1

T

H

E

C

O

NT

IN

UOU

S HA

R

D

X

-RA

Y IMA

GER

FOR ASTROPHYSICS

R i c h a r d E

. Ro

th schild

,

Ja m

es

L.

Matteso

n,

William

A.

Heindl, and Laurence E.PetersonCenterfor

Astro ph ysics andSpace Sciences,Uni

versity of California, SanDie

go

9

5 00 Gilman

Dr., La Jolla, CA 9209

3

-0111

Paul L. Hink

Department of Physics, Washington UniversityOne

Brookings

Hall, St. Louis, MO63130

A

B

S

T RA

CT CHIP

| the Continuous Hardx-ray Imager for astroPhysics) | is a powerful hardX-ray imaging spectroscopy

mission, an order of magnitude more sensitive to hard X-rays than XTE, comprised of the Large Uniform Coverage

Imager

(LUC

Y) for all-sky coverage and the Deep Extragalactic Survey Imager (DESI) for more sensitive pointed

observations. Both instrument complements will utilize the room temperature semiconductor CdZnTe in mosiaced

arrays of position sensitive devices in conjunction with coded masks. Each unit will provide imaging from 2{

100 keV with�1 keV energy resolution throughout the entire energy range and few arcminute intrinsic spatial

resolution. LUCY will provide 1) a complete ux-limited sample of the hard X-ray contents of our galaxy as well

as of the extragalactic sky, 2) alarms and precise positions for transient phenomena on all timescales from seconds

to days, and 3) continuous spectral/temporal studies of these ob jects over a vast range of timescales from seconds

to days, to months, to years. DESI will extend LUCY’s coverage even deeper by viewing a small portion of the

hard x-ray sky ( 0.01 sr) for background limited studies of individual ob jects considerably deeper than present or

future hard x-ray instruments.K e

y w o

r d s : x-ray astronomy, x-ray astronomy instrumentation, x-ray spectrometer s, spaceborne experiments

and missions, semiconductor detectors , detector systems, coded masks, CdZnTe2

. CO

NC

E

PT SU

MMAR

Y TheContinuousHard X-rayImager for astroPhysics or CHIP mission concept for 2-100 keV hard X-ray

astronomy combines a powerful hard X-ray imaging telescope (10 times more sensitive than HEXTE or OSSE)

and a powerful, continuous, hard X-ray all-sky imager (10 times more sensitive than the ASM on XTE and 3

times more sensitive than BATSE). This mission, , will provide images with 10 arcminute angular resolution of

selected portions of the sky 10 times deeper than XTE, will provide high time resolution observations of bright

Galactic ob jects with 10 times better energy resolution at 60 keV than any scintillator mission, and will generate

a continuous, hard X-ray ux-limited all-sky survey a factor of 100 deeper than the HEAO-1 13-180 keV survey1

and 10 times deeper than the HEAO-1 0.25-25 keV survey2 and 2-10 keV extragalactic survey3 . This mission

will yield spectra and identi�cations of several thousand extragalactic ob jects and about one thousand galactic

sources, and will provide greater insights into many classes of astronomical ob ject. In addition, the continuous,

all-sky imager will observe several hundred gamma ray bursts per year (twice the BATSE rate) and locate them

to<100 arcmin 2 (1000 times smaller than the best BATSE derived error boxes). This will undoubtedly advance

our knowledge of, if not answer, thequestion of the origin of gamma ray bursts.

Equally important, CHIP will produce 2-100 keV images and catalogs of the entire sky for comparison with

observations made at other wavelengths, just as the Palomar Sky Survey, ROSAT Sky Survey, IRAS Sky Survey,

the VLA survey, and EUVE Sky Survey are used today. The>10 keV hard X-ray band is of crucial astrophysical

importance, since obscuration by intervening Galactic gas and dust does not limit the view of the galaxy or

beyond, and because hard X-ray emission frequently originates close to the primary energy release. Extending

o b s e r v a t io ns o f cos mic X -ra y so urces from t he conventiona l 2- 1 0 ke V ran ge , where techni ques using focusing

X-ray o ptics are rea dily applied, into the higher energy ranges is a central ob jective of high energy astrophysics .

It is in the tens of keV regime where the production by non-thermal processe s becomes dominant over thermal

emission in many sources, such as binary X-ray sources, supernovae remnants, active galactic nuclei and clusters

of gala xies.. Indeed, this whole regime has been studied only with limited sensitivity and angular resolution thus

far, and many studies for future space missions have indicated the important new knowledge of astrophysical

phenomena likely to be obtained with modern instruments operating in this range.

