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Tom Abel
Penn State University

Primordial Gas Chemistry

-Cold Intergalactic Gas falls into DM potential wells
-associated adiabatic heating allows for chemistry

Abel, Anninos, Zhang, & Norman 1997, NewA

3H ->  H2 +  H

Tom Abel
Penn State University

What then ?

Thirty years of different 
"predictions" despite the same
initial conditions. 

Jeans Mass T^1.5/n^0.5



Tom Abel
Penn State University

Code
Adaptive Mesh Refinement code:enzo Bryan & Norman 1998, 

Bryan, Abel & Norman 2001

Gas dynamics (PPM), dark matter dynamics (APM), 9 species non-
equilibrium chemistry and cooling (Abel et al 1997, Anninos et al 
1997)

3 Conditions:

- DM (gas) mass exceeds 8 (4) times initial mass

- local Jeans length resolved at least by 64 zones !

1 solar mass dark matter resolution

34 levels -> 1012 dynamic range in space (¼ solar radius) and time

Tom Abel
Penn State University

Gas Density



Tom Abel
Penn State University

Tom Abel
Penn State University

First HII region in the Universe :-)

With Dan Whalen & M. Norman
first preliminary results

ZEUS-MP:
parallel, 3D code,
can do hydro (MHD) in 
3D spherical coordinates
including transfer from 
point source & diffuse radiation
9 species primordial chemistry



Tom Abel
Penn State University

A. Heger & S. Woosley 2001

Tom Abel
Penn State University

The First Black Holes?

Abel, Bryan & Norman in prep.

In the preferred range of 
masses for the first stars
the ones with 
MFS <140 Mo
MFS > 260 Mo
make black holes. 
Even small kicks ~10km/s
-> leave the halo
may be these are not the 
holes you want to nurture 
into quasars.

Perhaps there are none...

If  MFS > 260 Mo no metals
released !



Tom Abel
Penn State University

Redshift 20,
10,000 such cubes will eventually make up Milky Way -> approximately
100,000 remnants of truly primordial stars may be in the Milky Way.
Dark Matter Gas  128 comoving kpc 

First Structure Formation
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Formation of Quasars

Archibald et al., 2001

Mass 
Flux into

 Cent
er

Ed
di

ng
to

n
-L

im
it

Black Hole

NGC 6240

ROSAT
ROSAT

XM
M/C

ha
nd

ra

XM
M/C

ha
nd

ra

Absorbed AGN
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Chandra Deep
Field South
(CDFS)
940 ksec exposure
ACIS-I 64 arcmin2

Smin = 6*10-17

0.3-1 keV, 1-2 keV, 2-7 keV
Giacconi et al., 2001, ApJ

Brandt et al., 2002, ApJ

HDF-N
1.38 Msec

(going for 2+ Msec)



logN-logS

Rosati et al., 2001
astro-ph/0110452

Chandra Deep
Field South
(940 ksec)

CDF Fluctuations
Miyaji&Griffiths 2002

Gilli et al., 2001 model

Contribution of Galaxies

Normal Galaxies
(LH+CDFS)

Miyaji+Griffiths 2002



X-ray Diagnostics

Type 1

Type 2

Galaxies

Galaxies Seyferts                   QSOs

Chandra (CDFS) and XMM-Newton (Lockman Hole) sources, 222 Redshifts ~65% complete

H
ar

dn
es

s
R

at
io

Luminosity

AGN1             AGN2 new XMM

Optical/NIR Colours

Mainieri , Bergeron et al. 2002

EROs



Highest-redshift Fe-line ?
CDFS #202:  type-2 QSO, z=3.705 LX 1045 erg/s, NH 1024cm- 2

narrow high-excitation lines Fe-line @ 6.4 keV

Norman et al., 2001

VLT
Chandra

⇒Rosetta-Stone
for X-ray
Background !!!

Redshift Distribution
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CDFS Redshift Distribution

Redshift Distribution

Summing 296 spectroscopic redshifts from CDFS, Lockman
Hole, HDF-N, Hawaii 12hr and A370 fields (Szokoly et al., 2002; 
Lehmann et al., 2002, Barger et al., 2001a+b 
Prediction by Gilli, Salvati&Hasinger, 2001

Excess!
Deficit



Predicted AGN Counts
Haiman & Loeb, 2000

RBS

ROSAT Deep

ROSAT UDS

CDFS

=> few z>5 QSO in every
Chandra/Newton FOV ??

HDF-N

AGN activity vs.
star formation rate

Steidelet al., 1999
Miyaji, Hasinger

& Schmidt 2000

Who was there first?: Black Holes or Stars ?

sub-mmX-ray AGN
(logLX>44.5)

opt/UV

Opt. QSO

Schmidt, Schneider 
& Gunn 1995

Fan et al., 2001

X-ray AGN

This work



CDM Models vs. Observations
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Most luminous QSOs (MB < -26)

Lower luminosity QSO (MB < -24)
X-ray selected AGN (log LX> 10 44.5)

Haiman & Loeb 1999
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DUET
(Dark Universe Exploration

Telescope)

XMM FM5

XEUS Plates

Utilize XMM FM5 (ESA)
Wide-Field CCD (MIT)
MIDEX Proposal
(PI R. Petre)

SLOAN Area
(2 yrs, 10-14cgs, US lead)

150deg2 Survey
(1 yr, 10-15cgs, Europe lead)

XEUS
(X-ray Evolving Universe Spectroscopy Mission)



Original XEUS Simulations
XEUS 2

100 ksec, 0.5-2 keV, Smin=3x10-18 cgs

XEUS-II 1 Msec 

0.5-2 keV, Smin=5x10-19 cgslog scale



AGN and the obscured 
Universe

Model spectrum of NGC6240, a classical
starburst/AGN hybrid, used in the following
simulations.

XEUS spectra 
ofAGN at high redshift

NGC 6240 scaled (1044 erg/s)

Cappi et al.

XEUS 1

XEUS 2

z=1 z=4

z=8

z=4
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The X-ray Evolution of Galaxies: 
Implications for XEUS

X-ray Observations of Galaxies

The Chandra deep fields show that the X-
ray sky is dark and dominated by 
accreting supermassive black holes in 
the nucleus of a few percent of galaxies

Chandra is not yet detecting the X-ray
counterparts to the majority of galaxies 
seen in the Hubble Deep Fields

Questions to be addressed:

What is the expected X-ray emission from 
? normal? galaxies at high redshift?

How does this impact the XEUS science 
requirements and mission design?



Chandra Observations of Nearby
Galaxies

The Antenna Galaxy

The non-nuclear galaxy X-ray emission is dominated by X-ray binaries, 
with additional contributions from hot gas and supernova remnants

Integrated X-ray Luminosity of 1039 to 1041 erg/s

M82 Nucleus of  M31

At redshift 1 the X-ray flux of these galaxies would be 10-17 to 10-19 erg cm-2 s-1

? 5-500 times below the Chandra 1 Ms deep survey detection threshold
? Chandra can ultimately reach 3 x 10-18 erg cm-2 s-1 in 10 Ms and so the 

higher luminosity high redshift galaxies should be directly detected
? Evolution of underlying source populations is an important factor

X-ray Evolution of Galaxies
X-ray luminosity of normal galaxies is dominated 
by their X-ray binary populations

? Typical luminosity of 1039-1041 erg/s that is 
proportional to galaxy LB and LIR

Blain et al (1999)

Ghosh & White (2001)

The star formation rate (SFR) has undergone a 
strong cosmological evolution

? 10-100 times higher at z ~ 1 to 3.5
? Details uncertain because of dust obscuration

An evolving SFR will increase the X-ray binary 
populations of galaxies and their overall X-ray
luminosity (White & Ghosh 1998)

? HMXB have short lifetimes and track the 
instantaneous SFR

? LMXB will turn on when normal star comes 
into contact with Roche Lobe, 0.5 to 1 billion 
years after star formation burst

? LMXB are very long lived and are a fossil 
record of past star formation

? Prediction depends on models of LMXB 
evolution



Predicting the X-ray Evolution of 
Galaxies
X-ray luminosity evolution of galaxies predicted by
Ghosh & White (2001)

? Latest Star Formation Rate vs.redshift models
? Show here peak-M (Madau) and Gaussian(Blain

et al) models represent two extremes

Predicts for typical spiral galaxy an increased X-
ray luminosity with redshift

? 3 to 8 times at z ~ 0.5 
? 4 to 16 times at z ~ 1.0
? Lag in LMXB turn on translates to an increase in 

Lx/LB in redshift range 0.5 to 1.5

Seems consistent with X-ray flux of spiral 
galaxies in HDF-N Chandra observation:

? Brandt et al (2001) find no more than a factor of 
2 increase in Lx/LB at z ~ 0.5

? Hornschemeier et al (2002) find for a larger 
sample between z ~ 0.4 and 1.5 evidence for 
increase in Lx/LB by factor of 2-3

Predicting the X-ray Evolution of Galaxies

Ptak et al (2001) calculated the observable 
consequences for HDF-N X-ray observations using 
the Ghosh & White (2001) models:

? 125 galaxies in Cohen et al (2000) with 
measured redshifts

? Use LX proportionality to LB

? Evolve LX to LB ratio based on GW01 models
? Predict X-ray flux using redshift information
? Concentrate on peak-M (Madau) and Gaussian

(Blain et al) which represents two extremes

Between redshift 0.5 and 1.0 the average X-ray
luminosity of galaxies increases 

? Peak-M: 2 x 1039 erg/s to 6 x 1039 erg/s
? Gaussian: 2 x 1039 erg/s to 2 x 1040 erg/s

In the Gaussian model in particular there is a 
strong increase in Lx/LB between 0.5 and 2.0

Gaussian

Peak-M

Peak-M

Gaussian

No evolution

All redshifts
included



Predicted Galaxy X-ray Source Counts

The predicted Log N - Log S distribution from Ptak et al (2001) using the 
predicted galaxy X-ray luminosity evolution from Ghosh and White (2001)

Predicts a population of star forming galaxies emerges at FX < 10-17 erg cm-2 s-1

Chandra HDF-N

Brandt et al (2001)

Chandra HDF-S Extrapolation
Tozzi et al (2001)

Predicted for Gaussian

SFR (Blain et al) 

Predicted for 
Peak-M SFR

Chandra HDF Fluctuation
Analysis

Miyaji & Griffiths (2002) have used a fluctuation analysis of the Chandra HDF fields to 
probe the source counts below the current deep survey limit

Consistent with the Ptak et al (2001), Ghosh & White (2001) predictions 
Suggests that star forming galaxies dominate the X-ray sky at FX < 10-17 erg cm -2 s-1



Chandra Observations of High Redshift
Galaxies

o Individual high redshift (z ~ 2-4) starburst galaxies in the 
Hubble deep field are too faint to be detected by
Chandra - even in an 11 day (1 Ms) deep exposure

o Brandt et al (2001) overlaid the Chandra images of  24
lyman break galaxies in the HDF at z ~ 3

o This ? stacking analysis ? creates the equivalent of a 
260 day (22 Ms) super deep Chandra exposure

o This results in the detection of non-AGN X-ray
emission from high redshift galaxies

o The flux level is 3.10-18 erg/s/cm2 giving a 
luminosity of 3.1041 erg/s, about the same as that 
of nearby starburst galaxies

o To obtain a 1000 count spectrum of one of 
these galaxies with the final XEUS 
configuration will require a 1 million second 
exposure!

Stacking Lyman/Balmer Break
Galaxies

Indicates strong evolution of galaxy LX with z
? Scales with UV luminosity
? Probably not due to AGN activity

X-ray luminosity to IR scaling gives a star 
formation rate estimate consistent with extinction 
corrected uv estimates

? a new important probe of star formation
? See poster by Paul Nandra

z=3 z=1
Nandra et al (2002) used galaxy stacking to 
probe galaxy emission at redshift 1 & 3

? 144 Lyman break galaxies (LBGs) at z ~ 3
? 6 sigma detection at 3.3 x 10-18 erg cm -2 s-1

? 3.5 x 1041 erg s -1

? 95 Balmer break galaxies (BBG) at z ~ 1
? 9 sigma detection at 6.4 x 10-18 erg cm -2 s-1

? 3.3 x 1040 erg s -1 (or 6.6 x 1040 erg s -1 using
same Lx threshold for both BBG & LBG)



Angular Resolution Considerations from 
Stacking Analysis

Nandra et al (2002) stacking analysis of Lyman and Balmer break galaxies 
demonstrates that peak signal to noise is at 2 arc sec extraction radius

? Avoid confusion from overlapping galaxies and optimal background
? Important that point spread function includes large fraction of power

within 2 arc sec radius (equivalent to ~ 2 arc sec HPD)

Source Confusion Limits
Miyaji & Griffiths (2002) fluctuation analysis and Ptak et al (2002), Ghosh & White 
(2002) Galaxy X-ray evolution models can be used to estimate confusion limits

2 arc sec

5 arc sec

15 arc sec

There are two confusion limits in X-ray astronomy
AGN limit of ~4,000 deg2 at 10-16 erg cm-2 s-1

Galaxies with ~100,000 deg2 at 10-18 erg cm-2 s-1

Constellation-X
3 sq m - 2010/11



Simulating a XEUS Observation 
of HDF-N

Simulations of a 1 million second XEUS HDF observation with different angular 
resolution: 5 (XEUS requirement), 2 (XEUS goal) & 1 arc sec

o 1067 Photometric redshifts and multi-band fluxes (U,B,V,I,J,H,K) taken from 
Fernandez-Soto et al. (1999)

o Assume the rest-frame U-band (3000A) flux traces star formation
o Estimate in each case which observed band is closest to rest frame U
o Calibrate rest-frame U versus FX (0.5-2 keV) using known Lyman break and

Balmer break galaxies in HDF-N (~10 of each in the field)
? The mean Fx of the BBGs is about twice the LBGs
? Use this ratio to predict 0.5-2 keV FX from rest frame U for other galaxies. 
? Predicted flux ranges from 10-20 to 10-17 erg cm-2 s-1

? Simulate image using XMM-Newton QuickSIM for pn CCD
? 250 times area 

? 10 times background to account for longer focal length & open optical bench
? Divided XMM-Newton PSF by factor of 3, 7.5 and 15

Thanks to Paul Nandra, Steve Snowden, et al

Predicted Galaxy Flux & Lx vs. Redshift

Many of the galaxies at z < 2 have fluxes of 10-20 to 10-17 erg cm-2 s-1



Simulations of XEUS HDF 1 million sec observation at 
different angular resolutions

5? 2? 1?

Galaxy at z=3

1?2?5?

Simulations of XEUS HDF 1 million sec observation at different 
angular resolutions (5, 2 and 1 arc sec)

1 million Msol

AGN  at z=10



The High-z Universe of Galaxies & Black 

Holes

At z ~ 10 a 1 million Msol micro-AGN accreting at 10% of Eddington limit
has a 0.5-2 keV flux of ~2 x 10-18 erg cm-2 s-1

? Same as Lyman Break Galaxies at z ~ 3 detected by Chandra

At z ~ 10 a 1041 erg/s galaxy or an accreting (10% Eddington) ~10,000
Msol black hole have a flux of ~5 x 10-20 erg cm-2 s-1

? 100 times deeper than Chandra ultimate deep survey and the 
advertised XEUS deep survey limit

For a luminosity  < 1042 erg/s the challenge will be to distinguish low 
luminosity AGN, from galaxy emission of many X-ray binaries

O Spectra of Galaxies (sum of LMXB) and AGN are very similar
O Galaxy size of 0.5-1 arc sec requires 0.1 arc sec to resolve AGN
: Utilize other wavebands e.g. radio emission to differentiate, which

requires arc sec or better positional accuracy

Useful things to keep in mind? .

Summary - Implications for 
XEUS

Galaxies emerge as the dominant X-ray population at a 0.5-2.0 keV flux of 
<10-17 erg cm-2 s-1

With 30 m2 collecting area it is inevitable that XEUS will study the X-ray
properties of both galaxies and black holes at z > 1

The X-ray galaxy density is > 50,000 deg2 at 10-18 erg cm-2 s-1 and to avoid 
galaxy confusion requires 2 arc sec half power diameter 

Consider optimizing the focal length, angular resolution and background to 
achieve a limiting sensitivity 100 times better than Chandra (~5 x 10-20

erg cm-2 s-1) to reach ~104 Msol black holes and ~1041 erg/s starburst 
galaxies at z ~ 10 (see Will Zhang? s poster)

With these parameters XEUS will light up the HDF in X-rays & be well 
matched to study the first black holes and galaxies to z ~ 10
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The growth of structures
Building clusters

M.Arnaud (Sap Saclay)

XMM

A1795         z=0.06 Coma            z =0.02

XMM

XMM

RXJ1053        z =1.26

Chandra

RXJ0848      z=1.27

• Clusters exist up to high z

• Variety of dynamical state
at all z

How cluster form?

3C294          z=1.79

Chandra
[References : Briel et al, 2001; Arnaud et al 2001; 
Stanford et al 2001; Hashimoto et al, 2002; Fabian et al, 2001]



• progenitors of structures: initial density fluctuations

• grows by gravitationalinstability => the cosmic web

• Hierarchical clustering: small structures collapse first

Formation history of a Coma like cluster

Z=2 Z=1.5

Z=1 Z=0.5

Z=0
[ Teyssier, 2002, AMR simulations, astro-ph/0111367 ]

• Formation process going on
now at cluster scale

• Cluster formation: 
by merger/accretion
along large scale filaments



Major mergersQuiet accretion

Example of formation history of 1015 Mo cluster.

Hierachical mass growth by

• Merger of subclusters previously formed
Major events: rare events
More merger with smaller groups

• Quiet matter accretion
between merger events

[Cavaliere et al, 1999]

The cluster population is an evolving population

==> provide powerful test of structure formation: 

Current tests:

• Evolution of the mass function (N(m))

• Study of dynamical state of nearby clusters

• Correlations between (relaxed) cluster properties



The evolution of cluster number density

Ω =1

Ω =0.3

[Eke et al,1996]

• Less massive clusters at high z

• Amount of evolution depends on
cosmological parameters

[Donahue et al,1999, ApJ, 527, 525]

Observed temperature function

• We do see evolution
• Till now used to constrain Ω, assuming standard M-T relation

Need
• Ω and P(k) determined independantly
• Better N(T,z) high z and calibration of M-T relation

- Progress espected with XMM follow-up
- More massive clusters (All Sky Survey)



Numerical simulation (shock)

[Ritchie & Thomas, 2002]

ASCA kT map

Dynmical state of nearby clusters

[Markevith et al, 1999]

• Presence of sub-structures

• direct evidence of merging activities

Clear support to hierarchical scenario 

Chandra

[Vikhlinin et al, 2001]

• statistical analysis of substructures  in z~0 clusters
--> Ambigous test of formation scenario

(NB which also depends on Ω)

• Subtructures: a fossil record of merging history

BUT

• Physics of merger events and relaxation time
poorly understood

Cold front (not shock) -> survival of dense subcluster core?



-
Simple scaling laws:

GM/Rv
3 = δ ρc (z) (cluster form at constant over density)

GM/R α kT       (virial theorem)
Mgas α M (fgas = cst)

Mgas α T3/2 ; Rv α T1/2 ; LX α T2

Correlations of (relaxed) cluster properties
The self-similar model

kT(keV)

Lx
Lx α T2

Observed departure from self-similar scaling

[Tozzi & Norman, 2001, ApJ, 546, 63
Data from Arnaud & Evrard, 1999;
Allen & Fabian, 1888, Ponman et al, 1996]

• Steepening of the Lx-T relation

[Ponman et al, 1999, Nature, 397,135
See also    Llyod-Davies et al, 2000, 
MNRAS, 315, 689]

• Entropy excess

• Caracteristic ‘ floor ’ value
of ~ 100 keV cm2

Similarity relation

The evolution of the ICM is not purely governed by gravitational
effects



Physical origin not understood:

• Pre-heating ? by:
-SN-driven early galactic winds thought to be responsible for the ICM enrichment
- AGN

• Cooling ? (NB poorly understood cf XMM/RGS)

• variation of galaxy formation efficiency with cluster mass?

• fundamental flaws in DM collapse model?

Recent XMM observations suggest that entropy floor  already established at 
high z

Z=0.6 cluster

[Arnaud et al, 2002]

What do we need to understand cluster
(and structure) formation?

• Know the Universe in which they form and evolve
P(k), Ω, Λ
--> Planck

• Understand better the complex NE physics of merger events
-- > measure gas v (nearby clusters)
--> Bolometers (Astro-E II; Cons- X; XEUS)

• Directly observe the history of present day clusters
- merging activity and evolution of subclustering up to z at least 2
- thermodynamical (cooling, heating) evolution
- including the physical properties of groups at high z, the ‘ seeds ’ of 

present day clusters

--> high throughput, E resolution (XEUS)



0.5 arcmin

XEUS simulation of a poor group at z=2
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(b) LV-OVI: LSR
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(b) LV-OVI: GSR
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���� �� ��� � �� ���!�� ��� ��� "#��� $����%� �������� ���  �����  ����� �� ��� ���������  �������

���� �� �&������ ����� �� ���� ���� ��� � �������� � ' �# ��� ��� � ���(������ ������ !�� � ) * + ��!��%��! ��������,

�������� �� �� * + � '-�� ���� ��� � -�.%/�. 0�& �� '-��� ��� ���� ����

���� �� �� ��		�
 ���� ������� ��� ����������� ������������ ��� � ��� �� ����� ���������� ������ ����� ������
 ������  ����� ����� ��� ������! "���� ������������� ��� #���� �� ���������� ��������� $��� ���%� ���� �����
���� ����� &	 %� ��� ��� ��� ���� ��� ����� ���� �� ���� '		 %� ��� ��� ��� �� ����! (����� ���� ��� ���������
����� ���� ��� ������ ��� ������� ��� �)����� �� ���� ��������� ��������� �� ������� �������� �� %� ���!

�� �� ����������� �� ���� ���� ��� ��� ���������� ����� �� ��� ������ ���� �� ��� ���� �� ���$��� ���� ����������
���������� �� ��������� ���������� ����� �� ������� ���� � ��� � $��� ���� ������ ����������� ��� ����� ���#��
#�����! *�$����� ��� �� ��� ����� ����� �� � ��� ���� �������� � ������� ���������� �� � '			 $���� �� ������ ��
������� ��� ����� ��� � +			 �� ������ � ���������� ���#�� #�����!
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"�� %�� ��,�������� �� ����� ���������� ����� �� �� ���� � ������ ������ ��%������ �����! "�� ��,����� ������ ��
����� �� ����� �� ���������� ���� $��� ����#�� ����������� �� ��� ���� � ������� �� ��� �,�������� $����� ��� �� ����
����� ������� ��� -������ $����! ������� ���� ����� ����� $��� ������� �,�������� $���� ���� �� �� ������� $���
��� �������� �����!

