
The AXAF High Resolution Camera(HRC): Calibration andRecalibration at XRCF and BeyondS. S. Murraya, J. H. Chappella, A. T. Kentera, K. Kobayashia, R. P. Krafta,G. R. Meehana, M. V. Zombecka, G. W. Fraserb,J. F. Pearsonb, J. E. Leesb, A. N. Bruntonb,S. E. Pearceb, M. Barberac, A. Collurac,S. SeriocaSmithsonian Institution Astrophysical ObservatoryHigh Energy Astrophysics Division60 Garden StreetCambridge, MA 02138 USAbUniversity of LeicesterDepartment of Physics and AstronomyUniversity RoadLeicester, LE1 7RH EnglandcInstituto e Osservatario Astronomico G. S. VaianaPalazzo dei Normanni90134 Palermo ItalyABSTRACTThe High Resolution Camera (HRC) is a Microchannel Plate based imaging detector for the Advanced X-RayAstrophysics Facility (AXAF) that will be placed in a high earth orbit scheduled for launch in August, 1998. Anend-to-end calibration of the HRC and the AXAF High Resolution Mirror Assembly (HRMA) was carried outat the Marshall Space Flight Center's X-Ray Calibration Facility (XRCF). This activity was followed by severalmodi�cations to the HRC to improve its performance, and a series of at �eld calibrations. In this paper, and thefollowing companion papers, we discuss the calibration plans, sequences, and results of these tests. At the time ofthis conference, the HRC has been fully ight quali�ed and is being integrated into the Science Instrument Module(SIM) in preparation for integration into the AXAF spacecraft.Keywords: X-ray detectors, calibration, at �eld, microchannel plateHigh Resolution Camera, AXAF 1. INTRODUCTIONThe High Resolution Camera (HRC) is one of two focal plane instruments that will soon be launched on the AdvancedX-Ray Astrophysics Facility (AXAF). Construction of the Flight Unit was completed in early 1997 and the instrumentwas shipped to the X-Ray Calibration Facility (XRCF) at NASA's Marshall Space Flight Center on 23 February, 1997for end-to-end calibration with the High Resolution Mirror Assembly (HRMA). This paper briey reviews the designof the HRC, outlines the calibration plan for the XRCF, summarizes the qualitative results from the XRCF, describesthe modi�cations made to the Flight Unit, and illustrates the results of these improvements. Details with regard tothe �nal performance measurements of the HRC are given in companion papers presented at this session1;2;3.2. HRC DESCRIPTIONThe HRC consists of two detector units packaged in a common housing and sharing event processing electronics.The focal plane layout is shown in Figure 1. Much of the detail regarding the HRC has been presented previouslyand will not be repeated here 4.



