
Event Sreening for the Chandra X-Ray Observatory HighResolution Camera (HRC)Stephen S. Murray�, Jon Chappell, Almus Kenter, Mike Juda, Ralph Kraft,Martin Zombek, Gary Meehan, Gerald Austin, and Jak GomesHarvard-Smithsonian Center for Astrophysis60 Garden StreetCambridge, MA 02138AbstratThe Chandra X-ray Observatory High Resolution Camera is an improved version of similar MirohannelPlate (MCP) based detetors that were previously used on the Einstein and ROSAT X-ray observatories.The HRC onsists of two detetors in a ommon housing, and sharing some proessing eletronis. Onlyone detetor operates at a time. The HRC-I is a 100mm� 100mm devie that is used for wide �eld ofview imaging with sub-arseond angular resolution. The HRC-S is a 300mm�30mm devie that is usedto readout the Low Energy Transmission Grating Spetrometer (LETGS) providing very high spetralresolution. The main di�erenes from previous missions are the larger format MCP's, radioisotope freeMCP glass, and an ative Cosmi Ray anti-oinidene shield. Event proessing in the HRC is limited todigitizing seleted signals from the readout devie and transmitting these to the ground. As a result, it ispossible to examine and sreen the data during proessing. Algorithms have been developed to identifynon-X-ray events thereby reduing the detetor bakground. Event sreening an also detet and �lterout �bad� events that might otherwise degrade image quality.Keywords: X-Ray Detetor, MCP, Digital Proessing1 IntrodutionThe High Resolution Camera [1℄ on the Chandra X-ray Observatory [2℄ is an advaned version of the imaging X-raydetetors (HRI's) that were suessfully �own and operated on the Einstein Observatory (1978-1981) [3℄and theROSAT Observatory (1990 - 1999) [4℄. The X-ray sensor is a CSI oated Mirohannel Plate (MCP) whih is thetop plate of a hevron pair. The MCP's provide an eletron gain of � 2 � 107produing an eletron harge loudthat is sensed by a readout onsisting of two orthogonal planes of wires (the Crossed Grid Charge Detetor CGCD).The grid wires are 0:0081 inhes apart, and they are onneted to eah other with thin �lm resistors. Every 8th wireis attahed to an external harge sensitive ampli�er (tap). There are two detetors in the Camera, one (the HRC-I)is a 100mm� 100mm devie optimized for diret imaging in the fous of the Chandra Telesope. The seond, theHRC-S, is a strip of three 100mm� 30mm MCP's in a single holder that is optimized for reading out a dispersiveLow Energy Transmission Grating Spetrometer (LETGS) [7℄. A total of 128 low power hybrid harge sensitiveampli�ers are used for the HRC. Figure 1 shows a shemati view of the HRC, and illustrates the �ne position hargedivision tehnique that is desribed below.�Further author information: E-mail: ssm�head-fa.harvard.edu1
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A B CFigure 1: Shemati view of the HRC shows the major elements of the detetor. The MCP hevron is ontained in a vauum housingthat is surrounded by a �ve sided plasti sintillator for Cosmi Ray rejet. On the right an exploded view of one plane of the CrossedGrid Charge Detetor readout is illustrated. The wires are onneted by disrete resistors with readout ampli�ers (taps) every eighthwire.The MCP's for HRC are made with low noise glass [8℄ [9℄ [10℄, i.e., radioisotope have been minimized, in orderto redue the internal bakground rate to extremely low levels. For HRC-S the MCP's were provided by PhilipsPhotonis, and for HRC-I the MCP's were manufatured by Galileo Eletro Optis Corporation (now Burle). Thetypial bakground rates ahieved in the laboratory are less than 0:1 t m�2se�1. Chandra was plaed in an elliptialhigh earth orbit with 10,000 km perigee and 140,000 km apogee. In this orbit the ambient Cosmi Ray bakground ishigher than for lower equatorial orbits that stay below the Earth's radiation belts. At the time of launh the CosmiRay �ux was � 2 � 3 t m�2se�1. In order to deal with this soure of bakground, an ative plasti sintillatoranti-oinidene shield surrounds the HRC housing. A veto signal from the shield is used to identify events triggeredby Cosmi Rays. Depending on the mode of operation, proessing for these events is terminated (normal mode), orthe events are �agged in the telemetry with a veto bit for later ground rejet.In the ase of the HRC-I, the ative Cosmi Ray rejetion redues the non-X-ray bakground from about 250 t se�1to about 50 t se�1[11℄. For HRC-S, a timing error in the event proessing sequener renders the anti-oinideneine�etive leading to signi�antly higher bakground than desired. Fortunately, the detailed event data that isinluded in the telemetry allows post-fato event sreening based on the harge and pulse height distributions. Usingthe sreening