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ABSTRACT

The charge ccnjugation symmetry of the reaction Pp->» g +X wvas-

checked -at {§=5.u GeV. 1The meaéurehent was made with a double
arm‘specttometet,4witb.eaCh arm triggered independently. Each
spectrometer arm had .an acceptance of 15 ﬁillisteradians and
subtended an angqular range of 16o to 20o in the lab, 77o to 910
in the pion certer of ' mass sfstem, (CMS) . The asymmetry
+ - + - : o V
(N -N )/ (N #N ) was determined at 90 CHMS over a Pt range of .5
to 2.7 GeV/c. Corrections were hade for target empty, for pions
in the incident beam, and for particle misidentification in ;he
spectrometer. The resulting asymmetry was -0084+.0090;
consistent with zefo. The asymmetry introduced by differential
pion absorptior 1in the spectrometer was estimated to be .0021.
In the Pt regions of .48 to .67; «67 to 1.00, and 1.00 to 2.7
GeV/c, the . asymmetries were .0037+#.0115, .0178#.0145, and
—.00251.0311, resgectively. The correspdnding limits on the
amplitude. rat;o VéRe(C-honconserving amplitude)/(c—conserving

amplitude) are one half of the asymmetry limits.
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CHAPTER. I Loy

. . THECRY AND BACKGRGUND
A) INTRCDUCTICN

e AN o . w ra -
Since the discovery of CP violation in K decays, <1>, much

theoretical and experimental effort has been applied to find the

BRI W . - e

_source of the effect <2>. While much is known of CP violation in

Ed . . LA

o . N L L PR .t . .
_the K decay, no other examples of the effect have been found.

- ot L
.. The <transverse mcmentum transfer to each pion in the K decay is

apptbxiﬁately .2 GeVy/c; it is‘.poteuofihy tna£'.é}l -5u;' two
experimgntal tésts,bi C,‘CP;'or T invériaﬁ;e to @a;e‘have'ﬁéén at
io; averagé  mpméntum transfe:s, {3>.’~ppé may conieé&ure thaf
yio}gg{dp ot d;scréte symmeﬁéie; is a shgrt disgancgjﬂpﬁegsmenon,
which ,wou;d become more gvideng'at high géah;véfse méﬁéntum, Pt.
AIn pa;ticular( CcP viplat;on miy:§ave its £§Ots iﬁ‘é ?; .aepenAént
.. C 'violating interaction. H®e note that fof the :eéétion Pp-dTtX
. thg4pFansverse momeptum trégsfer, Pt;‘ té;vgé-‘éxitiﬁg.Apién is
..préportiohal' to'.the q2 cf ‘tﬁéwreacﬁion.n The exaéf &ethod of
calculating,ghe q2 is higﬁlx model dependent; for ; gene;al -idea

. 2 : _ ‘ . o
we will take the g from the incident P to an exiting pion at 90

cHs H 2o 2em 2 [se’ .d 2 p Models of 5 d d t
. ere =mg .+ -1s an ot . odels of ¢ ependen
symmetry breaking have ‘been proposed, fcr example Trieman and
‘Pais <U>.

The experiﬁéht described bhere was part of a continuing




frogram to investigate C-invariance at high momentum transfer.

In the fcllowing subsections we:.will discuss the current state of

C, E, and T tests as they apply tc our experiment.

B) LIMITS ON C, P, ANDC T CONSERVATION

CPT invériancé is nearly ‘unigersaliy accépted as a
fundamental symmetry of nafﬁre.. Theoré&icaliy, this is supported
by thé generélity of tﬂe CPT theorém. Expegimeﬁtally, the best
éupport comes from the limit 6n thé mass difference of KO and KO,
which CPT pfédicts to bte zero. This limit can be infehred'from

the vglue of{f+; and the mass difference of~the KL and KS. A
Y.FOugh esfimate,yields (HKO-MEO)/MK é 4 X-1O-17,<5>.

Thé first diséovery of any of C, P, or T violation was that
of pa;ity'ncn-cbnserva£ioﬁ in Qeék decéys <6>. When it became
knéwn that only left banded néutrinos and rightv handed
antineﬁtrinos exist, <7>;1.a violation .of botn AC and P was
implied. cp cdnservation was theh bostulated to be fundainental
to weak processes. The'discovery'oﬁ the KL_decay to twé pions,
with a branching ratid of approiimately 2 X 10-3, showed the
existence ot a CP‘violatiEg interaction. With CPT it implied a T
violating effecgg' The origin of this CP violation is at - present
not gnoun.. o |

At this date the only known violations of ¢, P, or T occur



-in the weak interactions; however, théories,,have,.bgen, proposed
which* attribute - CP violaticn to the weak, electromagﬁetic, and
~strong interactions <2>. . . - S T

Patity conservation has beenjchécked to..a mhiqi' degree of
accuracy. in the strongaand‘electromagneﬁic_intgracxions,through
»measurementS'of,net qitcularghpolarization¢~of;;§amma rays- from
nuclear transitions.:. Gamma ray.circular-.polarizations of - (6+1)
X 10-6 have been measured <8>, consistent yithjfyeak~,interaction
effects. Thus, if the CP violating force resides:.in the strong
or électromagnetic interactions,.the effect must,violate.C-and T.

'In the electfomagnetic interaction, C-symmetry has,.been

. . l ' {-/—0 ‘

tested by examining the:decays;ffajr M n . The .check has been- for
an asymmetry between the _enérqy spectra-o%'tnenAr'énd the ﬁ:-
When the data from the three pions were plottéd-9n~a7balitz plot,
a +/- asyhmetry of 1.5+.5%4 was found, <9>. Thié@does'hot include
systeﬁatic errors, which may be of the same order. <10>.. One may
conclude tlat C-invariance holds in electromagnetic interactions.
vitb‘at ;east the 1% level. The limits oﬁ - the electric dipole
moment cf the neutron alsc furnish an indirect tesf of C-symmetry
. in ~e1ectrom@gn9§ic interactions. Following Perkins <11>, we
estimate an electric dipole moment of charge timesia length times
a T(P) violation paraméfef, f. The charge is the unit electron
charge. Since an electric‘dipole_moment would violate both T and

P, we can choose a weak interaction length, GH, vhere G is the



fermi ccupling constant and where M 1is chosen as the nucleon

-5 .
mass, set equal to 1. GM is then =10 /M. 1In this system of

units %=c=1. Taking 1/# to be the neutron compton wavelength of
. -14 , =19
2 x 10 cm, we estimate that the EDM= f x 10 . e-cm, where £

is the violation parameter. The current 1limit on the neutron

electric dipocle moment 1is - (.4#1.1) x 10 e-cm <12>. This

-5
10 , and with

it

implies that PT is conserved to the-level of f
CPT, C must have the same limit.

In the strong interaction, T invariance has been shown to be
correct to better thar .3% through the study of detailed balance
experiments,<13>. 1In particular, the angular dependence of the
differential cross sections in the reactions and inverses

24 25
d+ My€>p+ Mg
24 27
K+ Mgéd>p+ Al
16 .14

d+ Ce€>)+ N
have been ccmpared to produce this limit.

The current limits on  C-noninvariance in the strong-
interaction will be discussed in subsection E) of this «chapter.
The next two subsections will discuss respectively the motivation

for the tests described in this thesis and the parameters which

are measured.



C) THE MILLI-STRONG MCLEL OF CP VIOLATION

If the oiigin of ¢P violation iiés"ﬁith‘ the - .strong
interaction, it must , be ‘a small part of -the -ﬁajoﬁ-strong
" interaction ‘effects. Various forms of such :a.‘M6dels“ﬁ;ve' been
proposed in the literature, and will be ‘summadrized=below. '

‘Prentki and Veltmdn'<1h>'hdﬁe“$uggested,dJSéutceuior403and T
" violation in  the -semi-strong interactions, thdse: which violate
SU3. These inferaét%chs conserve isospin,‘as is'seén thrqugﬁ'the
success of the isospin‘'multiplet classification of particlés: and
‘through the’ éhdrgeAindependence of nuclear forces.. Thé authors
make ép estimate cf the size ofnthe'iefféCt ‘tased. oni the mass
splitting of isosbin' multiplets. ©The multiplétésplittings+are
first order in the coupling constant "f" of -the""SU3 .breaking
forces, while electromagynetic spl;ttings-Of charged -and uncharged
baryons are first order in(X. 503'splittings are on the.order of
75 to. 150 MeV and electromagnetic éplittings.are on‘the-ordér.bf
1 to é MeV. An estimate of 25 to 100 times X is "thus obtained
for £, 'yielding '€  violating contribﬁfioﬁS’bffup'tof10%.in the
strong interaction. |

Llee and Wolfenstein <15> considér the . CP  violating

Hamiltonian® as 'a combination "of two ‘parts, »H¢+H;;-.4Here G
signifiés that the interaction is governed Lty the usual Permi

coupling constant, and F represents the coupling constant of the




new part. HG satisfies S#+2 and is invariant under CP and T; 4

does not conserve CP. If HE taken alone satisfies AS=0 and does

not contain leptonic operators, then F/G can ke as large as 10

while. being consistent with the KL->2ﬂ' amplitude. Thus
-1 2 -3
(47) PFPm =(‘fz+-)=2 10 . As in the model ot Prentki and
p :
Veltman, C and T are nct conserved, P is conserved. Ii 'HF is

chosen to satisfy AI=0 then it may be considered as a srall C or
. T violating part of the strcng interacticn, othervwise it can be
thought - of as a totally hew force. The model predicts that both
the stronrg land the weak interéctiqns will have C and T
‘noninvarient anplitudes< or the order of the KL->2T'branching
ratio, i.e., about .1%. The RL—>2ﬁ'and other CP or T viqlatinq
weak processes would then procede tﬁrough an HGHF term, requiring
an intermediate state. The authors alsu consider an HF with
AS=4+1 or A$=12, yielding a hamiltonian for weak processes and for
superweak processes, respectively.

L. B. Ckunt, <16>, haé élso suggested a milli-strong model,
which is P conse;?ing and CF nonccnserving - with AY¥=0. The
coupling constant 1is ’-‘10—3 that of the strong interaction, and is
also =103 that of the weak interaction. In this scheme the
.KL->2ﬁ' mode is a three step process, iﬁvolving the milli—strong
‘ interac;ion X, the weak interaction W, and the strong interaction

S.



X }>'~’i ->» -4 -» 2%

cpP=-1 . .CP=-1 cp;§1' . CP=+1_..-

c=+1 C=-1 C=+1 co. G4

p=-1 . p=41. P=41 . . P=+1

Y=41 - 1=C Y=0 . XY=0 L T
The pY¥=0, non-leptonic -.interaction. .should hleadﬁ to C and CP
violating effects in all strorg inteiactions, at the level gf the
ratio of the X to S coupling constaqt$, i.e., =.1i. The author
rstates tbqt thg combi;éd 5,.H,.aﬁd x'in;efacéiéﬁg ;i££‘§Y=O would

. i . A % . PR _23
yield a neutron electric dipole mcment on the order of 10 to
10 e-cm, which 1is almost ruled out by current results. - The

NI

_current dppef limit on the neutron electric dipole moment 1is

LN

=24
(-4+1.1)10 e-am,<12>.

In summary, the various milli-strong models predict a

C-violating effect in the strcng interactions on the order of

«1%. 1If the violation of discrete symmetri=s is a short distance
47 . i . N . P ~ . R . - ty .2 .. L
phenomencon, the effect could te larger at high g .

The next subsectiorn will discuss the parameters bty which a-

strony component cf a C-violating effect could be detected.
D) C ANC F IN PP SYSTEMS

. _We shall limit. the discussion ot C-sviolation in the strong

interaction to Pp systems, which will be shown to be eigenstates




' o]
of CP and CR, where R is a rotation of 180 . Pais first

discussed the effects of C, P, and CP non-invariance in
particle-antipafticle interactions <17>. Following his paper we
examine the reactions TPp-2»1+X and TFp->1+X, where 1 and 1 are
particle and antiparticle.' In the CMS, we consider the effgct of
the:chérge conjugation opetator C on the initial state of
IB(E )R ().

r rad L Y 2 r

AThus( ih general, the initial state is not an eigenstate of C.
The opera£ioh,3, a;fotation.of 180O aboﬁt an axis petpendicular
to :the Aﬁp line, can be chosen to interchange r1 , and rz. Thg
initial stété is aﬁ éigenstate of CR, and simiiarly, it 1s an
eigenstate cf CP.

furpiﬁé our attention to the final state particles, C takes
a pafticlg intd ifé antip§rticle, and we can‘chéoée fhe axis of R
to 5é pefpendicu;ar tc the (ﬁ,i)‘piane, Y] £hat for' T 1in that
plane, R takes r éo_-r. As seen in fig.‘ 1 c, é is transforméd
intoy -€. lifhue denate the probability Ef finding a particle of
type 1 énd | enetgy“ E‘ “at angle 9 as W(1,E,€), then
W(1,E,8)=%(i,E,77-8). The result also nolds for CP. We have
tacitly assumed that ar unpolarised beam is 1incident on an
ﬁnpolarised'target, where many interactionsx“QVGrage over spin

states.

