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ABSTRACT

Magnetospheric and interplanetary electrons can af-
fect imaging through X-ray grazing incidence tele-
scopes. Electrons can enter the mirror shells and gen-
erate a background signal in the focal plane detectors
or interact with the mirror material hereby producing
X-ray fluorescence or bremsstrahlung emission. An
analytical model is presented which evaluates these
effects using an electron flux model in the range 0.1

keV to several M(elV derived f om I(fEfE‘E 2 measure-

ments. This provides an upper Poun he expected
level of particle induced background in an X-ray mir-
ror mission. This study shows that monitoring of the
energetic plasma environment in parallel with X-ray
imaging or spectroscopy instrumentation is necessary
to interpret low flux X-ray measurements data.

Key words: Plasmasheet; X-ray mirror; radiation ef-
fect.

1. INTRODUCTION

X-ray telescopes using grazing incidence mirrors are
sensitive to magnetospheric and interplanetary elec-
trons. The design of such grazing incidence tele-
scopes is shown in Figure 1. It consists of Wolter

iIimIHQI shells Ilested 1In a coaxial and cofoc
guration. ter I telescopes are used in a sot

X-ray space missions. Interplanetary and magneto-
spheric electrons can propagate between their mirror
shells. They can either reach the focal plane detector
or generate X-rays by interaction with the mirror ma-

terials. Both effects can contribute to an art -
rayabac kground on e.g CCD detectors spec{ Hi ?'ltixl

electron energy is in the energy bandpass of the focal
plane instruments. The electron propagation through
grazing incidence mirror has been investigated in pre-
vious studies [Danner, 1993] sometimes using Monte-
Carlo simulations [Sumner and Lieu, 1990]. Interac-

ion f electrons w th mhrr(ir materlals seems not to
ave een 1scusse int iterature. In the present

study, the magnitude of both effect is estimated as-
suming that the reflections of the electrons is spec-
ular. Simple analytical expressions are established
which provide upper limits of the level of expected
particle induced background (PIB hereafter). They
use a model of the input electron flux derived from
ISEE-2 measurements [Loidl et al., 1996]. The ana-
Iytical model, the description of the particle environ-

nlllen}; ﬁnd the derjvation of the PIB are discussed in
ollowing sections.

Photon =

Electron
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Figure 1. Wolter I design of an X-ray telescope. X-ray
baffle sieves have been placed at Z = Z1 and Z = Z3 to
reduce X-ray stray-light.

2. ANALYTICAL MODEL

The model assumes that all reflections are specular
with a coefficient of reflection 7 which depends on the
angle of incidence, 8, and on the reflective coating
material as follows [Shimizu, 1974].

7(0) = exp(Log(mno)cos(8)) (1)

Most electrons entering the telescope first impact the
mirror close to the entrance aperture. Hence, the
probability for an electron to reach the depth z is
given by

sinz(a)

cos(a)

B(a,w, 2,%) = exp (—y,(z) ) ifz< L

(2)

and
B(a,w, 2,%) = exp (—y,(L) Scl(I)ls((z))
sin®(a+ 7)) .
—p(z — L)m) ifz>1L
with
1(s) = —sLog(io) cos 6/(26) 3)

where Log(1no) is the average logarithmic value of the
reflection coefficient, L is the mirror length, 4 is the
angle between the parabola and the hyperbola sec-
tion of the Wolter I shells, « is the angle between the
particle velocity vector and the mirror optical axis
and ¢ is the angle between the projection of the ve-
locity vector in a plane perpendicular to the mirror
axis and the perpendicular to the mirror surface at



the incidence point. The electron flux parallel to the
mirror axis at depth z can be written as follows.

Fi= / / jé(w) sina cosaA(a, ¢, ) B(a, w, z, i)dpdudw
(4)

where g(w) is the differential flux of the particles with
energy w (assuming an isotropic velocity distribu-
tion), A(e, ¢, 7) is the density function of solid angle
within which particles from the free space may access
the mirror entrance, and B(a,w, z,4) is the density
of probability that a particle entering the mirror sys-

tem with a polar angle a propagates to the location
z.

To compare with previous results the effective solid
angle of the mirror

E = 8//sina cosaB(a, w, 2, 1) dpdx (5)

is derived. The present analytical model gives a value
of E one to two order of magnitude larger than the
Monte-Carlo simulation of Sumner and Lieu [1990].
The effect of the non-specular reflection especially on
the rough backside of the mirrors could explain this
discrepancy. However, the present analytical model
performs better than the grazing incidence model of
Danner [1993] which strongly underestimates the to-
tal electron flux propagating between the mirrors.
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Figure 2. Effective solid angle for the fluz perpendicular
to a mirror shell derived from the analytical model.

