionSPI (Spectrometer for INTEGRAL) will be particularly devoted to nuclear gamma-rayastrophysics through the study of the gamma-ray lines from radioactive elements whichare produced and emitted during nova or supernova explosions (Table 1) (Prantzos N.,1996). The long-lived radioelements can diffuse in the interstellar medium and populateextended regions. This is the case for 26Al which has been traced by its characteristicgamma-ray line at 1.809 MeV. Some of these radioactive elements are also b+ emittersand, due to their long lifetime (» 105 years), the positrons can occupy large regions in theinterstellar medium. Their annihilations are revealed by an extended 551 keV emissionalready observed.The NASA Compton Gamma-Ray Observatory (CGRO) has realized a remarkablebreakthrough in this field, even if previous experiments on board satellites (HEAO-C andSMM) and balloons (Hexagone - Gris) had already opened the domain of nuclear gamma-ray astrophysics.Before giving a brief description of the main characteristics of the SPI spectrometeraboard the ESA INTEGRAL satellite, we present an overview of the interest of nucleargamma-ray lines as tracers of recent nucleosynthesis phenomena.

Nucleosynthesis theories have been extensively developed during the last decades butit is still very important to calibrate the models of Supernovae (SN) or nova explosions,checking among other things the yield of ejected elements. Adirect access to the massesfor some of them which are radioactive has already been achieved by Comptel and OSSEon CGRO. Depending on the type of supernovae or novae these lines allow to constrainthe models of these explosive events and to better understand the processes which lead tothe enrichment of the galactic interstellar medium in heavy elements. Therefore thesestudies on nuclear gamma-ray lines constitute a significant contribution for theunderstanding of the chemical evolution of the galaxy.DECAY CHAINMEANLIFE*(YR)LINE ENERGIES(MEV)SITEPROCESS56Ni fi 56Co fi 56Fe0.31

0.847

(1.)

1.238

(0.685)2.598 (0.17) 1.771 (0.45)SN[SN 1987A, SN 1991T]NSE

57Co fi 57Fe1.1

0.122

(0.86)

0.136

(0.11)SN[SN 1987A]a-NSE22NA fi 22Ne3.81.275 (1.)NovaeEx.H44Ti fi 44Sc fi 44Ca70-96

1.156

(1.)0.068 (1.) 0.078 (0.98)SN[Cas A]a-NSE26Al fi 26Mg1.1 106

1.809

(1.)WR, AGB (Novae)SNII[Galaxy, Vela]St.H (Ex.H)St.+Ex.Ne, St.H, n60Fe fi 60Co fi 60Ni2.2 1061.322 (1.) 1.173 (1.)SNn-NSE* For double decay chains the longest lifetime is given.Underlined: lines already detected; Numbers in parentheses: branching ratios; In brackets:sites of lines detected; St.: Hydrostatic burning; Ex.: Explosive burning; NSE: Nuclearstatistical equilibrium; a: a-rich "freeze-out"; n-: normal "freeze-out"; n: neutrino-inducednucleosynthesis.Table 1. Cosmic radioactivities and g-ray lines (Prantzos N., 1996)2. Some scientific fields of interest for SPICompared to Comptel and OSSE on CGRO, SPI will have a much better energyresolution (E/DE = 500) and a better sensitivity. Therefore we can expect to have a moreaccurate understanding of the origin of the 26Al and annihilation line distributions.In the case of the 26Al galactic distribution, the detection of the 60Fe gamma-ray lines at1.173 MeV and 1.322 MeV would be very helpful to clarify what is (are) the source(s) ofthis radioactive element. For instance if its origin is type II supernovae, as 26Al and 60Feare co-produced in the same regions they will have the same spatial distribution. Theprofile of the 26Al line is also very essential to know, especially after the observationsobtained with the GRIS balloon experiment which reported a line profile surprisinglybroad (DE = 5.4 – 1.4 keV) (Naya J.E. et al., 1996) after removing the instrumental linewidth. So far such a broadening is not explained but different ways are opened (Chen W.et al., 1997). With a better sensitivity and good imaging capabilities SPI will be able tomeasure the broadening of the line for different regions, GRIS having a quite broad field-