3 . S C I E N TI FIC O B JECTI VES

This decade has seen a revolution in our view of the X-ray sky. This improved vision has derived from a

combination of several observational capabilities |more sensitive observations of individual ob jects, continuous

monitoring of large portions of the sky in hard X-rays, a survey of the entire sky in soft X-rays, and the cross

correlation of multi-wavelength observations. R O S AT (0.1-2 keV ), GI NGA (2- 40 keV), and now AS CA (0. 5-

10 keV) provide sensitive, spectroscopic observations of individual ob jects, giving insight into the mechanisms

at work in these high energy sources. The e �ectiveness of ROSAT and ASCA have been and will continue to

be enhanced by the monitoring of the hard X-ray sky by BATS E on CGRO and the W ATC H instrument on

GRANAT. These instruments have shown the hard X-ray sky to be highly variable and the BATSE instrument

presently monitors the hard X-ray sky above 20 keV for bright transients and tracks the variability of the brightest

two do zen sources 4 . The power of the synergy between all-sky viewing and pointed missions is clear, and the

importance of continuous tracking of known sources, and of promptly alerting the community to a transient in

order to allow coordinated observings of such events, has been demonstrated several times over.

The recent ROSAT All-Sky Survey 5 has propelled X-ray astronomy into the realm of optical astronomy by

providing large source samples, which may be studied as classes, rather than as individual curiosities. Similarly ,

missions in the infrared (IRAS) and extreme ultraviolet (ROSAT and E UVE) have been combined with optical

surveys (e.g., the Palomar Sky Survey) to allow for multi-wavelength investigations of several classes of ob jects,

with their attendant advances in our understanding of the heavens (e.g., the uni �ed model for Seyferts and

AGN 6 ). At higher energies, the last complete, full sky surveys were made by the HEAO-1 mission over 15 years

ago with the 0.25-25 keV A-1 catalog 2 ( 842 sources), the 1 3-180 keV A-4 catalog 1 ( 72 sources) and the 2-10 keV

A-2 extragalactic catalog 3 (85 sources). The XTE All-Sky Monitor will be the next advance with a 2-10 keV

catalog and images of the sky that are complete at the few milliCrab level). The XTE ASM, however, will only

detect a few hundred sources in the 2-10 keV range, and class studies will be limited by the low number of ob jects

and the narrow energy range. Increasing the number of hard X-ray sources into the thousands for performing

class-level studies is essential to understanding global aspects of astrophysical ob jects and the physics involved.

Progress in the �eld requires additional capabilites as well. While surveys are necessary to discover new

sources, the observations that are essential to study their detailed physics are almost always done with narrow-

�eld, large-area and low-background instruments that obtain good sensitivites in short times. The PCA and

HEXTE instruments on the upcoming XTE mission are examples. These large detectors are collimated to 1 � ,

allowing them to study variability on time scales down to <1 ms, but they only observe 1 /40,000 of the sky at any

time and almost all of the X-ray sky will never be seen by them ! Furthermore, since their pencil-beam apertures

do not provide imaging, they will become source-confused at sensitivities of a few tenths of a mCrab (PCA) and

�1 mCrab (HEXTE), and will not be able to study fainter sources. Imaging is essential for observations with

better sensitivity.

Our understanding of the physics of astrophysical sources depends on observations with enough spectral

resolution to reveal details of their photon spectra. We now know that narrow cyclotron absorption lines and

sharp spectral breaks often occur in the 10 keV to 100 keV range. Narrow emission lines at 68 and 78 keV are

expected from 44 Ti in galactic supernovae. Re ection spectra in AGN contain Fe lines and edges as well as broad

continua. The energy resolution of the typical NaI(Tl) detector, 10 keV at 60 keV, is not adequate for detailed

studies of these lines. A resolution of �1 keV is required. At lower energies many astrophysical settings produce

a t o m i c li n e s , t he i ron line com ple x at a bo ut 6 ke V bein g the most ob vious . These lines are being stu died in detail

with �ne resolution b y A S CA and they will be a ma jor ob jective o f the A XA F and Astro - E. Here we are primarily

concerned with hard X-ray astronomy and the extension of > 2 0 keV source spectra down to the classical, 2- 10

keV X-ray domain. It will be ade quate to have knowledge of the strength of the iron line complex, but not to

perform detailed spectroscopy. Again, an energy resolution of �1 keV would be appropriate.

3 . 1 C o m p l e te e xt r a gala ct ic sample

The last complete high latitude survey of the 2-10 keV emission from clusters of galaxies and active galaxies 3

can be used to estimate the number of extragalactic sources as a function of their strength. The small number of

detections of extragalactic ob jects at 50 keV 1 has not supported estimates at hard x-ray energies. Extending the

HEA O-1 results below 1 mCrab on the assumption that luminosity functions do not a �ect the results predicts the

CHI P All-Sky Survey will yield � 4x10 3 extragalactic sources and the deeper survey with the pointed instrument

will yield another 4-5x10 3 extragalactic sources. This large sample can then be divided into subsamples based

upon various source characteristics, such as redshift, radio loudness, class of ob ject, etc., which will contain

signi�cant numbers. When cross correlated with data at other wavelengths, detailed studies of these samples will

provide powerful diagnostics of emission mechanisms, mass distribution, evolution, and beam formation processes.

