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1. INTRODUCTION

The role of JEM-X is to provide low energy coverage for the observations made in the hard
X-ray and gamma-ray bands by the two primary instruments on INTEGRAL: the Spectrometer
(SPI) and the Imager (IBIS). JEM-X provides spectral and timing data in the 3-35 keV band and,
simultaneously, more precise imaging than both SPI and IBIS.

2. INSTRUMENT DESCRIPTION

The X-ray detector system consists of two redundant imaging Micro-Strip Gas Chambers that
view the sky through coded aperture masks. The specifications for one unit are given in Table
1. Only the most essential characteristics will be presented here, further details can be found in
Budtz-Jgrgensen et al. (2003] pnd Lund et al. (200317

2.1 The Coded Mask

Each of the two instrument units has its own coded mask. The mask pattern is a hexagonal
uniformly redundant array of the type described by Finger and Prince (19B5Jlie mask ele-
ments are hexagons with a center-to-center separation of 3.3 mm. The mask/detector separation
(3400 mm) and the mask element size, determine the instrument angular resolution of 3.35 arcmin.

Only 25% of the mask elements are open. This small value for the open fraction was chosen
in order not to overload the telemetry channel. As discussed by Gunson and Polychronopoulous,
(1976) ¥] and in't Zand et al., (1994)5], a low value of the open fraction does not impact the
limiting sensitivity of the instrument.

Table 1: JEM—X specifications (One Unit)

Mask diameter 535 mm

Detector diameter 250 mm
Mask—detector distance 3400 mm
Energy-range 3 -35keV

Energy resolution AE/E = 0.40(E[keV]) ¥/?
Angular resolution 3 arcmin

Field of view (diameter) 4.8 Fully illuminated

7.5 Half response
13.2 Zero response

Point source location 30 arcsec (for a 10 source)
Narrow line detection sensitivity 1.610*photcn?s™1 @ 6 keV
Isolated on—axis source 1.310*photcnm?s! @ 30 keV
For a 3 detection in a 19s observation

Continuum sensitivityAE = 0.5E) 1.210*photcnm?s™! @ 6 keV
Isolated on—axis source 1.010*photcm?s1 @ 30 keV
For a 3 detection in a 19s observation

Time resolution 122 us
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2.2 The Detector Unit

The detector is a Microstrip Gas Chamber with a nominal sensitive area of 500 Tine
entrance window is 25@im Beryllium. The filling gas is a (90%/10%) mixture of Xenon and
Methane at a pressure of 1.5 bar. The depth of the absorbing gas layer is 55 mm.

A honeycomb collimator limits the detector field of view. The internal dimension of each
collimator cell is 6.6<6.6 mm and the height is 57.0 mm.

The microstrip plate has orthogonal strip patterns on the front and back sides. The primary
microstrip pattern has a pitch of 1062n with 255 10um wide anode strips alternating with 458
wide cathode strips. The pattern on the back side has 1 mm wide strips with a 2 mm pitch. The
readout electronics allows 2D X-ray position determination to better than 1 mm precision.

2.3 On-Board Event Selection

The count rates of the detectors are dominated by events caused by cosmic ray proton and
alpha particles. Particle events are about 50 times as numerous as the X-ray induced events. The
on-board rejection of the particle background is very efficient (<99.5%), which is essential, since
otherwise the telemetry channel would be overloaded by particle data.

3. IN-FLIGHT TECHNICAL ISSUES

During the first 6 years in space, both the hardware and the software of the instruments have
generally performed according to expectations. However, the microstrip detectors themselves have
posed problems which, although mostly solved, are complicating the instrument operation and data
analysis, Budtz-Jgrgensen et al. (20()) [

3.1 Microstrip erosion

Shortly after the activation of the detectors in space it became apparent that the microstrip
anodes eroded at an alarming rate of one anode strip per day. It is believed that heavy cosmic ray,
ions can occasionally initiate electrical breakdowns close to the anode strips, see Budtz-Jgrgensen
et al. (2003)1] and Lund et al. (2003)7]. This situation forced changes in the planned operation
of the detectors. The gas gain was reduced from the initial value of 1500 to 500 for both detectors
and it was decided to operate JEM-X with only one detector (presently JEM-X1) activated at a time.
Fortunately, the gain reduction diminished the damage rate to an acceptable level. After 6 years in
space we can conclude that the loss rate4sanode strips per year, and therefore, the survival of
the instruments should be assured beyond 2010. The reduced gain has affected the performance
to some degree, mainly because of the resulting decrease of the detector signals compared to the
electronic noise.

3.2 Gain Drifts

The instruments have shown an unexpected ageing effect, namely a gradual increase in gain
as a function of time of use (see Fit). The effect is on the order of 0.7% of the original gain per
orbit of use (3 days), corresponding to a 100% increase over a period of 1 year of active duty.
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The operational high voltage has by now been reduced more than 10 times in order to maintain
the detector gain within a limiteg¢t 10% range .

