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Abstract - Thiv paper deseribes a nnssion to finalise the dovdlopment ot a modudar ann-
coincidence svstem with relevance across a wide ranee of space-borse hard X-ray and
vaminia-ray mstrumientation. The addition of a smadf derector array based on the sam
rechnology constiteres an istrument which swill be able 1o provide vood qualinn spectroscop
and detect polarisation in astronomical gamma-ray ennssions, Botd primary derecior wnd
anti-coincidence svstem are based on a number of smalll rolatively fovw-cost OshiTh.
photodiode elements and some BGO-photodiode clements alfowing a direct comparizon
benveen borh ervsial marerials. CsliTh-photodiode  svsioms showdd ofter bordy von cond
pertormance benefits over the current stiandard BGO-PMT or ColiTH-PMT csienis

1-INTRODUCTION AND BACKGROUND

The pertormance of small (tew cc) CsliTh-photodiode detectors has been esteisaivehy
evaluated and optinused over the past decade. parncutarly i connection with the imagmg
detectors tor INTEGRAL {1]. Larger vanants of these detectors ure now bemng built Tor use 1n
terrestrial nuclear phyvsics eaperiments. but the design criteria are sery diftferent trom those
space applications. Hence the design of farger volume detectors wihich would be appropriate
to the space anti-comctdence application has been fargely unstudied,

The scientitic pertormunce of un anti-comncidence svatem based on tus new technology can be
at least as good as currentiy operating and proposed syvsterms. while prosidimg w number of
techmeal advantages. The current standard anti-comerdence desien v 1o use o samnvihao
combmed with photomuluphers. in comparison. the CsICTh-photodiode detectors otfer

o rcduced power consumption

o Jower detector mass

e Jower elecromes nyiss

e lower cost

o simpler support structure sis material s not brittle or hveroscopic

o gh rehubifiny due 1o hagh degree of shield ~eamentation

o higher rehiabihty due 10 fack of HY supplies and use of proven radiation hard
senmconductor technology

e possibihity of spectioscopy with suthicient resclution

o rcduced rotl-ott etfects within the ditterent orvstals

We theretore propose 1o use the Space Station as an opportumity to study a number of noved
detector configurations in operanon i space over an eatended perrod. and crucialiy 1o be able
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to tullh characterize the muterials on thewr retm we Earth tpostthent anahvaisy, The kev results
trom such a study would be:

o compunson ¢f light collection methods in Jurge eryvstulds

o opumusation of eristul propertios tor space use ce.g. dopimg fevels of Thin the G

o opunusauen of electronies dexign to proside fasi accunie trigeer capabihty

e precise mmeasurement of the cosmic-ray Induced radianion m the scntitaior
optimisayen of photadiode struciare and pertormance

e chwuctersation of radiation diamage ertects In sembliator. photodiode and
clectronics

divect compartson with BGO orvsial behaviour intlight. postthighty

The outcome will theretore be a firm design 1or G Th-photodiode anti-comnaidence modules
which can be used 1o reduce the cost of & number of forthconing gammua-ray expermments
sigmiticantiv, while providing state-of-the-art perfermance and a proven rehabthiy, A a usetul
by-product of this experimient. the radiation environment witl be extensivety swudied during
the course of the mixaion and will provide desien input to tuture gamma-ray instrumentation
tor the Spuce Station.

2-PIMACS OBJECTIVES

The key feawure of the proposed new veto technolegy vt overcome some ot the
disudyantages which e delaved their use m spuce. and at the sume ume to provide a
modular svstem which can be reudily adapted to o number of applications. giving turther
potential benetis in terms of cost and Hiexibrhiy ot apphcation.

2.1 - Technological Objectives

The technologicul objecuves are aimed ut optimininy the modular anti-comncidence coneept.
The key requiremienis for an anti-comncidence ssstent can be detined In termis of the tollowing
Crier

11 detection etficiency

B dow energy threshold

b spectral resolution

152 DRINVTUIN Count e

V) Unung resolution for seka tag generation

H-tnh e deernimed by the guanuty of santilianon hight eenermed i the ervstal and 1he
eltiviency wath which 1t s collected an the phatadetectorsa and converted 1o an electrical
siznal The Jater two eniteria ave antiuenced pomaniy by the decay charactenisuios o1 the
scintiilator matertat and the readout electronies

