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Abstract

This dissertation describes the search for antillCliunl in COSlllic ravs bv the 'lilalvsis
of the data obtained frolll tl1<' three balloon flights of ImSS I which were performed
in 1093, H19·I, and 1995. 1n the analysis, events with a single track in the tracking
challlber were selected and iclent ification of heliullls and ant iheliullis w('re based
on the llH'aSUrf'nICnts of magnetic rigidity. time of flight. and energy loss in the
plastic sci nt illat ors. The selected "\'enls were furl her checkc'd on t h(' 'Ilia lit\· of data.
('specially the tracking qualities, and also on the consistenC\' among the respollses
frolll the difl'crenl detectors, !\fler these careful checks and the quality re'lllirelll<'nts.
no anlihelium candida!C' was foulld below rigidity of 16 G\·. Taking into account the
detector dficiencies and the absorplion of antih"liums alld helillnls ill the air and
the instrument. this analvsis sets a 95'X cOllfidence level upper lilliit 011 Ihe ]"f(,/Ik
flux ratio of 2.0 xJO- ti a't the top of tlH' almosphere in the rigidity region from I
to 16 C:\'. whi,h is eqllivalent to a region frolll 0.1·1 to 7 Ge\' per nucleon in tenllS
of kinetic energ.v. This result is about a factor of -I:'> improvement 0\'('1' 1he pre\'ious
best lilllit by C:olden cI al.

I Balloon-borllc Expf'ritllf'lll \\'ilh 1-1 SlIP01TOtldudillg tnagll('! rigidij~1 Sp(,('lrOIllf'I(']
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('II. \ I'TI::U I. I.\"TIWf)["(TIO.\"

lInil"<'rse. '1'11<' annihilation of the q and 'I leaels to Ihe prodnction of radiatioll. The

slight "Xcess of remainill!!, q and 1 pro"id"s the matt('(' of which thC' present lIni"er,,'

is ma,Ie. In this scl"'mC' the nllmbers of baryons (II;) anel photons (110 ) ar"

Chapter 1 Il"h('l"e II,! and "'/ are the numbers 01''1 and q. '·:xp('('im"nlall.\'. Ih" bar.'·on-to-photoll

ratio is quolC'<! as

Introduction

Ddinillg I' (I') as til(' fraclion of \ (X) elecays in q+q ('1+'1). anel llius (I - 1') as
tli" fractioll ofd,,(";l,l's ill '1+1. ill til(' pr,'s""ceof (' allel C'P violatiollwe liav,' I' # /.:
IH']]('(' W(' nHl (,11d lip with all ('x cess of quarks o\'el' alltiquarks. 1\110111(']' IH'('('SSlll'y

conditioll is to he' l10t ill thcrll1od.vnrllnic equilibriulll to avoid the invprs(' 1'('<-1CtiOllS

like 'I',-t \ or '11-t.\ hal'ing I lie Sillll" ral,'. [loth 11,,'s" cOlleliliolls c"n b" r"ali""eI

ill th" Ilig Ballg Ih"or~'. jllstifl'ing Ih" hypolh"sis of barl'on-antibar.von asvnlnl"lric

TIi" "xisl,,",.eof <1l1lilll<1lter was first propos"eI 1,.1' Dirac in Ihe cadI' I'BOs [I] fronl
relativistic qUfllltullllllcchanical considcrations. II was r!C'ar fronl his (lrgulllf'nl lila!

<111 III(' particl,'s ill tli" worlel shoulel hal'e corresponelillg anliparlicl"s. I'ollowing

th" discov,'r,Y of posilrons bv Anelersoll [:2J allel anliprolons b,Y Chanlb"r1aill allel

S"gr" I:l]. noll' il is lVell knolVn lliat el'er,Y '>[('IIl('nl"r,Y p"rticle has its "nliparti,.I".
.\1 Iii" <1,.c"INalors il IVas founel Ihat ant iprotons ,,"e1 alllineutrolls illeleeel 1'01'111
alltielellt,'rolls [I. 0. 6. 7.8].

:\ccording 10 t he current unel"rsl aneling of Big Ilallg. at the I'C'I"y beginllillg of t lie
("lIiver,,' tliere slioulel hill'e been the same amollllt of m"tter allel alllil11alkr. If tliis

is corr"ct. il se"I11S ral her accielental that tli" lCarlh is composeel of n,,!?;"1 iv,' "lcct rons
allel posilil''' protOIlS. It is el'en concei"abl" thilt stars compos"eI of posit roils allel
alltiprotons exist in the l·ni,·erse. Thus. it is a m.l·ster." that antimalter sllch as

alit ilidium anel lieal'iC'l" antinuc!ei hal'" nol be"n ob"""I"NI in cosmic rays.
In t 1)(' moelern grallel unified theories (C: I·Ts). til(' mat ter-antimat tel' asymm"l 1'.1'

in llie pr"s"nt l·lIi,·C'I"s". which is eqllivalent to til(' baryon-anti baryon asymm"lr~·.

is cOIII'entiollally "xplaineel by the diffC'l"ence in tlie decay charaeleristics I)('tweell

\-particle and its antiparticle in th" early uni,·C'r,,,. \-particle is a boson wliosC'
"xisl,'nc<' is pr",liclcel by the (:l"rs. X-boson has mass .\lx of ~ 10 1-, C,,\' anel

carri,'s th" forc"s belweC'n quarks anel I"ptons. It can mC'eliate r"acliolls like, the
protoll eI"ca.\' (e.g.. p -t ,+,,0) with a proton lif,'lin1(' of orelC'r of TJ' 2 10"u yr. If

al the ellel of illilalion the l"nil'erse was hot "nollgh to proelucC' \-parlicl"s. tl1('lI.

wliC'1I it coolC'eI. the \ and \ woulel hal'P be,," able to elpcay into pairs of quarks

('1+q) or a qllark plus a lepton (q+/) anel \-bosons illdllce lepton-quark transitions

'1q \ -t ql. L"t us SllppOS" thilt w" hal'" two <lominanl IllOel"s of elecay:

In the framework of l3ig Bang tl1<'or.l· anel c: l"Ts. il parameler of t 11<' C' P I';olatioll

can be adjllstPd to fit the baryon-Io-photon ralio to th" aboI''' ,'xl)('rimental valli".

The aboI''' t h"ol"l' is the IllOSt generally accept"d olle for the lIniversp "I'olution
and it is basNI on the ('P violation in Cl'Ts. Illlt it is important to note thai

II'" do not know Whilt kind of C P violation shollid bp exp"cted in Cl·Ts. I3rolVn

and Stecker [9]. and Sato [JO] have propos"d models of bar)'oll s.vmllldric lIniv('l"s"
in til(' franl('IVork of til<' Ilig I~ang alld CUTs. TIl<'se ar" called Haryon Symmelric

l3ig Ilang (llSllI1) model. They consielered the h.vpothesis of C P violation COining

from sponl an"olls sy II III 1('1 ry breaking lVit h a scalar fielel I hat t.akes complex ""CUllln

expeelalion "allies dllring the coolillg of th" Univers". Th" id"a WilS lilter dev"loped
and. til(' interesting thing is that. when synllllf'll'y breaking occurs. say at time f ll ,

the CP violation can ha"C' diff"rent signs in callsallv disconnected regions ( regions

s"paral"d by dist ance great"r than c1,,). We do not know 111(' nunlbN of the elifferenl

disconn"elNI (' P regions that can remain after inflation but. if I hey ill"(' mol"<' than
one. thel' could bC' Illattpr ilnel antimatter regions. I~ach eliscolln"c!ed region is
called a "domain and the structure of the l"nivprsp thai is constructed by many

separat"eI domains is called til(' domain struelurp. CivC'n the fact that ther" arc

~ lOb c1t1~t('rs of g<tlaxif's in our Yisible universc. the bar~ton-al1tibar.vollsymllletry
can bC' existpnt at the galaxy cluster level (e.g. c!ustNs of 'alaxies maele of matter
and. wpil sepilratpel. clusters of ant igalaxies madC' of antimatter). Recently. modPis

of bar)'og"nesis in the "arly ulliverse hal'e been improvC'eI illt roducing the har"onic

chargecondensalP (\) [11] anel thegenericcollplingof\ to the inflation !ipld <I> [12].

In these tll('ories it is possible that antibaryonic regions exist. If th"se tlwori"s
are correct. cosmic rays from anlimatter domains might be able 10 eliffuse across

int.ergalactic spac" alld enter our Galaxy.

The above n1('ntioll"d sources of antimatter arc supposed to bC' olltsiele our

C:alax,'. l3ut el'en in our Calax)' there might exisl SOUIT"S of anlimatters. Such

possibility was firsl considered by C. \\'itlen [I:IJ. who illtrodllc<'d sllp"l"Condllcting

strings that hal'P superconducting "Iectrical currenls on them. 'I his consid"ration

is very signiFicall1 becausC' by that time strings hitd b"en thollght 10 bp detectC'd

onlv by gravitillional erfeds, for example. throllgh a gravilalional lens ..frec\. Uut

if strings hal''' eket rica I cllrrents, they can 1)(' delecled by "kclroillagn"t.ic ,>ffects.

In his pr"selltation, he also sllggesteel thai th" Sllp"ITondllclillg strings may manu

facture complex alltimatt"r nuclei. This siluation 1V0nid b" reali7,,,<1 if Ihe string is

ill an anlima((,'r mode and is slIlTollnd"d by a dense alllimaiter "Iilsnla of its own

making. Thes" slrings ar(' so Slnall Ihat th".\" conld exist in 0111" Calaxy. Thpn if Ih"

\ -t q + q or \ -t q +1\ -t q + q 01" \ -t q + I.
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Tabll' I I: Summary of f'xperiml'nts selt ing uppl'r limil on TT(:/Ik.

.\s a rl'sull. an, flux of alit ilH'liunl II'hich could possibly 1)(' nlt'asurl'cI 1)\ prl'sl'nt

illslrunWllls could only he primal'\' or Spall'll ion product of slill hl'al'i('r alltillllelei.

11011'1'1'''1'. wh,," Clll" anlill('lium candidalC' is ohs"I'I'"d. I I", possihilil." of 'ecouclar,I'
procluctioll call 1101 hl' l'limillatl'd. Thus. the IIlosl C'lid"1l1 proof of thl' sl'lllml'lric

unil'crs" lI'ould II(' II", cll'll'CI iOIl of antiuuclcus hc'ali,'r t hall h"lium I)('c'all'c' it coulcl

not hal'c 1"'1'11 syuII",sizl'd in til(' Ilig Bang. 1101' producl'cI iu prololl collisiolls wilh

inll'rstl'lIar gas, In otlter lI'onl:,. til(' dl'tl'ctiou ml'ans th" "xisll'll(,(' of 'lilli-sial' 11'1,11
concknsl'cI 10 produc" such alltilluell'i. But at litis sl"gl' of 1'''5('arch, alllihclium
is 11lC' most pradical possihility 10 be del"cll'd bC'OlllS" alltihelium 1I'0uid hI' lllos1

abulldant nuell'i in alllimatter r"gions. \lorcol'el'. Ihl' ahsorpt ion cross sectiolls of

Iwavil'r antiuuclei are 100 large for I hl'lll to reach I ltC, Earl It. "lid cOll\'ersel". I II('

resultant spallaliolls \l'ollldhC'lp thl' flux of alllibclilull illcreasC'.

Thl' first altc'lllpts 10 ddl'cl anlimattcrdir"clly WI'J'('lllad,' by ohsl'rvillg cOSillic

rays wilh slacks of Iluclc'ar "lllul5ions [:1:1). in II'hiclt alltiulall('rs call hl' idl'lllified by
thl' tracking topology derivillg from Iheir annihilalion charactl'rislics, I';vl'nson [:1:1J

usecl illsll'lullental iOIl which cOlllains a Illagnl'tic speel rOllwl('I' will, spark challlbl'rs

to bl' pholograpl,,'e1 by 1'1'0 call1Nas, It also conlainl'd a lillI(' of flight Illl'aSUrelll('llt

svslelll using sci Ilt ill'll ion counlC'l's and Na I crystals 10 Ill"asu rl' 1IlC' ckposil l'd I'llergy,

Smool 1'1 al. [:1'1] also used a cOlllbination of spmk c1"'"lhl'rs wit h " l11agllet alld
scilltillators. Iluffillgton C't al. [~!ilus"d spark cbambC'I's,ltoll'l'ver, wilhout a magill'\.

Th"y design"d tl",ir inslnnllenl ill such a way Ihal illcidenl alllimatll'rs can b"
idenlifi",1 by tllC';rallnihilalion\'''rlicl's in till' spark chamhl'r, lladhll'arl'l al. [:16] and

Coldf'n 1'1 al. [27) uSl'd multiwirl' proportional countl'rs with a magill'\. scilltillators, a
caloriml'tl'r. allel a ('I'r,,"ko\' countel'. By noll' 11lC' b"st conficklll limitsofanlihclillm
10 hdiulll ratio aI''' TT(:/Ik ::; 1.6 x 10-'1 in 11lC' rigidity regioll (10 ~ :n) C\' 1:16].
TT(:/lll'::; 9 X 10-; in the rigidity region (I ~ :10) C\· [:17]. and TT(:/II,,::; :1,2 x 10-;

in thl' rigidily r"gion (I ~ :1) (:\. [2.5], Table I,J alld Figurl' 1.1 sumnlari"" knoll'n

Ti""C/lle limits so fal'. 1I0ll'l'I'I'I'. thl'sl' limils arC' nOI satisfaclory I'nough 10 test III('
theoril's,

IIIIX is I'H,!\,' ('IIollgh. t h" produc"d alit imalt"r mal' I", ohs"I'\·",1 in cosmic ral·s. 'I'll('

"si im"t" of a prodllct iOll ral" or allY IIuIIl('rical cOllsidNal iOIl has II0t b",," donI'.

Hilt. if I his is possihle alld is don". Ih" limit 011 I h" "xist""c,, of snl)('rcollducl iliA

slrill!!,s call I", ohlain"d.

III(' limil Oil t h" s"llarat iOIl 1",111'''''" mal ll'r alld alll illlalt"r call hI' oht aill"d from
tll<' o),s('n'atiolls of cO!-illlic ') ra.\·s. because if Illattpr and t-liltilllflttcr arC' ill contact

th"y allilihilal" alld produc" ", ra\,s. SI"igmall [II] I"" mad" all "xhauslil'(' stlld.I'
Oil III(' pr<'S""Cl' of allli'llalt"r 011 a l'ari"ly of scal" from -ray oh""'I·alions. III his
"rlicl,'. a lillalltil.'· f is ckfi'1('d as III(' fractioll oflh" sysl(,111 Ihat could 1)(' cOlllpos",1

s,YmnH'lricall.l· of maltl'r alld alltimalll'l'. alld (II') as thl' Ill"all inlNgalaclic gas

ckllsily. Ilis stlldy gal'e IIppl'r lilllits 011 I(1I 2
) for II", distam'(' b"lIn',," 1010 :\000

\Ipc varyillg Ih" templ'ratur" of th" gas from 10' 10 10' I":. 11011'''1'''1'. if maltN

al,,1 alllim"lll'r ar" \1',,11 s"parated. this I gil'''s 110 infonHalioll ahoul Ih" fractiOIl
of aillinlalt"rs. 1\s IlwntiOl1('d abol'('. mall"r alld alltimalter could I", 5"1)aral"d as

domaills. Thl'll I is 1101 a good paramc!,'r 10 I"sl I h" 13SBI3 modl'ls. N"v,,1'! hC'kss.
his sl udy g,av(' f < 10-3 in the Local Croup for II ~ 10" cm-3 alld T ~ 10' 1\ so I hat

Ihl' antilllalt"r r"g,ioll is unlikf'ly 10 "xist al kasl \l'ilhill 10 J\lpc. SI('cker [I!i. lCi]
sl)('clllal"dlhal 111(' hllmp of gamma ray sp"clra S",," arollnd the I'nergv r"(sion of I
10 10 ~I,'V call 1)(' "X plainI'd by till' IJSHllmodeis. Cao [II] proposl'dlhal illirillsic

anisotropi"s in th" "xlragalactic gamllla-rav hackgrollnd (I·;HC). II'hich should hI'

d"t"ctabl" lI'ilh tl", Camma l1a,v Obsl'l'I'alory (CnO), can bl' uSl'd to t('sl Ilw BSllll
lllod"ls, Ilut 111('1''' has b"l'n no "vidl'ncI' of antimaltl'r domains \'f't,

Thl' 1-ray mc'asurl'ments al'l' onl,l' indirl'ct t"sts for I hI" BSBI3 mockls, ,\ n I'xp"r

iml'nlall,'nlorl' dirl'ct method is to sl'arch for antilllaltC'J' in coslllic-ravs..\ntih"liunl
alld h('a\'j('1' (Intinuc!C'i ill cosmic r(tv~ rail ('xist onl\' unc!C'r sVIllIll('tri~' or V('IT ('xotic

hypot hl'S/'s, II'hill' posit rons and al;tiprotons can I;" produc~d also I'ia stall;lard in

[I'ractions hC'lll'el'n elenwlltary particles, Thesl' s"condary antiparticks hal''' bl'"n

ah'"ach' cktl'ckd and thl'ir Duxf's 11'1'1''' ml'asllrl'd ill soml'l'xlJl'riml'nts [I'. J9. :10. :1IJ .
.\lllihl'lium could hI' produced in 1'1' collisions lI'ith a probability of 10- 12 or I"ss.
This "slimatl' is basl'd on the obsl'rvation b,' Dorfan C'l al. [I] of till' procillctioll of

I-Ci Cl'\'/c antickutl'rons by usillg a bl'r,'lIiulll targ"t \l'ilh :\O-Cl'\,/c protoll h"anl.
alld hI' ,\lltipOI' "t al. [6] of thl' productioll of:10 CI'\,/C allti-3 11<' by 70 C,,\'-prolon

hl'alH alld an alulllinium targel. Thl'Y conelud"d that Ihl' product ion of anlidl'III"ron
(alit i "II" nuel",,,) is approximatclv;j x 10-0 (:1 x 10- 11 ) times that of n('galivl' pion

producl iOIl..\ s"rie.: of l'xperinlC'nls followl'd t h"nl. According 10 Ilwir r"sults. Ih"
producl ion ral io of d/;r- arisl's from 10-8 10 10-h as the hl'am I'IlC'rgy incrl'ases from

10 C,'\' 10 l,iOO Ce\' [7. <']. On Ihe other hand. th" valuc' (d/;r-)/(fi/rr-j' I'l'lllaillS

allliosl cOllslanl of lit" order of 10-". rq;ardlc'ss of Ill/' I)('am I'n ('I'g I', III coslllic-I'av
illtc'radiolls. l''S(,lltiall.\' all neg'll il'l' pions prodllcl'cI lI'ili deo1\' into' (,I('drolls, If ail

cosmic-ray ,,!erlrolls aI''' origillaled in lite n"galiv" piolls allci if lhcsl' I"'gativl' pi
ons ar" all produced ill collisiolls wlticlt could pl'oduc(' alllibaryons. approxima",ly

:1 x 10-11 'lilli-Jill' Iluclci could J'('ach Ihl' 1';al'llt 1'01' el'NI' ,,1C'droll II'hich al'l'il'c's,

.\s cosillic ral's cOlllaill 10 lillll'S "s Inany IH'liuIllS as ('Iectl'olls, t.hl' relaliV<' Ilux of

,"i1ilt"liulI" willt I'''SI)('CI 10 Iwlillms isofll"'ol'd,,1' of 10-1l Or less iflltc',Y COllII' fl'onl
II", s('colldmy pl'Odlldioll,

l1igiclity ((:V)

< :1.7
I ~ 10
10 ~ :1;j

I~:n

:3:3 ~ 100

!i ~ 10
10 ~:n

I ~:10
1~2

IJI'/"1' limit

< 7 x 10 "
< I x 10-"<" X 10-:1

< 5 X 10- 1

< ~ x 10-2

< 8,8 x 10-0

<I,6xI0- 1

< 9 x 10-5

< :1.~ X 10-0
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(Illnihilat iOIl-('lllulsio!l

pC'1'1l1allf'llt Illagnr·t
pf'I'J113IH'llt lJ)(lgll('!

p"l'lllalll'nl Inagll"l
permancnt Illagnd

SUpC'ITOlldllei ing Illaglll't

snpl'rcolldllct illg Illag,lll't

sU(JC'rcondlidillg 1l1<:lgll('t

Clllnihilrt1 iOIl-colilltl'r
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'1'0 s('~rch for TIP dowlI to ~ T'f(:/Ik of ~ 10-0. ~ n('w ballooll-bol'll(, ('"p('rin]('lIl.

lI~m('d "a 1l~lIoon-born(' E"pnin]('lIt \\'ith ~ SUp('ITolHlucting magllC'l rigidil.l· Sp('c
lrom('l('r (lll·:SS)". has b('en d('signed bas('d on s('I'('ral n('w conc('pts: (I) pr('cis('
IIwasur('lll('nl of Illomentum b.'· a m~gn('1 ic sp('cl ron]('ler IIsing a thin superconduct
illg so!cnoid and (2) use of larg(' tr~cking d(,t('c\ors hal'ing ~ larg(' geoll]('lrical ~c

c('ptallc('. ,\fter Ihe construclion and detailed perfonn~ncechecks of th(' (!clectors.

cosll1ic-r~ys weI'(' lirst measured and TIP s('arch was don(' in t h(' SIlIl1Ill('r of I99:l.
Ihsed 011 1his firsl flight dala. the del('clor was furl her opt imi2('d for the se~rch

and the n(',,1 flight was also successful I.'· done in '91. III the ne"t .'·('ar. TOF sysl('111

\\'as improved in Ihe resolution and the flight was also successfully done. In this
dissertation. the e"perim(,lIt~1 results of our s"arch for TIP from tl](' HESS ·9:l. ~).1.

~nd '9fj flight dat~ \\'ill be described.
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The sensitivity of 13ESS is shown as a bold lin('.



Chapter 2

Experimental Apparatus

'I his chapler provid"s an o""r\'i,'w of Ihe "nlplO,ved "xperilllenlal apparalus, Sec

t ion :2, I <"'scribes Ih" basic kal ur"s and d"sign concepl of Ihe <kl"cl or S,'SI<'II1, while
Ihe following Sf'clious discuss iu del ail ils indi"idual de\('clors aud dala acquisition

systeJlJ.

2.1 Basic Features

'I he del<'etor s"slelll for t I", llalloon-borne [xperinl('nl wil h a Sup<'rcouducl ing

So"'noidal magnel Sp",tronwl"r (I3ESS) is desi!!,ned wilh the prilllary purpuse to
illY(~:-;iigat(' high ('IlC'rgy cosmic prlt'tic!f·s. i.f'.. COSJllic tllllillliltteL ('s)H'cially nlltihf'

liullls and ,)s, IlF:SS has a large geollletrical a,ceplance and high capahilil,' for

"xeculiug precise "\'''nl r"coguilion suitabk for dislincl d<'lection of rare cusllli, an
limattf'!' C'xistillg tllllong all ahulldiillC(' of protons and hC'ii II illS. Such ('fliciC'llcy is

r"alized by cOlllbining Ihree k,'.\' lecllllologies: a thin superconducting nlagnet. a
c."lilldrical-configll1"'d tracking deteClor, alld a rapid dala acquisilion S."Sklll, In

fact. these feal ur"s also enabl" searching for ot her kinds of rarc' cOSlllic r".\,s, e,g..
positrolls. gaJl1llJa-rays. and isotopC's. (IS \\'('11 (1S pl'f'cisf']y IIlf'(lslIl'ing tIl(' absolute'
f1nx of primal'." protons "nd h<'iiuuls,

Figure Ll shows a cross-seclional ,'iew and photograph of I he HESS inst run",nl

in 'cn flight. heing cOlllpris"d of a jd-t,"'H' drift (,J 1':'1') challlhN, inner drifl challllH'rs
(11)('s), superconducl ing sol"noid, outer drift ,halllbers (0 1)( 's), and a I inl(' of f1ighl

(1'01') counl,,!'. Figure L2 shuws a <Toss-sectional ,'iew of Ihe IlESS inslrull1eul iu

'!II f1i[',hl, where a ('"rellkO\' ,ounl<'r was added oulsid,' of I he pressure ,'('sseI '"111 Ihe

olh"r ,"'Ieclors ['('Illained Ih" sa Ill" as '!):l, Figure 2,:l shows a cross-sectional ,'iew of
Ihe BESS inslrulllenl in 'C),'j flight. wl"'re a n"\\' pressure ,'esse I with larg,'r capacity

aud :2,'l-nl1l1 \\'all thi,kness was providc'd, Then a (','r,'nkO\' counler was installed

inside the \'('ssel. The relllarkable ilnprO\'clll"nl in HI':SS 'q:l insll'lllllenialion was

II", inslallalioll of IlI'W '1'01' ,,'slel1l. in which Ihe ",idth ofe;)ch paddle l)('call1e half

I I", size of old Olle, In I he ['('suits, ahoUI t hrec I inH's as good resollTl ion was oblailled
for tIl(' timing lll('c-Hilll'C'I1lC'llt.

These COlllpOl1l'Uts arc' arrallg,'d radiall." fronl II", cc'n(N of Ih" de"ice, alld alollg

wil h t h(' frolll-c'11l1 c'I,'cI ronics alld lui<ToCOlllpulers, '"'e enclo"'d b\' a :2-111 Ill-I hick

CII.IPTJ-:JI:2, 1~.\PEHI.\IE,\ I.IL ,IPP,IH,I'ITS

(a)

(b)

Figure :2,1: (a) ('ros>-secliollal "i,'\\' alld (h) 1'11"t{)gr~l'h "f IIi<' 1l1':SS illSII'lIlI1<'lll
('q:!).
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Figure 2.:2: ('ross-sectional \'iel\' of the I3E,'S i,,,t I'll Ill('n t (·!lI).

alunlinulll pressure vessel that keeps the inside pressure as the sea le\'el dnring
flights. Sit nated outside the vessf'1 are an 8-1ll1ll tape storage df'vicf' shielckd by
iron containers, a power supply systf'lll. alld a consolidalf'd instrulllent packagc'
(('lP) cOllllllunication unit which handles communications bf'tween thf' payload alld
groulld station. For til(' BESS '9:3 and '94 inst rUlllentation the entir(' unit weighs
:2.1 t. The dimension is 1.5 III in diameter and :3.:3 m in length. For tllf' BESS 'g!)
instrulllentation. thl' I'ntire unit I\'as extf'ncled to 1.7 III in diamel('r and :3.8 III in
length provided with the nel\' pressure vesse!. TI1f'n the weight incr('asl'd to :2.:2 t.

\\'hl'n suspended from a :2.7-1\lft3 balloon, they I\'ere compact and light enough to
Irav('1 at all altitudl' of about :}j km.

!\ thin entrance wall of about 7.5 g!cm 2 enablf's low I'nf'rgy particles to pass
through t h(' detectors, while a. cylindrical configuration provides largl' tracking vol
11l11f' and a gl'omelrical acceptallce of ~ 0.4 m 2 sr for '~n and '94 instrumentation.
This bl'callle ~ 0.:3:2 111

2 for ·9·5 instrumentation due to the dim('nsion of nl'w TOF
countl'l'. TI1f' .JET chamber is capable of prl'cis('ly detf'cl ing part icl('s and Jll('asnring
their rigiditif's, Sinc(' tllf' tracking device is equipped with :3:2 Illeasnrement posi
tions, ('\'I'n a cOlllplicated e\'('nt having interact ions inside t 11<' det('ctor can ('asil."

bf' monilor('d. Tabk:2.1. 2.2. and 2.:3 sUlllmarize the lIlain spf'cificalions of I3"SS
ilistrUIllf'nt and difff'f'('llC'e among Ihf' thrf'e flights.

