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The new Compton Telescope of the Max-Planck-Institut some days before its
first balloon flight in October 1977. .



b=

e i
- - - - -
F= T S A N

W W MMM
L] - - - - - -
W N

~N OO o B~ W
« 0+ s e u

TABLE OF CONTENTS

Summary and Introduction

Scientific Objectives

Point Sources

Diffuse Emission from the Galaxy
Cosmic Diffuse Flux

Broadened Line Emission

Other Objectives

Experiment Description

Concept of Investigation
Description of the Telescope
Electronics

Mechanical Design

Instrument Performance

Requirements and Detector Performance
Time-of-flight measurement
Pulse-shape measurement

Location of the scattering process
Energy resolution of the scintillation detector
Anticoincidence shield

Derived Properties of the Telescope
Angular resolution '
Energy resolution

Sensitive area

Polarization

Background radiation

Detection Sensitivity and Expected Results
Observation Programme

Calibration and Data Analysis
Management Summary

Conclusions

Appendices

Sensitivity Calculations

References

Page

O 00 00 ~N O oW RN

= o
g S lE W W W W= O

[

a S T O T LG T G T S R S T T A T T el
w O U AW = = 00 00~



Summary and Introduction

Experience at all wavelengths in astronomy has shown that with a carefully designed
low background instrument, the scientific return is always high when exploring a new
energy domain and there are many surprises in the data acquired. Recent examples of this
are the SAS-2 and COS-B high energy gamma ray instruments which have discovered gamma

ray pulsars (Fichtel et al., 1975) as well as a new class of gamma ray objects (Hermsen
et al., 1977).

Previous investigations in the 1-30 MeV gamma ray region have been motivated by the
knowledge that unique astrophysical phenomena may become observable in this range
between X-ray energies and high energy gamma rays. Many attempts have been made to
measure the flux and spatial distribution of these intermediate energy photons using
balloon and satellite-borne instrumentation. However, the results obtained to date have
largely been conflicting and unconvincing compared with the high quality measurements
made at energies above and below -this range.

The basic difficulty is one of instrumental background which is present in all
shielded and unshielded single element detectors and even in earlier versions of the
Compton telescope. Suppression of this instrumental background to an acceptable level
is therefore the key to successful measurements in this energy range.

This proposal demonstrates how the concept of an imaging Compton telescope, brought
to the state of the art level, can overcome these background difficulties and provide
unprecederted sensitivity and spatial resolution in this energy range. The strength of
the imaging Compton telescope arises from the following:

1. A coincidence betwean two detectors is required to register the
passage of a gamma ray.

2. A genuine gamma ray event is further validated by measuring the time
of flight of the gamma ray between the two detector arrays.

3. Pulse shape discrimination in the upper detector arrays is used to
separate gamma rays from neutrons.

These three requirements reduce the-instrumental background to a level well
below that of the diffuse cosmic background flux.

4, The powerful imaging properties of the telescope provide a combination of a
a

source and background (mainly diffuse cosmic) measurement.
The low instrumental background combined with the imaging properties results
in detection 1imits which are determined by counting statistics oniy.

5. The telescope provides an energy resolution commensurate with many interesting
predicted spectral features.
The proposed telescope is a logical extension of previous balloon-borne tele-
scopes. The parameters of the prcposed system are based on experience gained in
this balloon program, recent laboratory tests, and calculations based on krown
cross sections for electromagnetic interactions. A summary of these parameters
is given in Table I.

Energy range: 1-30 MeV
Sensitive area: 20-50 cm?
Angular resolution: 2.00- 6.00 (FWHM)
Energy resolution: ~ 10% FWHM
Geometrical factor: 5-30 cm? ster
Field of view: ~ 1 ster

Minimum source detec- 5-1072/cms (= 2% of
tability at 5 © the expected total
above 1 MeV (1 month): Crab emission)

This telescope flown on GRO will,for the first'time,bridge the gap between X-ray
and high energy gamma ray astronomy and offers a unique ogportunity to open a new era
of extragalactic gamma ray astronomy.



1. Scientific Objectives

The energy domain from 1-30 MeV gamma rays is one of the Teast well understood parts
of the electromagnetic spectrum. Definitive observations in this energy range will help
to interpret a range of astrophysical problems from those of compact stellar objects
to the universe as a whole. In this energy range the gamma ray production mechanisms
undergo a transition from low energy processes such as thermal emission to a variety
of high energy processes like inverse Compton radiation, m®-radiation, nuclear radiaticn,
etc. Studies in this transition energy range will therefore provide sensitive tests and
constraints on the various production mechanisms.

The imaging character, the broad effective aperture and low background characteristics
of the imaging Compton telescope we propose dictate the principal scientific objectives.
These can be broadly grouped under the following headings:

1) Study of Point Sources

2) Study of Diffuse Emission from the Galaxy itself
3) Study of the Cosmic Diffuse Flux

4) Study of Broadened Line Emission.

We will now treat each of these areas separately.

1.1 Po{nt Sources

A summary of the intensities of a variety of point sources over a wide range of
energies is given in Figure 1. These data are presented in a form in which the inten-
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Fig. 1: Summary of data on spectra of point sources. Intensities are multiplied by E2

sities are muitipiied by E2, a procedure which illustrates more clearly spectral fea-
tures and relative intensities. Also included in this figure are the sensitivity Timits
of our experiment as caiculated iater in this proposal. Several aspects of the current
data are of interest. First,several gamma ray sources have recently been observed by



C0S-B and SAS-Z. These sources have no X-ray or optical counterparts. Second, there

are a large number of X-ray sources which have no gamma ray counterpart ever though in
many cases one might be expected from a simple extension of the spectra. This is par-
ticularly true for several extragalactic sources. Clearly, measurements between 1-30 MeV
at our expected sensitivity levels will provide an understanding of the spectral be-
haviour of most of these sources and thereby assist greatly in the interpretation of the
radiation processes as well as the parameters pertinent to each mechanism.

Our typical sensitivity level is ~ 1/50 of the expected intensity of the Crab nebula
so that the confused observational situation that exists at intermediate energies will
easily be resolved.

Extrapolation of spectral data from X-ray energies indicates that there are several
regions of the galactic plane where, at our level of sensitivity, source confusion will
become important unless the angular resolution of the telescope is ~ 39 or better. Our
telescope meets this goal which is alsoc comparable with the expected resolution for
instruments surveying the higher energy part of the spectrum above 30 MeV.

With its Targe effective aperture and good spatial resolution the imaging Compton
telescope is especially suitable for the simultaneous study of the temporal variations
of many point sources. Here again the emission mechanisms responsible for these varia-
tions may well be different at high and low energies with the intermediate energy range
representing a transition reaion. Correlations of the temporal behaviour we observe at
intermediate energies with that observed at higher and lower energies will be very use-
ful for understanding the processes responsible for these variations.

1.2 Diffuse Emission from the Galaxy

The features of the galactic plane diffuse emission emerge more clearly as one goes
to higher energies. For example, the galactic disk is barely visible at X-ray energies
but emerges clearly at energies ~ 100 MeV accord1ng to the observations of SAS-2 and
C0S-B. Many authors have considered the origin of this diffuse flux. As an ﬂxamp|e,
‘Figure 2 shows the computed differential gamma ray production rates for various mecha-
nisms in the local galactic environment. Here again
there is a transition from the r® source mechanism which
is prominent above ~ 100 MeV to the bremsstranlung and
inverse Compton processes which beccme more important
at lower energies. Each process gives different infor-
mation on the matter, magnetic field and cosmic ray
distribution in the galaxy. Accurate spectral measure-
ments of this emission, clearly free from instrumental
background effects, will be crucial to the separation
and evaluation of the various components. As an example
of the current uncertain situation regarding the gamma
ray spectrum in this intermediate energy range, we
show in Figure 3 a summary of measurements in the
direction of the galactic center. Again the data are
presented in a form in which the intensities are multi-
plied by E€ and the expected sensitivity limits of our
experiment are shown. It is once again clear that
background free measurements at this Tevel of sensiti-
vity will finally enable the full interpretative power
of gamma ray astronomy to be utilized directly for the
study of galactic structure and properties.