of-view of 100�. In addition, we can expect to separate foreground sources and to locatethem in the galactic disk through the measurement of the centro�d of the line at the level offew 0.1 keV which can be achieved depending on the flux in the line and gives access toDv measurements of some tens of kilometers. Such a discrimination of foregroundsources might have a significant impact on the total 26Al mass which has to be produced inour galaxy to explain the 26Al diffuse emission.Concerning the annihilation line mapped by OSSE, which is not an imager and has nofine spectroscopy capabilities, we can expect by the study of the line profiles in differentemitting regions of the central galactic radian to better determine the physical conditions ofthe medium where the annihilations are produced. Indeed depending on the presence ofdifferent phases (cold or warm gas, ionized or not, dust�), the broadening of theannihilation line is different. Therefore the spectral resolution and the sensitivity of SPIcan help to understand what are the galactic sources of the positrons.Another interesting open area is connected with the detection by Comptel of the 44Tigamma-ray line at 1.157 MeV from the supernova remnant Cas A. This element is asource of the galactic 44Ca, but is it only produced by type II Supernovae through 44Tiejecta ? The supernova rate seems too small to explain its abundance. Therefore what arethe other sources of˚44Ca?. In any case the production of this radioactive element isimportant by itself because for core collapse supernovae as it is produced in deep regionsnear the mass cut of the supernova which defines the mass which falls back onto theremnant its production is quite sensitive to the SN explosion details with a strong impacton the models. 44Ti is also important because through its b+ decay (see table 1) it cancontribute significantly to the existence of positron extended regions. Indeed this elementhas a half life long enough to escape from the supernova envelop after a type II explosion,whereas it is certainly not the case for the e+ produced through the 56Co decay chain evenif these nuclei are more abundant. To approach the rate of SN in our Galaxy it isimportant to look for the most recent SN remnants. From 6 to 24 galactic SN are expectedduring the last 300 years (Van den Bergh S. and Tammann G.A., 1991), but only 2 or 3nearby galactic supernovae have been identified. 44Ti can be used to detect a significantfraction of these supernovae which are optically obscured. For instance a supernova 100years old at 10 kpc might give a flux of few 10-5˚ph/cm2s at 1.156 MeV which is quitedetectable by SPI.Concerning SN real time observations, estimates have been done concerning thepossible detection of type I Supernovae by SPI, depending on the models: deflagration ordetonation. For instance with a production of 0.7 Solar Mass of 56Ni, a type I SNexplosion in Virgo Cluster would give at 847 keV a flux of 7 10-6 ph/cm2 s. Its detectionby SPI is possible and the study of the line profile would be of prime importance for theunderstanding of the dynamic of ejecta through the velocity measurements which can beapproached by the gamma line profiles. This has been clearly shown by the high spectralresolution observations of 56Co lines after the explosion of SN1987A (Tueller J. et al.,1990).Another field which remains to be explored concerns gamma-ray lines produced bynovae even if they have not yet been detected ; indeed only upper limits have beenreported by Comptel (Iyudin A.F. et al., 1997). The possibility to observe 22Na gamma-ray line at 1.275˚MeV and even 7Be at 478 keV and 511 keV annihilation lines(Hernanz˚M. et al., 1996) is essential to constrain the present nova models. Today largeuncertainties exist in the expected flux from these radioelements, depending particularlyon the chemical composition at the onset of the explosion and on the efficiency of theelement mixing by convection.Another very exciting domain opened by