)



We now consider final state cofrelations'in reactions with
three or more pérticles detectéd in fﬁé finaiuhstéfe: ;39-9312#X
and ﬁp;>7;§+x.: We éhéose 1the éiis for thé :otafioﬁ R td be
éerpendicular to.the (p,1) plane, agéqleﬁ:¢ ﬁértsé éiimuthi'of '2

relative to the (§,1) plane. As seen in Fig. 1 b, PRMyields
WOLE, 81,52, <R (,6, 926,81, ~p)

CR yields, Fig. 1'q;

(-;'ueu?/ E-’/ﬁ"./ ’j)h

8'_\

w (b
and CP yields, Fig. 1 4; _ '1-¢>Fﬂf¢7
- xS . o - R
\I‘JC‘/@/.E‘)I} 2,6;;5'3/'4/}-' UJ(""'(/'I;”'G)'. ! 1.€0, ’

Thus, charge symmetry violating et@éd%s'mgy»be_sépééa{gd from P
and CP violating effects; Bubble chamSer'experime;tS“ha;e been
done to check ﬁdth.the e:and‘the g depernidericé. © These experiménts
"have been ‘conducted at lower - énergies than the ‘experiment
reported heré, which, hdﬁevér'tésts only  the ‘asymmetry-: at " 90
CMS.

The next subsection = will discuss the limits imposed on

C-violating strong effects ky the bubble chamber experiments.

E) PREVICUS RESULTS

ALl preyious,results on charge‘gymmetrx in Pp .interaCtioné
havé been obtained fromlbubble cbamber data, agq.all but one have
teen at significéntly lover erergies. One of the earliest
results was obtained by a group from Columbia University, using

the Brookhaven 30" bubble chamber <18>. They investigated the




_ ' . .
reactions for stopping p'S, {g=1.9 GeV, TPp->m+X and Pp->K +X.

The average pion ﬁultiblicity for Pp-»nTl at rest is four, <19>,
yielding an average ét per Fpion éf .27 GeV/c. The 1limits
obtained oﬁ t he charge asjm&etry (N*-N-)/(N++N-) are 1% for pions
and 3% for kaons. Ihése.limits were obtained by'férming the X

of the difference in the plus and minus charge distributions . for

various dynamical variables,

N
2 B+ = 2 + -
X =RE(N =N ) /(N +N ).
, + 1 i i

Here N is the number of bins and N_ is the number of events in
: i

each bin. A X of NB was expected for no C violating effect.

-

For each distribution, the X were consistent with no C violating

2 —
effect. The variance of the X is \2NB Thus the uncertainty in
the asymmetry is L ﬁ];/N), where N 1s the total number of

counts.

A collaboration at CERN used a 1.2 GeV/c P beam,ﬁg=2.1 GeV
to study both K and 7T final states <20>. The average pion
multiplicity at this energy is five, <19>, yielding a an average
Pg pef pion of =.27 GeV/c. They were able td measure both 8 and
g 1in the muitiparticle final states, and could thus test

separately CP, C, and F symmetries.



Their results for the ratio of the relevant”nonponserving to

conserving amplitudes are:

. -2
V o= (.4$1.0)10
cp : , , .
V. = (.4+1.0)10
C
-2
V o= (.1+#1.0)10
P

These limits are obtained from the asymmetry (N-W)/(N+F) as
follows: Let O\ be the nonccnserving amplitude and let /£ be the
conserving amglitude, then
2 2 2 *

N=jp+r| = n+i +2Re (ah )

2 2 2 *

W= |6=R] = ¢+ 6 ~2Re (a5 )

Forming the asymmetry, we find:
o , * 2 2

(N=R) / (N+F) = (2Re (ph ) ) /(45 ) T (2Reh) g5 =2V
Where we have“taken@,?1. The statistical limits on Rev/; are
thus 1/)(2 N+XNT.

A reéent paper by a bubble chamber group at Argonne National
. Laboratory <21> presented results of Pp at 2.32 GeV/c, {s=2.5

. ' +t ¢ - - + - 4+ -

GeV. They studied pp->7 .7 fi and Pp-®kK K 7 1, and as seen 1in
Fig. 2, their results are alsc consistent with no C violating
etfect being present.

A Cuktna collatoration, <22>, has recently reported results
in Pp at 22.4 GeV/c. This experiment was intended primarily to

, ) * '

study the charge asymmetry as a function of y , the rapidity in

the CMS. This author has replotted the data as a function of CMS

angle, Fig. 3 . From the figure, there is a distict leading



particle eftect which increases with Pt. This author then - fit

the data to straight lines using a least sguares routine. The

c
asymmetries at 9C CMS thus determined were:

pt KANGE ASYMMETRY
0.->.5 .050+.C10
.5->1. .0384.020
1.-21.5 - =.020+.080

In interpretting these asymwetries, we must bear in mind that the
experimenters were not concerned with producing 4n  asywminetry
result, and did not ccnsider the systematic errors from this
point of view. Gné notices that the asymmetry 1is largest at
srall womentum transter, where systematic effects would be
expected to be largest. If we'ignore the lowvest Pt kin, we may
conclude that these ddata are consistent with no C-violating
"eifitect being present.

The tftollowing subsection will cutline the apparatus
requirements for a new test of C-violation 1in the strong

interactionse.

F) REQUIRFEMENTS CF A NEW TEST

As seen in subsection [) of this chapter, to test rtor

C-invariance 1in the strcong interactions, it is enough to measure

‘+ - +' ’ O - v . .
the asymmetry (N -N.)/(N +d ) at 90 1in the CMS. The reaction



| + . . . .. TR B o e e e o
of TPp-25 +X required an antiproton’ bedm incident on-a liquid

hydrogen target. The Leanm was to be‘of as high an’ energy as
possible to provide the largestibzks”of exitin®g particles.  As
seen in Fig. 6, the "antiproton flux ~is “a” strongly dependent
function of beam’ energy. The ‘incident’ momehtum . was ‘thus
restricted- by the  requirement ‘“of - a °“'high -eVent “‘rate.
Compatabilityf with a search fof charmed mesons' dsing the same
L , e T o
apparatus resulted:in the spectroreter -arms beingiset”at #18 - to
. . . . o . . .. ey \ - . : ’

the beam 1line, tor which 90 is obtained with a* 19 GeV/c»Leam.
The data rate proved tc be too low at  this énergy,; so’a 15 :6eV/c
, A . .. o o 4 -
beam was used, placing ' 30 CMS° on the -“outer- ‘edye of the
spectronéter arm apertures. IRE

The design of the cpectremeter was determined to" provide: an
optimum data sample for the asymretTy feasuTement. - ‘The- basic
requirements  were (1) effective’ particle "“and  momentum
identification, and (2) eifective ellimination ~“of Systematic
backgrounds. These will be discussed separately bélow.

Momentum analysis of the charged reaction products’ required
a magnetic field ' fcr the bending of particle trajectories, and
wire chamters for measuring the trajectories. A Brookhaven
standard beam line dipcle magnet was choser’, with a ‘gap nine
inches ‘across and pole faces measuring *eighteen inches by

thirty-six dinches deegp. The wmagnet - current was sét for a

transverse momentum impulse of =450 MeV/c providing. maximum




momentum resoiution in the range 1->5 GeV/c. The wire_;hambens
were chcsen tc be driit chgmhers, providing the higyhest accuracy
in track resoluticn rcw available.

. Cherenkov counters were reguired tc gtqvigc @pfo;wation on
the £, =vy/c.of the particles. When both 7z and the mom@ptum’ are
.known, _ the pa;ticlg mass may nhgldeduced, yielding d;pgrticle
~identification. . For thls ypurpose, a new desigyn .ditfgcgntial

water Cherenkov counter was employed to separate protons, kaons,

. .and pions, augmented by a threshold Cherenkov counter to aid in

Vseparating,cut pricns above 2 GeV/c.

In. order to éollecﬁ data rapidly, thg entire experiment was
automated. Scintillation ccunters were used to quickly select
events and trigger the data_feco;ding. The scintillators also
Aprovided?a. start ;signal tor the ,dLi[L;,timerg, To further
raximize the Qata rate, all elements of tne sﬁectrome;er were
designed to be as compact as possitle, waximizing fhe solid angle
tor the acceptance of reaction products.

The spectrometer was designed tor easy‘remova} qf systematic
errors. The po;sible sources of systematic errors which were
identified were (1) the asymmetry‘resultingvtrom the difLerént
'grajgctories follcwed by the pcsitiye:and negative par;icLes, and
(2) asyrmetries due tc the polarization cr. the incident Leam.
The .firstd<was. easily rgmoved zby reyuiring that the wmaynet

.polatity;pe Teversivle, with data taking at hoth polarities. The
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gccond reyuired that the data be taken along two directions,
o ; . - . 4 .
separated by 180 in the CMS scatteriny plane. For practical
reasons an arrangement of two éeparate spectrometer arms was
chosen. The magnets were positioned for vertical bending in
order to decouple measurements of production angle and momentur.

The next chapter will “discuss the ‘apparatus :in more detail.



CHAPTEER II

 APFARATUS
A) INTRODUCTION

The ' Brookhaven - Natioral Latoratory Alterndting Gradieat
Synchrotron provided the experiment with a beam of negative
particles at a momentum of 14.8*.2 GeV/c, see ‘Fig.‘ 4 .
Cherenkov counters 1in the LbLear 1line were used to identify
antiprotons. The Lbeam was incident on a liguid hydrogen -target,
and the reactionAproducts were analysed in each arm of a double
arm spectrometer. The two identical spectrometer arms were set
at 1180 tc the beam line, .see Fig.s 5 . 17This configuration
perritted the easy renmcval ¢f systlematic etfects arising from the
apparatus and frcn beam polarization. The spectrometer magnets
were iirookhaven standard bear line dipoles, 13036's, enlarged to
a gap of 9" wide, and measuring 18" vertically by 36" deep. They
were run at an(B'dl of abtout .45 GeVyc. } Fach spectrometer artr
was eguipped with scintillation counters, which provided the data
trigger, with drift chambers and multiwire propcrtional chambers
which indicated particle track positions, and with Cherenkov
counters for vparticle identification. The apparatus will bhe

discussed section by section in mcre detall below.



B) BEA® AND TARGET

1) ETAM LINE

The particle source was theé 'High ‘Enerqy UnSeparatedﬂBeam at
the ' Rrockmnaver Alternating: Gradient’ Syhchrotron.:. Fig.. 4
schematiéally represents the beaf Iinesi ' The: ‘extracted .proton
beam  of 28 GeV/c was incident}on-é‘heavfmet*t&rqét;ﬁmeasuting yn
in the beam directiori. Tt was' 100 mils widey by -40 ~mils . -high,
and presented =177 gm/cm2 to thé beam.  Secondary-particles .were
'aédepfed'at-zero degrées(“*lhere*Vwete“&approiimatély*;Zﬁ?Xa;1012
3pro£on3‘*pét' pulse c¢n the target, ~witﬁsab0ut'1OZfSecondaries
accepted Ly tue beam line. At jS GeV/c nearly 3 X?;ﬂograof:.the
' secoridaties - were antiprotons, ép@foximatele10§Hwere-kaons,‘and
the rest were pions, see Fig. 6. 'The =zero deyrée- rproduction
angle minimized secondary beam polarization. Particle.production
"at-this tarqet was mcnitored.by a séintillaticn»cbﬁﬁte;'telescope
"ét”’QOQ‘ to £he beam direction.’ Threée ‘vertically»'zocuﬁsingi
gquadrupcles were followed:- by twé"lhorizonta;iy' focussing
ZgUaGIUpdlés and by a pair of dipéle'magnets. -Between the dipoles
‘was a lead’ and ‘krass collimator, C1 on the diagram, which was
five interaction lengths thick. The collimatet could be set to
five different apertures and a beam plug; the largest aperture

accommodated the entire bearm. The pair of dipoles was: -followed

by a pife twelve inches in diameter’passing throdghuapproximately




650" of iron. This was tfollcwed @By a  momentum selecting

collimator, C2, with fcour adjustable Jaws, ‘each made_ of four
interaction lengths of steel. The collimator was set t§ accept a
romentum bite of #3% about the ‘central romentum ‘values The bearn
line was optically :symmetric apbout the mcmentum:-slit, - containing
""two ‘more -bending dipoles and two more pairs ot quadrupoles, the

pair furthest downstfeam'focussihg vertically. . The ' magnets .. were

‘tollowed by a twelve inch hole .through another 120" of iron, and
~'by "a halo atsorker, C3, COnsisting»-of. a 5"X7"™ hole fhrouqn
‘approximately " five ‘interaction lengths of heavimet‘andAcopper.