qlEY:I tem™? 5~V eyl

1 v v 1000

Ef Mel)

Fig. 2:

Local gamma ray produc-
tion rates from vari-
ous emission mechanisms

Another important aspect of this probiem concerns
the spatial structure of the galactic disk emission.
SAS-Z and COS-B have made important contributions to
this aspect of the problem because of their relatively
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Fig. 3: Summary of data on the spectrum of ga-
lactic diffuse emission at longitudes
near the galactic c%nter. Intensities
are multiplied by E-.

good angular resolutions which are ~ 3°.
From these data we show an estimate of

the galactic gamma ray distribution with
latitude for several energies at a longi-
tude 111 = 3350 in Figure 4. This figure
uses data on the Tatitude distribution of
gamma ray emission > 100 MeV from Fichtel
et al. (1976), the estimate of the cosmic
background emission in Figure 5 of this
proposal and assumes that the shape of the
latitude distribution does not change from
1 to 100 MeV. Several features of this
figure are of interest. The first relates
to the enhancement of the disk relative

to the cosmic diffuse emission. At high
energies this enhancement is large (~30:1)
and easily observable whereas at 1 MeV
this enhancement is only ~ 2:1 and at ;
10 MeV ~ 3:1. This means that to adequate-
1y study the spatial properties of this
emission in the 1-30 MeV region requires
an angular resolution at least as good
as that obtained in the SAS-2 experiment

coupled with an instrumental background which is less than the cosmic diffuse background.
In the anti-center direction the enhancement of the disk emission relative to the diffuse
emission is even less, requiring much more stringent limits on the angular resolution
and instrumental background to extract useful data. As discussed later in this proposal,
our estimated angular resolution is typically 39 FWHM and our background level generally

will be much less than the cosmic diffuse flux.

The second aspect of Figure 4 relates to the details of the latitude structure of
the disk itself. The latitude distribution may change as one goes from higher to lower
energies because the relative importance of different emission mechanisms may change.
Local "hot-spots" arising from cloud structure or a particular distribution of sources
may be present. The ability to detect and interpret these details will be commensurate
with the angular resolution capabilities of the telescope. Our telescope design is moti-
vated by a requirement to observe these expected details along with a practicai reso-
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lution 1imit comparable with objectives of the high energy gamma ray experiments expected
to be on GRO.

1.3 Cosmic Diffuse Flux

In the X-ray and high energy gamma ray regions of the spectrum a diffuse flux is
observed at high galactic latitudes. Experimentally and theoretically this situation has
been widely discussed in the literature and interpreted in terms of a cosmic diffuse
flux. A recent compilation of this cosmic diffuse flux is shown in Figure 5. It is clear
from this figure that there is a large
uncertainty in the data in the 1-30 MeV
range, while at the same time the pos-

\
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energy. Again the imaging Compton o Fﬁ
telescope with its large aperture and y Lj

. . : i )
good angular resolution is very well lW“f' (fxgi\ j
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studies of this radiation. . : -
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feature exists. Spectral measurements 77 AL reslts comected for
in this energy interval are therefore o2 gelechcontntuton
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the origin of this radiation. 18071 4 kuo etal, 673 Lo
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easurements, anisotropy or B R s e
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Observations of the cosmic diffuse Ey [MeV)
flux will obviously be limited by
local background productien in the Fig. 5: Summary of data on the spectrum of
telescope and its environment. Our the cosmic diffuse flux. Intensities
imaging Compton telescope has a unigue are multiplied by £2.3,

ability to achieve low background le-
vels if all of the subtleties of the
technigue are fully exploited.

In addition, the data itself may be used to understand the origin of the remaining
instrumental background and to correct for it. The problem of the instrumental back-
ground and the Timits we expect to achieve for our telescope are discussed elsewhere
in this proposal. The basic background and some of its components are shown in Figureb6
along with the diffuse flux. After correction the eventual background will be in the
range 10-30% of the expected cosmic diffuse flux. An instrumental background at this
Tevel will allow significant measurements of the energy spectrum and spatial distri-
bution of the high latitude cosmic duffuse flux.



1.4 Broadened Line Emission

Gamma ray lines from excited nuclei are of great
astrophysical significance. Many of these lines
may be broadened by various processes and in these b
cases the superior resolution of cooled solid state
detectors cannot be fully utilized. The fact that
our telescope contains nearly 1 m Nal detectors 107
with a 10% energy resolution dictates that a study -
of possible broadened 1ine emission, utilizing these
detectors, be a primary scientific objective of our il i
studies. In Figures 7A and B we summarize some T !
current measurements and predictions for gamma ray o Sl
lines from localized sources and diffuse sources
along with the predicted sensitivity limits for our
telescope. Suffice it to say that these 1limits are
considerably Tower than any of the currently re-
ported gamma ray line intensities and better than
proposed 1imits from many specialized gamma ray
line experiments! This is the case for both
localized gamma ray sources and extended scurces,
such as the interstellar medium. In this latter i
case, gamma ray line observations can be expected L
to provide information on the interstellar abun-
dance of C and O atoms for example and the inten-
sity of 10 MeV/nuc cosmic rays. These lines will Mol et
have a broad component arising from cosmic ray C
or 0 and a narrow component resulting from inter-
stellar C or 0 excited by cosmic rays. Spatial
variations of any line emission of this nature
can be directly interpreted in terms of the ga-
lactic distribution of the parent nuclei.

Diftuse Cosmic y-Ray
Backgraund
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Fig. 6: Calculated expected instru-
mental background together
with the observed cosmic
gamma ray diffuse background.
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Fig. 7: Measured and predicted gamma ray line
intensities and our predicted sensiti-
vity Timits.

A) diffuse galactic, B) point sources,
C) solar flares.



With regard to true point sources of line emission several possible observations
and some predictions are shown in Figure 7B. We note that gamma ray line intensities
have been estimated for explosive nucleosynthesis in supernova events (Clayton and
Fowler, 1969). These relatively 0pt1m1st1c estamat%s, indicated in Figure 7B, give
fluxes of key gamma ray lines of > 1073 photons/cmé sec at a distance of 1 Mpc lasting
for several days. For example, observing the Virgo cluster of galaxies at a distance
of 15 Mpc and integrating over the entire 129 of the cluster, therefore integrating
in time over ~ 50 SN per year, would lead to fluxes of the Ni Tine (0.81 MeV)
~ 2 x 1074 photonsfcm2 sec - easily observabie with our instrument.

At least one solar gamma ray line £2.2 MeV) has definitely been observed in
a solar flare at a level of 2.8 x 107! photons/cm? sec (Chupp et al., 1973). Several
lines should be expected from nuclear interactions produced by solar cosmic ray pro-
tons. The intensity of these lines is correlated in time with the intensity of the
energetic particles in the flare region. A study of the temporal variation of different
lines allows a detailed investigation of the flare process and the environment of the
solar atmosphere. Line emission from the sun and other flare type stars will be in
sought by our telescope.

These measurements can be carried out in both the double Compton and single element
Nal crystal mode. The best sensitivities are in the double Compton mode if the sun is
in the field of view. Then they are typically a factor ~ 2 better than those achievable
in a specially designed experiment for solar gamma rays on the SMM (See Figure 7)!

One would therefore expect correspondingly valuable and interesting results.

The single element Nal crystal mode has the advantage of a nearly 2 m viewing
aperture and the sensitivities in this mode are still comparable to those exptected
on the SMM.

Other Objectives. The combination of the various elements in the Compton telescope
provides-a very effective gamma ray burst detector. We are including a burst mode

in the data handling electronics. The most sensitive burst indicator is the top bank
of scintillators which will be used to trigger on bursts of size » 3 x 10-7 erg/cmﬁ
with E » 50 keV. The energy spectrum and temporal history of the burst will then be
determined using data from the Tower Nal scintillaters.