Figure 1. Layout of the HRC focal plan as viewed looking into the detector housing from the telescope.The square MCP detector (HRC-I) has been optimized for direct x-ray imaging. Its large �eld of view (1/2� ona side) and extremely low background will permit high sensitivity deep exposures to be taken. The internal HRCbackground measured during the XRCF tests was well below 0:1 ct cm�2sec�1, a result of the use of low backgroundMCP's manufactured using radioactive isotope free glass. The AXAF plate scale of 50�m arcsecond�1 (10m focallength), and the high quality of the telescope (about 0.5 arc-second FWHM) allow source detection to be carried outusing arc-second cell sizes. The non-x-ray background in a 1 arc-second pixel is of the order 1 count per fortnight(i.e., about 1 ct arcsecond�2 per 106seconds).The HRC-I can also be used as a readout device for the High Energy Transmission Grating Spectrometer(HETGS)5 that disperses X-rays along the diagonal of the detector. This mode of operation serves as a backupto the primary HETGS readout, the spectroscopy array of CCD's that are part of the AXAF Imaging CCD Spec-trometer (ACIS).The long segmented MCP detector (HRC-S) has been optimized for reading out the Low Energy TransmissionGrating Spectrometer (LETGS)6 that disperses X-rays according to their energy along the Y-axis of the spacecraft(which corresponds to the long axis of the HRC-S). The internal background of this detector is very low, comparableto the HRC-I, and long exposure times are possible without signi�cant background contributions.The HRC-S includes two features that improve its performance as a grating read out. As shown in Figure 1, theUV Ion Shield (UVIS) has a pattern of various thicknesses of Aluminum overcoating. In the central region of theHRC-S the thicker Aluminum blocks FUV and EUV well enough to allow direct imaging as a backup to the HRC-I,albeit over a smaller �eld of view. The long thin strip of high Aluminization along one edge of the three segmentscan be used to block low energy x-rays from �rst order di�raction by the LETGS. This enhances the relative strengthof the higher order spectrum compared with those in �rst order, useful for taking advantage of the greater spectralresolution of these higher orders.The second feature included with the HRC-S, is the inclusion of a pair of reecting ats that can interceptthe incoming x-ray beam. These reectors are shown in Figure 2. They are made of polished Nickel Kanigen on
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Figure 2. The High Energy Suppression Filter. The converging cone of X-rays from the telescope reects o� thecoated ats for low energies, and is absorbed at high energies. The resulting image consists of three components,one from each of the two facets, and one from the direct image.Beryllium substrates, that are then over coated with Carbon or Chromium. At a grazing incidence of a few degreesthe reectivity of these materials cuts o� at about 0.5 keV, thus preferentially blocking the high energy x-rays frombeing detected. As a result, the �rst order spectra from the LETGS are enhanced relative to the higher orders thatwould otherwise overlap on the detector. Although the High Energy Suppression Filter (HESF) was a late additionto the detector design, it was included in the instrument when calibrated at the XRCF. We are still analyzing thedata from that portion of the calibration. However, it is clear from the quick look analysis that the ats are properlyinstalled and functioning. 3. CALIBRATION3.1. Subsystem Calibration at SAOCalibration of the HRC began with subsystem level measurements of the detector components. Uncoated MCP's werescreened and at �elded at Al-K (1.5keV) prior to selection for ight. After coating with CsI, the absolute e�ciencywas measured at 8 energies using a multi-anode Manson electron impact source to generate characteristic x-ray lines,and ow proportional counters as a ux monitor. Flat �elds were also obtained at these energies. Su�cient countswere collected to give at least 3% statistical precision on a 0.8x0.8 mm2 scale. Figure 3 shows the quantum e�ciencymeasurements for the HRC-I obtained in this calibration. Details of this phase of the calibration were reported atthe previous SPITE conference. It is remarkable that these e�ciencies are virtually the same as those estimated inthe original HRC proposal of 1984.Uniformity and transmission of the UVIS's were measured using a non-ight HRC and taking the di�erencebetween images with the �lters in and out of the beam. We also measured the absolute transmission of witnesssamples of the windows using an X-ray uorescence source (X-Kit). Results from this phase of the work have alsobeen reported at previous SPIE conferences7.
