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1. Introduction

After the successfuloperationof AMS-01 aboard
of theSpaceShuttleDiscovery in a 10-daystest-flight
carried out in June1998, the detectorhas beenre-
designedto increasethemaximumdetectablerigidity
up to 1TV, by usinga superconductingmagnetwhich
will provideamaximumfield of about0� 8T. As acon-
sequence,theTOF system[1] hadto beredesignedto
operatein a strongmagneticfield and with variable
valuesfor theanglebetweenthe light detectors(pho-
tomultiplier tubes– PMs) and the field direction. In
the following a descriptionof thenew TOF systemis
givenandresultsarereportedonvariousaspectsof the
systemoperation.

2. Design considerations

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

1. thefasttriggerto theexperiment;

2. themeasurementof thetimeof flight of thepar-
ticles traversing the detectorwith a resolution
sufficient to distinguishupwardfrom downward
going particlesat a level of at least 10� 10 �
10� 11, and electronsfrom anti-protonsup to
about1 � 2GeV;

3. the measurementof the absolutecharge of the
particlein additionto themeasurementdoneby
thesilicon tracker andby theRICH.

As for AMS-01, the main parameterswhich have
beentakeninto accountin designingthedetectorare:

1. Total sensitivearea.
To matchthefull acceptanceof themagnet,each
planeof the TOF systemhasto cover a circu-
lar areaof about1� 6m2. This is obtainedwith
12cm wide scintillatorpadsof differentlength,
overlappedby 0� 5cm to avoid geometricalinef-
ficiencies(seesection3.2).

2. Trigger selection.
The TOF systemhas to provide the fast trig-
ger to the AMS experiment. For an efficient
backgroundrejection,thesystemconsistsof two
pairs of planes,one before and one after the
magnet,with the paddlesarrangedperpendic-
ularly to eachother in the two planesof each
pair. This allows for a granularity of about
12 � 12cm2 for triggerpurposes.

3. Weigth.
Given the stronglimitations in the total weight
of theAMS detector, theTOF systemwasallot-
tedonly about250kg to accomodatefor thede-
tectoritself, thesupportstructureandthepower
supplysystem.

4. Powerconsumption.
The TOF system was allowed to use about
240W for PMs operationand signal read-out
(seesection4).

5. Time-of-flightresolution
The resolutionin the time of flight neededto
satisfythephysicsrequirementsoutlinedin sec-
tion 1 is about100� 200ps.Thechoicemadeto
use1cm thick scintillator(seesection3.2),was
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2 AMS02TOF StatusReport

a compromisebetweenminimumthicknessand
thelight outputneededto reachthis resolution.

6. Operation in space.
The operationof the TOF systemin spaceim-
posesseveral requirementson the mechanical
designandon the electronicsfor the TOF sys-
tem.In particularthecountershaveto behoused
into mechanicallyrobust and light-tight covers
with a systemfor fastdepressurization,thesup-
portstructurehasto conformto theNASA spec-
ificationsconcerningresistanceto load andvi-
brationsandthe electronicshasto be protected
from the highly ionizedlow-orbit environment.
Moreover the systemhas to guaranteeredun-
dancy, hencethe choice of having more than
onePM on eachsideof the counters(seesec-
tion 3.2).

3. Mechanics

In the testflight of June1998,HamamatsuR5900
photomultipliertubeswereusedto detectthescintilla-
tion light from theTOF countersin thatthey provided
small occupancy, low power consumptionand good
time resolution. In orderto shieldthe tubesfrom the
residualmagneticfield (200G) thePMswereenclosed
in a0� 5mmthick shieldingcasemadeof VACOFLUX
permalloy [1].

The AMS-02 superconductingmagnetproducesa
much larger field (about2 � 3kG) of variabledirec-
tion on the TOF planes. Fig. 1 shows the magnetic
field magnitudeandanglewith respectto the vertical
(z) directionat theverticalcoordinateswheretheTOF
planesarepositioned.To work in suchconditionsthe
light detectorsmustwithstandthemagneticfield with-
out shielding,in a largeinterval of angleswith respect
to thefield direction.