Finally, it may be pointed out that the Compton telescope provides the possibility
of detecting Tinear polarization from gamma ray sources. Polarized gamma rays may
originate under extreme conditions due to the influence of strong magnetic fields
although predictions of observable intensities have not been published. Detection of
such polarization would provide a vital clue to the emission mechanism of such an exotic
object.



2. Experiment Description

2.1 Concept of Investigation

The Compton telescope may be considered as the extension of the optical imaging
technique to gamma ray energies. In case of the optical camera the photon is first
scattered in the lens and then detected by a second interaction on the film. The geo-
metrical representation of an astronomical observation with a Compton telescope is shown
in Figure 8. The infalling gamma ray of energy E, is Compton scattered in a first inter-

action and the scattered gamma ray E,' is absorbed in
a second interaction process. By mea?urwng the energy

Tosses Eo' and E," in both interactions and by measur-
ing the Tocations A and B of these interactions, the

from quantities
y-ray source (s)
' = Eo' + E,
(s') / By = % By
E ~
Y Z
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hY
Ed can be determined. The arrival direction of the in-

falling gamma ray is, therefore, known to lie on a
cone mantle of half opening angie ¢ around the di-
rection of the scattered gamma ray. The precjecticn
of the cone mantle on the celestial sphere is called
the event circle.

An astronomical object is identified by the in-
tersection of different event circles arising from
gamma rays from this object. If the scattered gamma
B ray of energy E,' is not totally absorbed, a wrong
event circle is'obtained. The circle will not contain
the direction of the corresponding astronomical ob-
jects and, therefore, will not intersect with the
circles of totally absorbed events. Events in which
the gamma ray is not totally absorbed only increase
the number of background events.

Ee

Fig. 8: Principle of measurement. The energy resolution of this device for an

astrophysical object is automatically good because
only totally absorbed events are accepted for a source.

The advantage of the Compton telescope with its imaging properties within a broad
field of view compared with shielded detectors widely used in low energy gamma ray
astronomy is evident. Whereas "source on - source off" observations at different times
are necessary for these shielded detectors in order to identify a source, different
regions of the sky are observed simultaneously with an imaging system. "Source on -
source off" observations at different times present problems onboard a sateilite where
the background will change with the position around the orbit.

The proposed Compton telescope is an improved version of a new balloon experiment
at the Max-Planck-Institut, which was flown for the first time in October 1977 from
Palestine, Texas. A photograph of the detector is shown on the reverse of the title page
and is a more sophisticated instrument than the Compton telescope previously flown in
1973 and 1974. Whereas the detector elements and the size are nearly the same for both
experiments, the angular resolution of the proposed version has been improved by a factor
of 2.5 to 4. As outlined in the chapter on scientific objectives, an angular resoiution
of 30 js mandatory to perform low energy gamma ray astronomy. This resolution will be
provided by the proposed experiment.
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2.2 Description of the Telescope

A schematic drawing of the telescope is shown on the cover. The telescope consists
of two large area scintillation detectors, an upper one in which the infalling gamma
ray is Compton scattered, separated by 1.5 m from a lTower one, 1in which the scattered
gamma ray is absorbed. Both detectors are nearly entirely surrounded by a thin anti-
coincidence shield of plastic scintillator, which rejects charged particles. Between
both detectors are four small plastic scintillation detectors containing weak Co60

sources; these are used as gamma ray calibration sources which can be electronically
gated.

Upper detector (D1): It consists of 120 individual a]gminum tanks of liquid scintil-
lator NE 213 {See Figure 10). Each tank is of 6 x 6 cm® area and 15 cm depth and

viewed by one 5 cm Ehotomu1tip1ier (RCA 8575). The total geometrical area of the upper
detector is 4200 cmec.

Lower detector (D2): A bottom view is shown in Figure 10. It consists of 14 cylindrical
blocks of polycrystaline NaI(T1) (Poliscin 1) of 7.5 cm thickness and 28 cm diameter,
‘hich are mounted on a groundplate within a diameter of about 1.50 m. Each Nal-block
1s seen from below by seven 7.5 cm multipliers (EMI 9821 B). The total geometrical area
of the lower detector is 8620 cm?. '

Anticoincidence shields: Each shield consists of two 1.5 cm thick domes of plastic
scintillator NE 110 (see Figure 10). Each dome is viewed by 24 photomultipliers (RCA 7151).

Calibration detectors: Each detector consists of a cylindrical piece of Coﬁo—doped pla-
stic scintillator of 5 mm thickness and 1 c¢m diameter which is seen by a 1.9 cm photo-
multiplier (RCA C 70102 M).

Required gamma ray event parameters: A gamma ray is electronically identified by a
~deTayed coincidence between the upper and the lower detector, combined with the absence
of a veto from all charged particle shields and from the calibration detectors. The
quantities measured for each event are as follows:

1. The energy of the Compton electron in the upper detector Ee' (Ee':»50 keV);
. The location ot the collisicn in the- upper detector;

. The pulse shape of the scintillation pulse in the upper detector;

. The energy loss Eg" in the Tower detector (Eo" > 500 keV);

The Tocation of the collision in the lower detector;

AW M

The pulse shape of the scintillation pulse in the Tower detector;
The time of flight of the scattered gamma ray from the upper to the lower detector;
The absolute time of the event.

LW ~ O

The quantities E.' and E." and the locations of the scattering processes in both
detectors determine the energy and angular resolution of the telescope. The pulse shape
measurements and the time-of-flight measurements are performed in order to reject back-
ground events and teo protect against pulse pile-up.

In addition to this normal double scattering measuring mode the large area Nal-
crystal of the telescope can and will be used to register gamma ray bursts and solar
flares and to measure their energy spectra.
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2.3 Electronics

The functions of the experiment electronics are shown schematically in Figure 9 and,
starting with the detectors and proceeding through to the spacecraft interface, the
functions are briefly described below.

In each detector element, the high voltage units (HV) associated with a group of
photomultipliers (PM) may be switched on and off under relay command control.

In the upper detector D1 ten PMs are grouped together and two fast timing signals are
derived from each group, one, Dry, being an input to the time-of-flight (TOF) discrimi-
nator, the other, Dps, being an input to the pulse shape discriminator (PSD). These are
both located together with their associated time-to-digital converter (TDC) in the
analogue electronics unit. In the lower detector D2 a fast timing signal, Dy, is de-
rived from each sodium iodide cell (each with 7 PMs) for TOF purposes.

A slow signal, obtained from a dynode of every PM of the D1 and D2 detectors (218 in
total), is routed to the analogue electronics for pulse height analysis (PHA) and cell
identification (ID).

A gamma ray event is initially selected according to coarse criteria established on
the pulse heights of signals from D1 and D2, TOF, the absence of a veto signal (V) from
all anticoincidence domes and provided no preceding interaction has deposited a large
amount of energy in the triggered cell (overloads). If the initial event selection logic
is satisfied, a series of actions are initiated: 1) PHA of the eight identified PMs of
D1 and D2, plus the sum of the seven D2 PMs; 2) TDC of TOF and PSD; 3) the triggering
of the digital electronics; and 4) the sampling of the event time.

