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ABSTRACT - Scintiilunion detectors are wideiv used for the detection ot astronomical
Gamma-Ravs in the energy ranve benveen S0 ke\' wp 1o 10 MceV. The powerful Antico-
incidence Shields for the INTEGRAL core wnstrumenis - Imager and Spectrometer
gencrate the FOV of the dedicated core deteciors (CdTeiCsl, Germaniumi by passive
biocking fabsorption) and bevond a definite threshold level by active suppression ii.e.
peneration of a fast veto signal for the Imager and Spectrometer electronics) of the
cosmic and self induced diffuse und = - and x-rax radianion environment. Minimized
ACS shield leakage and small FOV of the instruments request large and heavy, antico-
incidence shields mainly based on BGO) or Csf crvstal slabs in combination with wiira
sensitive PMT pairs on each detector module enabling even single phoion counting.

The sophisticated design approach for the INTEGRAL SP1 ACS wy « strategy for o
streamiined development of futire complex and cost effective ACS svstems is described.
The design approach represents an improved concept of the INTEGRAL Phase 8 ver-up.
Main emphasis in our concepr is given 1o describe the isostatic suspension of the very
brittle BGO crvstal material using very suff honcveomb substruciures with adapred
material propernes and the optimized electrovie architecture with modular jront end
electrome and with several high voliage power suppiics dedicated 1o detecior module
clusters derived from the SAX (1] program. Minimized power consumption. enhanced
low notse behavior. improved detector chain timing strategy for a reduction of the
adaprive spectromerer dead time and functional single point failure redundancy s
mivhlighted. Addinionally, un innovative mudi laver coaring of the crvsials offers sipnifi-
cantly higher Light Collection Efficieney of the detector units and thercfore an
improved SNR performance. On flight diagnostics of the detector cham {ite time degra-
dation can be performed by pulse heieht anaivsis, wsing natwrad 1e.¢. background ra-
diation) sources and by implemented pulse generators (muldtivibratory driving LED
somrces placed in the PMIT FOV

1 - INTRODUCTION

The INTEGRAL Spectrometer Antcoincidence system {ACS) consists of 2 rings
(Upper Collimator, Lower Collimator), 2 shields (Upper Sade. Lower Side) with hex-
agonu! <hape.and the Rear Shield. The ervstal material 1 BGO. For the acuve detection
of semtitfation fight mdaced through gumma-ravs in the 90 crvstal segments, 162 158
meh PMT s are mounted at ditferent tocations of the ACS. For reasons of redunduncs
two PMT S Took o the same ervstal segment iexcept 1or the Upper Collimator Rimg)
and 1or the generunon of the Veto signal the sum signal of both PMT s s used.
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2-TECHNICAL APPROACH
2.1 - Main Structure

High thermal stresses occur it the CTE of the BGO and the load carmyving wrapping ma-
terial are net matched very well. Due 10 the brittleness of BGO crystals and the poor ad-
hesive strength of optically transparent glue. the necessity of a stiff support structure is
given which hus 10 be at Jeast as sutf as the BGO s uself. A simple wrapping. especialhy
of the thin upper ring crvstals. by a soft composite shell does not resist the acting loads
with sutficient margin of safery. Fructure criical bending of the crvstals or breakage of
the edges 15 possible. Theretore. o hghtweight but very stift sandwich-support structure
wus dessgned identical for ali erystais 1o reduce the extsting bending ot the BGO hous-
ing tcover plates). Addiuonalls. the gaps between the crystals are mintmized reducing
the acine and passive shield leakage. However. this support structure still shows dis-
placements which results in veny critwal glue and crystal stresses. Theretore. a decou-
pling between the crvsials und the support structure 18 necessary. To reduce the torsion
and bending stresses. the 2 - 4 subervstals are atached to each other with an optically
trunsparent. but flexible and elasuc already space gualified ¢lue. replucing the previ-
ously proposed sttt glue and acung us flexible joint. At the same time. euch smaller
subcrystad has an 1sostatic suspension with three bearing pads ay vhe large surfuces and
twos puds ut the small surfaces as shown in Figure 1. These bearing pads (herght approx.
0.1 mmy are manutactured trom silicon or the soft glue used f0r subervstal bonding.

