
Solid-state slit amera (SSC) onboard MAXIHiroshi Tomida,1 Masaru Matsuoka,1 Kazuyoshi Kawasaki,1 Shiro Ueno,1Yasuki Adahi,1 Mitsuhiro Kohama,1;2 Motoko Suzuki,1 Masaki Ishikawa,1;9Haruyoshi Katayama,1 Tatehiro Mihara,2 Mutsumi Sugizaki,2 Naoki Isobe,2Hiroshi Tsunemi,3 Emi Miyata,3 Nobuyuki Kawai,4 Jun Kataoka,4Atsumasa Yoshida,5 Kazutaka Yamaoka,5 Hitoshi Negoro,6 Motoki Nakajima,6Yoshihiro Ueda,7 Mikio Morii,8 and MAXI team1 Japan Aerospae Exploration Ageny (JAXA), Sengen 2-1-1, Tsukuba, Ibaraki, Japan2 The Institute of Physial and Chemial Researh (RIKEN), Hirosawa 2-1, Wako, Saitama, Japan3 Osaka Unversity, Mahikaneyama 1-1, Toyonaka, Osaka, Japan4 Tokyo Institute of Tehnology, Ookayama 2-12-1, Meguro, Tokyo, Japan5 Aoyama Gakuin University, Fuhinobe 5-10-15, Sagamihara, Kanagawa, Japan6 Nihon University, Kanda Surugadai 1-8-14, Chiyoda, Tokyo, Japan7 Kyoto University, Kita-Shirakawa Oiwakeho, Sakyo, Kyoto, Kyoto, Japan8 Rikkyo University, Nishi-Ikebukuro 3-34-1, Toshima, Tokyo, Japan9 Graduate Unversity for Advaned Study (Sokendai), Shonan Village, Hayama, Kanagawa, JapanE-mail(HT): tomida.hiroshi�jaxa.jpAbstratSSC (Solid-state Slit Camera) is an X-ray amera onboard the MAXI mission. SSC onsists of twoSSC unit (SSCU) and SSC eletronis (SSCE). SSCU inludes 32 X-ray CCDs, slit and slat system, andso on. SSCE ontrols SSCU. SSC overs 0.5 { 12keV with energy resolution of <150eV at 5.9keV. CCDsare operated at {60ÆC utilizing thermo-eletri ooler, loop heat pipe, and passive radiators.Key words: All-Sky-Monitor, X-ray detetor, CCD, soft X-ray1. IntrodutionCCD (harge-oupled devie) has been nominal X-raydetetor as photon ounting devie sine the suess-ful operation of SIS onboard the ASCA satellite (Burkeet al. 1991). Its good position resolution and moder-ate energy resolution are suitable for X-ray astronomialobservations. SSC (Solid-state Slit Camera), whih isan X-ray amera of MAXI mission, also employs X-rayCCDs for X-ray detetions. SSC has many harateris-tis di�erent from GSC, another X-ray amera of MAXI(Mihara et al. (this proeedings)). The main objetivesof SSC would be all-sky monitor in lower energy band,and the spetrosopy of largely extended elestial objetssuh as galati ridge emission, Vela SNR, and so on.This paper desribes the basi design and performanesof the SSC system.2. SSC SystemThe SSC system is omposed of two SSC Units (SSCUs)and SSC Eletronis (SSCE). Figure 1 shows the blokdiagram of SSC.SSCU is a sensor part of SSC. One SSCU inludesX-ray CCDs, preampli�ers, multiplexers, slit-ollimator

