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ABSTRACT

We report on the current status of the background calibration of the EPIC pn-CCD camera on board XMM-
Newton. The intrinsic background is comprised of internal electronic noise, and continuous and fluorescent
X-ray emission induced by high-energy particles. Soft protons passing through the X-ray telescope (and finally
also true cosmic X-rays) contribute to the registered events. The camera background has been monitored by
using data in closed filter positions for three years; we review the spectral, spatial, and temporal distribution,
for all commissioned instrument modes. This paper also discusses briefly the effects on scientific data analysis
and conclusions for further observations and detectors.
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1. INTRODUCTION

The in-orbit performance! of the European Photon Imaging Camera (EPIC) pn-CCD detector? (consisting of
12 CCDs on a monolithic wafer) aboard XMM-Newton? is monitored by observations of dedicated astrophysical
objects? (like supernova remnants, isolated neutron stars, BL Lac objects) as well as by exposures using the
filter wheel in “Closed” and “CalClosed” positions.>»®  The EPIC-pn camera can be operated in several
instrument modes? with a variety of integration times and readout schemes depending on the scientific needs
of the astrophysical target. The camera background is different for all these modes: full frame (FF), extended
full frame (eFF), large window (LW), small window (SW), timing (TI), and burst (BU) modes.

Closed filter data are used to analyse the internal camera background over the whole available energy range
(0.1 — 30keV) without significant contribution by cosmic X-rays or energetic particles passing through the
telescope. When turning the EPIC-pn filter wheel® by a few degrees a radioactive >°Fe calibration source can
illuminate almost the full sensitive CCD area through a hole in the filter wheel (CalClosed position). These
exposures serve as monitor of the spectral response of EPIC-pn. Above the highest energy of this internal
calibration source (i.e. the Mn-Kf line at ~ 6.4keV) these data are also used to investigate spatial, spectral,
and temporal properties of the detector background. We like to note that this filter position is often realized
when no scientific observations can be performed due to high radiation: these extra charges can increase the
charge transfer efficiency” (CTE) by saturation of traps and thus shifted line positions, therefore some of the
“calibration” observations are unsuited for calibration purposes.

Due to the large pixel size of 150 pm x 150 pm only a few pixels can receive charges induced by an individual
photon. Depending on the size of such an event pixel pattern these events are classified as “singles”, “doubles”,
“triples”, and “quadruple” events” (any larger pattern size is due to pattern pile-up and cannot be produced
by a single photon; those events are usually discarded from a scientific analysis). This split event behaviour
depends e.g. on photon energy, detector position, and instrument mode. As will be shown later these pattern
fractions are different for internal camera background X-rays and for X-rays that have passed through the
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Figure 1. EPIC-pn spectra (0.2 — 18keV) of the full detector area using the “Closed” filter observations in full
frame modes (FF+eFF) taken during the first 3 years in orbit (313ks), in single-pixel events (left) and double-pixel
events (right). Several prominent features are seen (e.g., Al-Ka, Ni-Ka, and Cu-Ka lines). The insert is a close-up
of the spectral range 4 — 7keV where a few weak features can be seen. Note also the Mo-Ka line at 17.4keV which
is only visible in the doubles due to the onboard MIP rejection threshold2 which suppresses individual events above
15 keV. The different spectral continuum slope is due to the energy dependence of the single/double ratio (see also Fig.5).
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Figure 2. EPIC-pn spectra (0.2 —18keV) of the full detector area using the “CalClosed” filter observations in full frame
modes (FF+eFF) taken during the first 3 years in orbit (2031ks), in single-pixel events (left) and double-pixel events
(right). The spectrum is created by the onboard radioactive *Fe calibration source. Above 7keV this filter position
can also be used to study the internal camera background (see Fig.1).

X-ray telescope.® Moreover, only a subset of three-pixel and four-pixel events types can be produced by a
single photon, impossible are e.g. three adjacent events in one row or in one column etc. These invalid pattern
types can be produced by pattern pile-up of valid events with electronic noise or also by “soft proton flare”
radiation, and can result in an apparent loss of flux of an astrophysical X-ray source.