An optional solution tor the very thick Side and Rear Shield cryvstals would be to use
monaohthic furge BGO cervstals which cun now be drawn by Crismatec (F). Calculauons
showed that the margin of safeny i combination with the proposed BGO suspension s
> 15 enceeding conservanne sutety tuctor of 10 tor britde materials sufficienly.

Flevible Glue 2 Pinnting Beanine Pade
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Fig, 1: Lurge BGO ervstad assembled of 3 small suberystals with tlexible glue and

nostatic bearing pads

The CTE of the composite sandwich structare manutactured from a CFRP GFRP mia-
are will be adjusted almost 10 the one of the ernvstals (710 Ko and of the outer struc-
ture, Froure 2 vhow s a complete envstal support structure.,

Fievible Bearing Pud-
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-
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Fig. 2: BGO Cryvstal Housing ischemauc. pads not oni~scales
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NASTRAN FEM analvses of the most cnucal detector units of the UCR (Upper Colis-
mator Ring). comprising 3 elasucally glued BGO-subervstals supported through
150s81atic pads in the composite sandwich structure have been performed under the load
of quasistatic accelerations acting in each direction separatels. Thus. the resulis demon-
«irate the feasibility of the proposed BGO-Crystal suspension design to survive o quasis-
wire design load of 33¢. The results of the three design load cases ure shown in the foi-
jowing Table 1.

Table 1: Maximum Displacements and stresses (v, Alises)

Louad Case 139 -

X 35e-Y 5. Z
Towal displacement sy oo, | Az | oo, b oodxyz 1 oo,
FStresces HN mme N mme) ¢ LN mm?]!
BGO 1ol | 05 qye 107 ) 210 |12
. CFRP-Box L9 | o 147 | 18 | 171 | 53

The stresses in the tlesible glue ure neghgible. The resulting maxirmum displacements
and stresses are low compared to the materials alfowables (BGO: 130 N mmvy highiight-
ing the high confidence o the proposed design.

The complete Rear Shield previously designed ax one single block with an eapensive
Titanium structure 18 very uncomfortable for handling and crystal replacement. There-
tore. mechamically decoupled detector modules form the plane and tilted part of the Rear
Shield. The complete ACS structure with the stund alone nngs s shownn Fagure 3.

h

y | ]
i

Fig. 3: Compiete ACS structure
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13)

Deunied structural analvses s mass properties. natural mode. composite and strength
(e.g. tube buckhing. interfaces) analyses huve ween pertormed to verify the structural in-
tegrity of our mechanical concept and the suffness requirements (37 Hz lateral. 75 Hz
anialy. The computed fundamental frequencies showed 4 good margin. Generally. the
stress levels are moderate. offering some further mass saving potential.

The thermal analyses show that the most critical mode appears for the hot case with u
high PLM intertace temperature inducig 100 high temperatures up to about 48°C in the
BGO crvstals. which are out of Itmits tapprox. 30° C) due to functional reasons {heht
vields. The integration ot an addionat rudiator. e.g. second surface murror. should be
evaluated 1o lower the temperature level inside the ACS.

2.2 -Shield Performance

Numerous low energetic gamma-ray photons (30 keV-150 keV') tngger the ACS even if
the transmission through the shield tor those events 1% equal to 0. The integration of an
extra hghtweight shield (30 kg) consisting of 0.5 mm Pp. 0.1 mm Ta. and 0.4 mm Sn
tthey fustened on thie outside of the BGO wall reduce the count rates of the X- and low
energy gamma-ravs by blocking of those events. Thus. the dead ume for the ACS and
hackground in the Ge detectors can be clearly reduced. The supplementary mass of the
extra shield can be easily compensated by our in genera) "hghtweight™ ACS concept.