BETECTORS ANALOGUE ELEC TRONICS DIGITAL ELECTRONICS RIU
L\moz 2LPM 3Hv]-v PHA+1D Upper det. b EXPhs Sequencer e
GRC"’—I l__p3A Uverload-upper det. Event timing Main
¥ & calib. event
. . " - 2 i Tel t
120 Liguid Scint.  [#120 Lg —{ (—#{ 8PHA4 ID Lower det. e e R
cells 174y T‘?. ETU Overload-1 det 24ix8bit words
120 PM e verload-lower det. Sinat Event per cwvent
Selection
12RC -] L—-OIBA TOF -TDC test:PHA D1
F: PHA D2
[vetoz 2¢hm v Jow PSD -TDC F— 5l e b
Ly
QRC-O—’ L——#BA Triggers THA Di/PHA D2 trame {64 msi
_fInitial Event Busy -
4V Selection: ¥ Burst detector
Y-event Veto Calib. & XY-burst
FHA D3 4 spectral buffering
P 16kbits
LSOE?‘&‘S“PM ZHVI.“‘& CT . TS? ” '—I ([.‘al Tve'nt process
Overlcads p o B e subcomm,
WRC »J L—oga cal.event - SR Telemetry
. {1)01.D2.C,. ¥ {8k, birel
(ii)p1.¢c.,.V
(11i)D2.C0.¥ singles & coinc. 1'% 5 pie
rates,multiplexing words /[
Veto 3 24PM 34V Y subcomm.& scaling 32 | major
frame
i i §
LRC I | L-»3,A Singles ;‘::::alm Analogue H/K multi a4 37
H ki 3 B, A-ed Plexing, subcomm. & } ""'SSEC
14 Sodium lodide - ~—w{Cal. & 7-burst PHA |— @monitoring LeRetion
14x7PM  WHY o= 14 TL 61 Relay command B e v
4, RC - interface tbit serial Command
]5RC £ i ! s 22A command interface _1 Subsystem
Power supplies g
[\ieto& JLPM 3HUI”'\" distribution sl 4RC ]
T | T 64RC
I_. Power
4RC 3A 4RC 6a 2847V Subsystem
Legend:
A Analogue monitors DF’S Pulse shape discriminator

DTU Timing discriminator of upper(lower) detector
C-I- Calibration trigger LS Linear signals
RC Relay commands V Veto signals

Fig. 9: Electronics Block Diagram.
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The digital outputs of the analysis and the conversions are further checked against
upper and lower limits, which are stored in the final gamma event selection logic via
serial telecommands. The data are stored in the event buffer, with those events satis-
fying thé final selection criteria having first priority and those failing one
or more criteria having second priority for transmission through the telemetry.

The data from calibration events triggering D1 and D2 simultaneously are routed to the
event buffer and transmitted through the telemetry as pseudo gamma events with third
priority. 24 x 8 bit words are required per event message and one read out per minor
frame (~ every 64 ms) is required. The effective maximum count rate of about 16 per sec
is adequate for the expected gamma rate throughout the usefuyl part of the orbit with a
sufficient number of priority 2 and 3 events.

Rapid changes in counting rate, signifying possible gamma burst or solar flare events
are detected within the digital electronics. Then, using a dedicated PHA, spectra from
the sodium iodide cells are rapidly accumulated in a 16 K bit store for subsequent trans-
mission using 1 x 8 bit wordsper minor frame (~ every 64 ms). To provide a diagnostic
tool, the same PHA and 16 K bit store are used for full calibration spectral analysis
of a selected PM.

Using a 6 K bit store, the average pulse height from every PM is continuously de-
termined and transmitted at a slow rate, for additional routine monitoring. Single and
coincidence counting rates required for scientific and housekeeping purposes, analogque
housekeeping (voltage monitors, temperatures) in digital form and command monitoring
require transmission through subcomm. telemetry with a total of 81 subcomm. channels
required. The available 64 relay commands and 8 x 16 bit serial commands from one RIU
are adequate for experiment control.

An estimate of the power requirement of the whole experiment has been made and with
power supply converter losses taken into account shows that 100 watts are required.

2.4 Mechanical Design

The mechanical design of the telescepe is illustrated im the drawings of Figure 10.
The upper and Tower detectors are mechanically separated with each detector being
mounted directly on the base plate of the spacecraft (S<C.})-

In the case of the upper detector, the liquid scintillater cell assembly 1is about
0.94 m x 1.22 m and fits with the charged particle shields inside the prescribed 1.7 m
diameter. Each self-contained module (cell and PMT with associated circuitry) is held
in position by truss-type beams, one on either side of each row of cell arrays. There 1is
an additional similar truss beam through the center of the entire assembly, and two
more beams to complete the sides of the assembly. The structural beams are angled away
to avoid obscuration and scattering effects of gamma rays emtering the scintillator cells
within the opening angle of the telescope. A structural analysis by a subcontractor has
indicated that the proposed design will have an adequate safety nargin to survive exno-
sure to the spacecraft environment.

The scintiilating liguid will be contained in vessels especially designed to meet
the 5.C. mechanical specifications. Preliminary design considerations confirm that an
adequate safety margin could be met by using a cell which is a dip-brazed integral
assembly of aluminum plate stock 0.16 cm in thickness (Fig. 10). (Needle valves are
used for venting and filling.) However, in the design development phase alternative
methods of construction will also be evaluated. The machined opening for the PMT can be
seen to be fitted with an O-ring of Viton A, against which 2 alass window is held in
place by a threaded ring. This single cell concept is tentatively chosen to minimize the
possibility of leakage of the scintillation liquid. The expansion chamber on the
scintillator cell provides for the differential expansion of the aluminum shell and the
NEZ213 Tiquid by means of a metal bellows integrally brazed into the cell adequate for
the specified temperature range. Further details on the mechanical design of the upper
detector can be found in the A.S.E. subcontract proposal (ASE-4245-1, 1973)
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In the lower detector the 14 Poliscin blocks are mounted on a ground plate of 1.50 m
diameter in such a way that each biock with its seven photomuitipliers can be taken
off as a Unit without uncoupling the PM tubes and the associated electronics. The around
plate is directly connected to the plate of the S.C. The two anticoincidence charged
particle domes are designed to fit inside a diameter of 1.63 m.

A1l four domes will be tested extensively both for light collection efficiency and
capability to withstand mechanical vibration which could possibly produce crazing.
A preliminary mechanical analysis indicates that the design of the assembly is adequate
to withstand the expected loads on the spacecraft. The domes for the lower detector are
circular in cross-section; whereas for the upper detector they are rectangular to re-
duce weight.

The experiment electronics will be contained in boxes placed on the base plate below
the lower detector. The overall height of the experiment is 2.50 m and the estimated
weight is 1.350 kg (upper detector: 480 kg including structure; lower detector: 750 kg
electronics: 30 kg; harness: 90 kg).

3. Instrument Performance

3.1 Requirements and Detector Performance

In order to achieve the scientific objectives of this experiment, the Compton
telescope must have as a minimum the following capabilities:

1) The time-of-flight must be measured to provide directional information and
reduce the detector background.

2) To reduce the neutron induced background, the capability must exist in the upper
detector cells to separate neutrons from gamma rays. This is accomplished by pulse
shape discrimination (PSD).

3) Individual Compton interactions must be located to an accuracy sufficient to
achieve a 39 angular resolution.

4) The telescope must absorb as completely as possible the scattered gamma ray
and the individual elements must have the best possible energy resolution.

5) The upper and lower detector assemblies must be completely surrounded by an
effective particle anticoincidence shield to eliminate the charged particle
background.

The proposed detector achieves these capabilities in the following way.

Time-of-flight-measurement

The time-of-flight (TOF) measurement rejects those events which make the first Compton
interaction in the lower detector and then scatter  into the upper one and gamma cas-
cades originating in the S.C. Figure 11 shows an actual TOF distribution observed in the
1977 balloon flight at 3.5 g/cm?. It is clear that the TOF system achieved the required
separation.

Pulse-shape measurement

The purpose of the pulse-shape measurement in the upper detector is to reject neutron
induced events. This necessity for pulse-shape discrimination requires the selection
of a liquid scintillator (i.e. NE 213, which has excellent pulse-shape properties),
because plastic scintillators cannot be used for PSD. Neutrons can simulate Compton
scattering events if they undergo reactions of the type (n,n'yy or (n,xy) with the carbon
in the upper detector (x is a charged particle e.g. proton or a-particle). When the
pulse in the upper detector is produced by a proton or heavier particle, it can be
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. ; : ; ; distinguished from electrons in Compton

i S i events by PSD. Figure 12 demonstrates

1 clearly how gamma and neutron induced
events can be separated by this means.
For electron energy losses abcve 1 MeV
the neutron rejection is better than
99%. It falls to 94% between 100-200 keV.
If neither the particle n' nor x pro-
duces a signal in the upper detector
but the gamma ray makes a real double

2L p—— scattering, then the resulting event
B TP cannot be distinguished from a real
e 5 gamma ray event. These events have to be
i tolerated and produce an intrinsic de-
Fig. 11: Actual TOF distribution scaled to tector line at 4.4 MeV.( ¢ ausp )
1.5 m separation. It should be emphasised that deter-

mination of the diffuse cosmic gamma
ray component is impossible without

counting roh pee shsnnel

4 B % E & B o = 2 H

-

PSD on the upper detector (see page 19).