The electron flux perpendicular to the mirror axis at
depth z can be written as follows.

Fy = / / /g(w) sina cosp A(e, ¢, i) B(a, w, z, i) dpdechw
(6)

A useful insight to the process is given by the param-
eter

E, = 8//sina cos¢pB(a, w, z, 1) dpdo (7

E, is shown in Figure 2 as a function of z for a gold
coated mirror on a nickel substrate. E, is a strongly
decreasing function of z with its value reduced by one
order of magnitude over the first centimeter. There-
fore, the PIB which is proportional to the integral of

E, over the mirror length will be mainly due to pho-

tons generated over the first few centimeters of the
mirrors.

3. DERIVATION OF THE PIB

In space X-ray telescope, magnetic deflectors are
often used in the exit telescope aperture to di-
vert soft energy electrons reflected by the mirrors
away from the focal plane detectors. The main
source of PIB then become the X-ray fluorescence or
bremsstrahlung emission induced by the interaction
of magnetospheric electrons with the mirror mate-
rial. The general expression of the PIB due to the
flux perpendicular to the shell is

%—JZ = Ei27rr,~////g(w) sina cosgA(a, ¢, 1) B(a, w, 2, 1)

C(a, ¢, w,u, €)rD(z, i, u)dpdrdzdw (8)

where 7 is the mirror number. 7; is the radius of
mirror . C(a, w, u, €)is the density of probability per
steradian and eV that a particle with a polar angle &
and energy w emits a photon with energy » and polar
angle €. D(z,1%,u) is the density of probability that a
photon emitted at location z inside mirror number %
and with energy u reaches the detector.

The PIB has been calculated by Hilgers et al. [1998]
in the case of the XMM mission [Gondoin et al. 1994].
Analytical models of the function A and of the func-
tion D have been developed taking into account the
presence of X-ray baffles. A simple expression of the
function C derived from simulations using the parti-
cle transport GEANT code [GEANT, 1993] could only
be derived for the bremsstrahlung emission. There-
fore, only the continuum component of the PIB could

be modelled without contribution from the line fluo-
Iescence emission. ese are however aftecting muc

narrower spectral ranges close to the gold L and M
edges.

4. PARTICLE ENVIRONMENT

The electron flux as measured with the ISEE-2 space-
craft is highly variable (see Figure 3). High flux val-
ues are observed for particles with energy of 10 keV
and above.

High flux values are expected to occur in the nar-
row domain of the plasmasheet. Close to Earth, the
plasmasheet has a thickness of 10 to 12 Rp. Further
out its thickness decreases to about 6 to 8 Rp around
Xesp = —20 Rp [Baumjohann 1993]. The position of
the plasmasheet undergoes diurnal and annual varia-
tions due to the change of the Earth magnetic dipole
inclination with respect to the solar wind speed. Spo-

radic variations a soclated WLh storIR,s and sub—
storms during w 1c e plasmasheet 1s thinning and

expanding. In this study, a statistical model of the

elfectron flux from ﬂux easurements as_a function
of GSE ¢ or 1nate rived without discriminat-
g sporadic from 1urna or annual variations. The

model therefore overestimates the spread of the plas-
masheet. A better model of the plasmasheet would
require more data to improve statistics. Modeling of
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Figure 8. Mazimum (top panel) and median (bottom
panel) values of the electron fluz derived from ISEE-2 as
a function of the spacecraft position

the plasmasheet is actually a full research topic, a
summary of which is given by Baumjohann [1993].

Examples of 20-400 keV spectra measured by ISEE-
2 in the magnetosphere are shown in Figures 4. In
order to evaluate the particle induced X-ray back-
ground in the range 0.1 to 15 keV, the measured
electron flux must be extrapolated down to 0.1 keV
and above 400 keV. In the high energy range above
400 keV, the electron flux was extrapolated using a
power law distribution. In the low energy range, we
extrapolate the measurements using an exponential
distribution since most of the particles are thermal-
ized by wave particle interactions. Finally, the ISEE-
2 spectra were fitted by the following analytical ex-
pressions.

g(w) = go exp (—B1w) for w < 30 keV (9)

and
g(w) = grw=?2 for w > 30 keV

The extrapolated flux is of the same order of mag-

gtﬂldee s the measu(fedbﬂux. Statistical mf;nolggsal‘ln(l)(ﬁ

ux integrated above various energy
is given Table 1. The values correspond to the max-
imum, minimum and median values observed above
40,000 km altitude with ISEE-2. The median flux is
defined as the value above which the probability of
occurrence equals to 50%.
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Figure 4. Electron spectra measured in the magnetosphere
with ISEE-2. The dashed line represents a power law fit
whereas the dotted-dashed line represents a fit of the lower
energy range by an exponential.