1 ) » x
! =
i : )

613

{
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)
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Fig. 4: Posable arrungements (o & (b) of single BGO plates torming a BGO segment.
The segment dimensions were 3008125320 mm . 4 BGO plates torm | segment

Euch detector unn conusts of 2 - 4 glued BGO suberyvstals torming the charactenstic
shield segments. The retracuve index of the used glue gives tor the saintflation photans
a tatal reflection angle between the BGO plates starting trom 41.67 v« the surtace naor-
mal and sooniy photons within a sohid angie of 1.38 <r pass the glued interfaces. As MC
simulutions showed. there s no influence of hughly transparent glue on the light output.
Due 1o muini-reflection and ubsorpuon etfecis the LCE (Light Collecuion Efficieneyy of
the 2 PMTs of cach crvsial segment i ditferent depending on the Jocation ot the scmtil-
fation event. As a further result of those MC amulauoens. the arrangement of the BGO
plates as shownn Fig. 4ia) tor the gluimg ot 4 ervstal plates is tavored because the hight
passes fess transiions of differentretractine mdices betore 1t reaches the PMT window
The dittuse refiector coating of BGO crvstal s strongh determiming LCE performance
or the detector units as dedicated experimenta! investigauon have shown. The sainulla-
tie hightin o glued BGO segment s usualfy several umes retlected by the ervsta coat-
ines before it reaches the PAMT window fcompure Fig. 45 Theretore. white ditfuser pa-
per wil! be needed having an absorption coefticient hetween 1.5¢% and 2 % promising
reiesant advanages compared o Tetlon (absorktion coethaient about 3% An on-
provescst of 0% i the absorphion coefticient feads 1o an improvement ot abowr 44 ab-
sofat o the LCES Hereo with that improvement due toinise of all LOE™S by sbow 104
absoture it can be expected that the required output of 3 PLE SO keV gamima-ray enerey
{27 can be sirpassed exven tor unfinorable cammu ray locations yn the BGO sezments.
Further, o lagh LCE vutput feve! provides hugh tuncuionad rehabihiny even in the case ol
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BGO degradauon through radiaton induced damages dunng mission hite iime. To reach
a status with BGO segments having homogeneous ovuter dimensions independent trom
tolerances induced through the coating. & technique relving on the air free filhng ot the
pores of the coating with & vacuum impregnation (EPOFIX) could be used.

For the PMT s a modified version of the 1.5 inch EMI Thom 517 D was selected. Criu-
cal aspects as minimized atter trigger behanvsor due to bulb vacuum impurities. reduced
sawranon ettects due to local overheating effects in the bulb cathodes. and the gain
stability were evaluaied. Using the SAN eapenence. a shield shut down (HV power
switch-off) in case of the detection ot a high energetic particle acceleraung the degrada-
non of the PMT's can be easily realized. The moderate PMT pertormance degradation
momitored during one veur nussion life time of SAX will be matched by udjustabie
thresholds.

In Tuble 2 the transmussion fength for two exemplary Ge detector positions {center and
edge! in combinaon with the affiliated solid ungle of the different shield elements
(47 - FOV in %) are shown. The requirements 50 mm BGO transmussion length 1s not
tulfilled tor the Upper Collimator Ring tor edge and center detectors and for the Lower
Collimator Ring tor the edge detectors. But due to the low contribution in terms of solid
angle. the impuct on the shield performance seems uncritcal.