2. GLOBAL SPECTRA

Figure 1 shows spectra of all available filter wheel “Closed” data in nominal instrument setup in Full Frame
(FF) and extended Full Frame (eFF) modes taken during the first three years in orbit, with a total integration
time of 313 ks. The left panel contains the spectrum of single-pixel events while in the right panel only double-
pixel events are used. All events within the field-of-view have been collected. The astrophysically interesting
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Figure 3. Left: comparison of a FF mode exposure in “CalClosed” filter (top, black) with one in “Closed” filter position
(bottom, blue); above 7keV the spectra agree with each other. Right: comparison of a “blank field” observation® (X-
ray shadow in Ophiuchus performed with “Thinl” filter) with a “Closed” filter exposure, both in eFF mode; at higher
energies the internal background becomes comparable to the sky background.

energy range around the iron K lines is displayed as insert in the left panel, weak features, e.g. at Ti-Ke,
Cr-Ka, or Fe-Ka are seen. Note that the noise peak (below 400eV) differs significantly in singles and doubles,
it is broadened as the noise contributes twice to the spectral width.

Similarly, in Fig.2 the spectra of all “CalClosed” observations are shown, with singles (left) and doubles
(right panel) separately. Due to the high statistics (total integration time 2031ks) also weak lines are clearly
visible like Au-LS (11.4keV) or the Mo-Ka and Mo-K@ lines at 17.4 and 19.6keV (bottom), respectively.
It is worth mentioning that the accuracy of the energy corrections in the XMM Standard Analysis Software
(XMMSAS) is high so that still outside the X-ray telescope energy band (i.e. above the Au-L edge) the line
positions of the high-energy lines differ by less than < 0.3% from the nominal positions.

Figure 4 illustrates in the left panel the similarity of the high-energy spectrum obtained in “Closed” (bottom,
blue) and “CalClosed” (top, black) filter positions. In the right panel a science observation with “Thinl” filter
is compared with the “Closed” spectrum observed in the same instrument mode (eFF) just two months later.

3. SPATIAL DISTRIBUTION

Figure 4 illustrates the spatial inhomogeneity of prominent background lines (Ni-Kea, Cu-Ka, Mo-Ka). The Al-
Ka line at 1.5keV appears to be flat. The high-energy lines show striking correspondence with the electronics
board mounted below the CCD wafer. Molybdenum is embedded between copper layers, and at the edges of the
four individual quadrant plates characteristic line emission can escape. Nickel is correlated with the electronic
devices, the CAMEX at the top and bottom, the TIMEX chips, etc. At Ni-K emission enhancements one can
observe deficits in the Cu-K emission due to absorption. Zn-K shows a slight increase away from the CAMEX
and is also present at the on-axis position. Careful background selection and subtraction is required if one is
interested in spectral features close to these inhomogeneous fluorescence lines.

4. MODE DEPENDENCY

In the following we discuss the various “imaging” and “fast” EPIC-pn modes in order of decreasing frame cycle
time, from 199.2ms (eFF) over 73.36 (FF), 47.66 (LW), to 5.67ms (SW mode), and 5.94ms (TI) and 4.34ms
(BU mode), respectively. In Figs.5 and 6 the full field-of-view pattern distributions and pattern fractions are
shown. Internal background single pixel events appear to be more abundant than the model fractions predict.
This is due to “back-side” (actually front-side) illumination of the wafer by radiation from the electronics board
excited by high-energetic particles. These secondary X-rays are absorbed close to the front-side and thus have
only a short travel distance where the charge cloud could spread - while cosmic X-rays have to traverse the full
wafer thickness.



Figure 4. Upper left: layout of the printed circuit board!® of the EPIC-pn camera, consisting of 4 quadrants with a
venting hole in the middle; detector images in narrow energy bands around K« line energies of: (lower left) nickel (7.3 —
7.6keV), (upper right) copper (7.8 —8.2keV), (lower right) molybdenum (17.1 — 17.7keV). The absolute normalization
of the images can be inferred from the spectra (singles, doubles) in Fig.2. Note that the nominal on-axis position is
close to the detector center and thus Cu-K and Ni-K lines are there below average.
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Figure 5. Event pattern distributions (left) and fractions (right panels) for merged eFF, FF, and LW mode “Closed”
filter data (from top to bottom), respectively. The lines denote singles (red) starting at 100 eV, doubles (blue) at 200 eV,
triples (green) and invalid (black) at 300 €V, and quadruples (turquoise) at 400 eV, as 100 eV is the lower event threshold
for all these modes. The solid lines in the right panels indicate the model pattern distributions as function of energy
for X-ray photons from the sky for the various modes (along with the “singles + doubles” model in purple colour).
Obviously the low-energy noise follows a different split relation, and at higher energies the observed fractions exhibit
an increase of single events. As double events collect more noise during readout than single events spectral lines are
broadened and the fraction of singles/doubles shows artificial residuals at the core and wing of a line.