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

3.1. PMs

After a market study, the HamamatsuR5946pho-
tomultiplier tube (Fig. 2) was consideredas the best
choiceandthroughfullytestedfor time resolutionand
pulseheightresponsein magneticfield.
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Figure 1. Themagneticfield magnitude(a), its direc-
tion with respectto the z axisof AMS-02 (b), andits
componentin theplaneat z � 60cm. Thedashedcir-
cles in (c) representthe approximateposition of the
TOF systemPMs.
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3.1.1. Theexperimentalapparatus

Theexperimentalapparatus(shown in Fig. 3) con-
sists in a red light emitting diode (LED) operated
throughaCAMAC module1 whichprovidesavariable
pulsewith amplitudebetween0 and @ 20V anddura-
tion between5 and100ns. The systemis clocked at
about20Hz.

The light is guided to the PM by two optical fi-
bres.ThePM is placedinsidethepolesof anelectro-
magnet(maximum field 4kG) on a movable stand
which canberotatedat a maximumangleof 90A . The
chargesignalfrom thephotomultiplieris digitizedby
anADC2 with two12-bitsscales(0� 25pC/channeland
0� 033pC/ channel,respectively) and registeredby a
PC-baseddataacquisitionsystem.

3.1.2. PMsgainandenergy response

The PMs gain has beenmeasuredfollowing the
methodof reference[2].

As thegainof theR5946PMsshow largevariations
from sampleto sample(aboutafactorof 6), threePMs
wereselectedfor testingin magneticfield: onewith
high gain (PM no. 9386),onewith intermediategain
(PM no. 9385)andonewith low gain (PM no. 9381).
All threePMs were thenoperatedat a gain of about
2 � 106, with voltagesof 1700V, 2000V and2200V,
respectively.

ThePM responseshavebeenmeasuredfor different
valuesof themagneticfield B andof theanglebetween
thePM axisandthefield direction,calledθ in thefol-
lowing. Figures4 shows the responseof the PMs at
differentvaluesof themagneticfield, relativeto thatat
B � 0G, asa functionof θ . For θ B 50A , therelative
responseis greaterthan50%up to the highestvalues
of B. Only at θ � 60A the responsegoesto zerofor
B C 1000G.

The single photoelectronresponsehasbeenmea-
suredusinga very low-level light pulsefrom theLED
for severalPM orientationsandfield magnitudes.The
resolutiondegradesrapidly with increasingmagnetic
field at largeanglesandwith increasingangleat fixed
magneticfield. A summaryof the resolutionin the
singlephotoelectronresponseis shown in Fig.5 for the
threePMsandfor differentvaluesof themagneticfield
andof the angleθ . The consequenceof the worsen-
ing of thesinglephotoelectronresponsewith increas-

1LED DRIVER fom CAEN, Italy.
2CIA fom CAEN, Italy.

Figure 2. The HamamatsuR5946 photomultiplier
tube. The photocathodesurface is 572mm2, much
larger than the 324mm2 surface of the R5900 PMs
usedin AMS-01.
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Figure 3. The experimentalsetupusedfor the mea-
surementof thePM behaviour in magneticfield. The
maximumfield is about5kG.
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4 AMS02TOF StatusReport

ing field and θ is a small degradationin the energy
measurementresolution,as shown in Fig. 6 for PM
no. 9386whenilluminatedwith a signalequivalentto
about240photoelectrons.

No relevant differencehasbeenseenbetweenthe
threePMs.

3.1.3. Timeresolution

Althoughthetestsystemhasnot beendesignedfor
a very precisemeasurementof the time resolutionof
the PMs, someconclusionson the effect of the mag-
neticfield cannonethelessbedrawn.

The signal from the PM is sentto a discriminator
(with the thresholdsetat 30mV) andthento thestop
input of a 50ps/binTDC, startedby thepulsedriving
theLED.

The transittimesandthe time resolutionsfor PMs
no. 9381and9386areshown in Fig. 7 asfunctionof
the magneticfield andfor differentvaluesof θ . The
most relevant observation is that the PM operatedat
highervoltage(no. 9381)shows a shortertransittime
and a bettertime resolution. A strongcorrelationis
observed betweenthe time resolutionand the transit
timefor bothPMsandaseriousdegradationin thetime
resolutionis measuredfor θ C 30A .
3.2. Module design

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

G Dueto their largersize,only two PMsareacco-
modatedin eachsideof thecounter.