��� ���������� ����� ���� ���� �� ��� .*�/ ��������� ����� $��� �� ���������� �� �01 2 "3
� � ���� �� �����
�� ���� $��� � ��� 4 '	 ������� $��� ������� ��� ������� ���������� �� � � � + �������� ���������� ����� $���
�,�������� $���� �� ����� �� � ������� �� ��� ������ $���� �� �� �������!  ����� $��� ��� ��� ������� ���� '	
��� �������� ������� ��� ���������� ���� �������� �� ���� �� �� ������� $��� ����� ���%��!
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�����	�� �� �	 3$11 ���������	 ��	� �� � 0  � ��� ��� ��	��������
�� �����	���� %�� 
����	 � ���������� ����	��� 
�����	�� ��	� 4��� , .�&5� ��� %�� �	� �������� �� ��� ������ ��
��� ���� �� �	 , .�&� 3	�� ��� �������� �� ���������� � ��
�� ��
 �� ,���� �� � ������� �������� ��	� �	� 
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��� �� � �  �.�� 4� & �7�5�

���� ����"11 ������ �� ���� �� ������ ��	�� �� 
��� �� � �  �&�� 4� .�7�5� 1� 
� ���� ��� ������� �� ��� 3$111
8���	 	 ���	�����	 4,� '�'5 
� ��� ���� ����� ������ ���	����� �	�� �����	 ��	���� ������ �� & �� ���� ��� ����"1
�	� & �� ���� ��� ����"11� *������	 �� -�	 �� �� 4'  '5� ��	� �� ���������	 ��	�� ��� �	�� �������� 
��� �� ���	�
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1	 ���� ��	��	��� ����������� ���� ����� �	� ��������� ����"11 ������ �� ���� �� ������ � 	����� �� ���������	 ��	��
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� ���� �������� ��� ��������� �� � ����	�� ������ �������� �� ����� ��� �� �� � ����� ���� �� ������� �� � 0  �9

���  �! ����� ������������ &  ��� ���� ������ �	� ���� ���,�� 
��� 
 0  �:!� ��� ��������	� 
���� �� � 	����� ��
����	�	�� ���������	 ��	�� ��� ���	 �������� �� � ��	����	 �� ��	���� �������� ��	���� �	� ������������ -�� .�. ���
�
��	����� ��� �	 ��������	� 
���� ����� ��  �' �$�

;������� �� ��
 ������������ 3$11� 3$111 �	� )�� ��	 �� �������� ��� ��� ���� ��	���� �������� *� �����
������������� � 
����� �� ����	�	�� ���������	 ��	�� ������ 
���� ������ �� ���������� �	 ��� ����� �� ����� �	�
���������

3	� ����	���� ������� ��� ��� ��������	 �� ��	� ������� �	 ����� �	� �������� �� ���� �������	� �������� �����
���� ��� ���������	 ��	� ��������� �	�� ��� ��	��	��� 	����� *��	� � ��
 ����� ���������	� ���� ���	 ���������
��� � � 0 &�� ���������	 ��	� 
��� ������	 ���,�� �	� �	������	 <������ ���������� -�� .�. ���
� ��� ���������
��	�� 
��� � �������� ���������	 �� � 0 =  ����� 4��������	��	 �� � � � &&  �����5� ��� ��	� �� ������� ��������
�	 ��� ����"11 ��������� ��� ��� ��	�,��	�� �� ���� ������� �	 ��� ����"1 �������� ����	 �	�� �����	� ���� ����
�� ��� ����	�	�� ���������	 ��	�� 
��� ���� ��������	� 
����� ��	�,��	��� ������� ���	 & �$ 4 �' �$ �� �������� ����
���������� �������	 �� ,� .�.5� ����"11 
��� �� 	����� �	 ���� ������

�� �������

1� �	����	� ��� ��������	 �� ����	�	�� ���������	 ��	�� ���� 
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������� ���� ���� 4�	� ����"11 �	 ����������5 
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�� +��,-.*  �� �/�0�����  ���� �* #�1* #�+ ��� #�� �2�
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�� %#�� ��� � ����������� �� "#' ����� ���� ��������� ����� �� �� ���� ��� � (��������� �������� �� ��� ���� )*+� ���
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 ����� ����	�� ��� �������� ����	��� 
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$� 	�� ������� ��� ���������� �
 ��� ��� ��� �� ��������	� �	� ���� ��� �� ������ �������	 �����	� �	�� �����	�
�������	������	 �� %&' � ��� ����� ����	�� ����	�� �	 ��� ����������� �	� ��	���� �
 ��� ��� �� ����	 �	 (���)� '���
��������� �	� ������ �������	 ���� �	�������� ���� ��� �	���� ��	�� *�+�� ��,� �� �� ��	������ �	� �� ������������
��� ����� �� ����� -�)� (�� ����� ���������� �������	������	 ����	�� ����	���� ���� ������	� ��	������	� �� � �����
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. ����� ��� ��������	 �	 ��� ��	���	���� �� ���� � ��	� �	� �	 ��� 	�������� ����

� ��	� �	� �	��� (�� ����	� �	������� �	�� ���� ����� �� ����� -�)� (�� ��� ��	�	��� /���	� ��� *�+�� ��, ����������
�
 ��� ��� ��� �� ����	�	� ��������	� ������� ��� ������ �������	 �
 ��� �������	���� ��� �� � 
����� �
 ����� 0�
1	 (���+ �� ������� ��� ���������� ��	����	� ��������� ��������	 �
 ��� ��� �������	���� �� ��� %&' �� ��� ����
������ �������	 �
 ��� ��� �
 �� ���� �	 ������	� ��	������	 ����������� ��� ����� �
 ��� ������������ ��	�������� ����
��� *�+�� ��, �	���� ��	� �� ����	 �� � ��	���� ���� (�� ��� ��	�	��� /���	� ���� ����� �� ����� +��* ���� 
��
��� ����� �� �� ���� ���	 �*�� $� ��	���� ���� ��������� 
�� ��� ������������ �
 ��� ���� 123 ����� 	����� ������
��������	� �
 ��� ��
� %"��� ��������	� �	�4�� �������	������	 �
 ��� 123 �� ��� ��
� %"��� ��������	� ��� �����
������������

(�	��. �� ������� ��� ���������� ��� �� ����	�	� ��������	� �	 ��� #,11 �	� ����� �� ���� �� �� ��� ����	����
�	� �� ��� �����	� ����������� �	� ��	������. �� ��� ���� �	�������� ���������� �	 ��� �	���� ��	�� *�+�� ��, �(�����
5 � (�� � ������ /���	� ����� -* �����	� �
 ��� ���� 6�� �� ������� �	 ��� ����	�	� �	� �
 #��� �
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The X-ray Evolving Universe Spectroscopy Mission

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

• XEUS status

• Deep Universe science objectives and requirements

• Mission design

• Expanding the science objectives

XEUS – Introduction
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XEUS Workshop: 11-13 March, 2002

• XEUS is one of the established priorities of the ESA Space Science
Programme and is classed as a “mission under study”. 

• A concept study conducted by industry showed no potential “show 
stoppers”.

• 18 month System Study to begin in April. Jointly supported by DS CI and
DMSM and in collaboration with our ISAS colleagues. (Analysis of critical 
subsystems (AOCS, thermal, baffling, etc), study of ISS interfaces, costs and 
mirror logistics).

• Technological emphasis is on demonstrating the mirror capabilities in 
the next 2 to 3 years.

• Goal is to be ready with a technically feasible, affordable, mission
together with our international partners for launch soon after 2012.

XEUS – Current Status

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

• Horizon 2000+ called for a study of the 
utilization of the ISS for a major high-energy
astrophysics mission.

• How should we follow XMM-Newton?

• What will be the science topics for high-
energy astronomy at the end of the first 
decade of the 21st century

XEUS – Origins in 1996
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XEUS Science Topics
Observations of the hot Universe at high 
redshifts will provide crucial complimentary 
information to NGST, ALMA, Herschel etc 
on:

• The formation and evolution of the first 
massive blackholes

• The large scale structure of the Universe 
and hot filamentary  components at high 
redshift

• Study of the first small groups of 
galaxies and their evolution to today’s 
massive clusters

• Study of the formation of the first 
metals, in the hot inter-galactic medium

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

Sensitivity: 4 x 10-18 erg cm-2 s-1

Angular resolution: <5"
Spectral resolution: 2 eV @ 1 keV
Bandpass: 0.05 - 30 keV

• Study of first galaxy groups 
and evolution into today’s 
clusters

• Absorption line 
spectroscopy of hot 
filamentary material

• Spectra of first accreting 
black holes

Mirror effective area: 30 m2 @ 1 keV, 3 m2 @ 8 keV
Lightweight high resolution optics (5", goal 2") with 50m focal length
Imaging wide field semiconductor and cyrogenic high ?E instruments

XEUS - Requirements
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XMM-Newton:

•Mirror area 0.4 m2

•Spatial resolution 15’’ HEW

•Limiting sensitivity: 10-15 erg cm-2 s-1

Chandra:

•Mirror area 0.08 m2

•Spatial resolution 0.5’’ HEW

•Limiting sensitivity: 10-16 erg cm-2 s-1

X-ray Astronomy Satellites

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XMM-Newton

0.4 m 2 15'' HEW

XEUS

30 m 2 2-5'' HEW

XEUS is under study as part of the 
Horizons 2000+ programme and is one of 

the established priorities of the ESA 
Science Programme

Via the ISS and in 
partnership with 

ISAS

XEUS – The Challenge
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• Figure shows a composite 
spectrum of a kT= 3 keV 0.3x
solar metallicity thermal gas 
and an absorbed AGN with a 
strong (EW=1 keV) Fe line,
primarily due to reflection.

• Source luminosity assumed 
the same as the nearby galaxy 
NGC 6240.

• XEUS  can study dust 
enshrouded AGN at high 
redshifts and separate the 
contributions from starbursts 
and AGN.Credit: A. Comastri & M. Cappi

XEUS – AGN versus Starbursts

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

•Simulated XEUS spectra of the composite starburst-AGN for z=1 and z=4 
for the initial XEUS configuration. An exposure of 100 ks is assumed.

XEUS – AGN versus Starbursts
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•Simulated XEUS spectra of the composite starburst-AGN for the final XEUS
configuration. These show that with a deep field exposure, the spectra of 
sources at z=8 could be obtained and their Fe -K lines detected.

XEUS – AGN versus Starbursts

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

•In standard cosmology, galaxy groups with 
masses of ~1013 Mo are the first emerging 
massive objects at redshifts of 2-3.

•These groups have sufficiently deep 
gravitational potential wells that the intra-group
gas is heated to X-ray temperatures and remains 
essentially trapped.
•XEUS will be a powerful tool for observing the 
formation of large-scale structure in the 
Universe.
•Such groups are expected to be found 
serendipitously in regular XEUS observations.
•Simulated XEUS image of a 1043 erg s-1 Hickson-
type group at z=2 with 5” HEW angular 
resolution.

Credit: H. Böhringer

XEUS – Studying structure formation
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• Simulated spectrum of a 1043

erg s-1 group at a redshift of 2 
with 0.3 cosmic abundance. 
200 ks exposure with XEUS II.

• Emission lines of Fe and the 
major a-elements are visible.

• The temperature can be 
measured to ± 3%.

• The Fe and O abundances 
can be measured to ± 10% 
and 20%.

XEUS – Studying structure formation

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

Structure simulation from Cen & Ostriker (1999)

Credit: G. Hasinger

XEUS – Studying large scale structure
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• Plot of resolving power against photon energy. The red line shows the resolving 
power of the strawman TES instrument; green the strawman STJ instrument.

Credit: F. Paerels

XEUS – Spectral Resolving Power

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

100 ks
0.5-2 keV

XEUS1 2”XEUS1 2” XEUS1 15”XEUS1 15”XEUS1 5”XEUS1 5”

XEUS2 2”XEUS2 2” XEUS2 5”XEUS2 5” XEUS2 15”XEUS2 15”

XEUS – Observing the deep Universe
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XEUS – Mirror Technology

Mirror plate

Petal structure

Optical bench (=MSC)

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS – The Movie
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The XEUS mirror area for a 
50 m focal length. The solid 
line shows the mirror area 
after growth at the ISS. The 
dashed line shows the mirror 
area in the initial 
configuration.

Note the enormous increase 
in mirror area below 2 keV
following the ISS visit.
The inset shows mirror area 
at high energies (keV) in m2

XEUS – Increase in Mirror Area at the ISS

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS – Expanding the science goals

• One of the goals of this workshop is to discuss additional 
and updated science goals for XEUS.

• These may have impacts on the instrumentation, payload 
accommodation, and telescope design so any desired 
enhancements should be preferably analyzed in the System 
Study that is about to start.

• How do we decide what should be included?
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XEUS – Expanding the Science Case

•X-ray flares as probes of 
the regions around black 
holes in nearby galaxies.

•Komossa & Yuan

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS – Expanding the Science Case

•Investigating galactic 
haloes with XEUS

•Breitschwerdt et al.
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XEUS – Expanding the Science Case

•X-ray Polarimetry?

•Grupe & Wills

•Presentation by Costa as 
well.

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

• Important classes of objects such 
as Seyfert galaxies can show 
strong reflection components 
which peak at ~30 keV and
provide important astrophysical 
constraints.

•Talk by Y. Ogasaka.

XEUS – High-energy Extension?
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XEUS – A Fast Timing Capability?

• XEUS could provide an order of magnitude sensitivity 
improvement in timing studies over RXTE – if a suitable 
capability in the focal plane was present.

• This will provide sufficient sensitivity to search for the 
signatures of the innermost stable orbit around neutron 
stars (as seen from 4U 1820-30 by RXTE) allowing the 
Equation of State of ultra-dense material to be directly 
constrained and the effects of strong gravity on the metric 
to be directly tested.

• Talk by D. Barret

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS – Focal Plane Detectors

• An alternative micro-
calorimeter configuration for 
XEUS?

• Luukanen et al.
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XEUS – Organisation

XEUS Steering 
Committee

Astrophysics
Working Group 

Telescope Working 
Group

Instrument Working 
Group

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS Astrophysics Working Group

Gunther Hasinger, AIP Potsdam, D
Monique Arnaud, CEA Saclay, F

Xavier Barcons, CSIC-UC Santander, ES
Didier Barret, CESR-CNRS/UPS, F
Alain Blanchard, Strasbourg, F

Hans Böhringer, MPE Garching, D
Massimo Cappi, TESRE Bologna, I
Andrea Comastri, Bologna Obs, I

Thierry Courvoisier, Geneva, CH
Andy Fabian, IoA Cambridge, UK
I. Georgantopoulos, IA&A, Athens, G

Richard Griffiths, Carnegie Mellon U, USA

Nobuyuki Kawai, RIKEN, J

Katsuji Koyama, Kyoto University, J
Kazuo Makishima, U of Tokyo , J
Pino Malaguti, TESRE Bologna, I

Keith Mason, MSSL/UCL, UK
Mariano Mendez, SRON, NL
Takaya Ohashi, Tokyo Metro. Univ, J

Frits Paerels, Columbia U, USA
Arvind Parmar, ESA/ESTEC, NL
Luigi Piro, IAS Roma, I

Jürgen Schmitt, U of Hamburg, D
Michiel van der Klis, Amsterdam, NL
Martin Ward, U of Leicester, UK



Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS Telescope Working Group
Dick Willingale, U of Leicester, UK
Bernd Aschenbach, MPE Garching, D
Hideyo Kunieda, ISAS, J
Koujun Yamashita, Nagoya University, J

XEUS Instrument Working Group
Piet de Korte, SRON, NL
Lionel Duband, CEA/CENG, Grenoble, F
Andrew Holland, U of Leicester, UK
Kazuhisa Mitsuda, ISAS, J
Lothar Struder, MPEMunchen, D
Hiroshi Tsunemi, Osaka University, J
Tadayuki Takahashi, ISAS, J

ESA XEUS Study Scientist
Arvind Parmar, ESA/ESTEC, NL

ESA XEUS Study Manager

Jens Schiemann, ESA/ESTEC, NL

XEUS Telescope & Instrument WGs
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XEUS Workshop: 11-13 March, 2002

Martin Turner, U of Leicester, UK
Monique Arnaud, CEA Saclay, F
Xavier Barcons, CSIC-UC, Santander, E
Johan Bleeker, SRON, NL

Gunther Hasinger, AIP, Potsdam, D
Hajime Inoue, ISAS, J
Giorgio Palumbo, U of Bologna, I
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100 eV (WFI) 5 (2) eV (NFI)Energy resolution @ 8 keV

50 eV (WFI) 2 (1) eV (NFI)Energy resolution @ 1 keV

5’ (WFI) 1’ (NFI)Fields of view

3m2 (XEUS I) 3m2 (XEUS II)Mirror area @ 8 keV

6m2 (XEUS I) 30 m2 (XEUS II)Mirror area @ 1 keV

50 mTelescope focal length

0.05 – 30 keVEnergy Range

Specification (goal)Parameter

XEUS – Baseline Parameters

Astrophysics Mission Division
Research & Scientific Support Department

XEUS Workshop: 11-13 March, 2002

XEUS – A Fast Timing Capability?
• Simulations by Barret et al. show the 

sensitivity of XEUS to QPO from the only
known accreting milli-second X-ray pulsar 
SAX J1808-3658. RXTE did not find QPO.

• Detection of both coherent P and kHz QPO 
from the same source would immediately 
allow conformation or rejection of many 
QPO models.

• XEUS would likely detect both types of 
signal from a number of LMXRB.

• These systems may be powerful sources of 
gravitational radiation. Accurate P 
measurements could help LISA etc in 
searches for gravitational radiation.

Credit: D. Barret et al.
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The high demanding requirements in terms of: 

• angular resolution
• low mass
• large temperature operative range*

for the next generation X-ray telescopes like XEUSXEUS require
development of new technological approaches for the manufacture of
the X-ray optical systems

Assuming a petal configuration with segmented mirrors which is 
imposed by the large diameter foreseen for the XEUSXEUS optics, in this 
presentation we will analyze the use of:

new materials
new manufacturing processes

that we think could meet the stringent requirements of XEUS

*NOTE: the present XEUS configuration foresees a thermal operative range
for the optics between –30o – 40o C

Envisaged approaches for the XEUSXEUS segmented
mirrors manufacturing

Materials and manufacturing techniques under investigation:

Borofloat glass Ceramic SiC

Slumping of the shell

Fast Polishing

Active integration

Tape casting of the shell

Silicon infiltration

Fast polishing

Active integration

CREDITS: SCHOTT



Possible layout of a XEUS mirror segment

If we fix the unitary mass equal to 2.64 Kg/m 2, corresponding to the mass budget 
foreseen for a single panel (segment) of the most external mirror shell of the 
XEUS mirror mission (see below for details), we can spend such a mass using:

1. 0.3 mm of electroformed Ni;
2. 1.2 mm solid glass; 
3. 0.78 mm solid Al2O3;
4. 0.82 mm CVD SiC;
5. an Al2O3 sandwich having a foamed core 2 mm thick and two skins 0.3 mm each;
6. a SiC sandwich having a foamed core 2 mm thick and two skins 0.3 mm each;

Material

ρ
Density

[Kg x m-3

×103]

α

CTE
[K-1×106]

C
Specific

Heat
[J x kg -1 x

k-1]

k
Therm.

Conduct.
[W x m-1 x

k-1]

E
Elastic

Modulus
[GPa]

k x α -1

Therm.
Dist.

Par. [W x 
m1×107]

E x ρ-1

Specific
Stiffness

[MN x Kg-1

× 106]

Electrof. Ni 8.8 14 444 90 180 0.6 20.5

Plasma
spray Al2O3 3.37 5.5 880 25 87 0.45 25.8

Al 2.7 25 899 237 76 0.95 28.1

ULE (7971) 2.2 0.03 708 1.3 67 4.3 30.4

Zerodur 2.55 0.15 820 6.0 90 4.0 35.3

CFRP 1.55 1.6 710 17 70 1.06 45.1

CVD SiC 3.21 2.4 700 25 466 10.4 145

Be 1.85 11.4 1880 216 303 1.9 164

Thermal-mechanical parameters of some materials used in past missions or
candidate for future projects like XEUSXEUS.



Mechanical merit figure ratio EJ / EJ(Ni0.3mm)
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NOTE: E = Elastic Modulus
J = Moment of Inertia

Flexural Rigidity for a XEUS panel 1 m x 0.5 m

XEUSXEUS petals based on slumped glass segments: production 
sequence and assembling



Mirror supporting in measuring and integration conditions

During the testing phase the mirror segments 
have to be opportunely supported by a matrix 
of astatic actuators, in order to avoid as 
better as possible the deformations due to 
the gravitation.

Two possible patterns have been considered 
for the distribution of the actuators: the
quadrilateral and triangular patters.

Simulations by a finite elements 
code applied to the case of a 
borofloat glass segment 1 mm 
thick showed that the quadrilateral 
pattern gives the better 
performances.

Slumped glass approach:Slumped glass approach: rough estimation for the manufacturing timerough estimation for the manufacturing time

Phase A:
Slumping of the shell segments

1. Investments:

Measuring machine

Slumping mould

New building

2. Time schedule

1 year for preparation

3 year for production (XEUS 1)

Phase B:
Fast Polishing of the shells:

1. Investments

3 machines for 3D tests

10 robotic polishing machines

4 Promap or Wyko profilometers

building + clean room

2. Time schedule

1 year for preparation

4 year for production (XEUS 1)



Activity in progress

MPE and OAB/INAF have initiated a preliminary study to verify the
feasibility of the borofloat glass approach:

The slumping process is investigated with the support of the Schott
Company (Germany);

the fast polishing with robotic machine will be investigated with the 
support of the Zeiss company (Germany);

In addition:
OAB/INAF is investigating a possible manufacturing program based

on SiC ceramics.

First results on the slumping process expected in a time 
frame of 5 months 

ConclusionsConclusions

• The production of the XEUSXEUS optics present a real challenge;

• We presented some technological approaches that could be a viable
solution for the manufacture of the XEUSXEUS optics;

• Experimental verification is required to prove the feasibility of these
concepts;

• For the slumped borofloat glass approach a preliminary feasibility study 
is currently in progress (first results are expected in a time frame of = 5
months).

NOTE:
Part of the concepts above presented have already been published in:    O. Citterio, M. Ghigo, F. Mazzoleni, G. Pareschi,
G. Parodi, H.W. Bräuninger, W. Burkert,  G. Hartner,''Development of Soft and Hard X -ray optics for astronomy: progress 
report II and considerations on the production methods of large diameter segmented optics for future missions'', 2001, 
SPIE Proc., 4496, 23. Wealso plan to present the first results of the MPE/OAB activity for t he development of borofloat
segments in: O. Citterio , M. Ghigo, F. Mazzoleni, G. Pareschi, B. Ascenbach, H. Bräuninger, G. Hasinger, P. 
Friedrick,”Large-size glass segments for the production of the XEUS X -ray mirrors: basic ideas and concepts ”, during the 
SPIE Conf. “Astronomical Telescopes an Instrumentation”, Waikolo a - Hawaii 22-28 Aug 2002 (Conf. AS18).
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Cryogenic Detectors (Narrow Field Instruments)

Part 1: The narrow field imager 1

Peter Verhoeve
Research and Scientific Support Department
ESTEC/ESA
P.O. Box 229
2200 AG Noordwijk
The Netherlands
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20x100 micron 
 Ta DROID

25x25 micron Ta STJ
from 6x6 array

50x50 micron 
Ta/Al STJ

Hf

Mo

Ta

Nb

          Tc  (K)     gap (meV)
Nb           9.2         1.55
Ta           4.5         0.67
Mo         0.92        0.14
Hf           0.13     ~0.02



S-Cam 3 array: 10x12 pixels (33x33 µm2)

• Individual pixel read-out
• 4 groups of 32 pixels 

(FEE modules of 32#)

Distributed Read-Out Imaging Devices

50x50 µm2single STJ

50x400 µm2 absorber with 50x50 µm2 STJs

niobium wiring to prevent QP outdiffusion

sapphire substrate

SiOx

Al (65 nm) AlOx

Nb contacts

Ta top electrode

200 µ m
50 µ m

- - -
- - - -
- - - Ta absorber (100 nm)
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100x20 µm2 absorber with 20x20 µm2 STJs

∆E=2.4 eV (FWHM) at E=500 eV, ∆E=21 eV at E=5.9 keV

R. den Hartog et al., LTD-9

Soft X-ray detection with 1D DROIDs

Possible array format for XEUS
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Cryogenic Detectors (Narrow Field Instruments)

Part 2: The narrow field imager 2

Henk Hoevers
SRON National Institute for Space Research
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3584 CA Utrecht
The Netherlands

ISIRO
NI

Voltage biased X-ray microcalorimeter - performance

• Single pixel microcalorimeter; 1.5 keV: ∆E =  2 eV (NIST) and 2.8 eV (GSFC) 

• Single pixel microcalorimeter; 5.89 keV: ∆E =  3.9 eV (SRON): 
resolving power E/∆E = 1,500 

Pulse height spectrum of an 55Fe source, ∆E = 3.9 eV (under dc-voltage bias, SRON)

Kα

Kβ

TES

Absorber

Closed SiN membrane

Single pixel microcalorimeter
(photo: SRON)



ISIRO
NI

Imaging arrays of TES based sensors

Present devices: a single pixel on a closed membrane
• A closed membrane leads to unacceptable thermal cross-talk for an array
• Solution: slotted membranes, tune G with aspect ratio of support beams

Cross section array support TiAu TES on a slotted membrane (photo SRON-MESA)

wiring

Si-nitride membrane

Read-out Fan-out wafer

Si

Wiring

Absorber on
thermometer

ISIRO
NI

Imaging arrays of TES based sensors

TES

Hat

Cross section mushroom-shaped absorber Detector with Cu/Bi absorber (photo SRON-MESA)

Present devices do not reach the required stopping power/pixel area

• Solution: mushroom shaped bismuth absorbers

∆E = 5.2 eV at 5.89 keV
92% stopping power
2 µm Cu and 5 µm Bi



ISIRO
NI

Imaging arrays of TES based sensors

Detector 5 x 5 prototype on solid Si wafer
photo: SRON/MESA

Micromechanical 5 x 5 prototype,
Si (111) bars, slotted membranes 
photo: SRON/MESA

Slotted membranes suspended by array support structure

ISIRO
NI

Read-out of an imaging array

Read-out of an array of m x m pixels

Option # SQUIDs remark/electronics

Direct read out (dc -bias) m x m 1) back-up option
2) m2 FLL systems

3) ~ 4,000 wires to base
Frequency Division Multiplexing m 1) SRON-VTT, LLNL, Berkeley, ISAS

2) m FLL + m frequencies + lock-in

3) ~ 150 wires to base
Time Division Multiplexing m(m+1) 1) NIST

2) m FLL + m channel MUX
3) ~1500 wires to base

FDM requires AC-biasing of a microcalorimeter
Proof of principle: AC-bias at 46 kHz, shown by SRON-VTT
Measured ∆E = 6.9 eV (5.5 eV with DC bias) at 5.89 keV

Resonant bias circuit used for ac -bias experiment; the carrier frequency is amplitude-modulated by an X-ray photon
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2 PNSensor GmbH, Römerstr. 28, 80803 München

1. Introduction

The Wide Field Imager (WFI) on XEUS is one of three scientific instruments in the focal plane of 
the X-ray telescope with a field of view of about 5 arcmin. The large collecting area (up to 
30 m2) and high angular resolution (2 - 5 arcsec) of the X-ray optics requires new detector 
technologies. The physical quantities of interest are imaging (position resolution) spectroscopy 
(energy resolution) with a high detection probability (quantum efficiency) in a single photon 
counting mode at a high photon rate (time resolution without pile-up). The first choice for the 
WFI is mainly driven by its count rate capabilities and the flexibility of operation. As the 
collecting area of XEUS in phase A is already a factor of 20 larger than XMM-Newton and a 
factor of 100 in the fully-grown phase B configuration, it becomes clear, that a new device 
concept is needed rather than improvements of existing schemes. Active Pixel Sensors (APS) 
will be in the focus of our considerations, being able to match the relevant physical
parameters of the WFI. The concept of the DEpleted P-channel Field Effect Transistor (DEPFET) 
allows to measure position, arrival time and energy with a sufficiently high detection
efficiency in the range from 0.1 to 30 keV.