The gain change may be related to the diffusion of ions through the glass substrate whereby the
electrical properties of the glass are changed, see for example Cicognani et al., [7]99®jith
more modern glass types it may be possible to avoid this type of gain drift).

The ageing effects of the glass substrate also include an increase in gain dependence on tem-
perature variations. Initially, the gain increased 1% per degree. This has now increased to almost
4% per degree for the unit which has been operated for 5 years. However, the thermal environment
is usually quite stable, and gain variations over an orbit are usually witHi%.
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Figure 1: The gain evolution of the JEM-X1 unit as a function of time of use with the high voltage on. The
data shows the average actual gain for each orbit. The gain is kept withirb% band by adjusting the
high voltage setting at appropriate intervals.

3.3 Electronic Efficiency

The reduction of the gas gain has resulted in a modified low energy response of the detectors.
The efficiency of the electronics is decreased due to a poorer signal to noise ratio. The efficiency
at the electronic threshold is affected, but the particle rejection is also less efficient and results in
a loss of true X-ray events. The detector efficiency is determined by two terms. One term, the
quantum efficiency, is dependent only on the energy of the incoming photon and can be accurately
calculated from absorption in the Be detector window and the interaction with the gas volume.
The second term, the electronic efficiency, is dependent only on the pulse heights of the signals
generated by the electron avalanche process. This term is therefore dependent on the actual gas
gain. We have determined the electronic efficiencies of the two detectors in space by observing the
Crab on axis with different settings of the detector gain. We could then in a self-consistent manner
derive the electronic efficiency, see Budtz-Jgrgensen et al. (2606) [
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Figure 2: The JEM-X1 on-axis efficiency in the 2 - 35 keV band, at the nominal gas gain of 500.

4. IN-FLIGHT PERFORMANCE

4.1 Spectroscopic Performance

The contribution of the electronic noise to the detector energy resolution is insignificant, even
at the reduced gain of 500, compared to the statistical contribution from the avalanche processes
of the detectors. Therefore the gain reduction in itself did not degrade the energy resolution of the
instruments.

The detectors have after 1 year of pre-launch testing and 6 years of operation in space shown
no signs of degradation due to contamination of the detector gas. This has been verified after launch
on several occasions.

The evolution of the energy resolution is derived from the detector response to the four cali-
bration sources and from the Xenon background line. The energy resolution at 22 keV has, over
the mission, only degraded from about 9.5% to about 10.5%. The gain evolution discussed above
is, as may be expected, slightly non-uniform across the micro-strip plate. Therefore the spatial gain
map, needed to convert pulse height to energy, needs to be updated at about 1 year intervals. The
in-flight spatial gain map is derived by using the Xe fluorescence lines of the background.

4.2 Imaging and Source Positioning

The INTEGRAL pointing accuracy is better than a few arcseconds and therefore, in most
cases does not contribute to the source localization error. The alignment of the instruments with
respect to the INTEGRAL star trackers was determined using selected point sources with well
known positions. The sample consisted of more than 3500 detections, covering a time interval of
more than one year. The Crab Nebula was not used in this connection because it is diffuse and the
position of the centroid of the emission is energy dependent.
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The instrument alignment analysis employed specially developed IDL routines generating im-
ages from which the source positions were extracted using 2D Gauss fitting.

This analysis, Budtz-Jgrgensen et al. (20@p)npade it clear that the alignment of the tele-
scopes correlate with the mask temperature (0.4 arcsecond/degree). The mask temperature, which
is strongly correlated with the INTEGRAL Sun aspect angle, varies betweeéiC-4ad 0°C. The
observed temperature dependence therefore implies that the telescope alignment can vary by up to
17 arcseconds with respect to the star trackers.
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Figure 3: The solid curve displays the intrinsic background of JEM—X1 derived from the INTEGRAL Earth
occultation campaign. The dotted curve displays the total detector background found for an extragalactic
empty field observation.

4.3 Detector Background

The background has been derived from empty field observations. When INTEGRAL is outside
the Earth’s radiation belts the background rate after particle rejection is about 20 cts/s in the 4 to 35
keV range Special background conditions existed during the 4 Earth occultation observations which
were undertaken by INTEGRAL in February 2006. During this campaign the JEM-X Field of View
was fully covered by the Earth for a sufficient time (in tote® hours) to allow determination of
the intrinsic detector background.

The solid curve in Fig3 displays the intrinsic background of JEM-X1, while the dotted curve
displays the total detector background typically found for empty field observations. Correction
for Earthshine contributions has not been attempted. The spectral peaks seeiBist&ig.from
K-fluorescence in the collimator (Cu, Zn and Mo) and from K-fluorescence in the Xe detector gas.