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Figure 3. HRC-I quantum e�ciency measured at subsystem level at SAO prior to detector housing assembly. Thesolid line is a coarse model of the e�ciency versus energy taking into account only major absorption edges.3.2. Flight Calibration at XRCFWhen the detector housing was fully assembled, veri�cation measurements were made to con�rm that the completedunit was working properly. Overall absolute e�ciency for the HRC was measured at the same 8 energies usedpreviously. During this time period, the ight UVIS's were damaged and replaced. Unfortunately, there was notime to completely calibrate the replacement �lters to the same level as the original ight items. However, thecomprehensive witness sample program has allowed us to con�dently infer the replacement �lter characteristics aswill be reported during this session3. We found no signi�cant changes in the detector e�ciency nor any signi�cantspatial non-uniformities.Following these subsystem calibrations and full assembly veri�cation tests, the HRC was shipped to MSFC forfurther calibration with the AXAF X-ray telescope. The majority of the tests planned were measurements of theoverall e�ective area (telescope plus detector) at numerous energies. One of the features of the XRCF is the X-raySource System (XSS) which includes a Double Crystal Monochrometer source (DCM) and a High Resolution ErectField Spectrometer source (HIREF). These sources provided \dial-up" energy selection allowing us to examine thesystem performance near known features (e.g. absorption edges in the UVIS, MCP, and CsI coating) as well as inregions well away from such features. With the presence of the HRMA, it was also possible to measure the e�ects ofa converging beam on to the MCP pores in the same geometry as for ight (to be compared with laboratory testsusing collimated beams) and the the reectivity of the HESF mirrors at the same angles as in ight. Other testsinvolved measuring the count rate linearity of the detectors, the spatial linearity over large and small scales, andverifying the point response function of the total system on and o� axis.The availability of the transmission grating spectrometers at the XRCF also provided an opportunity for calibrat-ing the performance of the HRC-S/LETGS and HRC-I/HETGS. These tests were included in the overall calibrationplan at XRCF. They were mainly measurements of total e�ective area for the combined instruments, and mea-surements of the point spread function convolved with the grating response to obtain the energy resolution of the
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+XFigure 4. Aim points on the HRC as it appears at XRCF looking from the telescope towards the focal plane. Thedots are locations where the image of the point source may be located during the calibration. Each detector has alocal coordinate system corresponding to the EGSE display system - these are labeled U,V. The facility coordinatesystem is indicated as X,Y,Z (this is NOT the spacecraft system). The pattern of aim points allows on-axis ando�-axis measurements sampling di�erent regions of the the detector and di�erent azimuths.spectrometers. The primary analysis of these data is being carried out by the Grating teams.Since two detectors were being calibrated as well as two spectrometers, the number of individual tests quicklybecame large. Each test is characterized by many parameters - the source con�guration, the geometry of the X-raytelescope and HRC, the grating status, and the con�guration of the various beam monitors. To manage these testsand generate a test sequence, a Calibration Master Data Base (CMDB) was created by the AXAF Science Center,and scheduling software was written to maximize the total throughput of the system. Sustained 24 hour a day, sevenday a week operation was required to complete the calibration program within the allowed time, which for HRC plusLETGS was just 24 days of beam time. In that time we successfully completed the entire planned program as wellas numerous added tests, for a total of 1111 measurements. The overall testing e�ciency achieved in this phase ofthe XRCF very good. We were collecting data for about 70% of real time over the time period 19 March, 1997 to12, April 1997.Figure 4 shows the locations of aim points on the HRC for the XRCF. Due to the count life restrictions of anMCP detector, we were very careful to avoid long X-ray exposure at any single location of the detector. In manycases this was achieved by deliberately positioning the HRC slightly out of focus and spreading out the incident ux.This strategy was well suited for e�ective area measurements since our at �eld data showed that the detector doesnot have large variations in response on the scale of about a millimeter. In actual observations, the AXAF spacecraftwill be slowly dithered in a 2-D pattern with about a 1 millimeter amplitude averaging out small scale variations,and avoiding high exposure to any single MCP pore.The �rst light x-ray image for the HRC in the XRCF was obtained using the HRC-I and with the detector locatedabout 25 mm in front of the focal plane. This image is shown in Figure 5. Two out of 16 mirror shutters were closed