“Thé hydrogen target was centered approximwately 300" from the last

i' guadrupoled

~The momentumr was initiallyAset at 19.0 GeVyc, 'which would
E?havéV7centeted' the spectrometer ‘taperture on 900 cMs, for A =1
‘particlés. - The antiproton flux at tunils enerqgy proved:to be too
low for efficient data collection. & beam mcmentum of . 15.0 GeV/c
was accepted as a corpromise value, placing 900 CMS at - -the outer
‘edge of -the spectrometer acceptance, but increasing the
antiproton-tlux. A team line optics program using published heam
line data was employed to set the quadrupole currents to provide
a nearly parallel beam-at the target. Final tuning of the ‘last
" beriding nmaynet and - of the quadrugcles was done with the beam .
-The'magnets weré turied ‘to maximize the rate of coincidence counts

petween the left and right arms, maintaining rcuyhly equal rates



in each arr. This corresponded to centering the beam on target,
with the maximum beam current hitting ‘the target. ’ Throughout the
data taking the beam line wagnet currents were monitored and

stagilised to better than 1% by a compﬁtpr contfol sygtom 23>,
Tebtblot the bear noﬁentum ylelded a value of A“ 8+.2 Gév/;-'psee
Appendix B. o BRI A

'The‘ béan ‘was defined fu?éher through :fhé4“hs;ﬁpbf .two

threshold Cherenkcv counters, BC1 and BLA in Flg. 4 ; poSitioned
downstream of the momehtum slit. Thé firét contalned cérbon

"dioxide at 1.5 psi above vacuum, for detecfing pidns: the second

contained Freon 1Z at atmcspheric pressu:e'for detecfingv kaons,

<2u>. The signals fromr these counters were used to veto the

’friggef“in ﬁhe‘case of J ﬁégafiQetéion dr kgggzimpiﬁ§55q M;ﬁA:the
.target. | |

| Tﬁd..piastic sciﬁfillafion veto cbuﬁf%fs;AVd ggd'VZ, were
.éési;ioned just sttreamvof‘the target;: The'first”fhgg 5 HZ"XJ"
apeftﬁre, posificned about 30# ﬁpstréam of;fhé.targ;t:'and the
second had a 2" diareter circular apért;;é;"posiﬁidhédJ”just

upstrear of the target box and centefed on the 2 1/2" diameter

hydrogéen flask.
o1




2) BEAN CHERENKOV COUNTER

Antiprotcns in the beam were signaled by a differential
Cherenkov counter which used carbon dicxide at high pressure as
the radiator <25>; see Fig. 7 . Tne phototubes were RCA 8575's,

monnted against quartz windows with an optical coupling compound.

They were run at positive high voltage to protect the

photocathodes frcm damage due to leakage currents 1into the

Toa

surrounding steel. An inner and cuter riny of six phototulbes

each accepted 1light through one inch wide concentric apertures;

see Fig. 8 a. Fcr the purroses of this experiment only the

outer ring was used, stopped Jdown tc a 1/8" wide annular slit, as

shbgn iﬁ. Eig; 8 L. fhel éndfotuﬁé éignalg wefe “ééht into
discriminators and thence tc a "voter" coincidence unit. buring
data takiﬁg -tﬁis-‘unit was séﬁ to'fesécﬁd onAfiQQ out §f six of
éhe.phototubéAsignais, pfo&idinq.a 90% iﬁcféase in ratélover six
out of six operétion. | | |

| A; Iantipcofcn was signaled b} aa output tto@-thé “votet"
coincidénce unit 1in an£icoincidence with the; outputs f?om..the
kaon and fpion threshold Cherenkov counters,.aAd wi££ £ge halo
scintillaticn counters. #While monitoring this signal, the gas
pressure 1in the differential counter was varied to produce the
curve shown in Fig. 9 . The antiproton peak appeared at 230 psi

apove vacuum, with a half-width of £ psi, and a 3% flat



background. Throughout the data taking, the counter pressure and

exterior temperature were monitored, and the pressure was

periodically adjusted to maximize the rate.

3) HYDROGEN TARGET

T - . i P S 5 O T NS :
The target flask, Fig. 10 , was a cylinder 9" 1long by 2
/2" in diameter made of 10 nil'myiér; -Tb ptéééf%é fidﬁl;left

1

:symmetry the cverlap ceam of the tylinder” was ‘ééHEeAéd ‘on the

S . e A 2 SR SR
vertical axis. The end caps were hemispherically pressed from 10
: [ . o R A e AP S S PRSP T

ril mwylar. To minimize the amount c¢f material inside the target
volume a collar made ot low densitj pléétic was machined to hold

the flask froﬁ the 'dutsidé.i ihis"ﬁétﬂodd“éiiiﬁinéiéd'Hétal

N

bushings and £ill lines inside the flask itself. The only
projégliong into the flask were iéVéi sé%sinqztggfégbfgi;xtending
abaﬁt -éhe éuéffer iﬁeh insiée at éhé fop éda bot£5§§;'rh$ entire
flésf?ﬁgs éé&erea with'10 iaieis af‘dﬁé.qQAEKér éklu'éliumiﬁized
ﬁyiéf'ﬁsupér insuiatioﬁh;‘.Vl

The tacéet flask waé cenieféd in an aluminum "clam shell®
vaéﬁdm.box. A 3 1/2" dia&etef entfance uindéw'was: provided, as
was'aAu" wide exit window exténding heyona'the hofiiéntﬁl and the
vértiéal acceptance' ct the spectrometec. 'fﬁe wihaowé wefé of 7

mil mylar.

The flask was kept full by gréVity. feed fréh ah éleéated



feservoir, a8 shown in Fig. 11 ° ‘A bleeder valve on'the exhaust

line as adjusted tc prcduce just enouyh back ‘pressure to

compénsate tor the elevatiorn of the reservoir; ~ maintaining a
constant level of 1liquid hydrogen. When the target was ftull,

both the upper and lower resistors: “indicated -~ a- lowered

resistence. The target was emptied bty closiny the exhaust valve.
fhis\'permittedrifhe goilréff gas tbAeipél the liguia 5§ck’toward
thefrese#vdir: | Wheﬁ fhe lﬁweg cesiéfor iﬁdiéated an vempty
ta;qet; :tgé 'fiil l;ne:;as cioéedl bRenote isdicatérs sigﬁailed
£hé coé&itibﬁs gf thé top and b6t£om‘ré$i;t6;s ak ail tiﬁes: A
>g§ttieJAbflbﬁre hydrogen'gés QasAattacﬂedlta the exhaust lihé‘and
lprov;ded é means of warmingAand.purging‘the system in> thé'.event
'of a ffeeze;up. | |
1Cont§ﬁi;ations ct oxygen éna ﬁitf&gen dccasiénaily caused
ﬁaf£iai'blo;kage of.the eﬁhaust‘lihe.  The boil;ofi gas éfessure
wqula iﬂcfease, reduciné\the’ligﬁid level until the pressure was
'sﬁfficiéntlgo Lreak thtougﬁ the blockége. The liéuid iével would
then return tc normal. From the ohserﬁed time that the liquid
was lo;, ana ffon the bbserved purge tiwe, it.was ;s£imated that
the ievei wgé ‘decreased by 172" at‘ uofst, an effect which
oéchrred ”muég less thah one teﬁth of the time. éince the
tidQCial vértical heightléf theifafget was ﬁakeh té bte oﬁe inch
aboye center( -this: occassicna;ly cut down 1nto th; tob one

quarter inch of the fiducial volume. The effect was sufficiently



small that no corrections were made for it.

C) SPECTROMETER. S R Do v

1) SCINTILLATICN CCUNTERS AND TRIGGER =

Tn each spectrometer arm plastic scintillation counters were

placed in frent of the first

wire chambers, and behind the last
o A R I T T

and next to last wire chambers, as seen 1in Fig. 5 . The
positions of the counters are tabulated in Table 1 . The front

most counter [position, S1, contained a pair of detectors. The

I o

main counter was 4"X5" and 1,8" thick,  with the second heing

i N
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1"X5" and 1/8" thick. The counters wvere shspénded side by side

'wiFh their longest axis verticalf The ng;row coqg;et was on the
beamr line side of each arm, and.bpth counters takgnuppgeﬁher“yere
qentgred"on the darm axis. The gounters covered the spécfﬁometer
acceptance aperture. The pprpose of the sepa;ate ngfrow counter
wagwto pgrmit a softwére veto of Leam Qa}o partic}gs, if.thgt had

1

provenlto.be a signifi;ant background. N
| The scintillators a£ the sgcond ‘cgunter' positiqn,' S2,
covered the active region of the p?eceding wire chamber, These
counters Qere 1,8 thick, each 30" long and 12" vide. ’Two of

them were hung vertically ir each arm, with a small horizontal

overlap so that +the overall width would not excede that of the

wire chamber. The light was viewed by phototubes at both ends of

o




each counter.

The final hodoscope at ©position S3 covered the active
chamber area horizontally, but limited the spectrometer
‘acceptance vertically. This limit set a '"Lower bound of
approximately 1 GeV/c for particles detected by the spectrom=ter.
The :ségﬁtiiféﬁor‘lagfay'CAnsiéteaf§f tﬁfeé cougféés, i/un thick,
eaéh“measjtiné 16""hcrié§ntallyea;d i8" vértically; sﬁpyérged one
above anctﬂ;r; .fhe entire .as;embly was cenﬁered‘ on.’ the
Spectfoneter aéerturé.

Thé signéls from all photdtubes at each pésition‘were
'gumﬁéd,Aand a coincidence made of tﬁé three stafions, geparately
%of e;cﬂLwarm;'f A siqnal érém €ither arm inAcoinéidence with a
siQﬁél indicating an artipcotchAinciden{ on the tarqef was the
trigggéufcr:reéd cut ol couﬁfer and cﬂamter data.

Tﬂg .signals from each’phototubé‘gere delayed, and fagged in
A CAMAC:;éduie dgring a 20 nsawindcw following the trigqer.‘ The
frigger. logic;. CAMAC uﬁiis, and all o£ner éata prﬁcessing
hardware were hcused in an air conditioned otﬁicé.‘t;ailer

adjacent to the spectromreter.



2) MUON FILTER

a Pirectly behind the last 4hédoscbﬁ%s:égréufhb‘mubh filter
telescopes; tiﬁéée are'§hcwhﬁih Fig:ﬁ 5 ;:JTHé%ficéfhéection  was
a tcower of three cast iror buoy anchors, each 4'x4? across and 5°
tall, resting on a  one ffcotw'higﬁh'pad"of conctete’ shielding

¢

blocks. Thiévﬁas.foliowédﬁiy a iayerAof'scfﬁtiiiétioﬁ' Eountets,l

‘at'pésition sS4, and.by a‘#écdﬁd iron iogéf;‘[égtiﬁﬁ’bﬁ“ih@'flOor.

A' final layer cf scinfillaticn cohnkéf%,i‘ét 35}'w55 placed

agaiﬁs; this tower, covefing‘thé geométrié”whccépfﬁnCé‘ aperture.

Theljﬁne’ fcot offset ot the towers with Tespect to oné another

‘gtégéeféd the stacking spaces and small hollow ‘regions of the two
,

towers. Muous of »2.8 GeVyc penetrated Loth iron ‘towers, muons

of >1.4 GeV/c penetrated the first.

' 3) SEECTKOMETER MAGNETS

The spectrometer magnets were two Brookhaven 18D36 beam
dipoles, positioned on end for vertical bending. The,qqp,ygs_ gn
wide, .with -fpole. faces measuring 18"  high by 3@*13999. This
geometry permitted .a compact spectrometer. arm, _ increasing . the
- geometric acceptance. Lata were taken with the magnets in two
polarity confiqurations: A&, with,-the magnetic fields pointing

~away- from the Leam line in both arms, and B, with both ;ieid



vectors pcinting toward the Lkeam line. Fiye. 5 shows the A

polarity configuraticn. The rmagnet poiariiieSJ‘wefé sensed
auto;atically, and were‘reccrdgd gs a bit pa}}grn along with all
_.other' evept dat@ﬁon magneti;jtapg. Magpep pqlarity was sgitched

typically‘thrge“times everyAtweqty four nours, with ‘both  target
£ful; and,targe@ erpty data ;akep at each polgtity,

The field of the 18L36 maynets is highly uniform, so that a
-detailed point by point field map wWas unnecessary. Instead;. the
.measugement was made in terms of (del parallel to thg.aéerture
Hugis. The field was measured us;ng)avgen foot 1long flip coil
 mounted on a ~wooden form. Tﬁg forr width, averaged. over
measurements taker every foot, was 1.988". The coil consisted of
ithree Fu;ns of #36 jauge cogpervuire.' The measuring appara£§s is
described 1in Apéendix A, dud iz 1llustrated in Fig. j? -

Following prelimirary checks, to set the current for the
desired central SB‘ dl, rmeasurements were made w;th the coil
parallel to fhe magnet axis; centered on the points cf a one inch
-grid. The bottom' one-half ¢f the magnet 1in ‘the left arm wvas
mapped at -each -point c¢n the érid, wnile tne upper half was
measuted af two inch intervals up to the final two inches near

" the - colls, which were again measured at one 1inch intervals.. The

" entire volume of the mragrnet in the right arm was measured in the

same- manner as theé top ‘half of the magnet in the left arm.