(a)

(b)

Figurl' :2.:3: (a) Cross-sl'ctional front and (b) sidf' vif'I\'S of thl' IJI·:SS instrnnl('nt
('9.3),
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lal,k 1.1: \Iain specifications of BESS '~):J instrnlllent.

Table 2.2: \Iaill specific"' iOlls of I),"SS '!J 1 illstruinelli.

(;eonH't rical accept ance
\laxinllJlll detectable rigidit.'· in tracking
Iligidity rang," for fu id('nl ificat ion

Trigger rate

.\Iaterial in the spectrolll('ter (per wall)
Pressure v(,ssC'! dimcnsion

Tal' counter
Total \V('ight
Power consumption

O. I Ill' 51'

200 (;\.
I 16 (;\.

100 200 liz
i}i g/clll'
1.5 m0 x :3.:3 III

lop ·1 alld bot tOlll 6 paddks
2.1 t

1.2 k\\'

=;::-.-------r
L=·o.... ~

Table 2.:3: \Iain specifications of HESS '9·5 instrument.

(;eOlllci rical accept ance
,\laxinlUIlI delectable rigidity in trackillg
Iligidit.v rallg" for TTl- identificatioll
Trigger ratl'

\Iaterial in II,e spectrometer (per wall)
F'rf'SSul'(, v('sspl dilllE'llsion
TOF counter
C'f'I'f'nkov counter

Total weight
Power consumption

(;eoillet rical acceptance

\Iaxillluill detectable rigidity in tracking
Iligidity rang(' for fu identification
Trigger rate

~Iaterial ill tl](' sp('ctrolllet('r (per wall)
Pr('ssurc' \'essel dinl(,llsioll
'I'OF coullter
('crf'llkov C01111tC'r

Total \\'('ighl
Pow('r consumptioll

0.1 In' Sl

200 (;\.
I 16 (;\.
100 200 liz

i.e) g/cm ' ( + 2..5 g/cm 2 for (' at boltolll )
1.51110 X :3.:3 m
top I and bot tom 6 paddl('s
:3 paddles outsid(' \'essel
2.1 t
1.2 k\\'

0.:32 m' sr
200 G\'
I 16 CV
100 200 Hz

i.5 g/cm 2
( + 2.;) g/cm' for C' at bolt om )

I.i Ill</; x 3.8 m
top 8 and bolt om 12 half-width paddles
:) paddl"s inside vessel
'2.'2t
1.2 k\\'

Figure LI: ('ross-sectional view of the superconducting solenoidal magnet.

2.2 Superconducting Solenoidal Magnet

Figure 2.,1 shows cross-sectional \'iews of the superconduct ing sol('n~idal m~gll('\

(\IAG), which has a 0.8 m¢ x La m warm bore that encloses the .JLT and mner
drift chambNs. 1\ magnetic field of I T (maximum 1.2 '1') is generat('d inSide the
bore at a nominal current of 520 (510) A. with the resultant field uniformity being
±l.59(. A solenoid coil (I mc> x 1 m (() x ·5.1 mm (I)) made of aluminJim-stabilized
superconductor '\bTi(Cu) is installed inside the doubl(' therillal shielded cryostat.
and is indirectly cooled through til<' aluminum cylinder by a toroidal-shaped liquid
helium resel'\'oi;' tank with 1.50-( capacity (static indirect cooling nl('thod) [28]. This
n1<"thod has an advantage O\'('l' the bath cooling nH'thod in that it allows using a
thinner cryostat wall. The \IA(;'s thickness including the cryostat is 0.21 radiation
length pf'r wall and its total weight with hf'liulll is 1:30 kg. The alllount of stored
('nergyat IT is 81.) kJ. Pure aluminum strips (PAS [2']) ar(' attached to the Inner
surface of the solenoid for quenching. i.e.. they rapidl.\· conduct t herlllal energy III
the axial direction and homogenize the thermal distribntion. Table 2.,1 summarizes

the main specifications of the \II\G.
Thf' magnet is eqllipped with a persistent Cllrrellt switch (PCS) fabricated from

a superconductor alld heater. It is heated up to break thc' sllpercondllct.ion during
Illagnet excitation. t hell cookd and automatically shortcllt after bC'ing charg('d. The
currellt from the magnet is Sll bseC!"ent 1.1' able to pass th rou!\h t he I'(,~. Si Ilce the
df'cay constant of this CllIT('n( is nlorf' (hall !JOO veal's. if heliulll is filled to its
maximum Iev('1. the curreut persists for as long as 6 days wit h 110 ('Ilergy sllpplv to
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Table 2.·1: \Iain specifications of the supC'!'conducling soklloidalmagll"t (\I.'\C:).

Dimensions
Coil diameter

length
coil thickness (cenkr)
("nd notch)

Cryostat diameter
kngth

l',,'ful ap('rture diall]elC'r

length

Central fi('ld
Current
~Iaximum field
Stored energy
\vall thickness

Total weight
COllductor
Stabilizer

1.0 m
1.:Jm
.3,2 111111

10.1 n1l11
1.18 nl
2.0 m
O.~.) III

1.0 m

1.0 T
500.\
UT
81·5 kJ
0.21 Xo pC'!' wall
4 g/cm" per wall
,1:30 kg

Nb/Ti/Cu
Pur" AI(99.999'X)

Cathode Plane

0.76 III

Figure 2.5: ScI",matic vi('\\' of the JET chaml)('r.

the magnet. The magnC't can be safely discharged by switchillg ofr the PCS and
shunting tl", magnet current into a resistor located external to the vessel.

2.3 JET chamber

The.J 1,'1' chamber is a cyli IIdrical drift chamber situated inside t h" nlagllet. (Fig. 2.;))

having a trackillg volun", of 0.75·1 m¢ X I ,n.
Cat hock plalles partition Ihe chamber inlo lour sections. with each plane con

sisting of 100 aluminum wires wilh a 200-/lm diameter. The wir"s are laid Ollt.
though adually they arc str('tched. at 6.7-n1111 illtervals. and a high voltage or -10.8
k\' is applied to produce a constant electric field which drifts ionized electrons to
the sense wires. At the c('nter of each section. th(' s""se and potenlialwires arc al
ternately laid out at 1:3.1-111111 inten·als. The sense and potential (cathode) wires arc
r('spectively 20-/lmo gold plat('d tungsten-rhc'IIillm wires and 200-/11110 gold-plated
aluminum wir('s. and ar(' stretched with a tellsioll of 10 and :no gil'. To millilllize
wire loosening due to creep. before being soldered. the wires wC'!'e pre-stretched with
a tension of \;) and 100 gw. respect i"('1)'. The sense wires arc slaggered by D.,) mm to
resolve left-right ambiguity. The outer two sect iOlls hal'(' :J2 sellse alld :n potellt ial
wires. while Ih(' inner two cOJ"l'C'spolldingty have :)2 s"ns" alld !j:] polelltial wiws.
The maximum drill distancc of ionized electrolls is g.) mm.

The cytilldrical sidc walls arc n1<"I" of ala,"vd core honey('oml, to millilllize ma
terial thicklless and \\·cight. The inllC'!' surface of Ih" hOlleycond, pilll(·1 is made of a
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ropp"r plaled 1\:\ PTa\, shee\. 011 which t h,' rield-sl",pill~ pclll,'rlls arc ('[ched. The

two elld plales aI''' :2.)-mn1-lhick clluminull1 discs. Tile chclI1l1)('r's lotal w"ight is GO
kg.

II", chclmb"r is rill"d with cl mixture of 90'lt ('0, cllld 10'lt .\1'. I)('in~ suitclhk for

this ,'xperill1ent due to the followillg rpasons:

I. '11", drift l'<'locil,\' of Ihis gas mixt ur" is slow enoll~h to achi,'I''' ~ood posit iOIl

resolut ion IIsillg a relal i\·,'I.1' slow el"ct ronics packag" d"sigll"d for low powel
COIlSlI 111 pI iOIl.

2. I)lIe to a smclll diffusioll codlicient. till1illg f1uctucltiolls caused b.\' tl,,' IOllgi

tudillal diffusion of tl,,' "I"ctron cloud M" small "\'ell after a IOllg drift of 9:)
III Ill.

:3. '1'1", gclS mixt ur" is non-f1clmmclbl" and eas.1' to h'1I1dlc.

This IIlixt lire was used for thp ot her drift chclmbPrs for Ihp sallw reasons. ill fact.

the enlire \'''ssel is filled with it so that anv chamber suffl'ring a snlall gas kak will
1'('lllaill opC'rat iOllal.

'1'1](' signals frolll the sense wires aI''' picked up b.\' 112 preamplifi"r challlleis

mounted on the "nd-plates. t h"n amplified alld cOII\'ert,'d illto \'olta~,' sio,nals t hat aI'<'

direcll~' f"d into 28.,)-\1 liz f1ash-t.\'pe allalog-to-digital ron\'"rt Pr (F.\ 1)( ') modlll,·s.

,\ 1,'.\ 1)(' modulp hcls sixtp"n challn"ls in it alld sixteen modules can 1)(' inslalled al

tl](' maximum for .JI~T alld 11)(' readout. Eight modules for '9:3 instrunl<'nt and nin"

modlll,'s for 'g., and 'g.) instrrllnellts were install"d for .n:'I' readout. I':ach cha1lllel

alnplilies the signals alld digitiz,'s tl1<'11I into 8-bil digits ,'very :3!j liS. 'I'll" olliput

dal a of each 1·'1\ J)(' chanl1('1 cont ains informal ion 011 t he charge alld tillling for cVl'ry

:j!j liS, ill ot her words. four-hulldrl'd sets of the chargl' and timing data for I , /IS of

thl' full drift timc. Sillcl' a t.'·pical singll' pulse has a pillsI' width of ahollt 100 liS.

mult ipl,' hits in a singll' wire can be 11'1'11 sl'parated and l'I'cogllizl'd. Ilo\\'I'\'Pr, t hI'

total amount of 1'.\1)(' data is too largl' to r"cord all. alld conspqllpntl.\'. on-linl' %1'1'0

slIppressioll circuits arc I'mployed to reducl' the data amount. \\'herl' digitized data

is disnil1linatl'd hy a digital comparator and onl.1' dalcl abol'l' a thl'l'shold \'alllc is

aCClllnlllat"d into first-in-first-out (PIFO) nl"mory. Furtl,,'rrnorl'. a dala comprl'ssor

circuit se'lu"nl iall.v reads all 1'1 Fa memories of t 1)(' leA 1)(' challlll'ls alld compr"ss"s

Ih"m inlo forrnall"d data-pacl,pl. wh"rl' Ih" lillling. total illif'gratcd charge. width.

rising ,hape. and r"adollt channl'lnumbl'r of a puisI' signal \\"'rl' pael'''d into a 8-b,\'te

forrnatil'd data. 110\\'''1'<'1' tl1<' "ntir" pulse shapes \\'('1'1' lost. This data comlll'('ssioll

sclJ('llH' reducl'd the data size of all e\'ent by a factor of:3 alld it takl,s 200 /IS for thl'

eOll1pl'<'ssor to scan all channl'ls alld rOll1pl"tl' t hI' proc"ss for all cn'lll of t hI' Ivpical
data siil;e. .

'1'1", position of Ihe hits arl' thre,,-dinH'nsionally ml'aslll'l'd b~' th,' timing and

charg" of th" signak In this diss"rlatioll. cylilldrical coordina.l"s (I'(;>z) <11'1' uSl'd,

With th" lIlagnl't fi,'lei dir"ction b"ing ddill"d as till' "'-axis alld th" p"I'J)('ndicular

plalll' to tl", z-axis as Ihl' 1'0 plall". Th" hit posit iOIl in I hI' I'() planl' is caleulal"d

by its drift lime..\Ithough drift lellglh .r alld drift tim'" aI''' nearh' proportiou,eI.

L

~:x .~
lQ,( Avalache POint \j'V -[=(R+I)Q-IQ

R(Q"+Q,,l

L Wire length
R Wire resistance
ri: Preamplifier input resistance

Figur" 2.6: Circuit 1Il0dl'I of the chargp divisioll mcthod us"d for dl'l<'rll1inilig the
z-coordillatl'.

sOll1e nOlllillear crfects nl'vertl",less I'xist due to distort iOIl of till' I'!ect ric fil'ld alld

inclination of the track in tlIP cl'll. Snch nonlinl'arity. hO\\'I'\·l'r. is corrl'ctl'd b~' fittillg

the dp\'ialion of the hit position to a third-ordered polynomial. Th" hit position

along the z-coordincltl' is obtainl'd by applying the charg" division method. ",hl'rl'

Fig. 2.6 shows Ihl' I'lnployed circuit 1I10dei. To minimizl' I'rrors. thl' illtl'rll,,1 resistor

alld gain ofthp prpamplifier arc calibrated and adjusted using Ihl' actual flight dala.

The FA DC's read signals from 80 sensl' wires. soml' of which aJ''' r"ad from bot h

"nds to dl'!l'l'I11in" Ihe z-coordinatl' via charg" division method. :3:2 wir"s were rl'ad
from both sides iu '9:3 flight. This number illcrl'ased t01' wires in '91 and g.) flights

by iustalling one additional fAD(' module. As thl' tracks pass throllgh the c,,"tral

region. \\'hl'rl' the sigllals can be rl'ad through the t\\'o longer columlls of wir"s. a

maximum of 2-1 posiliolls can be measurl'd in the ro plain. As for z directioll. IG

positions and 2-1 positions call be lI1easulwl in '!):1 and '!J I-·!J.) flights. l'(·spl'cti\'l'ly.

Based on the residuals obtained from the fittl'd track (Fig. :2.1). the o\'l'rall resolulioll

of r<p planl' is pstinJal.edlo bl' 200 /1I11. Tlwsl' resolutions aI''' depl'nd"lIt on tI", drift

Il'nglh due to the difrusion or eketrolls. Figure L8 shows t hI' rl'solution as a. fUllct iOIl

of the drift distancp (a) and the angle of th,· track trajl'etory across thl' cathodl'

\\'irl' planl' (b). ",hl'r" both rpsolutions arc graducllly dl'gradl'd acwrding to tlJ(' drirt
distance and angle.

The rl'solution of t hI' z-coordinatl' measur"II1,,"t is L,) cm for singll'-chargl'd

particlps (Fig. :2.g (a)). being \\'orse thall thl' pXIIPctNI valu" of I ell1. since all

thl' charge information bl'lo\\' thl' threshold valuc is lost using thl' 2,'ro-supprI'SS

and comprl'ss schl'ml'. and call1lot be prl'ciS"ly correcl<'d. all tl,,' oiliPr halld. 1.')
cln reBolu! ion is ol)t ailwd for mull iple-charg"d part ick's (Fig. :2.9 (h)) I)('causl' t I"'.V

rl'duce t hI' thrcshold effl'ct.
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Figure 2.9: Hesidllal plot of the .JET chamb"" along the z-coordilHlte for (a) single.
charged and (b) 1I1ultip[e-charged palticles
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Residual errors in r<jJ fitting 2.4 Inner and Outer Drift Chamber

Figure 2.7: Hesidual distriblltioll of th" .J1~T 1'0 hit poillts.

Figurl' 2.8: ,n:T chamber "(? rl'solutioll as a fUllctioll of (a) the drirt distallce, illld
(b) the allgle 0 across the cathode wire pia III'.

Tlw inner drift chamb('l' (IDC) alld the outer drift chamb"" (01)(') a 1'(' cell-t\'pearc
shaped drift chambers located iIIside and outside t 11<' magllet. respect ivelv (Fig. 2.10).
The JDC (ODC) is a 1.06-m-long (1.J8 m) and :36-mm-thick (.11 IIl111) chamber 10
caLed between the radii of :38"1 mill (.59~ mm) and ·120 mm (ri:l8 mm) covering a
polar angle from 8 (18) to 172 (162) degrees. Both chambers arc identical except for
their dim('nsions and magnetic fi('ld strength. i.e.. I 'I' for till' 11)(' alld about 0.1 'I'
for the OI)C. The mechallical structure of each chamber is composed of four alamyd
core honeycomb panels wit h end and side plates made of engineerillg plastic (G 10).
Figure 2.11 depicts a cross-sectiollal "iew of the 1'0 plane. whe\'(> 'he surface of the
panel is made of I '- and 120-pm-thick copper and 1\.\1''1'0\ sheets. respectively.
The outer surface of the ('U sheet is cO\'ered with a 0.0-mm-thick AI sheet to ill
crease mechanical strength. The inner 1\i\PTOi\ sheet is etched at :l-n1m inkrval to
form a 1"i-n1m-wide and I '-111ll t hick electric field shapeI'. and corresponding pairs
of 7.·5-mm-wide and 18'llill-t hick diamond-shaped "ernier pads surround the sense
wires to detect the z-coordinate position. The inside of t he chamber is divided illto
two 12-mm-thick layers. At the c(,lIter of each layer. sense wires and field wires are
alternately laid out in about ,)O-mm spacing int""vals. This wire configuration also
acts to calibrate the drift velocity which is obtained by adjllsting the sum of the
drift !engt h of bot h layers to t he wirE' spacing. i.e.. :)0 ,nn\.

The sense alld field wires arc respectively gold-plated 2')-llIll() tUllgsl<'n-rhelliulI1
and 2:)0-/ln1q, aluminum wires. They arc str('telled with a tellsioll of .)5 gw and 400

gw. respectively. To 1I1illilni~I' wire loosellillg dlle to creep. [)eforl' I)('illg soldered.
the wire were pre-stretched with a tellsioll of I:) alld 10 gw. rl'spl'ctivel\'.
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Icigllre 2.10: Di"granl showing a cross-section,,1 vicw of IDC' "nel OD('.
Figurc 2.11: Di~grall1 showing a cross-sectional vicw of the IDC anel ODe in njJ

plane.
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Field Wire (-4 kV) Sense Wire (+2.7 kV) Field Wire (-4 kV)

dI11J@IT~
(a)

Electric Field 1 kV/cm

:21

Preamprifier

K:"'~;~<:}-~>< >< :;:?;L~
S~~__________ _ . Outer Vernier Pad ~ Sense2

tCr~_~ ~SenseWI;;------'-------'--V-~V

~~Z:::=.~><=----,=~:><"=------=::::::",....~~ler4
Inner Vernier Pad ~

(b)

Figure :2.1:2: (a) l,quipotenti<11 and (b) electric field strength contours of the 11)('.

A high 1'011 <1ge of :2.7 kV (:2.6 kV) is applied to the sellse wires of Ihe ID('
(OD(,). while ,1.0 kV ( .I.!i kV) to t.hE' field wires and field sh<1p"rs. Figur" :2.12
shows COli tours of thE' equipolf'ntial and el"ct.ric field strellgth of Ihe ID('. The
electric field is inclined 5.50 to the drift elirection 10 compensat.e for thE' Lorf'nlz
<1l1gle produc"d bv thE' magnetic field, and is COli stant across most of its dril'l region.
The sh<1pe of Ihe 0 D("s electric field is almost the same as thE' IDC's_ lVith the
exceplioll t.hal Ihe Lorenlz angle is lIegligibly small.

130lh chambers <1re filled with the S<1me g<1S mixtllre useel in the .J1~T ch<1mber
(90% ('02 . 10'/( Ar).

'1'110 ch<1mber sigll<1ls from Ihe sense lVires <1nel verni"r paels <1re bot h <1l1ll'lified bv
pre<1nlpJifiers mounted on an <1luminum plate <1ttached to the end-pl<1tp. Figurp :2.I:J
shows a di<1gr<1nl depictillg the re<1d-out. scheme of tlw IDC alld OD(,. wlwre on",
sigllal is re<1d from e<1ch ID(' sellse wir",. 111'0 for "ach 0\)(' sellse lVire. <1nel fOUl
sign<1ls <11'(' read from "'<1ch corr",sponding p<1ir of verllier P<1e1s. Thus. a tot<11 of
fivp or six sigll<1ls <1re obt<1illed per ID(' or 01)(' sPllse lVire. t\s expl<1illerl lIexl.
Ilwse sigll<1ls <1re dislribulcd <1nlong <1mplifipr <1l1d discrimin<1tor (I\~IP/I)IS('HJ)

IIl0dulcs. <1n<1log-to-digil<11 cOllvertpr (1\1)(') <1l1d linw-lo-digil<11 conv"rtpr ('1'\)(')
modules. alld f1ash-lyp(' <1nalog-lo-digit<11 COIII'prlPr (FAlX') IllOdules.

I. Th(' 1\)(' illid 01)(' sc'lIse wire sigll<1ls ar(' amplified alld discriminated ill Ihe
!\\II'/\)IS('HI modules. If the discrimin<1ted sigllal in Ihe illner <1l1d oulPr
1<1.\Tr of e<1ch ch<1I1'\)('r coillcid('. 1hev ar(' fed throllgh t he Ir<1ck trigger ('1''1')
Inodule. which perforllls a rapid all<1h'sis of 1heir rigiclitv (s('(' S('ct iOIl :2.8.1).

Figure :2.\:l: Heael-out scheme for ID(' and 01)(' signals.

:2. Thp 01)(' sense wire siguals arc tJlC'1I fed to the TDC' modules IVhich cOllvprl
th"ir liming into J:2-bit digils. while Ihe ODe vemipr signals arp procp"pd bv
Ihe 1\1)(' modules which integrate Ih('ir charge during a 500-ns g<1t(' alld COI;
veri them inlo 12-bit digits. Tlw tilninginformation is ulili7,('d for dclPl'lnining
the hit position of the OI)C in the r¢ plane, while tJw charge iufClI'I1liliioll for
detel'lnillillg th(' hit position along the z-axis.

:3. Th" IDC vernier signals arc processed and converted into Iill1ing and chargp
Informatloll by 28.5-~IIIz FA DC modules allCl compr('ssors ill the samp IIlann('r
as the signals from tll('.J ET sense wires. lIit posit ions in the,.¢ plalle and alollg
.o-axis are respectively d",termined using the timing and charge inforrnation.

The hit positions of the me (ODC) in the r¢ plane arc detel'lllillPd using the
measured drift time. Briefly. the drift velocity is calibrated using the sum of tlw drift
times of t.he inner and oUlE'r l<1yers of the rDC (ODe). after which tilE' polYllonlial
correctiolls arc applipd to minimize errors in the tracks. The overall resolution of
the r¢ plane is "stimated to be 200 Itill based on the residuals obtainpd from Ihe
filled track (Fig. :2.H). Figure 2.15 sholVs the IDC's j'¢ resolut.ion as a function of
the drift distance (a) and Ihe angle of the track traj('ctory with respect to the axial
direct.ion (b). ",Iwre both resolutions are gradually degraded according to III(' drift
distallce and angle.

The hil posil ion along .o-axjs is measured using Ihp sigllals gellerated all the
correspollding sets of vernier pads. i.p.. each pad is situated all Ilw inner alld olltpr
I,APTON sheet such that t.hey surround olle SPllse ",ire. Each sc'l is Cllt as sholVlI
in Fig. 2.16. having a cyclp of lOa mm for the ID(' (1:20 nllll for the 01)('). The
corresponding s('t of pads are situated such thaI one is shifted along :;-directioll by
a quarler cycle lVith r('spect to allot her.

When the drifl('d el"clrolls avalanche Ileal' a sense wire and deposit Ih('ir charg('
on it. induced signals arc gpnerated 011 the corresponding scI of pads. The "hargp
on each pad is divid"d into Ihe tll'O paris (A and Il) of the pad and the both charge
are separately rE'ad oul. \\'e dcfin(' the norlwdizpd chargc' ral io of A alld Il for pach
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Figure :2. I I: I{esidual distribul ion of Ihe 11)(' 1'0 hits.
Figllr,' :2.16: ('orr"sponding s"ts of verni"r pads.
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II'I)('re QAI(O)' QSI(O) ar" II", charge on A and 13 for inn"r pad (outN pad). Each c
parameter is lin"arh' r"lat"d to the z-axis position of the avalanche point. rigur" :2.17
sholl'S the scatl"r plot of tl)(' c parameter. Onl' cyell' around tlH' ronnd square locus
represents a mOVl'ml'nt of 100 mm (120 mm) along z-axis. Thl' line in the figure
sholl'S the CI and cO calculated numerically for various z-position. \\'1' can thl'n
(kri\'e thl' hit position along the z-coordinate by comparing th" m"asured c pair to
t h" numerical calculation. The sprl'ad of the measurl'd c valul's around the nnm<'rical
linl' prO\'idl' th" I'stimation of the z-axis resolution (Fig :2.18). \\'hen Ihl' coarsl' z
position obtainl'd b.\· thl' charge division of the JET chambl'r. ,,1,50111[(' z-posilion

can be deterJnil)('d by II", prl'cision of :350 11m.

2.5 Time of Flight Hodoscope in BESS '93 and
'94 instrumentation

Figure :2.1'5: 11)(' 1"<;1 ]'('solulioll as a function of (,1) drift distanc<" and (b) angl" <P

with respect 10 Ihe axial direction.

In BESS '93 and '91 instrumentation, tl1<' Tim" of Flighl hodoscop" ('1'01') consists
four upper and six 1011'''1' plastic scintillation conllicrs which aI''' plaCl'd jllst outsid,'

tl", 0\)(' at the radius of 6·') cln. as showlI in I'ig. 2.1'1. Th" dim"nsion of "ach
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Figure 2.17: Scat tel' plot of the E parame!<'r of the inn('r and outer pad.
Figure:2. L9: Layout of time of flight hodoscope in BI~SS '9:3 and '9·1 instrument.

Fip,'"'C :2.18: Spatial r('solulion of Ihe :-coordina!<' Illc'aSlirelllcnt in th(' 11)('.
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scintillator is 110 cm x :20 cm x :2 cm. and Figur(' 2.:20 shows the schematic view

of the single TOF count('r.
\\'hen an incident particle passes through a '1'01' plastic scintillator. the ioniza

tion loss of the energy is cOI1\'erted into light. The light signals are transmitted in
the scintillator and are guided adiabatically through the twisted-strip acrylic light
guide to the photo-multiplier tubes (P\ITs) on both ends. For a daily check and
calibration usc. there equipped a light-emilling-diode (LED) at the center of tllC'
scintillator. and the connector for the laser light are fixed on tllC' sid(' of the light
guide. The whole counter is wrapped with one layer of aluminized Illylar and two
la~'ers of black \'inyl she('t to reflect the light and to shi('ld tl1(' light from outsid('.

respect i\·ely.
Since the P\ITs arc op('rated in the magndic field of 1.8 kC:. wher(' ordinan'

PillTs could not be us('d. we usc PillTs with 19 stagc's of n1('sh-t\'p('d d"no<1('s.