Luminosity functions in the X-ray range, which were limited in the past by low sample counts, will be constructed

in order to study the evolution of clusters of galaxies, Seyfert galaxies, etc. Quasars will be detected to a redshift

of 2 or more, and the predicted spectral break in the 50-200 keV range will redshifted directly into the CHIP

energy range.

3 . 1.1 C l a ss es o f a c t i ve galactic n uclei

The X-ray spectra of active galactic nuclei (A G N ) in the 2-100 keV energy band are relevant not only as a

probe of the AGN central engine but also for their contribution to the di�use X-ray background at the energies

above 20 keV where extrapolation of lower energy results become less certain. The OSSE observations of IC 432 9A

and NGC 4151 show that the high energy spectrum rolls over far below an MeV, whereas the few sources with

Ginga and OSSE observations show a great deal of diagnostic structure in the 2-100 keV energy band : an iron line

(6.4-6. 7 keV) which may result from uoresence in both the accretion disk and the thick torus surrounding the

central engine ; a component above 10 keV produced by re ection of the primary X-ray source o� the accretion

disk; and the primary X-ray source which might combine both nonthermal emission and thermal Comptoni zation.

The combined Ginga-OSSE spectra show signi�cant spectral di�erences between the small number of radio quiet

Seyfert 1s (re ection component and a soft � = 0 :9 primary spectrum), radio loud Seyfert 1s (little or no re ection

and a harder � = 0:7 primary spectrum) and Seyfert 2s (large neutral absorption and possibly a primary spectrum

harder than � = 0:9) which result from orientation e�ects in uni�ed models (e.g., between radio quiet Seyfert

1s and Seyfert 2s) or di�erent AGN classes (e.g., between radio quiet and radio loud Seyfert 1s). Accumulating

a larger source sample in this crucial energy band will better constrain models of the inner region of AGN, and

space instruments with substantial improvements in energy resolution, sensitivity above 10 keV, and imaging at

better angular resolution than will be possible with XTE are essential to further progress in understanding AGN.

3.1. 2 Di �use x - ra y bac kgroun d

The origin of the di�use X-ray background is one of the long standing questions in astrophysics. Sensitive

imaging instruments, e.g., ROSAT and Einstein, have identi�ed the source of most of the background below 3

keV. However, at higher energies its source is less certain. Indeed, the spectra of the best studied sources |Seyfert

1s and QSOs|are not hard enough above 3 keV to produce the background. Consequently, other extragalactic

sources have been proposed. In particular, the uni�ed AGN model suggests that Seyfert 2s could be the dominant

source: the torus which obscures the optical, UV and low energy X-rays may be transparent to high energy X-rays.

The sum of sources with di�erent low energy cuto�s could result in the observed hard background between 3 and

40 keV. This conjecture has been tested with four Seyfert 2s (including NGC 4151, which is a Seyfert 1.5), and

a much larger sample is clearly necessary. CHIP would provide the large samples of extragalactic ob ject spectra

necessary to test various models by detecting several thousand sources and determining spectral parameters for

Pr o c . S.P.I.

E. vol.

2

5 1 8 , pp. 13

{25 (1

995

)

4 s

e ver a l h u n dred w i th g ood statisti cal signi�cance

.

These observations would be a tremendous advance in our

understanding of

A G Ns and the hardX

-ra y di�use background.

3

. 1.3 C l u s t e rs o f g ala x ies Clusters of galaxies are extended(core radii�

2

5 0 kpc) and luminous (L

2 � 1 0 k e V = 10 4

3 : 5�45 erg s �1 ) X-ray

sources exhibiting thermal emission from gas at temperatures �3

{10 keV. The bulk of this emission is at the low

end of the CH

I P energy range, but a few clusters have been detecte d above 10 keV. At least two components which

appear as power laws are expected to contribute at higher energies: 1) emission components above 10 keV due to

the presence of AGNs (eg. NGC 4388 in Virgo, NGC 1275 in Perseus), and 2) inverse Compton scattering of the

cosmic microwave background radiation by cluster electrons responsible for the radio emission.When combined

with radio data, hard X-ray detections or upper limits above 20 keV can be used to constrain the astrophysically

important intracluster magnetic �eld strength and electron energy density.Since nearby Abell clusters (z�0.01)

subtend angular diameters of �30 arcmin,D

ESI will be able to resolve the AGN in these clusters and correct for

their contribution to the overall cluster ux in order to reveal the inverse Compton component. Even without

these high energy components, the improvement represente d by the CHIP sensitivity over previous 2{10 keV

studies of clusters will allow a number of evolutionaryquestions to be addressed, such as why high luminosity

clusters (Lx

> 8� 10 44 erg s �1 ) appear to be less common at redshiftsz >0.06. With a core radius of 2 arcmin,

clusters at z�0.1 will appear essentially as a point source to instruments with few arcmin spatial resolution.