108 T T T
3 o ! T ]
% 108 + j
4
T 0
N r
™ 1000 | %?
i SW Model
100 ¢ T 05 rawy = 1692 || B
10 |
1E L 1
3
T o M
> i o LA
0.01 L | n n L TR L L L TR | I | |
100 1000 10* 100 1000 ot
Pl Channel [eV] Pl Channel [eV]
105 E T T T T T T T T E T T T T L L | T T
] E 3 1k |
3 ® \
o 10tk 2] ————
_g [
B 1000 | o
L
100 |
F TI Model
r T 05 "pawy = 1910 7
10 3
1E
3 ol /j
S :
} Energy fraction lost in invalid patterns in [1.0-32.8] keV: 5.38% 0 o
0.01 e T ‘
100 1000 10* o0 oo o
Pl Channel [eV] Pl Channel [eV]
10° ¢ E| T T
=] E 3 1+ -
E b B
> 10t ®
3 ;
S 1000 | o
s
100 |
E BU Model
i T 05 " rawy = 1900 h
s L
3 01 L
o 01k
S g
} r Energy fraction lost in invalid patterns n [1.0-32.8] keV: 8.39% ] 0
0.01 L | n n L TR L L L R R | I | |
100 1000 10* 100 1000 ot
Pl Channel [eV] Pl Channel [eV]

Figure 6. Event pattern distributions (left) and fractions (right) for merged SW, TI, and BU mode “Closed” filter data
(from top to bottom), respectively, similar to Fig.5. Note that for TI and BU modes the lower thresholds are about
200eV and 115eV, respectively. Due to poorer statistics (smaller CCD area read out as well as lower mode efficiency
the pattern fractions (SW, TI modes) show only marginally the trend of increased single event fraction, while in BU
mode the model over-predicts the single pattern fraction of the background.

The eFF mode is similar to the FF mode, except for the longer integration time due to a number of wait
states after the readout of each quadrant. Due to the long integration time it is affected by pile-up in the case
of bright sources, which causes a loss of single pixel events and a gain of double pixel events at higher energies.



The ratio of readout and integration time is smaller for the eFF mode than for FF mode and thus out-of-time
events are reduced which causes narrower lines. Note, that the Ni-Kq line is weaker in the LW mode as the
“bright” regions (at CAMEX and TIMEX chips) are not read-out in this mode.

To visualize the effect of spatial background inhomogeneities (noise as well as excited X-rays) on pattern
distributions we divided each CCD into bins of 20 pixels along the readout direction, labeled from YO at the
CAMEX to Y9 at the center of the detector. In Fig.7 for 8 out of the 10 strips (selected over all 12 CCDs) the
pattern distributions are shown with YO at the lower left panel, increasing CAMEX distance to the bottom, Y4
at the top of the right panels increasing down to Y9 position. The most prominent features are the increased
numbers of doubles and invalid patterns close to the CAMEX while the singles noise peak is slightly shifted
to higher energies due to CTI correction. A significant part of the invalid patterns is a combination of a valid
event with a neighbouring noise event which can yield event patterns that cannot be caused by a single photon.

Events in the SW mode are only read out in a 64 x 64 CCD pixel window in CCD 4. After integration the
window is shifted fast by 136 rows and then is slowly read out similar to in the Full Frame mode. We therefore
can compare the SW mode distributions with the ones obtained by extracting the same window from FF mode
data (Fig.8). It can be seen that the distributions are significantly different as far as the distribution of invalid
patterns is concerned.

In the fast modes (TI, BU) it is assumed in the CTI correction routines that all events originate from a
single RAWY position, as there is no spatial information along the readout direction anymore (but a fine-time
coordinate). This assumption is not fulfilled here, therefore deviations from the model are expected.

5. TEMPORAL EFFECTS

The coverage of “Closed” filter observations over the 3 years of operation in orbit is only sparse. As was
shown above also “CalClosed” filter exposures can be used to study the background above the Mn-Kg line.
Figure 9 combines the effect of varying background with the decay of the internal calibration source. An
early observation, performed under low-background conditions, shows more soft continuum and Al and Mn
line emission than a later “CalClosed” exposure under high-background conditions. At higher energies the
latter one is a factor of 3 — 4 brighter. This can be understood in terms of the decay of the >*Fe source with
(T'/> ~ 2.7a). The right panel of Fig.9 focuses on this specific subject. For all imaging modes it shows the
rate of the Mn-Kq line in the SW mode window in CCD4. Intensity variations due to out-of-time events are
not corrected for, therefore the various mode curves appear to be offset.