Comptel is the production of lines by theinteraction of cosmic rays with the dense clouds in the interstellar medium. The detectionof Carbon and Oxygen broad gamma-ray lines around 4.4 and 6.1 MeV observed from the Orion nebulae has opened exciting discussions around the energetic particles and theircomposition in these regions. If the lines have a typical MeV broadening, it is difficult toexpect with SPI more than what has been already obtained by Comptel, except if thesebroad lines are the superposition of narrow line contributions as it has been suggested(Bykov A.M. et al., 1996). In any case this point has to be checked for Orion and othernearby clouds. In addition it has been shown that the presence of OB associations inside asuperbulle and near molecular clouds such as in Orion might lead to Carbon and Oxygengamma-ray lines which might be observable with SPI (Parisot E. et al., 1997).Finally, with a much better energy resolution and sensitivity than the previousinstruments, SPI will study X and gamma-ray sources to determine their continuumemission and look for lines which can add to the continuum spectrum for instanceannihilation lines possibly due to the interaction of electrons jets with the dense cloudswhich might exist in their vicinity. One interesting candidate is the 1E1740.7-2942 microquasar source (Bouchet L. et al., 1991 and Mirabel I.F. et al., 1992). Another example isthe transient line at 480 keV discovered by SIGMA in Nova Muscae and which can beexplained by a redshifted annihilation line produced in the vicinity of the black hole.Cyclotron absorption features are also of great importance due to their signature of strongmagnetic fields around neutron stars in X-ray binary systems.These are examples of burning questions on which the SPI spectrometer can give aninteresting contribution. Amore detailed analysis of the scientific objectives has beengiven in the response to the Announcement of Opportunity issued by ESA in 1994(ref.˚SCI(94)1) and in two recent presentations of the instrument (Mandrou P. et al.,1997 and Lichti G. et al., 1996). These have to be put in perspectives especially with thenumerous results obtained by Comptel and presented in a paper by Sch�nfelder in 1996.3. The instrumentThe Spectrometer SPI for INTEGRAL is a new telescope which combines imaging andfine gamma-ray spectroscopy capabilities in the 20 - 8000 keV energy range. It is one ofthe two main instruments embarked aboard the INTEGRAL satellite. INTEGRAL, thesecond of the ESA Medium Class Missions (M2), is planned to be launched in April 2001on a Proton rocket into a 48 h orbit. The nominal lifetime of this observatory is 2 yearswith a possible extension to 5 years.The main parts of the instrument (Figure 1) are: a Ge-detector array to detect gammarays, an anticoincidence BGO shield, and a mask which allows the imaging of pointsources as in the SIGMA mission on GRANAT (Roques J.P. et al., 1990).3.1. The Ge-detector array and its electronicsThe Ge-detector array consists of 19 reverse electrode n-type Ge detectors. The detectorshave a hexagonal shape with a side length of 3.2 cm and a height of 7 cm. The center-to-center distance between the detectors is 6 cm. Each crystal is individually mounted insidea partially pressurized Al capsule. The closely packed array of Ge detectors is fixed on aBe plate. The detector plane is placed inside a Be cryostat so that it can be cooled to anoperating temperature around 85 K. The connection of the detector plane to the Stirlingcycle coolers located outside the anticoincidence BGO shield is realized via a Be coldfinger (Figure 2). To minimize the power to be extracted by the cryocoolers, the cryostatitself is thermally insulated and operated at a temperature of 210 K. This is achieved by apassive radiator with ammonia-driven heat pipes connected to the insulated cryostat. Torecover their performances following the radiation damages, the detectors can beregenerated in-flight by annealings up to 100�C.