Figure 5. The �rst X-ray image at XRCF using the HRC-I. The detector is situated about 25 mm in front of thefocal plane, with two quadrant shutters closed on shells 3 and 4 of the HRMA.

Figure 6. Typical serpentine \dither" pattern used at XRCF to simulate the spacecraft motion and to avoid overexposure on the HRC.during this test, one each on HRMA shells 3 and 4 in order to verify the orientation of the HRC UV plane withrespect to the calibration facility, and to con�rm that the detector was properly located in the axial (X) direction.For those cases where defocus was not an option (e.g. measurement of the point spread function or gratingresolution), we used a simulated dither mode by moving the detector in the Y-Z plane in small steps for small timeintervals. A typical \dither" consisted of a serpentine pattern of 40�m steps every 5 seconds, �rst in the Y-axis andthen in the Z-axis (see Figure 6). In the data analysis, these motions can be \taken out" in the same manner as anaspect correction made to the detected coordinates of each photon.Figure 7a shows an uncorrected image taken while dithering in a 800�m box. The HRC-I detector is rotated



(a) Uncorrected "dithered" image (b) Corrected imageFigure 7. An HRC-I image taken at XRCF while dithering to avoid over exposure of the MCP. The test was madeusing the C-K EIPS source, and the HRC was place at the focus of the telescope. (a) is the uncorrected image,(b)is the image after correcting for the FAM motion.approximately 45� relative to the facility. In Figure 7b, the corrected image is shown. The corrections were madeby selecting out X-ray events that occurred only when the detector was not moving and re-mapping those photonpositions by the o�set of the detector from a nominal reference position. Time tagging for each detected event is a partof the HRC data structure. An independent time tag is provided for the focal plane mount that holds the HRC. Thisassembly, provided by Ball Aerospace, consists of a Simulated Science Instrument Module (LASSZ), and a movabletable (the FAM) which can move in X,Y,Z in 10�m steps and also can rotate about each axis (�x; �y; �z). The HRCand FAM clocks are referenced to IRIG-B (Inter-Range Instrumentation Group) time generators for synchronization.In Figure 8 we show the energies at which e�ective area measurements were made for the HRC-I. For reference,the plot shows shows a smooth curve of QE versus energy with little or no detail at the locations of expected featuresdue to absorption. The vertical lines show the energies at which we measured the e�ective area. These bracketexpected features (shown as points) so that any jumps can be measured. We also included intermediate energiesto constrain the curve in featureless regions. In all, approximately 50 energies were selected spanning the 0.1 to 10keV region of the spectrum. With the exception of a few electron impact source lines (e.g. B-K, Be-K, C-K), theseenergies were achieved with the DCM and HIREFS sources.3.3. Annomolous Behavior - Oops!Following the tests using the mirror and gratings, we had planned to conduct a series of at �eld exposures at theXRCF taking advantage of the very uniform beam (due to the long distance from the source to the detector), andthe excellent ancillary beam monitoring equipment. However, these tests were not carried out at the XRCF.3.3.1. RipplePrior to the start of the XRCF tests, the HRC was baked out in a special MSFC facility to make sure that theinstrument would not contaminate the HRMA. During the bakeout test, we were able to operate the fully assembled
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Figure 8. Plot of the approximate QE versus Energy for the HRC-I detector. The \pluses" indicate energies wherea feature is expected in a detailed plot, usually due to some absorption edge in the materials of the UVIS, MCP, orcoating. The lines show the energies that were planned for measurement at the XRCF.system for the �rst time. In these tests we noted a large number of event trigger signals with no valid readout signal.We were we able to access only a few test points on the detector in the bakeout facility and examined some of thereadout signals. We discovered a 91 KHz noise signal that was only present when MCP high voltage was turned on.The amplitude of the noise correlated with the high voltage value. Although we could not monitor the event triggersignal directly, we concluded that this 91 KHz noise was also present on the MCP trigger signal, resulting in thelarge number of false events.A quick remedy was to change the threshold level for event triggers. This level is commandable and it was raisedto eliminate the false triggers. Speci�cally, the HRC-I threshold was raised from about 10 DU to 32 DU (out of amaximum of 255), and the HRC-S threshold was increased from about 10 DU to 40 DU. Post XRCF tests showedthat the HRC-I threshold setting could have been as low as about 20 DU while still eliminating most false triggers.At the time, this seemed to be a minor change in the operation of the HRC, as the threshold was only changedby the equivalent of a few percent of its adjustment range. In retrospect, this resulted in a signi�cant change inperformance (as discussed below).3.3.2. High GainWhen the HRC was �nally installed in the XRCF and we began the the test sequence with X-rays through thetelescope, we noted that a large fraction of detected events had total pulse heights at the saturation limit of thereadout electronics. As many as 20{30% of HRC-I events were being incorrectly located due to electronic saturationin the readout ampli�ers and/or A-to-D conversion. With the instrument already in the XRCF chamber, we madethe decision to lower the MCP gain until the signals no longer saturated the electronics. For both HRC-I and HRC-S,we lowered the MCP voltages by about 40 volts/plate. This reduced the fraction of events with saturated pulse heightto at most a few percent.