The background intensity across the detector has a noticeable increase towards the edge of the
detector. This indicates that a large fraction of the background comes from photons generated in
material around the detectors.



JEM-X: Six Years in Space C. Budtz-Jgrgensen

There has been no indication of a significant long term increase in the intrinsic background
caused by radiation activation of the detectors or their surroundings. We have, however, since the
launch of INTEGRAL seen a significant increase (100 % ) of the total trigger rate as demonstrated
in Fig. 4. The total trigger rate is dominated by the flux of cosmic ray particles passing through the
detectors. At present this flux is unusually high due to the deep Solar minimum. The trigger rate
shown in Fig/4 correlates very well with cosmic particle rate measured by ground observatories
such as the Oulu cosmic neutron detection system. It is remarkable that the residual background
rate, after onboard particle rejection, is almost unchanged since launch. this confirms the high
efficiency the particle rejection technique employed.
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Figure 4: The JEM—X1 Hardware trigger rate as a function of mission time.

4.4 Event Timing

X-ray events detected by JEM-X are time-tagged onboard with a resolution @fslZ2uring
ground calibration JEM-X timing was calibrated relative to the INTEGRAL onboard clock, and the
phase stability of the 12@s time bins was verified to within a feps.

In orbit, the absolute timing (meaning timing relative to UTC) of the full chain of JEM-X
instrument, spacecraft, and ground segment was verified by using observations of the Crab pulsar.
See Brandt et al. (20038]. The absolute phase of the 33 ms Crab pulsar is regularly monitored
and accurately determined by radio observations. These observations verified the absolute timing
stability of the full system to be withig-100us.

5. JEM-X DATA ANALYSIS

The data handling follows the general scheme set up by the |€ED@orrow et al. (2006)
[9]. The gain changes with time during a revolution. The energy tagging is done by monitoring this


http://isdc.unige.ch/doc/tec/add/jemx/jemxadd-10-0.ps.gz�

JEM-X: Six Years in Space C. Budtz-Jgrgensen

change with the built-in calibration sources. The quality of this process is monitored by determining
the position of the Xe fluorescence peak in the instrument background spectrum.

The slow deterioration of the anodes is also monitored as well and Instrument Characteristics
(IC) files with calibration data are produced for a number of epochs throughout the mission and
distributed by ISDC.

The standard data analysis is controlled by a script in the Offline Science Analysis package
(OSA, currently version 7) that calls the executables from the Instrument Specific Software. It
extends to the imaging and extraction of fluxes, spectra, and lightcurves for individual sources.
The end-point in the standard analysis is the merging of sky-images from several science windows
into mosaics, and a search for weak sources not seen in individual images.

The Instrument Specific Software is still being developed. The next release will feature im-
proved corrections for the variations in the electronic efficiency seen over time. This will make
it possible to compare with greater precision observations made with different JEM-X units at
different times.

For more details see Westergaard et al. (200G) [

5.1 Source Detections

The image reconstruction in OSA consists of a back-projection technique whereby each count
is projected to the (multiple) positions in the sky where it could have originated considering the ob-
structions imposed by the mask, the collimator, or other structural elements. The image is subjected
to a "flatfielding" process whereby large scale structures are subtracted, improving the visibility of
the peaks from celestial sources.

These peaks are identified and compared with the image variance. The minimum acceptance
criterion is that the source must be seen in more than one energy interval, the source search is done
in three standard energy bins.

5.2 Source Detection Limits

The source detection sensitivity for single science windows was evaluated based on about
5000 source detections. Fidisplays the source detection limit as a function of off-axis angle for
an exposure time of 2000 s. The sensitivity was determined as the lower limit of the intensity of
known sources that have been found in a blind search in all public data upto November 2007. The
dashed lines give comparison levels for the Crab Nebula. The figure refers to observations with
only a single unit .

5.3 Analysis Using Mosaics

The source detection sensitivity can be significantly improved by merging several individual
images using the OSA mosaicking tool developed at DTU Space. This tool combines sky images
pixel by pixel, each pixel weighted by its variance value, to produce mosaic intensity and variance
maps. A detailed description of the tool is availabl€imenevez et al. (200411]. The mosaicking
of mosaics is also possible, allowing the user for instance, to combine both JEM-X1 and JEM-X2
mosaic images of the same sky region.

The mosaic sky images can be read by the ISDC tool "mosaic_spec" to derive the flux directly
from the image at some specified coordinates, thus making it possible to build a source spectrum
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Figure 5: The JEM-X source detection limit as a function of off-axis angle for an exposure time of 2000
s. The sensitivity has been determined as the lower limit of the intensity of known sources that have been
found in a blind search of all public data upto November 2007. The dashed lines give comparison levels for
the Crab Nebula.

based on the user defined energy bands. This method can be used to obtain the spectrum of weak
sources not detected in individual pointing images. Spectra obtained by this method are also less
prone to cross talk between nearby sources compared to the OSA component j_Ic_spectra. (See
the Known Issues in the JEM-X Analysis CookbootSDC).