" Again, this was possikle Lecause the field was unifrm to better




than 1% over the central region.
Flux return plates cf 3" steel were mounted parallel to the

ends of the magnets. Using a-Hall probe, it . was. verified :that

the field strength fell rapidly outside the fluxhneturh plates.
Thus, the ten foot long flip - was sutficient _to. include all
siqnificant;iringe fields. P R ST

For each measurement, the initial reading of the .integrating
DVM was recorded, and. the value with the co}laflipped,JBQ?.about
its lonyitudinal axis was recorded. .The coil. was,:then flipped

C ~ '
back 18C to its original position, and the final value, recorded.

By 'dividing the difference of the first. and., last measurements by
. tvo,-the drift of the LCVM at the.time of .[field . measurement. was.
-determined and . subtracted. | Since thesg,gmeasg:emehts were
, repeatable to an accuracy ot.better than..01%,. the majority of

the points were measured with only one flip cycle.

.buring the field. measurements. the current.from,the power
supply. to the magynet was . determined by »measuringgAthe. voltage
across a shunt resistor with a sensitivity . of ArV/40 amps. The
magnetsgwefe designated D05 in the left arm, and D06 in the right
arm. During the measurements,. DOS was at 56.25 mV =>'225Q~ amps,
and D06 was at 56.00 mV. =3 2240 amps. This ylelds a.transverse
momentum imgpulse, Pt' for the mégnets of 438.25 Mev/c for DO5,
and 438.54 Mev/c for -DO6. During data taking, these were

increased to 2318 and 231¢ amps, fcr Ptls of 451.75 MeVy/c and




452.24 MeV/c. Five months after the experiment was completed, a
Caiibration'dheck was done with an’ incident ©beam momentum of
+ . ‘ +

=5GeV/c. The reacticn pp-»np T was' used, detecting the p and — .
- The  known mass of the neutron yields a’Pt impulse for' the magnet
of hﬂ3:3 MeV/c. Taking into account possible drifts of the power
supply current reading systems, the P;'ﬁ” of U451.75 *and " U452.24
Mevyc?wétéﬂused; with uncertainties of +5 déV/c. " This results in
‘uncertainties in the momehtum bin- widths: of + V4.

Over the active magnet aperture, the maximum departures from
“the céntral field integral were *+1%, found in the vicihify;of the

Coils. ' Software corrections to deviations froin the central P of
t
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"“the ragnet were correspcndingly made in the upper and lower one.

quatter of the maghet. The central region was left uncorrected;
nere the maximum variatichs from the central value were. +. 1%,
near the pole taces, see Fig. 13 .~

The correcticns were calculated by ésfimating the point of
intersection "of the track with the midplane of the magnet and
then‘averaging the corrections in tne volume ' traversed by the
track about that point. Since the two inch wide coil already
provided an averaging'of the‘field and  since horizontally the

tracks were within that volume only vertical averaging was done.



4) THRESHCLT CHERENKCV CCUNTER

;:;The 'spectrometer thresholad Cherenkov counters were designed
to fit inside of the magnets, as shown in ' Fig. ‘5. 'The' main
body of each ccunter was made of G-10 and molded fiberglass,
eliminatifiy the eddy-current vibrational problems of'* an wearlier
alurinur  counter. ' ‘The counter volume was viewed by two
phototubes mounted at a right ahgle to the *beam direction, ' one
receiving 1light primarily from the top half of the counter, and
the other receiving light primarily trom the bottom. Spherically
'§%aped mirrors were used to direct the Cherenkov -light into an
air core 1light guide of alurminized glass. The mirrors and
phototubes were mcunted in an alufinum housing outside of the
még%ét gap. The magnetic fringe field inside of 'the tube shields
was méasured to be negligible. The entrance and exit windows to
the Countér were made ci ten layers of one quarter il aluminized
mylar. ' Freon 1z at atmcsphéric pressurq;:was' uséd as the

“radiator, haVing a pion Cherenkov'thresbéId of 3 GeV/c.

5) WATER CHERENKCV CCUNTER

The radiator volume for the water Cheréenkov counter, <26>,
"was one and one-half inches thick, twelve inches in diameter, and

-was filled with distilled water. The outer face was made of




one-eighth inch ultraviolet transmitting lucite. Both inner and

outer faces were molded to a sphéfical shape, Qith a fédius of
curvature of 37 .1/8"; see Fig. 14 , Chereqkov ~light was
. collected and ﬁocussed with an alpninum,‘free standing spherical
_mirror, having a radius of curyature_qf 17" ’This systgm wAS
lchosen.forfconpactness. The radiator meniscus was optically
designed tc compensate for . the angular divergence,pf‘incident
particles. The annular ring ot Cherenkov lighﬁ.waé focussed two
. inches behind a conical mask. The openings in the masﬁ ware
outlined by curves given by:

R = ((R +R ),2) + ((8 -0 )/y) arcsin( 8g/r -1), & _=9.5";

1 0 1 0 ' ' 1

RO=7.5". |
. Four of the openings pointed inward and four pointed outward.
These rcsette sections were sepapgted by aone inch 4aps, allnwing
for structural support, and permitting the instaliation of light
_buckets. The light Lbuckets were made of aluminized mylar and
fcllcwed  roughly the parameters descrited by Winston <27>. The
phototukes were 8854's, capaktle  of resoiving; a single
photoelectron. Bases ftor the phototubes were designed with cZener
diodes to stabilize the dynode voltages and to prevent the gain
from changing at hiqh rates. As Qith the beam Cherenkov counter,
‘the phototubes: were rtun at, pcsitive high voltage with the
. photocathodq aﬁ . ground to. avoid leakage purrents throug§ the

glass which could destroy the photocathode. To prevent a Dbase



,ling, offset of. the phototubte output, wh};h‘zwas AC cqug}ed,
clipping lines vwere attached, whiqh prqﬁqced a reflected pulse
af}e: approximately sixty nancseccnds. i,
The éhotqtubg Fulses, were sto;gg‘inACApAé ADC's (ana%ég to
digitalhcpnverters),4after_heing delaxed. .Pulsqg to the~.AbC's
vere ?cceptpg_ QUpipg a tﬁgnfy ngqcseqond windo; p;évidéd hy the
t;iggert: ~From »the .heighﬁ .and__%id£h 9f ‘fhé pu}ﬁe | height
distr%bpt;op, it was deduéedw}hat ihgrg'ﬁerg‘petwgen thiytgen and
.tqqux photqelectgons collected“ Fer event; ofAAaﬁouy two ?er
w:ghototpbe._ Tberdgga werelread out via..CAMAC and“‘wpi£teﬁ oh
;wagnet}c tape. | o ﬁ
The phototukte voltages were adjusted for a 20 mV pulse'from;

. ore photoelectron, measured atlﬁhe ALC inpgt. A saﬁ?le.‘df -data
from the first few runs was used to;detetmine £he pédeétal width.
To ,proviQe-a reference for determiping diffe;gncesvandldrigés in
.‘.ﬁhg phototube gqin, the pulse height data éerg fi; té a P&isson
}'dist;ibution. The original fit was madg to two parameters: the
.number of photoelecpyons, which -gave the A width-‘ ofl the
disf:ibu;ipn,A and the number ot ADC_coﬁnts per photéelectron,
ghich:,toch into acqcuqt .the Tfthototuke gain. During track
reconstruction for each data tape,‘punghed éards—were produced
-giving the pulse height spectrum ror géch of ghe photétubes for

high energy pions. These data were selected with the

requirements cf (1) a sigrnal from the threshold counter, (2)



"~

momentum greafer than 3.2 Gev/c, and (3) a track passing through
the water counter radiator within two inches of tha ceriter. When

a statistically significant sample was obtained, the sSpectra were
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compared Witk the spectra of the previous sample, and if

necessary, the gain correction parameter’ was' changed. -During

subsequent analysis steps these correction parameters were  used’

to subtract pedestals and to adjust tht pulse heights for tne
variaticns in phototube gain. "The sum ot pulse ‘heights 1in the
inner ring, 1IN, in the outer ring, OUT, and in both’ rings, sus,
were formed. The RAiio = (CUT-IN)/(OUT+IN) 'was alsc calculated
for each event , anrd cortected a small amount for the angle of

'fhe track.

The counter was designed to produce signals from ‘particles

'with (5=.95 to,§=1.0. Pioné were first seen at .42 Gev/c, kaons
at 1.5 Gev/c, and protcns at 2.8 Gev/c. As can be seen from Fig.
15 , the pion/proton separation in terms of RATIC was very good.
This gfaph vas obtained by'honfélcarlo éalculaticné, winich © were
alsb used to determine the 2/ deperndence of RATIO. For a yiven
hypothesis of particle type, the RATIO"for ‘a pion, kaon, or
proton of a given/@f was found to be equal to the RATIO for a 3
GeVyc pior minus‘i.S/;K:‘

RATIC (T, K,p) =RATIC({l,3Gev/c) - 1.8/,¢ .



6) WIRE CHAMEERS

- Particle tracks were sampled at four -locdtions, wusing two
sets - ‘of chambers in front cf :thé magnet,and two .sets in back of

the maqnet; see Fig. S:;-WThe chamber positions and ractive -areas

are sumrarized in Tables - 2 and 3 . The front. most.” chambers

were ‘proportional wire chambers, (PWC'S), with -1/8" .wire spacing
<28>. The remaining stations used drift’ chambers with ' one. - inch
drift Fegions. - We used EWG's in the front to reduce the problems

Of"'multiple' hits on a wire during ‘the drift time window ot 500

‘NS

The PWC's consisted’ of an-X and a “Y:-plane,:X - ‘measuring the

“Herizontal " pusition, and 'Y measuring ‘the vertical position.: The

‘'Wwires were held at grcound potential ‘and ‘were ' positioned between

alumindm foil " planes at positive high voltage. -~ Each wire was

" equipped with an amplifier and a discriminator.’ “The signals were

transported to latches 4in the instrument‘traifér=wia'10051 ribbon
cables. The signals were delayed approximately-150 ns to permit
a trigger test cn the scintillaticn counter signals. When a good
trigger was detected, an enable signal 20 ns wide was applied to
the CAMAC latch ' modules, and all wires tiring wighin that -time
window were recorded.

The drift - chamber: stations' in pésitions two . and three

consisted’ - of X and Y planes; the final :‘station consisted only of



a Y plane. Each plane was formed of two wunits displaced
rerpendicular to the wire direction by one inch,bproviding
_information for determining on which side ot the sense wire the
track occurred; see Fig. 16 a. Eéch such unit was compqséd of
_three planes of wires. The outer ground planes were made of 2
.mil = copper-berillium - wire with -1/16" spacing.  One_ha1t,inch
inward ifrom either ground plane were the drift (-HV). and sense
wires (+HV). Each drift or sense position was actually a pair of
wires displaced perpendicular to the central plane by *1/16"; see
Fig. 16 b. The pairs were directly connected andbfunctipned
electronically as a single wire. The corbination of drift wires,

. sense wires, and ground Fplanes shaped. . an electric field for

drifting the welectrons from a particle track toward the sense

wires. TCuring chamber development we had experienced 10@ chamber
efficiencies for tracks near the drift wires when single sense
and field wires were used; see Fig. 17 . The choice of two
wires at each position helped to provide a more uhiformly linear
electric tfield in the dritt region, and yielged 100% chamber
etficiency at both ends of the drift regién; sSee Fig. 18 .

The drift wires were made ot 7 mil copper-berilliun wire,
while the sense wires weré que of .8 mil gold plated tungsten
wire. The small diameter of the sense wires provided a Hign
electrié field,neét_the wires. When an electron from a particle

track drifted intc this vicinity, cbllisigns with the chambher gas



molecules yieldea-an avalanche of electrons at. the .wire,. with a
rnsﬁlting ‘cloud’ of crpositiyve ions‘expaﬁding ahaymfromAthe wire.
Signais on the wires were typically 20 .V high and: 50 . ns 1long,
when the wires were terminated. through a 509 -pf :capacitor and
5007, . . s L

‘-gach~wire of the drift chamkter was coupled tojan_ amplifier,
having a gain «©f 200, and then to .a .discriminator... The
discriminatcr threshold was 150.millivolts, and. 1t _produced an

output pulse approximately 20 ns:long. The circuit-is given in
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Fig. 19 ‘a- ‘Theé discriminator sigrals were-channelled to . a, line

driving amplifier, and werte transported:to the .instrument trailer

by shielded twisted pair wires.. The length of this cable delayed

the ‘signals sufficiently'for the scintillation counter trigger to

be formed. The trigger signal was used to 'start the master clock

on -the adrift tining’qnit. fachisense wire had 1ts.own clock.