As a fallback solution fully depleted backside illuminated frame store pn-CCDs and frame 
store MOS-CCDs are considered. In a modified way both systems have proven their feasibility 
and reliability throughout the first 2years of operation on XMM-Newton. They will be briefly 
described in section 7 and 8. Two possible extensions to the WFI focal plane, a fast timing 
channel and an expanded field of view detector, which would increase the power of the 
instrument by transient and serendipity observations, are treated in section 9.

The wide field imager is considered (in many cases) to be a pathfinder for the two Narrow 
Field Imagers (NFI) with restricted field of views in the order of 0.5 arcmin. Once a selected 
target is found and characterised in terms of position and energy by the WFI, detailed
spectroscopic studies can be made with one of the two NFIs with an E/?E up to a factor of 50 
better than the Fano limited WFI.

2. The Device and System Concept

In all CCD-type concepts charges are transferred slowly over large distances, therefore they
are intrinsically sensitive to radiation damage due to the presence of traps in the bulk silicon. 
In addition, because of the relatively slow charge transfer, X-rays may hit the CCD during the 
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readout time. This gives rise to events whose position is erroneously assigned – the so-called
out-of-time events.

In the DEPFET active pixel sensor every pixel is a complete single detector sub-unit, i.e.
detector and amplifying electronics in one. The readout concept of the DEPFET allows for 
flexible windowing on the detector during the readout. Up to 1.000 full frames per second 
can be processed and therefore most of the constraints inherent to CCDs are overcome.

The XMM-EPIC pn-CCD system is limited with pile-up at count rates in the order of 10 counts
per HEW* and sec. (Note that the pile-up limit is given by the product of pixel area and 
readout time per pixel. This is correct as long as the signal charge cloud is significantly smaller 
than the pixel size). But with the anticipated collecting area up to 30 m2 several hundreds of 
counts per HEW and second are expected for comparable observations. That means that a 
factor of 20 or more in the XEUS phase A and a factor of about 100 when XEUS is fully grown in 
frame speed is needed as compared to the pn-CCD camera on EPIC-XMM, to exploit the 
capabilities of the XEUS mirror system and therefore its astrophysical significance.

The challenge of the wide field imager system is that 106 pixels can be read out 1.000 times 
per second, delivering several Gigabyte of data. This is the unavoidable drawback of 
detection systems with high position resolution and simultaneous fast readout. This absolutely 
requires an efficient data reduction immediately after the analog-to-digital conversion.

2.1 Perspectives of the DEPFET System

The DEPFET detector system belongs to the family of ‘active pixel sensors’. That means, that 
every pixel has its own amplifier and can be addressed almost individually by external means. 
This results in a high degree of operational freedom and performance advantages. 

The major advantages of DEPFET type devices are:

Operation with high spectroscopic resolution at temperatures as high as –50 °C,
keeping the total readout noise below 5 electrons (rms).
The charge does not need to be transferred parallel to the wafer surface over long 
distances. That makes the devices very radiation hard, because trapping, the major 
reason for degrading the charge transfer efficiency in CCDs, is avoided.
The ratio between photon integration time and readout time can be mad as large as 
1.000:1 for a full frame mode, that means that the so called out-of-time events are 
suppressed to a large extent.
As the integration time per event will be in the order of 1msec and the readout time 
per line about 1 µsec, more than 1000 counts per second per HEW (2 arcsec, i.e.
7 x 7 pixel) can be detected with a pile-up probability below 6 %.
No additional frame store area is needed; the device is as large as the sensitive area. 
Any kind of windowing and sparse readout can be applied easily, different operation 
modes can be realised simultaneously.

* Half Energy Width of the telescope point spread function
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The DEPFET transistor amplifier structure offers the possibility for a Repetitive Non-
Destructive Readout (RNDR). Under those conditions the readout noise can be reduced 
to below 1 electron (rms) by a repetitive reading of the physically same signal charge. 
This readout mode can be applied in selected areas, while the rest of the device is 
operated in the standard readout mode.

From the conceptional point of view this is the most advanced semiconductor X-ray pixel 
detector as it offers a lot of additional features like e.g. the analog storage of 2-D  X-ray
images.

The standard DEPFET devices are p-channel devices on n-type material. The use of p-type
base material is very interesting for the inverse DENFET* device. The reason for that is, that the 
use of n-channel JFETs and MOSFETs becomes possible by using holes as the signal charges. 
This offers an increased transconductance gm of the transistors by a factor of three improving 
the equivalent noise charge at least by a factor of 1.5.

2.2 Device Concept and Functional Principle 

The proposed DEPFET concepts are based on a detector-amplifier structure, which consists of 
a field effect transistor working on a depleted high resistivity substrate. The cross section of 
such a device is shown in figure 1.

Figure 1: Cross section of a DEPFET structure based on an enhancement mode MOSFET.

* Depleted N-Channel Field Effect Transistor
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The device, which was proposed by Kemmer and Lutz in 1986, makes use of the sideward 
depletion principle. Assuming that n-type semiconductor material is used, one can deplete a 
detector chip in such a way, that there remains a potential minimum for electrons under the 
channel of a field effect transistor being capable of storing the signal charges for a long time 
– if needed, up to several seconds depending on the operating temperature. It is
straightforward to use such a device as detector, where signal charges (electrons) are
collected in the potential minimum, from where they can steer the transistor current, acting 
as a so -called ‘internal gate’. The signal charges change the transistor current by inducing 
charges inside the p-type channel of the DEPFET. The result is a simultaneous integration of
the first amplifier stage on the detector chip with a detection fill factor of 1. Figure 2 shows the 
zoom of an APS layout plot, based on DEPFET structures with hexagonal outline. 

The potential distribution and the el ectron density in the device, calculated by the 2-D
TOSCA code, are shown in figure Figure 3. The potential maximum of the internal gate
(minimum for electrons) is clearly visible and is separated from the external gate by the
p-channel. The potential difference in the pixel area to its direct surroundings is about 1V,
sufficient to collect and store more than100.000 electrons in one pixel.
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Figure 2: Layout plot of an Active Pixel Sensor with hexagonal pixel outline. Each hexagon is 
a DEPFET with cylindrical symmetry: the source in the centre of each pixel (red) is enclosed 
by the ring shaped gate (green) and drain (red). The blue lines are metal connections. The 
yellow regions are contact holes for inter-layer connections. 
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Figure 3: Two-dimensional simulation showing the electron density (left side) and the 
potential maximum (minimum for electrons; right side), also called internal gate, in which 
electrons generated in the bulk are collected. The simulation was done with the
program TOSCA for a DEPFET with cylindrical symmetry where the source is in the centre 
of the structure.

Since the electrons are collected in a potential minimum – signals as well as leakage current –
the device has to be reset from time to time by emptying the corresponding internal gate. 
One straightforward way of doing it, is applying a positive voltage to an adjacent n+ contact, 
which acts as a drain for electrons.

In a first approach devices were built, where periodically (hundreds of µsec) all charges are 
removed from the potential minimum beneath the transistor. This is done by applying a 
positive voltage at the n+ substrate contact for a short time (hundreds of nsec). The result of a 
two-dimensional simulation shows the continuous rise of the bulk potential between the
region under the transistor and the substrate contact for this particular case (figure 4). After 
the clear procedure signal electrons can be collected and stored in the potential minimum 
under the transistor channel. As the signal charges have to be removed explicitly and as the 
internal gate is continuously filled up with thermally generated electrons, the clear procedure 
can be applied upon request or in a repetitive manner. The clear mechanism acts locally 
where the clear pulses have been applied. The information about the amount of signal
charges stored can be recorded by measuring the rise of the transistor current. This
measurement does not disturb the stored charges, therefore the readout process can be 
repeated several times and opens the option of a multiple non-destructive readout. If a row 
of DEPFETs is activated by the selective application of the external gate voltages, the charge 
content can be measured, a clear pulse can be applied and the charge measurement 
repeated without having signal electrons in the potential minimum. The difference between 
both measurements is the net signal of electrons in the internal gate.
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Figure 4: Result of a two dimensional simulation of the clear procedure; one can see the 
electron density (left side) and the potential (right side) inside the detector chip while 
there is a positive voltage pulse (+ 15 V) applied to the substrate contact; the simulation 
was done with the program TOSCA for a DEPFET with cylindrical symmetry where the 
source is in the centre of the structure.

3. System Performance

The key parameters of the DEPFET system are listed in the table below. Their values have been 
derived from prototype measurements or, if transferable, from measurements with the XMM-
Newton pn-CCDs. The main properties are summarised in the chapters ‘Energy Resolution 
and Noise’, ‘Position Resolution’, ‘Count Rate Capabilities’ and ‘Quantum Efficiency’.

3.1 Energy Resolution and Noise

Beside the statistical fluctuations of the ionisation process (Fano fluctuations) the electronic 
noise is the dominant limitation of the energy resolution. Therefore physical models of the 
devices with the aim to understand its basic noise sources are of great importance.

Considering the noise behaviour of the DEPFET, the so-called ‘total detector capacitance’ 
present in conventional detector-amplifier combinations can be neglect ed. Only the
capacitance of the internal gate is relevant, all kinds of stray capacitances and the
capacitance of the external gate are avoided. This leads to very low equivalent noise
charges for the series noise contribution. The parallel noise of the structure has its origin in the 
volume generation of charges inside the fully depleted substrate and surface generated 
currents.

To examine the noise characteristics, measurements of the energy resolution were done with 
the help of an 55Fe source. Figures 5 and 6 show spectra of a 55Fe source – recorded with a 
DEPFET at room temperature and at -60 °C – with the Mn-Kα and the Mn -Kβ-line at 5.895 eV
and 6.492 keV.
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Table 1: Expected performance figures of the DEPFET focal plane detector system

Parameter Value

Integration + Readout

read time per sow (128 channels) 2.5 µsec

total read time 1.25 msec

integration: read time 500:1

window mode 160 µsec for 128 x 128 pixel

Response to Radiation without Blocking 

QE* @ 100 eV 100 %

QE @ 110 eV 85 %

QE @ 282 eV (C Kα) 90 %

QE @ 1.740 eV (Si Kα) 100 %

QE @ 8050 eV (Cu Kα) 100 %

QE @ 10.000 eV 96 %

QE @ 20.000 eV 45 %

depletion depth 500 µm

rejection efficiency of MIPs 100 %

Spectroscopy

Fano noise at 5.9 keV 118 eV FWHM

system noise 3 – 5 el (rms)

system noise with RNDR ∼ 1 el (rms) for n=16

55Fe resolution 125 eV

C Kα resolution 50 eV

Radiation Hardness

no change up to 1010 p per cm2

Focal Plane Geometries

device size 7.5 x 7.5 cm2

device format 1.024 x 1.024 pixel

pixel size 75 x 75µm2

position resolution = 30 µm

fill factor of focal plane 1

operating temperature ∼ 200 K

* Quantum Efficiency
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Figure 5:
55Fe spectrum recorded with a DEPFET structure 

at 22 °C.

Figure 6:
55Fe spectrum recorded with a DEPFET structure at

-60 °C.

The noise peaks in the spectra of figures 5 and 6 have been measured separately while the 
detector was not exposed to radiation. The energy calibration is done by comparing the
position of the Mn-Kα line with the position of the noise peak. 

The electronic readout noise at room temperature (22 °C) is 4.6 el. (rms). Reducing the
parallel noise contribution of the leakage current by cooling the device to –60 °C results in an 
improved noise figure of 3.6 el. (rms). Both spectra have been obtained at shaping times of a 
few µsec.

The obtainable energy resolution with a DEPFET detector is shown in figure 7. In the standard 
full frame mode the FWHM, including readout noise and Fano fluctuations is shown. Down to 
1 keV incident photon energy, the energy resolution is mainly determined by the Fano noise. 
The improvement in energy resolution from 50 eV to 500 eV with the RNDR is clearly to be 
seen in the dashed graph, indicating the 1 el. rms read noise.

Figure 7: Calculated energy resolution as a function of the photon energy. The Fano 
noise is taken into account as well as 5 el. rms and 1el. rms equivalent noise charge 
respectively.
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3.2 Position Resolution

Due to the diffusion of the signal charges during their drift from the conversion point inside the 
silicon bulk into the potential minimum of the pixel, the spatial measurement precision can be 
improved substantially, with relatively large pixel sizes. The improvement is significant, if the 
signal charge cloud diameter is in the order of the pixel size. Taking into account the thicker 
silicon wafer (500 µm thickness for 6 inch wafer) and the longer transit times, i.e. collection 
times for the generated electrons, the charge cloud, containing 96 % (±2 σ) of all signal 
charges will have a diameter of about 40 µm. For a pixel size of 75 µm about 70 % of all events 
will be split events and 30 % are contained within one pixel. Under those conditions, the 
position resolution will always be better than 20 µm, but for most of the cases better than 5 µm
(see also figure 8). A position resolution of 0.2 µm for X-ray photons absorbed at the pixel
boundaries was verified experimentally. Those values may be changed by (a) the
temperature, (b) by the pixel layout and (c) by the operating voltages. The relatively weak 
photon energy dependence of the position precision is neglected for this estimation.

A theoretical and experimental study on the position resolution using the charge spreading 
technique and their impact on energy resolution must be considered. But it seems
reasonable that a pixel size of 75 µm to 100 µm is adequate for the anticipated angular
resolution and focal length. This pixel size can even handle the expected FWHM of the point 
spread function below 1 arcsec.

Figure 8: Improvement of the position precision as a function of the Gaussian spreading
of the electron charge cloud. The typical sigma of the Gaussian (‘sg’) of the Gaussian 
electron distribution is 7µm. The assumed pixel size is 75 µm. 1.000 el. have been
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generated and processed with a noise level of 5 el. (rms).

Figure 8 demonstrates the effect of charge spreading and position reconstruction of the 
incident photon. The improvement of the position resolution because of the extension of the 
electron charge cloud is equally true for the pn-CCD detector. The x-axis indicates the 
position of the photon hit: At x = 0 the photon hits the pixel exactly at the boundary to the 
neighbouring pixel. Here the position resolution is at its optimum. As the physical situation is 
symmetrical with respect to the centre of the pixel, the x-axis ends at half the pixel size. On 
the ordinate we plotted the position resolution (rms). This number must be multiplied by a 
factor of three, if the position precision of more than 90 % of the photons should be better 
than the rms value on the ordinate. The parameter ‘sg’ (sigma of the Gaussian) scales the 
lateral signal spread before arriving in the pixel well. The upper curve indicates a sg = 3 µm
and increases to sg = 13 µm at the bottom. For a 500 µm thick detector the typical sg is 
between 7 µm and 9 µm.

3.3 Count Rate Capabilities

As the count rate capabilities of the WFI are of major importance to the overall performance 
of XEUS mission, the flux losses and pile-up behaviour are treated in more detail. The
calculations shown below are taking into account a point spread function similar to XMM with 
an angular resolution of 1 arcsec (FWHM).

With preliminary parameters describing the envisaged telescope performance, it is possible to 
simulate the effect of pileup for the CCD as focal plane instrument. Pileup is the effect of 
changing either a pattern type and/or the energy information of a photon event due to the 
occasional hitting of an adjacent (flux loss) or the same (classical pileup) pixel by more than 
one photon in a readout cycle.

For the case of the DEPFET detector together with the XEUS-telescope (see figure 9), one finds 
that for a rate of one photon per readout cycle (1.000 photons per frame), only 6 % of the
incident flux is lost, and the contamination of the spectrum is about 0.1 % (1.000 photons per 
second correspond roughly to a source of 5 mCrab for the phase A telescope configuration). 
A telescope with 1 arcsec angular resolution, together with a focal length of 50 m is assumed, 
corresponding to 10 pixels HEW on the detector. 
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Figure 9: Flux loss and pile-up fraction as a function of the incoming photons. Note, that 
around 1.000 frames will be read out per second.

Note that the flux loss is a scalar correction factor that can be rather easily handled, while the 
more complicated case of spectral contamination due to conventional pileup is more than 
one order of magnitude smaller.

3.4 Quantum Efficiency

As the XEUS mission intends to achieve high sensitivity from the very low energies (around 
50 eV) up to 30 keV the detector entrance window as well as the sensitive thickness must be 
optimised. The practical thickness of such a detector is limited to 500 µm because the
Compton background of the spacecraft increases with detector thickness. On the low
energy side the studies on <100> oriented silicon will continue, in order to improve the
spectroscopic response down to 50 eV. The limiting quantity for the low energy response is 
clearly the optical blocking filter. As a baseline we propose a 100 Å thick monolithically 
integrated Al filter on the radiation entrance side. 

For X-rays in the range of 0.1 keV up to 30 keV the response is shown in figure 10. It is
remarkable, that the change of absorption depth in silicon over 5orders of magnitude is 
reduced to a quantum efficiency variation of less than 30 % in the detectors over the whole 
bandwidth.
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Figure 10: Quantum efficiency (QE) measured with pn-CCDs in a single photon counting 
mode at the synchrotron facilities BESSY in Berlin and LURE in Orsay. The lines show the QE 
calculated from the photon absorption coefficients for 280 µm (solid) and 500 µm
(dashed) thick detectors. The calculated QE for a 500 µm thick detector is still 35 % QE at 
20 keV.

The experience with XMM-Newton has revealed the advantages of avoiding very thin optical 
blocking filters: free standing 7 x 7 cm² large pinhole-free filters with a thickness below 0.2 µm
are difficult to fabricate, to calibrate and to operate throughout the integration, test and 
launch of the camera. Technical precautions for preventing the destruction of the filter due 
to acoustic noise load during transport and launch are necessary. As X-ray observations 
without any light filter would not lead to the desired spectral resolution because of the optical 
loading, it would be advantageous to integrate a thin aluminum layer directly on the 
radiation entrance window of the detector, such that the detector itself serves as the
mechanical support for the filter.

First tests of very thin Al layer deposition on silicon detectors have already been made and 
show very promising results with respect to homogeneity and layer thickness. It seems that a 
500 Å thick Al deposition can reliably be made.

A 100 nm thick aluminum layer would already reduce the flux of optical light between 200 nm
and 700 nm by a factor of 5 · 106, in the case of a 150 nm thick Al layer the optical light flux is 
attenuated by a factor of 1010 (see figure 11). The price to pay is the worsening of the low 
energy cut-off for X-rays: 100 nm of Al yields just 5% of quantum efficiency (QE) at 100 eV
(see figure 12). The C-Kα line at 282 eV can already be detected with a QE of about 50 %.



XEUS - studying the evolution of the hot Universe MPE Garching, March 11-13, 2002
—————————————————————————————————————————————————————

148

Figure 11: Attenuation of optical photons from the UV to the near IR as a function of 
wavelength. The transmission of aluminum layers of 50 nm, 100 nm and 150 nm was 
calculated. It is assumed, that the aluminum layers are integrated directly on the 
detector's entrance window.

Future research in this field will include the test of the light-tightness of the filters as well as their 
uniformity and long-term stability. Depending on the astrophysical X-ray input spectrum
through the telescope and on the ionising particle background in orbit the fluorescence light, 
generated in the on-chip filter must be studied.

Both proposed camera systems, DEPFET active pixel sensors and frame store pn-CCDs, will be 
equipped with the integrated aluminum filters. As the thickness of the aluminum layer strongly 
affects the quantum efficiency up to 2keV (see figure 12) a thin on-chip filter could be 
envisaged, while a thicker, mechanically more stable filter may still be required to block the 
visible light from very bright sources in the field of view.
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Figure 12: Reduction of quantum efficiency as a function of X-ray energy and aluminum 
thickness. The upper graph shows the XMM pn-CCD performance with no aluminum on 
the CCD. The assumed detector thickness is 300 µm and 500 µm.

4. Pixel Matrix System

According to the present experience a monolithic focal plane up to 8 arcmin seems to be 
possible. But all estimations for the current XEUS design are based on a 5 arcmin field of view 
(FOV).

4.1 Focal Plane Layout and Mechanics

Figure 13 shows the photograph of a small DEPFET-based APS prototype with 64 x 64 pixels 
and a pixel size of 50 x 50 µm². In normal operation the transistors of one row after the other 
are turned on, read and cleared by CMOS control chips (‘SWITCHER’). While the DEPFETs of 
the one active row are read in parallel by a multi-channel CMOS preamplifier/multiplexer 
(‘CARLOS’), the rest of the pixels is turned off and in integration mode thus keeping dead 
time short and power consumption low.

As shown in figure 14, the principle layout of the focal plane is the same with the size and 
number of pixels scaled to the requirements of the XEUS instrument. The central part is the 
pixel matrix chip. It is logically divided into 16 sections according to the control and readout 
scheme (see below). However, its internal design remains completely uniform. Around the 
sensitive area the readout (upper and lower sides) and control (left and right sides) chips are 
placed. The pixel size is 75 µm x 75 µm. The matrix consists of 1.024 x 1.024 pixels resulting in a
sensitive area of 76.8 mm x 76.8 mm. The exposed area assuming a FOV of 5arcmin and a 
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resulting diameter of 72.7 mm is totally covered by the detector’s geometry. The number of 
spatial resolution elements is at least 4.000 x 4.000 (see chapter 3.2).

Figure 13: APS prototype with 64 x 64 pixels and 50 x 50 µm² pixel size.

Figure 14: Layout of the focal plane pixel matrix system, consisting of the detector chip and 
surrounding readout and control electronics. The figure shows the sensitive area and its 
logical division.
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A cross section of this arrangement is sketched in figure 15. Connections to the ASIC chips 
and to further signal processing components are realized by wire bonding. An additional 
detector layer for hard X-rays, which have a high probability to pass the Active Pixel Sensor or 
CCD without interaction, may be placed underneath.

Figure 15: Cross section t hrough the mechanical arrangement of the focal plane.

4.2 Electronic Control and Analog Readout

The pixel matrix system is divided into two identical monolithically integrated subunits (upper 
and lower), each having their independent control and analog readout electronics. The 
following description refers to one such unit. All actions mentioned may happen in both 
subunits simultaneously. The pixel matrix needs a control scheme to selectively activate a row 
of pixels for readout or reset. These units are placed along the left and right sides of the matrix 
in figure 14. From the left side one (horizontal) row of pixels is selected for readout. This is 
achieved by applying an appropriate gate voltage to all pixels of this row, which switches on 
the transistor currents. From the other side a clear pulse can be sent to a selected row. The 
control chips are identical, however a dedicated voltage supply and timing scheme has to 
account for either clearing or selection-for-readout.