OB samudlators huave an nnmedunte imtmmnsae advaniage mthat they prodoce approximiaiehy
srght mes more opical photons Tar o given energy deposit thun BGO does. However, in the
pust. ONLTH seintiators have been coupled focphatomundtiphers with very poor performancee
m the ~AN0nm reion where CSETH ennts, The advanage af the very high somnibution vieid
ob Cal T b theretore heen ahmost completeiy fost in such susieniss Uae of photodiodes
alfows the samtiiabon photons toohe converted to clectone signals with very Ingh quanim
erticieney . and socihie numper of sienad cariens generaed s much highers aftfowmg tor the nirst
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nme o realisiic possibihiv of providing moderate (- 10% at b Mel ) spectrar resclution withun
a large CsIeTh veto counter.

However. the magor ditticuliny associated with the use of photodiode readout i ihe svery fow

fovel signals which must be dealt with. Unlike s photomuliipher a phatadiode has o mtrinsi
camn. and sou b MeV energy deposit would fewd to o sigmd of only = 33000 ¢lectrons Thus the
performance of the subseguent readout electromoes chum s erineat 1t the readout nowse s o
1o dominate the overall detector pertormance  Recent miprovenients i poth photadiode and
preamplitier desien hinve indicated that the electromes s ndeed teasible i this respect. wath
prototype measurements at Kavser-Threde [2] showmg the teasibihiy of using Laree volume
CsITH-PD detectors with tiresholds ot <100 kel . In addimon, the decay nme ot OG0T
stgniticantiv longer than that tor BGO or NaltTh. which hay potennal mmpact on the

manimun rate ab which any veto could operute.

The behavior of CsHTH atterglow will be exanuned mothe space radianon enyirenmen
tfeading 10 4 reconstruction and theretore berner understanding of the actnation process in
wpace. Post flight churactenzauons of agimg procedures on the crvstall couting, the glue eie
after a long space exposure can be done extensnely feading hnally to an optimized H W wer
up. In addinon, having ditterent wizes of detectors aflows the “hight bucket” etrect onserved in
the SIGMA shield (CsHTH+PMT) 1o be better scaled,

However. the concept of constructuing a modular ACS ofters two mugor adsantages as
compared to construction from lurge semnuitlator-PMT modules: the umtorminy of performance
withm a single element 1s much better: and the impact of the loss of a ungle element w much
Jess aevere due to the high degree of segmentation.

The purpose of this experiment 1s to propose solutions ¢ the problems associated with
CsltTh-photodiode systemis. and demonstrate that they can be used successtully m the spave
environment.

2.2 - Scientific Objectives

The screnutic objectives wall be fulfilied v the use of the 76 wmuall clement Gl T
photodiode detector array mounted within the modular ant-comadence and the spectroscopic
data evaluation of the solur flares. Ax there widl be nommimie nnagmg capabnbis wathn the
imstrument. observatons are necessary himated o theswe bused on time-eszacnon ol the
stgnal. The primary scence objectives are theretore

o polunmeny of the Crab Pulsar
o burst detection, polurimetny and speciroscopy

S

o polurimetry and spectroscopy of solur thes

Iois generddhy aceepted that astronomeal gamima-nn s are pradoced svae 1) synchrotron
enussion: 1 Curvature radiation: s Cyvelotron emission: vt Bremsstrahlung radiation,
Imverse Compton scaterma, or by g combimanon of these mechunisms, Farther, it b been
shown that all these mechanismiy operaing i an envirnment. cooo near o neutron star or black
hole, wall fewd o highhy polarssed vommueray ensaon with litde or no necd tor e
spevialbised source geometry o phvsical condirons (34 As the polarisalion sigmdure of cach
production mechanism s distinet. pedarmmetric obsersations have the ahility o provide «
unigque msight ante astonomical objects where soverul models may 10 the observed data
cqually well, By o successtul wentification of the correct emiswion mechansm. mam madebs
iy be ehmumated and yvaluable mtormation can be gamed about the enussion geamers
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Gammu-rn pulsars are excellent candidates tor polarisavon studies. There are currentiv 1w o
nopes of models tor gamma-ray palsars. Polur cap models assume that particles are acceierated
along oper tield hines near the neutron star by sirong paratied efecine fietds. The primuan
particle induced electromagnetic caseades through the creation af etectron-posiiron pairs b
erher curvature raduion o mverse-Compton rdhation  gummsi-ravs, OQuter-gap models
assume that the pnimary parhicies wre accelerated along open field hines o the ounter
magnetosphere. near the null charge surtuce. where the co-rotation charge changes «ien, wnd
where strong electric Nekds may deselop. Since the magnete tields m the outer caps are too
fow 1o sustam one-photon pair production cascudes. these models rels on photon-photon pair
production of pammu-ras sonteracting wath either nonthermual XN-rav < from the eap or thernial
N-ravs trom the neatron stur surfaee. ¢ initiate patr cascades. Both models predict ghin
polurised  camma-ray emssion. up o 805 Romam & Yadwearoghn (4] computed the
polarisation angle vananon tor the Crab pulsar in trame work of the auter gap model and
tound the outcome 1s 1 gowd agreement with the polarisation sweep as observed at optical
wanelengths, Contirmation of this in gamma-rav polanmetry studhes will firmiy locate the
SUManEnN Ciisvon region i tie outer magnetosphere.,