tehniques desribed below, bakground rejetion for HRC-I approahes the pre-launh expeted value.For HRC-S, event sreening redues bakground by about a fator of two to three depending on loation in thedetetor (energy in the dispersed spetrum from LETGS).2 Event Position Calulation2.1 Coarse-Fine Charge DivisionThe HRC uses a oarse-�ne position readout [12℄ [13℄ where the oarse event position is estimated from the readouttap with the largest signal, and the �ne position is a harge division alulation using the neighboring three ampli�ersat the oarse loation. An event is deteted by a signal taken from the output eletrode of the MCP hevron stak.This is a fast signal that initiates a �rmware sequener in the HRC eletronis. Eah of the CGCD ampli�er fast andslow signals are examined in the event proessing eletronis. The fast signals are used to estimate the event oarseposition, and the slow signals assoiated with that oarse position are routed to ADC's where their amplitudes aredigitized for transmission to the ground. The two planes of the CGCD are treated independently giving the twoorthogonal position oordinates (U and V) of the event.The �ne position alulation (illustrated in Figure 1) for the HRC uses the Ohmi properties of the Crossed GridCharge Detetor (CGCD) and assumes that the input impedane of the readout ampli�ers is small ompared to2



the wire-to-wire resistane along the grid. Event positions are determined in a oarse-�ne algorithm that permitsextension to arbitrarily large detetors (needed for the HRC on Chandra). The oarse position is determined byidentifying whih ampli�ers along the readout are triggered, and taking the average loation of these oarsely spaereadout taps as the initial estimated position. Four ampli�er signals around the estimated oarse position are routedto the �ne position proessor. The peak signal from the entral two ampli�ers is determined, and if neessary theoarse position is adjusted from its initial estimate. Only the peak ampli�er and its nearest neighbors are digitized.Thus, the event data that is entered in the telemetry onsists(for eah oordinate axis) of the loation of the entralampli�er and the three digitized (12 bit) values of the entral signals for that loation.During ground proessing, the �ne position omponent is alulated using the harge division among the entral threeampli�er taps (A; B; C ) resulting in an interpolation aurate to about 1/2% of the distane between ampli�ers.The �ne position is given by fp = C �AA+B + C (1)where fp ranges from -1/2 to +1/2 as the event loation varies from halfway between taps A and B to halfwaybetween taps B and C. The total event position is then given by:tp = ptap(p + fp + 1=2) (2)where ptap is the number of pixels per tap (256), and p is the oarse position, i.e., the tap number of the B ampli�er(starting at 0). The extra 1/2 tap term, �xes the origin of the position readout at the enter of the �rst ampli�ertap.1 For the HRC, the ampli�er spaing is 1:64592mm, with the �ne position digitized to 256 pixels per tap, thisorresponds to 6:429375�m per pixel.22.2 Gaps and De-gappingThere is an expeted orretion to the alulated �ne event positions due to the �harge spill-over� e�et [12℄, wheresome of the total signal is not inluded in the three ampli�ers whih therefore biases the harge division alulation.This is the fundamental reason for the presene of �gaps� in the raw data images. These are not truly gaps in thesense that there are missing parts of an image. The gaps are due to event positions being misalulated (relative toa perfet readout) with the result that ertain positions are not populated and ertain other positions appear to beoverpopulated.The removal of these �gaps� is the proess alled de-gapping. It involves a transformation from the raw alulated�ne position of an event to its orret position had there not been any loss of olleted harge. Simulations andstudies of the details of the harge olletion on a CGCD [13℄ show that the orretions an be approximated by alow order polynomial expression of the form:f = afp + bf2p + f3p + ::: (3)where fp is the raw �ne position of an event as given by Equation 1. The oe�ients are denoted as the �rst, seond,third,... order terms of the de-gap. The de-gap oe�ients an be estimated on a global basis or as a funtion ofoarse position. For the Chandra HRC the de-gapping oe�ients were derived from a ombination of pre-launhalibration data using �at �elds of illumination, and post-launh alibration data taken when the HRC was out ofthe fous position and viewing a radioative alibration soure (Fe55). The de-gapping was done independently forthe U and V axes of the detetor, but as a funtion of the oarse position in eah axis [5℄ [6℄.1No real events an atually have a total position of 0 when de�ned in this manner.2This pixel size was hosen to slighly oversample the atual spatial resolution of the HRC whih has been measured to be 20�mFWHM. 3