6. SELECTED SCIENTIFIC RESULTS

6.1 JEM-X Source Catalogue

A source catalogue for the first three years of operation has been published in Westergaard et
al. (2007) [L2]. Since then, the sky coverage has increased as illustrated i7 Bithough, the
emphasis is still on the central regions of the galaxy.

An updated catalogue is being constructed based on all available public data (i.e. up to revo-
lution 605). So far, 145 sources have been identified in the images. Of these, there are 48 HMXBs,
70 LMXBs, 2 CVs, and 7 other binaries of unknown nature. Of other galactic sources 4 SNRs
and 1 solitary star have been found. The extragalactic sources seen are: 1 cluster of galaxies and
10 AGN. Finally, there are 2 new sources of unknown classification. The ISDC general reference
catalog version 29 has been used for this summary (see web address:isdc.unige.ch/Data/cat/latest).

6.2 Source Catalog Derived From Mosaic Images

A total of 140 X-ray sources have been detected so far by means of the JEM-X mosaic images.
For instance, the first detection of the source SWIFT J174535.5-290135.6, as well as the discovery
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Figure 6: Mosaic of 350 individual pointings around the Galactic Centre region taken during the AO-4 Key
Programme between February 26th and March 25th, 2007 (INTEGRAL revolutions 534 to 542). The image
shows the significance map in the 5-25 keV band, and a total of 30 sources can be seen with a significance >
5.

of the new source IGR J17454-2703 have been achieved in this(@hgnevez et al., 200613
(Kuulkers et al., 2007]14]

The deepest effective exposure in the Galactic Centre now exceeds 3 Ms for JEM-X, allowing
a detection limit of 1 mCrab between 3-10 keV and 0.3 mCrab between 10-25 keV (S&sMhé
Observer's Manubr plots of the source detection limit as a function of observation time).

The overlap between the standard catalog and the catalog of sources found in the mosaic
images is 93 sources. The deeper search for mosaic sources thus results in 47 sources not found in
the standard search based on single science window detections. The mosaics have so far only been
made for a limited part of the JEM-X sky coverage and that is the reason for the 53 sources with
Nno mosaic counter part.

The total number of sources spotted by JEM-X is therefore 192.

6.3 X-Ray Burst Studies

Since the beginning of the INTEGRAL mission six years ago, the JEM-X team at the DTU
Space has been monitoring the X-ray burst activity recorded by the satellite. Thanks to the wide
field of view of its instruments and its long sky monitoring, INTEGRAL is a mission very well
suited to study the high energy emission of a large number of X-ray bursts, especially for rare
and peculiar events. A number of observations have shown that X-ray burst data are indeed easily
analyzable with JEM-X (3-35 keV) and IBIS (18 keV - 10 MeV). For instance, half of the rare
intermediate long bursts known to date have been observed by INTEGRAL (e.g., Chenevez et
al.(2008) IIL5]). A convenient data method to study X-ray bursts is to start by making a JEM-X
detector light curve (a standard OSA product), from which it is possible to register times of the

10
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Figure 7: The map shows the total exposure time (vignetting included) over the entire INTEGRAL mission
in a logarithmic color scale. The contours are shown for integer exponents to 10 (also given in the color
scale) of exposure time in seconds. In the center of the galaxy the maximum-ig@8. 16% of the sky

is not covered by JEM-X at all but 50% has more thaf < 6f effective observation time as estimated with

the peaked through-put as a function of off-axis angle.

bursts happening in the FOV of the instrument. To identify the sources of the bursts it may be
necessary to compare short exposure images around the times of the bursts with reference images
of the same observation, but outside the burst period. Then source extracted light curves and
spectra, corrected for vignetting, can be used to analyze the burst emission. A systematic check
of X-ray bursts from archive data indicates that more than 100 bursts per year have been detected
using JEM-X alone. Currently, a database of more than 1000 bursts has been created from archive
data.

7. Conclusions

The operability of JEM-X has been verified, and the spectral and spatial resolutions have
been found to be consistent with the values calculated prior to launch. The source localization
capabilities actually significantly exceed the specification values.

The larger than expected sensitivity of the microstrip detectors to the space environment (pre-
sumably induced by heavy cosmic rays) has threatened to limit the lifetime of the instruments. This
has forced us to reduce the operating voltage and therefore the gas gain of the microstrip detectors.
Having taken this precaution we are convinced that JEM-X will stay operational beyond 2010.

The in-orbit performance was reviewed and considerable improvement in the understanding
of the instrument performance in the space environment has been achieved.

11
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