11:2611 SX (ilamamatsu photonics). which is spl"cially design('d for usage in a high
magnetic M('ld. l3('sidf's. 10 reduc(' th<' effect of thl" fi('ld. th(' axis of th(' 1'\1'1' is
aligned with the field dir('ctioll by 15 degre('s. Th(' ksl of P,\IT in the 1.8 kC:
reveals that the 1'\11' gain increases b.v at most 10Yc and th(' timing shifts by 100

ps, however. 110 ckgradation in the timing rl"solution is obsc'rv('d.
Variolls high volt ag(' va 111('5 bd W('f'n 1.8 kV and Ll k\' arc' appl iC'd to adj nst Ihe

gains of all PillTs to th(' sanlC' \·alue.
'I'll(' OlltPllt sigllals of the counkr ar(' IItiliz('d for Ihree <1iff('l'('nt purpos('s: a
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Fi[';lIrl' 2.:20: Tillle' of night counte'r of IlESS '~):l and .~) I inst run1<'lIl.
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tillling 1l1('{lSIll'('IlH'l1t I <=I charge 1l1easurell}('nl. a fast t l'iggC'L '"1'0 ayoid illlcrfc-l'C'lIcc

wil h "ach 01 h"r. t hr"" sigllals alT extracted sl'paralC'ly frolll I he' ano(k. 191 h dvno(k.
a lid 181 h d.vnod". r"sl)('cl ivl'lv (rig. 2.21). I~ach signals arl' procl'ssl'd in IhI' following

ways:

• The allude' signals arc lIsf'd for gC'll('ratillg the stop signal ill til<' timing JllC'(\

SUrl'nll'lI1. TI1<'\" ar" discriminated by a C.\\I:\C discrilllinalor (DSC) nlodll,,"
and kd into th" C,\\I,\C TDC through il _:;O-ns (kla.\" cabk. TI1<' Ihreshold
of tl,,' DSC can b" sl'l via C.\\IAC colllmand in 0.2:3 111\' st"p. Although til{'
lllinilllUlli Ihrl'shold of DISCRI can be sf'! as low as 5111\'. a valu" of 10 111\'
is s"I"r!l'd 10 cOlllpromis(' b('tween II"" timing rl'solutioll and tl1<' probability
of spurious stop sigllal dul' to noise' of thl' clect ronics. Thl' TDC is a modifi"d
vl'rsion of LI'C!"o." 2208, which acc('pts I'ight ~~CL-Ie'vl'l signal from thl' DSC and
onl' \'1\1-11'1'1'1 start signals from a TO triggl'r Illodul", Th" dynamic rang" is
II-bits and cOOl'"rsion gain is 50 ps/counl. ,\ccording to th(' t('sl. th" timin[';
r"solul iOIl of 70 ps and t h(' lilwarity of 0.1 'Ic oVl'r a full scal(' aI''' obtail1<'d,
Sincl' inductil'" parts arl' us"d in the' oscillator circuil. th" timing cOll\'<'I"sion
gain is shift"d b~' 2.-5'1< in th" actual op"rating fi"ld, lIowl'l'<'I" th('r" is no df('ct
on TDC rl'solulion and lilwarity,

• The I~)-th dynode signals ar(' uSl'd for g"n"rating a fast trigger signal. First
"ach 1'\1'1' signal at tl1(' both ends is sumnl"d up aflf'r illtf'gratioll with tinl{'
constalll of 20 liS to wducl' tl1<' position dl'p"ndl'nc" of IhI' signal ailiplitud",
'I'll{' sunllll"d signals aI'" kd into thl' two-II'I'"I discrilllinalor (2LD) IllodII I,·s,
which has a capabi lity of Sl't ling two k"cI t hre'sholds for all f'ight channl'ls, Onf'
threshold is set to 15111\', which correspollds to half of the millimum ioni7-ing
puls"s, Th" olher is sd 1050 111\' for th,' nlllilipk dlilrg"d particles, FOllr
kinds of 11](' DSC oulpuls, i,,, .. top low-threshold (LOW), top high-Ihr"shold

(IIICII). boltonl 1,0\\', bOLtOli1 1I1C:1I are' O!l"d s"paralcly ill thf' 2LDs, The

r""dlant fonr sigllals arl' kd into Ih" TO trigg"r modulI' to gl'l1<'rale a fast
triggl'r puis" b,v cOlllbining 111<'111. Detailed triggl'r schl'lnl' will bl'd"scrib"d

Figur" 2,21: Head-out schl'me P~IT sigllals

latf'r in SI'ction2,8,1.

• The 18-th dynod" signals are utilized for the charg" Inl'a""'l'nl('lI1. It is fed to
a charge-to-voltagl' IVpl' allalog-to-digilal-convl'rter (AI)C) Illodull' through a

200 ns analog delay line, The charge is int"grat"d during th" gale widt h of
,50 ns and converted into 12-bit digits, Th" convl'rsion gain is 0,6 pC 'Icount,
Th" inl"gralf'd nonlinearity is below 1 count 0\'''1' th" full-seal,', which provide'
a wid" dynamic rangl' of charge measurelll"nt. frolll 1/20 to 100 tim('s as
larg" as thl' charg" cOIT('sponding to minimum ionizillg particles, Thl' intrillsic
r"solution of th" charg" measur"nl('nt is 10'/f for minimunl ionizing particks,
which is dominated by photo-d"ctron statistics ill the 1'\11',

The gain alld timing of cach counter were first calibratl'd usillg IIIf' lJf'allls from
thl' proton synchrotron at hEI": b"fore the installation, Protons and pions with I
C:c\,/c is used to d"tl'l'I11inc t he high-I'oltag" appli"d 10 I'ach counter alld parallleters
for a ti me-wal k corr"ct ion,

,\fter installation into the' BESS instrument, thl' gain and th" tillling aI''' mOlli
tored and calibrated bot h in thc ground and in the' flight sitnation by thc following

thrl'l' ways:

I, Th" laser light pulsar (ilamamatsu PLP-02) is uSl'd for th,' precis,' llleaSurl'
Incnt of th" TDC conl'('J'sion gain and timing offsc( for cadi counter in thl'
act ual op"ratillg condit ion, Th" output light has a 11';\\'1' kllgt h of ILO 11m and
is led into Ihe counlf'r Ihrough a I-mm-dianlf'lf'r qllartz fil)('r, Thl' excelll'lIl
stabilily of tl", pulse- I"'ight and thl' limillg of las('J' pills" I'nabl" to calibra\<'
the tinling alld gain of I'ach coun\('r, though this calibralioll scllf'nlf' is not
available II'I",n Ill{' endcap is c105(,(1.
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:1. 'I'll(' bl ue L1~1) lighl is also uscd to 1l1O1l il or t hc gai u and I iming of I hc counl Cl'S.

'\llhough [,1·:1) signals ha",' ,Iowcl' I'isc-limc and IC'ss slabi[ity Ihan II,c laser

signals. Ihe1'c <11'e t\\'o advanl ag"s in I h" calibl'al ion \\'it.h the LI~I). Ca[ibl'al ion

can b" pel'fol'mC'd "vC'n aft"I' thc pl'essUl'e vess,,1 closed. P~JTs at bol h cnds
are simultaneously calibrated and t.hc Iheil' gain can be I'elalively adjusted.

:3. In Ihc flight silnation. cosmic-rays <11'" used to delcl'mine all calibration pa

I'amclel's used in Ihe off-line analysis. Since bolh Ihe gain and Ihe liming

fluctuate according to the lempel'atUl'e during the flight.. we divided II", flighl

data into S("'('['al rtlllS and calibrate thrill in tlw illdividual rUlI.

'1'11<' p('l'fOl'lllancC' of I he '1'01' count."I' is studied using the '9:3 flight dala samples.

FigUl'e 2.22 shows the z-ckpendence of I he 10\1'1' charge nwasul'"d for I hc pl'olon
sanlples with above :3 GC'V Ie. Figure 2.22-(a) shows the charge distl'ibutiou ,'Cl'SUS

Ihe:: posiliou. The lin" in the figUl'e indicales the filted curve for the pcak of

the disll'ibution using Ihe fo[lowing equation. i.e., a + bc e
'. wlwre a.b. and care

pal'amcLel's 10 be GttC'd. Figul'C' 2.22-(b) shows thC' charge disll'ibution al :: =0.

The resolution detel'minC'd from the distribution b"lo\\' peak is about [O'lf at. th"
center of Ih" counler. IVhich means Ihat. about forty pholo-elC'ctl'ons are obtained

for c'nel'gelic protons. Figure 2.2:3-(a) sho\\'s Ih(' liming I'csolulion of thc PI\IT
V('I'SUS t.he:: position. At tl1(' cent.el' of Ihe counter. the tillling I'esolulion of :300 ps

is obsCI'v"d. Figlll'e 2.23-(b) shows Ihe timing I'esolut.ion versus square root of th,'
nlllnber of til(' photo-el('cll'ons (.\i pe ). TIlf' lin('al' (,ol'l'elalion bcllVeen Iwo "al'iablc's

is clc'arly observed. Figure 2.24 shows the I'C'siduals of measUI'ed TOF from the
ex peeled '1'01' for proton sampk and 11('lium sample in 13E:SS 9:3 flight data. These

aI''' calculated by following C'qualion.

SI'OF = '1'01'( directly measUl'ed) - (path lellgth )/velocit.v (2. [)

velocity = c (pi I';) (2.2)

wl",1''' C is t.he light velocity. p is the measured moment.um. and E is tlw ('IWl'gy

calculaled from equation E = Jp' + mass'- The curves in t.he figUl'e arc t.he results

of Gaussian fit. and the I'esullant. sigmas arc 270 ps for the proton sample and 1»0 ps
[or the he[ium SalllplC' respectively. Icol' helium salnpk the rigidity region is I'f'stl'ictc'd

in gl'ealel' th('n 7 C\' in order t.o decl'eas(' Ihe cfI'cet of 31](' mixing. although tlwl'''

stil[ exisls a sligh I discrepancy from th(' Gaussian in n('gative region. I.'igure 2.2.5

shows I he I'('sidllals 01' lIlC'asUl'ec! '1'01' for proton sample and helium sample in HI~SS

HI flight data. T!J(' sigmas arc :300 ps 1'01' tllC' pl'olon sample and 210 ps 1'01' 1h(' helium

sampl".resp('elive!.\'

2.6 TilTle of Flight Hodoscope in BESS '95 instru
mentation

III order 10 oblain bet IeI' lilliing resolldion. TOF s.ystem was improved in I1I;;SS 'H5
inslrunlC'nl. w!Jere eight upper and I\\,('h'e lo\\'er p[aslic scillti[lation cOlllllers with
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Figure 2.26: Layoul of til1le of night hodoscop" in 13ESS '95 instrulllent.

I'igur" 2.2:;: ~TOF (a) for prolou sanlpk and (b) lor heliul1l sam 1'1" ("9·1).
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a dilllension of 9·5 Clll X LO Clll X 2 cm were installed as shown in Fig. 2.26. TIlf'
schematic view of (1 single !lew TOIf' counter is also shovvn in I~igu['(' 2.27.

For the design of a new '1'01" counter, an optical simulation program CUIDI"
7 [29] was used. Froll] the simulaLiou. it was concluded that the width of scintillator
should be Illuch narrower for better timing resolution, and the fish-tail type light
guide is Illore efficieut than Ill(' twisted-strip type. Car"ful considerations r"sulted
that the LED shoulduot be fixed to the new counter I)pcaus" the hole defect of mylal
sheet would degrade the reflection efficiency. Frolll the constraints of the nUlllb"r of
the readout clectrollics and the power dissipation. the widt h of a single paddle was
cktcrmilled as 10 Cill. Then somc proto-type counters which had IJicroll I3C40·1 and
13C:420 scintillators with various types of light guide, were made, cmploying 11", salll('
P~IT as '9:3 and '9~ instrunl<'ntation, i.c. /-I26J ISXi\. HelatNlwith til<' direction of
the Illagnetic fi"ld. Ihe P\IT allachillent allgles of 60 anel 90 degree's weI''' t"skd
usillg proton and pion beallls with momentulll of 1.1 and 2.0 C"V/c at 1,1';1, PS.
From these I)('am tests, it was concluded that I3C404 is pr"ferabl" than 13(;420, tlw
angle of the attachment should be 90 degr"cs. anelthen the timing r"solutioll of 100
ps might be expecled in a real scientific flight. Finally til<' d"sign 01' n"w TOF count"r
was cl<>tcrmined as shown in Fig. 2.27 and they w('l"e fabricated. Th"n the scintillator
part of a new TOF paddlE' was wrapped with one lay"r of illlobiron and til<' light
guicks at bot h "nds weI''' wrapped with one layer of alulllini?-"d I1lvlar to obi "ill gooel
cfficiellcy of til<' rdl<,ctiOJl. F11I1Iwrmore." pari of th" light gnid" Jl"ar Ih" P~IT
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Figur" 2.27: Time of flight count"r of I3I"SS '9.5 instrunwnl.

is wrapp"d with on" lay"r of silver mylar. At lasl. tl1(' entire counter is \\Tapped
with two lay"rs of black vinyl slwet to shield til(' light front outsick. 'I'll(' r"adout

method was not chang"d "xcept that the number of the TDC and ADC electronics
w"r" doubkd. On th" other hand, in order to save the power consumption. the high
voltag" supply unit of the TOF system was improved in the conversion "[fIci,,ncy.

!\ftC'r simple calibration of the new TOF count,,]' with th" b"am t"st data. th"
syslC'm was instalkd in th" 131~SS instrunlC'nt. Th"n the gain and timing of "ach

count"r wC'r" thoroughly calibrated using t h" data obtained from cosmic-ray runs
hy th" whok del"ctors on th" ground. Then various high voltag" valu"s bdween
I.G k\' and 2.1 k\' wer" appli"d to adjust the gains of all 1O~ITs to the same I·alue.

Th" pnfol'lllanc" of th" TOP counlC'r is st udied using t h" '9·) flight data saillpies.
I.'igur" 2.28 sho\\'s the z-d"p"ndence of th" P~IT charge Ill"asur"d for the proton
"'"lpl"s with abov,,:1 CeV!c. Figure 2.28-(a) shows the charge distribution v"rsus
the z position. The lille in the figur" indicat"s the fitted curl''' using equation a+bcc

'.

I.'igure :2.28-(1,) shows ti,,, charge distribution at z =0. Th" resolution determined
frolll the distributioll below p"ak is about G% at the c"nter of the counter. which
nwans that about on,,-hundred-twenty photo-electrons arc obtained for ell('rg"tic

protons. figure 2.29 shows t h" residuals of measured TOF from the exp"c!ed TOF
for proton and helium samples in BESS 95 flight data.. The curv"s in the figure
arc the r"sults of Caussian (it and the resultant sigrnas arc 110 ps for th" proton
sampl" and 100 ps for th" h"lium sam pi". respectively. For the Iwlium sanlple'. the
rigidity region is rest riclC'd in greater then 7 CV in order to deer"ase the "freel. or
31[e mixing, although thne still exists a slight dis(T"pancy from til(' Gaussian in

n"ga t ive region.

2.7 Cerenkov counter

13ess was designed ror the purpos" of search ror antiproton, as wdl as antiheliunl.
From the results or '~):J flight. the P!" ratio flux ratio was shown up below th" kinetic
energy of 0.5 ~Ic\' [21]. In order to dclC'rt1lin"th" flux ratio up 10 I C"V, C-'"renkov
counter was designed for IJI"SS '91 instnllllent ..\ proto-typ" counters Iy"t"(- made
and lest"d by th,,;;2 bealn lil1e of 1,1,:1, 1OS. Theil. it II">'S cOllcludNI th"t up Lo the
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2.8 Data Acquisition System

:3(i

monH'ntum of 1.7 (;c\', protons can bf' rlcarl" scparatcd from lightcr partidcs , i,c,

Inainh' pions,
Figure 2,:30 shows a schcmat ic view of a singlc ('erenkov connter. Thf' singlc

countcr. 1;')00 mill X 210 mm x 2:3 mOl, is madf' with ('\'T acrYlic plastic. and is
"'I'app,'d in aluminized mylar to obtain good crficicncy of light renection, Originally.
the prcssure ,'esse! of 131':SS .\)\ instrument was not dcsigned to carry ('cr('nkO\'
counter insi,iP, In a rcsull. it was instaliPd outside to bc op('rat('d in vacuum, TIH"C
paddiPs of ('cr('nkov countcr wcre arrangcd cylindrically arollnd t hc v('ss('l at a radius
of 820 mnl. Each sillglc countcr was ,'iewcd on both cnds by two ,'acuum-proof
photomultiplicr t IIbcs (ilamamatsu R,5;')·12SP), whosc diamctcr of t hc photo-cathodc

is morc thall 61 mm,
In HESS '9!i instrlln1<'lIt. tl", prcssurc ,'esseI was cxlc'lIdcd so that thc C'ercnkov

countcr w"s install,'d inside, In a result. the cOllnt('r was ""rallged much c1os('r to the
the boltom '1'01,' cOlln«'r. where no morc aillminulll vess('l w,,11 of 2-nll11 Ihickncss.
III "ddilion. wrapping Wi1S changed to \Iillipore shc('[s for bettcr crficif'ncy of light

rdlcction.

Thc BES. data acquisition syslcm (D'\Q) isdesigncd and speciali;"cd for this balloon
bol'lle' e"pcrimenl. using a unique parallel mult i-proc('ssor method. custom-Illade
hardwin' circuits. low-power C.\\L\C modules. FA 1)(' modules and so OIL

Because' of a larg" gcolllelrical acceptance. a primary triggC'r r"le of thc BESS
dC'terlor e"cceds a few thousand per second. This is far abovc thc maximum storagc
ralf' of about 200 liz. Thc HESS DAQ needs to proccss thesc largc amoullt of dala
and to rcducc both the number of events and thc dala siz(', Thc hard-wired data
comprcssion schemc rcduces e,'ent data size by a factor I j:3 and fast hard-wire'd
trigger logic eliminates most of unwanted backgrounds. In additioll. muhi-proccssor
syslem galher and packs the evcnl data inlo an a,'eragc sizc of I kbyte in I illS,

Thus the data arc reduced to Ihe acceptable rate of 80 90 liz.
On thc othcr halld. il is also important for til<' balloon-borllc c;qwrimcnt to

rcduce the powcr consumption. A larger po,,'cr consumplioll d('lll"nds "ddition,,1
balterie's and rcsults in a large'r lotal wcight or ill a shorlcnillg night lill1<', Besides.
Ihf' heal generalcd by Ihc ('iPclronics is accunlldated in thc pa.vload and Illight dalll
agc the d('[eclors and elcctronics. To avoid thcS(' probl('ms. 1Il0st of thc eiPctronics.
for e"ampiP ('1\,\11\(' modules and F,\ DC modules. arc custoln-Illad,' 10 minillli;"e
tl1<' power consnl11ption while keeping the proc('ssing speed fasl.

Figure 2,:31 shows general SChCIIIC of the I3I~SS DI\Q. Icou]' SUbSVHl<'1l1S funclion'
1'0]' following four purposes: cv('nt-process. e1ata-sto]'ag". J1louito]'iug.· and cOlllnllulicatiou[:JOJ.
I·;ach subsystcll1 is cont ]'oliPcl by a ll1iCToprocessor('\ ":('- V 10 0]' \'!i0) <JIHI is linked
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Tablc 2.''>: SUJlllllan' of 111<' 1'0 tri!!,g"r ('!l:l).

Top Bottom Ext Counl Sillgl" TO
\Iode Low lIigh Low lIigh Down Hale Oul

TO Low I * I * * 1/1 2.:\ kllz 2.:3 kllz
TO Iligh * I * I * 1/1 610 liz 610 liz
TO gamma 0 0 I * * 1/2.36 I~) k liz ,0 liz
TO "xtern * * * * I 0 0 0

Figure :2.:32: nESS Irigger selwJlle

wil h each oll",r Ihrough serial bus-lines (OJlluillel).
1':l'elll-proc"ss subsyslelll gal hers and proc"ss"s Ihe e\'"nl dala frolll each delector

whelllh" I rigger sigual illitiales the data acquisiliou. 'I'll(' proc"ssed dala arc sent 10
Ill<' dala-slorag" subsysl<'lll and I"('corded in 11"0 8-llllIll';\i\13YTI~ lap"s. The house
ke"pillg dala such as I"mpcralurc or pressure arc haudl"d In' Ihe Illonitor subs\'stem
aud an' I r;1liS f"!T"d to Ihe data-storag" subsvslem 10 b" rccorded in Ill(' lapes. The
COlllllHlllicalioll suhs,\'stcJ1l l1lanagf's COllll1lllllicatioll bclw('('11 t!Jegrolllld stalion ('Inc!

Ih" payload. So III " of Ihe recorded data arc 1"lcmel"red 10 Ihe g,roulld o\"cr a radio
lillk 10 monitor Ihe detcclor slatus during th" flight. The cOlllmallds to controllhc
del ector arc I ransmil ted 10 Ihe payload b~' Ihe comnlllnical iOIl subs.\·sl<'m.

In followillg seetions. "ach componcnl of Ihc D.\Q is descril",d ill detail.

2.8.1 Trigger

BESS Irigg"r sysl('m is (\(>siglled with a primary objccti\'e 10 dctect dTiciclltly Jl

and ani ihcliuJll signals while rcjecling most of proton and hclium backgrounds. II
also accepts some portion of other cosmic-ray species such as gamma rays. e1"c
Irons. posilrons. deut"rous.tritolls. and olher hea\'y isotopes as well as protons alld

heliums.
Trigger consists of two Ien'ls (Fig. 2.:32). The first 1e\'e1 is a fast "'1'0 trigger"

where the combin"d signal of th" top and th" boltoll1 scintillalors initial"s data
acquisilion cycle. The sccolld Ie \,,,1 is a "'1'1 Trigger" wh('l"e e\'cut reduction is p"r
fanned Ihrough a "Irack I rigg('r" ('1''1') or "couut down" (CD) logic. The '1''1' SCh"lll"
sclects prefcrabl~' lIegati\'('-chMged particlesjudgiug froJll til<' chaJllber hit paltcrn.
while the ('D logic n'duces Ihe cvenl rate irresp"cli\"eof the "\'ellt cOllfiguralion. If
the e\'elll is judged 10 be accepted bl' eilher the '1''1' or ('I) logic. Ihe'l'l I rigger ap
pro\'es furth"r dala processiug. Olherwise th" data acquisitiou cvcle is discolltiuued
alld all "ket rouics arc eI"ar"d for Ihe next c.vele.

I: Signal should be ass"rt"d.
0: Sigllal should be n"galed.

Signal is nol coucerncd.

TO Trigger

The TO triggel proc"S' is done by Ihe TO trigger module which is controlled bv
(,Ai\lAC comJllands. The TO trigger signal cOJllprises four Jllo(ks for the diffcrel;t
physics targets. The first mode is a "TO Low" aiu1<'d for siugle-charged particks.
This mod" requires both lop and bollom scintillators signal abol'e til<' lo\\' threshold
of the 2LD. The second one is a "TO lIigh" for Illultiple charged partie/es. This
mo(1<- requires both thc top and bollom scintillators above Ill<' high thr"shold. The
third one is a "TO gamma" for gamma rays. Ganlll,a-rays can be dl't"cled when
thC'y arcconvertcd to ,+r- pair at the upper part of the \I.\C:. To ac('('pl thee\'(>nls
with such a configuration. this mode requires thatthcre is nnll hit in lop scintillators
and at least one hil in bottolll scinlillators. The last one is a "TO exlernal" which is
generated synchronously by the cxtcrnal pulse. This is onlv used for thc calibration.

Logical-OH signal of Ihose four modl's initiales data" gathcring and the Irack
trigger process. The TO trigger module thell locks out the further Irigger proc"ss
until the data acquisilion cycle is completed.

The TO trigger module is "quipped with the CI) logic for alllllodes 10 r"dllre 11]('
trigger rate unconditionally. If thc count down number .\1"" is sci for a c<'rlain mode.
trigger output comes once every "'cd' [n all science flights. a rounldown nUlllber of
256 was scll'cled for the "TO gamma" mode to reduc" Ihe e"cnl rate frolll 20 kllz
1080 liz. For "TO Low" and "To Iligh". the COUllt down nllmber is unit v 10 accept

all e\'ents at this le\·el.
Table 2.·5.2.5.2) sumlllarize the TO triggers and IllPir trigger rat"s in Ihe thl'('e

srience flights.

Track Trigger

Fig 2.3:\ shows Ihe basic concept of Ih" 1''1'. First thl' sense wir(' sigllals of eilel,
layer arc discrilllinalcd ilnd fed inl0 t1lP coincidence (,OIN) nlodllics. '1'IH'yarc
tl;en combincd inlo "cell-hil" signals by rcqllirill!', the coinrid"nce ill 1>oIh la\'~rs 10
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'I obi" :2.G: Summ,u'" of t hC' TO Irigg,,'r ("91).

I'op Bottom 1-::,,1 ('011111 Singk TO

:\lodC' Lo\\' Iligh Lo\\' lIigh Do\\'n HatC' Out

TO Lo\\' I * I * * 1/1
" kll, I" '"''TO Iligh * I * I * 1/1 :310 liz :310 liz

TO gamma 0 0 1 * * 1/2.)6 18 kllz ,0 liz

TO ""tC'1'll * . * * I 0 o 0

C'//.IPTEH:2. ESPEIILI/E.\TIL .IPP.IHIT1'S

ODCl 30cell

IDCl 22 cell

IDC2 22 cell

ODC2 30 cell

ROM

Figure 2.:3·1: Block diagram 01''1''1' procC'ss .

10

T"bk 2.,: Summary of t he TO triggC'r ('95).

Top Bottolll I-::"t ('ollnl Singk TO

:\lodC' Low Iligh I,ow Iligh Do\\'n I~ate Out

TO Low I * I * * 1/1 '0 '''''' I2.0 kll,
TO Iligh * I * I * 1/1 260 II z 260 I\;\

rj'O gCllllllla 0 0 I * * 1/256 18 kllz ,0 liz

'1'0 C'xt<'l'n * * * * I 0 o 0

Trad<

1"iglll'C' 2,:\:3: 13asi .. schelllC' II,C' Irack Iriggc'J

.. Ii minate spurious hil s callsC'd by electronics noise or local radio-'lCtivC' sources. Total
of :30 and 22 cell-lIit signals '1I'C' genprated for each 01)(' and 11)('. rC'spectively. I-::acii
cell-hil givC's coarsC' posilion information by the prC'cision of Ill(' cC'11 size, i.p.. abollt
50 mill. A ('olllbinalion of thrpp or lour cC'll-hit positions providC's rough estimalion
of til(' rigidity of til(' track. ThC' two tracks in Fig. 2.:n illustrate the maxilllum and
t he minimum possiblC' deflect ion (=rigidily-J) for a cprlain combination of cpll-hils.
\ore define a deflection of the cell-hit combination as the mean vallie of th('s(' t\\'o
deflections. By calculating the deflection for all cell-hit combinations and storing
them in the look-up tabk beforehand. a quick rigidity analysis is possibl(' \\'ithout
any lime-consuming calculalion.

A Track Trigger ('1''1') module carries out lh('s(' tasks using a 2-:\1 byle read-only
memory (RO:\I) and a microcode-programmable s('Ciuencer (Fig. 2.:31). 'I'll<' '1''1'
module selects ('vC'nts in t\\'o stage: hit-pallern selpction and rigidity select ion as
follo\\'s:

• hil-pallel'll splection

To eliminate the cell combination \\'hich have no possiblp track or too many
hits 10 scan. ev('nl sel('clions based on lhe cell-hil pattei'll are applied. .

They arc di"i,kd into follo\\'ing eighl cat"gories dC'p"nding on lh" numl)('r of
cell-hils in til(' upper 00(' (ODCI). upper ID(' (ID(,I). 10\\'C'r ID(' (ID(,2).
and 10\\,('1' 00(' (OD('2):

I. p clear: only one hit in C'ach chambC'r (1111).

2. p dirty: lwo hils in onC' chambC'J', and only on" in oth<'l's (1112").

:J. JiG clear: only one hit in each chamber (1111).

~. lie dirty: 1\\'0 hils in one chamb<'l'. and only onC' in otlIers (1112,,).

5. :\Iissing: no lIil in one chamber and on" in otlIC'rs (0111,,).

6. ~Iulti ckar: Jlllllti-hiis in tllf' ID('2 alld 01)('2 (111:1.I1~:1.l12~)
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I. ,\Iulti dirly . Iwo hits in 01)('1 and IIlnlli-hil in the 11)('2 and 01)('2

(211:1.2In .. ).