The good spectral resolution of PINACS around 0.5 MeV will enable the meusurement of the
shapes of the Be Li hine complex (0.429. 0.478 MeV) resulung from non-thermal tusion
reactions of aecelerated ulphu particles with photospheric 'He. These line shapes are sensmne
W the angelw disimbution o the energetic alpha particies and theretore retlect their
acceleration and transport i flares. Investiganons of this ettect using SMM-GRS dawr 3]
shos the validity of this new approach to measure the directionality of high energv particles in
tares, PINIACS il ullow 1o continue these studies in the sofur maxmum.

The sensitiviy 1o measure polarisation allows the search tor polarsed low energy camma ray
emisstons trom thires. In the visnal runge (H_atphay polarisation has been observed during the
impubvine phuse of some fhaes. This has been explaned s due o the impact of fow energy
protons 10 1-18eN) on the cromosphere it is theretore called impact polarisation” In the
phaton energs ranze of seserat 100 KeV (electron bremisstrahlungy one could expect 1o find
sinhar polarsaton effects. Such measurements have never been possible betore.

Afwer over 23 vears of study. the ortzin of gamma-ray bursts (GRB)Y remains o mystery The
implhed luminosity and the obwerved sub-midiisccond scale varabihity suggest a neutron st
INSy o black hole (BHy orgim. Old magnetised NS and the mervers i BH-NSO NSNS close
by Systems e suggested as possible source of GRB tor the extended Gabene hato moded
A conmotogical model respectinely while all above processes can be the underhang
callithaetay production mechamsm, Shavie & Dar (6] sugeested the verse Compron
saattering of photons from tansient Jets of highlhy refutivistne particles as o possible universal
meshantsm tor producton of GRB. One of the munn prediction ot this modet o the high
degree of pelarsavon of the burst photons, at navamuni the camma-rans are ahimosg
completely polarised.,

I summaey the resufs of the expermment wall fead wo o benter understanding ot the phvsies
underlong sowrces of polianzed gamnueray s that means

o ceometny and production pechanisms refatimg 1o the Crab pulsar and acniron stars n
veneral

o colar thye medhamsmise purbicle hoves, exoluiem of the tlare. partcde contmnment,
BeOMetry ot e swstermn ete.
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e geometry ind production mechanisms relating 1o gamma-ray bursis and the wav i which
bursts evolve.

An addiional scientific technical product of this mission will be an extensive charactensation
ol the buckground radiation environment on the Spuce Station. This will alfow dewiled
models of the in-orbit performance of future gamma-ray nstrumentation to be constructed and
hence provide vajuable design imput.

PIMACS is oniy a small prototvpe and will only study the polarization of the strongest solur
flares und gammu-ray bursts, and the Crab after o jong exposure. However. it will provide
ivaluable scienutic and technical information which will altow the design ot future
astronomicul gamma-ray polanmeters for missions in the next century and future gummu and
liard x-ray missions on the Space Station.

3- EXPERIMENTAL SET-UP

3.1 - The Spectroscopy and
Polarimetry Array (SPA) 1

The polarimetry array consists of an
approximatety circulur arrangement of | 1
76 individual detector elements. The
near-svmmetrical  arrangement s
required in order (o reduce svstematic
errors  during  the  polarimetric
measurements.

