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1. Introduction

After the successfubperationof AMS-01 aboard
of the SpaceShuttleDiscovery in a 10-daystest-flight
carried out in June 1998, the detectorhas beenre-
designedo increasehe maximumdetectableigidity
upto 1TV, by usinga superconductingnagnetwhich
will provideamaximumfield of about0.8T. Asacon-
sequencethe TOF system[1] hadto beredesignedo
operatein a strongmagneticfield and with variable
valuesfor the anglebetweerthe light detectorgpho-
tomultiplier tubes— PMs) and the field direction. In
the following a descriptionof the new TOF systemis
givenandresultsarereportedon variousaspect®f the
systemoperation.

2. Design considerations

The TOF system,underconstructionat the INFN
Laboratoriesn Bologna,will provide:

1. thefasttriggerto theexperiment;

2. themeasurementf thetime of flight of thepar
ticles traversingthe detectorwith a resolution
sufficient to distinguishupwardfrom dovnward
going particlesat a level of at least 10710 +
1011, and electronsfrom anti-protonsup to
aboutl +-2GeV,

3. the measurementf the absolutechage of the
particlein additionto the measuremerdoneby
thesilicontracker andby the RICH.

As for AMS-01, the main parametersvhich have
beentakeninto accountin designingthe detectorare:

1. Total sensitivearea.

To matchthefull acceptancef themagnetgach
planeof the TOF systemhasto cover a circu-
lar areaof about1.6m?. This is obtainedwith

12cmwide scintillator padsof differentlength,
overlappedoy 0.5cm to avoid geometricalinef-
ficiencies(seesection3.2).

. Trigger selection.

The TOF systemhasto provide the fast trig-

ger to the AMS experiment. For an efficient
backgroundejection thesystenconsistof two

pairs of planes,one before and one after the
magnet,with the paddlesarrangedperpendic-
ularly to eachotherin the two planesof each
pair. This allows for a granularity of about
12 x 12cm? for triggerpurposes.

. Weigth.

Given the stronglimitations in the total weight
of the AMS detectoythe TOF systenwasallot-
tedonly about250kg to accomodatéor the de-
tectoritself, the supportstructureandthe powver
supplysystem.

. Powerconsumption.

The TOF systemwas allowed to use about
240W for PMs operationand signal read-out
(seesectiond).

. Time-of-flightresolution

The resolutionin the time of flight neededto
satisfythe physicsrequirementsutlinedin sec-
tion 1 is about100-- 200ps. Thechoicemadeto
uselcmthick scintillator (seesection3.2), was
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a compromisebetweemminimumthicknessand
thelight outputneededo reachthis resolution.

6. Opemationin space

The operationof the TOF systemin spaceim-
posesseveral requirementson the mechanical
designand on the electronicsfor the TOF sys-
tem. In particularthecountersaveto behoused
into mechanicallyrobust and light-tight covers
with a systemfor fastdepressurizatiorthe sup-
portstructurehasto conformto the NASA spec-
ifications concerningresistanceo load and vi-
brationsandthe electronicshasto be protected
from the highly ionizedlow-orbit ervironment.
Moreover the systemhasto guaranteeredun-
dang, hencethe choice of having more than
one PM on eachside of the counters(seesec-
tion 3.2).

3. Mechanics

In the testflight of June1998,HamamatsutR5900
photomultipliertubeswereusedto detectthe scintilla-
tion light from the TOF counterdn thatthey provided
small occupang, low power consumptionand good
time resolution. In orderto shieldthe tubesfrom the
residuaimagnetidield (200G) thePMswereenclosed
in a0.5mmthick shieldingcasemadeof VACOFLUX
permallgy [1].

The AMS-02 superconductingnagnetproducesa
much larger field (about2 - 3kG) of variabledirec-
tion on the TOF planes. Fig. 1 shaws the magnetic
field magnitudeandanglewith respectto the vertical
(2) directionat thevertical coordinatesvherethe TOF
planesarepositioned.To work in suchconditionsthe
light detectorgmustwithstandthe magnetidield with-
out shielding,in alargeinterval of angleswith respect
to thefield direction.

The designof the TOF systemfor AMS-02 was
thereforecompletelydeterminedoy the choiceof the
light detectors.