Extending the results on these objects to 10 keV indicates that CHIP will provide a sample of hundreds.3

. 2 C o m p l e te g ala ct ic in ventor y Previous Galactic surveys have mapped the galactic plane to a ux limit of roughly one mCrab on the 2-10

keV band, and 10 mCrab 15-80 keV. At this ux limit a source of luminosity 5x10 36 ergs/s is just visible at

20 kpc., thus existing surveys can be considered complete for sources of this luminosity and above, but partial

for less luminous sources. At 0.1 mCrab the luminosity limit is 5x10 35 ergs/s, and more, fainter sources can be

detected.

Using the sample of 26 accretion-driven X-ray pulsars7 for which 18 have distances and luminosities,

we estimate that the class of accreting pulsars observed above 0.1 mCrab can be increased from 26 to a number

between several hundred and several thousand.By dividing these sources into massive and low mass systems,

into wind and disk accreters, and into sub classes based upon quasiperiodic oscillation phenomenology, to say

nothing of multiwavelength studies, we will obtain unprecede nted insights into these laboratories for condensed

matter and plasma physics.

3.2.1

Bla c k hole ph ysics Hard X-ray observations of stellar-sized black holes can yield unique information on matter and radiation

in deep gravitational wells.Many X-ray obserations of Cygnus X-1, the exemplar of X-ray emitting black hole

candidates, have show a confusing richness of temporal and spectral behavior. Many attempts have been made

to categorize its emission into\states

", but the number of identi�ed states so far is embarrasingly close to the

number of sensitive observations.Other black hole candidates, although observations are sparser for these, show

the likelihood of a similar richness of X-ray behavior. Although many models have been proposed over the years

to describe the emission region geometry and radiation, the observed variety presently poses severe challenges.

The recent Mirabel sources also show complex and tantalizing radio emission. The 12.5 kpc. distance to

GRS1

915

+105 requires it to have a hard X-ray luminosity of � 3 � 10 38 erg/s when it is active, making it one of

the most luminous sources in the Galaxy. It represe nts the prototype of a new class of astrophysical ob ject, one

that is ideally suited for studies with CHIP. At the time of the radio outburst GRS1915+105 was known to be in

a period of high X-ray luminosity, and it is known to have periods of high ux, of about 50 mCrab. With CHIP’s

sensitivity it will be possible to make a detailed study of its X-ray intensity and spectra, and correlate these with

radio outbursts and ejection events as measured by the VLA. This should give new insights into the nature of jet

acceleration processes and the nature of the central ob ject and its environment, and the results can be expected

to aid the study of quasars. It is also reasonable to expect that there are other such ob jects in the Galaxy and

Pr o c . S.P.I.

E. vol.

2

5 1 8 , pp. 13

{25 (1

995

)

5

C

H I P ’ s se ns i ti vit y w o u l d allow an ob je ct 25 times weaker to be studied with

1 day time resolution. Indeed, two

stron g, variable gamma ray sources, 1E1

7

4 0.7 -2

942 andG

R

S175

8-258, have been shown to have radio jets, which

suggest the ejection of relativisticplasma. CHIP can uniquely and powerfully contribute to the quantity and

quality of the temporal and spectral data from which phenomenological study can lead to solid classi�cation and

from this to convincing models of structures and radiation processes at deep gravitational potentials.3

. 2.2 A cc r e t i n g p u l s ar ph ysics The number ofX-ray emitting accreting pulsars currently known in the galaxy is well above thirty8 and

increasing.

New observations continue to surprise: long term timing studies have identi�ed orbital decay in

several systems; cyclotron lines at energies from 10 to>50 keV are �rmly identi�ed now in the spectra of

several pulsars; and in Her X-1 a long suspecte d correlation between pulse shape and the35 day cycle has been

decisively con�rmed with Ginga data. In the last case, this association is evidence of a causal connection between

the overall precession of the accretion disk and the formation of the pulsation pattern just above the magnetic

poles of the neutron star.While XTE will provide important detailed comparisons with physical models, the

next observational advance requires measurements of line pro�les(typically 10 keV wide) and their variation

with pulsation phase in many ob jects. The CHIP sensitivity to weak sources will permit searches for di�erent

signatures of the teraGauss �elds, such as emission features inBe binary systems. Such observations require

signi�cantly better energy resolution, of the order of a few keV, than can be provided by traditional scintillators

and proportional counters.Furthermore, broad band energy coverage will be required to enable the simultaneous

detection and tracking of harmonics, which will provide additional constraints on the magnetic �eld strength, the