The timing unit worked c¢cn a verniert .principle, using a
master clock frequency of 21 MHz andva vernier clock freguency ot
24 MHz. Fach master- clock  interval.:was divided into. eight

sub-intervals .. by the vernier; see -Fig. 20 The. timing

.resolution was thus 6ns. The drift rate of 500- ns/inch then

=T
yielded a- spacial resoluticn.-cf 305,12 microns. . The vernier

‘clock:was started by an input signal frem a- chamber wire. The

"number Of vernier cycles before a.coincidence with a master clock

signal was stored in a register on the timing.koard,.along. with



the total number cf master cycles from the scintillator'vtrigger.

This data was read out wire by wire after each event, <29>L

The initially used gas mixture was 80% ethylene and 20%
argon. Due to leaks in the ‘chambers, oxygen was present in the
gas. Ionisation of the ethylene in the presence or oxygen caused
it to rpolymerize on the wires, and in some cases to form carbon
tilaments. ' The chambers were cleaned and a new gas mixture of
82% argon, 8% methane, 8% isobutane, and 2%‘méthylal vapor was
employed. The - chambers were run for 1000 houts with this
mixture, and showed no deteriorétion in performance. Fig. 21
indicates the linearity of drift velocity with distance from: the

sense wire tor bcth gas mixtures. A continuous gas flow rate ot

‘eight cubic feet per hour through all twenty eight. chambers 1in

parailel was maintained at all times. Cubblers were used on the
charber. exhaust lines to maintain a srall positive pressure
inside the chambers.

High voltage efficiency plateaus were weasured ¢tor all
chambers using an on line compufer. The efficiency was estimated
from the ratio of events with two hits per chamber, {assumred to
be adjacent wites), to events with one nit. Recall that adjacent
wires were contained in separate chambers, Fig. 16, so that each
wire tunctibned independently of its neigubors. The stated ratio
is E2/E1 = e2/2€(1-e), where € is the efficiency of a single

wire; e=2F E +E ).
2/( 1 2).




» .7) REALOUT

The data were TrTead out and written on magnetic tarpe as

ii;ustrated in Fig. 22 . The data flow was throuqh'tAﬁAC. The
CAMAC crate coﬁtained a fixed data‘unit, which providéd tour data .
,wo;ds unique‘ to £he filé af nagnetié tapeﬁ béing ;fitten.
4i6§luded‘;ere a stért pf evéné word, falte;n;tiﬁgﬂo;é'aﬁd 1's), a
run number, a trigyger £}pe. nﬁmher,  and ’;ﬁdiééfors 62 haqnet
‘polari£y andv beam energy. Th:ee‘iGHbif-patférﬁ ﬁﬁiﬂs reéérded

siqnals from the scintillation counters, and included four bits

éf measured magnet‘pol;rit; data.» Cherenkov counte} }uiée height
data was recorded in three eight-input ADC's. Six quadﬂéﬁgle:é
were used to record various signal rates. The EQC latches were
fitted in CAMAC mcdules, as was a speclal :ead out module for the
drift timers.

The scintillation counter triygger signal was used to gate
the ALC's, pattern bits, PWC latches, and the dritt timer.
Following the signal gate the trigger was vetoed by a dead time
signai for 3ms while the data were read 1into a buffer memory
unit, <30>. The unit terminated read out upon detection of an
end of event word which consisted of eigyht 1's followed by eight
0's. A read out from the buffer memory to magﬁetic tape was
initiated at the end of each team spill, or éfter 32 eveﬁts had

been accurulated.



The first 500 words of each keam spill were also sent to an

HP 2116 computer for a rough on lire analysis, <31>. Tﬁe on line
program displayed wire chamter data and Cherenkcv pulse height
information for one event from every beaﬁ spill. The chamber
"wire on" positions were displayed on a storage scdpe, permitting
a'quick eyeball estimafe of track detectioﬁ éfficiency. Chamber
and phototube ldata were élso éécumulatéd.iﬁ histogrdm torm to
yield irformation on.uire anrd tube résponse ffequenciés, on d%ift
times, and on Cherenkcv counter pulée' ﬁeights. These fé;thrcs
were 1invaluakle tor setting up, debugging, and mbnitorinq the

apparatus.



Chapter III

DAT2 ANALYSIS

Y-

A) INTRCLUCTION

Duriny data taking, a  total of 2. X ]Oéﬁjﬁriggers_ were
recorded, representing approximately ,5 X 10 antiprotons on
:target. The data filled apgroxirately 8C magnetic tape, reels,
-which were processed on the Brookhaven CLC.76C0 computer..

‘The mdata énalysis vas éar:ied out in four successive steps.
A-first pass analysis found tracks in theﬂ‘chambgr#,.f A. second
.. pass . computed particle momenta and other particle identification
parameters .from the basic Chereﬁkov and. track information, and
-placed. some roughA cuts c¢n  the-event quality. LTbe_thirdApass
produced- glcts of numbers of events versus event parameters with
cuts on:othef parameters such as particle type, charge, Cherenkov
signals, . momenturm, énd ~angle of track.. The data as binned in
plots of the momentum distributions were then used. to determine
;he .charge asymmetry with corrections for systematic etrects.

These. steps will be discussed in more detail below.

B) PRIMARY ANALYSIS - TRACK FINDING

" The first pass analysis program, <32>, began by assigning

3
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spacial coordinates to the <chamber wires which had carried a

signal. The fprcgranm ther initiated a search tor- tracks,
beginning 1in the back of the spectrometer. Fig. ‘23 summarizes
the track search routine. Fecause each plane consisted ot two
displaced sections, slopes of the track could be determined when
both sectioné‘yielded signals. This was accomplished as follows.
For tracks normal to the chambers let t1*t2 = .tc e the -mean
total drift time; From Fige 16 b, it is seen that tracks at an
angle 8 with respect to the normal vyield t1+t2 = tc—at =
tc-sine/vo, where vo is ‘the drift velocity in inches/ns, and
where the sfacing between planes is one inch. Thus 8 can be
determined. Using the chamber points and slopes , tracks were
projected forward along "roaas" of a width reflecting the
uncertainty in the track direction. The intersection of a "road"
with successive chambers indicated "windows" for further track
points. 1Track pcsitions found within windows were used to
extrapolate a rcad to the next chamber, the process continuing
until all chambers had been examined. 1t a track was found in
the chambers béhind the magnet, it waé projected to the center of
the magnet, and that point used as a constraint on roads in the
tront. A turther constraint on tracks 1in the front was an
intersection with the target volume. In this first pass, any
event with a track in the back halt of the spectrometer (chambers

three and fcur) was saved, even if no matching track was found in




the front.

The program compilgd detailed distributions cf.drift Atimes,
and produced a plot of wire activity versus wire number. Track
findiﬁé‘%fficiéﬁcies and ttéékédistributioﬁs“:;itﬁin ‘roads were
aisc c;hﬁiied.' This informégion was used to asédfetthdt the
appéf@tgs;iin barfiéular the drift‘éiMet,~va§ Ierkiﬁé properly,
and‘ gﬁét 'tﬁe fraéklf{ﬁdigéybér;mgiérs'ﬁéré éorfeég.'fA médified
versién ot~£His prdgram ¥as uéedfgb'monifar the fifét 10da‘even£s
6f cne:daég tape eﬁeiy day.

Vigxoutput tape.wés pr@&uce&ibj Athé ”péimary prééfam ~which
contaiAedgwéil the “oiigiaéil:ihformatioﬁ.fﬁf'eaéﬁiréédésffﬂcted
évént;lgiéé the track fitting iﬂformatié;.f%Ihe 6ﬁ£p6£ ftOm four
:éﬁté i&gés could be contaiﬁéd dn a singie séééndar;:taéé;' The
fétio'of (évents outi/(eveﬁts inf for'thig‘ étepu'vﬁﬁiéd"gétween
359 and 40%.

’ ' Before 'production‘ analysis uag'beguﬁ;id;ta fakeh‘ﬁith the
gpécgrdﬁéter maqnets:turned off, and at iéw beam intehéity, was
used to providé a sarple of straight tracks. These were uééd.to
deférminé émall offéeté of the éﬂémbetf pbsitioﬁéz trom tae

surveyed values <33>. The final positioﬁ‘Qaiués'weré‘used in the

track reconstruction, and are listed in Table 2 .
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C) SECONDARY ANALYSTS

The secondary analysis prograr, <34>, first placed cuts on
the track ﬁit parameters. 1These cuts are summarized in Table
4 . They includgd cenditions on the number of track points, on
the quality oi the fit, gn@ a requirement on theb presence of
track points 1in the ftont of the spectrometér. For events
passing these tests, the pattern bit data were éécodéd to
4indicate which scintillation counters had given a signal. The
ALC data were adjusted for phototube gain variations, and the ADC
pedestals were subtracted to provide the.trge Cherenkov counter
pulse heights. The water Chgrenkov- variables were computed.
These were the surm of all inner r;ng phototube signals, 1IN, of
all outer ring phctotube signals, 0OUT, cf all phototube signals,
suM, and the RATIC =.(CUI-IN)/(CUT*1N). Assuming a magnet Pt of
.45 GeV/c for all tracks, and using.the ragnet pclérity bits, the
particle chargye was determined.

Tcacks Wwere then checked for correlationé with the
scintillation counter Ltodcscopes. Reject;ons from this test are
also listeq in Takle -4-. The events were classitied by incoming
particle (antiprcton or not), and by the pfesence of a muon, as
detected by the muon filter hodoscopes. For this program, the

ratio of (events out)/(events in) varied between 50% and 70%.




L) TERTIARY ANALYSIS

The &ertiary analysis' program consisted 'of a particle
idehiification section and a section"ﬁhich"prdﬁucéd plots of the
data, binned according to event characteristics.’

The primary’ instrument used in particle idehtification was
' the water }adiétorhﬁifferen{ial Cherenkov counter: To establish
the identificaticn cuts on the KATIC 'signal;‘.a data sample
consistihg almbst entirely of pions 'was used:’ This selection
réquiiéd (1) that the threshold counter be "on", i.e. >3.0 ADC
counts, (2) that the momentum be Lketween 3.2 and 5.0 ° GeV/c, and
(3) tﬂét the charge be nega%ivef " Since the spectrometer accepted

+ .0 . o o ‘ .
P primarily frcm the backward hemisphere in the CMS, and since

+.

fecr p within thel chosen “momentum range, ‘the spectrometer
éccep{ancé was reaked in the backward direction, tﬁe antiproton
contaminafioﬁ of this sample was much ‘less than the corresponding
prdton contamination to a positive charge 'sample.. The KATIOC
signal was histogramed for thi; data, anq is nearly "gaussian; as
is seen in Fig. 24 . The center and standard deviation of the
" distribution were determined for each arm separately. For a
given hypcthesis'cf particle mass, the measured momentum was used
to givegﬁﬂ. Honté-cgrlo cglculaﬁioné show that knowing  the
center of .the BATIC distribution for these high energy pions,

(1), the ceénter of the FATIC distribution for the given



should be C = Cn-1.845'. To be identified by this criteria, the

measured EKEATIC was regquired to lie within one standard deviation
of the bypothesised central value. The app;oximation was made
that thne standard devia;ion of the RAIIO distribution was
unchanged withé( -

The same cuts és above, but without the charge reguirement,
were used tc select a data sample for histograming the water
counter SUM. This distribution is a rougn gaussian with a‘long
tail, as is seen in Fig. 25 . The primary sourcs qf the tail
was multiple particles simultaneouslyltraversing the radiator; a
second source included particles directly hitting the phototukes.
Delta rays formed a negligible contributicn to this effect. A
lLower cut ct rcughly one sﬁandard deviation was selected to
remove protons, ard an upprer cul of approximately three standard
deviations was selected to remcve most mulfiparticle events.
These cuts will be reterred to as the "one particle" cuts.

The sum of the outer phototubés only, 0OUT, was also
histogrammed for all particles of momentum between 2.2 and 2.5
GeV/c. A clear peak is seen for pions, and a pile up near zero
represeqts protons. An upper CUT cutoff for protons was thus
established; see Fige. 26 .

Particles were identifigd as protons iﬁ.they passed one of
two iests; as cutlined in Table 5 . In the first test, the

momentum was reguired to be less than 2.8 GeV/c, and the outer




ring of .the Cherenkcv counter was reguired to have less than 15
(17) counts in the right (left).arm. In the second ,fest, the
romentum was:.required to ke greate; than:2.8_GeV/c,athe,fhreshold
counter was required tc be off, (less than 3.5 counts), and the
water ccunter. RATIO was required to .match thatﬁ.ekpected: for a
proton: - of utho~‘given mﬁmentum. ;Eor.protons,imost of the events
had.almcst no light in the outer ring, for . RATIO=S:1.

Particles were identified as kaons if they were within the
cuts on the SUM as determined for single particles, and if the
RATIC was ccrrect for a kaon of the given . momentum; see Table
.5 .