G Thelight guideis designedsoasit canbetilted
to variousdirections. The light is guidedinde-
pendentlyto eachPM on oneside.

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

A picture of one module is shown in Fig. 8. Pho-
toghaphsof samplelight guidesaftertilting areshown
in Fig. 9.

3.3. TOF plane design

Due to mechanicalconstraints,each TOF plane
consistsof 12counters,12cmwideinsteadof 14coun-
ters (11cm wide) as in AMS-01. Also, the PM ori-
entationscannotbe completelyoptimized. Figure10
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Figure 4. The relative responseof the threePMs as
a function of the angleθ betweenthe PM axis and
thefield direction,for differentvaluesof themagnetic
field B. The PM responseis serouslydegradedfor
theta C 60circ.
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Figure 6. Energy resolutionfor a signalequivalentto
aminimumionizingparticle(240photoelectrons)asa
functionof theanglewith respectto thefield direction
andfor differentvaluesof themagneticfield.

shows a principledesignof planes1 and2 of theTOF
system.ThePM orientationwith respectto the mag-
neticfield andthefield magnitudeareshown in Fig.11
for all PMsof thesystem.

Figure12 shows the mechanicalsupportstructure
of bothpairsof TOFplanes.Thecountersareattached
to ahoneycombplanewhichis connectedto theAMS-
02generalsupportstructure(USS2).Thebottomhon-
eycombplaneis alsousedassupportfor theRICH ra-
diator.

4. Electronics

Themainconstraintsfor theTOF electronicsare:

G redundancy in orderto operatesafelyin space;

G completecontrol on every channelfor fine tun-
ing during3 yearsof datataking;

G low power consumption(150W), i.e. high effi-
ciency bothfor power conversion(up to 2400V
andfor read-out.

TheTOFhas4 planeswith 12countersseenby 2 PMs
at eachside,for a total of 192PMs. Thesignalsfrom
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Figure 7. Time delay with respect to LED pulse
(“meantransit time”) andtime resolutionasfunction
of the magneticfield and for different valuesof θ
for PM no. 9386(a,b) (highergain – lower voltage:
1700V) andPM no. 9381(c,d) (lower gain – higher
voltage: 2200V). Themeantransittimesarereferred
to thetransittimeof PM no. 9381atB � 0G.Thetime
resolutionat B � 0G is subtracted.ThePM operated
athighervoltageshowstheshortertransittimeandthe
besttime resolution.

P
h

Ms C
i

onical
l
j
ight guides

C
i

urved
light guides

C
i

lear
pk lastic

S
l

cintillator

Figure 8. GeneralTOF counterdesign. The config-
uration of the light guidesand the dimensionof the
clearplasticsectionaredifferentfor countersin differ-
entpositions.

���! �"�#%$ #%&('*),+�'*-/.102'*)3$546#(-7.98(:%:(;=<>:(?=<>:%;



6 AMS02TOF StatusReport

(a)

(b)

Figure 9. Photoghaphsof samplelight guidesaftertilt-
ing. Thestraightsectionon topof theguidehasahole
to hold it during tilting and will be cut away before
mounting.

Figure 10. Sketch showing the positioning of the
countersandof thePMsin planes1 and2 of theTOF
system.NotethatthePMsof plane1 areshown onone
sideonly.
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(a)

(b)

Figure 12. Mechanicalsupportstructureof top(a)and
bottom(b) TOFplanes.Theupperstructureis attached
to theTRD support;thye lower servesalsoassupport
for theRICH radiator.

the two PMs on eachside of the scintillator paddle
will besummedto provideonesignalfrom theanodes
and one from the 3rd last dynodes. The anodessig-
nal will beusedfor time measurementin a way simi-
lar to AMS-01, while thedynodessignalwill beused
for charge measurementusing linear ADCs, in order
to have a betterchargemeasurementthanfor theTOF
systemof AMS-01.