3.1 PMs

After a market study the HamamatsiR5946 pho-
tomultiplier tube (Fig. 2) was consideredas the best
choiceandthroughfullytestedfor time resolutionand
pulseheightresponsén magnetidfield.
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Figure 1. The magneticfield magnitude(a), its direc-
tion with respecto the z axis of AMS-02 (b), andits
componenin the planeat z= 60cm. The dashectir-
clesin (c) representhe approximateposition of the
TOF systemPMs.
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3.1.1. Theexperimentalppamatus

The experimentalapparatugshavn in Fig. 3) con-
sistsin a red light emitting diode (LED) operated
througha CAMAC modulé which providesa variable
pulsewith amplitudebetween0 and—20V anddura-
tion between5 and 100ns. The systemis clocked at
about20Hz.

The light is guidedto the PM by two optical fi-
bres.The PM is placedinsidethe polesof anelectro-
magnet(maximum field 4kG) on a movable stand
which canberotatedat a maximumangleof 90°. The
chage signalfrom the photomultiplieris digitized by
anADC? with two 12-bitsscaleg0.25pC/channebnd
0.033pC/ channel,respectiely) and registeredby a
PC-basedlataacquisitionsystem.

3.1.2. PMsgainandenegyresponse

The PMs gain has beenmeasuredollowing the
methodof referencd2].

Asthegain of theR5946PMsshaw largevariations
from sampleto sample(aboutafactorof 6), threePMs
were selectedfor testingin magneticfield: one with
high gain (PM no. 9386),onewith intermediategain
(PM no. 9385)andonewith low gain (PM no. 9381).
All threePMs were then operatedat a gain of about
2 x 1P, with voltagesof 1700V, 2000V and2200V,
respectiely.

ThePM responsebave beenmeasuredor different
valuesof themagnetidield B andof theanglebetween
thePM axisandthefield direction,called8 in thefol-
lowing. Figures4 shaws the responseof the PMs at
differentvaluesof themagnetidield, relative to thatat
B = 0G, asafunctionof 8. For 8 < 50°, therelative
responses greaterthan’50% up to the highestvalues
of B. Only at 8 = 60° the responsegoesto zerofor
B > 1000G.

The single photoelectrorresponseéhasbeenmea-
suredusinga very low-level light pulsefrom the LED
for several PM orientationsandfield magnitudesThe
resolutiondegradesrapidly with increasingmagnetic
field atlarge anglesandwith increasingangleat fixed
magneticfield. A summaryof the resolutionin the
singlephotoelectromesponsés shavnin Fig. 5for the
threePMsandfor differentvaluesof themagnetidield
andof theangle8. The consequencef the worsen-
ing of the singlephotoelectrorresponsavith increas-

1LED DRIVER fom CAEN, Italy.
2CIA fom CAEN, ltaly.
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Figure 2. The HamamatsuR5946 photomultiplier
tube. The photocathodesurface is 572mn?, much
larger than the 324mn? surface of the R5900 PMs
usedin AMS-01.
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Figure 3. The experimentalsetupusedfor the mea-
suremenpf the PM behaiour in magneticfield. The
maximumfield is about5kG.
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ing field and @ is a small degradationin the enegy
measurementesolution,as shavn in Fig. 6 for PM
no. 9386whenilluminatedwith a signalequivalentto
about240photoelectrons.

No relevant differencehasbeenseenbetweenthe
threePMs.

3.1.3. Timeresolution

Althoughthetestsystemhasnot beendesignedor
a very precisemeasuremendf the time resolutionof
the PMs, someconclusionson the effect of the mag-
neticfield cannonethelesbedrawn.

The signalfrom the PM is sentto a discriminator
(with the thresholdsetat 30mV) andthento the stop
input of a 50ps/binTDC, startedby the pulsedriving
theLED.

Thetransittimesandthe time resolutionsfor PMs
no. 9381and9386areshavn in Fig. 7 asfunction of
the magneticfield andfor differentvaluesof 8. The
most relevant obsenration is that the PM operatedat
highervoltage(no. 9381)shaws a shortertransittime
and a bettertime resolution. A strongcorrelationis
obsened betweenthe time resolutionand the transit
timefor bothPMsandaseriousdegradatiorin thetime
resolutionis measuredor 6 > 30°.

3.2. Moduledesign

The designof the new TOF countersis different
from AMS-01in thefollowing points:

¢ Dueto theirlargersize,only two PMsareacco-
modatedn eachsideof thecounter

e Thelight guideis designedsoasit canbetilted
to variousdirections. Thelight is guidedinde-
pendentlyto eachPM on oneside.

e Due to mechanicalconstraints,some of the
countershave a clearplasticextensionbetween
thescintillatorandthelight guides.

