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s,60 Garden St, Cambridge, MA 02138ABSTRACTThe High Resolution Camera (HRC) on-board the Chandra X-ray Observatory (CXO) provides the highest resolutionX-ray images of 
elestial sour
es ever taken. Unfortunately, ringing in the ele
troni
s 
ompromises the positionreadout signals for some of the events. The 
ompromised signals a�e
t the angular resolution that 
an be a
hieved.We present an empiri
ally derived algorithm that 
an be used in ground pro
essing of the data to minimize theimpa
t of the ringing on the 
al
ulated event positions.Keywords: X-ray dete
tors, mi
ro
hannel plates, 
rossed-grid 
harge dete
tor, High Resolution Camera, ChandraX-ray Observatory 1. INTRODUCTIONThe Chandra X-ray Observatory (CXO), the third in NASA's \Great Observatories" series, is designed for high-resolution imaging and spe
tros
opy in the energy range 0.07 to 10.0 keV.1 The CXO opti
, the High-ResolutionMirror Assembly (HRMA),2 provides the highest-resolution 
elestial X-ray images ever a
hieved with a 50% en-
ir
led energy radius of �0.3 ar
se
onds. The CXO has two fo
al plane instruments: the Advan
ed CCD ImagingSpe
trometer (ACIS)3,4 and the High Resolution Camera (HRC).5 High resolution spe
tros
opy is a
hieved by in-serting either the High Energy Transmission Grating (HETG)6 or Low Energy Transmission Grating (LETG)7 intothe opti
al path.The HRC 
ontains mi
ro
hannel plate based X-ray dete
tors, similar to the High Resolution Imagers from boththe Einstein and ROSAT missions. There are two dete
tors within the HRC: one designed for imaging, the HRC-I,and one designed to be used as the read-out for the LETG, the HRC-S. Details of the 
alibration and early missionon-orbit performan
e of the HRC dete
tors are given in Kenter et al. (2000)8 and Kraft et al. (2000).9Sin
e laun
h there have been a few surprises in the HRC performan
e.10,11 This paper des
ribes one of thosesurprises, an instrumental blurring of the images. In se
tion 2 we des
ribe how the HRC generates the data that areused to determine X-ray event positions. Se
tion 2 also 
ontains a des
ription of a hardware problem that a�e
tsthe data from some of the events. In se
tion 3 we des
ribe the signature of the 
orrupted data. Se
tion 4 
ontainsan empiri
ally derived 
orre
tion algorithm that 
an be used to minimize the amount of instrumental blur and anexample of the results of its appli
ation. Finally in se
tion 5 we have some 
on
luding remarks.Send 
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2. EVENT POSITION DETERMINATIONThe HRC uses a 
rossed grid 
harge dete
tion s
heme to register the position of the 
harge 
loud produ
ed by anevent emerging from the bottom of the MCP sta
k.12 This method was used for the Einstein and ROSAT HRIs. Adetailed explanation of the operating prin
iple of the 
rossed grid 
harge dete
tor (CGCD) 
an be found in Chappell& Murray (1989).13 Brie
y, the HRC CGCD 
onsists of two planes of wires that run perpendi
ular to ea
h other.Adja
ent wires along a single axis are 
onne
ted via resistors. Every eighth wire is 
onne
ted to a 
harge ampli�er;this lo
ation is known as a tap. The 
harge that is deposited on an individual wire is divided between the two nearesttaps in inverse proportion to the ratio of resistan
es from the wire to the taps. Using the signals from the threeampli�ers 
entered on the 
harge 
loud (Ai�1, Ai, and Ai+1), the event position relative to the 
entral ampli�er (tapi) 
an be determined via a \three tap position algorithm"13:fp = Ai+1 �Ai�1Ai�1 +Ai +Ai+1 : (1)This algorithm 
an be further modi�ed to a