The TOF electronicswill be housedin two pairs
of crates(seeFig. 13), eachpair servicingonepair of
planesandcontainingthePM powersupplies(seesec-
tion 4.2)andtheread-outelectronics(seesection4.3).
Part of the electronicswill be positionednearto the
counters(seeFig. 14) to minimizethehighvoltageca-
ble length.

Most of the electronicsdescribedin the following
is presentlyin anadvanceddesignand/orprototyping
phase.
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4.1. Voltage dividers

In orderto reducepower consumption,thevoltage
divider of the TOF PMs will have a total impedence
of 80MΩ. Themeasuredmaximumratewith thefirst
prototypeis of 10 kHz, muchlargerthantheexpected
triggerrate(between100Hz and1000Hz).

Thevalidity of thischoiceis confirmedby thegood
behavior of theTOFsystemof AMS-01,thatwasable
to keepa 99.98%trigger efficiency over all geomag-
neticcoordinates(with theexceptionof theSouthAt-
lanticAnomaly).

4.2. PM power supplies

The 24 PMs on the sameside of a planewill be
connectedto 2 power supplies,onefor the 12 “odd”
PMs,theotherfor the12 “even” PMs,to increasere-
dundancy. Moreover, eachpowersupplywill havetwo
sides,one “hot” and one “cold”, which will only be
poweredin caseof failureof the“hot” side.

TheHV from thepower supplywill bedistributed
to 12 regulators,sitting near to the counters,with a
currentlimiter asprotectionagainstshortcircuits.

4.3. Read-out

Eachelectronicscratewill house:

G one Scintillator Data Reduction(SDR) board
collecting data from three Scintillator Front-
End Time (SFET)measurementboardsreading
8 TOF channelseach;

G oneScintillatorFront-EndCharge (SFEC)mea-
surementboardconnectedto 24 TOF channels
and8 anticoincidencechannels;

G oneScintillatorFront-EndAnticoincidence(SFEA)
boardreading8 anticoincidencechannels.

Eachboardwill bedoublyredundant(“hot” and“cold”
sides).

4.4. Slow control

Theslow control functionsof theTOF systemwill
beexecutedby two boards:

G 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 connectedto 2 Scintillator
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Figure 15. Resultsof the testswith the new R5946
PMs: time resolutionas a function of the position
along the counter for straight light guides (a) and
curvedlight guides(b).

SlowControl Interface(SSCI)unitsplacednear
thePMsthroughseriallinks.

G TheSSCIboardwhich is responsiblefor setting
andreadingtheHV of a planeside.

Thetemperatureof theTOFsystemwill bereadby the
USCM.Thelatterwill alsoturnon andoff eachboard
in the crate,selectingthe “hot” or “cold” sides,and
it will get thevoltageandthecurrentvaluesfrom the
sameboards.

5. Test results

In ordertodeterminetheeffectsof thenew PMsand
of the new light guidedesign,the time resolutionof
two countersequippedwith HamamatsuR5946PMs
andwith different light guidedesignhave beenmea-
suredusingminimumionizing particlesselectedwith
acosmicray telescope.

Figure15showsthetimeresolutionasafunctionof
thepositionalongthecounterfor straightlight guides
and for light guidestilted at 90A with respectto the
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counterplane. The resolutionfor straightguidesis
similar to whatwasobtainedwith theAMS-01 coun-
ters. The observed worseningof resolutionfor tilted
guidesindicatesthat abouthalf of the photoelectrons
arelost dueto theunfavourablegeometry.

6. Conclusions

Basedonthemeasurementsgivenin 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-
eralof thePMswill have ananglewith respectto the
magneticfield direction greaterthan 30A . Figure 16
shows the expectedresolutionin β as a function of
the time resolutionof the TOF system. As a worst
case,if only two planesare usedto computeβ , the
expectedresolutionwould be∆β � β � 3� 7% (at β=1)
andpositronscouldbeidentifiedagainstprotonsup to
about1� 3GeV.
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Figure 16. Expectedresolutionin 1� β (full line – left
scale)andmomentumlimit for positronidentification
(dashed-dottedline – right scale)asa function of the
TOF systemresolution.Th dashedlinescorrespondto
threecases:120ps: 4 planes;140ps: 3.5planes(asin
mostof AMS-01 flight); 170ps: 2 planes.
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