Each column (512 pixels) of a subunit is fed into one channel of a multiplexing preamplifier 
chip. This ASIC has 128 inputs and one output. A subunit is such subdivided in 8 readout units 
of 128 x 512 pixels each.
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The analog readout is done in four steps:

current to voltage conversion and amplification
multi-correlated sampling/filtering with offset subtraction,
storage of the amplified analog signals in sample & hold stages,
output of these signals.

The first three steps are done for n x 128 pixels (channels) in parallel, n being the number of 
amplifiers read out (1 - 8). In step four the signals are sequentially sent to ADCs (1
ADC/readout unit).

4.3 RReadout Modes

The readout has a high flexibility originating from:

its non-destructive character,
a random access to single rows and columns (channels),
independent and parallel readout of subunits,
and readout units.

Depending on the scientific goal of an observation at different readout modes can be 
selected, e.g.:

full frame readout: search for regions of interest (ROIs, can have an arbitrary shape),
masked full frame readout: after ROIs have been defined, all other pixels are either 
suppressed or readout at much lower frequency,
timing mode: a selected image region is read out at highest possible frequency, 
mixed mode:  different readout modes can be applied to dedicated image regions. 

4.4 Data Processing

As described above, the 2x 8 readout units are followed by one multiplexing amplifier and 
one ADC each. One readout unit operating at maximum speed generates 32 MegaPixel/sec
(assuming a frame rate of 500 Hz). Data processing mainly aims to reduce this to a
manageable rate in several steps:

According to the selected readout mode only part(s) of the pixel matrix is read out and 
AD-converted at maximum speed.
After A/D-conversion the data are masked, i.e. only pixels in ROIs are further processed, 
bad pixels and pixels outside the exposed area are rejected.
Necessary correction is applied, like offset subtraction and gain factors.
An event filter is applied, i.e. only pixels above an individual threshold are accepted.

Also this chain of data processing will be done in parallel for each of the 16 readout units.

4.5 CCalibration
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In a first calibration step each pixel is read out an appropriate number of times (typically 100),
with the detector matrix shielded from any incoming radiation. By statistical evaluation the 
average offset and fluctuation (noise) of each pixel are calculated. Pixels with excess noise 
are stored in a ‘bad pixel map’. For ‘good pixels’ the offsets and event thresholds are 
recorded.

In the second calibration phase the matrix will be flat field exposed to an on-board X-ray
source. Another set of calibration frames are taken and evaluated to determine and store 
each pixel’s gain factor. ‘Blind’ pixels are identified and added to the bad pixel map.

4.6 PPower Consumption

An active pixel (i.e. a pixel selected for readout) delivers a current of typically 200 µA into 5 V.
At maximum, 2 x 1.024 pixels can be simultaneously active resulting in a power consumption 
of about 2 W for the pixel matrix. Amplifier/multiplexer chips consume about 16 x 1 W, clear-
and readout-selectors about 2 x 1 W. The total power dissipation in the focal plane adds up 
to about 20 W.

5. The Repetitive Non-Destructive Readout (RNDR)

Provided that the count rate does not exceed the pile-up limit and/or the area of interest is 
restricted to a smaller window, e.g. 2 x 2 cm2 the same signal charge can be read out several 
times. The field of interest for RNDR in the focal plane can be chosen relatively free, leaving 
the rest of the detector in its conventional readout mode.

Because the electrons are confined in the electric field below the sensing gate of the DEPFET 
amplifier (floating gate amplifier) and are not mixed with other charges the measurement of 
the amount of signal charges can be repeated as often as required.

The noise as shown in equation (1) can be reduced by

ENC(n) = ENC x n1/2 (1)

where n is the number of readings of the signal charges and ENC is the noise of a single 
reading.

We expect a single read noise of the DEPFET structure of 4 el. (rms) at –50 °C with a shaping 
time of 1 µsec for the reading of two pixels we could achieve a single electron noise floor, 
corresponding to an energy resolution of less than 10 eV (FWHM). This would allow to expand 
the usable X-ray bandwidth down to 50 eV. As the areas which make use of the non-
destructive readout can be selected during operation, we can imagine to run the detector 
slowly in areas where sources have been detected and fast (without RNDR) where it is not 
required.
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Figure 16: Two adjacent DEPFET devices are able to transfer the signal charges from one floating gate 
amplifier to the neighbouring one, reading the same signal charges several times. The read noise is 
reduced by n1/2, where n is the number of readings.

6. Resources

The power and mass requirements for the WFI are summarised below. If compared to the 
XMM pn-CCD camera the weight is only slightly increased, but due to the 50 times higher 
pixel throughput, the power consumption goes up significantly:

power: 200 W,
mass: 150 kg.

A detailed engineering study is needed to derive the resources with a precision of better than 
10 %.

7. Frame Store pn-CCDs for XEUS

As in conventional CCDs also pn-CCDs can be designed in a frame store format. The area to 
be processed in a quasi defect free manner increases by the size of the store area. A 
7 x 7 cm2 large image area can be realized monolithically on a 6 inch wafer (see figure 17). If 
pn-CCDs should be used also for the 14 x 14 cm2 focal plane a possible extension of the focal 
plane camera is shown in figure 18. By that technique the whole field of view could be 
covered with a minimum of insensitive gaps in between the buttoned devices. The central 
part, the inner diameter of 7 cm, would be homogeneously sensitive.

The major change in concept besides the smaller pixel size is the dramatic increase in frame 
rate because of the modified readout philosophy: By doubling the processed area and 
dividing it in an image and store section we will get the required readout speed for the large 
collecting area of the XEUS mirrors. As will be shown later, we expect to get a frame rate of 
the whole camera of 200 per sec. That will lead us to a count rate capability of more than 
200 counts per sec and HEW.
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Figure 17: Example for a pn-CCD operated in a frame 
store mode. The imaging area has a pixel size of
75 x 75 µm 2.

Figure 18: Composition of the whole focal plane with frame store pn-CCDs. The outer 
CCDs are slightly cylindrically shaped. The phase A configuration has a diameter of 
70 mm, covering a FOV of 5 arcmin, while phase B configuration covers the 10 arcmin
FOV.
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As the pixel size shrinks, the number of read nodes and transfers increases. At the same time, 
the system will be requiring more readout time and being more sensitive to radiation damage 
due to the higher number of transfers. If charge sharing of signal charges among more than 
one pixel is needed for the improvement of position resolution, the effective read noise per 
event will be higher by a factor n (n is the number of pixels involved). To maintain the high
readout speed of the pn-CCD EPIC-XMM system, the signal processing must be speeded up 
be a factor of two. The solution of the above ‘constraints’ seems to be realistic, but must be 
proven experimentally.

To date, the signals of one row (64 pixels) are processed in parallel in 22 µsec. The extension 
to 128 channels on the CAMEX amplifiers, to match the new pixel pitch, was already realized 
for applications in high energy physics, but it would involve a redesign of the CAMEX64B for 
the low noise operation. In addition the signal process time must be shortened by a factor of 
two. The increased readout speed will certainly have an impact on the power consumption, 
which is actually below 1 W for the 36 cm2 array.

If 128 channels were read out with 12.8 MHz, 10 µsec would be required for the parallel 
readout of one pixel line. For the parallel transfer from the image to the storage area 
100 nsec are needed for one transfer. A device of 1.000 x 1.000 pixels would be divided (as in 
the XMM-EPIC case) in two identical halves of the image area, i.e. 500 x 1.000 pixel each. For 
the parallel 500 shifts 50 µsec would be needed for the transfer from the image to the 
insensitive storage area. The readout time for the storage area while integrating X-rays in the 
image part, would then be 500 x 10 µsec = 5 msec. That means, within 5msec the whole 
focal plane would be read out. The out-of-time probability for the X-ray events will then be 
1:100. In this operation mode 200 image frames can be taken in 1 sec with a full frame time
resolution of 5 msec.
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8. A Frame Store MOS-CCD System

MOS-CCDs have been developed in collaboration with industry with great success. Large 
format devices were integrated in the XMM-Newton focal plane. Significant improvements 
were made with respect to detection efficiency at the low and high-energy end from 200 eV
up to 10 keV. The energy resolution was Fano limited and readout algorithms allowed for 
pattern recognition of useful events. The pixel sizes can also be tailored according to the 
requirements given by the X-ray telescope.

They could be further improved to depletion thicknesses up to 300 µm keeping all other 
relevant parameters unaffected. As in the case of the pn-CCDs, they have the potential to 
match the XEUS requirement, with all restrictions inherent to CCDs in general. By increasing 
the number of read nodes and by improving the readout speed of the front-end electronics 
up to several hundred full frames per second seem to be feasible.

The 5 arcmin FOV could also be covered by one monolithic MOS-CCD with dimensions of 
7.5 x 7.5 cm2 plus the store areas (c.f. figure 19). The limiting fact is the parallel transfer time, 
which could be speeded up by using a double metal process to overcome the high 
resistance poly-silicon gates. Most probably this would require a backside-illuminated device.

With a read speed of 1 MegaPixel per second at a read noise of 5 el. (rms) about 200 read 
nodes would be required to match the XEUS requirement of at least 200 frames per second. 
This must be coupled to a high-speed event recognition system, which keeps track at the 
anticipated pixel rates.

Figure 19: Example of the 10 arc minutes FOV for a MOS-CCD. The central 
CCD is vertically displaced with respect to the others. A FOV of 5 arcmin 
would be realized by one monolithic CCD.
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9. Extensions to the XEUS Wide Field Imager

9.1 Fast X-ray Timing Capability

Science rationale

The X-rays generated in the inner accretion flows around black holes and neutron stars carry 
information about regions of the strongly curved space-time in the vicinity of these objects. 
This is a regime in which there are extreme predictions of general relativity still to be tested. 
High resolution X-ray spectroscopy and fast timing studies can both be used to diagnose the 
orbital motion of the accreting matter in the immediate vicinity of the collapsed star, where 
the effects of strong gravity become important. 

The spectroscopic approach is already well covered in the current XEUS detector baseline, 
but the fast timing one should also be considered. Exciting new opportunities have arisen in 
the last few years through the discovery with the ROSSI X-ray Timing Explorer of (sub-)msec
quasi-periodic timing phenomena and brightness oscillations during X-ray bursts in weakly 
magnetized accreting neutron stars. These discoveries have unambiguously demonstrated 
that fast X-ray timing provide the potential to accurately measure the motion of matter in 
strong gravity fields and to constrain masses and radii of neutron stars.

Fast X-ray timing requires extremely good photon statistics. In view of its huge collecting area, 
XEUS could therefore make a major contribution to this field. With a better than one order of 
magnitude improvement in sensitivity for timing studies, XEUS will enable for the first time the 
testing of predictions of general relativity in strong gravity fields, such as frame dragging 
effects and fully relativistic periastron precession. In addition, XEUS will allow, in exquisite 
detail, the waveform of coherent brightness burst oscillations to be studied. The waveform is 
directly affected by gravitational light deflection and relativistic Doppler shifts, and yields 
direct constraints on the mass and radius of the neutron star, and hence the equation of 
state of dense matter. Similarly, the modelling of the waveform of the high frequency quasi-
periodic oscillations (which will for the first time be observed on their coherence time scales) 
can place important constraints on the mass and spin of the black hole.

A fast timing capability on XEUS would also extend its field of applications, by allowing the 
study of the X-ray variability of a wide class of objects, such as low-mass X-ray binaries in 
external galaxies (owing to the zero background, kHz quasi-periodic oscillations could be 
detected up to 20 keV for the brightest objects), accreting and isolated pulsars, accreting 
white dwarfs, and X-ray transients, especially the so -called micro-quasars. Accretion and jet
formation are crucial in understanding aspects of astrophysics from normal stars to super-
massive black holes. The fast timing capability can be combined with good energy resolution 
and broad band coverage allowing time resolved spectroscopic observations. For instance, 
the space-time geometry close to black holes could be probed using variability in the Fe-Kα

line.



XEUS - studying the evolution of the hot Universe MPE Garching, March 11-13, 2002
—————————————————————————————————————————————————————

159

Science requirements

The science requirements derive from the ability of the fast timing capability to observe the 
brightest X-ray sources in the sky, mostly X-ray binaries, either transient or persistent: 

Simulations using the current effective area of the mirrors show that the Crab would 
produce about 250 kcps* and about 800 kcps in XEUS phase A and B respectively. 
Sco X-1, bright transients and X-ray bursts can be ten times brighter. This leads to a 
requirement to be able to handle up to 3 Mcps (phase A) and 10 Mcps (phase B).
The arrival time of each photon should be recorded with a timing resolution of 10 µsec.
The energy resolution of the detector should be around 200 eV, i.e. an improvement by 
a factor of 10 over current instrumentation for timing studies.
The detector energy range should cover the high-energy response of the mirrors (as 
timing signals tend to become stronger at higher energies). 

Detector implementation

The Wide Field Imager will be able to provide timing information, but only up to 500 kcps,
even in a fast window mode of the APS. This means that an alternative solution should be 
considered. Although a pixel detector, placed out of focus, could be a possible solution, the 
most promising one appears to be a small size Silicon Drift Detector (SDD) in the focal plane. 

The SDD is a completely depleted volume of silicon in which an arrangement of increasingly 
negative biased rings drives electrons generated by the impact of ionising radiation towards 
a small readout node in the centre of the device (fig 20). The main advantage of the SDD 
over conventional silicon PIN diodes is the small physical size and consequently the small 
capacitance of the anode, which translates to the capability to handle high count rates with 
simultaneous high energy resolution. To take the full advantage of the small capacitance the 
first transistor of the amplifying electronics is integrated on the detector chip. That way the 
stray capacitance of the interconnection between detector and amplifier is minimised and 
the system is practically insensitive to mechanical vibration and electronic pickup.

* cps: counts per second
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Figure 20: Schematic cross section of a cylindrical Silicon Drift Detector.
Electrons are guided by an electric field towards the small sized collecting 
anode in the centre of the device. The first transistor of the amplifying 
electronics is integrated on the detector chip.
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Silicon Drift Detectors have been proved to be capable of handling count rates exceeding 1 
Mcps with pile-up less than 20%. Energy resolution of better than 200 eV at 6 keV is readily 
achieved with moderate cooling to -20 °C. The device could be implemented in the XEUS 
focal plane independently of the WFI or integrated monolithically on the APS wafer, sharing 
the mechanical structure and cooling mechanism with the central imaging detector. 

SDDs are currently produced with thicknesses of 300 µm. Although there are on-going efforts 
to thicken these devices, the best match of the high energy response of the mirror could be 
achieved by associating the SDD with a higher density fast semiconductor detector located 
underneath (e.g. CdTe, CdZTe, GaAs). 

Technical implications

The requirements in terms of power, real estate, and cooling are not constraining. High-speed
data processing electronics will be needed to handle the data. 15 Mbits/sec of telemetry is 
desirable but if some limitations (e.g. reduced energy information) are accepted for the 
brightest sources, this could be reduced by an order of magnitude.

9.2 Extended Field of View

Science Case

Given the increased plate scale of the XEUS optic, there is a case to be made for an 
extension to the field coverage of the WFI whose prime goal is aimed at serendipitous 
science and extended object work. This could be accomplished by a mosaic ‘ring’ of
detectors around the inner APS array. 

The formation of super massive black holes is very probably an integral feature of the initial 
galaxy formation process, and these should originate at high red-shift at z > 5, even 10. They 
are likely to have a luminosity in the 1043 - 1044 erg·sec-1 range and the study of these, the first 
quasars can only be done in the X-ray band. The study will aim to examine the evolution of 
these objects with red-shift. Clearly it is important to detect as many as possible in the deep 
looks that will be necessary to exploit the limiting sensitivity of XEUS at around 10-18 erg·cm-

2·sec-1.

At the same time XEUS will also address the formation of the first galaxy groups, later to form 
clusters of galaxies. These groups follow the dark matter distribution resulting from
inhomogeneities after the big bang, and can be recognised by spectral lines from the hot 
gas accumulating in the potential well created by the dark matter. The evolution of these 
groups with red-shift is a key scientific aim.

The WFI instrument is the prime for studies of the very high red -shift universe, combining high 
efficiency with moderate energy resolution and a wide field of view. Because of the long 
focal distance of XEUS, 50 m, the physical size of the focal plane is significantly larger than 
e.g. the CCD arrays of XMM-Newton. Because of the high throughput the central region 
where pointing targets will be located requires the use of a fast counting detector, the APS, 
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that allows high counting rates and a broad energy range coverage. The size of the APS is 
such as to cover a 7 arcmin square of the FOV. This is much larger than the FOV of the 
cryogenic imaging spectrometer, which is less than 1 arcmin, but is still much smaller than the 
XMM-Newton cameras, which cover a 30 arcmin diameter FOV. As the XEUS mirror will have a 
good off-axis performance an extension of the FOV should be considered. 

Given the expected performance of the XEUS mirror the extension of the field of view to a 
diameter of 15 arcmin would more than double the number of exploitable scientific objects 
per deep field observation.

Detector Technology

A possible way to implement the FOV extension is a ring of large area CCDs either pn- or 
MOS-type around the central imager, providing an independent sub-system to the WFI to fit 
within defined thermal, mechanical and electrical interfaces. The tentative scheme of the 
Extended Wide Field Imager (E-WFI) is outlined in fig. 21.

Figure 21: Focal plane geometry of the Extended Wide Field Imager (E-WFI).

E-WFI Focal Plane 

i. Layout

Optimum layout of the focal plane will require an extensive study of the XEUS optimum focal 
surface, the system architecture to be used, and the size and associated yield of CCDs. The 
mosaic array options for the E-WFI are varied, with a trade-off to be made between a few 
ultra-large CCDs and many ‘smaller’ detectors each having a higher production yield. In the 
example shown in fig. 21, the baseline is a 3x 6 cm2 detector format which is a standard 
format for contemporary astronomical detectors. In this example, the E-WFI detection ring is 
formed using a mosaic of 16 detectors. Overlapping sensitive areas of the detectors will 
minimise the dead space between adjacent modules. 
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ii. Readout Modes

The detectors of the E-WFI ring will not be performing a target-science role, and consequently 
it is not foreseen to implement a variety of complex operating modes. The CCDs will be 
operated in one basic frame transfer mode routinely covering the whole of the outer field. A 
windowing mode similar to that used on XMM-Newton could also be included for bright 
sources but would complicate the array’s readout cycle. 

10. Conclusion

For the application as X-ray imaging spectrometers Active Pixel Sensors are the most
advanced detectors as they combine a high degree of operational flexibility with
performance figures close to the theoretical limits. The DEPFET concept satisfies the scientific 
requirements of the XEUS Wide Field Imager:

low electronic noise, Fano-limited energy resolution,
position resolution in the order of 20 µm,
count rate capability of more than 1000 counts per sec in one resolution element of 
the X-ray telescope, high-speed readout by parallel multi-channel processing,
random accessibility of the pixels, flexible readout in full-frame, window or mixed 
mode,
analog storage of energy and position information, possibility of repetitive non-
destructive readout,
high quantum efficiency from 0.1 – 30 keV by an optimised entrance window and a 
fully depleted bulk,
improved radiation hardness,
low power consumption.

The powerful XEUS mirror telescope suggests to enhance the observational potential of the 
instrument by the extension of the Wide Field Imager focal plane:

A fast timing channel will offer an insight to the exciting physics of the inner regions of 
accretion flows around black holes and neutron stars.
A larger field of view detector surrounding the central imager will considerably
increase the number of scientific exploitable objects by serendipity observations.
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XEUS Observations of 
Hard X-Ray Sources

H. Inoue (ISAS, Japan)

Probable Contributions of Japan 
to the XEUS Mission

• DSC (Detector Spacecraft)

A Poster by Mitsuda

• Extension of the mirror-energy-range up to ~ 50 keV by using the

multi- layer technique

A Talk by Ogasaka

• Detectors

• Science

High Sensitivity in 10 - 40 keV

A rough estimation of the source detection limit

SL, 10-40 ~ 10-15 erg/cm2/s
in a 102 ksec observation.

(When dF/dE ∝ E-1.7, S1-10 ~ S10-40)

Possible observational objectives
• Resolving the Cosmic X-ray Background in 10 - 40 keV

into discrete sources. 

• Search for hidden AGNs

• Non-thermal emission from clusters of  galaxies

• Detection of initial star burst activities in our universe.



Resolving the Cosmic X-ray Background 
into discrete sources

The largest power of the CXB is emitted in 10-40 keV.

(Sreekumar et al. 1998)

Extrapolation from log N-log S in 5-10 keV by
Hasinger et al. (2001), assuming dF/dE ∝ E-1.7.

When N∝S-1.2,
integrated flux above S0,
Φ=6N(>S0)S0.

The CXB in 10 - 40 keV
could be fully resolved 
into discrete sources. 

10-15 10-14 10-13 10-12

103

102

101

100

N (>S)
(deg-2)

∝ S-1.2

Φ =Φ CXB

S (10-40 keV: erg/cm2/s)

Search for hidden AGNs
Highly obscured AGN: NGC4945 (Done et al. 1996)

When dF/dE ∝ E-1.7, F (10-40 keV) = L0(10-40 keV)(1+Z)0.3/4πDL
2

( DL : luminosity distance)

L0(10-40 keV)=1042 erg/s



Non-thermal Emission 
from Clusters of Galaxies

Some observationa evidences for presence of Non-
thermal emission from clusters of galaxies
For example: Coma Cluster

Radio Deiss et al. 1997

EUV      Bowyer et al. 1999

X-ray     Fusco-Femiano et al. 1999

Emission mechanism of X-rays

Inverse Compton scattering of cosmic microwave background

(Fusco-Fermiano et al. 1999)

Non-thermal Bremsstrahlung

(Sarazin & Kempner 2000; Dogiel 2000)

Spectral Evolution of the IC Emission with Z

EE0 ET E1 E2

(1)

(2)

E dL/dE

Electron Dist. ∝ γ-p

E0 ∝ TCMB
dL/dE(1) ∝ TCMB

(p+5)/2 E-(p-1)/2

dL/dE(2) ∝ TCMB
(p+5)/2 ET

1/2 E-p/2

TCMB ∝ (1+Z)
γT ∝ (tUUCMB)-1 ∝ (1+Z)3/2(1+Z)-4 ∝ (1+Z)-5/2

ET ∝ γT
2 TCMB ∝ (1+Z)-4

E1, E2 ∝ (1+Z)

(1+Z)

(1+Z)3

L(E1, E2: Z) = L(E1, E2: 0) (1+Z)4 :  Case 1
L(E1, E2: Z) = L(E1, E2: 0) (1+Z)3/2 :  Case 2

(when p=2)

Case 1 Case 2



L0 = 1042 erg/s

Radio

X-rays

E (eV)

E2dF/dE

B~0.15µG
B~0.3 µG
B~1 µG
B~3 µG ~ 1041 erg/s

~ 1042 erg/s
~ 1043 erg/s

~ 1040 erg/s

LX

Radio to X-ray spectrum of the Coma cluster

Expected Flux from A Cluster of Galaxies
for Inverse Compton Emission of CMB

In a case of clusters of galaxies, 
ET ~ 50 (tU/1010 years)-1(TCMB/2.7 K)-4 eV

Hence, Case 2 for X-ray emission

F(10-40 keV)  = L0(10-40 keV)(1+Z)3/2 / 4πDL
2

A Possibility to detect 
Initial Star-Burst Activities 

in our Universe

ASCA Observation of SN1006 (Koyama et al. 1996)
• Detection of a prominent non-thermal component
• Synchrotron-emission from rim of the remnant Electrons accelerated up to 1014 eV

CANGAROO Observation of SN1006 (Tanimori et al. 1998)
• Detection of TeV gamma-rays
• Inverse Compton scatteing of CMB by high energy electrons with γ ~ 108

(Naito et al. 1999)



Evolution of IC X-rays from a SNR with Z

In this case, E1, E2 << ET Case 1
FSNR = L0 (1+Z)4 / 4π DL

2

Estimated IC liminosity in 0.5 - 10 keV

LSNR, 0(0.5-10 keV) ~ 1031 erg/s

Integrated IC emission from star formations 
in a proto-elliptical galaxy

A prediction for SNR rate in a proto-elliptical galaxy
(Elbaz et al. 1995)

~1010 SNRs in 107.5 years

Integrated IC luminosity from such a star bursting 
Proto-elliptical galaxy

LSB ~ NSNR (τe /τSB) LSNR
~ 1039.5 (NSNR/1010)(τe/106years)

(τSB/107.5years)-1 (LSNR/1031erg/s)  erg/s
(τe: life time of electrons responsible for IC X-ray
Emission,  roughly given by 2.5 x 107 ne

-1 years)



Integrated IC X-ray emission from 
a star bursting proto-elliptical galaxy

FSB = LSB, 0 (1+Z)4 / 4π DL
2

L0 = 3 x 1039 erg/s

It could be possible to detect star-burst activities from 
proto-elliptical galaxies.