The detector array with the Analog Front-End Electronics (AFEE) are being developedat CESR Toulouse and the Digital Front End Electronics (DFEE) at CEN Saclay. The Gecrystals are produced by Hoboken under the responsibility of P. Leleux from LouvainUniversity (Belgium). The cryostat is developed by CNES and the cryocoolers are underESA responsibility.Fig. 1. SPI : Spectrometer for INTEGRALFig. 2. General design of the cryostat

APulse Shape Discrimination (PSD) device is designed to reduce the background inthe 200 keV - 1.5 MeV energy range where b- decays in the Ge detectors are the dominantcomponent of the background (see ⁄ 4). These b - decays go mainly in the ground state(without accompanying photons); as the range of a b - in the Ge is less than few mm thistype of event can be considered as localized.On the other hand, the gamma rays interact in this energy range mainly throughmultiple interactions ; Compton interaction being the first and dominant one. Therefore theenergy deposit appears in two or more sites. These events are non-localized.The aim of the PSD electronics is to separate with a good efficiency these two types ofevents and to reject a large part of the background with a limited decrease in the detectionefficiency. The laboratory tests (Slassi-Sennou S. et al., 1996) demonstrate a significantincrease of the sensitivity in the 200 keV - 1.5 MeV energy range ; around 800 keV it canreach a factor of » 2. The performances of the PSD electronics will be tested by theUniversity of California Berkeley during a long-duration balloon flight around the SouthPole. The PSD development is under the responsibility of the University of California atSan Diego (UCSD) and the Space Sciences Laboratory (SSL) at Berkeley.3.2. The BGO anticoincidence system (ACS)To shield the Ge detectors against background radiations and to limit the SPI field-of-view, a BGO shield surrounds the Ge array. The BGO thickness has been optimizedusing Monte-Carlo simulations (Georgii R. et al., 1996 and Jean P. et al., 1996). Athickness of » 5 cm has been chosen for the rear and side shields. This is a compromisebecause an increase of BGO thickness leads to a reduction of gamma-ray transmission butalso to an increase of secondary particles production, particularly neutrons which are animportant source of background for the Germanium detectors. A more detailed descriptionof the ACS can be found in Lichti et al., 1996. The anticoincidence sub-system isdeveloped at MPE Garching.3.3. The coded aperture maskThe mask is made of 3 cm thick hexagonal tungsten blocks mounted on a graphite-epoxyhoneycomb plate with a high transparency to gamma rays (80 % at 20 keV and 90 % at 50keV). The tungsten blocks are > 90 % opaque over the entire SPI energy range. Theopaque mask elements (63) have the same size as the detector modules (6 cm). Thedistance mask-detector is 1.7 m. These values lead to an angular resolution for pointsources of » 2� - 3� FWHM, and for the long axis a fully coded field-of-view of 16�, witha zero sensitivity at » 34�. The mask development is under the responsibility of theUniversity of Valencia (Spain).It is planned to add to this mask a very thin plastic scintillator which will be deliveredby the IFCTR (Italy). Indeed, Monte Carlo simulations have shown that a significantbackground reduction can be achieved, especially at 511 keV (Jean P. et al., 1997), byplacing this plastic scintillator as close as possible to the lower side of the passive mask.3.4. Background and sensitivityExtensive simulations of the SPI background have been performed using the GEANTcode developed for analyzing particle interactions. A complete analysis of the backgroundhas been published (Jean P. et al., 1997). This study allowed to identify the differentbackground components which are detailed in Figure 3. At low energy (< 200 keV) dueto the large field-of-view of the instrument the main component of the background is thecosmic diffuse X-ray emission in the field-of-view. Above 200 keV to few MeV thebackground is dominated by the internal b decays induced in the Ge crystals by primaryand secondary protons, and by secondary neutrons mainly produced in the anticoincidence material (» 400 kg of BGO). Above few MeV the leakage of the shield forthe cosmic diffuse gamma rays and the gamma rays produced in the spacecraft starts to bethe dominant contribution. But the mask emission, calculated here without the presence ofa plastic scintillator just below the mask, is comparable to the shield leakage. Anothercontribution which has been estimated is due to elastic neutron scatterings. In the SPIenergy range this contribution is always quite small (figure 3).The comparison between thecalculations and the observations hasbeen done for balloon experiments(HIREGS, GRIS, HEXAGONE) and forthe satellite experiment TGRS on boardthe WIND satellite. The results are ingood agreement giving confidence in thecalculations done for SPI.Taking into account this backgroundestimation, some ways to reduce it havebeen explored. First the PSD can be usedbetween 200˚keV and few MeV toseparate b- decays which are largelylocalized events from gamma rays whichinteract through multiple interactions, forinstance Compton followed byphotoelectric interactions : these are non-localized events. Very soon the efficiencyof the PSD will be determined preciselywith a repre-sentative detector and itsflight electronics.A second way to reduce thebackground in the MeV range (from 1 to3 MeV) is to use the advantage of thearray of detectors. When a b+ deposits itsenergy in one Ge crystal, two photons at511 keV are produced and there is a highprobability for having either one of themthat goes in the anticoincidence BGOcrystals or one of the 511 keV photonswhich interacts in one of the next detectorsFig. 3.The continuumbackground componentsgiving a 511 keV signature. In both cases the corresponding b+ can be eliminated.Above around 3 MeV the dominant interaction of the photons being by pairproduction, we cannot separate b+ and photon interactions ; fortunately the b+ contributionfalls dramatically above this energy. In this energy range we plan to reduce thebackground due to the passive mask by the addition of a plastic scintillator just below themask. Moreover with such a plastic the background at 511 keV can be also significantlydecreased from 4.7 10-4 counts s-1 cm-3 to 2.7 10-4 counts s-1 cm-3. The interest of thisplastic is illustrated in figure 4 showing clearly the importance of the mask emission whenthe distance mask - last BGO ring increases.Finally the presence of the Ge-crystals array and a large fraction of multiple eventsabove 1 MeV can be used to discriminate the photons inside and outside the field-of-view.In the case of a double interaction the respective energy deposits in two Ge crystals aredifferent if the photon incidence is near the normal (in the field-of-view) or at a largezenith angle. Calculations are on-going to evaluate the possible background reductionwhich will be added to the previous one.