system, alibration soures, and so on. Figure 2 showsthe shemati view and photograph of SSCUs. One ofSSCUs monitors X-ray sky in the horizontal diretion ofMAXI, and another is for zenith diretion. Hene, theformer is alled SSCU-H, and another is alled SSCU-Z.SSCE ontrols SSCUs. SSCE generates CCD drive sig-nal aording to ommands from DP (data proessor),and digitizes the video signal from SSCU. The Digitizeddata are transferred to DP. SSCE also ontrols CCD tem-perature using thermo-eletri ooler (TEC) embeddedin CCD hips.Radiator and heat pipe are not a portion of SSC, how-ever, they are very important to ool X-ray CCDs (se-tion 5.). DP is also not a portion of SSC, although thedata redution in DP is essential to maximize the dataquality of X-ray events (setion 3.).2.1. X-ray CCDA photograph of an MAXI-CCD is shown in Figure3. CCDs are FFTCCD-4673 fabriated by HamamatsuPhotonis K.K.1 . The hip is front-illuminated andtwo-phase CCD operated in full frame transfer mode.*1 http://www.hamamatsu.om/
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Fig. 1. Blok diagram of the SSC system and signal ow between omponents.

Fig. 2. Shemati view (left) and photograph (right) of SSCUs. In the photograph, protetion overs are put on the slits.The pixel number is 1024�1024, and the pixel size is24 �m�24 �m, giving the CCD size of 25 mm � 25 mmfor X-ray detetion. In order to obtain the large X-rayolletion area, eah SSCU inludes 16 CCDs, whih areplaed in 2�8 array as shown in Figure 2. The total X-ray detetion area of 32 CCDs is �200m2. Charge inje-tion (CI) is available to minimize the damage of partileradiation.CCD has sensitivity for optial light, whih degradethe sensitivity for low energy X-rays and the energy res-olution. In order to blok it, aluminum is oated on theCCD surfae. No fragile �lter is used, whih makes thestruture of SSCU quite simple.SSC does not utilize X-ray mirror, hene the energyrange is determined by mainly CCD. The quantum ef-�ieny for soft X-ray is limited by the gate struture(dead layer) and aluminum on the front surfae of CCD,

and that of hard X-ray is by thikness of depletion layer.The gate strutures is made of SiO2 and Si whose de-signed thikness are 0.5 �m for both. The thiknessof aluminum and depletion layer is 0.2 and 70�m, re-spetively. Then the energy range determined by CCD(quantum eÆieny > 10%) is 0.5{15keV for normallyinident X-rays. The quantum eÆieny for slant ini-dent X-rays is larger for hard X-rays, and smaller forsoft X-rays. Figure 4 shows the quantum eÆieny ofCCD as a funtion of X-ray energy. The detetion eÆ-ieny of CCD extends to 15 keV, the energy range ofSSC for hard X-ray is, however, limited by ADC. Thenthe energy range as X-ray amera inluding eletronisis 0.5{12 keV.



Fig. 3. A photograph of X-ray CCD equivalent to that in SSC.2.2. Slit and CollimatorSSC has ollimator and slit system but not X-ray mir-rors. Collimators of SSC limit �eld of views (FOV) tobe narrow and long shaped, and slit and CCDs deter-mine the diretion from whih X-ray photons ome inthe narrow FOV. Figure 5 shows the design of slit andslat ollimator system. This system is installed in eahSSCU.Slat ollimators are made of thin sheets of phosphorbronze. The thikness is 0.1mm, and 24 sheets are plaedabove CCDs in the interval of 2.3 mm. The width ofnarrow FOV determined by slat ollimators (�1 in Figure5) is 1.5Æ in FWHM.Slit of SSC onsists of two sharp edges made of tung-sten. The width between the two edges is 2.7mm. Sinethe position resolution of CCD is muh better than theslit width, the angular resolution along the narrow FOVis determined by the slit width to be 1.5Æ (�2 in Figure5). The angular length of the FOV (�3 in Figure 5) is90Æ.3. CCD DriveCCD loking signal is generated in SSCE. CCD is twodimension array, while SSC requires only 1-dimensionalposition information. Hene, multiple rows are summedin serial register at the bottom of imaging region, andthe summed harges in serial register are transferred toread-out node. The number of summed rows in normalobservation an be seleted from 8, 16, 32 or 64 by om-mands. We all this number \binning" parameter. Thebinning of 64 is seleted for the nominal observation.The larger binning gives the better timing resolution,and the better timing resolution provides better angu-