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25

E
nc

irc
le

d 
E

ne
rg

y 
(%

)

Radius (pixels)

HRC-I On-Axis PSF

Dithered
Pointed

Figure 9. Encircled energy versus radius for dithered and pointed measurements with C-K X-rays4. XRCF RESULTSDespite the problems described in the preceding section, the actual XRCF calibration for the HRMA plus HRCstarted on day 078 (19 March, 1997) and continued through day 102 (12 April, 1997). In that time there were1111 individual HRC test sequences. The HRC was operated at reduced MCP high voltage and increased eventtrigger thresholds in order to maintain the very constrained XRCF schedule. Operations were through the sameinterfaces that will be in place during ight. The data and command formats were identical to ight, althoughnon-ight hardware was used to emulate the con�guration. The software systems used to control the instrument,receive and archive the data, and perform realtime display and analysis were the same as those planned for ight.This arrangement gave us a chance to develop and test these interfaces and software. One very positive result wasthe development of various command sequences for initializing the HRC, and valuable experience in the operationalaspect of the detectors.During the calibration, a huge number of data �les are generated. There was a primary instrument data setgenerated by the HRC EGSE which contains the complete AXAF telemetry stream. From the XRCF X-ray sourcesystem there were �les that monitor the source. From the SAOMission Support Team there were �les from the variousbeam monitors used for ux calculations, incident spectra, and spatial uniformity across the telescope aperture. Fromthe Kodak HRMA EGSE there was data on the orientation of the X-ray telescope and the status of grating assemblies.From the Ball FAM EGSE there was data on the location of the instruments in the focal plane. And from the TRWTest Conductor's Log there was a time line of all activities and a listing of the desired parameters for that test. All ofthese data sources needed to be correlated so that the appropriate information for each test could be extracted. Eachdata source was time tagged using an IRIG-B time generator, so that this correlation can be made. Unfortunately,during the HRC calibration phase,there were problems with the IRIG system resulting in unreliable time stamps inthe data streams. The process of sorting out these inconsistent times has made a complete analysis of the calibrationmore di�cult then expected, and it has delayed some of the results.None-the-less, a great deal of the calibration has been examined, and preliminary results are available. A fewhighlights are discussed below, more details are contained in the other HRC papers in this session1;2.The overall e�ective areas for HRC-I and HRC-S are close to that expected values based on the subsystemcalibration data and the HRMA model, and generally follow the predicted shapes. The HRC-S appears to haveabout 20% less e�ciency than the HRC-I, which is attributed to the changes in MCP voltage and trigger thresholdthat were used at the XRCF. More details can be found in the Kenter et al. and Kraft et al. papers from thissession1;2.
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(A) (B)Figure 10. Ring Focus image and the normalized rate versus azimuthal slice for Ring Focus. There is a smallazimuthal count dependence of �10% from the mean. This variation is essentially the same for all four shells, andit is aligned (and consistent) with the direction of the MCP bias angle.The measured HRMA plus HRC-I point spread function is shown in Figure 9. We �nd about 50% of the powerwithin a 1 arc-second diameter. A similar measurement that was made without dithering (obtained during the countrate linearity tests) is also shown in Figure 9. This gives a somewhat better PSF indicating that the accuracy ofthe dither correction is not as good as we expected, or that there are uncorrected motions in the focal plane whendithering.A long \ring focus" image was made with the HRC-I