3 Simulations3.1 Gaps versus Charge CloudThe HRC readout an be simulated in one dimension by integrating the harge from a modeled eletron harge louddistribution falling on a grid of equally spaed ondutors (wires), whih are resistively onneted, and applyingOhm's law to alulate the harge olleted on the readout ampli�ers. Previous measurements have shown that theharge loud is symmetri and has a �ore-halo� shape [13℄. A good approximation to the harge loud is the sum ofa Gaussian and Lorentzian distribution that have a ommon origin and roughly equal peak amplitudes. Using thetap spaing as the unit of distane, the simulations show good agreement with the HRC-I when the Gaussian andLorentzian sigma and gamma respetively are about 0.25 of a tap. These are set as the nominal values for the plotsshown below. The narrow ase has these parameters set to 0.10 tap, and the wide ase 0.40 tap.A useful representation of the simulations has been a plot of the event �ne position alulated using Equation 1versus the true position. An example is shown in Figure 2, where three simulations with varying harge loud widthsare plotted. This plot learly shows the �gaps� as missing alulated loations near �0:5 and their dependene onthe harge loud width. When the harge loud is narrow ompared with the tap spaing there is no spill over e�etand no gap. With a wide harge loud, spill over is signi�ant and the gaps are large. The nominal loud widthvalues approximately simulate the gap sizes that are seen in the HRC-I
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Figure 2: Simulations of unorreted �ne position versus true position for HRC-I with varying harge loud width. The narrow hargeloud produes little spill over and the gaps are small. The wide harge loud results in larger gaps.3.2 An Alternative View of the DataAnother useful representation (whih does not depend in knowing the true �ne event position) is a plot of thealulated �ne position versus the normalized entral tap amplitude,4



fb = B=(A+B + C) (4)For the same simulations shown in Figure 2, the plots of fp vs fb are shown in Figure 3. The e�ets of the size ofthe harge loud are muh more apparent in these plots whih illustrates the sensitivity of the relationship to theeletron loud shape.
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Figure 3: Simulations of the unorreted �ne position versus the normalized entral tap amplitude for HRC-I for various harge loudwidths.Inspetion of the plots in Figure 3 suggests that the relationship between fp and fb might be approximated by ahyperboli funtion of the standard form: (fb � h)2a2 � f2pb2 = 1 (5)where h is the o�set from the origin of the enter of the hyperbola, and (h � a) is the loation of the �nose� of thehyperbola on the fb axis. The asymptoti slope of the hyperbola is given by m = b=a . Solving for fp we get:fp = br(fb � h)2a2 � 1 (6)A least squares �t of this funtion to the nominal simulation ase gives an exellent �t with parameter values shownbelow. A plot of the �tted funtion overlays the simulated data so well that the urves are indistinguishable as seenin Figure 4The hyperboli funtion that approximates the relation between the simulated quantities has not be derived alge-braially and may not be absolutely exat. However, simulations show that the hyperboli approximation is quitegood over a wide range of parameters for the eletron harge loud distribution, whih is the physial quantity that5
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Figure 4: Fit of hyperboli funtion to the simulated HRC. The best �t parameter values are a=0.3353(0.3720), b=0.3263(0.3454),h=1.0364(1.0738). The two urves are virtually idential. Also shown are the residuals between the simulated data and the best �thyperbola.haraterizes the detetor readout. Work is in progress to determine the sensitivity and quality of the hyperboli�t, and to �nd the proper relation between the �tting parameters and the values of the parameters of the simulatedharge loud: the widths and relative ontribution of Gaussian and Lorentzian omponents.4 Flight Data4.1 The fp; fb PlaneExamination of pre-launh and �ight data show that as predited from the simulations, there is a strong orrelation ofthe observable quantities fp and fb. This is shown in Figure 5 where data from the HRC-I on-orbit alibration soure(taken in August 1999) is used. In Figure 5 the HRC-I U-axis data are plotted. The data inlude bakground eventsthat were not rejeted by the veto shield, internal MCP bakground