Table 2: Transmussion length for the ATS

| tess than S0 mm
! transmission

Deseription P Sobid Angie i "¢ | Loss Sobd Angie | Sold Anglean ©c ) Smimum
‘ in % - un- i with less than S0 3'! FANNNUSSION
Sainetded sections T mm BGO , length on aver-
{ ransam. Jage mmmtor |
I ; sodad angles with :

i Detevor Posinon i Edec

(Edel  iCenter cEdee  Center Edee o Contor |
! Upper Cullimator Riny | & URES AL idl el d
| Lincer Colhimator Ring &3 24 s A B
ESgie Shieid 6.3 P2 t 133 12,838 L5314 | 514 | =diy
P Rear Shield A T i -0 1124 | =qu
Total o 1.6 |26 154 |7

The gaps between the ditterent rings. shields and the BGO crystals are responsible tor o
partiad or “zero” transmussion length shield feakage which i in total 2.36%% and 1.59% of
the <ohd angle tor center und edge detectors. For the most sensitive area. 1.¢. the Side
Shields the leakuge 1n the active shield was smproved o 1.37% and 1.5% for center edge
detectors, However. all caps between the cryvstals are completely closed by approx. 50-
160 mm passive composite muaterial.

2.3 - Electrical Subsystem
The tollowing functional performance teatures 1or the ACS electirome syvsaiem are em-
phusized:

s The ACS electronies shall provide o VETO sirobe 1o the mstrument DPE! the VETO i
cenerated startme from mdivdual signals froms the PMTS The anode wignals hom o
PMT~ fooking mto ditferent e stal segments are miereed ttwin PMT concepti.

s Redundunes concept s based on the tollowing rule: ne single failure point shall exist
that could cause the Toss oF veto signal front a ervstal. Since most of the erystals are
viewed by two PAT A the above concept leads to merze the PMT sionals i sach o oway
that a ~mele pornt tarfure could aftect anlv one PAT per erystal,
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« To provide an opumum of reliabilny and timing of the VETO signal two difrerent CSA
output thresholds are used. The VETO signal shall be generated if the CSA output ex-
ceeds the energy tnigger threshold but it shall be time related to the exceeding of the
event trigger threshold. The over-all delay of the VETO signal 15 less than | ps with a
channel-to-channe! accuracy of < 19 ns and a noise threshold jitter of < = 20 ns.

» The VETO duration shall be 350 = 18 ns for energres of E < 200 MceV and 10 = 1 ps for
energies of E 2 200 Me\'. Optionally. « further discriminator generating a VETO puls
duration of 130 ne = § ns for energies between 150 ke\ and 200 Me\' should be gener-
ated.

»  The "off the shelf” design follows the space proven SAX -PMT detection chain. elec-
rronic. and software design. Thus. an accurate prediction of the operanional power con-
sumption (<33 W) and of the performunce was u simple and rehiable jssue.

7

3.1 - Electrical Architecture
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2.3.2 - FEE Chains

The FEE concept 1s based on a splituing between the first level FEE (Charge preampli-
fier with anciliury circunts) and second level FEE {threshold discriminators. VETO
strobe logic. delayv hines. equalizer and se on). As baseline the first level FEE sx placed
on the divider board inside the PMT housing. With the above approach the signal exiis
the PMT housing as an amplified voltage pulse that 15 much more easy 1o deal with than
the PMT anodic charge pulse which must be conducted over partly long signal hnes.

The second level FEE will be distributed between 27 FEE boxes each one munaging the
signals coming from 6 PMTs (compare Fig. 61. As the failure of u FEE box will cause
the Toss of & PMTs. the PMT-FEE box assignment shall be done in such o way that
PMT signals from the same crystal are routed 1o two different FEE boxes m order w0
have a FEE box redundancy on each crystal.