-2 -1 0 1 2
Diffrection (GV'1)

(b) Efficiency for antiheliums

~100

g 80
Ql

;g 60
W 40

20

o

Threshold
-0.145 GV"I

-2 -1 0 1 2
Difflection (GV'1)

(a) Efficiency for antiprotons

~100

g 80
Ql

;g 60
W 40

20

o

~. Cammil : no hit in 01)('1 ilnd one or two in othC'rs (0111~0222).

where fonr digit Illlllll)('rs denote the nUlllber of cell-hits in the OOCI. 11)('1.

11)('2. 01)('2. respecli"el,', and suffix 'p' means thilt a pC'rmutation of these

numbers is ililowed.

A "numbC'r of hits generalor" cillculillC's the tOlal numbC'r of cell-hits for eilch
chilmbC'r and feed Ihen' into il "hit-pat IC'rn illlill.'·zC'r··. The hil-patlern ilnill\'zer
looks-up Ihe BO\I conlent and examine wh"ther the hit-pattern belongs 10
(1I1," of the' aboY<> categories. Ir the p..lltcrn is ac(C'ptabl('. a "~("all-star(' signal

is senl to the scanner 10 initiate the rigidit.,· ilnill,·sis.

\Iost of Ih,' showC'r ("'ents or empty .11~T e"enls ilre rejected b\' Ihis se!cction.

• Higidily seleclion

The evenls Ihat have passed through the hit-pill tern select ion arc Ihen snbject
to the rigidil y selection. 1\ II possible combinill ions of cell-hil s ilre scanned ilnd
kd to Ill(' rigidily analvzer. which is Ihe other half of Ihe HO\! look-up lable.

The ont pul def!ccl ion is digitally com 1'>11"('(1 to t he seven Ihreshold valuf's, eilch
of which corresponds to the hit-pal tern calegor\'. except thai the thresholds
for ~Iulti-clear and \lulti-dirIY arc common. If til(' deflection is abo\"(' some of
the thresholds, i.e .. the trilck has more negati"e deflection than lhf' threshold.
TT signals are generaled. The resultant eight signals. which corl"f'spond to
Ihe eight categories. are fed into the Tl trigger module 10 1)(' combined with

charge infol"ll1illion from the TOF.

Figure 2.:J'j shows the efficiency of the rigidity select ion as a function of deflf'clion

calculated by thf' simulation. The threshold values indicate til(' deflections where the
efficiency become .jO'i{. The left figure is for til<' threshold used for til<' I' seleclion in
the '9:1 flight. The right figure is for the Ihresholdusf'd for an antihclium selection.
'I'll(' cUI,\,e for the fJ seleclion is set being shifted to the negative direction compared
to that for the ilntihelium sf'lection because a large number of protons should be Cllt

more tight I\' by the rigidity selection.

Tl Trigger and Fast Clear

The TT 0111\' COllcems tI", nUlllber of cell-hits ilnd deflection of the track. The Tl
trigg"r n10dule combines Ihe chilrge informalion from the TO trigger module alld

the trilck infol"lllation from 111<'TT.
'1'1", '1'1 Irigger module generiltes also unbiased trigger signals which bypass lhe

TT Sf,I('dion. "ilch '1'1 I rigger oulpnt reduced Ihe nlllllber viil a ('I) logic as is done

in Ihe TO Irigger IllOdlile.
Finally tl'e '1'1 trigger signal is generilled oS OBed signal of abo\'e Iwel\T signills.

If no '1'1 Irigger signal is gellerated. a filSt clear signal is selll 10 a "fast c1('ar" nlOdlile.

Figure 2.:J.5: Trocl, I rigger efliciency (a) for an p search (b) for an ilntiheliulll 'earch.

The fast clear module sends the c1,'ar signal to all F/\I)(' and (,'\~II\(' modules and
end up ils task b.\' unlocking Ihe TO module to accept the next evenl.

Table 2.8.1.9.1.10 slllllmarize TI trigger Illodes. their ('I) filetors. and thei,
trigger rilles in Ihe thrf'e scientific flights.

2.8.2 Event Processing with Transputer

Figure 2.:36 sho\\'s a block diilgrilill of e"enl processing. The shado\\'ed boxes are
I ransputers'. f'ach of which has a processing speed of 20 ;-'11 PS ilnd il cilrrving out
cilpability of parilliel I asks \\'it h the hilrdware. Total 20 transputns are used in the
FADe system. Ihe ('.\\1.\(' systelll. the e"ent builder (E\·Il). illHI the transpul<'r
bank.

Each transputn is connected \'ia a serial bus line "serial link", which has max
illluill trilnsmitting rilte of I '\Ibyte/s. Four links eqnipped in each trilllsputf'r call
be configured in il vnsatile and flexible manner to construct a complicated network.
The command line and t he event data line arc di"ided in t 11<' most part of this svstem
and the comlllillHI can be received or issued while trilllsmitiing tl,,' evenl daiil. In
addition. the rilpid dill a transmission is easily achi"ved since a lillk COli nf'et s directlv
one trilnspu(er 10 ilnolher and there is no need for arbitration of the data way. .

Thus. illl I rallspul<'rs \\'ork concurrelltly ilnd Coop('ral ively to n'alize a filst-eVen!

processing.

'prodll"l of II"~IOS corp.
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Tabl" 2.8: Summar\' of '1'1 trigg"r ('9:3).

'1'1 \Iotk ro Trig ('I) Trig ratt'" Trig ralt"

" ckar 0 I 0 1/1 12 liz 12 liz

" dirty I I I 1/1 18 liz 18 liz

/I, cl"ar 0 I 0 1/1 :3 liz :3 liz

/I, dirt.'· 0 0 0 1/1 6 liz 6 liz

\Iissing I 0 I 1/1 :3 liz :3 liz

\Iulti ckM 0 0 I 1/1 16 liz 16 liz

\Iulti dirty 0 0 0 1/1 8 liz 8 liz

Ganlllia 0 0 I 1/ L I liz I liz

TO Low ('I) I 0 0 L/l10 1.7 kllz 12 liz
TO lIigh ('I) 0 I 0 1/10 .~OO liz 12 liz
TO Gam ('I) 0 0 I 1/100 .~O liz O..~ liz

TO '·:xt ('I)

(113('for(' COli lIt down
bArtN ('oulli down

Tab'" 2.9: Summary 01''1'1 trigg,'r ('9 I).

('/I.IPTEJI:1. I-:XP/::/I/,\/I';.\T\L .1 1'1'.1 R.I7T:;

Tablt' 2.10: SlllllJllary of 1'1 trigger ('l).)).

'1'1 \Iode TO Trig CI) Trig ratt'" Trig rateb

" clear 0 I 0 1/1 :31 liz JI liz

" dirt.\ I I I 1/1 27 liz 2i' liz
lie clear 0 I 0 1/1 II llz II liz
/I, dirty 0 0 0 1/1 10 lIz 10 liz
\Iissing I 0 I 1/100 8 liz 0.1 liz
\Iulti clear 0 0 I 1f:3 16 liz LG liz
illulti dirlyC 0 0 0 1/1
C:<Hlll11a 0 0 I 1/10 I liz 0.1 liz
TO Low CD I 0 0 1/90 1.2 kflz 1:3 liz
TO Iligh CD 0 I 0 1/20 260 lIz 8 liz
TO CaJll CI) 0 0 I 1/256 4:3 liz 0.2 liz
TO Ext CD

a Before counl dowll
b.\ftN ("011111 down

c ~I LIlt i dirty wa,'l not Ils('d

II

'1'1 illod" TO Trig CD" Trig rate' Trig rat,," CI)" Trig rate! Trig rat"J

" clear 0 I 0 1/1 30 liz :30 liz 1/1 21 liz 21 liz

p dirt\' I I 1 1/1 14 Hz II liz 1/1 10 llz 10 liz

/I, clear 0 I 0 1/1 11 liz 11 liz 1/ L 10 liz 10 liz

Ii< dirty 0 0 0 1/1 8 liz ' liz 1/ I 7 liz 7 liz

\Iissing I 0 1 1/1 9 liz 9 liz 1/1 10 liz 10 liz

\Iulti clear 0 0 I 1/1 32 liz :32 liz 1/1 21 Ijz 21 liz

illulti dirty" 0 0 0 1/1 1/1
Camma 0 0 I 1/1 I liz I liz 1/1 j liz I liz

TO Low ('I) I 0 0 1/60 1.·1 kllz 2:3 liz 1/120 1.6 kllz 1:3 liz

TO lIigh ('I) 0 I 0 1/1;) 200 liz I I liz I j:l0 :nO liz 7 liz

TO Gam ('I) 0 0 I 1/100 10 lIz O. I liz 1/100 10 liz 0.1 liz
TO I';xl ('I)

"for,I half 01 fhgh'
l>lkf'orc> COLIllt dowll
<'.\flcr ('QUill down

>l1",t h"lf or f1igh'
(1"3('1"01'(' ('OUIII down

f .\ftc]' coulll down
!1 j\lllll i dirt.\' was Ilot ll~('d

- - - - - - - - -: command

To Data Storage

Transputer Bank

I"igure 2.:36: Th" blo'" diagram of the dala proc"ssillg syslt'nl usillg transpliLeI

network.
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FADC System

'I'll<' 1'.\1)(' sysl,'m is cOlllpri,,'d of ~ crate cOlltrolkr. 1'.\1)(' 1l1Oduks. and a com
pr('ssor moduk.. \ 1'.\1)(' modllie ha, sixteen challll('ls. Firte(,11 alld Sixteell F.\I)('

modllies arc' illstalled in '~):J flight and ·g·1 flight r('spectin'I,·.
The 1'.\1)(' moduks read dala from the .n:T chamber and til<' ID('. alld COIl\'ert

thelll inlo ~-I,it digit in til<' Vi ns sampling. TIJ(' digitized d~t~ ar(' succc"iYcl.,·
accullllll~tcd in thc fasl-in-f'1St-out (1'11'0) artcr z('ro-supprc'ssion. Thc compressor
modlll" t h('n r,,~ds. comprcss"s alld writcs thc d~t a to anot her FIFO. Th(' t ranspuler
controls thc 1':\1)(' ,,,,d comprcssor modules. If tlJ(' cral<' coni roller r('cciycs th"
'1'1 trigg('r signals. thc Iranspul<'r transfers til<' data frolll thc FIFO to th(' 1·:\'11.
Ot herwisc a fasl ck~r signal is r('ccivcd and t hcn all modllics ar(' r"s<'l to \ h" init i~1

statc.

CAMAC System

'I'll<' ('1\~It\(, syst"m collsisls of two ('I\~I!\(' cratcs. I~ach crate is controll"d by
an inl<'llig"nt cral,,-controllcr. which cmploYs a l,-,lnspulcr insidc [:II]. Thanks 10

I ranspuler. I\\'o cral<' coni rollcrs can gath('r alld transfer data in parallcl at high

sp('('d.
In I I", cratcs. t hc follo\\'ing modules ar(' inslall"d and cont roll"d b., th" crat,,

cOlltroll"r.

• !lead-oul ,,1<'<·tronics for th" 1'01' counl"r and th" (1)('

Th(' discriminators. TI)('s. and .\I)('s COI1\'('rt signals from th" '1'01' alld tlI<'

OD(' into the digital data.

• Triggp modul,'s (TO. TT. '1'1)

Triggcr paramcters such as CD numbers or 'I r thresholds ar" configur('d "ia
('.\:-'1.\(' commallds. The resultant Irigg('r slatus can b" r('ad "ia C.\:-'I.\C
cOlllmands.

• :1·I-bit scalars

Tolal :11-chaunel scalars count various trigger ra\cs. which ar(' us('d to monitor

the trie;g"r status and lal"r used for th(' calculation of trigg('r ('Hici"nci,'s.

• I-:"('nl-timing modul('

.\n "n'nl-timing 1l10du'" includes a ,"illi-s('rond clock ~nd n,,'aSlIl'" th(' ("'('nl

timing b.1' I-illS pr,'cision.

• CalC' gellerators

Cal" g,,"cralors ar" passiv" modul('s. i.('.. not conlroll"d by (,!\~L\(,. Tlwv
gcneral<' til<' gat "s wit h "arious wid Ihs and ,lelays for uS(' in 01 h"r Inod ules.

.\11 data from abon' l"Odlll"s <lr" transf(,I ...('d 10 111<' 1·:\'11 via serial links.

Event Builder (EVB)

Th(' dala rollecl<'d indi"idu~lIy by th(' ('.\:-'1.\(' and 1'.\1)(' "'st(,111 are fed to til<'

1-:\'13 through 111<' "'riallillks. Th(' E\'13 mcrgcs thc'" data inl~ th(' (,"('nt structur('.
The (,"('nt-building proc('ss<'s can 1)(' ('xccul<'d in parallel with Ihe data-gall1<'ring
process by th(' (,1\:-'1.-\(, and F:\lX' crat('-rontroller. Th(' (,"ellt data has a siz(' of I

kbYle t.\·pically and th(' 1-:\'13 can handle them 1 kl,.\·le p('r I nlS. i.(' .. Ihe maxinllllll
processing cycle of tl1<' 8\'13 is 1 kllz. The built data are selll to 11Ie transpul<'r
ba nk for fu rt l1<'r proc('"i "I'..

Transputer Bank

Th(' transputN hank r('cei"('5 tl1<' data frolll Ih" 1~\'13 t1lrollgh tim'" s('rial lillks.
Fifteen transpllters ar(' arrangcd in a matrix way and proc('ss tl1<' "vent data silllul
lal1<'ollsly. All trallsputNs ex('cllt(' the sallle program to process an ('v('nl. which is
flown from Ill<' up-str('am to th" dowll-strealll. Ift1l(' IIp-slr('amlransplllpr is busy,
til(' ('v('nt dala is passed to th(' down-stream transpul<'r ill seqll('l1(e.

The main role of thc Iranspllt"r bank is to cleall "1' '1I1d sievp til<' "v('nt data
IIsing the whol" del<'clor illformatioll. I~vents wilh nllil dala of t1l(' TDCs alld small
hits of 1'1\ DC ar(' removed her('. The processes also rcj('ct ('v('nts using illconsisl('ncy
b"t\\'('en mC' and 01)(' hils and TOF hits. ev('nts with i<'ss Ihall 8 .J1~T hits. and
events \\'ith data siz('s of more' Ihan :3 kb\'le. :\boul :1';" ev('nt ral<' ar(' redllc('d bv
these l>rocess('s. Carl, transputer executes' the abov(' task ill 20 ms ~lId therefore th'"
whol(' bank can acccpt the e,'('nt rate of 1 kllz.

In additioll to Ihe lill<'r proc"ss, Olle of the transpllter mak,'s v~rious histograms
concerning the filter processes. The resultant histograms arc sent to the ground
together with ('.\:-'1.\<.' scalar dala in a second inten·al. Th('se histograms arc utilized
to walch Ihe stat liS of the triggers and event filtering.

2.8.3 Data Storage

rhe data storage subsystelll receives tbe data via O~I \ I-net ~nd serial links. The
e\·ent-. monitor-. and mpssage-data from each subsystem arc r('cor(kd into Ih(' 8-mm
magnetic tap('. Thre(' transpllters are employed for this task. The lirst transputer
recei"es the command and t 11<' data from the 0.\1\ I-n('t alld then sorts alld transmits
Ihpm illto til<' second transpulN through another link. '1'11<' secolld transput('r plays
a role as a hulfN. which r('cpivps cOJl1mands from one link alld data froll' otl,:'r
two links. and s<'nd them to the third transput('r Ihollgh til(' lasl lillk. T1Ie third
transpulN inlerprets the commallds and tl1<'n controls a S(,SI blls for recording Ihe
da!;l. '1'11(' maxinlllll1 recording r~t(' is 500 kbyt,,/s. which is limited by 111(' S('SI blls
transfer sp('('d. TIJ(' m~ximum storage capacily is 10 Cbyl(' ill t\\'o lapes.

2,8.4 Communication

1\ cOlIll'llunicalion sllbsystem IIJallag('s cOllllllunication belw("'11 the "ayload alld t1le
ground stat ion. The cOlllmllllicalioll is carricd 0111 Ihrough Ihe ('I P. w1Iich provi,kd



CI/,IPTUI2. E.\PEHl.llf.\TlL .11'1'.1/1.1'1"1'8 17

b." til(' lIaliollal scielltific hallooll facilily (\SIJF). The cOllllllallds to the D,\Q are

trallsmilted from the grolllld 10 the CIP yia a radio lillk, 'lhe CII' conYerts til<'
commands illto IG-hit parallel data '1I1d selld them to the conllllunication subsystem,
On the oth('l' hand, til<' message data and Ihe (','ent data are sent to the CII' "ia a

serial line and the'll trallsmitted to the ground statioll through another channe'l of

the radio link,
:\lthough the maximum rate of transmissioll to the ground is 10 kb\'le/s. the

("'ellt data arc' transf('rre'd b,' a rat" of 0,1 liz. i.e .. 100 b"te/s wilh some margins,

Commallds arc' "'lit h." a rate of 1 bylie/s,

2.8.5 Monitor

:\ monitor subsystem handles the housc-keepiug data from the ""nsors, The monitor
module has 6·1 indi"idual differential-amplifiers alld olle analog-to-digital COl1\'erlel
to digiti7-e various s('nsor signals: t('mperalures (16 poillts). preSSllr(', (10 pOilltS), a
magllet sial us (I G points). a chamber high "oltage status (10 pOillts), alld a solar
scnsor alld clinomC'lers. The digiti%ed dala arc trallsmitted to the groulld statioll
via the radio lillk awl utili~ed to check the detector stat liS duriug the flight.

Chapter 3

Scientific flights

This chapter describes til<' courses of the BESS '9:3. '9 I. and '95 sciellt ific flights alld
the house keeping data dllring the flights.

3.1 BESS '93 scientific flight

1J8SS was successfully lallllched bv a ballooll from Lvnll Lake. ~Iallitoba. ill North
ern Canada, on ,Jul. 26 in 1993.' which was a first' scientific flight of I3I':SS. The

balloon of 29 \Ir lifted I3I~SS illto all altitude of :36.:) knl (residllal almosphere of
·5 g/cm 2

) for 17 hours alld cOll\'eyed it to Peace HiveI' which located 1000 km "ast
from Lynll Lake. Dllring this Ie'vel flight. a sci"lItific dala taking rUII \\"'re carried
out for n hours. Total of 108 charged cosmic rays were triggered at TO le"cl alld
:3.6x 106 of these triggers were recorded. After the scientific run, the balloon flight
was terminated by cutling off balloon under the condition of both magnetic field and
power ofr. The I31'S5 instrunwnt was landed by parachute and \\"" s<1fel.l' recov<'red
by the lIext day, Figure:3.1 shows a balloon Irajectory of '9:3 flight. The latitude
"aricd 1'1'0111 ,36° 18'\ to :)7°,5:2'\ while longitude from 101°2.)'\\' to 117°:30'\\" Tlw

correspondillg cut-off rigidity "aried from 0,:3-1 G\' to A, I:3 C:\',
Figure 3,:3 illustrales a change of the magnetic field strength and t."pical !cm

peratures during t he flight. The temperature at the cellter of Ihe d"tector "ari"d
hetw,,("n 10°C alld roc, Figure :3.2 shows gravit<1tional acceleralion <11 til(' mom"nl
of launching. termination, landing, and during recovery. The maximllm ,'alue of
acceleratioll was 11.7 9 at the landing, \\'ith all rigorous operalillg cOllditions, no

signific<1nt damage was observed both in the strllcture and in th" performallc" ac
cording to the check after Ihe reco,'e,'.\',

3.2 BESS '94 scientific flight

III the '9,1 illstrument. a C'('I'ellkov cOllnt('r was added olltsid(' of tl,,' pre'ssure vessc'[,

howcvcr, t hc flight procedure IVas vcry similar to Ih" previous 011('. 131';~S W<1S
su('('('ssf'ullv launched bv a ballooll ['rolll Lynn Lak,' ail' pori, at ~1::lO loc<11 tiUl(' 011

.Jul. :31, if; 1991. The'bal[oon lifted 13ESS into the altitude of':lG.'"' km (r"sidua[

I~
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Figure :1.:3: Iiousl'-kel'ping data on Illagll<'lic field, templ'ratllr<' of TOF and ,Jet
chamber.

al mospllf're of ,) g/cm 1 ) for :n hours, During thp levpl flight. thaI incllld('s 12 hours
scientific dala taking time, total of JOS charged cosmic ra~'s were triggl'red at TO
1('\'(,1 and ~,i'xlO(i el'('nts were recorded. The instrument was landed by parachutc
near Slal'e lake in Peace I~il·er. and HESS was safely re('Ovpred wil hin Iwo da\'s,

Figure :3,·' shows a balloon trajectory of BESS '91 ;cientific flight. The latitt;de
I'aried from ,)6° IS'\, to ,).)oS9':,\ whil(' longitude from 101°2,)'\\' to 111°06'\\',

LCigure :3.,) shows gravitat ional acccleration at the moment of launching. tel'llli
nation. landing, and during recol'ery, The maximum I'aille of acceleratioll was 29
9 at the termination. During the recol·ery. the inst rUIl1C'nl lVas carried crossing a
creek which was running b('[ween til<' landing point and the road. Ill"caus(' a bot
tom part of the vessel were submerged, t he power supply IInit and ('erenkov counler.
which IH're installed ontside th(' I·esse!. w('re partiall,\' damaged, ,\f(('I' the carriage
to Japan, they were cardully fixed. The detectors insid(' thl' 1'('5S('I W('l'l' completel.\'

safe, Filially it was cOllfirmed that 110 significallt damagl' was obs('r\'l'd both ill th"
structure alld in th" performanc(' accordillg to thorough checks,

Launching Termination Landing Recovery 3.3 BESS '95 scientific flight

I"ignrl' :U: :\('(cbation loads during \J:j f1if!,ht.

The third scientific flight of 111':SS IVas also succl'ssfully !>Nfol'lll"d, Th" lallnchillg
IVas clone at L\'1I1l Lake, at 21:01 on ,Jul. 2,). in 199';, Dllrillg thl' 1"I'cI flight, th"

altitllde was aiso :36.5 km (residual atillosphere of.) g/cm 1
), ,Ht"r 21 hOllrs flight,



C/I.lfJTEII:J. S('/I~.YTIVI(,FLJ(;II'I'S ')] CII.IPTEH:J. S(,/I~.YT/I·H'FLJ(.'/ITS

OL..L..l-'-""=>LLI-LL-l...L-L..L..l...L..LL.L.lJ...L.L.L.J-LL.L.LJL.L.L-l...L-L..L..l-l...l....l....

98 100 102 104 106 108 110 112 114 116 118

Longitude west (degree)

.• Latitude

.' AHitude
o Fltght Time

..:..d~,~~:~· ~.... ~.
:. ':: . , , .

...;..... ..~60dO~OOQ:o~o~20

10

OL..L..L.L..I.l<b.LL..l...L..L.l..J....LL.l..LLLL.LLl..Ll.l...LU...l....LJ....L.Lu.J..LLJ..J

98 100 102 104 106 108 11 0 112 114 116 118

Longitude west (degree)

--- 80 r:----:------;------:--------~alE:;
o,:::..,g 70
Q)Q)-

~ -g ~ 60
=~.
o~~ 50
c: .r:.
~ g'40
~ LL 30
Cti
..J

_tl'Mrlt l!t>~t 66 l!t'lt l!tl!t 6~6'll""'.~ l!t 1l-.~1\'~1l~.l!t"(t_.. "

. ~..:.... ; ... ~.....~ ...~ ~.....~--,:,..' . . : --_.: :. . .

: :;. o~ ,00"" o."~~ ""'~;~,.,.~""