Figure 10 summarizes the relations of the 10 — 12keV count rates versus time and versus “Discarded Line
Counter” (NDISCLIN) which is a measure for incoming high-energy particles. From Rev.200 on a slight increase
is seen (top) while the smaller NDISCLIN values (blue) are due to setup changes in Rev.223. This can be seen
both in FF mode (left) and eFF mode (right panel). However, the scatter in the data is strong so that no clear
correlation is evident.

6. SUMMARY AND CONCLUSIONS

The internal background of the EPIC-pn camera in the 2 — 7keV range is about 10~! ctss™' keV~!. At higher
energies this background becomes comparable to the sky background. Removing the circuit board from the
sensitive volume and a graded shielding will enable to reduce this component in future X-ray instrumentation.
As astrophysical interesting lines are merely at lower energies than the background fluorescence lines these in
turn could be used a monitor of the line positions at high energies in science observations - in contrast to the
internal calibration source where the filter wheel is in a closed position.

The fluorescence lines of Ni, Cu, and Mo show strong spatial variations correlated with camera structures,
while Ti/Cr/Fe and Zn are only marginally inhomogeneous. The Al line appears to be homogeneous as
aluminum is abundant in the camera.

Event pattern fractions depend on detector position (different position along readout direction for same
mode), and instrument mode (same detector region but SW/FF difference) and are also energy-dependent -
these quantities enter the normalization of the response files and are stored in the quantum efficiency calibration
files.



The “discarded line counter” time series is affected by instrument setup changes and changes in the mission
planing policies. It is used as exposure correction.

The rate of the internal calibration source has dropped by more than a factor of 2 and therefore longer
monitoring observations will be needed to get sufficient statistics in one exposure.
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Figure 7. Event pattern distributions for merged FF mode “Closed” filter data, positions Y0,1,2,3 (left) and 4,6,8,9
(right), corresponding to increasing distance to the CAMEX. For details see text.
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a high-background “CalClosed” (Rev.242, 4-Apr-2001, black) exposure, with only single events selected. The time lag
between the exposures is ~ 0.88 a. The weakening in the Al and Mn lines and also in the low-energy continuum is due
to the decay of the *Fe source (Ty/2 ~ 2.7a), the increase mostly visible above ~ 7keV is caused by excessively high
particle radiation. This weakening is also illustrated in the right panel, where for the various imaging modes the count
rate of the 5°Fe source in the SW mode window is shown as a function of time.



R N R R R R ] L L O B R R R

FF mode CalClosed eFF mode CalClosed

= £

- 3 . s N
® oz 3 : E

- .. =

Y

10-12 keV Rate [cts/s/keV]
L]
10-12 keV Rate [cts/s/keV]

kS
i

(=3
=
(=3
=

R 1
=

= 3 =
- N = ! x ® & =
P i %%gz% ash ﬁgigﬁﬁﬁmﬂg iy . nﬂ%fi

=3 3

LY B B = im

IIIgI

Db bbb b b b b b b b 14 Db bbb b b b b b b b 14
50 100 150 200 250 300 350 400 450 500 550 600 650 50 100 150 200 250 300 350 400 450 500 550 600 650
Revolution Revolution
F T T T T T T 3 F T T T T T 3

FF mode CalClosed eFF mode CalClosed

10-12 keV Rate [cts/s/keV]
T
L]
L
10-12 keV Rate [cts/s/keV]
T
el
L

(=3
=
(=3
=
=

T I T

f = = II xI;;ﬂ
-y s | 10 = P3,;

1 L 1 L 1 L 1 L 1 L 1 L 1 L L 1 L L 1 L
120 140 160 180 200 300 350 400 450
Discarded Line Counter NDISCLIN Discarded Line Counter NDISCLIN

Wt
Lol

Figure 10. Lightcurves of the 10 — 12keV single-pixel rates in “CalClosed” FF mode (left) and eFF mode data (right),
the same intensities plotted versus the corresponding average “Discarded Line Counter” NDISCLIN (bottom panels,
without Revs. 248 and 309). The EPEA setup was changed during the mission, red triangles denote data points before
and blue squares after the change, respectively. Therefore NDISCLIN is only a measure for a certain setup (and
instrument mode due to different integration times as basis for the MIP rejection). Additionally, the mission planning
was changed, “CalClosed” filter exposures were scheduled at the beginning of a revolution where the background level
is generally higher, or too high for scientific observations.