Fig. 4. The quantum eÆieny of X-ray CCD as a funtion of inidentenergy alulated from the designed value of thikness of depletionlayer and dead layers. The solid line represents inident angle =0Æ, and the broken line is for inident angle = 40Æ.lar resolution in X-ray sky map. binning=1 is used forthe diagnosis only. The loking speed is 8�s/pixel, anda two-phase vertial transfer takes �100 �s. The videosignal from 16 CCDs in a SSCU are proessed by oneread-out eletronis and one analog-to-digital onverter(ADC). When a CCD is driven and read-out, other 15CCDs are in exposure.The harge injetion (CI) is an e�etive method to re-store the degraded performane of X-ray CCD (Tomidaet al. (1997)). CI an be applied to SSC. The harge in-jetion period is determined from the binning parameter,and the harge amount an be roughly ontrolled by om-mands through the loking voltage. The harge-injetedpixels (rows) are not summed in the serial register, andhorizontally transferred without read-out. Then it takeslonger time to read whole CCDs than that in non-CIoperation. The operation mode with CI=ON and bin-ning=64 reads 16 CCDs in 5.9s, whih orresponds tothe timing resolution in the nominal observation of SSC.The FOV of MAXI moves �0.4Æ in 5.9s, whih is smallerthan the width of the narrow FOV (�1.5Æ).Whether CI is applied or not an be ontrolled by om-mand operation. CI is not required at the begining ofthe MAXI operation sine the radiation damage wouldbe small. However the appliation of CI after non-CIobservation results in the signi�ant hange of the en-ergy response. In that ase, we have to onstrut newresponse funtions, whih is heavy and time-onsumingwork. Hene we deided that CI should be turned onfrom the beginning of the SSC operation.
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Fig. 5. Design of slit and slat ollimators of SSC.4. Data Redution in OrbitThe CCD images digitized in SSCE are sent to DP (dataproessor). We designed the data redution proedurein DP referring to that of timing mode of Suzaku/XIS(Koyama et al. 2007). The dark level, whih is thetime-averaged pixel data with no radiation of X-rays orharged partile, is determined for individual pixels andup-dated every frame.DP searhs for the harge pattern harateristis ofX-rays, whih is alled event. The event searh is donefor the pixel data after the dark-level subtration, whihwe all pulse height (PH). An event is reognized when apixel has PH between the lower and upper event thresh-old de�ned by ommand, and when the PH is a loalmaximum among adjaent 3 pixels in the row.The MAXI telemetry data is transferred from MAXI-DP to the JEM/ISS through two physial networksin JEM/ISS. One network is MIL-1553B and anotheris Ethernet (Ishikawa et al. (this proeedings)). MIL-1553B is reliable and has muh real-time onnetion,while the data transfer rate is limited to 50kbps at themaximum. Ethernet has data rate of 600kbps at max-imum, while real-time onnetion is less available. Itis not required that the event data in the two networkshould be idential. Then, we designed that Ethernetdata is used for the detailed analysis (spetrosopy anddiagnosis) and the MIL-1553B data is for the nova searhand alert system (Negoro et al. (this proeedings)).Eah event data of Ethernet telemetry inlude CC-DID, Y-address, X-address, and the PHs of adjaent 5pixels (loal maximum, trailing 2 pixels, and preeding2 pixels). If the number of event is too large, the eventdata is ompressed automatially or by ommands. PHs