column temperature, and the electron column density.3

.3 L o n g t e r m monitoring of the har d x

-ra y s ky Throughout the history of satellite missions in X-ray astronomy, monitoring large parts of the sky has provided

bonanzas in astrophysics due to the highly variable nature of most X-ray sources. Extended observations have

discovered many transient events and state variations.Long term monitoring of binary sources has revealed cyclic

variability on months or longer time scales9 attributable to accretion disk precess ion, Be-neutron star binaries

with eccentric orbits, neutron star precess ion, and other scenarios. Tracking of spin frequencies versus time and

versus luminosity has proven to be a powerful tool in understanding both the mass transfer (i.e., wind fed or

disk fed) and the accretion torques in neutron star binaries. Variations in X-ray ux, low energy absorption, and

pulse fractions from neutron stars in eccentric orbits around Be stars as a function of separation can be used to

address questions of acceleration mechanisms and shocks inO and B star stellar winds.

Continuous monitoring of large fractions of the sky has brought us the bright X-ray transients that allow

for the investigation of physical processe s under di�ering conditions of luminosity within the same ob ject, the

identi�cation of numbers of black hole candidates, and the eccentric Be-star binary systems with periodic and

episodic outbursts at periastron passage and other points in the orbit. Weak transients have recently added to

our understanding of the Galactic ridge components. The Galactic ridge is a complex X-ray emitting region

requiring hard X-ray imaging observations because the nH value through the galactic plane is larger than 1022

cm�2 so low energy X-rays are heavily absorbed. New hard X-ray transients found in the plane are very likely

to be X-ray pulsars, and, therefore, constant monitoring could reveal a class of low luminosity transient X-ray

pulsars dominating the Galactic ridge emission. Fast transients that last for less than a day, and nominally less

than a few hours, are estimated to occur 103�

5 times per year with uxes on the order of 10 �1

0 ergs s �1 . Flare

stars and RS CVn systems are generally found to be associated with this phenomenon, but this is based on small

samples. These, too, may be constituents of the Galactic ridge, and a large sample is required to understand their

aring and identify the processes involved. Continuous viewing of the entire sky is essential for detecting this

short lived phenomenon. CHIP will monitor the hard X-ray sky at a factor of 50 better sensitivity than BATSE,

and over the 2-100 keV range this will provide continuous data on hundreds of variable sources. 3.4

Gamma rayb ursts

Pr o c . S.P.I.

E. vol.

2

5 1 8 , pp. 13

{25 (1

995

)

8 1 10 100 Energy (keV)

10-7

10-6

10-5

10-4

10-3

10-2

Flux (photons/cm^2 s keV)

Sensitivity

LUCY 1 mCrab

1 10 100 Energy (keV)

10-7

10-6

10-5

10-4

10-3

10-2

Flux (photons/cm^2 s keV)

Sensitivity

DESI 1 mCrab

ates f ort he

L

U C Yfora

10 5 san dthe

DES Ifora10

6 so bserv ation res pe ctively

. The

LUCY willreachasensitivit yof

�1mCrab inonedayand

<0.1mCrab inoneyear.TheDESI willreacha

sensitivit yof�

30

�Crab andstillnotbeconfusion limited in�2wee k.

Athattimethe10

-30ke

Vultimate sensitivit yis�

60�Crab

,andathigher energies, asensitivit yof0.1

mCrab willbereali

zed.InFigure

2,weshowtheestimated sensitivit yoftheLUCY fora10 5 sobserv ation.

4 . 2

T h e dee p s u r ve y i m a ger

( D

E

S I )

TheDESI consists of36100cm

2 Cd

ZnT emodules totalling

3600 cm 2 andan

86cm

�86cmcodedmask

138cm

abovethedetector plane with0.

5mmpositional resolution whic hgivesDESI

�10arcmin angular resolution over

a5

� fully coded

�eldofview for

4mmelemen ts

(pi xels

).Table2liststhebasic parameters ofthepointedDESI

telescop e.TheDESI codedmask isa

\graded-Z

"sandwic hoftungsten, tin,copper,andalumin um.

Grading the

mask reduces thebackground comp onen tfrom

K uorescenc ephotons produced afterprimary

X-ra yinteractions

inthemask.

Inorder tobalance thegoals ofwide

�eldimaging withthose ofhighsensitivit ydeep pointings,

agraded-Z collimator witha5 � fullwidth athalfmaxim um(F

W

H M)responseisusedtoreduce thedi

�use

background uxinciden tonthedetector.

Thisisespecially useful forminimizing uxfrom within thepartially

coded�eldofview whic hcontains asigni�can tlevelofdi�useemission andmaycontainpointsources whic hcan

cause undesireable artifacts intheimage reconstruction.

TheDESI mass is

76kg.

TheDESI angular resolution allowsittoperform deepersurveysonselected portions oftheskyanddetailed

spectral investigations ofsources weakly detected bytheLUCY.