ount for \gaps" 
aused by in
omplete 
harge 
olle
tion.13 This fp isadded to the event's 
oarse position, given by the number of the tap that is the 
enter of the distribution, and s
aledto produ
e an event position. The 
al
ulation of the event position is not performed on-board but rather the 
oarseposition and the size of the three tap signals for ea
h axis are telemetered to the ground and the 
al
ulation is donein the ground pro
essing.The event 
oarse position is determined by the HRC instrument by the following pro
ess. An event is dete
tedwhen the signal from the ba
k MCP ex
eeds a 
ommandable threshold value. On
e the event is dete
ted, the signalsfrom the taps on the CGCD are sampled and 
ompared to a threshold. This tap-signal threshold is dynami
allyadjusted, based on the size of the MCP signal, in order to avoid having too many of the tap signals above threshold.A set of \UP" and \DOWN" priority en
oders are used to determine the lowest and highest tap numbers for whi
hthe signals ex
eeded the threshold. These two numbers are averaged to return a 
andidate 
oarse position; thehalf-integer values are trun
ated. Given a 
andidate 
oarse position on tap number i, a multiplexer sele
ts fourneighboring tap signals, i�1, i, i+1, and i+2, for the next step in 
oarse position determination. The signal on the
andidate 
oarse position tap (i) and that on the next higher numbered tap (i+1) are 
ompared to determine whi
htap has the larger signal; that tap number be
omes the sele
ted 
oarse position. The 
oarse position tap signal andthe two adja
ent signals are then sele
ted for digitization and insertion into telemetry. The three signals are inputto ampli�ers with sele
table gains for whi
h the gain settings are determined by the amplitude of the pulse from thebottom MCP. The sele
ted s
ale fa
tor appears in the telemetry for ea
h event. Finally, the three signals are inputto ADCs for 
onversion to serial digital data and bu�ering for output into the telemetry stream.2.1. \The Problem"The gains of ampli�ers at the input to the ADCs were redu
ed late in the program in order to a

ommodate a largerthan expe
ted gain in the MCP output.14 Unfortunately, the gain redu
tion led to a marginal instability in theampli�ers whi
h was dis
overed too late to be 
orre
ted. This instability 
orrupts the data of the telemetered positiontaps under a spe
i�
 set of 
onditions: the least sensitive ampli�er s
ale fa
tor is sele
ted and the initial 
andidate forthe 
oarse position is in
orre
t. When an even number of taps have signals that are above threshold we expe
t thathalf the time the initial 
andidate for the 
oarse position will not have the largest signal (i.e when the event positionis more than half-way to the next-higher-numbered tap). In the 
ase where the next-higher-numbered tap is the
oarse position that is sele
ted, the event will have Ai�1 > Ai+1 in equation 1 so the event will be on the negativeside of the tap. Changing the 
oarse position from the initial 
andidate to the next-higher-numbered tap 
auses
hanges in the size of the signals going into the ampli�ers with sele
table gains. Be
ause of the marginal instabilityon the least sensitive s
ale, there is a ringing, generated when the signals are swit
hed, that is still present at thetime that the signals are sampled. Examples of this behavior, taken in the laboratory using 
ight-like ele
troni
s,are shown in �gure 1. The ringing results in o�sets on the telemetered tap values from their true values, with thesmallest signal of the triplet for an axis being the most a�e
ted. When the event position is 
al
ulated from the
orrupted data, the positions are in
orre
tly determined and 
an be o� by a few pixels. It is possible to at leastpartially 
orre
t the data for the e�e
ts of the ringing during ground pro
essing.



Figure 1. Examples of ringing on a tap signal, as observed in a laboratory version of the HRC 
ight ele
troni
s. Theamplitude of the 
hange in the signal is higher in (a) than in (b). The verti
al line at the 
enter of ea
h photographis the point at whi
h the signal is sampled. The signal in (a) is sampled at an earlier phase in the os
illation thanthe signal in (b). 3. CHARACTERISTICS OF SIGNAL CORRUPTIONIdeally we would develop an algorithm for 
orre
ting the tap data through a detailed analysis of the voltage signals;we do not have this 
apability with the 
ight instrument. We 
an use the laboratory ele
troni
s to understand thegeneral 
hara
teristi
s required to develop the 
orre
tion algorithm but the detailed 
orre
tions will not be the same.However, we 
an examine the telemetered tap values in the 
ontext of the knowledge gained from the laboratory anduse them to derive the detailed 
orre
tions.Figure 2 is a s
atter plot of fra
tion of the signal that is on the 
enter tap versus the �ne position (fp) for a subsetof the events that are not a�e
ted by the ringing from an HRC-I observation of supernova remnant Cas-A. The eventslie in a well-de�ned band in this parameter spa
e that has a hyperboli
 shape.10 The well-de�ned hyperboli
 shapeimplies that there is a well-de�ned relation between the relative sizes of the tap signals as a fun
tion of positiona
ross the tap. We 
an use these relationships to study the deviations in the tap signals produ
ed by the ringingin the signals. Figure 3 shows two other subsets of data from the same observation as �gure 2; the key di�eren
eamong the three subsets is the size of the total 
harge 
olle
ted on the CGCD. In both of the latter two subsets, thelo
us of points on the positive �ne position side follows the same 
urve as the data displayed in �gure 2, while mostof the events on the negative side are systemati
ally o� of the hyperbola that des
ribes the shape of good positions.Moreover, there are di�eren
es between these two subsets in their deviations from the lo
us of good points whi
hdepend on the size of the signal measured on the grid. One di�eren
e between the two to note is that the �ne positionat whi
h the dis
ontinuity o� of the 
urve o