Particles were identified as pions if they passed eithér of
tWwo tests; see Table 5 . In .the first test,  the. threshold
counter was required to be "on", the momentum was reguired to be

greater than 2.8 GeV/c, the SUM of the water counter photo;ubes

-was required to be within the cne particle cuts, and the outer

ring of the water counter was required to have more than 15 (17)
counts. 1In the second test, the momentum.was”ﬁequired to be.less
than 3.5 GeV/c, the RATIC. was required to fall within one
standard deviation of the .adjusted pion peék, the 3SUM was
required . to be within the cne particle cuts, and again the. outer

ring signal was required to ke akove the proton cutoff.

Under this scheme, an event could be classified in up to

. s three ways; see Fig. 27 . Approximately 60% of the events. were




unclassifiable in any category, due to ambiguous water counter or

momentum data. The classification scheme was establishéd SO as
to maximize the number of .actual pions, and to minimizé the
proton contamination of the pion sample. From the diayram, there
is a small overlap in identificaticn cf pions and protons. Since
these events had a sutstantial outer ring signal, most of the
particles were probatbly real pions. They were made ‘ambiguous by
having a momentum between 2.8 and 3.5-GeV/c,"where<the threshold
counter was just becoming sensitive.

The kaons fposed a more difficult problem. Of the events
classified as kaons, only 2.4% were not also classified as pions
or protons. To estimate kaon production, we used data available
from pp interactions. Since in‘ rp interactions at least. two
baryons must be produced in the final statec, data from pp->pp+k+X
at 19 GeV/c should compare well with Pp->k+X at 15 GeV/c. Using
'the data presented in Particle Sgpectra, <35>, for 19.2 &GeV/c
incident protons with a Z GeV/c secondary particle at 180 in the
lab, we find the fproduction ratio TF/p+=1, in agreement with our
Pp data, and ff/k-=10. The particle 1identification program
yields a r;/k- ratio ot 2.2 for our data, so-that@gnly about 1/5
of the so-called "kaons actually were kaons. From cur observed
77 /k overlap, this implies a 6% kacn contaminaticn of the pion

signal. - A kaon contamination of 6% would reyuire a charge

asymmetry of 17% to produce a 1% erfect in the pion data. Since



the kaon CMS angle spanned 90 symmetrically, there were no
acceptance effects in chargeAasymmetry; We expect that any kaon
‘asymmetryA would contribute less than .1% to the final result,
: ¢ ; .
which is well below our statistical limits. The kaon
Gontribution to the proton signal was nearly identical to that of
the picn sample, and could bke ignored for ‘the. same reasons.
Thus,.ény'evént uniqueiy'labled.é kaon was thrown out - of the
'sample, -and those which were ‘ambigucus were taken as pions or as

. | .
protons.

Following particle idertification, the data sample was
further refined and binned. Fvents were selected which had a
single identified pion track in at least one arm, and which
intersected the vertical dimension of the target within one inch
of the target center. These events were sorted according to
angle of track intersection with the beam line, according to tne
Pt of the particle, according tc the <charge of the pion,
-according to the arm giving the signal, according to magnet
polarity, and according tc the target state, {full or empty).
_ : : o o o ‘ o ‘
The angular bins ranged from 15.1 +to 17.2 , 17.2 to 18.8 , and

o o . . A : : .0
18.8 to 21.8 in the laboratory, or centered on roughly 80 ,
° c | . . ' . A
84 , and 88 in the CMS, assuming a pion/. 1. The Pt bins ranged
from .48 to .67, from .67 to 1.0, and from 1.0 to 2.7 GeV/c. The

uppermost limit is the limit for the prcduction of a single pion

pair. About .8% of the events at this stage showed unphysical




momenta, i.e. greater than 8.4 GeV/c, or 2.7 GeV/c P , and were
. : t.

removed from the sample. For each magnet polarity of e;ch arm,
the data was thus rresented in 18 birs 1in Pt' 8, pion charge, and
for each of target full and empty. The data éo binned vere
recorded on tape for turther analysis. A typical mommentum
distribution is shown in Fig. 28 .

Data with protoné identified in the épectrometer arms and
data obtained witn a gion trigger on tpe incident Leam were

sorted and recorded in the same manner.




CHAPTER IV

CHARGE. ASYMMETRY AND CORRECTICNS |

A) INTRODUCTION

" Fot ~each of ‘ thé 36 data ‘fins in Pé}wﬁﬁgf€4(e), magnet

polarity (A,B), and “arm (L,R),  the ' charye ' asymmetry

+ - . # - . E VU S . { DUIREW POgE Vet s Y
(N =N )/ (N 4N ) was calculated for the target full data. These

“uncorrected values are shown in TaBle 6 . ‘The format for this
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tabie “is ‘the same 'as fof ‘‘Successivé ‘tableés, and "'will be

summarized below. The first column lists the magnet polarity, A

or P. The second column indicates thé spectrometer ‘acrm bin, R or

L. The third column indicates thé CMS;anglesﬁfnfmfﬂcenteféd on

800, 2 on 840,'and 3 on 88o CMS. The fourth column gives ‘the
data counts fcr positively charged particles, ftoﬁ4éﬁfuli~tatget.
The fifth column gives the data counts for negaﬁive;y charged
particles from a full target. Columns six and se;gﬁ pfésent the
.~data. ccunts fcr positively.and.negatively.charged particles froﬁ
an empty.target. Columns eight arnd nine present the results and
statistical errcrs of .the normalized subtraction of target empty
data from target full -data.for plus and minus chargeé, which 1is
described in phe next subsection, and is not applicable to this

particular table. The tenth column, labled. DELTA, gives the



Charge asymmetry; in terms of columns it is (8-9)/ (8+9). The

errors are statisticél. The final column is the algebraic
average of LELTA over A and B polarities for each angle bin, for
exarple the firét entry is tﬁe average of DELTA from rows 1 and
7.

_Cortections were made for target empty, for protons in the
spectrometer which were misidenéitied as pions, tor pions in the
incident beair which wére misidentitied as anﬁiprotons,‘and for
dirferential pion absorpticn in the spectrometer arms.
Syétematic asymmetries resulting from the afpparatus and beam
poLari?atioh were remcved. Finally, the asymmetries from the
three angular bins were used to determine the asymmetry at 90

CMS. These procedures will be discussed in more detail below.

B) CORRECTICNS
1) TARGET EMETY

Data were.taken toth with the ligquid hydrogen target full
and empty, with triggers 1recorded 1in the ratio orf .3:1. This
combination was established to raximise the total number ot
target full triggers for .a given run time while keeping the
taryet empty contribution to theAstatisticul érror .small. The
contribution to the statistical error increases as the amount of

target empty data decreases. The antiproton flux outside of



-

deadtimes, i.e., the . (FT) flux, was récorded”fgf”311’fuhs: The

ratid " of total Fv(TT) for full tafgetlfé tééﬁfgﬁéka)”for empty

' target at each magnet polarity was calculated. These ratios were

‘used to normalize the rumber of target empty ‘friggers to the

F:-(TT) flux on target full, requiring a tactor of 1.7 for A

polarity, and 1.5 for B polarity.  The normalized distribution

'was then subtracted from the target’ full data for each data

category separately, removing contribntions from  the target

flask, holder, super insulation, and vacuum winddws. The target

emth'aSymmetries are tabulated in Table T . g
 2) PARTICLE MISILCENTIFICATION ‘ f

The next majcr contamination,qf*the<siqnal was-from :protons
of less than 3.5 GeV/c which were.misidentified. as pions, due to.

the simultanecus presence:of-additional particles .in _the water

"counter. - ‘This was a_severe: problem because of the wide angular

acceptance of protoris in the CMS. Pions were accepted in the CHS
: o o . o
angunlar range of 77 to 92:, kaons in the range.of 82 .-to. 103,
. e O o O : o: . —
and prctcns in. -the ‘range-of 86 -to 129 ., where 0 1is in the P
directicn. The lower limits were set by a 5 _GeV/c particle at
O - ‘ . . - O
16 in the lab, and .the upper limits by a.2 GeVy/c particle at 20
in the . 1lab.,. .- Since - antiprotons from Jelastic5 scattering

predominated in the forward L hemisphere, - and. protons 1in the



¢

backward hemisphere, the acceptance asyrmretry resulted in a large
charge asymmetry £for protons. The proton asymmetriés were as
largye as 50% at 1 GeV/c and 20% at 3 GeV/c. 1The chagge asymmetry
for protons in the spectrometer, with target empty correction, is
shown in Table 8 .

To estimate the multipar;icle background, a track
intersecting the target within one inch of center was reguired in
the 1L (R) arm, with no track in the back chambers of the other
arm, R(L), kut with a water ccunter RATIC apgropriate tor a pion
in that arm. These “opposite arm" particles were probaply low
momentum fpions upich were swépt away by the magnet. All events
were required tc have a track in at least one arm, but only .7%
of the events had reccnstrucfed-tracks in both arms. Thﬁs - the
contaminaticn of the ."opposite arm" signal by real double arrm
events was neygligible. The SUM of all water couﬁtep phototute
signals was histogramed for "opposite arm" events and the number
of events within the "“one particle cuts" was determined; see Fiy.

239 . These eﬁents had satistfied all criteria for a pion of less
than 3.5 GeV/c.gggggg for the presence of a track. A similar
plot was made of the water counter RATIOs for such events , where

the cut was on the water counter SUM, and the number of events

T

with the proper pion RATIC were added ufp from the histogyram; se
Fig. 30 . Results for the two approaches , for either arm,

agreed to within 1%. For the R(L) arm, this number of events was




pivided by thg,numbeylof,events_withwpgcgpgtructegvtracks in® the
L(R) arm to yield a fraction of events yith cne particie_in 2ach
.arm, one of which 1e£t»no tpackiih the reat'chamyersqlwbut which
gave a.ficn like signal ftom)the water ccunter. ‘Tpi§ fragtion is
taken tc be .09. L
;?Neipotefthat,the;;:Pbgbility,oﬁﬂpay%pg aifecqnstpgqted track
.in the 'L(R):,arm,_plus a’partig}e;ip_yhgnR(L) arp water gognter
:ﬁhich appeared to ke a pionﬂ:§$ not equal. to ghg_prqpability that
both occurred in the same‘arm.&rppr concern, howgygf,_isAwith the
.contamination of the protoquignal:hyis;ou pions.}p;the Same arme.
. To correct for the reduction in reconst;uctiqp' effipiency when

kinematic

t i

there were two particles in»anbgym{ and tq:co;reqtffqrn
,effects, plcts of numper cf eveﬁts versus‘thg Sym“_were made of
R(L), ;equi;ing a trac&ﬁ}n L(R), "ith;QQ qther qpﬁs,.:fop events
’>Q}Fh a track in the right arm the number, ot events y;thin’ the
"one particle cuts" in the left arm was 3}?0“,:see Fig. 31 .
_For events with a track ig‘the le?t arm the number of events
within the ‘“one particle guts" in_thq right arm was 35218. A
. second sét of SUM hispogpqwg was#@ade of R(L):,Ieguifing' only a
track .in R(L). Here q,ﬁ;st}nqt central pion peak was seen, with
a long tail due tc tug.pQIticles. The events in this tail were
takéq to be "twc particle" events. In the right arm the numﬁer
of "two particle events' is 235?§; see Fig. 32 . In the left

arm it is 30922. We have chosen the last twenty bins, excluding



the overflow btin, for the width of the tail, corresponding to the

width of the one particle cut. This results in an overiap of the
“two regions by three tins. This is acceptable since the choice
of boundary is uncertain and since an egual numter of bins is the
only reasonable way of corparing the two regions; i. e. following
a écenario where thé two particle region is a displacement by a
constant SUM of a portion ot the one particle region. This
yields a sugpression of .75 for tracks-in the right arm and of
.87 for tracks in the left arm. The average of bLoth arms is
approximately 8. This is taken to be the observed suppression
of two particle events with Lotih particles in the same: arm,
compared to each in a separate arm.

The suppression of "two-pa[ticle events" from two arms to
one was calculated on a separate data sample [rom that wused in
calculatirg the ratic of spurious pion events for the following
reasons: (1) the opposite arm data wused in calculating the
spurious pion signal gave a .clean sample of non-tracks which
produced picn like water signals, and (2) the sugpression factor,
which was the crudest part of the estimate, could be determined
independently over all pairs of particles, rathér than over the
subsample ot those that had pion siynals in the water counter.
This - latter subsamgle had the preselection of a pion-like water
éounter signal, so that in the "same arm" plot, the event would

most likely consist of a real pion, providing .mcst of the light,



‘sample. reflected .only the change in.