Inorder togo5times fainterthanLUCY, a

confusion limit of20�Crab re quires anangular resolution of20arcmin.

Figure

2showsthesensitivit yofthe

DESI fora10 6 sobserv ation.

The20�Crab sensitivit y(2-10 keV)isreachedintwoweeksandthiswould yield

�60�Crab sensitivit yinthe10-30 keVrange, and�0.20mCrab inthe30-90 keVrange.

A75msr�eldofview

(5 � x5 � )atthislevelwillyield

25AG

Nor1persquare degree.

Thus,overa5yearmission,

�200pointings will

P r o c . S.P. I. E. vo l. 2 5 1 8 , pp.1 3 {25 (1 995 ) 1 0

T a b l e 2 : L U C Ya n d D E S In s t r u ment Parameters .

LUCY DESI

Num ber o fun its

12

-1 8

1

Dete

ctor plane

Cd

ZnT e 30cm �30cm 60cm�60cm 1.

5mmt hic k

1.5mmthick

detector contacts 500

�mpitch

500�mpitch

x , yreadouts x,yreadouts

Mask dimensions 60cm�60cm 86cm�86cm

0.6mmthick 1.6mmthick

pi

xelsi ze

2mm�2mm

4mm�4mm material

W gradedZ:0.6mmW,0.6mmSn,

0.2mmCu,0.2mm

Al detector

/mask distance

26cm 138cm

Collimator material W gradedZ

geometr

y hexagonal cylinders hexagonalcylinders

1.3cm

atto at

1.3cm atto at

1.1cmhigh 14.5cmhigh

Imaging

Field of Vie w

60

� �60 �

5 � �5 �

Angular

Resolution

26arcmin 10arcmin

PointSource

Location

�5arcmin (10 �source )

�1arcmin

(10�source)

Spectra EnergyRange 2

{100 keV

2{100 keV

Energy

Resolution �1keV(constant) �1keV(constant)

yield

�5000 A GN.Thisextraordinary performance willpro videexcellentoverlapwiththehigherperformance,

narro wer �eldofview,

ASCA,

A XAF,XMM,SpectrumX/ �,andAstro-Eat2-10keV,whileextendingthe

spectra asmuchasanorder ofmagnitude higher inenergy .

4 . 3 C o d ed M a s k Te c h n i q ue

Acoded-ap erture telescop econsists oftwoprimary comp onen ts:aposition sensitiv edetector plane anda

\mask "ofopa queandtransparentcells.Themaskistypicallybuiltonarectangulargridwithsomecellsempty

andothers

�lled withX-ra yabsorbing material, forexample leadortungsten.

Thedetector views theskythrough

themask, suchthateachsource inthe�eldofview casts ashado wofthemask onthedetector plane.

Asuitably

chosen pattern ofopenandclosed mask cellsallowsaunique reconstruc tionofthesource distribution

(i.e.a

skyimage) from themeasured shado wpattern.

Severalinstrumen tsinthepastdecade

(e.g.theSpacelab-

2X-ra yTelescop e,theballoonborneinstrumen tsGRIP andEXITE, andSIGMA andART-PonGRANA T)

havesuccessfully demonstrated theabilit yoftelescop esbased onthecoded-ap erture principle toproducehigh

resolution images atenergies beyond10keVwhere grazing incidence mirrors become impractical.

They havealso

shownthatthistechnique canmeasure indep enden tspectra andlightcurv esformultiple sources inasingle

�eld

ofview.

4.4Cd

ZnTe De tecto r Status

Inthepastfewyearsthere hasbeensigni�can tworkdone onCdT eandCdZnT edetectors.

Anumberofgroups

arelooking intotheuseofCdZnT eforgamma rayandX-ra yastronom y.CdZnT eimplies analloycomp osedof

80 %CdT eand20%ZnT e. OneofthemostattractivefeaturesofCdZnTeisitshighbandgap,1.6eV,which

allowsroomtemperature operation.

Thisdi �ersfromothersolidstatedetectorssuchasGeandSi,whichave

bandgaps of0.66and1.22respectively,andrequire heavyandexpensiv ecryogenics during operation tominimize

noise.

Other attractiv efeatures ofCdZnT eareitshighaverage atomic number,48,anditsdensit y,5.8g/cm 3 .

Both ofthese characteristics areimportan tfordetection ofhighenergy

X-ra ys.Since photo electric absorption

P r o c . S.P. I. E. vo l. 2 5 1 8 , pp.1 3 {25 (1 995 ) 11

F i g u r e 3 : E nerg y an d p o si tionresponseo f Cd Zn Te Dete ctors .1 ) Pu lse heightspectru mofan

55Fesource ina

2mm �2mmdetector.2) Apinholecameraimageofan

2 4 1Amsource ta ken witha3 5mm�35mmdetector.

dominates uptoenergies of >25 0ke V ,CdZnTeshould beanidealmaterialforapositionsensiti vedetectoroverthe2

{100 keVenergy range.