urs be
omes more negative as the pulse height in
reases. This e�e
t
an be explained by the fa
t that the ringing requires there to be an even number of taps ex
eeding a threshold andlarger signals allow the events to o

ur farther away from the 
enter of the tap before the number of taps abovethreshold 
hanges from three to two.The event data plotted in �gures 2 and 3 has already been somewhat pro
essed; better insight into how the datais being 
orrupted 
an be obtained by plotting raw tap data. Figure 4 is a s
atter plot of V-axis tap values from asubset of the events on the least sensitive ampli�er s
ale. In telemetry pro
essing, the V-axis tap signals are giventhe names AV1, AV2, and AV3, where AV2 is the signal from the 
oarse position tap, i, and AV1 and AV3 are thesignals from the i� 1 or left and i+ 1 or right taps respe
tively. Corresponding name assignments are given to thetelemetered U-axis tap signals. The events in �gure 4a are not a�e
ted by the ringing in the ampli�er, while those



Figure 2. Plot of the fra
tion of the 
harge on the 
enter tap versus �ne position for events showing the \hyperboli
"shape of the lo
us of well de�ned positions. The solid lines are hyperbolas that de�ne the mean lo
us of good eventpositions and limits that are used for s
reening test used to preferentially sele
t X-ray events relative to ba
kgroundevents or events that otherwise have poorly determined positions.

(a) (b)Figure 3. Plot of the fra
tion of the 
harge on the 
enter tap versus �ne position for events showing the e�e
t ofringing on the �ne positions. In (a) the subset is sele
ted from the lower end of the pulse height range a�e
ted bythe ringing. In (b) the subset is sele
ted from the upper end of the pulse height range a�e
ted by the ringing.



(a) (b)Figure 4. V-axis tap values: a) Left tap (AV1) vs 
enter tap (AV2) for events that o

ur to the right of the 
entertap. b) Right (AV3) tap vs 
enter tap (AV2) for events that o

ur to the left of the 
enter tap. The solid linesfrom the origin show the expe
ted linear relationship between the tap values at the 
enter and edge of the tap as thesignals in
rease in amplitude. A sinusoidal pattern 
aused by the ampli�er ringing is 
learly evident in panel b.in �gure 4b are. The 
orruption of the right side tap data for events o

urring on the left (negative) side of the tap
an be seen as the sinusoidal pattern relative the expe
ted linear relationship with in
reasing amplitude.It is not initially obvious why a damped ringing of the ampli�er signals should introdu
e a sinusoidal distortion.If the sampling o

urs at a �xed time after the tap sele
tion is swit
hed, we would naively expe
t the size of theerror to depend only on the amplitude di�eren
e between the signals; the period and de
ay-time 
onstants shouldbe �xed by resistan
es and 
apa
itan
es in the ele
tri
al 
ir
uit. An examination of the data in �gure 1 reveals thatthe ringing is initially limited by the slew rate in the ampli�er. The slew-rate limitation introdu
es an amplitudedependent shift in the phase of the os
illation at the time of sampling.3.1. Sinusoidal DeviationsA better look at the sinusoidal distortion of the right tap signal 
an be obtained by restri
ting the range of values ofthe left tap relative to the 
entral tap; this e�e
tively restri
ts the events to a limited range of �ne positions. Withthis sele
tion of events it is also possible to remove the expe
ted linear trend between the two tap values and observethe sinusoidal distortion dire
tly. Figure 5 shows the AV3 deviations from the expe
ted value for only those eventsfor whi
h AV1/AV2 is in the range 0.98-1.00; these are the events near the negative edge of the tap (fp ' �0:5).The amplitude of the sinusoidal distortion in
reases as the size of the 
enter tap signal in
reases. From the spa
ingbetween the sinusoid zero 
rossings, it is also apparent that the period of the sinusoid in
reases with in
reasing 
entertap signal. We 
an empiri
ally 
hara
terize the distortion with a sinusoid in whi
h the amplitude and period arelinear fun
tions of the 
enter tap value:�AV3 = �AV2 + ba � sin�2� AV2� �
AV2 + d� : (2)The period fun
tion 
an be determined from the \zero 
rossing" points of the deviations from the expe
ted value.There is a multipli
ity in period solutions depending on the phase adopted for the zero-
rossing points (i.e. does the
rossing at AV2 � 1640 
orrespond to 0.5, 1.0, 1.5,... 
y
les). On
e the period fun
tion is sele
ted, the amplitudefun
tion 
an be determined from the observed deviations at sele
ted AV2 values, 
orre
ting for the magnitude of thesine fun
tion.Figure 6 shows a plot similar to �gure 5 but for events with AV1/AV2 in the range 0.295-0.305. In this �gure thesinusoid that is plotted with a dashed line is the same as the one in �gure 5; 
learly, the zero-
rossing points have