QlE'-.:-80
~ ~ 5 70C)-.r:.
Q)Q)-
"C "C Q) 60
~E'~
~~~ 50
c: .r:.
Q) .~40

~ u:
:;::; 30
ctl
..J 20

10

Figure :3.1: I3,"SS '91 flight path in altituck. latitud,' I·S. longitude
Figure :3.6: HESS ·9.5 flight path in altitude. latitude vs. longitude
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that includes II hours scientific data taking time. the instl'lIment was lanckd to
the cast of Peace River. The BESS instrument lI'as safcll' l'ecOl'el'"d in two da"s.
Total of 10" charged cosn!ic rays 11'1"1''' triggered at TO level'and ·1.6 x 10" el'"nts II'~I'''
I'''col'ded. Figure :3.6 shows a balloon trajectory of HESS '9,j sci"ntific flight. Th"
latitude I'al'i"d from ,j60,jl·.\ to ,j.jo:32'.\ while longitud" from 101°01'\\' to ]]')°06'\\' .
Figure :3.7 shows gral'itat ional acceleration at the moment of launching. termination
. landing. and during l'"col'ery. The maximum vain" of acc"I"l'ation was :W .'J during
th" l'ecOl·(,\,~·. .\0 significant damag" was obsel'l'ed both in t 11(' sl met Ul''' and in th"
p('rformanc<' according to the check afkl' the l'(,cOI'''l'y.

Launching Termination Landing Recovery

Figll!T :\.0: l\cCi'iel'ation loads dllrillg '91 flight.
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Chapter 4

Measurement Method

This chapter provides an overview of measuren,,,nt nl"thods of rigidity. timing. and
d/~/dX.

4.1 Rigidity Measurement

.\ rigidit.v of til(' part icl" is nl('asur"d by the .J F:T alld II)('s. First tl](' Iransv"rs"
rigidity (/7.). i.C'., t 1](' rigidity component perpendicular to the Inagll('1 ic field direc
tion is determined b\' a circular fitting in thc 1"9 plane (Fig.. I.J (a)). \\·c usc th"
following algorithms to eliminatc the unconnee("d hib to thc track in the fitting
process.

Figure :3. r: Accclerat ion loads during '9,) flight.

Launching Termination Landing Recovery

r ¢ view

A' S'

z view

Figur" 1.1: ,\let hod of t he rigidity nJ('aSlIrC'nH'lIt.

')1
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1. S"i<'('( ~ood hils. which aI''' ddined as hils wil h "non!!-h charI'," and widl h. in

Ihe .JI·:'I chaml)('r and Ih" 11)('s.

2. Find t racks by conn"cl ing Ihe good hils in 11)(' .J ET chamber and perform

circnlar IiI lin~ using Ih"m,

:3, ":xtrapolate tl](' Irack 10 the !D('. If tlll'l'<' aI''' a 11\' good 11)(' hits near Ihe

extrapolal"d Ir,\('k. the\ aI''' associated to Ih" Irack.

I. PerfOl'l1l Ih" circular filting again using all hil points in Ihe JI~T and 11K's

which are a"ocia[('d 10 th" track, \\'e liS" a "1\:\HI\I:\I\1 n"'lhod"[:3:3] for Ih,'

fil t iug algoril hm at Ihis stage,

;), Scarl all of ~ood hits in tl", JET chamber ,md c1"'ck if Ih".,' are' w,,11 n"ar III<'
1rack, i,e,. wit h in ;, I inl('s Ih" distance of Ih" posit ion resolul ion. 1ft he hil has
a residnal ('ITOI' of mol''' than .j (J, il is disC<lr(1<'d, On Ihe conlrar.,'. if the hils

thaI are' nol .\'"t associated 10 any track aI''' laid wil hin ;) (J from th" I rack. il

is added 10 Ih" I rack.

G, ){"I)('al sir'p ,I) and ;)) Iwic",

(,//:\I'TEH I. ,1//~.ISI·III::.\lI::.\T .11ET1I00

U2+/TR .... l

Top

ttank·qtanl.. ..~

~Cinllllalll1 light

Tank-Side

Bottom

Figure 1.2. \kt hod of the 1'01" nleaSIIITnlelll.

5(;

Th" r"srtllanl H, should be Ih"n corrected for non-uniformity of the magn"t (;"Id of
about 10'1<. From detaikd sludv using \1,('. simulalion in Ih" "XiH'I magn"lic fi"ld.
I1)(' correct ion IIsi ng 111(' si III pic fu nct ion of Ihe I rack posi Iion. pal h I"ngt h. and n)('a n
str"nglh of 13 (;"Id is fOllnd to b" able to corr,,('( the rigidit,' within an aC('\lrac,' of

11<,
To W11\'ert H, into t he total rigidity (If). we find Ih" dip angl" Orl'p. which is

defin"d as an angle bel ween the ,'o-component (<1;') and the =-component (io) of
/I. by fit t ing in the .'1= plane (Fig. '1.1), \\'e US" a similar iterat in> procedure as
us"d in Ih" 1'9 filting to eliminate irrele"ant hits. The sele('(ed hits are fitted to a
sin,,-clIl'I'e. Since the ID('s pro"ide t!Ie only = positions modulo 100 mnL all possib1<'
combinations of 11)(' 11)(' hits are e"amined. The r"sultant Od;p aI''' oblained from
Ihe combination ha"ing minimum \ 2 "alue in the fit t ing.

Finalh' rigid it.,· /I ar" d"rin'd from R, and Od'p as.

R= _R_,_,
('os Delip

4.2 Time of Flight Measurement

Figul'<' 1.:1 illnsl rates Ih" n"'asur,,nlenl Scll('lll(' of I iln"-of-f1ighl ('1'01'), 'I'll(' TOF

bd"'",,n top and hollorll TOF hodoscopes is calcnlaled for "ach track by Ih" follow
ing procedure. \\'" US" 1,,,1''' I he suffi" ',,1<'c' for t h,' 1'\1'1' on Ihe sid" of Ill(' el"cl ronics
and II", snlli" 'Iallk' ror Ihe 1'\1'1' on Ihe side of Ill(' 1",liunr l'<'sNvoir tank,

I, ('orr('r-1 a lilllin~ walk I"ing Ihe c1IMge infol'lnation for each P~IT, \\'" lise

following forlllnla:

and

ilank=ltank-((~.

\\"h~r(' 'C'!{'c,lank is t h(' J11('a~lIr('d timing. idec.tallk t!l(' t illlillg aft('r the correction.

q Ihe measlIl'"d chArI'," of t!Ie 1'\11'. PArAmeler fI was dclel'lniner! by II", beam
test.

2. Derive the timing that the particle passcd through the counter (J;mpac.) from
the corrected liming of each P\JT, Csing the =-impact point (="ku. ="'kd of
the particle which is calculAted by extrapolating the combined track. I;mpac' is
obtaincd for c!ec-sid as.

!illlpaC-IJIt"{' = idf'c - ~ - =trku,lrkl - lnrr..,('I(ZlI'kll.trkl).
{'err

and for tAnk-side as,

where VcrI' is th"effcclive light v"locityin t1l<'counlel' and L is til<' length oflh"
paddle. Th" seconrl 1"1'111 is th" propagation tim" f"r Ih" scinlillation Ij~ht 10
reach 10 "Ach 1'\1'1'. The lasl I"!'In 1,,1'1',,'(=) is the tilningorfsct as a fllnclion of
til(' = posilion. Tlli, is introdllced to correct Ih" v('locil.\' Virl'i,llion 'lel'pnding
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on Ihe:: posilion and is determined by calibration for each COIIII(er. Timillg

of both sides are t hen averaged with the "'eight as.

where a(::) is the tilllilig resolld ion of Ihe each 10111'1' as a flilict iOIl of 7,.

:3. The value l,,,,pact is individually calculated for bolh top alld bottom counters.
and Ihen the TOF is obtai lied as the lime din'erence between Ihc'nl.

The ,1 == l'/e of the particle can be dclerJllined from Ihe Tal' alld the path
length calculated from Ihe Irack.

4.3 dE/dX Measurement

The dE/dX of t he particles in the scinl illator is der;"ed from charge value Illeasured

by each P~IT as following:

I. Sublract Ihe pedestal value from the measured charge vallie '"ld correct the

gaill difrcrellce for each 1'1\1'1'.

:2. Correct the:: dependence of Ihe signal amplitude due to the allellllal ion 01

loss ofscilitillatiolilight using the o-impact position of the Irack. The detailed

study ill the bE'am test shows that the measured charge (Cfnwa.""-e<1! has Ihe
::-dependence as follows:

{fll1ca",ul"ed oc a + b( C:;.

where a.h.e arc parameters Ihat should be determined by Lire calibration.

:3. Average the charge value of P~ITs at both ends after the correction of step :2.

-1. I)i"ide the averaged charge vallie by Ihe path length in Ihe scillt illator throllgh

which the particle' passed. This gives dI;/dX in the Tal' counters.

\\'e fi na II.,' norlllalize the dE/dX such Ihat the mean va lue of the d I; /dX disl ri bllt iOIl

lor the millimum iOllizing pari icles is ullity.

Chapter 5

Search for Antiheliurn

This chapter provides the analysis to search for antiheliums usillg the 111~SS '9:3. 9·\.
and '9,j night data. § 5.1 summarizes the data samplE' taken in tilE' three nights.
§ .~.:3 shows the method to process the night data. Before sparch for anliheliulns.
preselection described in § 5.4 is applied. This rejects potelltial backgroullds duE'
to the mis-measurement of t he rigidity and TOF. The general performancps are
presented in § ·~.5 IIsing the data samples which pass through the preselection.
Sectioll .~.6 describes the method of albedo event rejection which separat es downward
Illoving parlicles from upward moving particles. The {3 cui is applipd 10 extract
e"ents with charge/mass = :2 in § .~.7. Section 5.8 provides idenl ification of heliunls
and antillf'liullls using dJ:;/dX select ion. which select events of pari ide with charge
=:2. I~.,· the sample which passed through all the above ment iOlled selections.
anti helium search is done in § 5.9.

5.1 Flight Data Sample

Trigger parallle(er, (CD factors and TT thresholds) wcre carefully adjllsted to the
design values using the data takeJJ in the short pilot run just bcfore L11f' level night.
One-third of the triggers were the unbiased events which bypassed the 'fT and
two-thirds were biased events seJected by the '1''1'.

An on-line pedestal run was carried out to re-adjust the FALX' threshold evcry
I hour during lhe all flights because the fADe module has a slight temperature
dependence. In addition, all calibration parameters. such as a tillling conversion
gain or a chamber drift velocily. varies according to lhe drifts of the tcmperature
and pressure. They bave to be calibrated in a short inlf'rva!' Thus all data samples
arc divided into some data sets such that each data sel includes at least I pedeslal
run. Table 5.1,5.2, and 5.3 snmmarize t he number of dala in each rnn and flighl.

In the tables "'1'0 lock" denotes the number of the evenls which wcre triggc'red
at TO level and started Ihe TT process. "'1'1 accept" is Ibe nlll11ber of Ihe events
which were accepted by the Tt I rigger logic and initialed the clata gathering. The
righl side of the tables show 1Ilf' breakdowII of the recorded dala. each of which

corresponds 10 Ihe TI trigger mode (see Table 2.8. 2.9. and :2.10).
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Table 0.:3: SUlnmarv of 138SS '9.5 flight data

60

I'ablf' 5.1: Sunllllan' of 131';SS . ~}:J flight data

IMQ TO '1'1 H"cord Ii I'" othns '1'0 low TO high
# lillie lock acc('pl tolal tolal ('I) CD
1:1 :32(H ;i81920·i 288681 28Wi8 101%2 28725 15·12/1 1091 I 41861
II 2801 ·19·191:i·1 245070 2,11298 87:358 21901 1290:J6 :\·191:3 35662
15 3802 6695J 02 :HO·157 :325301 117511 :WJ06 17·1881 1111 :3 ·18065
16 290:3 5108:301 251:336 21768;, 8878:3 2·1:'!j:1 J;JI;WJ '1!j968 %635
17 :1511 621625:3 298:3:37 29:3602 10·1·176 282:i·1 160872 1:3980 44639
18 1207 7:18222:l :1·195:31 :3I:1!j72 121nl 32111 190191 :i2182 .52:382
19 /1062 692%:n :3441 :37 :1:39·12/ 1121·16 27699 I99:j82 18~)J:J 48979
20 ·1!j80 772:3902 :38995'1 :38:3187 1:16519 36·1!j"1 2L0211 0·1117 54824
21 :),157 !j889 I 10 309112 :30:38:37 108311 30210 16.5:316 ·11!j2·1 '11395~

22 2I.56 :366!j9·14 19328:3 18999:3 67299 19292 JO:).102 2:i899 25546
2:1 :3!j29 5·110·172 287!115 :31-18'11 1115:36 :32162 1711-13 12·1:36 4J789
2·1 ·1057 68876!j1 :37·1161 :16804J 1:15:371 39/17.1 19'319·1 -18!j:)2 17400

total ,12:389 727068!j3 :366147-1 :36:35J39 129191 I :356777 1986,15J 017121 519J 77

rUIl I)i\Q TO '1'1 Hf'cord p II" othns TO low '1'0 high

# time lock acc"pl total total ('I) ('I)

7 :1259 4106346 :358689 :106!j28 211.5·11 71191 7:3796 48721 26161
8 3·109 4.')2481 :3 :368222 36620!j 216711 7:3917 7551'1 ,1988,1 2/:3·17
9 2.')09 :1121620 2:i4576 2.5:3 I!j9 119148 !j1461 525·17 :3·1:32.5 192:39

10 2!j.57 :3097168 2:30:187 24712!j 1·1-1716 501:38 52271 :l110·1 191!j7
11 :1910 4817987 :3890}1 38660!j 22:i6:1·1 79062 81909 0:3262 :3019·1
12 441,1 115228.5 :)3.5065 :):3:]:3:36 H)·11IJ 68980 70215 1072:3 20906
1:3 3109 :1815047 :306728 30.51fl I77!j:36 6:1102 61505 12008 2:3(i'l8
14 175 612989 49167 48937 28/1!j2 99:3!j 105!j0 6770 :1729
15 :360:i 4769J 70 :381:1·'):3 379410 221:300 77575 80565 526·11 28!j78
16 3200 4:385297 :1,1910.5 :3·17483 2025J8 7070:3 7·1262 ·18180 25961
J7 :3:l20 4421076 :]',)2:i·16 350943 201800 71409 74729 1878:3 25700
18 :j:j41 :3944:396 :3126:31 :307927 179565 6219:3 66169 43461 2241:1
19 !j310 :188888:3 :307297 2997-\1 17,19.57 60000 6178·1 429:32 2101!j
20 288·1 ·107!j:37:3 :121:39·5 :316869 18·5721 6:3068 68080 'l cI9:30 2214:3
22 2:3·16 3:30641:3 26048:3 2!j6416 1.5066:; !jI:l2:3 .51428 :36:3/19 178·11

lotal ,17702 !j7:1:3906:3 4.596978 ·15·)·5857 266741 :3 924060 96·fl84 6:32:176 :3:3%6!j

5.2 Dead time evaluation

I.,

I
I

Tilb'" !j.2: Sumlllilry of BESS '91 flight dalil

rUIl J)f\Q TO '1'1 H"cord p Ill" others TO low TO high
# lillle lock ilccepl lolill tolal CI) CI}
6 3810 550!j:36I :j:I7201 ;,26·1:30 210,167 894:31 2265:32 928.51 54091
7 :121:3 1661007 1151352 1·1:i217 175695 76826 192696 78500 16389
8 :30,1·1 1117817 1:30768 121951 16570J 7237:3 18:3877 71GT3 4381J
9 :n17 1721082 161:305 ·1:j179.5 176277 78101 19711 I 79:i2,1 17003

10 :3735 !j112926 02:\:3·50 511076 195211 89'3:38 226·197 91219 53888
1:1 216:3 31567:32 300536 292.578 108222 !j260;j 1:117:j I 5:3076 :31271
I.') :3111 1978:310 :12:J.182 :31821 I IG1072 8172G 7.i116 1121!j 2:3745
IG !j·111 87607(i:! ,,!jI:306 5·11908 272781 1127:lj 129:192 72,111 40912
17 :31:18 /9991 17 :H:3612 :30802/ 15:J2:J;J 81·i98 7:1196 ·11212 22996
18 2:3·10 :3801162 2:36192 2:320·18 11.5iO-1 6116!j 55:179 :lI:1·18 J7091
19 :1190 ,67 I:3G6 :10 I!j7.,) :)15:3·10 17116·1 91719 82127 ,17036 2.5349
20 :32/:1 0:\:10760 :3297:lQ :32:180 I 16111!j 8.5fi:j:) 770:3·1 1112!j 2:}.545

totill 10079 (i! 122166 ·1816162 1721:188 2066772 100:3605 16!j1011 7"17216 43009[

I.

The dead tinw of th" B8SS instrLlnwnl is caus"d by two processes. On" is th" d"t.a
g"t I"'ring proc"ss. which gathC'l's "vent dat" from "II deteclors and packs t I,em into"
formatted packet 1.0 be recorded. and t.he ot.her is the fast clear process. which cle"rs
whole th" dat.a acquisition system when an f'vent is rej"cL"d by the TI trigger logic.
Th" occurring ratf'S of til<' fast cI"ar and data gat.hering process"s in II", and th"
tot al dead tillle can be obtained from t.he scalar. Il0wever, the fract ional de"d t.im"s
by the dat" gat.hering and fast ciC'ar proc"sses cannol be obtain"d separ"tf'l.v fronl
the scalar. In ord"r to obtain Ih"se fr"ctional d"ad tim"s, we need some calculations.
Pirsl l w(' have Lhe following equation.

(i.l)

where

o 7~la'a = !\Jcan lim" consuilled by a data gath"ring process ill seco"d.

o '/ra", = 1\lea" time consulll"d by a fasl cl"ar proc"ss in s"cond.

o !?dala = Occurrillg r"te of dat" gathC'l'ing proc"ss in II".

o Fira,' = Occurring rat" of the fast clf'ar proc"ss ill II".
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Table .).1: Summary of til(' d('ad tim('

GI CII. IPTEII .j. ST:I/?CII FO/? .\.\TI/IELIl'.\1

Tahle'i.,): Summary of the ('''posur(' tim('

Gl

night y('ar

'~n

'91 first half
'gl last half
'g.)

data gat h('ring

I.Imsx90 liz = 0.1:3

1.8 ms x J;30 liz = O.:2i
I.i:\msx 10:2l1z=0.1

1.0 ms x 110 liz = o.n

fast e1('ar

81/1S x J.i kllz = 0.11
81psx Ukllz=O.11
8·1/1S x I.') kllz = o.n
8·1/lSx 1.:2kllz=O.IO

D.\Q ('1'1'01'

0.08

d('ad linl('

0.2i
0.:38
0.:31

0.10

flight year ('''posure time (hour)

S.G
i.:3

'.0

• TIJT = Tolal d('ad time.

I'tilizing this equation and the fact that the triggc'r condition was chilnged in
Ih(' middk of 11](' In;ss ·g·1 flight. Tf,,,,, aud '/~lala for the meSS '91 flight can 1)('
obtilined. 1~(,c;llIs(, w(' know Hda1a = 150 liz, Hla" = J .:1 kll. and T IJ'J' = 0.:18 iu t h('
first hillf of Ih(' flight. ilud IIda,a = 102 liz. IIfa.'1 = I.') kll. and TO'!' = 0.:31 in Ihe
lilst hillf of Ih(' flight from the scalilr. we ha\'e \ wo indep('ud('nt equal ions ilS follows.

data to extract physics properties of each e\'ent. For this purpos('. \\'(' utiliz('d il
ZIOHHA system [:32] due to following reasons:

• TIl(' ZEl3lt\ systelll provides dynamicill nH'mory handling and enabl,'s 10 cr('
atE' the slots call('d 13AN". which is useful for sloring various information and
pl'ocessing.

• Data structure can 1)(' ('asily constructed hierarchically. We can dC'v('lop tlH'
analysis roulin(' for ('ach de!C'ctor according to Lhe individual data struclur('.

• i\ data-base program (1I1;;PDI3) is available in the ZE131l1\ environment.

Hf'solvillg tlH'sf' f'quatiolls gin'''s Jdat<l = 1.8 Ill;'; (\Il<! Tra:-. t = SillS. Sin((~ '1 (a.....1
should b(' th(' same among all flights. 'Claoa for '!):3 ilnd 'g.) flights cau be obtained
from equation :).J agaiu. The dead times of the thr('e flights ar(' summill'iz('d in

lilble'i.1.
These dead times for three flights are related to the stilt us of the instrumeuts

during the flights. ,\s for '91 flight. the chilmbers were noisy due to a bad gas condi
tion and the a\'erage e\'C'nt data size increased. As a r('sult. tllP mE'an data gath('ring
time b('came 10ngE'r than pre\'ious year. In BESS 'g.) flight. the doubled IHlmbE'r of
rE'ildout electrouics for the UE'W TOF hodoscope increased the data gathering tim('.
In addition to this factor. J),\Q errors happened due to one bad FAlX' chanuel and
this cilused iluothcr S Vc of deild time. Then. the total dead time amounted (0 ,10 Vc
in HI::SS '9'i flight.

I·'rom the D..\Q times in table ').1 to .).:3 aud the dead times obtained abm·('.
the li\'(' time iu hour. i.e .. th(' e"posure tiuI('. cau 1)(' obtaillPd from an ('quation
('"posur(' tilll(,) = (D:\Q (ime) x ( I - (kad tin1<'). The exposur(' tim('s of t h(' t hre('

flights arc' sUlnlnarized iu tabl(' .).'i.

7~la'a X 150llz + 7fa" x Ukllz = 0.:18

'/~lala X J0211z + 'Ira" x 1..3kllz = 0.:31

(.).:2)

(,).:3)
Th(' first slep of Ih(' diltil processing is 10 decomprcss <1nd unpack thc I{!\ \\. data.

and (0 convcrt (hem into a file in the ZEBR.\ formill ('\'('nl b\· ('\,('nt (STI-:p I in
Fig .).1). This file. which h<1s a size of J.) Cbyte for a flight. is called r('format (Il 1'1')
data file. and has only Dl\ bank where only the Hi\\\' dilla is stored. ('sing the
B 1'1' data file. \\'e performed rough calibration of each detector, ilnel the r('sultant
calibrat ion param('!"rs w('re stored in the data-bilse which can b" nlan<1ged hy thc'
IIEPD8 program (STEP 2). In the next step (STEP :3). data w('r(' procl'ss('d with
the calibriltion data. er('ilt ing s('\'eral banks and filling t1H'm with various information
from detectors, snch as hit positions or charges of hits ('\e. Snch johs \\'ere perfornH'd
by anillysis routin('s corresponding to each detector. The resultanl d<1ta structurc is

composed of following ('ight banks:

• OA bank H.\\\· data.

• TH bank Trigg('r information of the e\'('nts.

• .J(, bank E\,('nl infornl<1tion conc('rning th(' .J 1·:'1 chamher.

• Ie bank E\,('nt infol'lnillion concerning the 11)('.

• 0(' bank Ev('nt information concerning th(' OD(,.

5.3 Data Processing Method

'I'll(' dala recorded duriug a flighl (H:\\\' data) is compos('d of tl", ('\,enl dala. house
kC'('ping dat,1. cOlnlll,1tHllog. ilnd UI('ssilge datil in a cOlllpress('d forlllat. To ;,Il<1lyze

Ih(' dilta ilnd th('1l s('<1rch for antill('lium among thenl. "·C' should procc'ss th(' HA\\'

• TF bank I,v('nt information concerning the 1'01'.

• ('I, bank I",enl information concerning th(' CC'I'('nkov conltl"r.

• SC b<1nk 21-challTlc!s of 21-bit scalar e1ala.
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• TI, bank I·:,·ent properties using, the whole d('(ector information.

The,· w,'rc'written into the zebra-formatt('d fiks as procpssed (PHC') data. which

amounts to 100 Gb.,·tp (STEP :1).
TIll' I'll(' data contain nspfnl information for physics analysis. hOll"p,·er. the siz('

is hugp and costs of I/O handling al"(' too high. The core information lI"as extracted
from each hank and stored into t he Data sUlnmar~' tape (DST) as a fixed-formatted
fik (STI·:P I). The main structure of the DST corresponds to the banks in the PIlC'
data. (·sing till' DST. detector performances lI"ere checked. If ther(' lI"('I"e probkms
or improvements in calibration. then STEP ~ ~ I lI"('I"e ex,'cnted iteratil'eh· (STI,P
:j). In t}", prespnt stnd.'·. most parts of physics anal.,·sis lI"ere don" nsing the DST

data.

CIIAPTER 5. SE.I/WII FOII.ISTIIIEL/l'.I/

5 Gbyte

15 GbyteF=-==.....f

100 Gby

PHYSICS

Fignre 5.1: Ill·:SS data process methocl (or one flight clata.
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Tahl" 'i.li: Snmmar,' of t h" lIullllwr of "\'"nts aft"r t h" sillgk track cnl

Th(' DST contaills 12.9\2.:38·1 (,,,,,"tS. including 1.288.8:n "nnbiased TO high trigg"l
samplp" which wer(' r('conkd irrespecti"E' of thp Irack trigg"r conditions. Among
t h(,111 th('J"" ar(' SOlll(' ('v('nts which do not E''(hihil t h(' prop('r l)('rformallc(' to sparch

rar filltihC'liulllS ill cC'rtain reasOIiS. su('h as the' multi-track 0]' interaction ill the
d('\"ctor. W" appli"d Ih(' s('kcl ion prior to Ih(' analvsis 10 pnsnr(' til<' good ckll'ctor
l)('rfol'llH1l1CP by r('jPctillg Ihos(' ('vpnts.

flight y('ar

'~n

'91
'~j.j

Total

5.4 Preselection

.\11 sampl('

1.968.971

2.786.126
2.9-16.8·1:3

7.702.:n3

('0 sam pip

16:1.1.) 1

111.181
116.0!1I

. .
- - -I- - - - - __ -1--

Sense wires

5.4.1 Selection for Good Single Track

Ahoul half of Ih" (',,('nts e'(hibikd ('ithE'r multi-tracb. or show"r. or pmpt." hit ill
til<' .JI~T challll)('r. Following cuts W('J"(' appli"dlO rej(,cI Ih('sp ('\'Pllts illid to splecl
good singl(' track ('\'('nls which pass('dthrollgh lh(' fiducial r('gion of .JI'T chamb('r.

i) .\.mck= I.

.\uml)('r of tracks found in thE' JET chambpr should h(' (''(actly on('.

ii) .J1~T fidncial rpgion cut.

'1'11<' fiducial r('gion of tl1<' JET chamb"r ar(' ckfinpd in Figur" .).2 as not shad
ow('d n·gioll. Th" shadow('d region is c1os(' to th" wall of .JET chamber. wh('J"p
Ih" distorl iOIl of t h" "kct ric field is not npgligiblp. '1'1"," ill t hp shado\\"('(1 rp
gioll t hp posil ion m('asurE'm('nt is \('ss accurat P Ihall t h" cpnl ral r('gioll. Th"
track fonnd ill til<' .JET chamb('r should not 10llch throngh Ihis shadO\\"(,d
r('gion. This clII a\'oids th(' mis-m('asIlrPIII('nl of rigidit.'·. and II",n th(' mis

nl<'asurc'nl<'lIt of t h" sign of charg('.

.\fkr this s"I"ction. m' l"I\'p p'(actl,' Oil" track in all (""lit to analnp. Total
7.70L21:) p\·('lIls. illclndillg 12:3.729 unbiasN!trigg('J" ('w'nls. pass<'d through this cut.
Tablc- ;).G snllllllariz"s tlJ(' IInn")('r of ('\'('nls which 1);1,,('d thp singk track s"kctioll.

5.4.2 'II'ack Quality Cut

Followillg cuts w('r" 111,," appli"d 10 ""sur" a good quality of t h(' sillgl" track, Th"
track W('J"(' dcfill('d as till' cOll1bill"d fit usillg hit poilils of th" 1\)(' alld th(' .)1,;'1'

chall1h(,l'dalll.

Figur(' ').2: Fiducial rpgion of JET challlh('r.

i) .\r6fil ~ )4 ,

wl1<'r(' -"'(ofil is th(' nllmb('J' of ,J8T hits USNI for tl", final track filtillg ill I'c!>
plan('.

ii) \?-'" cuI.

\?-'" is tI", rpducpd chi-squarp of 111(' combin"d fittillg in 1'0 plall('. In figurp ;).:3.
figur(' .).1. and ngurp .} ..). the cut positions of \?-'" arp indical<'d in Ih" solid
lin('s for thr(',,-f1ight dala. Th(' \?-'" \'alue should b(' bdow thpS(' Cln'''('s and thp
cuts are rather tight in the high rigidity region. Ilistogrill1lS slic('d by rigidity
rE'gions ar(' shown in figur(' 5.6..5.7. and .}. '. Th('se culs arp slightl.\· diff('J'('nt
amollg t hrp(' flight data. b('cause the calibral ion of chamb('r data (kp"nds on
slatus of pr"ssur(' andt('mperatureof gas. which arp changillg through all rllllS

alld flights.

iii) [\IDC'lr", ~ I . -'1I)C'1>'¢ ~ I.

This r"quir('s that at least 011(' good hit ill each of IIpp('r two alld 1001'('r two

lay('rs of I\)('s arp uSNI in t h" /'(1' fill ing.

Figur" ').:3 to Gglll'(' .).,1 show tl1(' histograms of thps" track-qllalit." variahlps basc,d
on thp jet chamb"r data togPlhpr with thp cui positiolls for '~J:l. '!j.1. alld '!J,) flight
dala. Figllr(' .).9 shows I rack-qualily cut baspd all \1)(' hit 1I1i1i1I)('rs for t liI'('p-f1igltl
dala combinpd. Op('n histograms arc for th" ('''('ltlS tllat pass Ihrollgh th(' sillglp