, accompanied, by a slow pion. . 1

L

and some second particle,perhaps also a fion, naqging‘_q simaller

.. fraction . of  the light. Thus, the samfple would be enriphed with

actual pions even outside the "one particle" cuts.  The uncut
"two simultaneous particle"®
4 A N R I RO o

probability from two arms to ore, for any true particlr track

T .
C

- The . procedure described above provided a. rougn estimate of
the fraction .cf tracks .which were accompanied by slow pions. For

high energy pions accompanied by .a slow pion, the water counter

the sample due to a large .SUM in.the water counter. \Unless there

is a sizable correlation tetween the electric charges of the fast

andgsloy pions,,this wbpld_qpt.igesult.,inz,a,?chargeﬁ:asymmetric

., effect, -and -so was ignored. There is a known correlation of like

charged, pairs . of ricns . terding to have smaller opening angles

‘than unlike :charged pairs,, <36>, but there is no evidence of an

overall charge asymmetry in this effect.

_For protons, accompanied by a slow pion the probability of

. the event appearing as a high energy pion varied with proton

enerqy. As the momentum increased from 1.5 to 3.0 the proton
.left an increasing amount of 1light in the water counter. The

more -light. it left, .the less the slow pion contributed to the

total signa{, and the less was the chance of misidentification.

. Aboye .a momentum of 3 GeV/c, the threshold counter identified
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.. RATIO remained urchanged; however,. some events were removed from.



true pions and removed almost all of the proton background.

In an attempt tc arrive at the contamination ‘tractions
quantitatively, SUM plots were made with cuts requiring that the
track extrapolate to within ore inch of the center of the target,
and that the RATIC was between -1.2 and -.75, (most ligikt in the
inner ring, and outside the pion cut). The SUM plots were made
for six momentum intervals: 1.2 to 1.5, 1.5 to 1.8, 1.8 to 2.1,
2.1 to 2.4, 2.4 to 2.7, and 2.7 to 3.0 GeV/c. The distributions
showed a substantial proton peak which became centered at hiygher
SUM values as the average particle enerqy increasedf Below 2.1
GeV/c, the S5UM for the particles under the peak was negligible,
so that any proton in this fange, when accompanied by a slow
pion, would appear to be a pionﬁ see Fig. 33 . Since the SUM
increased with ﬁroton momentum, the range of SUMNs for a secound
particle which could be added to a track particle and still be
counted as a good pion became shifted downward, due to the upper
504 cut. Because of the shape c¢f the second particle SUH
distributicn, Fhis had the effect of reducing the pumber of
accepted second particies. The magnitude of the reduction was
estimated from the shift in the central position of the proton
SUY peak. In the range 2.1 to 2.4 GeV/c, this was the only
redﬁcing'etfectﬁ see Fig. 34 and 35 . In the range 2.4 tp 2.7
ceV/c, 'seé‘ Fig. 3¢ , the proton SUM distribution #as‘becoming

broader, and the proton was contributing a larger fraction of the



.total :light. As in.:the range ot 2.1 .to 2.4 GeV/c the. 35UN shift

resulted in a .reduced. number of spurious pion signals. . The width

- of.. the proton SUM .distribution  alsc..became important in this

range because of the spreading of the combined proton plus slow

. pion .SUMs outside of. the SUF cuts. The lower 1/3 of the proton

SUM distribution when combined with the lower, .1/3 of the slow

. pion .-distribution, still had too low. a SUM .to be counted :as a

pion. The upper 1/3 cf the proton .distribution, when combined
with the upper 1/3 of the slow pion distribution, had too high a
SUM. Those events consisting of a protoﬁ in the upper 1/3 and a

slow pion 1in the lower 1,3 had more than one-half of the light

- from the protcn, and wculd be rejected by the low RAIIO; Only

the combination of a proton in the lower. 1/3 and a slow pion in

' the upper 1/3 wculd get through the pion cuts, ag.Ugould any
1combinatipnlof.a‘;roton and a slow pion both from the middle 1/3.
:Thus , the total fraction surviving the pion cuts was 1/3“+ (/4 x
. 2/3) =-1/2... In the range,).?{tq,JfQ,GeV/c, see Fig. .37 ,  the

distribution of proton SUMs was broader and centered higher. The

same ccnsideraticns applied as before, with - some additions.
One-half of thcse fprotons in Qhe,middle 1/3 had enough, light to

dominate over the light of the slcw pion, reducing that

.. contribution through the RATIC cut. Most of the protons had a

SuM in the upper 1/3, where all combinations were rejected by

their protor dominated low EATIO. This effect was . estimated to
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reduce the number of spuricus pion signals by 1/2. Thus, (1/3 x

1/2 « 1,4 x 1/3) 2 1)2 = 1,6 survived the pion cuts.

The thrée reducing factors described above for each momentum
interval were multiplied to produce the overall - rgroton
coptamination fractions. These correction factors were yiven
systematic errors of +40% orf their values, due to .uncertainties
in the estimating technique. .The resulting fractions of protons
which can give a rion signal are then:

P {GeVyc) FRACTICN

t
<2.1 .07
2.1-32.4 .07
2.4->2.7 .03
2.7-33.0 .01
3.0-28.4 - .00

As a first order corréction, the correction fractions
multiplied the number cf prctcns measured in each momentum range,
and the result was suktracted from the number of pions in that
range. This was done for each bin in angle, Pt, maynet polarity,

and targyet FULL or EMPTY. The data so corrected was used to

+

‘ - +
calculate the charge asymmetry p =(N¥ =N )/ (N +N ); see Table 9 .
The computer code which generated this table incorporated tae

correction described above in calculating DELTR, using the data

tabulated in table 8.



3) TIONS IN INCILENT BEAN

§

To correct for any asymmetry due to pions in the incident
beam a small fraction of the data were taken at lower “intensity,
without the antiproton reguirement in the trigger. Since there

vere approximately 300 gicns for every antiproton 'in "the beam,

R Co T e L P A O LA 5
this was essentially a trigger on negative pions. A pressure
13

o B S T oo Lol i e N S PO R R
curve of the C02 Cherenkov counter .indicated a picn contdamination

0t . it
: 3

of the antiproton signal at the 3% level: see Fig. 9 . The
entire analysis was carried out on the éion.inciaenf data exactly

as for the P incident data. The asymmétries obtained aré shown

'in Table 10 . el R
Cj FINAL ASYMMETRY SRR

The asymmetries, with target empty and proton

- misidentification corrections, were averaged over & and B

2

V‘polarities, rgmoving exactly any systgmatic 'ﬁp%duwn asynmetries
in the apparatus. In the left ‘;pm,.-£he‘sQit¢h from A to R
polarity produced, on the averaye, é'change ;n'the vélge of the
asym¢gt[ies ct .04, In‘.the right arm; tﬁeig?éfage change was
. ; ; ; - . S ,

The resulting asymmetries represented eighteen Lins, sorted



according to left or righbt arm, angular bin, and Pt range; see

Table 9 . Within each Pt range, the asymﬁetries were fit to a
straight 1line and extrapolated to 90O in the CMS; To calculate
the CHS angles, the incidernt hegm rorentum was taken to be 14.3
GeV/c. A systemqtic uncertainty og .1;2% Was assigned to the
final asymmetry results based‘pn an uncertainty of +.2 GeV/c in
the beanr momentum. Within each Pt bin, the average pion momentum
within that bin was'determined and‘useq t§ calculgte the‘average
CMS angle for each of the three lakoratory angle bins.

The x2 per degree of freedom of the fits wére ‘better than
1.5/DOF' in all cases, and averaged. to .U/DOE. A linear
extrapolaticn to 900 is reasonable, since the measured_ pion
spectra are nearly flat in this angular region. Thus, near qOO,
we expect¢$ to be a nearly flat, linear, and an odd function
crossing zZero near 900 cHus. The data otf the bubna group,
<22>,Fig. 2 , bears this qut.

The measurements from each arm were essentially iﬁdependent,
and weré averagéd for each momentur range. Since‘tﬁe 'érms were
placed symmetrically about the team axis, this average removed
beam pclarization eftects.

The pion incident data was independently‘extrapolateﬂ to 900
after éubtraction of target empty and proton bacququnds, the X’
per degfeé of freedom for fhe tits éveraged to 1.1/DOF, and was

as bad as 2.8/LOF 1in ore instance, presumably due to poor



statistics. The resulting asymmetrie; were averaged over rignt
and left arms. This result was divided by 33.3 and subtracted
from the antiprotcn ipcident asymmetries to produce the tinal
results; see Table 11 ;

_Qhe‘result%nqnasymmetpies'tqr the gﬁ(binﬁi.g§.po 167, .67 to

1.0,. and .0.0 .tc 2.7 GeV/c. are .00374.0115, .0178+.0145, and

-.0025+.0311. ., The 6 errors. are  .entirely . §t§tistiga;,',' The

+

..systematic errors produced .in the p7 subtraction.are of the same

g %

.order ,as .the statistical errors and are *.014 for the .5 to .6

GeV/c bin, .+.009 for the .6 to 1. GeV/c bin, and 0.0 for the 1.

o 1204247 QeV/c‘bin.‘ In-all cases, our resgults are consistent with
- 2ero .charge . asymmetry. The1a§ymmetrigs:;;om“;hqxtgreeqpiqs may

, . -be considered .as. three. independent measurements over the momentum

range .5 to 2.7 GeV/c. ,The asymmetries may.thus'beﬂwgombihed hy

..veighting according to the statistics of each:

’ 2 2
=(I(L /5 {1
Boverall 7% f)/( tro; 1)

Toverall 1/1‘1/512) 1

When ~the data from all three. bins are combined, the aéymmetcy is
.0084+,C090. In Appendix .L .the. effect of matter. in the
spectrometer on the differen?@al'absorption ofTT; is addressed.
A spurious asymmetry of .00zZ1 was estimated, which 1s probably
good to within a factor of two. Because this limit is well

within cur statistical error, and because of the uncertainty in

the magnitude ot the limit, we leave it stated separately.




CHAPTER V

CCNCLUSIONS

‘As shown in a previous section, the ratio of Re (C-violating)
to (C?conseriiﬁg) émplitudés is just 1,2 of ‘the ‘asymmetry . In
terms of 5mp1itudes, ovr lirits in'thé:‘respective P£ bins are
’1.0058, +.0073, and 1.0156, or f:OOS overall. While ihese.limits
are of the same order as thdse of previous C,symmetr}~tests, this
expéfimehf has investigated exclysively high P, events.

A comparisicn ~of the ‘slopes - of the ddta when plotted in
asymmetfy versus CMS angle was made with the Dutna results.- The
Dubna data waskohtaihed frcm’a‘plot of asymmetry versus rapidity
in fhé CMS,-y*, <22>, and replotted as asymmetry versus anyle in
the CHMS, sece Fig. 2 . For the three P£ intervals which were

used, the fitted slopes were:

Pt (GeV/c) Slope: Asymmetry/Legree
0.0->0.5" .00364.0012
0.5-31.0 ©7.0083+.C018

1.0-31.5" © .01054.0009



with no C-violating amplltudt 1n pp->,1+x to the 1eve1 of .5%,

The fitted slopes given by this experiment, see Fig., 38 ,4are:'

7

Pt (GeV/c) Slcpe: AsfmmetrY/Degree
-S‘,).G 00056*.0021
6 91. .00Q7+.0006

1. ->2 7 . .0063+ 0065

)
154:

While the Dubna data shows a dlstlnct increase of slope with Pt,

o - i

i.e. an increasing front back charge asymmetry 1n the CNJ' this

i3

experiment shows such a trend only weakly. As seen 1in Fig.
38 , the data p01nts for the dltfetent Pt regions fall within
each others error bars, as do the points from successive angular

bins. Moreover, the angular tange of the Dutna data is wider,

.permitting a finer discrlmlnatlon of slope. Tnus, the lack ot a

Yo

‘clearly defined slope ttend in our data is undelstandable.

-In conclusion, the results of thlS experlment are consistent
HEn . . . * Wt s
3

over the Pt range .5-92 7 GeV/c. Tais result is con51stent with

those obtained at 1lower Pt' and with the expectations of the

milli-strong model, which predicts an effect on the order of .1%

at low P .
ot
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APFENDIX A

MAGNET MEASUREMENTS

During the rlip coil magnet measurements, the coil voltage
was amplified and 1integrated by an operational amplifier
integrator, as shown schematically in Fig. 12 . Here, V1=-GV .

o

vhere G=R /R 1is the gain.
f o . '
Then V =-1/RCSV.dt
2 i

=> V =-1/RC &-GV )dt

2 . o]
=>V =G/RC§V dt.

2 0

For the setup used, R=100kn, C=8ﬁf, G=5. From Faraday's law,
€=-1/c dF/dt. Integrating, we find €t=-F/c, where € is the
electromotive foree induced in a loop while cuttiay 4throuqh an
amount of magnetic flux, F, in time t. Thus statvolt-seconds is
egﬁal to -1/c gaus—cm2; converting statvolts to millivolts, gaus
to kilcgaus, the relation of units becomes kilogaus—cm2=100 X
mV-sec. Thus ¢(kgaus-cm2)=102RC/G (mnVv-sec) 1is the change 1in
flux thrcugh the loog.