The pulse shape measurement in the lower de- 35000 F g ' ]
tector is performed in order to recognise fi=ioys
pile-up effects resulting from high counting —— |
rates and the long decay time (~ 200 ns) in :
the Nal. _
& 25000 |- e
z
Location of the scattering process z
& 20000 F .
In order to achieve an angular resolution E
for the Compton telescope of ~ 39, the z 15000 [ .
locationt of the scattering points has to g
be determined more accurately than in the 10000 | -
case of the MPI-ballcon experiment, where the L L neutrons
accuracy i; determined by cell sizes of 5000 |- {Lh ~ 4
15 x 15 cmé. JHIr HlHu“H g
For the upper detector the improvement is L e == e
achieved By using smaller cell sizes b , . . ol
(6 x 6 cm®)., In the Tower detector the im- e e nonuezfis -
provement is achieved by applying the prin-
ciple cf the Anger camera. The size and
shape of the Tower detector elements repre- Fig. 12: Separation between gamma ray
sent the bhest choice between electronic and neutron events in the upber
complexity, mechanical design considerations, detector by PSD (Eé = 1-2 Mel).

total absorption and spatial resolution. The

location of the scattering point within the

Nal-block (28 cm diameter) is derived from the relative pulse heights of the seven PM's.
The accuracy that can be obtained is shown in Figure 13. The 1-sigma uncertainty of

the trus scattering point was determined from laboratory measurements at 0.662 MeY on

a 20 cm diameter crystal of the same thickness (Gumplinger, 1978). These values werse
multiplied by a factor of 1.4 for the 28 cm crystal. At higher energies the spatial re-
sclution improves rapidly but is limited by the spread due to multiple scattering of the
infalling gamma ray in the Nal-block. This was confirmed by computer simulations (Mit-
chell, 1977).

Energy resolution of the scintillation detectors

The energy and angular resolution of the Compton telescope are both determined by
the energy resolutions of the upper and lower detectors. These are known from laboratory
measurements. For a broad parallel beam of infalling 4.41 Me¥ gamma rays the measured
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= s SRR | et energy resolution of a prototype cell
= : 1 in the upper detector is 9.2% for a

= 4r. ] 3 MeV energy loss (see Figure 14).

2 3F N\ : £ For the Nal detector the resolution is
¢ ; \\““whhhh_ | 10.4% FWHM at 662 keV.

g LR o o

T 1t ] Anticoincidence shield

B e e e Experience with similar anti-

: — Ey [MeV] coincidence counters on previous

balloon experiments has shown that
_ the required efficiency of 99.9% can
Fig. 13: lo-spatial resolution of the easily be achieved.

lower detector.
NEZ2I3 Erergy Distributian

3001

3.2 Derived Properties of the Telescope

250

Results from several balloon flights have
shown that the performance of a Compton tele- 0
scope can Le accurately predicted from the known
characteristics of the individual detector ele-
ments. The powerful aspect of the proposed
Compton telescope is its imaging properties. For 100k
each specific investigation (e.g. diffuse cosmic,
point sources, etc.) the best combination of
efficiency, energy resolution, angular resolu-
tion and, as a result, overall sensitivity can . \
be chosen at the stage of data analysis by N TR R
applying the appropriate selection criteria to Erergy (Mev)
the gamma ray events. In the following sections
the performance parameters are derived for a Fig. 14: Energy resoluticn of an upper
typical set of selection criteria. detector cell at Eé = 3 MeV,

1S0F
F¥HM:=95 %

Relative Scale

Angular resolution

Figure 8 iilustrates the reconstruction of the direction of gamma rays in the plane
defined by the primary and scattered gamma ray (y,y'). The projection of the measured
direction of y (AB) on the sky is S'. The angular resolution, being the uncertainty
(chﬁ in the derived angle SAS' is composed of two uncertainties: 1) G5, the uncertainty
in"AB, defined by the combined spatial resolutions in A and B (in the same plane) and
their separation d; 2) c.., the uncertainty in the measured angle ¢, defined by ,the

~ = Tii+4 3 a"d i t o 2 = 2+ a 2 The
energy resolution in A and B. Because o and ¢ are independent, g Cg EC - -
probability distribution for the true positionof S forms m anulus of the sky (event circle)

centered on S*, radius ¢ and a width defined by T B Owitals. ap Do
Using the Compton scattering formula, ! '
L .
2 _ 1 [ mc2 mc2 2 msz 2
9 = a7 W= ) % g % 1T
- (sin o) EY' EY v EY' e’

where Cp and O , represent the 1-o energy resolution in B and A, respectively.
‘] 'e
It should be noted that op is not very dependent on .

The spatial resolution in B ( og) 1is given in Figure 13. The uniform distribution of
the scatter point A in the 6 cm cells may be approximated by a gaussian distribution
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with op = 2.0 cm. Hence,

The resulting values of o5, O and o, averaged over the distribution of scatter angles,
are given in Figure 15. @
These are confirmed by a Monte Carlo calculation,

B R in which all possible interaction processes of

- - the infalling and scattered gamma rays (photo-
R\ T effect, Compton effect, pair production) and of
the secondary electrons and positrons (ioniza-
9% . tion, Coulomb scattering, bremsstrahlung, anni-
hilation) were taken into account. In addition,
the statistical fluctuations of the pulse height
measurements with photomulitipliers were also in-
cluded.

2Ll Loy - Figure 16 shows the results of the simula-
o051 oy ¥ tion of monoenergetic celestial gamma ray scures
¥ of 5 MeV. In Fig. 16 the telescope axis was
pointed at {0°,00). For each bin the number of
. . . event circle intersections n; was determinea.
bads 183 Jgular WESOlULTON. (FBN) The bins with n; = 1/2 npay and nj = 1/10 npax
o “hie: propased: Lompion are marked differently (nmax is the largest

telescope. number of intersections per bin).
og : contribution from spa-

tial resolution
op : contribution from energy

~
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Fig. 16: Resolution of the telescope "
obtained from a Monte Carlo =
simulation of a 5 MeV cele- Rl
stial gamma ray source. = {4 ¢ .
(a) and (b) are for the pro- e e e
posed Compton telescope, (c) Nl P
is for the MPI-balloon tele- ol o T T“T“%”#'i"*
scope. (In each case 200 P T RS R e

events were simulated.)
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For Figure 16a the source was assumed to be at (10°, 0%) and for Figure 16b, two
sources of equal intensity were taken at (09, 150) and (00, 200). It is clear that the
proposed telescope can resolve the two sources at a separation of 5°.

In order to demonstrate the improved angular resolution obtained in the proposed
telescope, the same calculations have also been performed for the MPI-balloon experiment
(upper and lower detector elements: 15 x 15 cmZ, separation: 1.2 m) and are shown in
Figure l6c. The improvement with the proposed detector at 5 MeV is nearly a factor of 4.

Energy resolution

The energy resolution of the telescope is determined by the resolution of both de-
tectors. Figure 17a shows the energy spectrum obtained with the MPI-balloon experiment
from a Na24-gamma ray source (1.35 MeV and 2.75 MeV) above the telescope axis if all
triggered events are accepted. In the
case of an astronomical object the
Compton tail of the gamma ray line .34 AV
can be practically suppressed if only

L 300 - 60 F
/ents within 2 o of the source are
accepted (the blatk bins in Fig. 16). v s
This is due to the fact that only to- . § 935y hes § T 2,78

taily absorbed events are inside the
resolution element. Figure 17b shows
the result of a Monte Carlo simulation
in which the energy spectrum from a
monoenergetic celestial gamma ray
source at 2.75 MeV was determined. The
resolution (FWHM) at 2.75 MeV 1is 8%.