Fieure | Pixel arrangement within the SPA array

The SPA detector elements are housed within o spuark-eroded aluminium siructure which
holds the individual elements in o 10 mm pitch array (Figure Do and wlso serves as a housig
tfor the tront-end electronics. The SPA housing s mounted within the well of the unt-
comcidence system. which not only provides buckground rejection. but also defines the ficld
of view of the SPA umayv. Each SPA detector element consists of a 95305125 mm’ Csl(Th
scintillator read out by 4 6x6 mm® photodiode. The total active ureu of the SPA detectors is
therefore 69 em,

Smull detectors of this tvpe have been extensively optimised for the imaging detector arrays
tor the INTEGRAL mission. Each pixel consists of a small 9.3x9.5:\23 mm' CslTh
seintillator ervstd pohshed on all surfaces. except the surface at the tar end trom the
photodiode. which s roughened shehtly, The ervstal s completely enclosed in a Millipore
paper wrapping which 1s extremely retlective and so mummuses hight Josses during the
transport of the scintillanon photons to the photodiodes. The photodiodes used are seiected
low-noise devices with an active ares of 6 x 6 mm with durk current <0.3nA. The
samullation hght s then coupted into the photadiode through o thin faver ot optical udhesive
selected 10 be chemically compatible with the CshThy moerial Overadl conversion
efficiencies =35 electrons ke V can be achieved m such o contiguration

The SPA detectors are coupled directly 1o the 1irst stage preamplitiers within the front end
clectronics so as o munnise additonal nosse due w purasitie capacitunce and inter-chunnel
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cross-talk. When coupled w clectromies with & noise level of =300 elecirons trmai. tvpical
pertormunce for this type of detector is as follows:

Mimimum energy threshold @ <50 keV
Spectral resolution - 75 FWHM ot 662 keV.

100 - =

90 ~- -+ -Totatl
= 80 — —Photopeak
I
> 70 —
=] -
£ o G
2 GO
= 50 2
g 40 -\
§ (1) o,
[
[ o= R, T =t ——

10 —

g
0 200 400 600 800 1000

Energy (keV)
Figure: Detection efticiency for SPA detectors

The SPA detectors cun operate trom =50 keV to =1 MeV i spectroscopy mode. the upper
limit being simply dependent on the thickness of the santitlation ervstals. The lower energy
threshold will e commandable during tlight. Since polarimetric meusurement requires two
energy depuosits from o Compton scatter. the threshold for polurimetey s <100 ke\V. The
detection etficiency as a tunction of energy is shown in Figure 2.

The SPA detector will by detuult be concurrenty operated as both a spectrometer and
polanmeter. The detector wall be abie 10 operate in u Photon-by-photon mode. The advantages
of photon-by -photon mode are:

= concurrent spectroscopy  (236-channel  pulse-height spectrum tor cach praely and
patarimetry

e polurimeiry possible for whoie of source pass throueh FOV

= il corrections can be carried out on ground

o simpler implementation of burst spectroscopy (e reguirement tor pre-burst buttening of
histograms)

The stornge of a global event spectrum o possible through un on-bourd encrgy correction
reguiring regular uptoads of pinel zam correction tables to the instrumient. A tast-clear tacthy
will be used o empty all listograms m the event of o burst detecnon to prevent contaminition
wath pre-burst datas although this may resudtim loss of didacduning the cariy part of the burst,

Withm the pokinmeiry mode. the pivellated derector suran allows the angle threngh winch o
photon i Compton scattered o be coarsely measured, The pineds of the SPA e mude furhy
sl so that the range of the scattered photon is quite Targe cafew pivedsysand <o the angubar
determimation 15 then someswhat better than st onby nearest neighbours are involved tn the
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scatter. Two polunmetryv-oniyv data acquisition modes are possible: it a stuble onentation
towards the source 1$ matntained. then onboard histogramming of the calculated scatter ungles
1s possible. This allows for very efficient storage and transnussion of the polarimetric data.
However. the detault mode ot operation of 1o carry out long observations as the source sweeps
across the farge SPA Neld of view. In this case. then the scauer angle tn instrument co-
ordinates) and space stabon orientation information must be sent to ground so that the true
scatter distribution can be reconstructed.