track s"kctioil. alld Ih(' shadowNI hislograms arp for thp ('v('lIls Ihal sllr"i"pd aft"r
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Tilb\(' 5.7: SUll1mary or Ill<' nUlllber or evellls arIel' the track quality cut

night year 1\11 salllp\(' CD salllp\('

5 10 15 20

X;$ vs Rigidity RigidH, (GV)

10

9

8

7

6

5

4

3

2

1

o
30

Figure 5.4: Track quality cui based 011 .JI"T chamber ('94).
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Figure 5.:3: Track quality cui based or .JET chamber ('9:3).

Ihe track-quillily cuI. Total 6.290.:39J evenls. including :3:31.186 unbiased trigger
events. pa"ed Ihrough these culs. Tilb\(' 5.7 summarizes Ihe number or evenls
which passed the Irack quality cut.
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20000
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Figme ,5.5: Track quality cut based or .H~T chamber ('().5).
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Figure !j.6: Sliced histogram of \;¢ cuI. ('9:1). Figurr 5.7: Sliced histogram of \;,p Cllt. ('9·1).
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Figure :3.9: Track quality cuL based all IDC's ('!):j+-9~+-9!))_

I·'igurc !"l.S: Sliced histogram of \~,,; cuI. ("9!"l).



('II. I P'fI~H .J. S/~/\ IICII FOil .\.\TIIII~LIl'.\/
CII.IPTU? 5. SE,I/WII POFI /\.\,TIII/';Ll['ll/ i·1

Table- 'l.K: Slllllillill'.\' of Ih" nUlllber of c'\'"nls aft"r th" 1'01' qualily cut.

flight \'c'al 1\11 sa III 1'1" ('I) salnplc
1.:3:16.7:l0 100.0:38
1.669.792 K:1.:)7·1
2.1 :J.l.98:1 i!J .811

Total 5.161.!i0!) 26!i.22i

50000 50000

40000 40000

30000 30000

20000 20000

10000 10000

-500 -250 250 500 -500 -250 250 500

x 10 2
ZTRKU ZTRKL

x10 2 -

3000 3000

2500 2500

2000 2000

1500 1500

1000 1000

500 500

-100 100 -100 100

ZTOFU,ZTRKU ZTOFL,ZTRKL

ii) I'::TOFll - '::TIlI;\ll < 100 Inill. 1'::'\oFL - '::1111'1"1 < 100 Illm .

This requir"s that.:: detel'lnined b.l' the Ie'ft-right tillle difference Illatches th"
.::-i III pact point of the c'xtrapolated lrack within the resolution of '::'1'01'·

5.4.4 Summary of the Event Selection

i) I'::TI1KUI < 500 mm. !'::THI'I.I < .500 Inm C93.'91).

I'::THKUI < ~70 mm . 1'::'1'111'1"1 < ·170 mm (95).

This requests that the extrapolated track should pass through the fiducial
.::-region of 'l'Of scintill"tors, which e"lend to 1.::1 = 550 nlln in '~n and '<JI
illstl'lIlllC'nls, Clnc! 1.:1 = .1'/5 nlln in '9.J instrulllent.

I,'igure 5.10 and 5.11 illuslrate the histograms of thesc variable-s together wilh
t he cut positions for '9', and '9~ flight dalil combined. ilild '95 f1ighl data. Open
and hatched histograms. respectively. ilre for t.he events which survived t he single
track self'ction ilnd subsequently the track qUillit.v cut. Shadowed histograms arc
for th" e\'cnts that passed through all of the '1'01" quality cut. too. Total :j.161.50!')
('\'('nts, including 266.277 unbiased t riggcr f'vents. pass through thc's" cuts. Table .5.8
S1lnllnarizes the number of evenls which passed the TOF qnalit.v cut.

5.4.3 Selection Based on a Quality ofthe TOF Measurement

The timing measurem"nts might be disrupted by the ilccid"ntal particle or b." th"
local radio-act i\'e somce which hit the 1'01' scint illator toget her wil h t h" cosnlic rav

particle.
To ensure correct timing nwasurements, the following cuts Oil the '1'01,' qnalitv

w"re applied at this stage.

Table 5.9 sunlillarizes the sel"ction crileria and the number of the ev"nls that snrviv"
after each stage'. Figur" 5.10: '1'01' quality cill CCJ:3+'9·1).

5.5 General Data Quality after Preselection

'I'll(' quality of t 1](' delector p"rfol'lnilnce can 1)(' ch"('k,,,1 b.l' ul ilizing t h" "VC'lIt 5<1111 pk
Ihat passed throllgh th" abov" s"lection.
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Tabl(' .).9: Summan' of prcs('iPction.

~OFL-ZTRKL

6.290.:391 (:nI.I1'l6)

.).161.·)0·) (2(;i.227)

12,912.381 (1.288.S:J:l)

\o.of,'\'('nls (ullbia"'d)

>1

Track Quality ('ut

Quantity

Tota' .\1umbf'r of I':v('nts

Cood Single Track s('h·t iOll

\,.n-fit

\;t;
\ ID('I,.· \ JL)Cl,.

TOF quality Cuts

IZTHl\td.lzTRI\LI < 500 mill ('9:1,'9·1).
< 170111111 ('9'))

IZTOFt'-Zrl1lwl.lzTOFL-ZTHI\LI < 100mm

Cut i\o. \'ariabiP

I. \g()odtra,k

2. .J I~T fidllcial r('gioll

I.

2.

I.
:L
:3..

35000 35000

30000 30000

25000 25000

20000 20000

15000 15000

10000 10000

5000 5000

-500 -250 250 500 -500 -250 250 500

x 10 2 ZTRKU X 10 2 ZTRKL

4500 4500

4000 4000

3500 3500

3000 3000

2500 2500

2000 2000

1500 1500

1000 1000

500 \V Y 500 V
I

-100 100 -100 100

j·';gur(' ,),11: '1'01' qllalitv ClIt ('~).)),
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Figure 5.12: The estimated errol' of 1/17., in the "</J filling.

The estimalf'd errors of the rigiditv measurement were obtai lied ill Ihe filial
cOlllbined"<;,>-fittillg process. Figure :).12 shows the eslilllated errol' of Ihe I/!?, 1'01'
I3I~SS ~J:3 night dala. The plane histogram is for all the e\'ents Ihal passedlhrough
lI,e selectioll alld Ihe shadowed histogram is for the case that \,.,.-fi' > 20. Iloth
hislograms have a rlear peak around ,:.,,( 1/ H, ) ~ 0.00·'). I\ccording to Ihe followillg
relalion.

,:." (...1..-) = ':"'(1;,) = ':"'(R,)...1..-.
H, 17., H, H,

the ,:.,,( I/ Ht ) is deconlposed into fractional errors of rigidity (,:.,,( Re)1 R,) alld inverse
rigidity (1/ H,). The value of 0.005 Ihus indicates 111<' part ides wit h 111<' transverSi'
rigidity of up to 200 C\' are at least 10' away from the particles with Ihe opposile
charge. It is noted that no event with ':"'(1/ H,) of more tl,an 0.031 were observed
alld therefore all evellts with rigidity below I C\' arc more than 300' awav from tl1<'
lIegalive rigidity region. Figure.5.n shows the mean oflhe 6(1/11,) distribulion as
a fUllction of Ihe absolute rigidity for tit(" case Ihat N"I,,_II' > 20. !\Imost cOllstallt
values arc obtai lied in the entire rigidity rallge.

'1'1", quality of Ihe TOlc and d nleasuren"'lIt call be checked by 'ililizillg Ihe
ullbiased trigger ('I) salllple. Figure 5.1·1 (a) and (b) show /1-1 \'ersIlS rigidily 1'101
for the unbiased triggcr CD sample of 131~SS 9:3 night data and Ihe \Iollt(· Carlo
(~I.('.) dala sampit'. rcspecti\·ei.'·. The \1.('. data are produced bv isolropically
injectillg the protOIlS ha\'illg tl,,' sanle rigidit.\· spectrum into the silllulatcd 131~SS

detector. Distributioll of thc p<lrlicles includillg all)('do are well reproduced ill Ihe
\1.('. dala except for the ellergetic electron. lie. alld isotopes of protoll. It is c1eal
fronl hoi II figures Ihal Ihe dO\\'ll\\'ard moving particles ill lire posil ive Ii-I regiOIl arc

Figure 5.1:3: ,:.,,( 1/ H,) as a function of the absolutf' rigidity.

unambiguously separated from the upward moving albedo particles ill Ihe lIegative
/3-1 region. \'ariolls particles can be clearly identified up to the rigiditv ofa rcw CV.

'1'\\'0 independent measurement errors cOlltribute to the resolul ion of 13- 1

follows:
':"'p-I = ~ + ':"'(p,,'h
;3-1 L (pa'h'

where 1 is Ihe measured TOF and (pa'h is the path-length of the particle betweell
the top and the bottom TOF counter. Figure 5.15 shows fractiollal 1//3 resolulion
as a function of (J for the unbiased data alld the \1.('. data. The opf'n boxf's ill the
figure are for Ihe real data andlhe black dots are 1'01' the \·I.C. dala. Botll exhibit
a reasonable agreement wilh the expected value shown as a solid curve. whiclr is
calculated based on the following assumptions.

• ':"'1/1 is im'erscly proportiollalto the number of delected photo-electrons in the
scintillation paddle (dashed curve).

• ':"'(pa'h/fparh is almost constant over the entire energy rallge (dolted cllrve).

Figure 5.16 and ;).1/ show J- I verslls rigidity plot for the unbiased Irigger ('I)

sample of 131~SS 9·\ and 95 night data. respectively. Apparently, band widths ill
I?igure 5.17 Cl\'e narrower thall Figure .').16 due 10 the improvement of the '1'01'
cOllnler.

With regard to the dE/dX nleasuremenl. I"igure 5.18 to ·5.20 show lire dE/d.\:
measured by tire TOF scintillalors for the unbiasecl trigger CI) salnples of BI~SS

9'3. 9·1. and 95 night data. "'e (an clearly observe the clear ballds of protolls,
nluons/piolls/electrons cleuterons. 31k. alI<I '111" in bollr top alld hollonl call II \cr.
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i,c, (a) "nd (b) in the figures, It is noled th"t til(' top "ndth" bottom scintillators
show dirkrent d/';/dX beh",'ior in thc low rigidity rcgion, wh<'l'e the energy loss in
the detector bccomE's significant.

5.6 Albedo Rejection

In scarch for antiheliul1l, wc ha"e to carefully reject albcdo particles since upward
mO"ing positi,'E' particles ha"c the same c,'ent configuration as downward mov
ing negati\'(' particles e"ccpt for the sign of the velocity, ThC' TOF system can
c1carly scparate upward mO"ing and downward moving particles using thc sign of
the particlc-,'c1ocity as shown in Pig. ,5,11. ,j,16, and ,5,17 of section Cl,Cl, \I'c rC'jcct

all upward mO"ing albedo particles at this stagC'o and limit furth<'l' analysis to the
downward Illo"ing particles,

5.7 Selection by 1:1

Th('n we hal''' a b"nd structnre in" plot for I/d "S, rigidity ,\('cording to the value
of (Ill/C) as shown in I"igure !i,21 to !i,2:1 ror thre" flight dilla, Only the positive
velocilY regions aI''' shown in t I",se figures, The b,\ll(ls in t h" figur,'s correspond

The ,'('Iocity 3 of the obsel'\'ed particles can be calculaU'd frol1l the mass n1. ,harge

c. and rigidity 17 as
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5.8 Selection by dE/dX
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"'e utilize a band strurtlll'e of (1/,'/dX to extract only heliums ;lnd ;lntihelillllls

among all particle species which are ohsern'd. Figur<' ,).21 10 .).2!1 show dJ,'/dX
\·ersus-rigidit~· plots of '!):l. '91. and '~n night data for the top and bottom scintilla

tors. wl](>re ('\,ents arl' already selected by Ihe 3 cut. l3ecaus<' dJ,'/dX is proportional

to the squar<' of the charge of ;In incident particle. we ha\'e two main bands in the

plots. Lower one is 1'01' pill'licles with chargl' = 1 and upper one is 1'01' parlicles with

charge = 2. Thl'orl'tic;ll \'alues for nlllon/ell'ctron. proton. aud helium arl' indicall'd

in dasl1<'d linl's in all plots, lu the lower band. narrow part in til(' rigidi1\' below

1 C\' corresponds 10 deulerons that sur\,i\'('(lthe 'cut as wl'll as Il<'liuuls. In the

region of rigidity OWl' I C:\'. protons/muons/posit rons/deuterons are duplicated iu

the saml' band, The upper band corresponds to helinllls. In order to extract rather
pure 1l('lium sampll's. \\'e have Iwo solid cut lines as shown in figur 0.2\ 10 ,5.2G 1'01' the

top scintillalol'. We select thl' evenls inside of t11<'se two ('t1l'VI'S, which means events

of part icle with exactly charge = 2. For the bottoln scintillator we "',,'e onl' solid cut

line in a plot. \VI' seleci the I'vents greater than this linl' to k('l'p higher efficiency

I han band cnt. After this dJ,/dX cut. we obtained purl' Il<'liunl and antiheliull1
sall1ples wil h keeping high sell,ction efficienc\'

Figure ,J.:30 to ,).:32 show ,--vl'rslls-rigidity plots for the samp"'s thai passed Ihe

preselection and dL'/dX cnt. :llic and Ille are separated below rigidity 01':3 C\' as

shown in t he figure. ('ompar('(lto figure ,3.:21 to 'J.:2:J. most oft he muons/pions/eleelrons

alld protons are eliminated after the dE/ILY cut. It is also noted that off-liming

I'\'ents scaltered in thl' .1- 1 < 1 region are clearly swept out. Those e\'f'nts are
with ha\'ing multi-tracks or interactions in the instrument. Although they cannot

be removed en'n by the preselection. they exhibit improper dE/dX behaviors in

scinlillators and can be rejected by the dE/dX cut. .loreovl'l'. the ,J cut }'('jects

electron and muon/pion e\'ents in til(' rigidity region below:3 C\'. which passed the

dE/d_" cut accidentally. due to interactions in the scintillators or tl1<' well known
Landau tail effect of dJ':,'/dX distribution.

5.9 Antihelium Search
0.6

-15 -10 -5

Figllle 0.:2:3: ,:)- \·s. rigidil~' CD0).

10 15
Rigidity (GV)

All selections up to this "'\'el do not discriminate the positive and nl'gative rigidity

(helium and antihelium). Figllre ,5.:3:3 shows the I/rigidit." dislribution with all

selections bnl til<' I rack qnality cnt. Those en'nls that arl' in til<' rl'gion of negalivl'

rigidih' ;Ire apparent ". spilling O\'er 1'1'0111 til(' high energy region of posil ivl' rigidity

due to the finite chand)('r resolulion. I"igure ,5.:l\ shows the I/rigidity distribulion

after all culs, In this figure. because of the slrict track qnalily cui criteria. thl'

spillO\'er fronl t he high ('11<'1'1',." region is suppressed. This spillow'r can he snppressed

more if stricter track qnality cuts are applied. however snch cuts sacrifice the high

select ion eflicienc.v. The applied preseleel ion was dclermin('d by a t r"de-off of the

su ppression of spi Ilover and Ihe high seleel ion crficiency,
Tl,e resultant ('dg(' of thl' spillover in til<' negative rigidity rl'gioll in Fignre !j.TI
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Pigure 5.:33: I/rigidity distribution without track quality cut pJ:l+·9·1+·9.5).
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Figllr" :U:2: 1/ j ,·s. rigidit\' aft"r de/d.'\ cut ("D,"»).

corresponds to the rigidity of -16 C'·. Therefore. it is conclu,kd that we han' no
antihelium candidate in the rigidity region below 16 C'·. The oth('l" pdgp in the pos
itive rigidity region is determined by the events that stop in the bottom scintillator.
'1'11<' edge corresponds to the rigidity of 0.11 G'", as shown ill til(' rigurp,
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Chapter 6

Determination of the upper limit
on He/He

Figur" :>.:11: I/rigidil.,· distributioll ('9:H'91+·9,)).
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III t 11<' previous chapter. it is shown Ihat no alltihC'1ium is detected in t he rigidity
region below 16 C\'. Frail I this reslllt, the upper limit all t he ~/Ile flux raLio al Ill('
top of' the almosphere ('1'01\) is determined ill this chaptN. First. the crflciencies
of the TT I rigger selection arc cst imated in § 6.l. The efrici"ncies of II", ofl~line cuL
selections arc approximated in § 6.:2. Then the numl)('r of the observed 1l<'liums arc
counted in § 6.:3. Sect ion 6. I pr"sellts a correction method for til(' energy loss of
particks ill til<' at mas I' Ilf'r(' and the instrument. Section 6.') describes a method to

estimate til(' survi"illg probabiliti('s of heliums and ant ihelillills in the atmosphere
alld the instrument. In § 6.6 the upper limit on the ~/Ile flux ralio at the TO,\ is
calculated usillg parametNs obtaill('d in the abo"e sectiolls.

6.1 Track Trigger Efficiency

13efore determining t he trigger efficiency and then the upper limit. let liS re"iew the
trigger selections describ"d in the previous chapters briefly, There were three stagps
ill the trigger selectioll, The first stage was the TO trigger which is generated by
the coincidence of the top and bottom layers of TOF scintillators. The secolld stag('
was the hil-pattern sC'1ection in the TT to reject multi- or null-hit-pattern which is
inconsistellt with th" sillgl" track. The third stage was th" track-rigidity selection in
the TT to r('jectmosl of positi,'cly curved e"enls usillg IDC' and ODe: hit-patterns.

The e"('nts that pass"d through above tlHee slages of scl"ct iOlls WN(' r"cord"d and
und('rgone the further off-lill" allalysis.

If we utilize th" unbias"d trigger TO high CD sample, \\'e call obtain '1'1 trigger
pattern and rigidity selection dficielH'ies for helium events by conI paring the numbers
of heliums that pass('d and did not pass the 5('1,,(( ions. I"igllre 6.1 shows tile efficiellcy
of T t Lrigger pat tel'll selection for helium events. III '9:3 f1ighl the pal Lern dJiciency is
less Lhan :25% in til(' whole energy range. This is becaus('lhe hiL patt(,rJI signal from
!DC's and ODC's aI'(' suffered b.v cross talk nois('. 13efore '9·1 flight. this instrull1ental
defect was removed and Ihen t he efficiency of patterJI select ion was modified 10

10:2
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Figurc 6.1: Track-pattern selection efficiency (94).

greatcr than 85% in both '9LI and 'gEl nights.
Th" erTiciency of the track rigidity selection is estimated by fitting a theoretical

efficiency function of track-rigidity s'+ction with h"lium cvcnls in thc unbiascd
t rigg"r TO high CD sample. Since the real data of helium el'Cnts resid" only ill
positiv" rigiditv region. we assuillc that this fltlC'd functioll is corrf'et Cl'''" ill til('
n"gati,'c rigidity regioll. Figur" 6.2 shows the meaSilred f'fficif'ncy values ali(I fitled
dfici"ncy curvc of th" track-rigidity s"lectioll as a function of rigiclitv- I for the 1/(
'1'1 triggcr modc. Hoxes arf' the f'Fricicncics Illcasurf'd IIsing hcliulll "v,,"ts ill th"
IInbiascd Iriggcr TO high ('I) salnpiC'. 'I'll(' "rTicicnci"s of TT triggcr for caeh night
anel for "aeh '1'1 modf' arc sumillarizcd ill Table 6.1. Thc (kfillition of '1'1 mod"
in til(' tabiC' is thc salllC as in Tabl" 2.8.2.9. and 2.10. Th" TI Illod"s in whieh
til(' lIumhcrs of "\'Cllts arc sillall and then wcrf' not IItilizcd for thc calculation of
thc IIppcr limit ar" omittcd in thc tahle. is the effici"'lcv of the TT patterll
sc!C'et iOIl for He and en,id"" is t hc crfieicncv til(' TT rigidity se!C'etion for n;:: in til('
1ablf'. (lI/1ldit) is obtaillC'd assuming that thf' spectrulll shape of~ is tIl(' same as lIe

ICigure 6.1: Track-pattern seiC'ctioll efficiency (95).
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Figure 6.2: Track-rigidity selectioll efGci('ncy C9:3)
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I:igure 6.2: Track-rigidity seiC'ctioll dficif'ncy C9·1).
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Tabk 6.:2: SlIl1l111ary of thc off-linp cui efficiencies
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Tabk 6.1: SlImmary of '1''1' triggcr crncipncy

Figure 6.:2: Track-rigidity sclpction cfficicnc,' ("95).
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'!H ·1'i.:n8 :3fi.:316(0.80) :3I.:l09(0.8G) :31.116(0.99) 28 ..)1/(0.9:2) 0.1i:!
'91 first half 11.'i11 :J8.186(0.86) :3~.29')(0.90) :rnl.)(0.98) :30./6:3(0.92) 0.69
'91 last half :27.020 :2:J.:26:3(0.8G) 20.619(0.89) :20 ..1/:2(0.99) 18.9'i5(0.9:3) 0./0

'9.5 6.5.:J7:1 .51.0/0(0.8:3) .51..5',)9(0.9'i) .51. IG/( 1.00) 'i0.86fi(0.99) O.i~

6.2 Off-line cut Efficiencies:

The absolntc valucs of Ihc off-line cut crncicncies will not bp used in Ihe calculation
of uppcr limits on thp TIC/llc flux ratio, which lVilll)(' mpntionpd in delaillatcr in
section G.G. Thus the values will not affect the result. i.e., the upper limit. nut
knowing Ihe dnciencies of each orr~linc cut for each part of flight is very impor
lant. because thcse will show how Ihe cuts were I)('rlorllwd and whal is the main
background lor I I", scarch.

F'or this pmpoSl'. WI' first attempted to obtain the crnciencics of the off-line cuts
through .\Iontc' Carlo simulations. using Ihe CE!\NT codcs. Ilowever. WC found
that the C 1,:,\:\'1' codc's arc not describing hadronic interactions for helinm and an

tihelium. I~vcn aftcr exhausti\'e reading of codes for somc months and attempts of
adding hadronic intcractions of helium and antihelium to lIwm. \I'e conld not resoh'"
it. At last we gm'e up to utilize the CE.\1'\T codes and thc estimat"s of cfficienci"s
by .\Ionte Carlo simulations. But we still altempt"d to sOll]('holV approximat" t 1]('
efficiencies of the orr-line cuts. wher" even only the trcnds might b" vi"\I·ed. There
fore. we defincd thc starting sam pic which contains almost all heliulll cvents and
from which all cuts arc applied. The starting sample events wC'l'e ddined as events
which sUI'\'i\wl the TT pattern sckction. singlc track. loosc d. and loosc dE/dX
cuts in the unbiascd t riggcr TO high CD sample.

Pigure 6.:3. G.·1. and G..) show ,l-versus-rigidity. dE/dX(top)-versus-rigidity. and
dE/cl.\'(bottom)-versus-rigidity plots. respectively. before the loose d and loose
dE/dX cuts for a part of the '9·1 flight data. Figure 6.6. 6./. and 6.8 show Ii
vs. rigidity. dC/dX(top) \'s. rigidity. and dt:jdX(boltom) 1'5. rigidity plots. re
specti\·ely. af!cr thc loosp i and loose dE/dX cuts for a part of Ih" '91 flight data .
i.I'.. plots for the starting sample of the '9·1 flight data. In th"s" figurc's. loose cuts
arc d"notcd as solid ('t1l'V"S and the off-line cuts used iu the sparch ,1I'e denoted as
dashed curves. Thcll \I'" Cilll obtain estimated values for the cut "ffici"nci"s, applying
all cuts to this starting sampl", where all the ev"nts in the n"gativc rigidity region

arc rej"cted by t Il<'sc cuts.
Thc start ing sample Illethod was c1wcked lIsing protOli "V,,"ts by comparing

r"sults frolll a prololl starling sample and r"sulls frail I ,\Ionl<' Carlo sill1ulatiolls
using the CEi\NT cod"s. This check showed lhat llVO diffprc'nt estimalf" of cut

efficiencies arc very similar.
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Tabi<' li.2 SlII11111ari/,(,s the estilllatrs of off-line cut efliciencies h.'· the hdiunl

st"rting sample. In the tahle. "loose Ik". "TBI, cut" "TOF cut" "lll·:T cut"
and "1)['\ cut" d,'not(' tl,,' starting samp\('. the track <i"ality cuI. the '1'01" <iu"lil.l·

cuI. the :I cut. "nd the d/';/dX cuI. respedi",'I.'·. '1'111' numbers in the tahi<' "re'
the numbers of h,'lium el'rnts II"hich sun'il'cd the "ccording oll~line cuts sholl"n in
the first line. Thc n'nllbers in parcntheses are the off-lin(' cut efriciencies b.l· this

starting sal11pi<' mC'lhod. II"here the scquence of "pph'ing the cuts are "5 the left-to
right order of cuts in the table. "nd the last column. ',,,,, druotes the tol,,1 efficiency

of the off-line cuts.
I'rom the tabi<' it is sren that the dE/d.\ cui for '!J.) flight data is I'er~' efficient

"s 99 'i\ due to Ih(' improvement of the TOF hodoscopr tinl(' resolution. On till'

other h"nd. the d/';/dX cuts for 'g:3 and '91 flight data are' nol so efficient. 1I"1,,'re'
the effici,'nCl' is ahout 92 'i\ to 9:3 '1(. Figure G.9 and G.IO sllow d/,'/dX(top)-I'('J'sus
rigiditl' and d/';/dX(bottom)-versus-rigidit~,plots. respectively. for all thc '91 flight
dala lI"ith Ihe cuts for the search. exccpt Ihal the d/';/dX nils are loosenrd 10 the

loose de/dX cnts. 'I'lw meaning of the solid and dash"d Clln"'s in thrse figures are
the saille as Figurr ii.7 and ii.S. Then. fr0111 these figures, it is sern thai the d/';/dX
cuts are sel 1',,1 her tighl for the purpose to r,'ject the neg"tive electron/muon/pion
background evenl s, which are in t he region of -I to -IOG\'. These background el'('nls
lI"ill he furthcrmore checked in section 7.5 of Chapter 7. The track <iu"lity cut,.. were'
determined b,l" a trade-ofl' of the suppression of spillover el·ents. which "re from t h"
high energy region of til(' positi\"(' rigidit.I·. and Ihe high selection (,[ficiencie5. II"hich
aj'(' 80 'If. 8ii 'If. and 8:3 'If for '9:3. '91. and 'g.) flight data. respect il·ely. from the t"hle.
Figlll'e ii. II to ii.I:3 shOll" all these cfriciencies >1S funct ions of Ihe kinet ic energy pel'
nucleo11 ..\s ShOll'11 ill the table 6.2 and thf' figure ii.11 to G.I:3. plII'e heliulll S>1111ple
is selected with high efficie11cies of about ii:3'A to 78 'If for three flight dat".

6.3 umber of Observed Heliums

In the off-line "n"lysis. lI"e "pplied the selection for the good single tr"ck "nd subse
quently the tr"ck <iu"lity cut "nd the cut for the good timing me"surenlPnl. Fin"II.I·