Summary

Possible scientific objectives of XEUS hard 
X-ray observations
• Observations of Micro-quasars on a time 

scale of a milli-second

• Deepest survey in 10 - 40 keV

• Study of non-thermal emission from clusters 

of galaxies

• A possibility to discover star-bursting proto-

elliptical galaxies.





The Neutron Star Equation of State

From Fast Timing of X�ray Bursts
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Frontiers in High�Density Matter

The state of matter beyond nuclear saturation

bears on many aspects of astrophysics and

nuclear physics�

Primordial BH and dark matter�

Black holes at QCD phase transition�

Core�collapse supernovae�

Maximum mass of NS�

Prevalence of black holes in universe�

Gamma�ray bursts�

Origin of short bursts is unknown�

Phase transition from accretion�

Gravitational radiation waveforms�
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Previous Astrophysical Constraints

Neutron stars have core densities � � �s� so

observations of them may bear on the EOS�

Many methods have been tried�

Mass estimates from binary pulsars�

Mmax � ����M��

Eliminates very soft EOS�

Limits from observed spin rates�

�max � ��� Hz�

Eliminates very hard EOS�

Radius estimates from thermal models�

Mass estimates from QPOs�

All su�er from unknown systematics and�or are

weakly constraining�
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Fig� ��� Astrophysical mass and radius constraints from neutron star modeling� From
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Burst Brightness Oscillations

NS LMXBs have X�ray bursts�

Thermonuclear �ash on surface�

In ����� coherent oscillations discovered with

RXTE�

�burst ���� Hz or ���� Hz�

Hot spot rotating at �spin or 	�spin�

Muno et al� 
	��	�� Some Ptot �	����

High v� M�R mean that light curve encodes
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Little observation time is needed�

Many sources burst frequently�

Two with �	� burst oscillations�



Fig� ��� Light curves of thermonuclear bursts from the source �U ��������	 from T� Strohmayer et

al� �

�	 ApJ	 �
�	 L���� Upper panel� overall light curve in Rossi X�ray Timing Explorer counts

per second versus time� Lower panel� folded light curve	 clearly showing frequency of ��� Hz�



Current Constraints

Some constraints possible with RXTE data�

Nath � Strohmayer ������� amplitude�

Ford �����	 ������ phase lags�

Muno et al� ������� pulse pro
le�

Low area hampers constraints�

Simple modeling of simulated light curves�

P������ �M�M � ���

Also	 j � a�M is undetermined�

Analysis of data is pending �Muno et al���



Bene�ts of XEUS Timing

With a much larger instrument� constraints are

overwhelmingly better�

Assuming Leahy power of �� ����

�M�M � ����

�R�R � ����

Detection of frame�dragging�

Together� unprecedented constraints on the

state of high�density matter�

May constrain thermonuclear propagation�

In some bursts� ��spin may dominate�

See speed of propagation�

v � few � ��� cm s�� means detonation�

Only possible with high area�

Bears on novae� Type Ia supernovae�
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X-ray and Observational Astronomy Group

AGN iron lines: 
the complex picture from 

XMM-Newton and Chandra

Paul O’Brien
James Reeves
Ken Pounds
Kim Page
Martin Turner
plus collaborators

X-ray and Observational 
Astronomy Group
University of Leicester, UK

X-ray and Observational Astronomy Group

MCG-6-30-15: Tanaka et al. (1995)

Hard X-rays illuminate ‘cold’ inner 
accretion disc and BLR/torus

Broad (disc) Fe Kα

Narrow (BLR/torus) Fe Kα
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MCG –6-30-15

Mkn 766

NGC 5548

Mkn 509

1H 0419-577

XMM-Newton AGN spectra

Determining the shape of the 
soft/hard spectra depends on 
accurately modelling both.

As for the iron line…

X-ray and Observational Astronomy Group

MCG-6-30-15 – extraction of energy from a spinning black hole?

Energy (Energy (keVkeV))

XMMXMM--NewtonNewton EPICEPIC

Spinning black hole?Spinning black hole?

XMMXMM--NewtonNewton RGSRGS

Wilms et al. (2001)
Branduardi -Raymont
et al. (2001)

1. Kerr Disc line 
(∆ν=100000 km s-1)

2. Narrow Fe K line 
(∆ν<4000 km s-1)



X-ray and Observational Astronomy Group

Simulation of MCG-6-30-15 observed with XEUS I for 5 ksec

Model from Wilms et al. (2001) excluding absorption

STJ TES

X-ray and Observational Astronomy Group

No Broad Iron K Line in NGC 4151?

NGC 4151 in low flux state

F2-10 = 4.25x10-11 ergs cm-2 s-1

Iron Kα emission is narrow
during the XMM-Newton
observation:

E= 6.40 keV, EW ~ 180 eV

σ~30 eV (FWHM ~3000 km/s), 

No Broad iron K line is required.

Schurch et al. (2002)

Griffiths et al. (2002)

XMM-Newton observation
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Markarian 205: EPIC MOS+PN (Reeves et al. (2001))

Data and folded model Best fit Reflection Model

Narrow 6.4 Narrow 6.4 keVkeV lineline
MolecularMolecular TorusTorus??

Broad 6.7 Broad 6.7 keVkeV lineline
Ionised disc?Ionised disc?

→

↑

6.4 keV
(rest frame) ↓

X-ray and Observational Astronomy Group

Chandra HETG (Yaqoob et al. 2001)

Energy (Energy (keVkeV))Energy (Energy (keVkeV))

XMM-Newton EPIC

The Narrow Iron Kα line in the Seyfert 1 Galaxy NGC 5548

5.5          6           6.5           7           7.5 4              5             6              7              8

NGC 5548: ν (FWHM) ~ 4500 km/s
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XEUS I simulation of NGC5548 narrow Fe Kα line with STJ detector

Model: “NLR/ Torus” Fe Kα (doublet) FWHM = 1000 km s -1 +

“BLR” line FWHM = 5000 km s-1.  Total EW ~ 70 eV.

5 ksec 50 ksec
Recover (90%)

NLR +/- 140 km s-1

BLR +/- 900 km s-1

Recover (90%)

NLR +/- 45 km s-1

BLR +/- 700 km s-1

X-ray and Observational Astronomy Group

Luminous Quasars – No narrow iron K lines

↓
6.4 keV (rest frame)

↓
6.4 keV (rest frame)

3C 273; Iron Kα Line, EW<10eV PDS 456; Iron Kα Line, EW<12eV
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X-ray Absorption in the High Luminosity Quasar PDS 456

↓

No Iron Kα Line?

Fe XVII – XIX→

Fe XXV / XXVI →

XMMXMM--Newton EPICNewton EPIC XMMXMM--Newton RGSNewton RGS

X-ray and Observational Astronomy Group

Observation of the z=3.104 quasar, PKS 0537-286  (Reeves et al. (2001))

0.8 to 40 keV (rest frame)

Hard X-ray spectrum 
(Γ=1.27±0.02)

No intrinsic absorption.

Extreme X-ray Luminosity 
(with LX = 2.2x1047 erg s-1)

Weak Compton reflection 

Fe line at 6.15 keV (rest-frame)
Gravitational redshift/inflow?
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XMM-Newton – push AGN studies at high z to lower L, but hard work!

(Page et al. (2002))

X-ray and Observational Astronomy Group

Conclusions - Iron K band features in AGN 

• Broad, redshifted, neutral iron K lines most prominent in the Seyfert 1 galaxies, 
Mrk 766 and MCG-6-30-15 - linked to RGS spectrum?

• Ionised iron K lines found in luminous Seyfert 1s, Mrk 205 and Mrk 509
Lines centred near 6.7 keV.

• Strong narrow iron lines in many low/moderate luminosity type-1 AGN :
Mrk 359, IC 4329A, Fairall 9 (Gondoinet al. 2001), NGC 5548, NGC4151,
NGC 3783 (Chandra, Kaspi et al. 2001), Mrk 205, Mrk 509 …
Widths/EWs similar (σ<5000 km s-1; EW~75 eV); Origin: Torus and/or outer BLR?

• Broad or narrow iron K lines weak in most luminous quasars, 3C 273, PDS 456…
Disc ionised? Torus/BLR covering factor reduced? 

• Disc and/or torus properties appear to correlate with luminosity/accretion-rate

• Need XEUS to probe low L at high z, to monitor AGN and measure B H mass
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The importance of soft X-ray spectroscopy
in the 0.1- 0.5 keV with XEUS

Th. Boller, D. Breitschwerdt, L. Strüder, P. Predehl

Max-Planck Institut für extraterrestrische Physik Garching

Absorbing gas is connected with 
youth and formation of the host galaxy

Rees 1988: Formation of galaxies involes infall of gas from radii ~ 100 kpc
Tow-phase infalling gas (neutral and ionised)

Fabian 1999:
Hasinger 1999
Comastri 1995
Matt 1994
Madau 1994
Setti 1989

Spectrumof X-ay background requires that most accretion power is absorbed

Important requirement is presence of large column densities 

High absorbing fractions are required (~90 % with NH >1022 cm-2)

Covering factor must approach 4π sr and it must be fairly neutral and cold to
absorb X-rays

Hasinger 2001 Compton thick sources resemble SED of nearby obscured sources



Type II AGN and the XRB

NGC 6240NGC 6240

QSOQSO averageaverage
(Elvis et al.)(Elvis et al.)

CMBCMB

CIBCIB

CXBCXB

COBCOB

32A

14Z/12A

Hasinger et al. 2001

Absorbing gas is connected with 
youth and formation of the host galaxy

Rees 1988: Formation of galaxies involes infall of gas from radii ~ 100 kpc
Tow-phase infalling gas (neutral and ionised)

Fabian 1999:
Hasinger 1999
Comastri 1995
Matt 1994
Madau 1994
Setti 1989

Spectrumof X-ay background requires that most accretion power is absorbed

Important requirement is presence of large column densities 

High absorbing fractions are required (~90 % with NH >1022 cm-2)

Covering factor must approach 4π sr and it must be fairly neutral and cold to
absorb X-rays

Hasinger 2001 Compton thick sources resemble SED of nearby obscured sources

Fiore 1998
Elvis 1994

Detection of low-energy cutoffs in radio-loud quasars
Number of cutoffs increases with redshift

Boller 2000 Detection of a low-energy cutoff in a z=4.72 quasar



The most distant low-energy cutoff 
GB 1428+4217 (z=4.72)

(Boller, Fabian, Brandt, Freyberg 2000)

Energy [keV]

Da
ta

/ M
od

el

Low-Energy cutoff already shifted into the 0.1-0.2 keV band 

Power-law fit with neutral N H,Gal=(1.4+-0.4)1020 cm-2

absorption fixed to Galactic value

Low-Energy cutoff

This type of science can not be done with XMM-Newton

The excess absorption in GB 1428+4217

NH [1021] cm-2

Po
we

r-la
w

Ind
ex

Γ

NH,gal

ASCA
upper
limit

χ2 contour plot as function
absorbing column in
observeŕ s frame and the
photon index 

Contour levels:
1,2,3,4,5 σ

translates into 
Intrinsic absorption

N(z=4.72) =(1.52 +- 0.28)1022cm-2
H,fit

N(z=0) =(3.14 +- 0.35)1020cm-2
H,fit



Emin > 0.3 keV

Emin > 0.1 keV

XEUS Simulation for AGN in LH

Energy [keV]
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0.3

0.1 2.0 10.0

2.0 10.0

AGN in rest frame at z = 1
L = 1044erg s-1

NH = 1.0 1020cm-2

Exposure = 40 ksec
NH(err) / NH = 0.30

NH(err) / NH = 0.04

Cutoff precision = 30 %

Cutoff precision = 4 %

Emin > 0.3 keV

Emin > 0.1 keV

XEUS Simulation – Varying NH from (0.01-10) 1022cm-2

L = 1044erg s-1

z = 1

Low column densities require measurements in the soft >0.1 keV band 

´The nearby Universe`



´The distant Universe`
XEUS Simulation – Varying NH from (0.01-10) 1022cm-2

14410 −= sergL 14510 −= sergL

z
5
4
3
2
1

z=5

4

3
2
1

10 % error:
z < 2
NH >1021cm-2

10 % error:
z < 5
NH >1021cm-2

High precision (~ 5%)
measurements for
expected high column
densities throughout

14610 −= sergL

10 % error:
NH >5 1020cm-2

z=10

5

1

Redshift
Filter

Dimming
effects:

decreasing statistics

Study evolution of absorbing
gas during galaxy formation

SDSS 1044-0125 spectrum z = 5.745

Optical Light from the dawn of the Universe

GB 1428+4217  z = 4.72

Ly break make flux even weaker in
3000 – 6000 A band

Goodrich 2001



Optical Light from the dawn of the Universe

Number of optical photons:
SDSS 1044-0125
z=5.80

R =25.13

F = 2 10-19 * 4000 erg cm-2 s-1 ~ 10-15 erg cm-2 s-1

F = 1.55 10-15 erg cm-2 s-1

Number of photons 12-cmPhoton1 −=
∫
∫ s

dE

df

λ

λ

10-1 Photons s-1 PSF-1Number of Photons from high z Quasar:

allowed number of photons in detector ~ 104 Photonen s-1 PSF-1

Fan 2000

Number of optical photons 
in detector to achive
a 1 % error at 1.0 keV

No filter required to observe objects in the XEUS high redshift (ignoring scattered light)

Read-out time: 1 ms per pixel
10 Photons 7 e- Hole pairs ~ 20 eV

∆E / pixel ~ 10 eV 1 % @ 1 keV

Goodrich 2001

no filter
The window to the z> 5 universe



• Integrated
spectrum of 
galactic wind 
(NGC 253) 

• “multi-temp.”
structure

• NEI spectrum
has many 
diagnostic lines
(OVII, OVIII, 
FeXVII) in soft
energy range

C5+ O6+

O7+

N6+Si7+

Fe13+

C2+

Fe16+

Ne8+

Si5+

Importance of soft X-ray spectroscopy for plasma diagnostics

Aluminum filter cuts out ~ 90 % of your photons @ 0.1 keV
Decreases statistics for all type of timing and spectral analysis

XEUS II allows precise measurements of the gas in the
first galaxies forming above 0.1 keV 

The XEUS z =5 – 10 universe may not require any additional filter on the detector

Proposal: discuss whether part of the detector can be made without a filter

Ignoring the soft X-ray band > 0.1 keV formation and growth of high-z
quasars  can not  be studied
we loose an important science case

Summary and suggestion for the XEUS Steering Group
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Capella (Chandra LETGS Mewe et al 2001)



Hamilton Sarazin Chevalier 1983

Willingale et al 2002



McCammon et al 2002

McCammon et al 2002



Briel et al 2001

Ferrando et al 2001



Nevalainen et al 2002

Nevalainen et al 2002



Simulated XEUS spectrum of A1795´s
extended soft emission

Gruntman et al 1997
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����� �!�� ���!�� �� ��* ����� ������ �� ����� �� �� $���C��- .� �!� )����*��� *� ������� � ��*�� ��$������ ��������,
������� �$������� )�� � ����� �&��������-

��� � ��� ������� �� ��������� �! " � ����

�������� �������$� ��� ���������, ���! �� �!� 
�����<��� ������������ '!�����, ��������� ���� ��� *��! � ������
��)�������� �� � ����� �$��� ���! �� �!� ������ �) ���$��� �� �!� �������$�� ����- =!�� ��)�������� �������� ��� ����
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�� ��� ������������� ��	�
� �� ��� ����� ��� �������� �� ��� ��	�
 � ���	��� ��������� 	� 	 ������ �������� ��
�� 
��� 	� ��	�� 	� ������� � ��� ������ ��� ��� �������� ���������	� ������� ��� �������� �� ��� ��	�
 �
��������� ��� ����	�� ��� �� ��� ��	�� ���������� ��� 	����	�� � ��������	�� �� �	�� ��� ��	�
 �� �����������
��� ����	���� ���� 	�� ��� ���� ������� �� ��� �������������� ��������  ��� ���	� �� ��� ����� ��	���� ���
������� ��������� ��	������ ��	�������� �� ��� �������� ������� ���� ������ �	�	����� �����	�� �������	��� �

!�� ������ ����� ��	���� � ��� �����	����� "	� ��	���� #����	� $���	%%� �� 	��� &	���� '(()*� �� �������
#+�� )� +��'* �� 	 �	� ���� ,�� 	 ���� ������ 	 �������	��� ��	�� #	���	��� 	 "	� -������� ��������* 	�� 	 ����
���� ���� ���������	� ��	����� 	����� �� �	 � ����������� 	 ��������� ���	���	� ��	����� ���� �� 	� �	����	���
��$ #+��.*� !�� ��� ��	���	��� 	���,� ��� ��	�
� �� �� ��	� �������������� ������ �� �	�� ������ /��	� ��
�� �����,��� !�� �� �� ������� 	����� ��� ���� �������	���� �� �	� ���������� ���� �%�� ���� 0( �� '(( �� 	��
��	����� ��� ���	� �  ��� �	��#���� �� ��*� 	�� ��� ������ ��������� ��	���	���� ����� �� ��� ������ ��� ���� �� ���
#)(1 	� 2 
�3*� -	�� ���� � ��������� �� 	 ����	���+�� 	�� 45� ��	���� ,��� 	���, �� ������ ��� ������ ����
� ��	� ����� !�� �	��� �� ��� ��	�
� ����	� ��������� 	��� ��� �����	��� �� ��� ���	��� �� ��� �������������
������ ���� 	�� �� ��� ������ �� ��� ���	�� ������� $� �	
�� ��� ���	� ���� ��� "-� ,� ������ ��� 	�6����� ��
��� 	���� ���	� 	�� ������� 	� ����	� ����� ����� 	�	����� �� ������� 	 ��	�
 ��� �	�� �������� ������ #��� +� 7*�

!�� 	���	� ��	�
 � �	�� 	� 	 �
�� 	�� ���� �� 	�	���� � 	�,	�� ������� �� ������ ��� 8��	�8 ,��� �	����
���� �� ��� �����	��� �� ��� ���	�%	��� ���� ��� �	� ,��� ���� ���� �� ��������� ��	�
� ���� 	  ��� +����
�����	��� 0�7 
�3 �����	�%�� �������� !�� ��� �� ��� �������� �� �	�� ��	�
 	�� ���	��� �� 	 �����	� ����� 	�����
��� ����	���� ����� ���	��� ��� ��	�
�� � �� 	� ��� ��, ������� 	�� ��� �	����%�� #+��0*� ���� �	�� ��	�
 ,�
������������� ��� ������ 	����� !�� ������	� �� ��� ������ 	����� � ���	� � �� ��� �������� �� ���	�%	��� �
��� ������ /��	� �������� �� �	�� �� ��� ���	���� /��	� �������� ���� 	� 9���������� ����� 	�� ��� ������ 	�����
�	 � ��� �	�� ����	���� 	�� ��� ������	� �� ���������� 	 9	� ��� �� �� ��	����� 	 9	� ��� � ���� ��� 9����������
��� �������� �� 	� ���� ������ 	� 0�: 
�3 �� ������� ���� 	� 0�7 
�3 ���	��� ��	� �� �	;�� ������� �<����
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���� �� ������������� ����#� ���!���! ��  �� �� ��� ��"������ �������� " $�% #�& �������

���� ������� ��	
 �
�
 ��� ������� �������� � ��	��������� ��������� ���� � ��� ����� ���� �� ������ ��� ��������
���� � ��������� ����� ������ ��  
! "�# ��	
�
$


%��� ���� ��� ���� ��������� ���� &�������������� ���� ���� �� �'���� �� �� ��"� ���� ������� ��� �����������
������(����� �� ��� ������������� ��� ��� �������	 �)��� ��� �� ��� ���������	 ��� �� ��� ������� ��)����� �� ���������
�� ��� ����� ���� ��� �(�������� ����� �� ��� *+,


%�������� �� (���� � �������� ���� ���(���� -������������ .��	��	� /������� ��� %����	 ����(������� ��� ������
��� ���������� ����� �� ����	� ��)����� ����	�������� ��������� �� � ���������� �'�������� ������


��� � �������		
�� ������ �� �� ����� �� �
�����

.� ����� �� �������� ��� ����(������� �� ���� � ������ �� ��� ����� �' �+0/ �� ������ � ���� ������������ ��������

�� ������ �� (���� � �������� ���� ��� ���� �������� �� �� �'�����	 ���������� �'������ �� ������� ��� ����� �+0/
-/1
 �� ������� ��� �'������ �������	 ����� ���� ������� ��� ���� (��"	����� ����� ���������� ���� ��� ���
���������� ������ ���� �����
����� ����������� �������� ���� ��� ��������� ������������
 %��� ��� (� �������
������ � ������������ ������ ��� 	�� �������� ���� �� ��� 2����/3� ,+4/ */-4� ���� � ������� (��� ��� � ����
� 5�� 2�������� ������ 
 %��� �� ��� ���� �� ������� ������ (�� �� ��������	 �� ����� �� ��� 	��������� �����
��� ��� �����(������ ��� �� ����(�� �� ������� �� � �������������� ������ �� ��������� �(6���� ��� ���	� ��6����� ��
������������ �������� �� ��� ����������� ��������	 3*7�


.� %�(
� �� ���� ��� ,������ 8������(�� -����������� ��� � ������ �� (��	�� 3*7� ���� � ��� ��� �(���������
���� ���� � ������ �� ��� ����� �� �+0/��
 +���	� �������� -���������� �� 9�! (���� �� �����(�� �� ���� �� ��$ : �����



��� ������	 
� 	��� ��	� ����������	� ���	���
��� �� ��
 ��� ��	

���� �� ���	����� �� ��
 �	���
���
� ��� ��� �
�  ��	��!
"  ������ 	� "
��#
" $� ��
 ��	��� "
�
��
" $� ��
 %���� 	��
��

���� �� %�"&�	���� �&�#
 �
	�&�
" '��� 	� &� ��	��!
" ��&��
 ��
�� (�
��  	�
�) 	�" 	  ��	��!
" ��� �
� ��&��
 (��*��  	�
�)

���	
 �� %+� ��� �,-� �� .�� � �� ��
 ��.� �
� 
�
�*� $	�" '��� ����.