at 1.25 keV (Mg-K) from which the azimuthal dependenceof the HRC quantum e�ciency was measured. The AXAF optics generate a cone of X-rays with half angle rangingfrom about 1.5 to 3.5 degrees relative to the optical axis. The HRC MCPs have a bias angle of about 6 degrees sothat some of the X-rays strike the detector at angles as small as 2.5 degrees relative to the MCP pores. Since theMCP quantum e�ciency depends on the angle of incidence, there will be a variation of the counting rate around aring image. Figure 10 shows the results from the ring focus test. The azimuthal variations are within �10% for allfour shells. 5. MODIFICATIONS AND RECALIBRATIONAfter the XRCF testing was completed the HRC was returned to SAO so that the 91 KHz and high gain problemscould be addressed. It was also more convenient to make the at �eld measurements at the SAO facilities where ahigh speed data tap could be used to permit data rates 10 times higher than available at the XRCF.5.1. SolutionsWith the HRC at SAO it was possible to make better diagnostic measurements to help in understanding the rootcauses of both the 91 KHz ripple seen at MSFC, and also the unexpected higher gain of the analog electronics. TheHRC was mounted in a test con�guration where there was access to interior test points while the detector housingwas held at vacuum allowing the MCPs to be illuminated with X-rays. While diagnosing the HRC problems in thiscon�guration, we carried out a series of at �eld measurements for both HRC-S and HRC-I to establish a baselineset of measurements corresponding to the XRCF state of the instrument. Measurements were made at the same
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Dividers Figure 11. Block diagram of the front end electronics. The hybrid preamps have a linear range of 0 { 15 v, whilethe subsequent �ne position ADC has a 0 { 10 v linear range. By inserting a 3:2 resistive divider at the inputs tothe �ne position ADC's the extended range of the preampliers will not result in saturation in the ADC.8 energies as the subassembly calibrations. These measurements (taken at the lower MCP high voltage settings,and increased trigger threshold levels) clearly showed signi�cant energy dependent spatial variations in detectione�ciency.5.1.1. High GainThe desired electronic gain was determined during the early phase of the instrument development cycle and this valuewas incorporated into the speci�cations for the hybrid preampli�er vendor. In retrospect, that gain requirement wasprobably derived from laboratory tests of MCPs that were either not coated with CsI, or were not of the same type(e.g. low noise) as the ight MCPs. However, this discrepancy was not noted prior to the XRCF tests. Due to thepressing AXAF schedule, the fully assembled HRC was not tested before being shipped to MSFC, so there was nodata to suggest a problem.The front end electronic gain of the HRC is controlled by settings on each of the 128 charge sensitive hybridpreampli�ers (64 per axis). There are two sets of these preamps for a grand total of 256 devices. The gain iscontrolled by a resistor in the operational ampli�er feedback loop of each preamp. The hybrid units are individuallytrimmed, sealed in hermetic cans, and wave soldered to printed wire circuit boards. Each hybrid preamp PWC holds8 units, for a total of 16 such boards.The most direct solution was to modify all of the 256 hybrid preampli�ers; however, the risk would have beenmuch too high. Fortunately an alternative solution was found. In Figure 11 we show a simpli�ed block diagram ofthe HRC Front End Electronics (FEA). The linear range of the grid hybrid preamps is 50% greater than the linearrange of the rest of the analog processing chain. By adding 3:2 resistive dividers at the inputs of the three �neposition analog to digital converters (for each axis), the overall electronic gain was decreased by 50% allowing theMCPs to operated at their nominal high voltage (and gain) without producing electronic saturation. These changeswere relatively easy to implement.