Figure 5. Deviations of the 
orrupted AV3 tap signals from their expe
ted values. The events are sele
ted to befrom fp ' �0:5 by having AV1 � AV2. The solid 
urve is an empiri
ally derived sinusoid model for the distortion.

Figure 6. Deviations of the 
orrupted AV3 tap signals from their expe
ted values. The events are sele
ted to haveAV1/AV2 in the range 0.295-0.305. The dashed 
urve is the same sinusoid as plotted in �gure 5. The solid 
urvedi�ers from the dashed 
urve only in the value of � used in the sinusoid des
ribed in equation 2.



Figure 7. V-axis sinusoidal deviation lower zero-
rossing point as a fun
tion of AV1/AV2.shifted. The sinusoid plotted with a solid line di�ers from the one plotted with a dashed line only by the value of �in equation 2. Sin
e the zero-
rossing points shift as AV1/AV2 
hanges, the sinusoid should be modi�ed by making� a fun
tion of AV1/AV2, �(AV1=AV2). Figure 7 is a plot of the lower of the two zero-
rossing points as a fun
tionof AV1/AV2. The solid 
urve is a fun
tion of the form:�+ ���AV2AV1�
 � 1� ; (3)The fun
tional form of �(AV1=AV2) is the same this 
urve but the 
onstants � and � will 
hange. If we havedetermined the amplitude and period fun
tions for the sinusoid from the AV1/AV2 � 1 range while imposing the
onstraint � = 0, then � will be for
ed to zero. The value of � is modi�ed by the 
hoi
e of the phase of this zero
rossing point. 4. CORRECTION ALGORITHMThe sinusoid fun
tion determined above 
an be used to 
orre
t the a�e
ted data on an event-by-event basis. Theevents that are a�e
ted must meet the following 
onditions:� AMP SF = 3 (identi�es least sensitive ampli�er s
ale)� A1 > A3 for the axis - one or both 
an be a�e
ted� the signals on an even number of taps are above thresholdThe last item in this list is the hardest 
ondition to identify. In order to avoid having too many taps trigger abovethreshold, the value of the threshold used in the 
omparison is dynami
, 
hanging with the size of the signal fromthe bottom MCP. Unfortunately, there is no dire
t measure of the size of the MCP signal in the HRC telemetry; the
losest things that we have available are the event pulse height (determined from the total 
harge 
olle
ted on theCGCD) and the amplitudes of the tap signals. An additional pie
e of data is available from the 
ight instrument:



Table 1. Sinusoid Corre
tion CoeÆ
ientsHRC-I HRC-SCoeÆ
ient V-axis U-axis V-axis U-axisa -35.3 20.0 -40.0 -24.0b -728.0 -740.0 -655.0 -690.0
 0.278 0.241 0.279 0.279d 638.0 979.0 655.0 530.0� 50.0 12.0 0.0 6.7
 0.7 2.0 1.0 1.75A1/A2 threshold 0.14 0.20 0.20 0.20there are a pair of status bits that indi
ate whether the event ex
eeded a 
ommandable event-width threshold, onebit for ea
h axis. This feature was implemented as an aid in identifying events that are likely to have been generatedby a 
harged parti
le. The event width threshold has been set to 3 so that only for events where the number of tapsthat are above threshold ex
eeds 3 on an axis will its 
orresponding bit be set. The \width-threshold-ex
eeded" bitis set for only a small fra
tion of the events when the threshold value is 3. We 
ould lower the event-width thresholdto 2 and use the setting of these bits as an aid in identifying the events that require 
orre
tion but we still need todevelop a 
riterion that will sele
t between events with two or three taps above threshold for use with data takenprior to 
hanging the threshold.Sin
e we have the freedom to modify the laboratory version of the ele
troni
s, we have 
onverted some unusedstatus bits to 
ag events for whi
h the initial 
andidate 
oarse position was in
orre
t. We hope to use the laboratorydata with this modi�
ation to determine whi
h relationships among the tap signals and pulse height provide the best
han
e of dis
riminating between events with two and with three taps above threshold; however, this work is not yet
omplete. Even guided by the results from laboratory tests, we must still examine the data from the 
ight instrumentto 1) judge the appli
ability of the relationships to the 
ight data and 2) to determine the spe
i�
 values to be used inany 
omparisons. As a start and without the bene�t of guidan
e from laboratory data, we have examined the 
ightdata with the goal of �nd a simple relationship between tap values that will provide the ne
essary dis
rimination. Asele
tion that we have found that identi�es most of the events that require 
orre
tion, without in
luding too manythat do not, is to 
hoose events for whi
h A1=A2 > 
onstant.On
e the a�e
ted events are identi�ed, the 
orrupted tap values 
an be 
orre
ted. Combining the forms ofequations 2 and 3 results in an equation for 
orre
ting the value of the right side tap:A3
orre
ted = A3telemetered��A2 + ba � sin0�2�A2 � � ��A2A1�
 � 1�
A2 + d 1A (4)We determined the 
oeÆ
ients used to 
orre
t the data from the HRC-I and HRC-S using 
alibration observationsof the supernova remnant Cas-A. Using a large di�use target allows us to sample the behavior of the signals on alarge number of taps. Only the 
oarse positions 
ontaining X-ray events from the remnant were used, a 10 tap by10 tap region. The derived 
oeÆ
ients are listed in table 1.As a test of the 
orre
tion given by equation 4 and the 
oeÆ
ients in table 1, we applied them to the 
alibrationobservation of the bright sour
e 3C273. Figure 8 display the events from the negative side of the V-axis and U-axistaps with the 
orre
tions applied to the a�e
ted events; in both 
ases the sinusoidal distortion is greatly diminished.On
e the tap data have been 
orre
ted, event positions in the dete
tor and their 
orresponding lo
ations on thesky 
an be 
al
ulated. As mentioned in se
tion 2, the �ne position 
al
ulated via equation 1 must be modi�ed toa

ount for the information lost due to in
omplete 
harge 
olle
tion when only three tap signals are used.13 Thisdegapping 
orre
tion essentially determines the event lo
ation relative to the 
enter of the tap using a polynomialin fp. Chappell and Murray (1989)13 showed that a se
ond order polynomial degap 
orre
tion should be suÆ
ientto 
orre
tly position the events to better than one pixel. A �fth-order polynomial has been used in most of thestandard pro
essing of HRC data. Su
h a high order polynomial was adopted in an attempt to 
orre
t for the e�e
tsof the ampli�er ringing. Unfortunately, the �fth-order 
oeÆ
ients were derived from data from the entire width of



(a) (b)Figure 8. Right tap versus 
enter tap values after applying 
orre
tions: a) V-axis (
an be 
ompared to �gure 4b).b) U-axisthe dete
tor and as a result do a poor job of 
orre
ting for the distortions that are present at any lo
alized area ofthe dete
tor. Figure 9 shows the en
ir
led energy fra
tion from the 
ore of 3C273; four 
urves are presented for 
aseswith and without 
orre
ting the tap data for ampli�er ringing and using linear or �fth-order degapping 
orre
tions.The solid 
urve and the dot-dashed 
urve best show the improvement in image quality that results from 
orre
tingthe tap values; the 50% en
ir
led-energy radius de
reases from 4 to 3.2 pixels5. CONCLUDING REMARKSThe empiri
ally derived algorithm for 
orre
ting the data from the CGCD taps that we have presented in this paperredu
es the blurring in images introdu
ed by the ampli�er ringing. The removal of distortions from the tap signalsis not 
omplete and the identi�
ation of the e�e
ted events is imperfe
t. One 
ompli
ation that has been ignored inthe derivation of the algorithm is that all three tap signals on an axis are a�e
ted by the ampli�er ringing problemwhen it o

urs. The signature is not as apparent for the two larger signals but sin
e the size of the 
orre
tion fa
tor isdetermined from their values some of the residual distortion may be due to distortions within these signals. Similarly,the identi�
ation of the a�e
ted events 
an be 
onfused by distortions in these other signals. However, given thedemonstrated improvement in image quality, the 
orre
tion algorithm presented in this paper has been in
orporatedinto the Chadra X-ray Center standard pro
essing software and will be used in re-pro
essing of the data taken sin
ethe start of the mission and for the pro
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