to extr"ct helium "nd "ntihelium sign"ls. the :I "nd d/:;/dX cut lI"ere "pplied.

\\'e define here If'mpor,,rily the ··tot,,1 uumher of observed heliums"' (\,><,;"",) as
the number of til(' Iwliums th"t passed through the TT p"tt('rJ] sekction "nd \\'ould
h"I'e survived all off-line sekctions. if the.v lI"('re not rejected b.v the t rack-rigiditv

sel('ct ion. Simpl.'·. 'Jhel;um is t he number of the helium events t hat passed t hrou!!,h all
sekct ions hut the TT rigiditv select ion. The number '\hel;,,,,, is obi ained by counl ing

the number of the el'('nts in the unbi"sed trigger TO high CI) sampk that survived
all of the t rigg"r- and t he off-line cut sekctions exc<'pt for the track-rigidity sel('dion
in Ihe TT. aud coIT"cting it by a factor \("1) = 10. l'i. :30. and 20 in rach part of

flights.
If (p." ".", of 131·:SS '!):J flight dal a \\'as nol as 101V as 18 'X, Ill<' ddinit ion of Nhel ;"",

described above \\'ould Iwsatisfactorv. Ilo\\','ver.lhe low '1''1' patlern efliciency Ine,lIlS
that such ,'v('nls as did not pass through "1"1' paltern seleclion are not nrgligible iu
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I~'igllre 6.7: dEjdX(top) vs. rigidity pial for t1w starting sampl,' ("9,1).

Figure 6.6: d vs. rigiditv plot, for the starLing sample ('94).

Figur" 6.8: dCjdX(bollom) vs. rigidity plot for Ih" sLarliJlg saJllpk (,9·1).
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Figure 6.9: d/;jc!.\'(top) I'S. rigidity plot with the loose d/;jdX cui (Rigiclily<O.
'91)
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Figure 6.10: c1/~jclX(bottoll1)
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rigidity plol with the loose dF;jdX cut
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laill" G '1' SUllllnan' of llle' Illlmlwr of h"lillllls (0, C:\' < /I < 16 C\').

flight year T 1 mock ('I) sampl" :\Cll :\hd;um

'!):l II ( :1. ,00 10 I 18.000

'11 ulti 1.:121 10 ,'):2.810

:\ot pall "rn" 28.1 II 28.1 II

.() I lirsl half II, 2.').'GO I.) :38G.100

:\01 pat lI'rn :l.G'9 :1.0')·')

'() I last half Tf( 1.').911 :\0 1'8.2:l0

:\ot palt('rn :!.01:1 LO,I:I

'g.') II ( l2.li.,)(i:!O 8,'):3.120

:\ot paLlNIl 6SI1 G..'):31

Total 129."') 1.9.')8.10:\

(I NOl pas~;('d I h(' T'J' pat terll sc!<'-etion

Illllnb('1' for IlESS '9:3 f1ighl dala. CI'('11 though th('s(' ('\'('nls WCI'(' Ilot Pl'occssed by

th" '1''1' rigidity tl'iggC'l' alld tlle'll Ihe llulllbN call nol 1)(' cOl'l'celed by a faclol' 1\('1).

For this I'<'asoll. Ih" defillition of :\h<l;,,,,, should b" challgcd to ,,1\'" alld uliliz" th,,'l'

CI·"lltS. Thus 11''' I'edefill" th" "total uuml)p1' of oil"'n',,d 1]('liums'·(:\,..I;"m) as till'

Illll11b"r of Ihe heliums tilat pass"d through th" '1''1' paltC'l'n s"I"clion alld would

hal'e ""·I·il·('d all ofl~lillc s"l('elious. if tl]('y \I'C'I'(' 1101 I'"j"eled by 11)(' '1''1' rigidilY

sd"eI iOIl. 01' that \1'('1''' r"j('c\('d by I h" TT pal1<'rn s"l"el iOIl alld hal'e sun'il,('d all
olf-lin(' s('l('el iOlls ill t 1)(' uubias('d I I'i gg(' I' ('I) sal11pl('. 'I'll(' IIumber of thcs(' addit iOllal

h"liums call b(' obtaill('(l b~' counting til<' llulllb('1' of til(' (,I'(,llts ill til<' ('I) sampl,'

Ihat \1'('1'(' I'('jeel('d by til(' Irack-pattern s('lcctioll ill til<' TT. alld sun'il,,,,1 all of tile

ofl~lill(, cut sel('eliolls.
Following til<' I'('(klillilion and countillg also th" additiOllal hdiul11s.lll(' IllllnbC'l'

of Iwliullls :\1"1;,,,,, is found 10 be 1.<)')8.10:3 ill til(' I'i 'idit.', rallg(' b('I\I,(,(,lI A" alld Ifi
(:\'. Th" llumlH'r of heliums obsen'ed for "acil f1ighl is slll11lnal'iz('d ill Tabk (U.

6.4 Correction for Energy Loss in the air and the
instrunlent

Tile obs('nTd l,eJiullls lost til('ir (,1l('rg.1' whil(' pa"illg through th(' ,') g/c1ll 2-thick air

alld Ih,' upp('r walloI' Ih" illstrumcnt. whcr" Ih" rigidil.v is mcasur"d ill the c(,llter

of Ill(' illstrullle'ul. \\'e hal'e to con'"ct til(' m"asur('d ('Il('rgy 10 f!pl til(' "!l('rgy al th"

TO!\.
Suppos(' Ihal Ih,' h"lilllll or anlihdium has a tolal "Il"l'g.1' Io'u al Ill(' TO!\. tl[('

f'llf'rg.'" art(~r passing mate'rial with the thickl1(,ss or.r g/CIll'l. I~(.I'). is givPll b.v the'

folloll'illg equat iOIl:

J'() J' r dE, I~ .1' = 00 -.l
u

-;r;( 1~(.r))(.1'.

II'h"r(' dE/d.r{/o'(,r)) is til(' (,Il('rgy loss p"r Ullil mal('rial thickn('" as a fllnclion of

Ih" lotal ('nC'l'gy, Dilfer(,lItialion of Ihis "quatioll gil'('s

"' dlo'
10 (.1') = d:';(I.o(.r)).

11.1' soh'illg Ihis diff('J'('ntial "qualioll. th" ('nergy i'lft"r passing Ihrollgh 11ll' Illal('

rial t hickll(,ss C~II b(' obtaincd. Th(' ('11<'rgy I)('for(' loosillg it s ('liNg.\' can b(' also

ci'lkulat('d in till' samc way from Ill(' mal('rial Ihickn('ss which i'lr(' ('stim~ted bl'
cxtri'lpolalillg till' track illt~ 111<' '1'01\, .

For this cakulalion. il is asslll11('d Ihat the r('sickntialmal('rial oflhe instru!llenl

OI'''r the j('t chamber is (''I"ival(,111 to 7 g/cm 2 ~11I!llinum alld Ih(' Ihickness of the ail'
is ,') g/cm 2

By Ihis calculalion. 11ll' obsNved lowcst rigidit.I' of 1)('liulll ill the instrll!ll('nl.
which is 0,71 C\·. sl,o"ld 1)(' cOI'ITel('d to 1.01 CV at III(' lop of III(' almosphcre,

6.5 Loss of He and He in the air and the instru
luent:

Ikfore de\('l'Inining an upper limil all Ihe TIe/lie flux rat io al I h,> top of th(' ~tmo

spl1<'r('. \I'e must (,I'alui'lt(' th(' loss of I1c and ffi in the air alld the illslrum('n1. For

this purpos" II'C ne('e1 to knoll' Ihe inelastic cross ,('CtiOIlS of 11(' alld ffi to till' air

~nd the instrumellt, To simplify this cI'alualion. II'C ~ssum(' follolVillgs.

• TIl(' air is equil'al('nt to i'l 111i'lIPri~llI'hosc atomic weight. \ is 1,1.61 in ~mu and

tl](' Ihickn('s, of malerii'll is ') g/cm 2

• Th" illstrument is equil'aknl to tl](' aluminum II'hos(' t hickn('ss is J ,') g/cm 2

Then what is Il('c('ssi'lry for I he c\'alui'llion is simplifi"d to t hc in"l~st ic cross sect ions

of lie and TIC to a malNi~llI'ilh atomic weight, \. IlolI'('I'el'. these ar(' not "ll'asured

experimenti'lll~'OI'N wid(' energy rang", Thus \1'(' sti'lrt('e1 from til(' inE'li'lstic cross

seel ions of Ii and p to nucl('us. becausE' tllE's(, ~rE' III('aSlJl'('d ill rat h('r lI'idc ('n('r 'y
range. '1'11('11 we cakulatcd till' croSs s('clions of II" and rrc; IIsing tl,,' mod('1 of hard

splll'res with overlap. which will b" mentioncd later ill ddail.

I"or Jl 10 nucklls. fro III a s('ri('s of ('xl)('ri"H'nls a \1,('11 knoll'll pll('nolll"nological

formul~ is gil'('n ~s follows [:3.1]:

wher" E is 111<' kin('lic ellergy of prolon in l\lcV. ,\ is til(' alolllic \\'eiglll of 111<' lI"cleus

ill 3mu. <lllfl (7 is t he cross sect ion ill mb.
ICigur(' 6.11 shows til(' ('xlH'riln('ntal poi Ills of th(' ilj('l~slic cross s('clioll ofp to

aluminum and carboll [:J;'j, :lG. :l'. :l8. :l9. ·10. IIJ. TIH'S<' ,'xp('rilncnlal poillls arc
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fitted by the fUllction of (/ +bl "'. wher(' (/. b. and c ar(' paranH'1<'rs 10 be fitted. and

.r is the kinelic energy ofp in (;e\·. The r('su!tant fnnclions are' shown in the figure
as solid curves. To obtain Ih,' crOss s('clion ofp to air. \I'l' IIsed til(' cross s('clion of

p to carbon and utilized the .1;0 dependence. where' .1, is Ihe alol11ic weight oflhe
targ('t nwleus. Then \I'l' can calculate at}). air) as follows.

Pbar + Nucleus ~ Inelastic Cross section

wh('r(' a('\i'"\') is 111<' croSs seclion of an illcidcnt particl,' with atolllic weight .I i to
a targC'L with alolllic w"ight. :1,. llsing forllluia 6.:3. all neccssary cross sections are
obtaincd as follows.

(6.:2)

"exi. we e"a lua ted ti,e cross sect ions of lie and rr;; to IIl1cklls adopt ing the Illod"l
of hard spheres wit h overlap [.12. 1:3J. This 1110dC'! is d('rived from simple g,'ollleirical
consideration and ,'xpressed as follows [67. 6::l].

a( II". air) = a( J. air) x ( 1.00 '0 + 1.1.61 ' /
3

- 0.71 x (4.00-
1
/3 + t·1.61- 10 )j2 (6.4)

/ (1.01'0+ 1.1.61 1/.1_0.71 X (1.01- 1/3+ IHil- I / 3))"

a(lle-. '\I) = a( >. !\I) X (1.00 ' /:
3

+ 26.98 ' /
3

- 0./1 X (1.00- 10 + 26.98-
1
/

3 W (6.!))
/ (1.01 ' /

3 +26.9 ' /3-0.71 X (1.01- 1j:1+26.D8- 1/3 )jl

a TI"C. ail' = a I. air X (1.00 ' /
3

+ I 1.61
1
/
3

- 0./1 X (.1.00-
1
/
3

+ I 1.61-
1
/
3))1 (6Ji)

( ) (/ ) (1.01 ' /3 +14.61
'
/3 -0.71 X (1.01- 1/3 + I 1.61- 10 ))2

~ _ (1.00 ' /
3 + 26.98 ' /3 - 0.71 x (1.00- 10 + 26.98- 1/3))' (6.7)

a(lle.. \1) = a(p. .\1) x (1.01'/3 + 26.98'/3 _ 0.71 x (1.01-1/3 + 26.9'-1/3))2

Figur(' 6.1.) (L-a) and (l-b) show the resultant inelaslic cross sections of lie and
TIe to the alul11illul11 and the air. i.c. a(AI). urAl). a(air). alld u(air). in the unit of
(g/CIll2)-I.

\\'hen a cross section a in (g/cm 2)-1 is known. wc can calculate til(' nUlllber of
surviving particles t hough a targcl of thickness d as follows.
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10
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(6.8)

where .\0 is the illitial nunlber of incident particles. Theil 1/.". 'i.", '/10 . alld Ti",
which are the s11l'vi"ing probabilities of lie- and TI"C ill Ih" "ir and ill th" instrllnlC'nl.
r,'spccti,'C'!v. aI''' defincd as followings.

Fignre 6.1 I: In('lastic cross sec! ion of p to Ilncleus. '1111 = (-(I7(;\I)Xlflfl!un
2

)

'i . = (-(a(AI)x 15,/",,')

/1;:lr = (-(cr(air)X5 g/<;;m 2)

l1.m = (-(i7(air)X5 g/n,,2)
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Figure G.]') (2-~) ~lId (2-b) silol\" '1m ~nd Tfm' and 'I." ~nd Tf." ~s functions of
the kinet ic elwrgy 1'''1' nucleon. Th"n con\"enienl expressions ,/.,,+," ~nd Tf.,,+m
defi ned ~s follol\"s.
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------------~ -=-~--
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0.6 0.6

,/.",+", = ,/." x '1m

6.6 Determination of upper limit on He/He:

(G.g)

(G.IO)

(= (,u" X (nll:id11f X (pall"tll

"( = (CUI, X (rigiditr x {PdUt'11l

where (,", and T,", arc t he total o(l~lin~ cut efficiencies of IIC' and T"f(,. Then w~ ha\'e
following relatiolls belween Ihese v~lues.

Figur(' G.I!j O-~) ~nd O-b) shol\" Tf",!'/m <lnd Tf."/I/." <IS functiolls of the kindic
energy per nucleon. The r~tio '1."+,"1,/.,,+,,, = (Tf." I".,,) x (Tf". 1'/",) will be IIsed in
Ihe ("~lcul~tion of the Upp<'r limit on the Ti"C/11e (lux ralio in Ihe last section of this
("h~pter.

In order to simplif,' Ihe ("~lculalion of the upper linlit. w(' 11<'('d <lnother assulllp
Iion as follol\"s.

Ilere~fler. we do not consider h"liunls and antilleliums thai were ill ind~sl ic reactiolls
in the calcul~tion of the upper lilllit.

• If ~II inelastic reaction occurred for all incident particle in Ihe ~ir or Ihe in
strument. it can not survive Ihe single tr~ck. t r~ck quality, ~nd TOr quality
culs.

In the previous s('dion I\"e h~v(' defined the survi"ing probabilities of II,· ~nd T"f(, in
the air and ill til(' instrument. .\011' I\"e are ready to calculate the upper limit ou
the Ti"C/II(' (lux rat io at the top of the atmosphere. Firstly I\"e determine SOllle
cOIl\'entions as follows.

I'a = The (lux of lie at t he top of the atmosphere.
l,a = The (lux of Ti"C at the top of the atmospher('.
fob = The obsel"\'ed (lux of Ill' that passed all selections.
lob = The obsel"\'ed (lux of Ti"C that passed all selecl ions.
Ico = The (lux of Ill' in the unbiased trigger TO high CI) s~mple that pass('d all

selections but the track trigger rigidity selection.
(' = The lotal efficiency for lie.
e = The total efficiency for T"f(,.
The total efficiencies ( and e arc expressed as follol\"s.

1 10
Kinetic energy (Gev/n)

(3-b) llair(anti-He)h'air(He)

0.5
1 10
Kinetic energy (Gev/n)

(3-a) llins(anti-He)/llins(He)

0.5

Figur" G.I.): Inel~slic noss ,eclions of II" ~nd T"f(, (I-~) 10 til" alnminulll (u{AI).
a(!\I)) <lnd (I-b) to IIll' ~ir (<7(~ir). a(~ir)). ~nd ,urviving prob~bililie, of lie ~nd

T"f(, (2-a) (II",. Tf", ) in I.) g/clll' ~Iunlinum alld (2-b) (II",. Tf,,.) ill .) g/un' ~ir. ,lIld
prob~bilily r<llio, (:1-<1) (Tf", I'I", ) ill I.) g/nll' <llnlllinllnl <lnd (:1-1» (Tfm 1,/", ) in .)
g/CIll'l air.

.f"" = ('1."+,,, Ita
1"" = TTf."+,,, lta

(61 J)

(G.12)
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.\s dOli,' at tl,,' last of section G.I. we assllme agaill thall,,, hilS the silmeel]('rg,y

spectrum ilS I,,,. '11]('refore thes" two sp"eIrlllll are r"lat"d b,' one constilnt 1.:. which
is th" flux ratio. as follows.

l,a = I.: I".

lTsing t his h'. luI> is also related to (. c. ll,ur+ln . iiUlflll (llld .I~,h as rollo\Ys.

(G.I:l)

rr;; aI''' th" same. tl,,',' are canc"l"d so that w" may forget th"m in th" calcnlation .
\\'e assllme that til<' effici"ncies of "ariolls off-lin" Cllts and track trigger piltt"rn

er!iciellcif's arC' thf' sallH' hf't\\"(,f'1l 11f' <ll1d ~. Tht"11 only '/.U1+111 . 1J3lr+,n . (lI~lthIY' and
.feu arc us"d in th" calculation. and "quation G.21 is silll(>lifi"d to follow,.

(G.22)

Iob = c",H,,,,·:\cIJIcn

(61 I)

(61:i)

\[or"O\·er. \\'" hal''' som" track t riggcr mod"s for "ach of which th" rigidity dli
ci"ncy is difl'cr"nt. Th,," equation 6.22 is modilied to

(6.:!:3)

Th"r"fon" we ohtilin

fob = I"'(.f~b/<) (1i."'tH,)'I,,,t,,, ) = 1.:'(:"mIml(') (Ti."'t""h"'t",)

= I.: (:\('\)I('I)) '''''''''' (,'1(') (1i~"t''')'I,,,tH') (G.16)

I.: = :3.01 j('LJJ\CDIZ,D'::""U,.) + ICDiml)(1I"'t'" 1'f,,,t,,,.)d8 (6.21)
k

wherc is th" '1''1' rigidity efficiency of antih"lilln, for th" k-th track trigger

Illock. r\S sccn Ihe equat ion. (1i."+""I,/."t,,,,) is COlllillon for all track t rigger modes
b"cause it is calculated only lrolll cross sections as describ"d in I he pr"vious section.
1·'01' each Illod" '1''1' rigidit.v "friciellcy was evaluated as d"scribed in sect ion 6.1 alld
Ils"d in the calculaLion 01 th" IIpper limit. Figurc 6.16 shows thc' flux of hclium in
IIc '1'1 trigger Illod" for (a) IJESS '9:3. (b) '94. and (c) '9:) flight data. The Op,,"

histograms aI''' for th" observ"d flux of heliullls divided by c"""", in IIc '1'1 trigger
mode. i.e .. '\CIl/CI) in II, '1'1 trigger Illod". and th" hatch"d histograms aI''' lor

NCDIcD''',,,,,,,. and th" shadowed histograms arc for NCU/CD'""",,,. (/I"'t,,, I,/."t," ) in
lie '1'1 trigg"r mock.

Since cp.",," was as lo\\' as 18 'I( for BESS '9:3 flight data. w" also utilized the
e"ents in the unbiased trigger CI) sample which did not pilSS through TT pattern
selection. Although the number of these events cannot bc multiplied by J\CD becaus"
these e"ents had not been processed b." the TT rigidity sel"ction. th" number is not
negligible in I3~SS '9:J flight datil. Th"n. in order to obtain bcttcr limit. \\''' extend
equation 6.2:3 as follo\\'s.

\\'hcre ICDiml is defined as the nux of lie in the unbiased trigger CI) sample that did
1I0t pass TT pattcrn sclect ion and passed all off-linc cut sel"dions. This equatioll

can be obtained if \H' aSSl!lnp (1 - (paUt,n) = (1 - (paUtll') and (cut = (cut _ and tlH'n
consid"r again ill t he same way as donc in equation 6.21 and 6.22.

l'sing "qllatioll G.21 combined with all BESS-flight data. th,' r"sllitant !).'i 'if
cOllfidellce Ie"el IIpper lilllit on the TIe/llc flux ratio is :2.0 x 10-6 ill th" rigidity
rcgion from I to 16 C:\' at the top of the atmosphere. 'I'll<' Illllllbcrs us"d in the
calculatioll of t 1](' IIppcr lilllit are sUlllmari:<ed ill tablc 6.·1. wh"re /.; is the kin"t ic

"ncrgy 01 incidenl helilllll lIucki. and the regioll of illt"gral is cOIT,'sponding to th"

rigidity r"gion of 0.710 IG G\'.

(6.11)

(G.I ~)

(6.20)

(6.21 )

(' = (/Crir,idl\,' = (CUI X (".llIt-,ll

f = ZjZ'igidH}' = (CUI X (',"'tHorll

where

Then we han'

~S Ihe fOl'llllll~ of the !Fi 'if C.L. upprr limit. COllsidrrillg this formul~. what w('

Il('('(llo n,lcliialc the lIPI'(']' limit ~re only Je'IJ, '"'H''''' the r;)tio ofTICdfici('lIc.1' 10
Ill' one. and t he' rat io ofrr;; surviving proba!>ili!." to 11<'011('. This mealiS we lIeed 1I0t
ca 1c1l1~1 e t h" absollil e 1'~lue of,' ~nd ('. Especia 11.1' i1'1 he dliciellcies I)('t ween Ill' and

wher" :\CIJ is TO high CI) 1I11mb"r. i.e. ·10. l:i. :JO. alld :20 iH'Cording to numbers ill
tilbl,,:2.8 to :UO of sll!>s"ction 2.8.1. In ilelual cillculiltions, we used equation 6. I.e)
alld then did not lise lob and c"""",.. This can be ulld"rstood frolll followillgequation.

whrr" I:' is th" kin"tic en"rgy of incident particle. and the r"gion of integral should
corr"spond to the rigidil.'· r"gion of 0./ to 16 G\·. Since no antilH'lium candidilte
is foulld. we take :1.0 ilS the number of antihelitll,lS for til<' calculiltion of the 97) 'if
confidence le\'elupper limit. This means that w" assum" a Poisson distribulion with

the llIeali "allie of :1.0 for the expected nlllllber of ilntihelillms. where zero obs"rv"d
result will be expeeled at t he probability of:) 'if. Then we obtain following ('(Illat ion.
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Figure' 7,1: The result alii upper lill,it Oil the nc;/Ilc flux ral io logcl her wil h prf'violls
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7.1 Results:

The totalnlnnher of helium nuciC'i obsen'ed in Ihe IlESS '!):3, '91. and '9,) flight data
is J ,96 x 10" in t he rigidity region from 0,/ C\' to Hi C\', Sine<' we fonnd no ant ihe
linm candidate with a rigidity below 16 C\', only the upper limit can 1)(' Sf't using
equation 6,:11 in this rigidity region, Taking into acconnt the detector efFkiencies
and the absorption of heliums and antillf'liums in the air and the instrunlC'nt. the
resultant g,) 'i( confidence !C'\'elnpper limit on the nc;/lle flux ratio at the top of the
atmosphere is :1,0 x 10-6 in the rigidity range from I to 16 G\', which is equi\'"lent
to a region from 0,1 1 to I Ge\' pf'r nucleon in terms of kinetic energy, This result
is shown in figure 1,1 "nd compared with pre\'ious limits, :\s seen in the figure, this
work has obtained "bout a factor of I,) illlpro\'f'n,ent o\'er Colden cl al. [27], whose

rigidit,' range is (,olllparabiC' to this work,
The experiments of C:oldf'n cl aI., Badhwar ('t al. [:16J, Smoot pt al. [21], and

E",'ntson In) can be all categorized as a "magnetic spect rometer eXI)('rilllent", !lESS
is also this t,\'j)(' of experiment. On the other Iland, the data of Huflington ('( al. [:1.J]
wpre ohtailwd wit hont a magnet ic spectrometer. Their instnnll('nt was designed

to utiliz(' the tracking topology of annihilation in the sp"rk chamher to identif,v
antin'a!ter. ,\Ithongh Ilnfrington's group has be('n keeping the best limit before OUI

result. this shouldlw viewed cautiously because their anliproton flux me"suremenl
using the 5<111](' instrunwnt is not consistent with a series of experiments carried ont

recently [18. 19, :10. ,19, 50J, \ow there seems questions "bout their ev"lu"tion of
"nnihilat ion dlici"lIc,' ill t he instrument. on which Iheir result is essent iall,\' b"s",1.
Theil it shonld 1)(' em ph "sized t ha t t his work is t he Ii rst ex peri II I<'n I t hat reached
be'low 10-0 level. alld "Iso is performed with the nlagn<'1ic speclron]('l<'r (('cl,nique,

Except for Iluffinglon's and Colden's groups. none of the pre\'ious expcrin]('nts

This chapter pro\'ides til<' r<'sults of t his work and the discu"ion, In § /, I t he results
are prpsented and from section 7,2 to 7,-1 the meaning of the resnlls is discussed, In

section 7,5 we consider III<' possible background processes and the reject ion slrategy
using the .)WI' ch"mber dC/dS inform"lion, In til<' I"st seclion, Ihe long dur"tion

flights being pl"nned "re discussed,

Results and Discussion:

Chapter 7

1:1/
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corrected Ihei I' result s for t h,' ahsorpt ion of mat IeI' alld alii imal IeI' ill I he' at mospl1<'re

alld ill III(' inslrJlllH'nts. From Ihe eslimale of the absorplioll of 11<'lium and alltill('

lium ill III(' pl'l'I'ious chapler. their upper limits will 1)(' from 1.2 to 2 times worse if
corrected for III(' absorpt iOll, depelldillg on the Ihicklle" of Ihe I'l-sidual at mosphel'l>
alld the instrUll1<'lIts. ,\s far as the antimalt('\' flux from outside of Ihe solar s,'slem
is cOllcerned. il is much better 10 preselll resulls afler correcl illg for Ihe absorpl iOIl.

because Ih(' t'l'sidual atlllOsphere Ol'er thc illstrunH'lIts alld the material of illstru

llH'Uts arc diffet'('lIt for difrerenl experiments. 11001'<'l'er. Oil" of Ihe I'l'asons whl' Ihese
result s hal'e beell present cd wil hout t he correct ion 11',15 Ihal the noss ,,'ct ions of
alltihelium were nol precisell' kllown. Hecentll' the crOSs secliolls of alltiprololl has
bC'(,1l w('lllllf'Clsur('(! as I1wntiol1N! ill the pl'('\'iou:-- chapter. '1'11<'11. assulllillg tlw .\1j:J

and C\~/' + .1,11'')1 depelldence of t he cross Sl'Ct ions lor alit inlat l<'r, I he alit ihclillill
cross sect ions ran \,e est imated wit h all error of 20 'Ic or I,-ss. \\'il h such a reaso",dJ!.v
good cst inlate of Ihe <TOSS sect ions of antil1<'liuul. il is pref('J'abl,' I hat one presents
r('sulls in a form Ibal is corrected for Ibe absorptiou: tbe lueauillg of the limils call

be then underslood more clearly.

7.2 Propagation of Antimatter Cosmic Rays in
Extragalactic Space:

The leaky box model describes the propagal iOIl of Ihe cosmic ra.l·s ill our Galaxy [,j2]
alld lI'eli agrees with a series of experiments measuring Ihe coslllic rays. 1°01' example.
Ill(' plTdictiolls of the p/p ratio by CaisseI' and \Iaurer [(jejl. and I,,' Protheoroe [GG]
usillg this model. arc in good agreementll'ith the currellt ('xperimellts [[8.19.20. 19.
30.21]. The H/(, ratio from IIE,\0-:3 experimellt ['il] also supports the model. In
this model the mean anloullt of matter that cosmic rays pass through betwe('11 tlH'ir

product iOIl alld ohsel'\'at ion is gil'en as l.j g/cm ' , alld after a cOllonenwlI1 I inH',
cosmic rays leak out to Ihe extragalactic space, Then. if the kaky box model is
correct. the intergalactic spac<' may be filled lI'ith cosmic rays after a time far longer
Ihall the c(JIlfinenH'nt time. Some galaxies hal'e an act iI'<' lIuclei which produces jds
acceleral illg cosmic ral'S, They can abo be the SOUIT('S of iUI('rgalact ic cosmic rays.

Therefol'l', if Ihere ('xisls maller-antimatter domain slructure ill Ihe l'nil'erse and
allt illlatl('1' galaxiC's in t hf' ant inlattcr dOll1aills. t'lllt imatter COSIllic I'ClyS Ina." also I<'ak
from t he aut igalaxies alld fill the illtergalact ic space,

If the' maglletic field of the extragalactic space' is kss Ihall 10-lU C, Ihe I.armor

radius of n-parlick wilh Ihe rigidill' of 10 C\' is grealer Ihall I Cpc. III Ihis
casf'. CO~lllic 1'<l\'S frotl) alltidOlllains call read, 0111' (:ala:.::" dirC'ctly. (\I}d tlIP\, rail

be detected. 13ut if the IIlaglldic ficld is grealer Ihall 10-1U G, (:osmic ray~ may
1)(' scallered by Ihe illhOlllogelleity of the magnetic field. III such a siluatioll. a

qu,'slion is ",helher they mighl be able to diffuse anoss illl<'rgalactic space' 'lIld
enler our Calaxy ill Ihe Irallsil lin1<' scale ",hich is I,·ss Ihall Ihe ag,e of Ihe \'lIiv(']'se

I", lIel'l' 111<' difrusioll codliciellt becomes vel',' illlpOrl,"11
Th(, 1<'111\)('ralure of I he' illiergalactic Illediulll (1(:,\1) ,&,'cls III(' difrusioll coefli

cienl. Steck"r el al. disCllssed Ihe propagal iOIl of ,'xl ragalact ic cosmic rays [ 17] usillg

t he data of diffuse .\ ral' background from 111':.\0 I IH;], which showed a possibilill'
Ihat the int ergaiaci ic space may 1)(' Iilled Il'il h gas whos(' temp('ral ure is IDS 1\. Base;1

on these dala,lhey coucluded Ihat there is no diflicully for ,'xtragalaclic particl('s
reaching our (,alaxy III a Ilubble I inl(' from other c1uslns or superclllsi ers, .\011' there