5.1.2. 91 KHz RippleWhile still at the XRCF, this problem was traced to the R-C �lter network between the HVPS and the detector.Due to schedule pressures, the fully assembled HRC instrument was never completely tested prior to shipment tothe XRCF. The detector subsystem tests discussed above were all made with non-ight high voltage power suppliesand �lter networks. At the XRCF, repair or replacement of the �lter network was considered and rejected since itinvolved a major disassembly of the certi�ed clean instrument, and would have meant that the HRC and HRMAcould not be calibrated together. (The overall AXAF schedule required the HRMA to be shipped to TRW to beginspacecraft integration by the end of April.)However, we did begin the work of redesigning the �lter network, adding an additional R-C stage to better isolatethe DC-DC converter from the MCPs. By the time the HRC was returned to SAO, we had these new �lters availablefor testing and replacement. When the initial at �eld tests were completed, the HRC was taken from the X-raycalibration system and placed in a clean room so that the electronics box containing the high voltage power suppliesand �lter networks could be removed. The disassembly of the unit, was followed by the removal of the faulty �lternetworks and their replacement.5.1.3. RecalibrationThe re-assembled unit was then placed back in the calibration facility for a additional at �eld measurements. Twomeasurements were made at each test energy. One where only the MCP high voltage was changed relative to theXRCF con�guration, and a second where both the high voltage and the trigger level were changed. The high voltagesettings were close to the values used during the subsystem level tests, and the event trigger levels were set to 8 DUfor both the HRC-I and HRC-S.Figure 12 shows a at �eld surface plot for the HRC-I taken at the three con�gurations used. The number ofcounts in a 0.8mm square pixel is plotted versus the U-V position of the pixel. The counts are plotted in arbitraryunits where 100 is the the average for the �eld. Also plotted are contours of constant counts, Panel (A) is statusduring the XRCF calibration, showing the rapid fall o� in detector response around the detector edges. This behaviorpresent at all energies and explains the decrease in HRC-I o�-axis e�ciency. In panel (B) the MCP high voltage wasincreased, and there is considerable reduction in the fall o� of the detector response. In panel (C), the e�ect of alsolowering the event trigger level is seen. The detector response is much more uniform (�5% over 95% of the activearea). There is also a small increase in the peak absolute e�ciency of the HRC-I in this �nal operating con�guration.Figure 13 is a surface plot for the +1 segment of the HRC-S. This is the segment along the +Y axis of AXAFand was the section of the HRC-S that showed greatest spatial non-uniformity during the XRCF. The number ofcounts in 0.8mm pixels (normalized to arbitrary units) is plotted versus the U-V pixel coordinates. The leftmostplot (A) is for the XRCF operating conditions. Variations in the detector e�ciency are as large as 50% along theV (dispersion) direction. The center plot (B) shows the e�ects of increasing the MCP high voltage. The plot showsmuch less variation than for the XRCF con�guration. At the same time, the absolute e�ciency at this voltage isalmost 40% higher than the previous con�guration. This improvement results from driving more of the MCP areainto saturation at the higher operating voltage. Finally the rightmost plot (C) shows the e�ect of also decreasingthe trigger threshold level after removing the 91 KHz feedthrough. The response is much more uniform along theV-axis, variations are only about �10%, and the U-axis variations have also decreased. With these modi�cations,all three HRC-S segments now show similar behavior. The left-right asymmetry seen during the XRCF has beengreatly reduced, and the absolute detection e�ciency is close to the subsystem values obtained prior to the XRCFtests. 6. CONCLUSIONSThe HRC has been fully calibrated and recalibrated using the facilities at SAO and the XRCF at MSFC. Twoproblems were discovered during the XRCF phase of calibration and these were corrected during rework at SAO.The instrument (which is presently being integrated onto the AXAF Science Instrument Module) now meets orexceeds all of the performance speci�cations.Some valuable lessons have been learned in this process, key of which is the need to adequately test an instrumentin its �nal con�guration, and to be able to analyze calibration data in as near to real-time as possible.
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Figure 12. Surface plots of an HRC-I at �eld measurement at Al-K (1.49 keV).
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