Fig. 4.511 keV background contribution versus the distance between the mask and the last ring of the anticoincidence BGO shield.The background estimatein Figure 3 completed byPSD rejection and b+discrimination has allowedthe determination of thesensitivity to narrow lines(figure 5). If the line isbroadened the sensitivitygoes as the square root of thebroadening of the line. At1˚MeV for instance, goingfrom 2 keV to 18 keV meansa decrease of the sensitivityby a factor˚3.Concerning the sensitivity forthe annihilation line theexpected value using a plasticscintillator below the mask isaround 2 10-5 ph/cm2 s. for anarrow line and for a typicalobserving time of 106 sec.

10-610-510-410-30.010.1110

3 s

narrow line sensitivity [photons

.

cm

2.

s

-1

]E [MeV]HEAO 3OSSEany source in the inner Galaxy after a two year missionTobs= 4.106 s; m’= 2/3 msource on axis Tobs=106 sINTEGRAL spectrometer sensitivity

BIAS 9/95COMPTELAtot = 500 cm2; a = 1.1; h = 7 cm; l = 0.95; 4 background classesestimated 3 s narrow line sensitivity for the INTEGRAL spectrometer(includeing a b+ component)natural GeTobs= 106 sTobs= 106 sachieved sensitivityFig. 5.Estimated 3s narrow line sensitivityfor the INTEGRAL Spectrometer

4. ConclusionWith its expected performances SPI will certainly have a quite significant impact in thenuclear astrophysics domain. Moreover, associated with IBIS the other main instrumentaboard INTEGRAL which has a better angular resolution and a higher continuumsensitivity below 1˚MeV, the physical properties of X binaries including a compact object(neutron star or black hole) will be better approached. The XRM working to few keV willallow for the first time to observe simultaneously the sources from soft X rays to gammarays of few MeV. For X binaries, AGN, � which are in general quite variable, thisfacility will be of the highest scientific interest.ReferencesBouchet L. et al., Ap.J., 383, L45, 1991.Bykov A.M. et al., A&A, 307, L37, 1996.Chen W. et al., Proceedings 2nd INTEGRAL Workshop "The transparent Universe",St.˚Malo, France, 16-20 September 1996, ESA SP-382, p. 105, March 1997.Georgii R. et al., SPIE’s International Symposium, 2806, Ramsey B.D. & Parnell T.A.ed., 234, 1996.Hernanz M. et al., Ap.J. 465, L27, 1996.Iyudin A.F. et al., Proceedings 2nd INTEGRAL Workshop "The transparent Universe",St.˚Malo, France, 16-20 September 1996, ESA SP-382, p. 37, March 1997.Jean P. et al., SPIE’s International Symposium, 2806, Ramsey B.D. & Parnell T.A. ed.,p. 457, 1996.Jean P. et al., Proceedings of 2nd INTEGRAL Workshop "The transparent Universe",St. Malo, France, 16-20 September 1996, ESA SP-382, p. 635, March 1997.Lichti G.G. et al., SPIE’s International Symposium, 2806, Ramsey B.D. & Parnell T.A.ed., p. 217, 1996.Mandrou P. et al., Proceedings 2nd INTEGRAL Workshop "The transparent Universe",St. Malo, France, 16-20 September 1996, ESA SP-382, p. 591, March 1997.Mirabel I.F. et al., Nature, 358, 215, 1992.Naya J.E. et al., Nature, 384, p. 44, 1996.Parisot E., Cass� M. and Vangioni-Flam E., "Wolf-Rayet stars and OB associations asgamma-ray line sources", to be published in A&A, 1997.Prantzos N., A&A Supp. Ser., 120, 303-310, 1996.Roques J.P. et al., Ad.Space Res., 10, n�2, pp. (2)223-(2)232, 1990.Slassi-Sennou S. et al., SPIE’s International Symposium, 2806, Ramsey B.D. & ParnellT.A. ed., p. 483, 1996.Sch�nfelder V., "Astronomical gamma-ray line spectroscopy with the Comptonobservatory", Proceedings of the 9th International Symposium on "Capture gamma-rayspectroscopy and related topics", Budapest, Hungary - 8/12 october 1996, in press 1997.Tueller J. et al., Ap.J. 351, L41, 1990.Van den Bergh S. & Tammann G.A., ARAA, 29, 363, 1991.