Thedetection e �ciencyforastandard1.5mmthickdetectoris 75 %at100keV,allowingoperationathigherenergiesifdesired.CdZnTedetectorsarealsoavailablewithvery

�neposition resolution, demonstrated to

< 400 �m.ThebackgroundactivationofCdZnTeissimilartothetypicalalkalihalides,suchasCs

Iand NaI,withthee xceptionofthehighneutroncross -sectionofCd{113whichresultsin>500keVgamma-raysbeingpromptlyproducedbyneutronsofE<1eV.Thisshouldnotbetoosevereinorbitsincethetypical

uxofneutrons inthisenergy range is quitelow,andcanbeminimi zedby judiciouschoiceoforbitalparameters.

InFigure

3weplotthespectrum ofan55Fesource

(peaksat5. 9and 6.5keV)andtestpulserusingacommerciallyavailablepreampli�er11

;12.Theenergy resolution,

325eVF W H M,islimitedbypreampli�er noise.

Thisresolution isbetterthangasscintillation coun tersandisapproac hingthatof

Siand Gesolidstatedetectors.

Biasvoltages required onthese detectors aretypically only400V ascompared to1000

Vforgascoun tersand2500{4000V forGe.Athigher energies

CdZnT edetectors begintoexhibit incomplete charge collection oftheholes.

However,ithasrecen tlybeenreported thatthischarge defect phenomenon canbedramatically reduced byeither applying aspecial biasing scheme tothedetector, orbyusing aposition sensitiv edetector withastripe

/pixel width thatisnarro werthanthethickness ofthedetector.

Energy resolution of1keVFWHM from

2{30 keVshould beobtainable inaspace qualit ydetector system.

Above30keVtheenergy woulddegrade duetoincomplete charge collection, beingroughly

3%FWHM

30{100 keV.

4 . 5 S e n s i ti vit yesti m ates

Thesensitivit yofcodedaperture telescop esarelimited bothbystatistical andsystematic e �ects.Inthefollowingsections,themostimportantoftheseareconsidered.

4 . 5. 1 D e te ct i o n sensiti vit y

Foracodedaperture telescop e,theminim umsource intensit ywhic hcanbedetecte datagivenstatistical signi�cance canbexpressed as:

P r o c . S.P. I. E. vo l. 2 5 1 8 , pp.1 3 {25 (1 995 ) 1 2

F

K

( p h =( c m

2

s k e V )) =

K

� �

p i x� m a s k(1

� tmask)t

c o lltpass s

Bi

n t

+�mask

G

AB di f

� E A �(1)

w h e reFK= u xwh i chc a n be de tectedata statistica lsi gni �cance o f K � ,K=statisticalsigni�canceofthedetection,�=

photon detection e �cienc y,�pix=lossofsensiti vityforsourcesnotcenteredonas kypixel,�mask=fractionof

mask cellswhic hareopen,tmask

=fraction ofphotons transmitted byclosed cells, tcoll=transmission coe�cien tofthecollimator asafunction ofo

� -axisangle, tpass=transmission ofabsorbing materials (e

.g.themask supp ortplane) inthedetector aperture,

Bint=internal detector background

(cts=(cm2ske V)).

G=acceptance ofthemask /collimator/detectorcombination(cm2sr),A=detectorgeometricalarea,Bdiff=di�use

X-raybackground photons cm

�2s� 1keV�1sr�1,�E=energybandofthedetection, and�=livetime oftheobserv ation.

Ofthese quantities,�,tmask,tcoll,tpass,Bint,andBdiffareenergydependent.

Thelossofsensitivit yforsources notatskypixel centerscanbeminimi zedbyemployingdetectorpixelswhicharesmallerthanthemaskpixels.Thefactorof

4to 8oversampling inourinstrumen tconcept assumes thatthise�ect isverysmall.

Forbackground limited observ ations

(nearly alwaysthecaseinhardX-rayastronom y),masks whic harehalfopenarestatistically optimal, so�mask is

� 0. 5. Inthe C HI Penergyband,itwillbepossibletodesignmaskswithessentiallynotransmission,making(1�tmask)nearlyunity.

Based onourexperience building collimators fortheH

EXTE,

�coll=0 : 9foronaxissources.Passivematerialinthe�eldofviewwillbekepttoaminimumandconsistofonlylow

Zelemen ts,sothatatallbutthelowestenergies, tpasswillbe�1,and�pix=isaboutunity.Forthedi�use background contribution theanalytical

�tsofHE

AO-1datawereused. ScalingfromtheHEAO-1A2,HEXEon

Mir/Kv ant,andHEXTE onXTE experimen ts,westimated theinternal background comp onen tobeappro ximately constan toverthe2

{100keVband witha uxof 3 �10�

4(cts=(cm2skeV)).