seems to exist 110 hot gas among intergalaclic space from t be data of ('OBE [II. l'i].
which gll'C the lugh-Iemp('raturf' limit of aboul 10' 1\, based on tbe distorlion of

the cosmic microwal'e hackground spectrum (the Compton y-paranH'kr). 131' the
traditional Lyn (:unn-l'et('J'son lesl alld an .\-ray Cunn-I"'lerson test. cold'tem

perature of interg,alactic medium (IG\I) is rul('d oul [.18]. where the lemperature
should be grealcr Ihan 10' 1\. The traditional Lyo (:unn-I'el('rson lest is ba$ed on
the fact I hal neutral h.vdrogen in the IC\I can cause absorpl ion in Ihe speci rum of a

quasar blll<'ward of tlH' Lyo "Inissioll line. Th,' limil on absorption oplical depth is
conl'ertcd into a consl raint 011 the temperalure and dellsit\' of Ihe IG \1 by del el'lnill
IItg Ihe neulral hydrogell fractioll, assuming ioni~alion equilihrium. On the other
Iland. an -'-ray Gunn-P(,[erson tesl is based on Ihe usage of edge and lille opacitl'
ill tbe soft--'-ray. i.e., -'-ray I ransitiolls ill heavy eknll'nts. ",hich can constrain ti,;,
1(:1\1 at high"r "'mperature Ihall the original Lyo C:ulln-]'ei<'rson lest. Then the
temperalur" of IC:,\I is likely 10 be betwcen lOS 10 10' 1\. The 11Iea\1 distallcc thai
cosmic rays din'lIse ill time I" is (II) ~ (2/)1,,)1/2 wbere f) = (1/:3)//1 is tbe diffusion
coefflciellt and I" ~ 10lu yr. Sillce ,. ~ 10lu Clll/S. the larg,est unc"rtaillly lies in

thc determination of the length scale I. / is of Ihe order of tb,' scak of inhomo
gen"ity of the intergalaclic magnetic field, which is 1I0t less tban the intergalactic

particle mean free patb. Then 1 ~ ('10')-1. where" is t be dellsity of 1he gas and
<7 " til<' cross section in tbe gas. Because the meall Illass dellsil\' of barvons in
tbe t'nil'ers".is eslimaled about 10-30 g/cm3 , 71 ~ 10-6 cm-3 . In' an ioni;ed gas
<7 ~:3 x 10-hT-1171(GOOT/"I/'l). which for T ~ 105 - 10' 1\ and II ~ 10-' - 10-S

cm-3 gil'e5 1~ 101\) - 10 2G cm. The corresponding lower limits for the diffusion dis
tance (R) is then ill I he range O,O.j to ,jO !Ilpc. Sincc th radius of cluster is about
10 \lpc. if the magnetic field in the exlragalactic space is greater tban 10-10 C. it
cannot be easily delermined whether extragalactic particles can reach our Galax\'
from other clusters and super c1uslers, However. Ihis is only the estimate of th~
lower limits. and then still there is \10 intrinsic difficulty for ~xtragalacti(' particles
reaching our Galaxy from olher clusters and super clusters. ":I'en if in the future
the magnetic field in the eXlragalactic space is measured a.s greater thall 10-1u C

alld (R) is determilled as mucb less Ihan 10 \11'('. the search for cosmic antihelium
lI'ill be still imporlant. becausc it could lead to a discov('J'y of the supercollducting
strings in our Calax.1' or I'ery exotic phenomella ncar Ill<' J·:arth.

7.3 Galactic Modulation:

TIl<' "Xi5lellce of galact ic winds has been discussed b.1' n,an\, 1',,01'1('. If' Ihe galecl ic
winds of our (:al,,,,y is so slrong. III<' cosmic ra.l·s in Ibe intergafactic space call not

ent ('I' our Galax.v. ~ Iatl hew and HakeI' [.jlj) hal''' 1'011 nrl t hal Ihe a l)Sell('(' of inl"rsl "llal
mat tE'!' ill ellipl ical !)idaxies conld be explailled by the ('xislell(,(' of spherical gaiaci ic
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winds powered hI' sllp,'rIlOI'~ ,'xplosions, They ~Iso ~r!',lIed t h~t spiral g~laxies are

If'ss likel\' to I", ~ble 10 sllpporl gal~clic willds bec~use of their deeper gral'italion~1

pO\('lItiai well. Fab('(" ~IHI Callagl1('r [;)6] h~\'e cOllsidered til(' exislencf' of winds in

spiral !',,,I,,xies "IHllloted t IH' difficulty of COllst ruct illg willd llIodels ill these g~l"xies,

l3regmall [;)7] hils cOllduded Ih,,1 a tol,,1 wind frolll the disk of our C~I~x\' is not
possible, allholl!',h a partial willd m,,}' exist. C'he\'~lier ~lId Oegerk [;)~] coneluded

that sUI)('rnO\',1(' f'n('("!\,1' is more likf'h- to b,' dissipat"d h,\' r~diat iI''' roolillg than h,'

gal~ctic willd,
\\'hil" t I,,'re is \'er\' lit t Ie dir"ct e\'idence to support or rule out" !\"Iact ic wind

in our C"I"xv, th('("e 'w('("e sf'\'er~1 a!tempts to estilll"t" it indirectly usillg c('("t"in

modf'ls, ,JOII~s ['i9J II<" "dopted t he d\'llamic~1 halo model of .Jokipii [60J "lid con
eluded Ih"t the cOII\'('clion \'elocily I' of om Cal"x\' is X klll/S, Similar results
were obtained h,\' I\ot" alld Owens [61J (from 9 to 17 klll/S), \\'ebl",r et al. [tn]
conclud"d t hat a !',,,I,,cl ic wind COIlV"ct ion \'e1ocity is I"ss than :10 klll/S frol11 t h"
study of prop,,!\al iOIl of cosmic ravs in our C"laxy, \'ech" and Schlickeis"r [62J hav('
considered the state trallsport or relati\'isl ic elect I'OIIS sllhject 10 diffusion, COII\'''C
tion, "nd r"diatioll losses in disk gal"ctic winds, H,v "pph'illg their results to til('

radio observ,,1 ions of edge-clIl gal"xies, Leche "IHI Schlick"iser w('re "ble to deduc"
P<ll'Cllll('1('rs COITC'spondillg to willds in Ollr Galax!r. 'T'hc'ir val11(, of \. = 7.8 knt/s W(lS

ill good "greelllelll with the other estimates gil'en abo\'e,
C'ollc('l'lIillg th" g"l~ctic Willd, at this time th" 0111,1" 1lI0d,'1 \"hich ellabl"s ([11<111

litative predictiolls is the dyn~mical halo llIodel. If th" d,\"II~mical halo model is
v~lid, Olle would expect that extragalactic cosmic ra,\'S at low ellerg-" \\'Oldd be re
pulsed by gal~clic wind, Assuming the same paranH't"rs as .Jones used, extragalac
tic cosmic rays with energy less than ~ iiO ~Ie\,/n (for ,I/Z = 2) would be in
the cOII\'eetioll-donlinated regime, wherf' the diffusioll coefficiellt is no longer the
determilling parameter and the com'eetion is dominated, 1h"l1 extragalactic cos
mic rays with such low ell('("gy \\'ould be efficiently swept out of the Galaxy, Thus,

for "xample, the rr;;/lle upp"r limit of the calorimeter experim"nt carried out hy
lJunillgton, Schindler. alld Pellllypacker [2,'>J llIight apply ollly to the somces in our
Galaxy, because their energy band for JI" was 1:30 ~ :170 "\c\'/n near the Earlh,
III the I"('gion of energy from 0,11 to i Ge\,/II, th" accessibilit,', which is defined

as the ratio of the extragalactic cosmic rays at the center of Ihe Calax)' and those
ill t he ext ragal~ct ic space, \'aries from about a 'Ic to ,'i0 'Ic, Theil, assumillg that
the spc'drum shape of antihelium is the same as that of helium, th" attenllation of

the extragalactic antiheliums by the galactic modul~tioll is at most about 1/10 ill
this "IH'r!\,V r('gioll, Therefore, it is conelllded that all illcreas" of the sensiti\'it,\' of
alllill('liulll se"rch hI" all order of magllitude would cOI11pellsa[(' for the effect of the

galact ir wind.

7.4 Antimatter in Extragalactic Space around our
Galaxy:

{'sing some crude ~rgllmellts on energies, 011e can estimal<' th~t leakag" from nor
m~1 galaxies would prodllce an extragal~ctic cOSlllic-ra,' component with a flux

(/<x/lgad"\G = (x(; ~ 10- 1
- 10-0 [';:3, 'il], For acti\e galaxi"s, these f'stimal<',

\'ield a highN valnf': ( ~ 10-:1. If the ~ltenuation of extr~g~lactic cosmic ra\'S I",
galactic wind is taken in accollnt. this becomes (~ 1/10 X 10-", from the discu~

sion described in the previolls sect ion, Ther"fore, if t h" half of c'xt ragalact ic cosmic
ra\'s arc ant im~t t"r ~nd t he,\' pass through J:) g/('Ill 1 interstellar ll1edium before t1]('
observ~tion, the flux ratio of rr;;/lle would be about a,;) x a,:) x 10- 1 = 2,'i x 10-0

ncar the E~rth, where the second factor ofO,,'i is obtained from similar consideratioll
of the absorption cross S('ct ion of ant ihelium as described in the previous chaplcr.
('oncerning the solar modulation, the solar wind may not ch~nge the flux r~tio,

assuming that t he speclr~ shap('s of anti helium and helium Me t he s~nle,

The ~bove discussion is based on very rough arguments, Nevertheless, if Ihis
discllssion is correct. it is VNy intc'resting because this work sets :2,0 X 10-6 ~s thc'
upper limit Oil the rr;;/Ile flux ratio at the top ofatmosphere, This ll1eans Ihat HESS
is the first experiment t hat is sensiti\'e to t he signal frolll the extragalactic spac(',
and th~t !css t han 10 'Ic of ext raga lactic cosmic rays are antimatter components,
Taking into account what ,11'(' Illentioned in section i,:2, if t 11<' magnet ic field of the

extragalactic sP~((' is less than 10-10 G, therf' exists no ~ntidomain within I Cpc
~ I" xc, whf'l'e I" is t he age of the ('niverse and c is til(' \'elocit,v of light.

7.5 Background consideration:

In this section the background processes which may fake antihelium and Ihen de
crease tJl(' efliciency will be considered, In addition, a study of ,JET d£/dX for
partiele identification is described,

First. we categoriz('d the backgrollnd processes into the following two cases:

i) lIe1ium spillo\'('r

lIe1iums with high rigidily spillover onto thC' negative rigidity side due to the
finitC' resolution of the rigidity measurement. These events can be suppressed

if stricter track '1"ality culs arc applied but it will d('gradc' the se!cctioll ('ffi
cienc,\" as 111('111 iOlled in sect ion 5,9, This background can also be sllppressed if
tbe resolution of the rigidit,v measurell1ent is improved, I'he new ,J ET chall1
bel', which is now beillg designed, is expecled to have an ill1proved rigidity
resolution by ill(Teasing the nnlllber of s('nS(' wires, This IVili contribute to ~

furth('r rejection of these spillowr background events, ~nd will also extend Ihe
obsC'rvabl" c'nerg,\" range to a higher regioll,

ii) :\i('gativc l11uons/pions/c'I,'cl rons
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The on 1\. weak poilll of the 131,:SS deteclOr is tbe malerial Ihickness of th"

Inagllet. t hat is I g/Clll ' p,'r wall. The rigidity of an incidenl particle is l11('a
sur"d in the centrallracking detector illside the magnet. On Ihe other hand.
Ihe ch,lI'g," of the illCi,lellt palticle is Ill"asured bv the d/~/dX of the '1'01'
connter outside the [llagllet. Hut \\'hat happells between the ('('ntraltr"ckillg
deteelor and the '1'01' cOllllter can not be mOllitored. This Ille'''15 that til('

[l1easured charge in '1'01' counter can not be associalr'd directly 10 the particl"
which made the track in the central tracking detector. el'en though the track
is extrapolated to the '1'01' counter "nd t he matching of the hits and t he track

is confirl11ed in the analysis.

If 1110re than one particles hit the same scintillator wbile onll' one of tl1<'111
passes through the tracking detector. thc measured dE/d.\ can be larger tban
expected. If both top and boltom scintillators hal'e sncb accidental hits. neg
ative particl"s with charge = I can fake antihelium. Or wh"t is mor" lik"I,' to
happen is that a particle with charge = I interacts in both top and bottom
scintillators. I'or these background el·ents. much strieter i and dE/dX ('l[ts
should he applied. In the future 10llg dural ion flighl. where eighl-da.v exposure
will be expected for olle sci"ntific flight. this kind of background events will
becol11e a serious problem. In such a situation. the most reasonable solution
is to identify particle's charge by the dE/dS of the .JI':T chamber. TI1<'n th,'
charge information of particles can be directl,' associated to the track in th"

.J 1·:'1' chand)('r.

\\'e tried to calibralc the .n:T chamber dE/dS information for '95 flight dat;\.
ThedE/dS is calculated from the charge measured in each wireoftheJET chamber
alld the path length. For the .JF:T chamber. the number of the charge measurement
points is equivalent to the .Y,."jil or less. and at each point the dE/dX can b"
calculated. We applied a truncated mean met hod in which lower 15 o/r and higher
1.) ';( of measured dF;/d.\ values are removed and the rest of the m"asured d/~/dX

valu"s "re used to calculate the mean de/dX. This effectively removes the \\'ell

kno\\'n Landau tail efl'eel in the dE/dX distribution
Ilowever. after the first trial or rough calibration of the JlcT chamber d"/dS.

it was round that a space charge efl'eel degrades the resolution. particularly in the
high charge region. Fignre 1.2 shows the plot of the .J E:T d Ic'/dS I-crSUS til(' rigidity
for on('-run data of the HESS 'g;) flight after the rough calibration. 'I'll(' theoretical

I'alues for muon/clcd ron. proton. deuteron. and helium ar" indicated in dashed
liIH'S..\s seen in the figure. data for the helium events arc much lower than th"
theorl'lical value and tIl(' ,,'paration of particles with charge = I and particles with

ch"rge = 2 is almost impossible.
This effect. wherc the obserl'cd charge is saturatcd. can be explained in the

I'ollo\\'illg way: TIlE' init ially arriving eleel rOns. which mak" the fi rst ava lanch,' in the
strollg "leclri,.,11 field lIear Ih" wire. shield and \\'eakpn Ih" eledrical field so IllllCh
t hal Ih,' resl or the drift illg "Icc I roilS canllol [nake avalanches crfici,,"tly. As a rr'sult.
th,' ob,,'rl'ed charge valnes arc salurat"d. i." .. Ihe IlIPasllred cl[arg" of parlicl" by

the .JI·:T chamber b"collles small"r thall expected.
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Figure 1.:3: .J1~T dE/dX '·S. rigidity for 13,"SS ·9.j flight d~ta.
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,\ ftN ~n ""h~ustin' st u,h' of tIl(' efkct. it t urn"d out th~t t h" d"gr"" of t he s~t u

r~t ion gre~t1," d"p"nds on t Il(' inclin~t ion of t he t r~ck towMds til(' ,,;-dir"clion, It w~s

found th~t, if the tr~ck of inrid"nt p~rtirle is p"rpendirul~r to the" ~xis th" ioni""d
charge density. whirh is ""I)]'('ss"d ~s the rh"rg" p('r L1nit I,'ngth ~Iong th" wir('. is
high('r th~n the tr~ck inrlin"d, Th"n til(' degre(' of Ihe s~tur~lion Iwcollles I"rger

for th,' pNp"ndicul~r Ir~rks, In olhcr words. ~s Ihe ionizcd charp,<' d"nsily pcr L1l1it

length alollg,,; incrc~s"s,tl\('d"gre" of the s~lur~lioll incre~ses. \loreOl"('r.the efferl
depends 011 the ioniz"d ch~rge v~lu" ilself ber~nse th" inili~1 drift-ch~rge Iwronl<'s
I~rger ~s the ch~rge itself incre~ses. In ~ddition, it turned oul th~1 th" cif'grec of
the s~turalion slightly depends also on th" indin~lion of Ih" Ir~rk ill the ,.o-pl~II("

This is r~us('(1 by 1'~ri~lions of the rh~rge densit,' ~Iollg the driftillg dircrlioll, ,\ft"r

~II. we h",'" the Ihrec paranH'lers (track-indin~1ion low~rds til(' z-direc\ ion "I I, IZ",
m,,~sured charg" "\lQ'·. ~nd Ir~rk-indin~tion in I'o-pl~np "'1'1\(1)") 10 corrcct til<'

s~tur~tion of th" rharge in the .JI~T ch~mb('r.

I'llre helillm ~lId proton S~lllpieS were exlract",1 ~nd used 10 nl~ke ralibr~tion

funrtiolls d"pending on the thrpe par~lll('(Ns, First ~ dC/dX c~libr~tion flllld;oll
of "'1'1\ IZ" ~lId "MQ" w~s obtain"d by fitt illg 10 the d~ta "s a Iwo-dilllension,,1
function, Sincc the "'1'1,11'" ck'pendellce;s sm~ller than the other two p~r~nlet<'rs.

it w~s fitted ~s a simple one parameter c~libr~tion function lal,'r. 'I'll(' result of
the ,JI~T d/';/dX ,'nsus the rigidity plot for Olle-run dat~ of til(' B[SS 95 flight is
showlI in figure 1.:3. The Iheoretic~1 ,'alups for llluoll/plectron. prololl. deuleron. ~lId

1]('lilll11 ~r" illdicaled ill dashed lines. As scen ill Ihe figure. data for "arh partid"

species ~re well along the corresponding theoretical curn's.
If the d/o'/dS cut for top TOF counter is loos"ned. whNe the upper boundar,'

of the rut in figure ,5,26 is I"(,lllol'ed. we hal'" IwO potenti~1 barkground ev"nls in
BESS '9,j flight dat~, These Iwo el'enls are in run 8 and run 19. ~nd the dJ;/dX
1'~lups of til<' top TaLc counter are shown in figllre I.-I. The dL'/dX values of Ihe

bottonl TOF counter alld I/J v~lues for thpsc two el'ents arp shown in figure 1..5 ~nd

figire 1,6. respectil'cly, 1\5 seen in the figures. the two potential barkground evellis
give values Ihat are cOllsistent wit.h part.iclps wil h chargp > I. Then we h~ve nlade
the calibrat.ion funclions ollly for t.hesp t.wo-run data 10 check thes" lwo barkgroulld

en'llls.
For til<' check. we utilized 111'0 dala sample's which are n~llled proton and h"lium

sampl"s. Th" proton sample includes e,'pnls of particle with charge = I. and th"
helium sample includcs el'"nts of parlicle with charge = 2. b"ing ""Iract"d by the
pr('selection. TOF dE/dX. and d selections. '10 "nsure the good qu~lity of til(' .JI~T

d /,'/d X. Ih(' nu 111 ber of ch~rg" measured poi nt sin the .J E'I cha Illlwr. 1\ hi.· should 1)('
grc~l"r th~1I 1:1. 'I'll(' clII positions for 1\h;' for both thp proton ~nd heliul11 sanlpl('s

an' show II in figure 1.1.
Th" .)1':'1' rhatllber dC/dS distributions ~ft"r the Sh;' cui for bot.h t.he prolon

and h"lillln s~nlples for Ill(' rigidily region froln.j to 8 G\.' ~re shown in figur" 1,8.
The 0l)('n hislogr~111 is for Ihe proton "unple '"Id Ihe shadowed histogralll for the
heliuttl S~IllPI<', As showll ill tl,,· figure. till' I'"rl i('1<' idenl ifi('~1 iOIl without tl\(, .n:'!'
challtlwt' d /.; / dX Illakes luis-idl'llt ificat iOlls for SOIll<' ('vellls of part icl" wil h ('harge =
I. whirh is s<,ell as the shadowed histognllll illside Ih" Opl'll hist()g,r~lll. This IlH'allS
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that som" protons or nlllons/pions/positrons aI''' id"ntified as heliums by the Tal'

d/~/dS and J Sl'lcctions.
In t h" rigidit.'· r"gion from -16 to -I G\·. which is t Ill' rq~ion of antilJ('lium seMch.

the .JI~T chanlber dE/dS distribution after the same '\hil cnt 1'01' all data of run 8
and run 19 is shown in figUl'e /.9. The two potential backgronnd ""ents arc denol<'d
as a shadowed histogr'"ll ...\s shown in the figur,'. t h" two background e"('nts "I'e

identified as particles with charge = I clearl.'·. Thcn no antihelium candidate is found
in the two-run data of 111,:SS 'g.) flight. e"en when the Tal' dlO/dS cut is loosened.
In '9:3. '!) I. '"Id '95 flight data. all of potential background ,,\'ents ar<> checked with
the loose dlO/dS cuts which were mentioned in S('clion (i.:! of c1,,,plcr 6. and we
found no antihelium candidalP e,'en with such 100Sl'n TOF ,1I,'/dS cuts.

In this stage of tlH' antihelium search in BESS. the .JE'I' chamber dI~/d.\' is not
("'ccssal'.\' becallS" the CU(,(,f'nt identincation me( hod dcscribed in chapter [) is suffi
cient and the high efficiency should not be sacrific<>d for the .mT chambf'r d/~/dS

cut. Ilowevel', t he new .J 8'1' chaml)('r. which is now being dc'signNI. is expeeled to be
free from thc space charge crff'ct. Then if the nf'W cl,amber is installf'd and the high
crficiency of Nhit cut. is confirmed. we expeclthat the i,)('ntification by tl1<' chand)('r
d/;/dS will be ulili7,edefficientl.v. Ilccausethee)('elron/muon/pion background will
be much Illorf' serious in thf' long dUl'ation flights planned in the fut ure. the chand)('r

de/d.\' will be an essential tool.

7.6 Future:

.\ sensiti"ity 1,,\"(,1 of :3 x 10-8 can be achicved wilh two long dUl'ation nights of

eight days "ach whcn combin"d with el1\'isag"d improv"nwnts in the crnci"nci"s.
This sensitivity is shown in Figure /.1 along wilh th" npper limit obtained from
these flights. which is about a factor gOO improY"m"nt 0",,1' Golc)('n "t al. ..\s 1'''1'
as the background is conc"rned. it seems possibl" [0 reach this sensiti"ity le,·,,1.
because no serious sOUl'ce of background has b"en observed in t IJ(' COUl'S" of t h"
analysis of ·9:l. '91 and '95 night data. and """n at this higlwr sensiti"ity )("',,1.
thos" background e\"('nts that might start 10 come in will b" effici"nth' rejeclC'd
by the particle i()('ntification with th" dE/dS m"asur"nwnt of the .JI·~T chamber.
The reject ion sl rategy d"scrib"d in the previous seel ion will b" furt herlnore st ndi"d
by the first long dUl'ation flight. According to th" discussion in section /.1. this
sensiliYity 1,,\"(,1 corresponds to.j xJO-:l of the Upp<'r limit on the Tk/li<' flux ratio

in til<' ext rClgalact ic space just around 0111' C:alax~'.
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Figurf' 7.8: .mT d/;/dX for 131·;3S 'g.) flight data (5 C:V < rigidily < 8 GV).
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Figure 7.9: .mT d/~jdX for BESS '95 flight data (-16 G\' < riqidily < -I G\').

This dissertalion describes the search for anlihPiium in cosmic rays by the analysis

of I he data obtained from the I hree balloon flights of HESS' which were !)('rfol'lned

ill 199:3. 199·1, and 199!i, In the analysis. evenLs with a singlf' track in the trackillg

chamber Wf're sf'lectf'd and identification of heliums and antih('liums Werf' bas('d

on Lhe Ilwasurenlf'nls of magnetic rigidity, time of flight.. and energ,v loss in the
plast ic scilIi illators. The selected events were further checked on the quality of daLa.

f'spf'cially the tracking qualities. alld also on thf' consistf'ncy among the responses

f!'Om the differf'nt d('lf'clors. After tllf'se carf'ful c1,(,cks and thf' quality requirements.

no antih('lium candidate was foundlx'iow rigidity of 16 G\·. Taking into accounL til('

del('ctor efficiencif's and the absorption of antihPiiullls and 1lf'liullls in t he air alld

lh(' instrunlellt. this analysis sels a 95% confidellce If'v('lupper limit on the ffijlle
flux ratio of :2.0 x 10-6 at tllf' top of the atmospherf' in tllf' rigidily region from 1
to J6 C\·. which is ('qui"alent to a region [!'Om 0.1 I to 7 G,,\' per Iluckon in terms

of kinf't ic enf'rgy. This r""ilt is about a factor of ·1.5 improvenlf'nt over the pre"ious
best limit by Goldf'n el <II.

From this rf'Slilt. if the magnetic field of the (,xtragalactic spacf' is If's5 than

10-'° G and th(' f1l1x ratio of ('xtragalactic cosmic rays}j(galactic cosmic rays) is

about 10-3
. it is concluded that there exists no mattf'r-anti,"atter domain structure

within 1 Cpc ~ lu x c. assuming the dynamical halo mo(kl. wher(' lu is the age of
the lini\'('rs(' and cis th(' v('locity of light. Jf the magn('tic fif'ld of th(' extragalactic

space is grf'at('r than /0-20 G. wh('ther cosmic rays can rf'ach our Galaxy depends

on tllf' temperaturc and density of the gas in the eXlragalactic spacf'. which havc not

be('n ,v('11 mcasurcd yct. and t hcn it cannot be d('termined from our rf'sult whether

matt('r-antimatter domain structure ('xists b('yond the scal(' of 10 ~Ipc. Ilow('v('1'.

e\'('n in such a sit uation. t Ilf' d('tection of ant iheliUIll might IlH'an (1](' ('xislf'nce of the
slIp('rcollclucting strings in our Calax,' or very exotic phellom('na nf';1I' th(' Earth.

Then further search for anI ihf'liuln should 1)(' ('ncollraged.

It is Ilotf'd thaI a sensilivity kvf'i of :3 x 10-8 call bf' "c1,ieved with two long

dllration flights of f'ighl days ('ach wllf'n combilled witll f'llvisaged i,llproveillellts ill

the effJcif'llcies. !Is far as IIIC backg!'OlInd is cOllcf'l'lled. it Sf'('ms possibl(' to re"ch

Lhis s('nsil ivit\' level. beeall'" no sf'rious souref' of backgroulld has bef'n obs('r\'cd ill

I Balloon-hortlP Expf'riIlH'1l1 with a Supf'rcolldll('lillg tIlagnf'1 rig:iclily Sp('clrorllf'lrr
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tl", (OlI1'SP of Ihp allilh'sis of '~J:l. '!J 1 and '!J.j f1iF,ht data. alld ,,\"pn al t his high"r S"II

sili"ity 1,·",,1. Ihosp backflroulHI p"('nts thilt ar" IIPflatil'(' muolls/piolls/pif'ctrolls lI'ill
1)(' pfficiPlltlv rpjPct"d b,' th" particif' i<if'ntificalion wilh Ih" <I/,'/d,\ n1('a'l"',,nl<'111
of Ih" ,11,:'1' chamb,·r. If t hp flux ratio of (pxl ragalactic cosl"ic rays)/(galact ic cos
mic ral's) is about 10-". this sp"sili"ity Ievpl corr"sponds 10 til(' IIpppr li,,,;1 011 tl,,'
Ti(./lip f1"x ratio of :-, x 10-:J in tl1<' pxlragalactic spacp l1('ar ollr Calaxy. assl""illg

th" dYllalllical halo lIlod,,1.
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