events, and events from the Fe55 alibrationsoure. As seen in the �gure, the events luster strongly along a lous of positions with sattered events that �ll in theenlosed spae and extend to the left. Events that do not lie near to the lous tend to have identi�able abnormalities.The low values of fb indiate events where the oarse position is wrong and thus ampli�ers with no real signal wereseleted for proessing. For some events the ��atness� is often high (i.e., the ratio C=B and A=B both exeed 0:5)typial of wide events that are produed by Cosmi Rays at oblique angles. Many events outside the lous have morethan one readout ampli�er with a pulse height greater than 3600 digital units (DU). This is a symptom of highlysaturated events where the MCP signal is large enough to exeed the dynami range of the tap ampli�ers. The plotalso shows that the lous for fp > 0 is tighter than for negative values. This is due to a systemati eletroni ringingthat is desribed in another paper being presented at this onferene [14℄ and so will not be disussed further here.The harateristis observed in Figure 5 are typial, with similar results for the HRC-I V-axis, and the HRC-S U and6
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Figure 5: An fp; fb plot for the HRC-I from data obtained during on-orbit alibration soure observation. Also shown is the best �thyperboli funtion for these data, using the parameters listed in Table 1V axes. Only the detailed shapes of the urves that haraterize the lous of valid events are di�erent as indiatedin more detail in Table 1below.4.2 Hyperboli FitsFollowing the same proedure used for the simulated data, we �nd that the �ne position (fp) is well �t as a funtionof the normalized peak ampli�er signal (fb). The hyperboli funtion of Equation 6 gives a very good �t to theobserved (fp; fb) distribution. For the Chandra HRC the best �t values of the three parameters (a; b; h) are givenin Table 1. Figure 5 also shows the best �t hyperbola, whih goes through the dense lous of events and is used tode�ne part of the event sreening desribed in the following setion.Table 1: Hyper-�t ParametersHRC-I HRC-SParameter U V U Va 0.3110 0.3050 0.2706 0.2706b 0.3030 0.2730 0.2620 0.2480h 1.0580 1.1000 1.0180 1.0710
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5 Event Sreening5.1 Sreening TestsAs previously disussed, there are several harateristis assoiated with events that are either not X-rays, or areX-ray events with some distortion. A series of sreening tests have been developed to reognize these events and�lter them from the data stream. First the event amplitude is heked, If the PHA is less than 20 DU then the eventwas probably initiated in the seond MCP and not from an X-ray. Next the individual tap ampli�er amplitudes areheked. If they are all below 20 DU, then the event oarse position was misalulated and therefore the loation isinvalid. This type of event is most likely aused by a traking Cosmi Ray that passes through the MCP at shallowangle. Several sets of tap ampli�ers are triggered and the oarse enoder then gives an inorret entral loation.The next standard test looks for the harateristi signature of ampli�er saturation at the taps. When an extremelyhigh amplitude event ours, the three adjaent tap ampli�ers exeed their linear dynami range and produe avoltage that translates to a digitized signal in the telemetry of >3600 DU. The �saturation� test heks for all threetap ampli�ers exeeding this level. These events are probably not due to X-rays. They are either Cosmi Rayindued, or ion feedbak events.The next sreening test, examines the ratio of the o� peak tap amplitudes to the peak tap amplitude. For normalX-ray events, the harge distribution is relatively narrow and therefore, at most one of these ratios should exeed0.5. The ��atness� test exludes events when both ratios are greater than 1/2.The last sreening test, examines the loation of an event in fp; fb plane as desribed in the next setion. It is byfar the test that �lters out the most events.5.2 Zone of AeptaneEvents whih do not lie near to the lous desribed in Figure 5 above are very likely to be non-X-ray events. Flat�eld alibration data taken at the SAO HRC test faility were examined to help determine the X-ray and non-X-raydistributions of events in the (fp; fb) plane. The �nal pre-launh HRC alibration �at �elds were taken with thedetetor operating at a high data rate, so that the ratio of true X-ray events to bakground is very high (> 1000).Virtually all events taken in a �at �eld exposure lie within a small and well de�ned region of the (fp; fb) plane,whereas most of the non-X-ray bakground events lie outside. The zone of aeptane is the region bounded by thebest �t hyperboli funtions given in Table 1 with the parameter h varied by �0:0300.The atual in �ight performane di�ers from the ground alibration in that the total HRC event rates are typially200-300 ts/se, and most of these are produed by harged partiles. For HRC-I, the penetrating osmi rayomponent an be identi�ed using the partile shield veto signal (the anti-o signal) whih is generated when anenergeti harged partile passes through the 5-sided plasti sintillator box that surrounds the HRC housing. Forthe HRC-S the anti-o signal omes too late relative to the MCP event trigger signal and falls outside of the �xedoinidene timing window, thus rendering the anti-o signal ine�etive. Even for the HRC-I the anti-o veto doesnot fully eliminate all bakground events. The typial HRC-I valid event rate (after veto) is 40-50 ts/se, whereasthe pre-launh expetation was 10-20 ts/se. For HRC-S the valid event rate remains in the 200-300 ts/se rangeand it is neessary to invoke edge blanking to redue this rate to a level that does not �ll the available telemetryspae of � 184 =s.Figure 6 shows the same data as Figure 5, but with the zone of aeptane desribed above plotted as two hyperbolas.By exluding events that are not within the zone of aeptane, the non-X-ray bakground is redued by about afator of two, while the X-ray rate remains unhanged ( within better than 95%).While the quality of the �t of a hyperboli funtion to the measured fp versus fp relation is very good, and alsovery stable, the fundamental basis for this �ad ho� funtional form has not yet been demonstrated. None-the-less, the operational appliation of a funtional form to the observed orrelation is a useful tool that allows formeaningful event �ltering and the empirially derived funtional form makes the implementation of the sreeningalgorithm simple. With almost one year of operation, there has been no detetable hange to the shapes of the zoneof avoidane. Additional ground alibration data from approximately two years prior to launh also onform to the8
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Figure 6: The same data as in Figure 5. Here the boundaries of the zone of aeptane are plotted. They are onstruted from thebest �t hyperbola to the good event lous o�set by �0:030 in the fb axis.�ight generated data. Thus, there is a few year history of stability in the MCP behavior that would indiate thatthe event sreening is robust and reliable.5.3 E�ets of Event SreeningIn addition to improving signal to noise by eliminating muh more of the non-X-ray bakground than the real X-rayevents, the �hyperboli� sreening algorithm also helps to eliminate other sorts of �bad� events from the data. Themost signi�ant of these is the so-alled ghost image whih ours when a readout ampli�er saturates or is otherwisedistorted. An analysis of early �ight data shows that this e�et whih is typially a few perent of all true X-rayevents, is ompletely eliminated (to the level of less than 0.5%).Figure 7 shows the e�et of event sreening on an atual HRC-I image. The 15 kse observation was made in late1999. Table 2 summarizes the results of the sreening proess.Table 2: Summary of Event Sreening for Cen-A ObservationEvents Test685,841 Un�ltered14,080 Bad Fine Positions (i.e., zero sum)59,464 PHA < 20 DU2,228 Ampli�er Saturation808 Flat Distribution165,098 Out of Zone (Hyperbola Test)442,521 Remaining after Sreening9



When the hyperboli sreening test was used on an image of Cen-A (HRC-I) about 35% of all events were rejetedfrom the image. For all of the X-ray soures in that image (exept the nuleus and the di�use galaxy related emission)the loss of events in the soure was less than 5% (in many ases onsistent with no loss) while the bakground wasdereased by about 35-40%. Inspetion of the two images in Figure 7 shows how the �ghost� image from the brightentral soure (nuleus) is eliminated and the overall bakground was dereased.

All Data Filtered DataFigure 7: An HRC-I observation of the nearby Ative Galaxy Nuleus Centaurus-A (Cen-A) showing the e�ets ofevent sreening on image quality and bakground redution.6 ConlusionsThe detailed event data that are telemetered to the ground provide information that an be used to �lter non-X-rayevents from the data stream. Some of the sreening tests are very simple and involve looking for erroneous oarseposition estimates, extreme event amplitudes (both too low or too high), and simple estimates of an event's hargeloud width. While these tests are relevant, they do not produe very large numbers of rejeted events.The most signi�ant event �lter is the zone of aeptane test (or hyperboli test) whih tests measurable quantities10
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