�,-� %+�/

��-� ��0
-,��.�. ��1
-,����2 ��2
%�, 0�3��.� .��
������&� ,	�	4� ��2
5��3�6� ��1
7	��	�� 6 .�0
%8-��. (9&�$&���) ���
%8-��. ��1
3��13 ��6

�� ��� �� ����	 
� ����� � ���� ��� �������� ����� �� �������� �� �������� ������	 �� ����� ��� ����� ���� �� ��
������� �� ��� ��� ��� ����������� ��������� ����� ��� ��� ��� ������� �� �� � �����	 ���� ����� ���� �� ����
� �� ����������� ���!��� �������� ��������� �� ����� "##��$ �������� �� � ����� ��� ��� %������ �� &'(� ������	
������� &'(� ����� ����� ������ ������� ���������) �	�	 ����������� ��������� �� �� *�+ ��� �� ��� ,��-
��������� �� ���������� .���� �� � �+/$ ��������� �� ������ �� � ������ ������� �� ���� ���0������ ����������	
*��� ��� ������ ���� ���� ���� ������ ���������� ��� ����� ����� ����0������� ���������) �	�	 ����� ��� �����
������� ��������� �� ������� ��� �� ���������� ��� ��/	 * ���� ����� �� ���� �� ����� �� ����$ �� ���!�� �� !��
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���� �� �������� ���� �� ��� ������������ �������� ��� ��������  !"���� #�$% ��� �� ������  !���" #�$% ����������� �� ���
���&� �� '���� ����� 
����� �������� (� �&�� ������ ��� ����������� ��� ����  )���� �� 
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����� ���� �	
��	���� ������� ������	��� ������ � ���� ���	������� 	�� ���� ���� ������ 	� � ���	��� �� �����
�� ������ ���� �	� � 	 �������	� ��	������ �� 
�	�� ���	���������

��� ������	�	
�� ��� ������ �
� ������

��� ������	���� ������	��� ����� ��� ������� � ��� �	
�� �� � � �	� �����	�� ��� �Æ����� 	� �����	��� ��
��� �������� �	 
� �������� 
� ����	��� ��� 	
������� �	� 	� �������� ��� �	� ����� ������� �� ������ ���
��	������ 	���� ��� ������� � ��� ������ ��� ��� �	��� ������ ��	� ���	� ��� ��	���  ��� ��� 	��������� �� �	�
���� 	�� ���	������ ������ 	� �	 
� �������� 
� �����!��� �� �	���� ����������
 ����� ������	� ���������� �	� 
� 	������� 
� ���� ����	� �� �� ��������� ������� ��� ����� �����

�	��� ��� ��������� ������"�� � ��� ������� 
	��� ��� ���������� ����	��� 
�� ��� ���	� ���� �� 	������ 	 
��	�

	� ��	������� ���� 
� ������	��� �������� # ���$ �� ���� ��� �������� 	��	 �� ��� ������	���� ������	���
�� ��� ������� �������� ���� % �� &' ��(� 	� �� ��� ����� �� 	 ��� ����� ��������� ������"�� � ��� 
	� '�) * +
��(� ,��� 	 ��� ����� ������ ����� 	���� ��� &- ���	������� �� ./0%& � &'���
 ������� ������	� ���������� �	 ������ ���� ��� ��������	��� �� 123,*% ������� 4��� ��	������� ��� .56

���� ��	�� ���� ��� �!�	�� ���� �� 	��	�� 2�� ������ �� �	�� ��	�	�� 
� ���� �� ��� �	�	
����� �� ������ ������	���
������ �� ������� ����	
�� ���	������� 
���� &-� ��� �
����	���� ���� 
� ������	��� ������� 	� ��� �	���� ����

����� ���� ������ �������  78� 	� ������ ���*������

��� ��
������
�

9� ������� ��	� ���� ��� �� .#:;<6 ��2;8 ������� ��� 6��	������� ��  ����������	� ������� �� �� ��	��
���
�������� ��	� 	 ���� ���������� ������ �� ����� ���� ���� ��� 	 �� ����� � ��� ��� 	� ��	�	���	��� �������
��� ������	��� �� 6������ �� 1*�	� ������� ������ 	���� 8, 	� =�	�� >����� 9��� 123,*& ������� 	� ����
�����	�� 	��������� � ����������	� ������������ ���	������� �� ��� - ����� �� ��� ��  78� ���� 
� ��	��
���
��������� �� ���� ��	� ��� ������� �� 	 .#:;<6 ��2;8 ������������� ���	������� � ��� 
	����� �	���	� ���

123,*& ������ 
� ��������� ����������

�	�	�	
�	�

*��� +�������, ���������� 	� ��� !�-.-% ����
(�/� 0����� 1 2� �� �&�����, �����
� ���������� ��, !�-3�% 43-�
5�6� 2���, ��
� ���� � �����
� ���� ��� !�-3.% �.3�
2��� �&���� 1 7�0� 8������&#, �����
� ���������� �	� !�-9.% 43��
�� �:��;����, 2� /����#, �� �'��� �� �,0��� ������ 1 5��� +����#���, ���������� �� �
	 !�-99% �".<�
��=� ��'����,�� ��&��'�� 1 2��� �&���� ��
� ���� � �����
� ���� ��� !�""�% �-��
=�/� 0�����, 0�0� ������ 1 =��� ���)����, ���� �����
� ����� 	 !�-39% ��3�
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�� �	������ ����� ����� � �� ��� �! �"#��
�� �$��%����� �� �	������ ����� ������ ��� ��� �!� &'"'�
���� (�)����� * ��(� ���+��� ��	
����� � ��� "! ����  ,��
-�.� ����/ * ���� �������� ��	�
� ��� ���  ! ����
���� ������� * -�.� ����/� ��	�
� ��� ���  ! ��#�
���� �������� 0� ����� * -�. ����/ ��	
����� � ��� ���#,!� ����
1� 2���� ���� .�3��� * -�-� -��� ���� ��	� �� ��	
��� ���� ��� ����&! #&��
�� ������	� ��	
����� � ����� ��
� �� ���#�! ", �
2��� 4	���/�+5� �� ��
6	� � 7�(� 8	��	�3���� 8��� (��)� -� 9�6��/ � ��	
������ � ��� ��� #! (�� �
�� 8���	�� -� 9�6��/� �� 2������ 0� 7���
���� -��� �����	6� :� (�+���6� �� ��
6	�� 2� 4	���/�+5�-�� �
��	�� 1� ������� 1�

2��;�� �� ������ 1� .���	�� 1��� �	��
�� ��	� ���� �� ����,!   &�
-�	)
	�� 1� -� 	� �
�� ����� ��� ����� ���� �� ��� ,! "&'�
0���	��� 7� 	� �
�� ����� ���	
� ��� ��	� 	��� �����! "���
������� -�� ��� 2��������� 0�� -���	� <�=� � ���� ���� ����&! ��#�
(� 2������ ��� ����� ��� ��Æ��� ��� =� �	���� 1�� 2��;�� 2�� 2������ <�� ������ 1�� ��++����� 1�� >	�� 9�� ����� ���	
�

��� ��	� 	��� ����#! �" �
��/���� 7�� ����� ��� 1��?�� 9��� 9�� 8����	 ��@ ��;�/� A�� ���� �
���� ����� ���� �� �����! �#��
�� ������ �� ��Æ���� -� <	

�;;���� �� <�	;� 9� (��3 * 1� �+��@�	� ��	�
� ��� ��,,�! ""��
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Implications for XEUS 
o While Chandra can collect positions and monitoring the long term 

variability of these sources, it will not obtain the necessary counts for 
detailed spectroscopy and timing studies of these sources 

o To achieve this is needed a mission that carries a much larger effective
area with a good angular resolution: I.e. XEUS 

o We made XEUS simulations using the results obtained from the Chandra
observation of NGC1399 with the following parameters : 
– The effective area to be 250 of the XMM (~about XEUS 2)
– Because of the longer focal length we assumed 10 times the PN 

background on XMM (per arcmin2)
– The  simulations contained 160 sources  (3 sigma from Chandra)

• With a flux range of 1.6x 10-15 -7.4x10-14ergs/cm2/s (0.5-10 keV
luminosities of 8x1037-3.6 1039 erg/s for a distance of 20.5 Mpc)

• With an input power law spectra of photon index 1.5 
– The extended central emission was modelled by a double gaussian as

measured in the Chandra data with an 1 keV thermal input spectra
– Exposure was set to 50 ksec to compare with Chandra
– The PSF was set at 5 and 2 arcsec resolution

Binaries in EllipticalsMarch 11-13 2002
Xeus Workshop

Simulation for XEUS 
The 5 arcmin
NGC1399 galaxy 
center simulations 
are shown in 
figures (right) with 
5 & 2 arcsec
resolution. The 
Chandra image is 
on the left. The 
simulations include 
sources > 8 x 1037

erg/s above the 
Chandra 3 sigma 
detection threshold

5”

2”
5” 2”

2”
Chandra

Most of the sources at 
1.2 arcmin from the 
center are resolved in the 
5 arcsec simulation. The 
2 arcsec simulation
resolve sources closest to 
the galaxy (marked with a 
circle)  where most of the 
GC identifications are 
found with Chandra/HST
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Other facts for XEUS 
o The simulation does not includes low luminosity sources (down to

1036 erg/s) expected to be more numerous from the luminosity 
function. The effective area on XEUS will allow to explore and 
match the LMXRB luminosity range observed in our galaxy. The 2 
arc sec resolution “goal” is desirable to avoid/limit confusion in
these dense source galaxies.

o A 50 ksec observation gives a 4,692 counts for the faint and 
219,755 for the bright source
– Spectra properties can be constrained with high accuracy and be

searched for possible line emissions 
– Lightcurves can be searched for periodic or quasi periodic signal

o The quality of data for this galaxy and others will be equivalent to 
observe LMXRB in our own galaxy with an ASM at the effective 
area of 10% the Ariel V ASM! 

o A 2 arc sec resolution will allow similar studies ~500 ellipticals
galaxies at distance up to twice the distance of Virgo (~30 Mpc).
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 ����� ��	
���
� ����	 ���� ��� �
	� ��
����� ����	 �&����� �� ��� 	����� "'�. ��*, '�()��*, '�77 ��*%, �	
���� �	 ���� ����� ����	��		�
� �� ��� �
��	� �������	 "�
� ���	����	 � � '%
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��� ��	������� ������� ��� ��
��� ��� ��	�������
� �� ��� �
��� ��� ��� ��	���� ������	� �	 
�� 
� ��� �
	� ��	�������
�
����	 �� �
���� �	��
��	��	 ��� ����	 �
 �� ��	
���� �� ��� ���� ������� ��� �
	� ������ ��� �	 �
 ������ ��2�	�
������������� ���� ���		�
� �� �
� ���	����	�  ��� ��� �&����� ���
������ 
� ����, ����������	��� 9*##, 9*### ���
:��*## ����	 
� �  !#$ ������� �� ���	���� 
� ���� � � '�- 	�
��� �� ������� ��	������	����� ��
� �
��� �
����
���
���		�
�� ;������� 
� ��� 	����� ��	�������
� 
� ���  !#$, ��� ���		�
� ���	��� �
��� �� ������		����� �
��
!
�����, �� ��� ����� 
� ���  !#$ �
 ��� ����
� �
��������
� �
��� �� 
������� ��
� � �������� 	���� 
� ���
�
��� �
����
��� "4
��� <����� ��� /������� ���
% ���		�
�, ������� ���  !#$ �	 ��� ��	����� �
�
����� ���	 ���
��	� ������	 �
� ���	 	���� ��� ��
��	 �� ��2����� ��	�����	, ��������� ������ 
�8���	 ��	��� ��� 4
��� <����� 
� ����
������, 	��� �	 ��� 9������	 ��
��� #� ���������, �
	� �������� 	������ ���
�����
� �
��� �� 
������� �� 
������
�� ��� ����
�	 
� �����	� ���	����	 ��� ��
	� 
� ��� �����	� ���	��� 	��
������ ��� �&������� 	������ ��	
����
� 
� ���
���� ��	�������	 �
��� ��	
 ����	 �	 ��
����� ������
��� ���
�����
� ��
�� ��� �
��5���
� 	���� 
� ��� �
����
���
��	�� ��� ������� �� �	 
�� 
� �
���	�
��� �
��5���
� �=���������, �	 
�� �$$ ��	���	 ������� ���������

���������	

�%���� $�& '	���� �& ())�& *�� +))& ,))
-�� .�& /����0�� ��1�& ()))& *�� �(+& (
-��2� .�*�-�& � ������ '�& ��3� .�& �� ���& �44(& *�� ��5& ,5
��3� .�& -�� .�& /����0�� ��1�& �� ���& �44(& *�� ���& +56
���	
��� ����& ������������� �& �44�& ��� 1���� �2 ��� $	�����%� �7�� 8������ �2 ��� !9��	 #������� �� ��� !��97�����

��� -������ "�� & "$'"-& "$* $19+��& ���� �� ������ �� ��� :�� �����;
���	
��� ����& ����� #�<�& ������ =�& >�
��� ��& >������ <�& =���?����� "�& =����� ��& �44��& ��� 1���� �2 ��� $	�����%�

�7�� 8������ �2 ��� !9��	 #������� �� ��� !��97����� ��� -������ "�� & "$'"-& "$* $19+��& ���� �� ������ �� ���
:�� �����;

���	
��� ����& 12�@������ "�& ����� #�<�& �44�
& ��� 1���� �2 ��� $	�����%� �7�� 8������ �2 ��� !9��	 #������� �� ���
!��97����� ��� -������ "�� & "$'"-& "$* $19+��& ���� �� ������ �� ��� :�� �����;

>������� <�& *������ ��& *���%� ��& �� ���& �44(& *�* 6,�& A+�
$������ $�A�& ���	
��� ����& 1�%����0	 1�1�& �� ���& ())�& *�� +�+& ,+6
$������ $�A�& "���� .�& ���	
��� ����& �� ���& ())5& *�� +��& (��
$������ $�A�& "���� .�& ���0
����� �1�& ���	
��� ����& 1�%����0	 1�1�& ())�& *�� +)6& 5(�
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���	 �� �������� ����� ������ ���� �	�� ��  ������� !�� "����� ��	 #� $��%��� �$� &�'��� �(�
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��� �� �� ���� ����
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��� �����
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������ ����� ��������� �������
� �
�� � �� !�"�#� $��%#  � &���
� �
���� &' ���()� $#*#�#

��������� ��� �������� �	 
�� �� ����������� �� ������ �� ������������ ������ �� � ����� �	 ��������� � ������
������ �� �������� ������ �� �� ������������� ��� ���� �	 ���� ��� ��� �� ��� ������ ������ ������������ �����������
������� �	 
�� ��� ���������������� �� ������ ��� ����� ���������� ������� �������� ��� �� ��� ����� ������ �	
������� ��������� �� ����� ������������� ����������� ���� ��� �� ������� �� 	�� �� ����� ��������� 	�� ����� �������
�	 ������� ���� �� �� ������ �� ��� 	����� �� ��� ����� ������� � !"�

�� �����	�����

#� �� ��������� ������ ���� 
�� ��� ��� ������� �� ��� ���� ���� �	 ������$ ������� �	 ������ ������� �� �������
���% ���� � ������������ ���% ����� ��� &�������� ������� 	��� ���� ����� ���� ���� ������ 	���� ��� ������� ����� ����
�� ��� 	��� ��� ���� ���� ��� �������� �	 ��� ����� ������ ���% ��%�' ��� ������� �� ���� �� ����� ��������� �������
���� ������� (� ���� �� ����� ����� ������� ���� �� ������ ����� &�������� ���������� ����������� ��� ���������
����������������� �� ���������� ���� ����� ������������� �����&��� �� � �����	�� ���� �� ����� ��� �������� �	 ���
����� ������ �	 �� 
���

����������� �� � ���&�� �����&�� ���� ������� �� �� ���% ���� ���� ��� ������ �	 ������� 
�� �� ����� ���
������ ���� ������� ��� ������� �� � ������ �� ����� ����� �������� ��	� ����� �������� (� ���� �� ���� �� ����	�
��� &������� �	 ������� ���������� �� ����������� 	�� ��� ����� ����������� �� �� ����� ���� 
�� ��� ���� ��� �������
�	 ��� �������� ���

�� ���������� �� ���� ���� !����

(� ���� ������� ��� ����������� ���������� �	 ��� �������� ������ �	 ��� ������ �	 ������ ��	� ����� ������� 
��
)����� �� ��� *++,-� ��� �	 ����� ������ ������ ��� �� ���� ������� �	 ������.����� �	 ���� ���� /0 �� 1� 2��
�	 ����� ������ �� ��� ��� "��	��� *�3 ����4� #5
"*67+897777� ���� �4����� ����� ���� �� ������� �������� �� ���
������ ��� ���� ���� �� �������� �� ��� 	����� �� ������� :����� * �������� ��� ������� �	 ��� ������ ����������� �	
#5
"*67+897777� ��� ����� ����� ����� ��� ������ �������� ��� ������ ��� ��� ��������� �	 ��� ������.����� ���
��� ����� ����� ��� ������� �	 ������.�� ;�4 �������� ��� ��������� ������ �	 ������.����� ������� ��� ���� �� � ����
�	 ���������� ��� ������.����� �� ������ �� ��� ����� ����� ��� ����� �� ��� ������ ����� ������� �� ��� ��������
���� ������ ��� ��������� �������� ��������� ������� ��� 1���� ��� ������ <��� 5������ )1<5 ��� �<5-�

�� "�# �� ������� $%��� ����������

#� �������� ����� ��� ��� ���� �� �� ����������� �� ������$ *- ����� � 1���� ����������� �� ��� ����� ����� �� 6- �����
��� ����� ������� �����	 �� � ������������ ��� =��� ��� �� ��� ���� ����������� ��� ��� ���� �� ���� ���� �� ��� "������
����� ����������� ������� ��� "�������������� ������� )"�5�� ��� �������������������> %�����>�4�� 	�� ����
��	��������-� #� ��� ����� ��� ����� ��� ��� �������$ �- ����� ��� ��������� �	 ��� �������� �	 ��� ����������
�	 ��� ������� ���� �� ���  ������ �	 ��� ������� ����� ������ ������ ��� ??@ ������� �� ����� � ������� ��
��������� �� ?���� �� ��� )6AA*� ��� ��� ����������� �� ����� ����������-� ��� ��������� �	 � �������� 1���� ������
����������� �� ���� ��� ��� ��� ���� �������� ��� ���� �����&�� �� ��������� �������� �������� ��� ������������ ��
���� �� ���� ���� ������ �� ��� ������	� ��� ��� �������� ������ �� � �������� ���� ���� �� ����% ������ � ����



��� �� ����	 
 ���� ����� ����� �������	��� �� ��� ���� ��� 

���� �� !���"�� ��	"����������	��� �� #$� %�&'()&&&&� *�	 ���	� ��+	� ����� ��	 ����"�� ��	"����, ��	 ��--�	 ��+	� ��	
�	�"	+��.	 �� ��	 ������/����+, �+- ��	 ���	� ��+	� ��	 ������/	- ��	"����� 	 "�+ "�	���� �		 ���� ��	 -	.�		 �� ������/����+
�+"�	��	� �����-� �����	� ��0	�	+.�� � � "�	�� ��.+ �� �"���	��+.� 	 "�+ ���� �		 ���� ��	 -	.�		 �� ������/����+ �� ��.�	� �+ ��	
1���- �	�����	- ��+	� �+- ���	� �+ ��	 +����� ���1�--	+ ��+	�� *��� �	���� �	�+� ���� ��	 �1���1�+. ����	� �� ��"��	- ���	��	�	
1	��		+ ��	 ����-�2�+	 $	.��+ 3�2$4 �+- �������2�+	 $	.��+� 3�2$4�
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5����, ��,  �Æ���, 6�, �	���//�+�, $�, 	� ���, ���%, �����	 7%%, ���
����	, ��, ����, ����, ����, ��, �	�	���++, 8�, %''9, �
� &&&, 9�(
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���	 �� �������� ����� ������ ���� �	�� ��  ������� !�� "����� ��	 #� $��%��� �$� &�'��� �(�
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� ��� ��� ���
� ������ ������

�� ����������� 	� 
������������ ��� �� �������

� ���������� 	
���
� �������� ������� �		�� �	�� ���	��� ������� ������ ������� ������� 	���
� � ���!�� �� ������ �����"�� ��# ���� �� $%$ � ��&'�$� ����� ���#(
� ��	)��� � ��� *�  � ��# ��+�#���� $��� ����$,, ��"�� ���#(

��������� �� ������ �� ���	 ����� ��� 
��
 �	������ �� ��� ��	� ��� ��� ��������� �������� 
����� ��������
������	 �
��� ������ �� � �������������  ���� ��	�����! �� ��� ����"���# $���� �������� ���� 	����� %&'()*+
,� �����	���	 ��� �� ��� ��� ��������� ����� ���	�������	 �� ��	� ������ �� ��� ������� ����������� �� ���	 ���		 ��
	�����	! ����� ��� ������ ��� �������� ����� �� ��� ������������� ������ �� �$� 	�����	 ��� ���� -���	�����-
���		���� ���� �����	+ .�� ���	������� �� ������ 	����	 ����  /0� ��� �	��		�+

�� ������������

����"���# $���� �������� ���� 	�����	 ��� � ���		 �� �������� ������� � 1)
�� ��� 	��� ���� 	�����	! ���� �� �

	����� �����2 	������� ������� ���� 1 �"#+ .��� �����	��� �1)3 �� ��� 4 �"# 	������ 	�����	! ���� � 	���������
�������� �� ��� �������� ���� 	�����	 �� ��� ������	�+ .��� ��� ����������#� �� ������� ���� ����	! ��	� ������ ���
�2������ ����� ��� ����������� ������	 ��56	7 �1 ����+ ���� �� ���� �2����� ���� ����� �2���� ���� ���		���
�� 	����	 ������ ���� ��� ��	� ����2� �8��� �� ��+ 199)7 ������������ �� ��+ 199)7 :���� �� ��+ ())1�! ��� ������ �� ;��
	����	 ������������	 �� ��+ 1999�+ .���� ���� �����������	 �� ��	� ����2��	 ��� ��������� ���	�	���� ���� ���		����
<�6 �����	+ /��		��������	 ������� 	������ 	����	� ����������� ������� ��� ���� 	����� �� ���		�������� ��	! �	 ����
�	 �	� ��	��������+ ;��,6 ���	�������	 	����	� ��� �2�	����� �� � �������� ���� ������ ������	 �"������ �� ��+
199=> 	��! �������! � ?���	 �� ��+ 199* �� :���� �� ��+ ())) ��� � �@����� ����� �� �����+
.�� 	�������	 ��� ��������� �����	� �� �2����� ��� ������ �� �$� 	�����	>

1+ ��� ���	
 ���	����> �$� ���� �� ����� ���	���	 �� ����� 	���� ���� ����2��	 �� �� ������� 	���� �� ����� ���������
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��� �� ���� ����	 ���������� ��������� ��������	 ������ ��� ��� �����	
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�
����� ����

�� � ; �<�� � 5� � 
��	 ����� �	���� �� � ��	 *	�� 	������� ��	 �����	� �� 	'��	��%�
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M = 1.23 M
M = 1.60 M
M = 1.63 M
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����� (���� ��� ������������ ������� ���� �� �  ��)�� �� �� 7��� �� ��� ����� �� ���������� #�� ������ ������� ���-��
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��������� ������ ���� ��������� �� ������� �� �������< #�� ����� ������� �������� �� � ���� ���������� ��� � �������
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XMM-Newton Deep Survey in the Lockman Hole field &
The population of type-2 QSO

Ingo Lehmann, Günther Hasinger, Vincenzo Mainieri (ESO) & the Lockman Hole team

Abstract
Deep Chandra,XMM-Newton and ROSAT surveys (Giacconi et al. 2001,
Brandt et al. 2001, Hasinger et al. 1998, 2001) have shown that the cosmic
X-ray background (XRB) is largely due to the accretion onto supermassive
black holes, integrated over the cosmic time. The soft X-ray background is
dominated by X-ray and optically unobscured AGNs (Quasars, Sy1). The
charateristic hard spectrum of the XRB can be explained if most of the

AGN are heavily absorbed (type-2). The first deep XMM-Newton survey
was performed in the Lockman Hole region. We present the X-ray proper-
ties of the population of faint newly detected XMM-Newton sources and their
optical/near-infrared identification. The majority of these sources seems to
be intrinsically absorbed type-2 AGN. We have found several heavily ob-
scured type-2 Quasars (some of them already seen with ROSAT).

0.5−2.0 keV
2.0−4.5 keV

4.5−10.0 keV

XMM−Newton PN/MOS
100 ksec

The X-ray spectra of type-2 Quasars show
intrinsic absorption of log N� � ��. The
upper spectrum includes a Fe-K� line.

Keck spectrum of a type-2 Quasar at � �

����� (narrow L�, He II and [C III]).
Phot.-z determination of a type-2 Quasar.