Table 1: ISEE-2 e~ flux above 40,000 km altitude.

Energy Flux in cm~2sec™ st~ !
threshold (keV) | Maximum Median Minimum
0.1 | 1.410%0 1.310° 4.910%
1| 1.310%° 1.210° 4.910%
8 | 7.210° 8.910* 4.810%
10 | 6.0 10° 8.110* 4.710%

Two dominant electron populations exist outside the
magnetosphere. These are the solar wind electrons
with temperature of the order of 1 eV and the rela-
tivistic Jovian electrons. The energy range of solar
wind electrons is not relevant to this study and the
background relativistic electrons at 1 AU can be fit-
ted with a power law distribution as follows [Eraker
1982].

g(w) = gow™" (10)

with g = 2 cm™2sec st 'keV~! and B3 = 1.7. This
corresponds to an integrated flux above 1 keV equals

to 2.9 em~2%sec” st~ 1. The s law was used down
to 0.1 ieV. This assumpttllon Ei’lllt(leely overest%lmates tvfle

flux in the low energy range. During solar magnetic
field conjunction between Earth and Jupiter magne-
tospheres (every 30 months), flux enhancements of
up to one order of magnitude are observed. In addi-
tion, sporadic solar particle events lead to relativistic
electron flux enhancements by 2 to 3 orders of mag-
nitude with a higher spectral coefficient [Chenette,
1980].
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Figure 5. Median value of the bremsstrahlung induced

background at 1 keV as deduced from ISEE-2.

The median value of the PIB in the XMM telescope
focal plane at 1 keV is shown as a function of the
location in a GSE coordinate system in Figure 5 as
derived from equation (8). The background is every-
where lower than the X-ray background which is of

the order f?fg few cts sec 1keV~—! within the XMM
telescope field of view.

Table 2: Prediction of PIB in XMM telescope FOV.

Photon ON/Bu(seckeV ™) XRB
Energy magnetospheric (sec™'keV 1)
(keV) | highest median lowest
0.1 | 2102 21072 5107% | > 10
0.2 | 5102 51072 1072 | > 10
1] 103 10°Y 41072 | 2.
8 | 2102 2102 1072 | 4102
10 | 6. 810~* 5107* | 2102

The median, lowest and highest value of the
bremsstrahlung background induced in the XMM
telescope focal plane at 1 keV is given in table 2
over the whole domain explored by ISEE at altitudes
above 40,000 km. PIB predictions in the interplan-
etary medium are always below the lowest magne-
tospheric flux. Table 2 indicates that, most of the
time and over the whole energy range of the XMM
X-ray focal plane cameras, the electron induced back-
ground is significantly lower than the cosmic X-ray
background, XRB, reported in the last column of Ta-
ble 2. However, due to the extremely high variabil-
ity of the magnetospheric electron flux, it is shown
that instantaneous peak values may exceed this cos-
mic background level although during rare instants.

5. CONCLUSION

The simple models described in this paper calcu-
late the ambient electron flux which can propagate
through X-ray telescopes. Although they overesti-
mate the exit flux parallel to the telescope axis com-
pared with more detailed Monte-Carlo simulations,
they are computationally less heavy. The combi-
nation of the simple particle transport models with
electron environment model of the type proposed in
this study allow to estimate the bremsstrahlung in-
duced background in the focal plane detectors of X-

ray telescopes. In the case of XMM, these models

demonstrated that mf)sil of the time and over the
whole energy range of the X-ray cameras, the elec-

tron induced background will be lower than the cos-
mic X-ray background. However, instantaneous peak

fluctuations of the eleciron flux in the near Earth
space environment could induce a bremsstrahlung

background which may sporadically exceed the cos-
mic background level for rare instants. In particu-
lar, measurements of very faint X-ray sources could
be affected for short periods during crossing of the
plasmasheet by the spacecraft. On X-ray space ob-
servatories, instrument monitoring the electron envi-
ronment in the range 100 eV to 10 keV can identify
those periods. If necessary, the associated events can
be filtered out thus improving the overall quality of
the X-ray scientific data.

Future work is planned in collaboration with Ruther-
ford Appleton Laboratory to use an extended data
set and to characterize electron fluxes during plasma
sheet crossing [SEDAT, 1998]. Instruments monitor-
ing the electron environment such as the radiation
monitor on board XMM would prove very useful to
verify particle transport and electron environmental
models such as the ones presented in this study.
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