Some of the corner elements of the SPA detector will be equipped with Si-drift-dhodes. This
diode type promise meusurements with superior performance {7 and thus a direct comparison
with the measurements of the scinttliators using  Pin-diodes can be muade. Further. tor o
detection of the charged partcies within the FOV of PIMACS u plastic semuillator bused on
APD (Avulance Photodiode) readout will be mounted on top of the whole instrumentation.

[ 1 1]

J J
mmil| | S ieml
I i
! 4 =

I O
1 |
b & ==
I Il
| E -
! 1% 8 e G

[

L_I BGO

N

Figure 3: Rear view showing construction of ACS - the four comer elements are mude from BGO

3.2 - The Anti-Coincidence System (ACS)

The Ant-Comncidence System s built up frem 16 single-diode detector modules which make
up the sides ot the veto. und three larger volume two-diode varants which form the rear shield
(see Figure 3). The four comer elements of the side veto wre made from BOO. while all the
other veto elements use CSHTD. This symmetrical arrangement has again been designed o
mininnse the svstematic eftects within the polarimetry arruy .

The three rear veto elements each comprise 3054081 20mm’ CsICTH scintitlator ervstals read
out by 4 25x35mm” photadiade mounted centratly on euch of the small ends of the crystal. For
cuch of these rear modules. the signals from the two photodiodes are summed betore
discnminavon to form the veto signal, The side veto elements cach comprise o smuller
30A40x80mm scintitlator ervsd, read out by a singhe 25833mm photodiode on one of the
small crvstal end surtaces.

The two dittferent ACS module sizes have been wrranged <o us o provide a 3em thick ACS
wall surrounding the SPA detectors on all sides. Any gups between modules have been
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wranged so s o avord o direet path throueh the ACS onto any ot the SPA detectors. The
performance of the ACS detector configuratrons has been extensively modetied using opnical
Monte-Carlo techngues. The  wr-gup method  clearly provides the most uniforma el
collection. which woamportant Tor the oy erall deector performance.

E f E
-t -1
| 1
-? 95 i . '
2; 80 \\ i Sthinm & .
G gs - ~ Threshold:
9 80 = >~ K —
3% — - — 50 keV
TITAE . 100 keVi
£ 65 - | 200 keV!
g 60 ~
% 35 +
8 50
0.5 1 2 3 4 5 7

incident Energy E {MeV)

Figure 4 Veto efticiency us tunction of ninimum threshold

A commaon configuranon s used for all the veto clements. as inoevery case the same
requirements of mavimum and umtorm lrebt collecnon are of paramount importance. A
compunson of the veto etficieney as o funciion of the mimmum energy threshold 1s shown
Figure 3. Al ervstad surtaces are polished 1o u tigh degree. and then each seimuntiation crystal
i wrapped by o highly reflective white paper coatng. The porous or Dibrous natare of the
paper ensures that wsmull gup o muintained around the erystal even under sacuum conditions,
winch masimises towd mternal retiection ol the seiuliation Leght. It the semtillanon heht does
escape from the erystad then the white paper couting 18 ~989% retectng so as to vimmuse the
heht losses. The photodiodes are coupled to the crystals using an opticadly - transparent glue
wihinch s also anert when placed m contact with CSITH Inorder 1o carry out one ot the
principal mtersals studies, the ditterent sections of the ACS  walls will be construcred
with ol Th wath ditferent thalham dopimg feveds,

The operating fosw cnerey threshold tor the ACS modules will be indivdually commuondable
during the theht In addmon, the indivdoad veto readout channels will be commandable
aft o ~o s 100

o provide profection agunst noisy channeds
o nestizute the etieet ol ope ot more “dewd” veto elements on the SPA buck ground

o enable specitic ests onthe ACS modudes tsee section on calibragon systenn

The ACS stenals will wlse be tahen tor spectroscopie data evatuations. A tpical pertornumee
o the AUS detecions s

Mimmunm energy threshold: < 0O Re)
Spectrat vesoiiton: 13 90 IWHNY ut 602 kel
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3.3 - Calibration Measurements