200

ﬂ

100+ r,r‘f

Lo r

20 -

—= events per energy intervall
—= events per energy intervall

50+ L~ 10}
Sensitive area J . L ]
Figure 18a and b give the sensi- ¢ T 2 3 RiM oo 12 3 bylMe
tive area and geometrical factors
as a function of energy calcu- Fig. 17: Energy resolution of the MPI-balloon tele-
lated with the same Monte Carlo scope. (a): measured Nal%-spectrum, all
program (see section 3.2: angu- events are accepted. (b): 2.75 MeV-Tine
lar resolution). These data re- profile from a simulated astronomical object
2r only to totally absorbed if only events inside the angular resolution
events, for which the correct element of the source are accepted.
directional assignment is ob-
tained. The wide effective field
of view is clearly illustrated
in Fig. 18c.
= W prrrr—— ey 3 T AL —e , ,
£ F 0° E T = £7¢ Ey=5MeV
= R SN £s t 3 i S
g /‘/‘l \E\\ EFE‘ :r §\H\.
£ £E of 3
e e R O S Sy 620 W L0
Evy [Hevl 1 £y Mev) 10 INCLINATION ANGLE (®)
Fig. 18a: Sensitive area  18b: Effective geome- 18c: Sensitive area at 5 MeV
for vertical trical factor. as a function of off-axis

incidence. angle.
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If the infalling gamma radiation from an astronomical object is linearly polarized.
the scattered gamma ray will be found in the lower detector preferentially in the plane
which is perpendicular to the vector of polarization. In Figure 19 the ratio P,/P, is
plotted as a function of energy for three different scattering angles: ¢ = 20°, 300 and

40°. (P, and P, are the probabilities of being scattered perpendicular or parallel to the
vector of polarization.)

10

Fig.
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‘=309
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19: Intensity ratio P, /P,
for Tineariy polarized
infalling gamma radi-
ation derived from the
Klein-Nishina formula.

Background radiation

The sensitivity of the Compton telescope to be flown
on the GRO satellite is critically dependent upon the
background produced by the environmental radiation. The
individual contributions to the background counting
rates are analyzed in detail in the following sections:

- 1. Gamma rays from the S.C. structure and adjacent
experiments

a) Double scattering events:

Background gamma rays that scatter from the lower

to the upper detector are rejected by the TOF
measurement. Since the radiation from the surrounding
masses are all outside a cone of half angle 80°
centered on the telescope axis, double scattering
events caused by these background gamma rays are re-
Jected by the usual event selection criteria.

b) Chance coincidences:

From the individual count rate spectra of the upper
and lower detectors the spectrum of the chance co-
incidence rate can be caiculated. The count rate

spectrum in the Nal detecter is estimated from measurements aboard Apollo 15 (inter-

planetary space) and aboard 0S0-1 (an orbit simiiar to the GRO orbit) (Peterson, 1965,

1975). As shown in Figure 20, the count rate spectrum in the earth orbit is a factor of
below that in interplanetary space. The gamma ray spectrum measured on Apollo 15 was

found tc be quite similar to that on a typical

balloon flight. In the upper detector the count

rate spectrum cbtained from balloon measure-

ments with the MPI Compton telescope was reduced

= . T A= TR i | FERNE O S TR I
by the same factor of 3 to obtain the expected \ GRO [ cnﬁunarspace i
count rate spectrum for the upper detector in the % NaJs Apollo15,inboard
GRO orbit. 10 b N A -~ N
O F \ 3
3 . \\ * Atmospheric
= b . 35gcm2
s v Liqu. \
o~ - o X \ A= 40"
E Scint. ¥
(3] = AN
= \
%) \
—01 \
z -
= 3 \
D =
Q 3
Fig. 20: Comparison of gamma ray count rates
of a Nal-crystal on Apollo 15, at 0.0 e gl v
balloon altitudes and on GRO, and the 0.1 1.0 10
estimated count rate of the liquid ENERGY, MeV

scintillator on GRO.
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The resulting count rate spectra are then:
upper detector: « E'1-46, integral E = 50 keV: 4.1 x 103 cts/s
lower detector: a:E'l'?l, integral E = 500 keV: 4.3 X 103 cts/s

Applying the event selection criteria the resulting energy distribution of the chance
coincidence rate is:

" Energy interval (MeV) 1-2 2-3 3-5 5-10 10-30

Chance coincidence 3.3 %10 3.9%}7.7 %417 % 25 %
rate (% of diffuse
cosmic gamma ray rate)

The actual contribution from chance coincidence will be very accurately determined from
the measured TOF distributions.

c) Cascade gamma rays:

If a single nucleus emits simultaneously more than cne gamma photon, the upper and lower
detectors could be triggered by single interactions. The time difference between the
triggerings depends upon the poc1+1on of the rad1at1n9 mater1a1 The most intensive of
the cascade gamma rays are produced in the reaction 27A1 (n,a) Na 2% which yields two
gammas at 1.37 and 2.75 MeV. The estimated contribution from this process in the S.C.
~and neighbouring experiments is small because of the TOF requirement and of the small
solid angle subtended by the telescope. More important is the activation in the Compton
telescope structure itself which will be discussed in 3c.

Neutron induced reactions in the detector
a) Continuum gamma ray spectrum:

Reactions of the type (n, n'y) and (n,xy) in the upper scintillator have been considered
by Daugherty and Schonfelder (1977) to determine the Compton telescope background in a
balloon flight envirconment. The neutron flux on GRO at the upper detector (estimated

from Apollo-Soyuz ASTP measurements) is 1 n/cmZ s above 20 MeV (10 x the atomospheric
value) and 0.5 n/cmé s for 1-20 MeV (2.2 x the atmospheric value). These are conservative
neutron flux values.

The resulting background gamma ray rate on GRO relative to the diffuse cosmic rate
before and after application of pulse shape discrimination is:

Energy interval (MeV) 1.5-2.0 2-3 3-5 5-10

neutron induced rate 80 % 170 % } 440 % | 2000 %
(before PSD)

rejection probability 0.90 0.95 0.98 0.995
of PSD

neutron induced rate 8.0 % 8.5% §8.8% } 10.0 %

(after PSD)
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b) Neutron induced gamma ray lines:

The reaction 12 (n,n'y) cl2 produces the 4.43 MeV gamma ray line in the upper de-
tector as discussed in section 3.1 on pulse shape discrimination. In addition,
thermal neutrons produce a gamma ray line at 2.23 MeV via the reaction H! (n,y) H®.

From the balloon flights with the MPI Compton telescope upper limits for the line
fluxes were derived at balloon altitudes and an estimate for GRO was made using the
higher neutron fluxes in orbit.

. Activation gamma rays
a) Activaticn in the lower detector (Nal):
The TOF system rejects gamma rays from the lower detector.

b) Activation in the upper detector (1liquid scintillator):

Two proton induced activations dominate:
c12(p,pnycll 20:3 m, g1l 4 g*(E = 0.96 Mev), (8" + g = 2 ).

c1?(p,pan)ct012:8 5510 | gt(g = 1,87 Mev) + y (0.717 MeV), (8" + B =2 y).

The event selection criteria will reject gamma ray events caused by the first
reaction, whereas the second reaction presents no problem because of the short half-
life and small cross-section.

c) Activation in structure close to the upper detector:

The mass of the Al structure surrounding the upper detector is ~ 90 kg, of which ~ 3 kg
are in the field of view of the telescope. The neutron reactions producing gamma rays

that have been considered are: thermal neutron capture, inelastic neutron scattering,
(n,p) and (n,y) reactions with subsequent decay of the produced nuclides.

Cross sections for these reactions have been compiled by foung and Foster (1872).
The thermal neutron filux in the S.C. 15 estimated to be 0.5 n/cm%s and the flux
between ~ 3 and 25 MeV is ~ 0.5 n/cms. It must be noted that for single photon emnig-
sion only the mass of Al in the f1e1d of view contributes to the background rate,
whereas for cascade emission (Na24) the total mass around the detector can cause
triggers as described in the section on cascade gamma rays. The expected background
fluxes from these processes are included in Figure 6, which was presented in the
section on scientific objectives. This neutron induced background in orbit will be
accurately determined with the experience gained from pre-launch calibrations at
accelerators, neutron intensity measurements in orbit and theoretical model calcu-
lations.