The logic block 1s devoted to the Veto generation (one Veto signal as "OR" of the three
Vetos from the three couples of PN Ts) with the required uming relationship for the in-
coming PMT signais. This block includes all the deluv lines and delay equalizer being
adjustable on-ground.

ol —
e . Each FEE und
Ry * HVPS  box s
- v -~
wd BRCSEN < ¢ hinked 0 redun-
L3 A — .
Fra o TTE dant inter-nal
— serial {purty -
ey .
z 2 lined  ssnchro-
s .
'CE e nous buses {1ISB)
LY
. PO =T musiered by the
" P
hetuiend VCU tor com-
. A — (U mund und
- Ezst e housekeeping
Or1 oeav [ P T verte il
° Y UNES [t reception trans-
VMRS NI paa Mssion. Proper
—— - '“N [ L &
3 ] sphtung nte
L
- !.‘ 5 r four (TBC)
o o T e A5
ol RO MR Z I muluplened 158
s u‘-T:-'__-"“‘l';: rim segmenis ure
i, foreseenn order
Y 8 {oxc] { to  mutch  bus
. e —~_ J drivers ¢
e L nvers  loading
w ey < & el | &n(Na:\.)- . ement
.U_W. psaa =i reguirements .
Fes e TEE . = ow» The cOmmuny-
P‘I—L‘———-‘-“ catton  protocol
~ -
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= Ccan L . .
+1-5V {(Nom) - ‘Lo i'!.—--c:::.=: w18 adentical (¢
_c\—l—o'fo opas [~ Ommmn e
,,/,5\/(Rgd) R i e e
MarvRed mwich B (Rec)
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Fig. 6: FEE concept: first level FEE and FEE boa sernving siy PMT.
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INTEGRAL IBIS constellation. The VETO and PHA signals 15 routed to the VCU uniis
via 422-like differennal intertaces.

2.3.3 - Veto Control Unit

Each SPI ACS Veto Control Unit (VCU) will provide a regulated low voliage power
bus to supply the FEE und HVPS boses. collect the VETO strobes PHA pulses. gener-
ate ¢ single VETO strobe ("OR" sum of all the FEE-level strobes) and a PHA spectra.
and manage the mterface TM TC. The block diagram of the VCU is shown in Figure 7.

0.1 7 PHA
10 FE BOES Vgor  wen 8 Aug

™ 10w
+5V GND -5V \ :
4 4 4 :
4 l - _aLL‘
e N
WP e DEECIOR | LOCAL VEsR | | VEC SERAL Hh
bk M Cnnlilon Ol ‘4‘( "E\‘ T { 3
N s o~ 1%} - . o
BORS 7 supnuy SUPPLY B o iF PIERFACE  INTERFACE
g | 80ARD | BOAY BOARD | gy | aoaed

o 1 A

Wi, Htire o

—_— ! U .
Wi DATA RS 2
L L]
*28V VETO STROBE {BR UhK
Pnmary 10 OFEE 10//ROM
' Power ot

Fig. 7: VCU block dhagram
2.3.4 - Timing Duscription

In the following u simplitied timing for the VETO generation related to a signal in the
RO kel 10 2 MeV enerzy window s descnibed. Sturting event s the arrival of 4 photon
in the shield. The relited anode signul v collected by the FEE und put at the compara-
tors input, After @ short delay (Toi the tirst threshold (Event threshold, Eod s crossed
and u signal s generated at the output of the Event Trigger. A trade-otf has to be made
between the Event threshold Jevel and the manimum allowable walk-time ptter of To.
Further. o secund signal is generated when the second threshold (Encrgy threshold. E1
i~ orossed

The Event Trigger Output signal s individually delaved through o passive delay hne
having 600 ns + - 18 nsopominal delay (To. The To delay (called integranon times i~
adpstable within + - 13 nvin the 600 10 650 ns range for the FEE box equahizanon pur-
pase i order 1 compensate Tor the dhfterent device und harmess dependent delavs of the
varous signal chamns, 1) the deluved Event Trigeer becomes uctive then a FEE-mtermul
UStart signal” s generuted. A FEE-internal "Stop signal” s generated after o 350ng + -

Proc. of SPIE Vol. 10570 1057011-9
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s¢; delay (Tvy from the Start, Here. the Tv delay defines the iength of the Veto pulse at
the FEE box outpuz.