Inorder to provide frequent accurate monitonng ol the pertformunce of both the SPA und ACS
derectors. the ST ReV background hine will be measured tor a cuhibration provading very clear
dragnostie wignatures. The SPA calibrauon will be o continuous process, carmed out by
mspection of the piael energy spectra. trom which gam correction tubles will be denved The
ACS cahibration will be carried out on a regular bBusis {once per week) So a8 (0 Mongor am
changes in the ACS module pertormances. A 286-chunnel pulse-height spectrum from euch
detector. uccumulated over a pertod of several orbite widl be transmutted o ground tor
anabysiso pimarily to detect any overall gain changes,

For the churacterisanion of the SPA gammua-ray detector array on ground. o polunsed cimma
rav source desreibed inthe following will be set-up. Certamn nucler emit naturally polarised
SUINNLETAN ST N some cases two photons may be emitted and the ungle between therr
direcuons can be used to inter the polarisation ol the photons. The calibrution contiguraiion i
then to detect one of the two photons in u extermnal coincidence detector which subtends o
small sohid ungle to the source. and 10 calibrute only on photons 1in comaidence with this
eaternal counter. A Co-60 source has been used successfully m thns way 1o produce o beam ot
1,173 and or 1.332 MeV photons with weli-defined polunsation angle and a degree ol hinear
polarisation of ~17¢7

4 - USE OF PIMACS ON THE INTERNATIONAL SPACE STATION

An Express Pallet Adapter on the IS5 forms the optimum accommaodation tor the PIMACS
mstrumentation in that 1t provides o combination of « long observation nme of order three
vears in combination with the possibility of post thght unalvsis of the H W at the end of the
mission. Through the observation times ot three vears. the proot for a use of the technology on
e.¢. a tree tlver satelhte mission with expected hving times between 2 - 5 vears will theretore
be given.

In terms of the wechnology aspects of the instrumentation. the behavior of the santiflation
ervstals being eaposed 1o the mined gummaeray and charged puarticle tluxes i the space
environment is very different to that from the rachation of gamnui-ray sources on the pround.
The use of u novel und not theht proven CHTD based semnuliution technolozy on o sateliite
would increase uncertwinty due 10 the necessary optmizaiion ot difterent cryvstad and dewcor
parumeters. and the hkehhood of o fatlure or at feast an early degradaton of the semtiliation
detector elements,

In-theht analvas will lead to an opuimized seinullstion detector set-up i combination with
the anabvzed weekly condinon test cyveles tor both the Ant-Cowncidence-Shield and the
polarization detector. However. this 15 only o nicasurement of the global changes m detecior
pertonnance. The posability of u post thght analvss of the santllaton orystals aflows
diamage eftects on the P glue arcas: eryvstal coating ete. to be examined extensively amd the
respective componentis amabvsed mosolaton. Thus, the causes of amy fong-term changes vun
be determuined with far greater certamiy

Lookmg at the saentitic aspects of the experiment. due 1o the raher lomg term observaion of
three veurs prachical cumma-ray polanization mewsurements will be performad with whit 1s,
atier alloa small prototype. Here, tor the Crab observanons the averagmy and cormpanson of
multiple measarements feadmng 1o an improved siatistios cun be carried out For the gamna-
ray burst and solar tlare detection, o three sears observation nme raises the probability of
detection of strone events sigmiticantly and thus also the possibiliny to detect the polanzation
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of the measired carnma ray bursis and sofar tlares. The PIMACS resuits will be combined
with the Southampion radiaton modetlimeg metitods o privvide o comprehensine and well-
calibrated backeround muoiel.

NUMMARY

Tie PINACS miesian represents uoomt scientine and gechneiogical 1est-bed which uses &
nenet moditiar dnti-coanadgenee sysiem teesivehd sl vanunaeray detector array capable o1
a smadi o number ot weli-targeted astronorcal abservatons, Specilic salar tlare and
polrmelry anvestigations cai be eneuted deadimg o measuremenis that huve never been
possibie berore. Further, o posable comparsoin of the measurenent results with the resalis

rromy INTEGRAL cun be o great soenune vabue,

The Ant-Comncdence Stneid wall make use of anven mnovative combmation o matenais.
photosensitive aderector clements and new readout technrgues 10 provide w fiesible. Jow cos
sastem hunong vers good backuround rejection pertormance. The avindubidinny ol (¢ proven
frgli-pertormance und high-reliabiiity instrumientanon would have o considerable impact on
the desien af tuture space mssions i the hard N-ray and ganuna-ray energy range.
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