of �ve pixels are summarized into a summed PH and thepixel pattern of the PH distribution in a row. There are4 pixel patterns (grade 0 through grade 3), whih is sameas fast mode of ASCA/SIS. Grade 0 is a pixel patternthat all eletrons exited by an inident X-ray is on�nedin one pixel.DP ompresses every X-ray event for the MIL-1553Btelemetry. 14 bits are assigned for X-address and PH,and 2 bits for grade. The grade de�nition is same as thatof Ethernet. The bit assignment for X-address and PH isdetermined by ommand. The nominal operation modeassigns 6 bits for X-address and 8 bits for PH, where 1hannel unit orresponds to 0.36 mm for position deter-mination (X-address) and �60eV for energy (PH). Themaximum number of SSC event for MIL-1553B teleme-try is limited 254 events/16 lines.5. Control of CCD TemperatureA one-stage thermo eletri ooler (TEC) is used to oolCCDs. TEC is inluded in MAXI-CCD of FFTCCD-4673 (Figure 3). CCD hip is mehanially supportedby TEC only, therefore heat input to the CCD is mainlythermal radiation. The heat from TEC is transferredthrough loop heat pipe to radiator panels on the MAXIsurfae, and radiated away to the spae. The loop heatpipe and radiator system is designed to ool the SSCU(amera body) around �20 ÆC . The ooling power isdetermined mainly by the size of radiator (�1m2). Thehot side of TEC are thermally onneted to the SSCUbody. TEC gives the temperature di�erene of >40 Kbetween CCD hip and amera body. Hene, CCD willbe operated below �60 ÆC .



6. Pre-Flight Performane

Fig. 6. Pulse height distribution of the SSC-Z/CCDID=3. X-raysfrom 55Fe are irradiated.

Fig. 7. The distribution of the energy resolution of 32 CCDs in SSC.The solid line is at the CCD temperature of �70ÆC , and thedotted line is at �60ÆC .The amera level alibration of SSC was done usinguoresent X-rays from 9 materials and Mn-K X-raysfrom 55Fe soures. The energy range is 0.52 (oxygen) to12.5 keV (selenium).Figure 6 shows the spetrum of 55Fe soures with SSC-Z/CCDID=3. The CCD temperature is �70ÆC , X-raysfrom 55Fe are irradiated, binning is 64, and the hargeinjetion is applied (nominal operation). The spetrumis made of grades 0 events only. We an see Mn K� andk� lines are learly resolved.We �t the spetrum with two Gaussian model. OneGauusian onstruts the main peak, and another Gaus-sian is small and resides at the lower energy side of the

main peak. We de�ned the energy resolution as width ofmain Gaussian peak. The energy resolution of Figure 6is 136 eV at 5.9 keV in FWHM, whih is the best valueof 32 CCDs in SSCUs. Figure 7 is the distribution ofenergy resolution for 32 CCDs at the CCD temperatureof �60ÆC and �70ÆC . The average of energy resolutionfor 32 CCDs is 149eV for �60ÆC , and 145eV for �70ÆC. The energy resolution of CCDs depends on the energyof inident X-ray. Figure 8 shows the energy resolutionas a funtion of X-ray energy. The spetrum is madeof grade 0-events only. The energy resolution is limitedby mainly Fano-fator at the high energy region, andby mainly read-out noise at the low energy. The read-out noise of 32 CCDs ranges 5 to 10 eletrons, whihare determined from the utuation of PHs in horizon-tal over-loked region. Charge transfer ineÆieny isnegligiblly small (�10�6).Figure 9 shows the PH of SSC-Z/CCDID=3 as a fun-tion of inident X-ray energies, where PH is the hannelat the enter of main peak made of grade 0 events. CCDwas operated in nominal parameters. We �tted the datawith a linear funtion, and the solid line in the Figure 9is the best �t line. We an see that the relation is wellreprodued by a linear funtion.

Fig. 8. The energy resolution of SSC-Z/CCDID=3 as a funtion ofX-ray energy.ReferenesBurke et al. 1991, IEEE Trans. ED, 38, 1069Koyama et al. 2007, PASJ, 59, 23Tomida et al. 1997, PASJ, 49, 405Ishikawa et al. This proeedings.Mihara et al. This proeedings.Negoro et al. This proeedings.
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