4 . 5. 2 C o d ed m a s kse ns i ti vit y

Itisimportan tonotethatequation

1onlyincludes thecontribution ofphoton statistics tothesensitivit y.There areatleasttwoimportan tsystematic e�ects whic hmustalsobeconsidered.

Inorder forasource tobeimaged e�cien tlybyacodedaperture telescop e,its uxmustbegreat enough sothatmost mask pixels aresampled

(i.e.hit)byoneormore source photons.

Ifthisdoesn

’toccur, thenthemask pattern isincompletely sampled forthatsource, anditisnotperfectly imaged.

Thisisprimarily aconcern fordetecting unkno wnsources.

Itresults inagradual lossofsensitivit yatlowsource uxandmaybeastronger limit oninstrumen tsensitivit ythanequation

1.Thelimiting ux,Fp,from thisconsideration is

:

Fp(ph=(cm2skeV))=

Np

�E�Apix(2)

Where

Npistherequired mean numberofphotons permask pixel andApixisthegeometric areaofapixel.

Because

Fpisproportional to1=�,bysetting

Fp=FK,wecanderiv eaminim umobserv ation timeforwhic hFpdoesnotlimit the uxsensitivit y.

4.5.3 Si gna ltonoisesensitivity

Another systematic e�ect associated withtheuseofcodedmasks ismainly importan tinthe L UC Y.InorderforahardX-rayinstrumentoachieveitsintendedlongtermsensitivity,sourceswhosesignalismuchlessthan1

%ofbackground mustbedetectable.

Systematic spatial variations inthedetector background mustthenbe�cien tlysubtracted.

Fortunately

,most ofthese arecaused bythedetector internal background, andtheLUCY isdominated bydi�use ux.However,without thebene�t ofmask-an timask observ ations todirectly subtract these variations, some form of at-�elding ofthedetected shado wpattern mustbecarried out.Thishasbeendone succes sfully inthe

NaIcodedmask telescop esSI GMAandEXITE.WeanticipatethatitwillalsobepossiblefortheCHIPCdZnTedetectormodules.

P r o c . S.P. I. E. vo l. 2 5 1 8 , pp.1 3 {25 (1 995 ) 1 3

5 . R E FERE N CE S

1 . L e v i ne , A. M.e t a l., \ T he H EA O1A - 4 Catal o go fHighEne rg y X- Ray So ur ce s ",A p JSupp, 54,5 81- 61 7

(1 984 ).

2. Wo d, K.S.etal.,\TheHEAOA-1X-RaySourceCatalog",ApJSupp,56,5 07(1984).3.

Piccinotti, G.etal.,\ACo mpleteX-RaySampleoftheHighLatitude( j bj >20

�)S

ky FromHEAO1A-2 :Log

N-Log

SandLuminosit yFunctions",

ApJ,253,485-503

(1982).

4.Harmon,

B.A.

etal.,\BATSEObserv ations ofTransien tHard

X-Ra ySources",

TheSecond

Compton

Symposium, A

IPConference

Proceedings, edsC.E.Fichtel,N.Gehrels, andJ.P.Norris,

(AIP

Press:

Ne w York),304,210-219(1994).5.Tr

�umper,J.,\First

Results

FromtheROSA

TAll-Sky

Surv ey",FrontiersinX-rayAstronom y,edsTanak a,Y.andKoyama,

K.,(

Univ ersal

Academ yPress,

Inc.:Tokyo),185-192

(1992).

6.Antonucci,

R.\Uni

�edModelsForActiv eGalactic

Nuclei

And Quasars",Annu.Rev.Astron.Astrophys,31,473-521(1993).7.Nagase,F.,\AccretionPoweredX-RayPulsars",PASJ,41,1-79(1989).8.Nagase,F.,\X-RayPropertiesofX-RayPulsars",FrontiersofX-rayAstronomy,edsTanaka,Y.andKoyama,K.,(UniversalAcademyPress,Inc.Tokyo),79-90(1992).9.Priedhorsky,W.C.andHolt,S.S.,\Long-TermCyclesinCosmicX-RaySources",SpaceSciRev,45,291-348(1987).10.Fishman,G.J.,\Gamma-RayBursts:OvservationalOverview",TheSecondComptonSymposium,AIPConferenceProceedings,edsC.E.Fichtel,N.Gehrels,andJ.P.Norris,(AIPPress:NewYork),304,22-29(1994).11.Butler,J.F.et.al.,\ProgressinCd

ZnTeRadiation Detectors",Proc.Mat.Res.Soc.AnnualMeeting,April12-16,SanFrancisco(1993).12.Doty,F.P.etal.,\X-RayandGamma-RayImaginginMonolithicCdZnTeDetectorArrays",SPIE

Vol.1945,

145-151

(1993).