Hard X-ray sources: type-2 AGN/ type-2 Quasars
The new XMM-Newton sources, previously not detected in the Ultra Deep
ROSAT Survey, are fainter and typically harder than the ROSAT sources.
They are probably intrinsically absorbed sources, which is in good agree-
ment with the predictions from the X-ray background models. About 25% of
the new sources with sufficient number of photons (� ��) show very hard
spectra, which can be described by a powerlaw (plus soft excess) and signif-
icant intrinsic absorption log N� � ��. The majority of these sources have

extremely red optical/near-infrared counterparts (� ��� � �). Most of the
so far identified new sources are type-2 AGN at � � �. However, we have
identified about five type-2 Quasars at � � � � � using optical/near-infrared
spectra and photometric redshift technique. The optical/near colours of type-
2 AGN/Quasars are dominated by their host galaxies (ellipticals and spirals).
Furthermore we find some examples of optically classified type-1 Quasars
showing intrinsic X-ray absorption log N� � ����. See figures below.
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 ��� 1'0 �������� �� �� ������ ���'������� ������� � #���� �� ��� ��� ����
���  ��� ��2� �������!$
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������� �� ������	�����	� �

�	������	� ��

��
������ �� *+� ',) �� -#"""& ������ �� � .
���
���

�
��

�����

����
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�	� � ! " ��� � ! �#& � ! ��& ���
��������� �� �	��� ���� 
�	� �� ���� �+����	� �	� � �! " ��� � ! ��� 0������ �� �	����	��
����� ���� ��
������� *+� /� 	� �1�

�� �������

��� ������� �	 ��� 
����� �������� � ��� ������� ������� ��� ������� � ��� ����
��� � ��
����� ��� ��� ������� ������� �� 
���� �	 ��� ��� 
���� ��� ��� ��� ����� ��� ���� ��� � ���

�������� �	 � � !�"# 	�� $� % &# $� % �# ��	��� ���������# �
����� �� '(# �� )� ��� ������������ ���� � ���

����� ���� ��� ������ �	 ��� ��	� � ��� �� ��� 	��� ���� *���� 
��� ���
���� ���� �� ���
��+����� ����� ,&-
����� ���� �������
�������# !���� 
��� ���
���� 	��
 ����.� ������� �������� � ��������� ��� �
������
������� !��/""� ��� ������ ��� ���������� ��� �������� �	 � � !�" 	�� � �% &# $� % &# $� % �� ��� ���� ����� �
�������	��
��� �������� ' ����0 �� �� � 10�2 � ������ ��� � ��� ��� 
��� ����� ��� ����� ���. � � ��3� 4�
� ��������� �� ���� ���� ��� 
��� ���
���� ���� ��� ������������ ��
���� ���� �� � ����� ���. ��5 � � � ��3�
6������� ��� ������� ��� ���������� �� �� ���	��� �	 ��� ��
���� !��/"# ��� ��� ���������� �	 � �
��� �������
	�� 
����� ���
���� 	��
 ��� �������� ��
�������� ���)�� !���" ��� ���)�
�� �� ����� ������ !����# *�# 7� 8 9�
!:&&�""# ��� 	���� ��� ����0 �� �� % 1 � ;0�2� ���  ����� ���� � ���������� � �<����� ���� !���= ��������
:&&�= *�# 7� 8 9� :&&�"� 4� ��� 
���� �	 ��� �����# ��� ���� � ������� >���)�� � ���
� �	 ������� ���� ���������
��� ��� ��������� ����# �� � ����� ���
� � � ������� ��������� �� ��� ��������� �	 �������� !��� ?�� @�����
8 A�
���� �BBB 	�� � �������� �� ��� ������� ������� ������� 
�
����
 �� �����# ��������� ��� ���������
	��
����"� C����������� ��������� �� ���

���� ����# ��������� �� 
���# � ��� ��� ������� ���� ���� ���
�� � �<����� ����� �� ��� ��� 
��� ��� !� � 10�2"D ��� ����� ��� 
��� ��� ������ ��� ����� ' ������� �.��������
	�� ��� ������ �	 ��� ���� �	 ��� ���� � ��� 	�������� ��� ��� �������� 	���� � ��� ����� �<�� 	��
 �������

����� !���� 2:&&&# '("# 	�� ��� �������� �	 � ���
 �������� �� 
��� ��� ������� 
�
����
# �# �������� 	��

��� ����������� ��������� �	 ���  ��������� 
�
��� �	 ��� ������������ ��� ��� ���� )��� �	 ��� 
����� �	 ���
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 	�� ������	��� �� �� ��� ��� � � !� "�  ! ��� "�  !�#
��� � 
��$
 	��	 �� �� ���
	������ %�		�� ���&��
� 	�� 
��		��'���	 �
 �������
	���	��� $���� �� � (�)� ����� $�	�
"�  !�# �	 �
 �&���
	���	��

��� * �����
��	
 	�� 
��� �������	��� �� 	�� ���&���
 +���� ��	 ��$ "� � ! ��� 
���� ���� �
 ����&����	 	� 	��

���� ��� �� ��� � ��� ��
��� ���� �����
��	
 	�� ��
� � � !� , � !� �"�  !�#� "�  !�-� .	 �
 �&����	 	��	 	�� �/��	
�� � ����0��� ��
��������� ���
	��	 �
 	��	 �� �������� 	�� �/��	 �� �� ��� 	��	 	�� ,�)� ��
�����1 �
 �� ��		��
��������	 $�	� 	�� ��
��&�� 
��		��

��� ��� ����	��� ������	�� �1 	�� ����+�� ���	����
 �����	��� ����� �
 ���		�� �� ��� # ��� ��� 2 .� ��� #�
	�� 
���� ���� �
 	�� ������	��� �� 	�� ���	�� ������ ��� "�  !� "�  �� 
���	�� ��$�$���
� 
�������1 	� 3� ��� 	� 	��
	�����	 ����� ���� ��*�� 	� +	 	�� �45 ��
��&�	����� ��	� �� 	�� ��

�&� ��� ��� ��		�� ��� ��
��� ���� �����
��	

	�� ������	��� �� 	�� 
��� ����� ��� � � !� "�  !� "�  � ��� � � !� "�  ! ��� "�  !�#� ��
���	�&��1 .�
��������	 $�	� 	�� ������	���
 �� 	�� 	�����	 ������ 	�� ��� ����	��� 
��$
 � ����� �	 	�� ��$ ��

 ��� �� � #��6�
��� ����� �
 ��

 7�&����	8 �� 	�� ��
� �� � 9�	 ���&��
� $���� ���� ���� �&����	 �� 	�� ��
� �� �� ���� ��� 3
�������
�� $�	� 	�� �45 ��	� 
��$
� 
�������1 	� 	�� 	�����	 ����� ������	���� 	��	 �� �� ���
	������ %�		�� ���&��
�
	�� 
��		��'���	 �
 �������
	���	��� $���� �� � (�)� ����� $�	� "�  !�# �	 �
 �&���
	���	�� .	 �
 	� �� ��	�� 	��	
	�� ����+�� ���	�����
 �����	��� ����� ������	
 � 
����	�1 ������ 
��		�� 	��� 	�� 	�����	 �����

��� 2 ���	
 	�� ��� ����	��� ��� 	�� ����+�� ���	�����
 �����	��� ����� �� � ,�)� ����� .� 	��
 ��
�� � ���
	��� 	�� ��� ����	��� �
 �������	�� ����������1 �1 ��	����	��� ��� ��&��	��� �� �:� ��� 
���� ���� �
 	�� ������	���
��� "�  !� "�  �� 
���	�� ��$�$���
� �
 ���&���
�1 ��
������ ��� ��	�&�	��� $���� 	�� ��		�� ���� �����
��	
 	��
������	��� �� 	�� 
��� ����� ��� � � !� "�  !�- ��� "�  !�# ��� ���	 
��$
� 
�������1 	� 	�� 	�����	 ������ 	��	
	�� �/��	 �� � ����0��� ��
��������� ���
	��	 �
 	��	 �� �������� 	�� �/��	 �� �� ��� 	��	 	�� ,�)� ��
�����1 �
 ��
� ��		�� ��������	 $�	� 	�� ��
��&�� 
��		�� ���
 ��
	 ����� ������	
 � 
����	�1 ������ ���	 �� 	�� ��� ����	��� $���
�������� $�	� 	�� 	�����	 �����

3 �������
�� ��	$��� 	�� �����* ��� ��� #�2 
��$
 	��	 	�� ������	��� �� 	�� �;� ����� ��� 	�� 6� �����
��/��
 ���1 ��� � � *< ���
 ��		�� ��/������ �
 ��

���� �����
� $� ��&� ���
�� 	�� 
��� �������0�	��� ��� 	�� 	$�
�����


��� 
	��1 �� 	�� �&���	��� �� 	�� ��� ����	��� ������	�� �1 	�� ����+�� 	�����	 ������ ��� � +=�� &���� �� �����
�
 ���		�� �� ��� >

.� 	��
 +����� 	�� ��		�� ���� �����
��	
 	�� ������	��� ��� "  � ��� �  ! $���� ��������
 $�	� 	�� 7���
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 ���$�� �
�� 6:A�� ������
��� " 
��$
 ��$� 	�� �&���	���

��� �������
��� ���� �����
��	
 "�  � ��� � � ! ��������� 	��
 ��
��	 	� 	�� +�
	 ��� "�  � ��� �  ! 
��$

	��	 	�� �/��	 �� � �� 
��$��� ��$� 	�� �&���	��� �� �� �
 ������ 	��� �������� "� �� � ��	�$��	�1 &���� �!A� 
��

���	���
��� ����� ������1� 	�� 
���	��������
��� ���� �����
��	
 	�� ��
� � � !� , � !� "  !�*� "�  !�A ��� 	��

���� ���� 	�� ��
� � � !� ,  ! "�  !�* 3
 �=���	��� �������� 	�� &���� �� " ��� 	����� ������	 �� 	���� ��	����	���
�� ���
	��
 �BC � !� �������
 � ������ �/��	 �� 	�� 
��$��� ��$� �� �&���	���� $���� 	�� �/��	 �� � ����0��� ��
���������
���
	��	 ��
 �� ����
�	� �/��	 	� 	��	 �� �

��� �� �
 ��
�� ���� 	�� 
����� ����� �����+�� ���	�����
 �����	���� ��� �������	�
 	�� �&���	��� ��� "�  !�*
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 	�� 7���
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�� 	�� 	������	��� �&���	��� �
 ���� ����
	 	��� 	�� ���&���
 ���

��� �������
��� ���� ��� 	�� ��	���
��� ���� ���	 �� ��-� ��� �  ! ��� �  �*� �  ��� ��
���	�&��1 ���

��
	 	$� ����
 
��$ 	��	� �
�� ��
� 6:A�� 	�� ���	����
 �����	��� ����� �������
 �� �&�� ���� ����
	 �&���	��� ��
	������	��� $�	� ��
���	 	� 	�� ��	�������	��� �����=���	��� ��� 
���� ���� ���	 �� ��-� ��� � � ! ��� �  ���
$���� 	�� �����
���	 ��
��� ���� �����
��	
 �� -# �� 3� ��� �/��	 �� 	�� ������� �����	�� �
 	��	 �� ���	����1
������
� 	�� 
��$��� ��$� �/��	 �� 	�� 	������	��� �&���	��� ��� ��$ �&���	��� �� 	�� ��� ����	��� 
��$� �1 	��

���� ���� �
 �� ��������	 $�	� �� -# �� 3�

3 �������
�� ��	$��� 	�� ��� > ��� ��� � 
��$
 	��	 	�� ������	���� ��� $��	 �������
 	�� 	��� �&���	���� ��
	�� �;� ����� ��� 	�� 6� ����� ��/��
 � �!< ���� � � !� ,  !� "�  !�*�



��� �� ��� �	
	�	�� �� ���� ���
������� ������	� �	� �������� 	� ��������

�� �������	���

�� ���� ����	
 � ���� �� ����	��� ������ �� �	��	 �� ����� ��� ��� 	������� ��� ��� ���� ���������� ��� ���� 	������
�� ��� ����	 ��� �� �����	���� �� �������
�� ��� ����� �� ������	 �������� �� �������� �� �	�����	����	�� �� �� �����
�� ��� ��� 	������� �� �� �����	 �����������	� � �	��! �� ��� �� ���� ��� "� � # � $!�%� �� ��� ��� 	������� ��
�	������ ��� �������	 �� ��� ��� 	������� �� �� �����
 � � �

���
 �� ��� ���� ���� ���
 ��� � � � � 
 ��� � �����
�� � � #�& �� ���������� �� ��� ������ ���������� '�	��	 ������ �� � �	� 	������ �� ���� �����������
 ���� ()*�
����������� ���� 	������ �� ��� ����� ����	������� ������ ��� +�� ���� ��� ��� ���� ����� ��� ,-. ���� �	� ����
/���� �� � �� ������� ()*� ������
&� ��� ��������� �� ��� ��� 	������� �� ��	� 	���� �� ������ ��� � 0 1� ��� ����� �� � ������	� ������������ ��������
�� ���� �� �������� ���	���� ��� ��������� �� ��� ��� 	������� ��� 	������ ���� ������ ��� ��� ���� ����� �� 2��
#� ��� ������� ����� ����� �����	���� 	������ �� ��� ���������� ��	������ �����
 �� ��� 	���� �� � ��� 2� �������	���
,�	 ��!� �� �	�������
 ��� ������� ����� ��� � ���	 ����� �� ��	����������� 3 �����	���� �� ��� ��	���������� �	�������
�� ��� �������	������ ����� ��� ���� �	������� �� ����������� �� "4�	�	�
 ������	 5 6���		� �778� ���� ���� ���
2� 0 � ���� ��	���������� �� ���� $9 ���� ��� ����	���� �����
 ��� �� ���� &19 ���� �� ��	 2� 0 1�&� �� ��� ����
�� %&111 ����� ��� ��	 � ���	��� �����	��
 � �����	���� ��� ��� ���� ����������� ��� ���� ��� �����	���	�
��	���������� �� ��� � 0 �& ���� �������� �� ���� ���� �19 ���	 ��� 	���� 1�& 	 2� 	 � ��� �� � �:9 �� ��� ����
� 0 �� "%&111�� ;���� ��� ���� ����� �� ��	���������� ��	 ���� ������
 � �����	���� ������ ��� ,�����& ��� ,���
#�$ ���� ���� ��� �	�������� �� ��� �<� ����� ��� ��� %� ����� ����	� ���� ��	 � � &9� 3 �����	���� ������
��� ,��� = ��� ,��� 8 ���� ���� ��� �	��������
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Constellation-X Mirror Development: Lessons 
Learned Relevant to XEUS

R. Petre (NASA / GSFC)
and the Constellation-X SXT Team
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Abstract

The X-ray mirror for Constellation-X has performance requirements 
and a design similar to that proposed for XEUS, incorporating 
multiply-nested, thin, segmented, accurately shaped reflectors.
Technology development has been underway for several years, and the
individual mirror components (mandrels, substrates, mounting 
approach) appear to meet the Constellation-X requirements.
Construction of the first engineering unit incorporating the 
Constellation-X technical innovations is underway.  Many of the 
“lessons learned” in the technology development to date are highly
relevant to the XEUS mirror program.  We review some of the 
relevant issues faced by Constellation-X, and discuss approaches we 
have taken to resolve them and how they might affect the XEUS 
program.
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Introduction

The XEUS mirror concept bears strong similarity to that of 
Constellation-X.  The fundamental differences between the two mirrors 
are the substantially more ambitious size and performance goals set for 
XEUS.  In the Table below we compare the Constellation-X and XEUS 
designs.  Both mirrors use a multiply-nested, segmented, Wolter I
design, with gold coated surfaces.

Given this strong similarity, the Constellation-X and XEUS mirror 
development programs face many common technology challenges and 
production and programmatic issues.  The Constellation-X team has 
been addressing some of these technology challenges, and can offer
some insight into what we have learned during our development phase.
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Comparison between Constellation-X and XEUS

Constellation-X and XEUS Mirror Parameters

Constellation-X XEUS1 (2)
Diameter 1.6 m 4.07 m (9.90 m)
Focal Length 10 m 50 m
f/number 6 12.3 (5.05)
reflector length 20-50 cm 50 cm
reflector arc 60°, 30°. 22.5° ,11.25° (6.125°)
largest reflector surface area 0.16 m2 0.22 (0.43) m2

reflector thickness 0.4 mm 0.3 mm (< 0.3 mm)
Number of modules (petals) 18 32 (128)
Angular resolution 10” (5” goal) 5” (2” goal)
RMS microroughness 0.4 nm 0.5 nm
Substrate material formed glass electroformed Ni
Substrate density (g cm-3) 2.4 7.9
Reflector material gold gold (+ multilayers)
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Constellation-X Mirror Status

• Constellation-X in midst of an aggressive technology development 
program

• Mission goal is to be ready for 2006-7 “new start”
• X-ray mirror is identified as most critical technology development area

• Mirror development plan 
• Adjacent figure shows the mirror technology development roadmap
• Four key development areas identified:  substrates, mandrels, mounting 

and alignment, and metrology
• Have adopted 3-stage, progressive approach:  Engineering unit, 

prototype, flight unit
• Currently, the first step toward the Engineering Unit, the first Optical 

Alignment Pathfinder (OAP-1), is nearing completion
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SXT Technology Roadmap
2001 2002 2003 2004 20062005 2007

FLIGHT MIRROR PRODUCTION

SXT MIRROR ENGINEERING UNIT

PRECISION MANDRELS for PROTOTYPE

OUTER MODULE #1
OUTER MODULE #2

INNER MODULE  #1

PROTOTYPE UNIT

SXT MIRROR PROTOTYPE MODEL 

FLIGHT MANDRELS (70 units required)
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SXT Development Approach

Engineering Unit

Single inner module with

- 0.5 m dia. reflector pair 
(replicated from Zeiss
precision mandrel)

- Parabolic (P) and 
Hyperbolic (H) submodules

- First modules to be aligned 
using etched silicon 
microcombs

Prototype Unit

Flight Scale Assembly of 

- 3 modules (2 outer and 1 inner)

- Largest diameter same as for flight -
1.6 m

- Each module has 3 to 9 reflector 
pairs

- Demonstrates module to module 
alignment

Inner Module
Outer Modules (2)

Full flight Assembly
- 1.6 m outer diameter

- 18 Small Modules
- 70 to 170 reflector diameters

Housing

ReflectorsFlight Unit
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P

H

P

H

P

H

P

H

P

H

Align 1 optical 
surface pair (P&H) 
to achieve <15
arcsec

Evaluate alignment, 
optics assembly 
design & process,
& optics metrology

Inner Inner Inner Outer Inner Outer & Inner

CompositeCompositeCompositeCompositeTitaniumAluminum

Module Type

Housing
Material

Focal
Length

Optic
Length
(P&H)

Nominal
Optic

Diameter(s)

Goals

8.5m 8.5m 8.5m 10.0m 10.0m 10.0m

2 x 50 cm 
(TBR)

2 x 50 cm 
(TBR)

2 x 50 cm 
(TBR)

2 x 20 cm2 x 20 cm2 x 20 cm

50 cm 50 cm±
160 cm±
120 cm±
100 cm±

90 cm± (TBR)
70 cm± (TBR)
50 cm± (TBR)

160 cm±
120 cm±
100 cm±

40 cm±
70 cm±
50 cm±

50 cm±

Align up to 3 optical 
surface pairs 
(3P,3H) to achieve 
<15 arcsec.

Evaluate alignment 
bar and mass 
production schemes
Evaluate gravity sag

Higher fidelity unit 
which matched CTE 
between optics & 
housing
Environmental and 
X-ray test

Flight-like
configuration
outer module
Largest optical 
surfaces
Environmental
and X -ray test

Flight-like
configuration
inner module
Environmental
(TBR) and 
X-ray test

Demonstrate
module to module 
alignment
Environmental
and X -ray test

Configuration

Optical Assembly Pathfinder Prototype

Segmented X-ray Optic Development Process

Q4 of FY02 Q3 of FY03 Q1 of FY04 Q4 of FY05 Q3 of FY06 Q4 of FY06Timeframe
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Constellation-X Mirror “Lessons Learned”

Segmented vs. full shell mirrors
• Even for the substantially smaller diameter of Constellation-X, a segmented 

mirror approach is the only viable one
• Virtually impossible to fabricate 1.6 m diameter full-cylinder mandrels
• Even if mandrels were available, handling them would pose enormous difficulty
• Our experience has shown the extreme difficulty of making  full shell mirrors with 

the required shell thickness that do not distort under their own weight.
• Although SXT team members have substantial experience buildingsegmented

mirrors (ASCA, Astro-E), the Constellation-X requirements have led to 
new approaches to almost all aspects of mirror production.

An Astro-E flight mirror, an example of a 
multiply- nested, light weight, segmented 
mirror developed at GSFC

A 50-cm diameter electroformed Ni-alloy
prototype for Constellation-X, produced 

at MSFC
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Constellation-X Mirror “Lessons Learned”

Mandrel quality

• Accurately figured mandrels are essential
• Rule of thumb from full shells is that rms figure of replica is twice that 

of mandrel (thus Constellation-X requires mandrels with =2” rms figure error)
• Our experiments with small segments suggests it is possible to make replicas with 

figure errors approaching the mandrel figure
• Mandrel durability is a potentially serious issue 

• Metal (Ni-coated Al) mandrels show surface degradation after <10 replications
• Pyrex, fused silica andZerodur mandrels show no degradation after 

many replications but can be more expensive to manufacture
• Thin glass coatings on metal mandrels also seem to degrade aft er a few uses

• For glass forming, we can replace precise paraboloid and hyperboloid
surfaces with lower cost conical mandrels because sagittal depth so small 
(< 20 µm for the largest diameter reflectors)
• Satisfactory replicas are obtained if forming mandrel figure error is = 2µm
• Precise reflector shape imparted into epoxy during replication
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Constellation-X Mirror “Lessons Learned”

Reflector substrate material

• Hard to find good substrate material, even harder to make acceptable
reflectors

• Surface figure of reflectors must be better than resolution goal - cannot rely 
on alignment to remove significant mid-frequency errors

• Several materials were considered
• thermally formed glass was selected as most promising material
• initial tests using thermally formed Be were also promising
• silicon carbide is promising, but expensive and difficult to make segments from
• electroformed Ni alloy, carbon fiber composite, and metallic foil were rejected

• promising, stiff Ni alloys (6x pure nickel) for electroforming full shells were identified

• stiffening rings were still needed to maintain circularity for complete shells
• unable to electroform complete shells without significant axial distortion due to stress buildup
• electoforming of undistorted segments was found to be extremely difficult

• Cannot expect that a surface formed from a preexisting substrate can 
maintain both figure and microsurface

• Our solution is a two-step process, a variant of that developed for Astro-E
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Constellation-X Mirror “Lessons Learned”

Reflector production

• Rejected single process; need to make figure and surface separately
• Adopted approach is to impart overall figure via thermal forming, and optical 

surface via epoxy replication
• Reflectors are not perfect – edge effects must be accommodated in mounting

• Roll-off on side edges; much can be removed by trimming
• Distortions on ends due to epoxy-edge interaction during replication

• Front and back edges are not necessarily an accurate radial reference
• Front and back edges cannot be cut precisely enough to use as axial reference

• Use of inaccurate edge as reference can introduce significant tip error
• Axis of each reflector must be  aligned optically within housing,

or alignment bars used to distort reflector to near nominal shape
• Removal of tip errors via distortion is acceptable within the Con-X error budget, 

but possibly not the XEUS budget
• Forming process must be carefully controlled

• Micron-sized dust particles produce ripples on surface that affect replica quality
• Heating, cooling cycle affect reflector figure

• Important to make reflectors that can be handled nondestructively
• This makes glass preferable over rolled or electroformed metal
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Replication of segments off 50 cm Zeiss
mandrel

Hand spraying of epoxy 
onto substrate

Insertion of sprayed substrate
into vacuum attachment housing

Substrates in attachment housing

Attachment of substrates 
to mandrel under vacuum

Substrate attached to mandrel
during curing

Removal of finished reflector
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Constellation-X Mirror “Lessons Learned”

Mounting and alignment
• Mounting and alignment scheme must  accommodate imperfect reflectors

• Contact points on reflector must conform to nominal surface; edges are not a good reference
• Essential to decouple mounting and alignment

• A serious limitation of previous segmented mirrors
• Purely mechanical alignment won’t work; alignment scheme must incorporate metrology 

• Mechanical run out error quickly exceeds the micron-level positioning tolerance required for arc 
second resolution

• Constellation-X is currently adopting a hybrid scheme
• Reference reflector is located and aligned optically within housing
• Subsequent reflectors indexed precisely to reference reflector radius

using etched Si microstructures (provide 0.1 µm accuracy)
• As a fallback, we are prepared for need to align individual reflectors
• Manufacturing process must be designed around alignment scheme

• Make accurate reflectors and design alignment scheme to avoid impossible tolerances on housing
• Can’t locate radius of any reflector exactly (< few µm), but no need: need is to hold 

a reflector radius constant to micron accuracy
• In segmented mirrors, image distortions produced by rotation of reflector optical axis (tip 

errors) are as severe as those from incorrect slope (tilt)

EtchedSi alignment
microcomb



ConstellationConstellation--XXCon-X/XEUS:  Slide: 15
11/28/2002 4:55 PM

SXT Engineering Unit

• Alignment scheme incorporates 5 
independent positioners, top and bottom, plus 
optional side positioners.