A picture of one moduleis shown in Fig. 8. Pho-
toghaphof sampldight guidesaftertilting areshovn
in Fig. 9.

3.3. TOF planedesign

Due to mechanicalconstraints,each TOF plane
consistof 12 counters12cmwideinsteadf 14 coun-
ters (11cm wide) asin AMS-01. Also, the PM ori-
entationscannotbe completelyoptimized. Figure 10
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Figure 4. The relative responseof the three PMs as
a function of the angle 8 betweenthe PM axis and
thefield direction,for differentvaluesof the magnetic
field B. The PM responsds serouslydegradedfor

theta > 60°"°.
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Figure 5. Single photoelectrorresolutionas a func-

tion of the anglewith respecto thefield directionfor

thethreePMsandfor differentvaluesof the magnetic
field.
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Figure 6. Enegy resolutionfor a signalequialentto
aminimumionizing particle(240photoelectronsjsa
functionof theanglewith respecto thefield direction
andfor differentvaluesof the magnetidield.

shaws a principle designof planesl and2 of the TOF
system.The PM orientationwith respecto the mag-
neticfield andthefield magnitudeareshovnin Fig. 11
for all PMsof thesystem.

Figure 12 shawvs the mechanicakupportstructure
of bothpairsof TOF planes.Thecountersareattached
to ahong/combplanewhichis connectedo the AMS-
02 generakupportstructurg(USS2).Thebottomhon-
eycombplaneis alsousedassupportfor the RICH ra-
diator

4. Electronics

Themainconstraintfor the TOF electronicsare:

e redundang in orderto operatesafelyin space;

e completecontrol on every channelfor fine tun-
ing during 3 yearsof datataking;

e low power consumption(150W), i.e. high effi-
cieng/ bothfor power corversion(up to 2400V
andfor read-out.

TheTOF has4 planeswith 12 countersseerby 2 PMs
ateachside,for atotal of 192 PMs. The signalsfrom
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Figure 7. Time delay with respectto LED pulse
(“meantransittime”) andtime resolutionasfunction
of the magneticfield and for different valuesof 6

for PM no. 9386 (a,b) (highergain — lower voltage:
1700V) andPM no. 9381(c,d) (lower gain — higher
voltage: 2200V). The meantransittimesarereferred
to thetransittime of PM no. 9381atB = 0G. Thetime

resolutionat B = 0G is subtracted.The PM operated
athighervoltageshavs theshortertransittime andthe
besttime resolution.
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Figure 8. GeneralTOF counterdesign. The config-
uration of the light guidesand the dimensionof the
clearplasticsectionaredifferentfor counterdn differ-
entpositions.
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Figure 9. Photoghaphef sampldight guidesaftertilt-

ing. Thestraightsectionontop of theguidehasahole
to hold it during tilting and will be cut away before
mounting.

Figure 10. Sketch shawving the positioning of the
countersandof the PMsin planesl and?2 of the TOF
system NotethatthePMsof planel areshavnonone
sideonly.
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Figure 11. Magneticfield (a) and anglebetweenthe
PM axis andthe magneticfield directionfor PMs (b)

onplanesl and4 (full line) andplanes? and3 (dashed
line), respectiely. For planes2 and 3 the magnetic
field directionis nearly perpendiculato the PM di-

rection (seeFig. 1): this gives, on average,larger 6

angles.
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Figure 12. Mechanicakupportstructureof top (a) and
bottom(b) TOF planes.Theupperstructurds attached
to the TRD support;thye lower senesalsoassupport
for the RICH radiator

the two PMs on eachside of the scintillator paddle
will besummedo provide onesignalfrom theanodes
and one from the 3" last dynodes. The anodessig-
nal will be usedfor time measuremerih away simi-
lar to AMS-01, while the dynodessignalwill be used
for chage measurementsing linear ADCs, in order
to have a betterchage measuremerthanfor the TOF
systemof AMS-01.

The TOF electronicswill be housedin two pairs
of crates(seeFig. 13), eachpair servicingonepair of
planesandcontainingthe PM power supplieqseesec-
tion 4.2) andtheread-outlectronicgseesection4.3).
Part of the electronicswill be positionednearto the
countergseeFig. 14) to minimizethe high voltageca-
blelength.

Most of the electronicsdescribedn the following
is presentlyin anadwanceddesignand/orprototyping
phase.

data
(AMS wire)

SFET (8ch.