A summary of all background contributions is shown in Figure 6. The diffuse cosmic
gamma ray spectrum was taken from Schonfeider (1977). The counting rates in the upper
and Tower detectors and the anticoincidence shields have also been calculated using
estimated proton fiuxes of 1/cmés and secondary electron fiuxes (produced in sateilite
mass) of 1/cmés and the above quoted neutron fluxes. The rates are typically
20 000 counts/s.
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3.3 Detection Sensitivity and Expected Results

Using the derived telescope properties the sensitivity for the detection of point
sources and for extended features Tike the galactic plane, can be calculated in a straight
forward manner. Appendix I gives a detailed account of the parameters affecting these
sensitivities. In the calculation it was estimated that for a fixed pointing of the S.C.
only 50% observation time remains as a result of earth occultation and passage through
the radiation belts. Results are summarized in the table on page 22.

The power of the proposed instrument is further illustrated in Figures 1, 3 and 7

which show typical sen31t1V1t1es in comparison with reported intensities and current
predictions.

It is appropriate to underline the following points:

1. Accurate spectral data will become available for all sources down to the quoted sensi-
tivity limits.

2. In the particular case of pulsars, provided the period is well known, even better
sensitivity will be obtained depending on the pulsar duty cycle.

3. Sources above the sensitivity limit can be effectively studied for possible time
variability. For instance, variability at a level of about 10% of the Crab intensity
on a time scale of a day cannot escape detection. The suggesbion that the apparently
high fluxes reported in this energy range may, at least in sone cases, reflect time
variability, can easily be checked down to a timescale of 103s.

4, Point sources detected at the 5-0 Timit will be located within a 90% confidence
level error radius of 30 arc min and proportionally better for stronger sources. This
will provide a strong basis for establishing identification on positional grounds
with e.g. hard X- or high energy gamma ray sources.

5. The determination of the absclute spectrum of the diffuse cosmic gamma ray spectrum
requires a final correction for instrumental backgrcund. The instrument itself pro-
vides the data to make this correction accurately. The time-of-flight and pulse shape
spectra accumuiated from all detected events give fuil information on the remaining
number of background events after the event selection criteria have been appiied
(see Figure 11). In addition, the pulse shape measurement allows one to specifically
investigate the effects caused by neutron interactions in the upper detector. This,
combined with the foreseen calibration of the detector in neutron beams, also pro-
vides a firm basis for the corrections required for other neutron reactions. Finally,
any instrumental background carries a clear signature, namely its dependence on geo-
magnetic latitude. The validity of the correction procedure may thus be confirmed
by the absence of similar variability in the derived cosmic fiux. Therefore, the
accuracy of the measurement of the diffuse cosmic flux will reach the experiment
calibration accuracy, for which a 10% level is obtainable. The pronosod experiment
will give a definite answer whether the excess in the MeV-range is indeed of cosmic
origin.

4. Qbservation Programme

With the proposed instrument a complete sky survey to the quoted sensitivity level
could be achieved with 24 pointings of one menth duration each. The scientific objectives
illustrate the importance of detailed investigations of the following objects and
regions: high energy gamma ray sources, bright or hard X-ray sources, specific extra-
galactic sources, the galactic plane, high galactic latitude regions and the sun. In
general, all these objects will be of equal interest to other experiments on board GRO.

It is premature to assign priorities to specific observations although an early survey
of the galactic plane, lasting say 2 months, could be beneficial in maximizing the total
scientific return from the mission.
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It has been earlier noticed that the pointing mode of operation results in a loss
of observation time due to earth occultation. It may be suggested to investigate the
possibility of an anti-earth scanning mode of operation. This would result in increased
observation time and in a more uniform sky coverage.

5. Calibration and Data Analysis

Comprehensive pre-launch calibrations will be performed in order to determine the.sen-
sitive area of the Compton telescope and its angular and energy resolution. The entire
energy range of the telescope can be covered using radioactive gamma ray sources and gamma

ray lines from proton-induced de-excitation reactions. The table lists the easily available
energies.

Source Energy (MeV)
Mn% 0.835
o0 117 ‘1,33
Nalt 1.35, 2.75
Am24/pe? 4.4
F19(p,y)Ne20 6.1, (7.1)*F
Bl1l(p,y)cl2 12.1, 16.1
Li7(p,y)Be8 17.6, (14.7)%
T(p,y)He? 19.8 )
oy Piss

g(.
- significantly weaker accompanying line.

The calibration results will be cross checked against and supplemented by detailed
Monte Carlo simulations. Further the response of the telescope to background radiation
will be investigated at proton and neutron beams.

Data analysis

The comprehensive evaluation of the Comptel data requires a sophisticated approach.
Overall management of the data analysis will be exercised throughout the programme. An
even distribution of software and data analysis tasks will be made, based on well de-
fined interfaces between the institutes. The timely software development, qualified
througn the analysis of simulated and calibration data, will safeguard full hardware
and software compatibility.

On orbit data reduction tasks amount to assessment of scientific and technical per-
formance and final anaiysis of the flight data.

Great value is seen in implementing a selection of programmes used in the final
analysis in a system to which a meaningful sample (10-30%) of the data can be made
available within a relatively short time (~ days). Such a system may be used for
routine monitoring of the scientific performance of the experiment and provides the
means to keep the instrument performance at its best. In addition, the overall scienti-
fic return of the mission can be enhanced by taking into account preliminary conclusions
in planning the future observation programme and through the early anncuncement of any
significant discovery to the scientific community.
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6. Management Summary

The following is a summary of the relevant chapter which appears in the management
section of this proposal. As all team members are scientists or engineers of established
reputation, only 2 relevant bibliographical references for each are given.
Max-Planck-Institut fiir extraterrestrische Physik:

V. Schonfelder, PI, Head of Low Energy Gamma Ray Astronomy Group; cosmic ray neutrens;
gamma ray astronomy balloon experiments; responsible for the lower detector.

"Diffuse Cosmic and Atmospheric MeV Gamma Radiation from Balloon Observations",
Ap. J. 217, 306 (1977).

"The MPI Imaging Double Compton Telescope for Observations of MeV Gamma Radiation",
Proc. 12th ESLAB-Symp., ESA SP 124, 301 (1977).

F. Melzner, Staff Member; ionospheric physics, magnetospheric physics; rocket experi-
ments; GEOS; Experiment Manager.

“Instrument to Define the Drift Velocity of the Plasma, GEOS-Experiment $329", (in
German), Zeitschrift flir Flugwissenschaften 1, 303 (1977).

"The GEOS-Electron Beam Experiment S329", to be published in Space Science Instr. (1978).

G. Kanbach, Staff Member; neutrons; gamma rays; balloon experimentss; 0SC-7; CO0S-B;
Experiment Scientist.

"Support for CRAND Theory from Measurements cof Earth Albedo Neutrons between 70 and
250 MeV", J.G.R. 79, 5159 (1974).

"COS-B Results on a Search for Pulsed Gamma Ray Emission from Radio Pulsars",
ESA SP 124 (1877).

Cosmic Ray Working Group, Leiden University:

B.N. Swanenburg, Co-PI, Director CRWG; X- and gamma rays; cosmic rays; balloon and
rocket experiments in X-ray astronomy; 0GO-5 and COS-B; responsible for anaiogue
electronics; Experiment Manager.

"Energy Dependent Time Lag in the Long-Term Modulation of Cosmic Rays", J.G.R.
iol. 78, No. 1, 292 (1973).

"New High Energy Gamma Ray Sources Observed by COS-B", Nature 269, 494 (1977).
W. Hermsen, Staff Scientist; gamma ray astronomy; COS-B; Experiment Scientist.

"C0S-B Observations of Pulsed Gamma Ray Emission from PSR 0531+21 and PSR 0833-45",
Astron. Astrophys. €1, 279 (1977).

"New High Energy Gamma Ray Sources Observed by C0S-B", Nature 269, 494 (1977).