• Interferometer viewing through window in 
hub provides feedback on figure distortions.

• Centroid Detector Assembly (designed for 
AXAF mirrors) used to determine focal point 
and reflector distortions.

Precision
Actuators

Combs

Reflectors

To CDA
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Constellation-X Mirror “Lessons Learned”

Manufacturing issues

• Four Constellation-X mirrors must be assembled in < 4 years, at modest cost
• Major industrial process design challenge - thousands of reflectors, dozens of 

segments, substantial parallel processing
• Mandrels represent a potential bottleneck

• Few companies exist with expertise and equipment to manufacture mandrels
• Even if we use multiple suppliers, mandrel production timescale is a problem
• Each mandrel takes 6-8 months
• Each mandrel costs ~$500k

• One solution is to use one replication mandrel for every 3-5 radius reflectors
• Real advantage of replication
• Only poses a problem below resolution of a few arc seconds; optical formula does 

not change much for adjacent radius reflectors.
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The physics of shocks in the proto-
stellar environment: Herbig-Haro
objects observed with XEUS

¥ S. Sciortino(1), F. Favata(2),  G. Micela(1), A.
Parmar(2)

¥
(1) INAF, Oss. Astronomico G.S.
Vaiana, Palermo, Italy

¥
(2) European Space Agency, RSSD,
Noordwjik, The Netherlands

What are Herbig-Haro (HH) objects?
¥ HH objects are small high-

excitation nebulae

¥ Associated with outflows from 
Young Stellar Objects (YSO)

¥ Shocks (working surface) 
associated with jet hitting
circumstellar medium as well as 
with internal shocks in jet

¥ UV and optical emission lines well 
known

¥ Not known as X-ray sources until 
XMM & Chandra

Jet

Shock

Protostar
(hidden by disk)

Optical image

2x
10

4
A

U

In Orion (d=460 pc)



The HH 154 jets & shock
¥ Binary YSO (L1551 IRS5), 

highly obscured (150 mag)

¥ In Taurus SFR (d = 140 pc)

¥ Two high-excitation jets

¥ Shocked working surface 
(moderate obscuration, 7 mag)

¥ Also larger-scale molecular 
outflow (not relevant here)

YSOs
(invisible) Shock

Twin jets

The XMM observation of L1551
(cf. Favata et al. 2002,A&A, 386, 204)

¥ 50 ks observation of the L1551 star  formation 
region.

¥ L1551 IRS5 & HH 154 well covered

¥ Good observation, low background

¥ An X-ray source positionally coincident with HH 
154

¥ EPIC pn count rate 0.8 cts/ks



X-ray EPIC pn image of the L1551 
IRS5 region

¥ XMM X-ray and HST optical images

¥ One X-ray source positionally
matches HH 154

¥ + other unrelated X-ray sources

XMM EPIC pn

HST WFPC2 R image

Dynamics of HH 154 shock

¥ Post-shock velocity vps = 230 km/s

¥ Ionization fraction f ~ 1

¥ Expected post-shock temperature

¥ Tps = 30v2/(1+f),  K ~ 0.6 MK  (v in km/s)

¥ njet = 500-104 cm-3 M jet = 1-2 x 10-6 Msun

¥ Lkin = 1041-1042 erg/s LHalpha = 5x1028 erg/s

¥ Shock size d <= 1014 cm



The EPIC pn
spectrum of the 
X-ray source 
associated with 
HH154

¥ Soft spectrum, well fit by absorbed thermal model

¥ T Y 4 MK, NH = 7 mag

¥ EM = 1052 cm-3 , if d=150 pc Lx = 3x1029 erg/s

From Favata et al. 2002a, A&A

Chandra observation of X-
ray emission from HH 2

¥ 21 ks Chandra pointing in Orion SFR 
(d = 460 pc)

¥ Weak soft X-ray source (11 photons, 
E<2 keV) positionally cohincident
with HH 2

¥ T Y 1 MK

¥ Lx Y 1-5x1029 erg/s

¥ Physics of HH 2 similar to      HH 154 
(v, n)

¥ X-ray emission properties also similar 
to HH 154

1 arcsec

X-ray
source

Hα HST
image

X-ray Chandra
image
(Hα contours)

YSO
(obscured)From Prado et al. 2001

Nat 413, 798



Effects of HH X-ray emission on
protostellar/protoplanetary environment

¥ Lx shock (1029-1031erg/s) comparable to Lx
YSO

¥ However, shock X-rays illuminate disk 
from above -> can reach outer, deeper parts 
of disk (and mimic effects of nearby high-
mass stars)

¥ Ionization state of disk strongly influences 
e.g. viscosity, etc.

¥ Thus, X-ray emission from HH shocks 
likely to affect the conditions in the the
protostellar and/or protoplanetary
environment

Disk

(proto)
star

Shock

X-rays

HH shocks: a new class of 
astrophysical soft X-ray sources

¥ 2 confirmed cases (HH 154 XMM-Newton, HH 2
Chandra)

¥ 2 strong candidates (HH 355F, HH 311) from ROSAT 
archival datal(cf. Favata, Micela, Sciortino, Fridlund, in "New Visions of 
the X-ray Universe in the XMM Newton and Chandra Era", F. Jansen et al. eds,
2002, in press) 

¥ Lx = 1029-1031 erg/s (comparable range to YSO, T Tau)

¥ Likely to strongly influence protostellar and/or
protoplanetary environment



Open issues and the role of XEUS
¥ Localization of emitting material through shock:

¥ Requires spatial resolution (2-5" at least) & flux

¥ Chandra can only study brightest ones

¥ XEUS required for large majority of objects

¥ Physical conditions (CIE vs. NEI) and composition 
of plasma

¥ Requires spectral resolution & photons

¥ XMM can study brightest ones (none w/ RGS)

¥ XEUS required for large majority of objects

Simulations of XEUS-1 spectra of 
HH objects

Simulation of a 
spectrum obtained
with the STJ + XEUS 
initial  conf.

in 50 ks on HH 154.

The simulated data 
assume a thermal 
equilibrium plasma,
the fitted model is a 
non-equilibrium one.

NEI condition
easily recognized.



Simulations of XEUS-2 spectra of 
HH objects

Simulation of a 
spectrum obtained
with the STJ + XEUS 
final configuration
in 50 ks on HH 154.

The simulated data
assume a thermal 
equilibrium plasma, 
the fitted model is a 
non-equilibrium
one.  Plasma in CEI 
and NEI can be easily
recognized.
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X-Ray Spectroscopy of Gamma-Ray Bursts: Present Results
and Future Perspectives for XEUS

L. Piro

Istituto Astrofisica Spaziale e Fisica Cosmica, CNR, Via Fosso Cavaliere 100, 00133 Roma, Italy

Abstract. The detection of absorption and emission features in the X-ray spectra of GRB by BeppoSAX, Chandra
ASCA and, more recently, by Newton-XMM, has opened new vistas, that go beyond the specific field of GRB. I will
briefly review the results, summarize different models and describe the connection with massive progenitors in star-
forming regions implied by these results. If GRBs are indeed associated with star formation, then it is likely that in a
fraction of events the optical emission is heavily absorbed by dust.This scenario is one of the possible explanation for
GHOSTs (GRB Hiding Optical Source/Transient a.k.a. "dark GRBs"), i.e. GRB that do show an X-ray afterglow but
not an optical afterglow. Another intriguing possibility is that some of these events are located at very high redshift
(z > 5), such that the optical photons are absorbed by Lyα clouds.While there is evidence that a few of these events
are located in host galaxies at z < 5, the origin of the majority of dark GRB, (about 50% of the whole population
of long GRB) is still unclear. High-z GRB can also be hidden in another new class of GRB, the X-Ray rich GRB
a.k.a. X-Ray Flashes. In these objects, about 30% of the population of long GRB, the bulk of the emission is observed
in X-rays rather than in gamma rays, as it would be expected if z > 10. However, it is also possible that some of
these events are intrinsically different from normal GRB. X-ray spectroscopy will play a key role in disentangling these
new mysteries. But the most exciting perspective is on Cosmology. GRB are the brightest beacons in the Universe,
producing copious emission of penetrating γ-ray and X-ray photons, that can pierce through dusty and obscured regions
of star-forming galaxies in the early Universe. I will show how X-ray spectroscopy of GRB, as that provided by XEUS, will
allow to probe star-formation sites and galaxies in the early Universe.

Acknowledgements: We gratefully acknowledge the permission by the Springer Verlag to use their A&A LATEX document
class macro.
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SummarySummary

• X-ray afterglows

• Iron features and massive progenitors

• GHOSTS/dark GRBs and the link with star-
formation

• X-Ray rich GRB’s, high-z GRB’s

• High resolution X-ray spectroscopy, XEUS & 
GRB’s: probe of the Early Universe ( see poster
by Piro et al on IMBOSS)



General properties of (X-Ray)
afterglows• F˜ t−δ ν−α

• δx=1.1−1.9 (average=1.4); αx ˜ 1.0

Temporal evolution of a 
collection of X-ray afterglows

X-ray spectral evolutionof
GRB000926 by BSAX and Chandra
(Piro et al. 01)

The fireball scenarioThe fireball scenarioThe fireball scenario

Observer

Γ1

Γ2

T-1

γ RB

T0

R-O-X afterglow

T1



The progenitors of GRBThe progenitors of GRBThe progenitors of GRB

• NS-NS (BH-NS & BH-
WD) travel far from 
their formation sites 
before producing 
GRB’s (Fryer et al 2000)
=> “clean 
environment”: no lines

• Hypernovae/collapsar
evolve much faster, 
going off in their 
formation site => 
“mass-rich
environment” => lines

• NS- NS merging

The nature of the progenitor can be inferred from the environment

Hypernova

X-ray Fe featuresXX--ray Fe featuresray Fe features

• Ubiquitous feature in several classes of 
X-ray sources

• Diagnostics of the environment nearby 
the central engine

• Independent and direct redshift
determination



Iron featuresIron features
•GB970508 (Piro et al 1999)

•GB980828 (Yoshida et al 1999)

•GB990705 (Amati et al 2000)

•GB000214 (Antonelli et al 2000)

•GB991216 (Piro et al 2000)

Iron features in Iron features in GRB’sGRB’s
• Energies consistent with that expected from the optical 

redshift (GB991216  Fe line and recombination edge observed at 3.4 keV
and 4.5 keV corresponding exactly to the energy of the Fe line redshifted with
z=1.00+\-0.02; GB970508, z=0.84, GB970828, z=0.9). Note also that in
GB990705 the predicted X-ray  redshift is consistent with that 
found later by optical spectroscopy.

• The energy of Fe features in the afterglow indicate
highly ionized atoms. This is consistent with a medium 
being ionized by a strongly variable radiation field (
ionization vs recombination)

• The mass of Fe (NFe=LLtrec, where trec =30 T7
1/2 n10

-1 is
the recombination time) (MFe≈0.1Msun) and high 
density  and line width =0.1c) indicates a SN explosion
by a massive progenitor(e.g Supranova model of Vietri and Stella) .
Alternatively the jet/bubble model of (Meszaros&
Rees2001) needs less iron but still requires a massive
progenitor.



Low-energy lines in GRB011211

Triggered and
localized   by 
BeppoSAX
GRBM+WFC

Follow-up by
Newton-XMM

Afterglow shows 3 σ
evidence of low-
energy lines (ionized
Si, S,.. : Reeves et al
02)

GRB localized and observed in GRB localized and observed in 
XX--raysrays

• As of Mar. 4, 2002 BeppoSAX has detected:

30 X-ray afterglow candidates out of 34 GRB follow up 
observations in X-rays

XX--ray afterglowsray afterglows > 90%> 90%
Optical afterglowsOptical afterglows ~ 40% ~ 40% -- 50%50%
Radio afterglowsRadio afterglows ~ 35% ~ 35% -- 40%40%



GHOST’s in the skyGHOST’sGHOST’s in the skyin the sky
• Grb Hiding Optical Source-Transient: GRB with X-

ray but no O afterglow aka dark GRB 
• Optical searches with same sensitivity & reaction 

times as in the cases with OT (Reichert , Ghisellini, Fruchter,
Andersen,..)

• OT heavily absorbed by star forming region ? Or
located at z>5 (such that intragalactic gas will 
absorb photons below Lyman limit)

• How to disclose GHOST’s:
• arcsec X-ray or/and radio positioning
• X-ray spectroscopy =>z 
• IR observations

GRB000210:GRB000210: BeppoSAXBeppoSAX && ChandraChandra

• GRB localized by 
BeppoSAX. The 
brightest ever 
observed in γ-ray peak
flux

• Simultaneous obs of
the X-ray afterglow 
with Chandra.



The host of GB000210?

• Obs at
NOT,1.54D,NT
T,2.2mESO
starting 12 hrs
after the GRB: 
no OT down to
R=23.5

• A galaxy in the 
CXO error box

• VLA: radio 
transient

• (Piro,Frail,Gorosabel et 
al,2002)

The redshift of the galaxy

• VLT spectrum and
photometry (no B or 
V dropout ) z=0.85

• The probability of a 
field galaxy with
R>23.5 in the 
Chandra/radio (1” 
error box is 10-2

• Another dark GRB 
associated with host 
galaxy at z=0.96 is
GRB970828 (Djorgovski
et al 01)



Dark GRB in star-forming GMC

• Significant absorption
above the galactic in
X-rays. At z=0.85 
NH=(5 1) 1021 cm-2

• Typical of a GMC
• Distribution of

distances of optical
afterglows vs host 
galaxy connects long
GRB with star-
formation sites and
massive progenitors 
(Bloom et al 2002)

Other remaining mysteriesOtherOther rremainingemaining mysteriesmysteries
• X-ray rich GRB/ X-Ray

Flash: a new class discovered 
by BSAX: about 25% GRB’s
have very faint or absent
gamma-ray emission (the
bulk of the luminosity is in 
X-rays).

• GRB’s in high dense 
medium (dirty fireball =>
smaller Lorentz factor
(Dermer et al) or events  at 
z>5-10? So far no OT found
(a subclass of GHOST’s).

Feroci et al
2001, see also 
Heise et al 2001



GRB:GRB: probesprobes of starof star--formationformation
in the far in the far UniverseUniverse

• The brightest (Liso=1053-54 erg/s, i.e. independent
on the jet opening angle) and most distant 
sources in the Universe (z=0.3-4.5)

• They can be detected at farthest distances (in
fact some of the constituents of mysterious
classes of GRB can be high-z GRB)

• Associated with star-formation
• They can pinpoint obscured star-forming

galaxies (X-rays and gamma-rays pierce
through)

High resolution X-ray
spectroscopy of GRB with XEUS

• The Fe line in a GRB 
like GB970508 but at 
z=5

• Study of the metallicity of the 
host galaxies of a GRB at z=5
through X-ray edges 



XEUS’ eye on GRB: 
a look into the early Universe

• Deep into the GRB progenitor and its environment
– Detailed X-ray spectral diagnostics of the nearby environment

• Pre-ejected material of GRB at high z (>3)
• reverberation mapping: history of the medium ejected by progenitor

• Far into the early Universe
– Study of star forming regions at z>3

• line features produced by the interaction of the GRB photons with
environment

• chemical and physical state of the medium by absorption features
imprinted on the X-ray spectrum of GRB

– Study of the medium in the parent galaxy
• chemical and physical state of the medium by absorption features

imprinted on the X-ray spectrum of GRB

• Probe the star forming regions in the early Universe 
(the first stars?) and the history of metal enrichment of 
distant galaxies 
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In this workshop, the XEUS science case has been reviewed and was strongly
endorsed by its participants as the next major leap in X-ray astrophysics in the post-
CHANDRA/ XMM-NEWTON era. Moreover, several suggestions were offered at
this occasion to further strengthen and enhance the scientific compellingness of the
XEUS mission, either by tightening the existing requirement specifications of the
current model payload, or by proposing explicit extensions to accommodate a specific
science objective. As a reference framework for this rapporteur paper, I start from the
XEUS key scientific objectives, i.e. four main themes, and the key observatory
characteristics as they were formulated in the XEUS Mission Summary report (ref.
sheet 1 and 2). The potential impact of the various contributions presented at this
workshop on both the science case and on the required instrument capabilities are
here globally analysed, obviously without attempting a priority assessment as yet.

• Science themes
In terms of the scientific relevance of XEUS for the study of the “local” universe, the
importance of diagnostics and tests of General Relativity in the strong field limit,
through linkage if fast timing and spectroscopy of compact objects, was strongly and
repeatedly stressed. Therefore, this needs to be explicated in the identification of a
fifth main theme in the key science objectives:
Theme 5: Tests of the General Theory of Relativity in the strong field limit.

• Instrument requirements
A convincing case was made for pinning down the spatial resolution of the X-ray

telescope at 2 arcseconds, driven by the alleged high surface density of objects at 10-18

ergs cm-2sec-2 (~105 dg-2).
Desirability of enlarging the WFC field of view, arising from the potential rarity of

high-z objects.
Extension of the XEUS high-energy response in relation to resolving highly

obscured AGN up to z = 1, detailed (imaging) spectroscopy of hard X-ray tails in
compact binaries, SNRs, AGNs and clusters of galaxies to discriminate inverse
Compton, synchrotron or non-thermal Bremsstrahlung emission processes.

Adequate low energy response (down to 0.05 keV) for detection of red-shifted O-
lines in early groups (clusters), the detection of the X-ray luminosity of star forming
galaxies, the physical nature of the low-energy excess in local clusters and AGNs and
the diagnostics of the multi-phase hot gas in interstellar media.

Need for 1 eV energy resolution to uniquely resolve the absorption line complexes
of the warm absorbers in AGNs and for dynamically sensitive absorption line
spectroscopy of the IGM.

Dedicated high-time-resolution focal plane sensing, aiming for sub-millisecond
timing spectroscopy of compact sources, directed towards the key science of theme 5.

Polarimetry: the throughput of XEUS is sufficiently large to allow sensitive
polarimetry on a fairly large sample of bright sources.

In terms of development of the enabling technologies for XEUS the following
observations can be made

The XEUS Mirror Petal development is the top-priority for the next 2-3 years
The development status of the focal plane imaging spectrometers is quite promising
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XEUS Key Science Objectives

• Theme 1: Origin and growth of the first massive 
black holes in the early Universe

• Theme 2: Formation of the first gravitationally 
bound, dark matter dominated systems, i.e. small 
groups of galaxies and their evolution

• Theme 3: Characterisation of the true intergalactic 
medium

• Theme 4: Evolution of metal synthesis to our epoch



Key Observatory Characteristics

• Effective spectroscopic area > 20 m2 for 
photon energies < 2 keV, resolution < 2eV
– Significant detection of the most prominent X-

ray emission lines O VII, Si XIII, Fe XXV 
against the (galactic) sky background

• Angular resolution between 2 and 5 arcsec

– Minimise source confusion
– Minimise photon background due to the 

galactic foreground X-ray emission

Input relevant for theme 1/4, Issues
• Structure forms at z=24 300 M stellar mass SNR 70M

BH, halo-accretion rate too small for rapid growth? 
• Model scenario: start 10 M at z=20 Eddington accretion rate

leads to 108 M at z=6, but recent data show excess AGN-sources
at low z, clustering in sheets, decline of space density beyond z=4:
assumption of constant space density is challenged much lower 
statistics at high z 

• HDF and DFS observations indicate that in the 0.5-2 keV band
galaxies dominate for Fx < 2.10-17 cgs. CXO stacking analysis 
shows (Lx)g~3-6.1040cgs at z=1 and (Lx)g~ 3.1041cgs at z=3 

• Cosmic X-ray Background: largest power in the 10-40 keV band
issue of resolving highly obscured AGN 

CONCL: XEUS has to deal with a mix of ULXs, star forming galaxies,
(LL)AGNs and combi’s with high surface density:~ 105 dg-1 at 10-18 cgs



Theme 1/4: potential impact

• Strong incentive for spatial resolution of 2 arcsec (HEW)

• Potential rarity of high-z objects increase WFC-FOV
for enhanced coverage

• Importance of star forming galaxies emphasises the 
importance of adequate low-energy response

• Enhance XEUS high-energy-response (e.g. AE~3000 cm2

in the 20-50 keV band) resolve highly-obscured AGNs
of 10-15 cgs up to z=1, for z >1 wavelength shifts into 
nominal range!

• Stress importance of correlation with the IR-diagnostics
from future deep space observatories, e.g. ALMA, NGST 
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Input relevant to theme 2/4, Impact

Exposure 100 kilo-sec
Angular resolution = 5” 

Temperature = 1.5 keV
Abundance = 0.3 solar

Z=2
LX=1036 Watt

-XEUS is well tailored to the study of the
formation and evolution of groups and clusters
-Importance of the low-energy response (0.05-0.25 keV)
for redshifted O-emission lines is stressed (see below)



Input relevant to theme 3/4, Impact
• Absorption line spectroscopy:

– no longer speculative, detection of OVII and OVIII 
columns of 1016 cm-2 at T~1.5.106 K

– GRBs: most intense background light sources for 
diagnostics (highest intensity/sr). XEUS needs rapid 
response to Targets of Opportunity!

– Simulations: XEUS1 line-EW of 0.3 keV, XEUS2
line-EW of 0.1 keV, measurement of dispersion 
velocities < 2000 kms-1. Need for 1 eV energy resolution

• Emission line spectroscopy:
– Figure of merit is grasp=AE?O XEUS not suited due 

to extremely small value of the NFI ?O

Scientific relevance of XEUS for study of the 
“local” Universe: AUXILIARY SCIENCE

#Study of innermost orbits of binaries and AGN:
-wide range of QPO frequencies
-NS/BH similarities
-waveform studies
-diagnose General Relativity, TEST General Relativity
-linkage between timing and spectroscopic properties

# Hard X-ray tails in Clusters, SNRs (Inverse C, Synch, Non-T Brem)
#Cold matter around binaries
#Diagnostics of the hot ISM (gas phases, grains)
#Relativistic disks(emission line profiles) and warm absorbers 

(absorption edges and lines) in AGN
#Reverberation mapping (but: lack of correlation between relativistic

Fe-K line and continuum not understood )
#Physics of extended hot plasma sources (NEI, abundance, dynamics)



AUXILIARY SCIENCE: Impact

• Dedicated high-time-resolution FP-sensor (sub-
millisecond regime), significance of  “photon-limited”
observations scale linearly with mirror collecting area 

• High-energy sensitivity 

• Bandwidth: accurate simultaneous measurement of the 
> 10 keV continuum and the low-energy excess (in 
particular for Cluster and AGN study)

• Strong incentive from absorption-line-spectroscopy for 
1 eV resolution below 1 keV

• Polarimetry

Technology Issues 1

• XEUS SYSTEM LEVEL STUDY: KICK-OFF APRIL 2002, DURATION 18 
MONTHS( joined effort ESA D-Science/D-MSM).

• Mirror development aspects:

– plate manufacture

– handling/fixing integrated petal structure

– metrology and alignment

• Mirror technology aspects:

– Mass/Geometrical area (kgm-2): Ni not favoured !

– Borofloat glass slumped glass petal sheets first results expected mid-2002

– Ceramic SiC as alternative lightweight material

– Multi-layer coated super-mirrors: advanced development in Japan, 
technological issue concerns the long term spectral stability of the multi-layer

– Design for Metrology set-up with 1 arcsec accuracy, major issue concerns 
SPEED of X-ray quality test, assembly and alignment

• XEUS MIRROR PETAL DEVELOPMENT TOP PRIORITY FOR  THE 
NEXT 2-3 YEARS.



Technology Issues 2

• Focal plane sensors
– WFC: Active Pixel Array

– NFI: Superconductive Tunneling Junction Array

– NFI: Transition Edge Sensor Array

– High-Energy: CdTe spectrometer Array

• Technology readiness
– Good progress on all technologies:

• WFC proven low-noise performance, NEC < 4 electrons

• NFI single pixel performance closing in on requirement of 2 eV at 1 keV
and 5eV at 8keV, e.g. TES single pixel resolution of 3.9 eV at 6 keV with
100 microsec response time, theoretically ~ 1 eV achievable

• Array development now in progress: STJ Ta/Al Droid configuration,
Bismuth-TiAu-TES array with frequency-multiplexing read-out.

• Development status of the enabling technologies for 
XEUS focal plane Imaging Spectrometers quite promising
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