in case of an overrange situanon tenergies above 200 Me\'). a proper circuit will pro-
long the Tv delay to 10 + - 1 ps. A passive tapped deluy line. with the delay (Te) adust-
able in 10ns sieps between O to 100ny 15 provided for each of the 27 VETQ inputs of the
VCLU. Thus. allowing an egualizaunon of the delavs from the various FEE boses
(interface of the FEE box to the VCU). The VET® signal at VCU output is not more
than some 50 ns delaved with respect to the above signal. From the description above
follows that the longest ume from an event arrival at the detector and the generation of
the VETO signal a1 the VCU output 15 below Ips, The comparator ptier will be
around+ - 10 nx for energies 10 Ke\ above the selected threshold as fur overdrive 15
concerned.

2.3.5 - Electronics Special Performance Features

Pulse Hejoht Analvses (PHA)

For diagnostic and spectrometric (PHA) purposes. a 128 channel » 16 bit multichanne!
analysator with a hnear (within + - 2%) relutionship between anode charge and channel
number was implemented. A PHA pulse 15 generated with u pulse length. finearly pro-
portional to the anode signal amplitude. The pulse duration will range from 1 to 32 ps
for energies between 80 keV and 2MeV\ and up 10 40 ps for higher energres or overlap-
ping (piled-up; pulses. Only the pulses above the energy threshold will be processed by
PHA and all PHA signals from the FEE boxes are collected by the VCU (HK interfuce
board). At the VCU. they will be multiplesed w the input of a ime measurement ¢ircust
sased on a 128 bit counter running at 4MHz. For each pulse the result of the time length
measurement (7 bit number) will be used o address one tout of 128) 16bi memon
which contents 18 to be incrementad by one. All the PAMT< are sequentially reud out with
10 minutes data accumulation each and the mdividual specura data are swored in the
A\ CU RAM,

PANT Test Generators

On-thight disgnosuic of the ACS can be made by meuans of the ratemeter function or the
PHA function using natural te.g. background radition) sources. Addivonally on board
pulse generators i each FEE boy as stundurd signal sources for on-thght dingnosucs are
mmpiemented. actuated by TC. It s composed by o muluvibrator generating voltage
puises of duration Ips + -10% (TBC) and 300 Hz + - 20 % (TBQO) repetition rate, The
output of the muluvibrator drives o LED placed in proper posivon in the field of view of
the channel related PMT. The LED intensity v mutched with the LED+PMT optical
coupling characteristics

D nuamic Blocking Tine

The saintidation detectors with PAMT S have the behassor to generate after-pulses in cuse
of un excitanon through a lgher energy exent. This atier-pulsing can produce additional
Veto vignals. Through the megranon charactersucs of the CSA and the necessary time
ot the CSA-output voltage returning 1o the buseline after the generation o1 a Veto signal.
an energy dependent blocking time o mroduced mto the electrone cireun of o BGO
segment. Assunnng crvstal segment count rates of 1000 ents &, for a blocking time of §
P~ the average probabiiiny for parncles pussing the shield undetected 15 only about .5
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3 - CONCLUSIONS

The following benefits can be highlighted for future functionally. electrically and
structurally impreved ACS concepts:

= Sigmficantlv improved Light Collection Efficiency lowers threshold level and provides
good margin against Iife time radiation damages

= Simpie aluminum wrming grinding items and low manutacturing tolerance requirements
reduce procurement costs

»  Easy and quick crystal reptacement and repair of all crystal segments within one week
feasible

»  Suucwrally opumized BGO suspension and unambiguously arranged load paths
avoiding stress peaks and large displacements in the BGO crystals

» @i the shelf equipment as flight proven SAX electronmics (H/W. S'W) with reliable
power figures and procurement schedule minimizing costs and risks.

= Fuwre technologies for scinullation detectors using different cryvstal materials 1n
combination with photodiode detectors promising different improvements and advanced
scientfic applications {3] - {5].
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