SFET (8 ch.

SPE

@

slow
control
(CAN bus)

L SFET (8ch. Anodes passive sum:
H{SFEC (24+8 ch.
L _SFEA (8ch.), ANTI [ ‘ oud s
‘\ | SHVD
8V — { hvesa
\ ]

serial link

to the other SPE

Figure 13. TOF electronicscrate. SDR=Scintillator
Data Reduction; SFET=ScintillatorFront-End Time;
SFEC=ScintillatoiFront-EndChage.

TOF CABLING

Figure 14. The TOF peripheralelectronics.SHVD =
Scint. High VoltageDistributor; SSCI= Scint. Slow
ControlInterface.
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4.1. Voltagedividers

In orderto reducepower consumptionthe voltage
divider of the TOF PMs will have a total impedence
of 80MQ. The measurednaximumratewith thefirst
prototypeis of 10 kHz, muchlargerthanthe expected
triggerrate(betweenlO0Hz and1000Hz).

Thevalidity of this choiceis confirmedby thegood
behaior of the TOF systemof AMS-01, thatwasable
to keepa 99.98%trigger efficiency over all geomag-
netic coordinategwith the exceptionof the SouthAt-
lantic Anomaly).

4.2. PM power supplies

The 24 PMs on the sameside of a planewill be
connectedo 2 power supplies,onefor the 12 “odd”
PMs, the otherfor the 12 “even” PMs, to increasee-
dundang. Moreover, eachpower supplywill have two
sides,one “hot” andone“cold”, which will only be
poweredin caseof failure of the“hot” side.

The HV from the power supplywill be distributed
to 12 regulators,sitting nearto the counters,with a
currentlimiter asprotectionagainstshortcircuits.

4.3. Read-out

Eachelectronicscratewill house:

e one Scintillator Data Reduction(SDR) board
collecting data from three Scintillator Front-
End Time (SFET) measuremenboardsreading
8 TOF channelsach;

e oneScintillator Front-EndCharmge (SFEC)mea-
surementboardconnectedo 24 TOF channels
and8 anticoincidencehannels;

e oneScintillator Front-EndAnticoincidencéSFEA)

boardreading8 anticoincidencehannels.

Eachboardwill bedoublyredundan{‘hot” and“cold”
sides).

4.4. Slow control

The slow controlfunctionsof the TOF systemwill
be executedby two boards:

e The Universal Slow Control Module (USCM)
will sit in the crateand it will have the com-
plete control over all the electronicboardsof
its crateandwill be connectedo 2 Scintillator
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Figure 15. Resultsof the testswith the new R5946
PMs: time resolutionas a function of the position
along the counterfor straight light guides (a) and
curvedlight guides(b).

SlowControl Interface(SSCl)unitsplacednear
the PMsthroughseriallinks.

e TheSSClboardwhichis responsibldor setting
andreadingtheHV of aplaneside.

Thetemperaturef the TOF systemwill bereadby the
USCM. Thelatterwill alsoturnonandoff eachboard
in the crate, selectingthe “hot” or “cold” sides,and
it will getthevoltageandthe currentvaluesfrom the
sameboards.

5. Test results

In orderto determingheeffectsof thenew PMsand
of the new light guide design,the time resolutionof
two countersequippedwith HamamatstR5946 PMs
andwith differentlight guide designhave beenmea-
suredusingminimum onizing particlesselectedwith
acosmicray telescope.

Figurel5shavsthetimeresolutionasafunctionof
the positionalongthe counterfor straightlight guides
andfor light guidestilted at 90° with respectto the
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counterplane. The resolutionfor straightguidesis
similar to whatwasobtainedwith the AMS-01 coun-
ters. The obsened worseningof resolutionfor tilted

guidesindicatesthat abouthalf of the photoelectrons

arelostdueto theunfavourablegeometry

6. Conclusions

Basednthemeasuremengivenin section3.1,the
AMS-02 TOF systemwill have a worst time resolu-
tion thenin AMS-01, dueto thetilted light guidesand
to the effect of the magneticfield. In particular sev-
eral of the PMswill have ananglewith respecto the
magneticfield direction greaterthan30°. Figure 16
shaws the expectedresolutionin 3 asa function of
the time resolutionof the TOF system. As a worst
case,if only two planesare usedto computef3, the
expectedresolutionwould be AB /B = 3.7% (at B=1)
andpositronscould beidentifiedagainstprotonsupto
aboutl.3GeV.
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