J.A.M. Bleeker, Staff Scientist; balloon and rocket experiments in X-ray astronomy;
EXOSAT co-experimenter; Support to Experiment Manager.

"The Diffuse Soft X-Ray Sky", Space Science Reviews, Vol. 20, No. 6, 815 (1977).

"Soft X-Ray Spectra of the Cygnus Loop and Cygnus X-2 in the Energy Range 0.16-6.7 keV",
Ap. J. 178, 377 (1972).

A.J.M. Deerenberg, Staff Scientist; balloon and rocket experiments; X-ray astronomy;
Support to Experiment Manager.

"Soft X-Ray Spectra of the Cygnus Loop and Cygnus X-2 in the Energy Range 0.16-6.7 keV",
Ap. J. 178, 377 (1972).

"Features in the Brightness Distribution and Spectra of the Soft X-Ray Background",
Astron. Astrophys. 48, 235 (1976).
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University of New Hampshire Personnel:

J.A. Lockwood, Co-PI; Professor of Physics; galactic coesmic rays; atmospheric neutrons
and gamma rays; Investigator on AF Discoverer satellites and 0G0-6; responsible for
upper detector assembly.

"Energy Spectrum and Flux of High Energy Neutrons at Balloon Altitudes™, J.G.R. 81,
6211 (1976).

"Flux and Energy Spectrum of Atmospheric Neutrons and Gamma Rays", to be published
in J.G.R. (1978).

W.R. Webber, Professor of Physics; gamma rays and X-rays; galactic and solar cosmic
rays; Investigator on 0G0-2 and 4; Pioneer 8, 9, 10, 11; Voyager 77; responsible for
.charged particle shield design and construction for upper detector assembly; Experiment
Scientist.

"Pioneer 10 Measurements of the Differential and Integral Cosmic Ray Gradient between
1 and 3 Astronomical Units", Ap. J. 185 (1973).

"Hard X-Ray Spectra of Galactic Sources", 14th Intern. Cosmic Ray Conf., Munich (1975).

L.A. Frieling, Engineer/Pyhsicist; Engineer for rocket and balloon payloads for neutron
and gamma ray detectors 19€3-1977; chief project engineer (Experiment Manager) for '
the upper detector assembly. (See publication listed under J.A. Lockwood)

Space Sﬁience Department of ESA:

B.G. Taylor, Co-PI; Head of High Energy Astrophysics Division; gamma ray astronomy;
cosmic rays; X-ray astronomy; Experimenter on 0G0O-5; HE0S-1/2 and C0S-B; Payload
Manager of EXOSAT; responsible for digital electronics and EGSE.

“COS-B Experiment for Gamma Ray Astronomy", Space Sci. Instr. 1, 245 (1975).
"Preliminary Results from COS-B", NASA CP002 (1976).

K. Bennett, Staff Scientist; gamma ray astronomy; balloon payloads; C0S-B; Experiment
Manager.

“A Drift Chamber Detector for Gamma Ray Astronomy", Nucl. Instr. Meth. (1977).
"COS-B Observations of Galactic Gamma Ray Emission", ESA SP 124, 83 (1977).

~ D. Wills, Staff Scientist; gamma ray astronomy; 0GO-5 and C0S-B (Project Scientist
«ud Co-Tnvestigator); Experiment Scientist.

“COS-B Experiment for Gamma Ray Astronomy", Space Sci. Instr. 1, 245 (1975).

"COS-B Observations of Localised Emission in the Anti-Centre", Astron. Astrophys.
56, 461 (1977).

7. Conclusions

Gamma ray astrcncmy in the 1-30 MeV energy range is fully open for investigation
provided a low instrumental background is combined with good angular and energy reso-
lution in one instrument. The proposed experiment fulfills this requirement to the
maximum extent possible within the available technology. A1l critical aspects of the
concept and the design are proven by balloon programmes. This experiment has the potential
to provide a breakthrough in medium energy gamma ray astronomy comparable to that made
by UHURU in X-ray astronomy.
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Appendix A.1

Sensitivity calculation

The formulae used for the calculation of minimum source detectability and source
Jocation accuracy for an Imaging Compton Telescope are derived using the following
parameters:

-

m confidence level (o)
A effective sensitive area (cmz)
T effective observation time (s)
N counts due to source and background
Aw effective resolution elements (sr)
@ Compton scatter angle (rad)
o. 1-o angular resolution (rad)
® . ) -2.-1_ -1
Ic cosmic background intensity (cm "s “sr )
Ib instrumental back%round converted to the corresponding cosmic background
“intensity (cm~2s-lsr-1)
I source intensity (cm'ls_l)

I; intensity of other source (i) in field of view (cm'zs'l)
f; fraction of counts from source i contributing to background

The formulae can be applied to any energy interval, provided the parameters are
correctly averaged over the interval.

The minimum source detectability in the case of simultaneous source and background
observation is given by

I = /N (1)

in which N includes background and source counts. For any imaging detector only
background in a well defined resolution element Aw need be considered. In the case
of the Compton telescope we have

N=AT [IC(1+5) - ij Aw + AT [IS + (1+48) = f, Ii] (2)
1

The factor (1+8) accounts for the partially absorbed events. These events are not

accepted from the source, but contribute to the background. The value of § ranges

from 0.15 at 1 MeV to 0.45 at 30 MeV. The term Z fiIi reflects the background re-
i

sulting from possible nearby sources (0 = fi <1, see below).

Referring back to Figure 8 (section 2.1) it is easily understood that

Awlw =2 msing -+ Agp (3)

where A represents the effective width of the events circles. The appropriate value
for A 1S

Aw = 3.5 0 = 1.5 - FHHM (4)
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as determined from the image reconstruction in the presence of background using cross-
correlation methods. After averaging Ay over all accepted values of ¢ (within the event
selection criteria), taking the Compton scatter probability as a function of ¢ into
account, we may write

_<aw>=?nsin¢,'-cm‘ \ (5)

where ' is the effective scatter angle. The values for o. 1in eq. 5 are given in
Figure 15. The values for Aw, derived for the standard selection criteria, are given
in Figure A.1.

A fraction f; of gamma rays from any other

_ source in the field of view cannot be distrin-
1 guished from the real source counts. For totally
3 ® unresolved sources f; = 1. However, f; drops
Bw=2msINGe> - 8¢ rapidly to values <0.1 at separations »5 o,.
Therefore in most practical cases the contribu-
tion of ¢ fiI; to the outcome of eq. 2 is negli-
gible. This fact is illustrated in Figure 16, ‘which
clearly indicates that sources of comparable in-
tensity will still be resolved if their separation
is 2-3 0. Therefore

1 =m/[10(1+5)+1b]<gw> + 1
3 AT

T 1T TTTT

Lo

=
l[llr[lI
L1l

RESOLUTION ELEMENT Aw (sr)

(6)

[
g

Ey (MeV)

Points on the event circles nearest the true source
position obey a two-dimensional gaussian distri-
bution defined by o = 0. - The 90% confidence error
radius for the derived source position is then

15
palld g (7)

Fig. A.1: Effective resolution
element (eq. 5).

For the detectability of extended one-dimensional sources (e.g. galactic plane) of
length A1 one substitutes in eq. 6

(bw) =7 msing' oy (1+ %%é%l— (8)

Linear polarization of gamma rays from a point source will produce a deviation from
rotational symmetry of the scattered gamma ray directions (S' in Figure 8). The magni-
tude depends on energy and scatter angle (Figure 19). Using these data, averaged within
the standard event selection criteria, gives a value of 5% for the detection efficiency
of polarization in the energy range 1-5 MeV. Polarized radiation may thus be detected

at a level
[ __m V/TH41+5)+-Ib]( Aw) 415 ‘

The average exposure ( AT ) for any point in the sky obtained with approximately
uniform exposure over a sky element ' in a time period T', is given by

(AT)=Rol.
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where A w is the effective geometrical factor (Figure 18). A full sky coverage in
two years wiil result in detection 1imits at any point in the sky similar to those
obtained after a 1 month pointing. _
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