To getjE-dl for the line along the center cof the flip coil,
~we must divide (1) by two for the 180O flip which Treverses the
field as seen Ly the coil, (2) by .the number of turns on ‘the

‘coil, which is three, and (3) by the average width of the coil



~ form, 1.988"n,
ThusSB=d1 (kgaus-1in)=207.91 X mv-éec. 'Erom the»Lorentz‘ﬁorce law
'ﬁ;q/c. 3x§, yel find thétld§=q}é'di‘& E « and inteqrating; p=q/cC
‘gl, so Yhat Pt(deV/c)= (1/1313.22)58<dlA(kgausf}n)i Summarising

these results, Pt=.1583 X (mV-sec).

L A



APPENLIX B

EEAM MOMENTUM

" The &agheté in the beaﬁ line were adjusied'fbr a 15.0 GeV/cC

¢ .
i

beam. A number of calibcatiohﬁéhecks uér; ‘rade u%iﬁé a 48D68
magnet in. the beam 1lire, as shown in Fig. 39 , At 223+1/2"
downstream from the magnet center, 4 horizontally moveable
scintillaticn ccunter, 1,4" wide,  and 6" in the vertical
directicn, was mounted to détermine the beam pbsition. This
counter was placed in coincidence with the beam pion threshold -
counter, and normalized to the 900 beam monitor at the production
target. The scan was made in 1/“" intervals. A magnet current
vl 1710 émperss vas‘cﬁosen to produce a Lkeam oftfset of one half
the scannef‘travei, thus allowing room tc map the edges of the
beam. This produced a rwmeasured deilecticn of 3.96" at the
scanner.

A portable Hall probe was used to verify the linearity of
the centtai tield as a function of magnet current, betwegn 600
and 2000 amps. A grevicus field map of the magnet, <37>,
provided a calibtratior measurement of Pt along the central axis,
at 3000 amps, and verified the linearity of the field with
~current 3060 amps; see Fig. QO . Using;jﬁfdl over a line +70"

from the magnet center, the Pt of the magnet. was given as



4u2.9 MeV/c. Since we had the magnet positibheawaf an:angle of

]

iéontbpghe beam line, fhe Pgiwyas iﬁcfeaSéd to‘igbﬁgbximately
442.9/c0s15 = 458.5 HeVsc. Scaling this by 171073000, the
Hsﬁgr;£ih9 bt Uhdéf:our éondiiions‘;és2561;6yﬁeV/d; This implied
avgééa~momehtdm of‘1u.73:G;V/é; ' IR

| %An;.;iternative é;iiﬁfé£ﬁo; gtAéﬁﬁolaﬁb; iégkaigsztd;ided ’
<3§;.. :héipg .a Compﬁtef‘vkaﬁél héﬁ;;tﬁé 'ma§n§¥f”“ihé :P; ?was
'Tiht;;r;téd Aiongya trgckugg 1§°*€hféhg£'2he‘m5§ﬁéi;céh£érﬁ'”wnis
Ayieléed a P;;of‘Q51.§.Mev/éf.kh}éz-iﬁ;?ié; -5 'Bé;;H“ﬁbhéhtum -of

fle IR B FR

14l GéV/éi
o Sincerfhe mégnét had'béeh”ﬁéveéfgnd'cénneéféé‘gd'a”héQ'bower
supply between the previous calibration and our “use, an
igdepéﬁdéﬁﬁ ééagufé of Jé-dl'wés:atfémé&%ﬁtﬁéingrgﬁienqtoot long
Elip‘vébliid The comgputer CénffSi far‘tﬁe-maghéfﬁpdhef"yﬁé not
operating when this test was mddé; souiﬂét the Magnéﬁ‘éﬁf;égf was
mpnito:ed at theApower supply in terms of millivolts across a
shgnt resistor, which yave 4Q amps/mV. Measurements were made at
47.93 +.1 mv, 4Z.75¢ .05 mV, and 75.0% .05 mV. At the last two
values, Hall probe measurements were made for.comparison with the
previously compiled data. 1These measurenents revealed a 10,9 mV

offset on the shunt voltage, which required a correction

coefficient varying with magnet current. The ~ first two

69

measurements,with their respective correction factors,yield P 's
£ o

of 262.1 MeV/c and 265.5 MeV/c, and thus beam momenta of 14,75



and 14.95 GeV/c.

Binally, the high pressure Cherenkov counter uds used to
estimate the beam momentum. The efficiency ¢ of the RCA 8575
phototubes wvas trlotted as a function of frequency, and divided

into eight frequency intervals of width L . At the . center of

of CO2 was calculated
i A

eagh ingerva;, the indgx‘of tefraption n
from ;n gmpirical dispersionArelation <38>, norma;ized to the
.obsepveﬂ ipde% ét 5460 2, <398>. The #Qér;ge index Qf rgf;action
was obtained by ev;luatiné n ¢ b /Be b % n = (7.25 1.05;10—3.
PR : i1 i1 s L

This value, combined with the cose=.99u7831.000Q3351.pf the
_di?ﬁerehtigl Cherenkov ring,_yields a beam momentum vof Au.81.2
GéY/c. .

_The{ beam momentum as finélly used in the dgta analysis was

M.8% .2 GeV/c. Superimposed upon this is a +3% momentum spread

allowed by the central momentum slit collimator.
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APPENDIX C

o

- EEAM PRCFILE MONITICR

A MWpPC, similar to those wused in the front of the

am oL

3

spectrometer, with both X‘:and Y modules, was set up downstre

BN

the target to monitor beam positior and size, see Fig. 5 .
Wires were grougped together fcr an effective 3/8" resolution.
o ’ : : B /- J P

gach 4group of three wires was attached to an integrator
consisting of a 22Ma resistor and a 500pF capééito:. This in

turn was connected to an MOS switch. The circuit is given in

Fig. 41 . The inteygrator accurulated charge from the wires,
which was read out when a scanner closed the NGS5 . switch. The

scanning device consisted of a_sg;ies of §hift reéis@e;si As the
one "op" bit was seqpéntially shifted along, i@ Opefatgdltne MOS
switch attached to that register augéqp;' The ouféﬁ;s of all the
MGS_switche; were summed togethcr,AAWPiified,-aqé génﬁAout éver a
505 cable té Ee displayed as a‘bean p;qfilen;iﬁtog;émlgn an

oscilloscope.




APPENLCIX L

CIFFERENTIAL PICN ABSOKBTION

Checks were made on the contribution to the asymmetry of the
+

differential absorpticn of Jr and T by nuclear matter ‘in the

spectromefet. The difference of the ﬂf and T cross séctions on
' pro€dhs vere aﬁeréged over the momentur spectrum of gfpions to
"“yield& - + = 3.94.9 mbyproton <40>.

(- { , P - + -

It is known that G(i p)=@RAT n); s(iTn)=o{7 p). For the
isdtépicélly pure nuclear states, (I=0), of carkon, .oiygen,' and
nitroéeﬁ, . the' bucléér intéraction‘ effects cancel; however,
coulbﬁb etfects and the'interfefente of the coulomb and ‘strony
‘interaéticn do yield differential awvsorptions for these nuclei.

iheq épparatus contains 1.C1 gram/c'En2 of excess protons,
méinly fram ligquid hydrogen and IWdter, and .031‘ gram/cm2 ~of
“excesé -héuttbns from flucriné, aluminum, chlofine, and“argon.
Shieiding of these neutfons by other nucleons eftectively reduced
the neuatrcn density by about a factor of three, for an éffective
difference of 1.01‘- .031/3 = 1;0 gram/cr of excess protons over
néutrons,

-

We define ¢ as the differential probability of a / being

+
absorbed in the spectrcmeter with respect to a i .

' 23 =217 -3
Then g = 1.0 x 6.022 x 10 x 3.9 x 10 = (2.35+.54) x 10 .



Lt we split g up Letween an attenuation cf jT and an enhancement

+
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+
of 7 cross sections, then the measured N can be represented as

!

+

' Nt - (1+gs2), and ¥ as: N .~(1-¢/2); . Propping. the . subscript
rue

true
“true®, we find that the asymmetry .
+ - . + -
5= 8 (14g/2) = N (1-8/2)) /(N (1+8/2) 4N (1=8/2)) - :

+ - + - . .
X (N =N ) (N 48 ) + g/2.=9 '+ grri
true

- 3 o
''So ‘that © k%= @g/2 = (1.174.27) x 10 = is the contributicn to the

asymmetry. - ! Sy

The coulomb interaction irntroduces a -.second order ettect,
.decreasing = the 'ﬂ+p cLoss section .with:respect to the ﬂ:n'cross
section ‘and’ increasing .the ﬁ;p.cross section wWwith 'respect to that
of ﬁfn. For cur detector, the javerage Z:of the: nuclei was <=7,
the total mass uas'8.58 gram/cmz,.and=the averageupién momentum
was 2.01 GeV/c. As‘shOHn'in.<u1>, thisvyieids -an. .asymmetry of
. (4.45%.02) X 10

The interference of éoulomb and strong forces tor a pion
within the nucleus yields. a .chargye asymmetry which may be
estimated wusing optical model calculatiorns, aS shown‘in <41>.
The asymmetry was estirmated to be (4.87+.44) x 10-%,'<u2>;

The  total cdntributipn to.: the <charge . asymmetry - from
dif ferential 77 * absorptior in the spectrometer arms was thus

- =3
2.10%#.52 x 10 . ©We enphasise that this is an estimate, and. may

be off by as much as a factor of two.
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FIGURE CAPTICNS

-1- A) Coordinates for Pp-21+2+X
B) Acticn of PR on ﬁp-91+2+i
C) Action of CR on Fp-»142+X

D) Action of CP on Pp->1+2+X

’ ~ ' : 4 . C o+ - I R
-2- CHS angular distributions for yy and 77 1n Pp=>r 77 7 T at

2.32 GeV/c.
-3- CMS charge asymmetry in ip—)anything at 22.u GéV/c.
-4- Schematic representation of the 14.8 GeV/c beam line ‘at BNL.
:-5- Plan view of the double arm spectrometer.
-6- A plot of ﬂf, K-, and'gﬁ fluxes in the quh Energy
.'Unseparated" tear at BNL.
-7- The high ©pressure <carbon dioxide differential Chéfenkov
Cohntef.
~8- A) Light buckets for the beam Cherenkov counter
B) Aperture mask for the team Cberenkovvcounter.
;9- Pressure curve of the beam Cherenkov>cbunter.
-10- The liquid hydrogen target flask and vacuum box, end and
" side viéﬁs.
-11- Schematic representation of the 1liquid hydrogen filling

system.



-12- Schgmatic ggpresentat%on ‘of‘ the ,'flip 5qgi} voltage
integrator.
~-13- Measured devigtiéns pf thg 18036 ,g}eld frpm théltpentral
~value, in units 9£'.01x,~ )
-14-.39Ftiqnal viey oﬁtthe water differentialtphgrgnkov»copnter,
with a view of tﬁe rosette light mask.
’15f Mon;g-Ca:}q plqtiuqf:;the Eag}iqlg,sepg;agioq4iq,thg;wafer
. Cherenkov Hcopn;ef, basgd:pn thquA?Iinq:ametgr.
-16- A) Sectional view of a drif; qpamger_jplqhg,”»dempnst;ating
the offset - of the twc structural units
B) Sect;opal' view ong‘drift chqmbeg p}éne, g;th ghg doubled
“sqnse‘gndn 'drift wires, quon;trqt;pg thgi ggfini§io§b of‘ track
slore.
i17— Prift ;hamber eff}p;ency_withisiqgle‘d;ift_gﬁévsenéeiwires,'
g§}ngf . ethylene as the chamkber gas. Np;;ce:that thg efficiency
A at,the d;ifg;’ wire dces nog plateau at IQO%.
f18- D;th’cpamber efficiency with doup;ed Adrift; and sense
wires. Notice that the efficiency at the drift wire plateaus
muéﬁ earlier than in the single uiie case, and reaches 100%.
~-19- The circuit for the amplifier/discriminator card at each
sense Wwire.

-20- A demonstration of the functioning of the vernier clock.



-21- Drift time. versus distance plots for .ethylene and

argon-isobutane~ methane-methylal.

-22- The data read-out and reéordingststem.

-23- The track search routiné‘of the primary analysis program.

-QU-TA'typical plot used in determining the center and width of
the RATIO distribution for pions. The data are froh'the left
arm, requiring a - threshold Cherernkov 'signal of more than 3.5
counts, a partiéle romentum ‘of greater than 3.5 GeVyc, and a
particle c¢f negative charge.

-25- A sample plot used in determining the center and width of
" the SUM for a single particle. The data ‘are from the left arm,
fequfring a'thfeshold Cherenkov siénal of more than 3.5 counts,
and a particle momentur of gréater than 3.5 GeV/c.

Z26- A typical plot used in setting the proton limits in the GUT
paramétet; " The data are from the right arm, with a requirement
that the particle momentur be in the range of 2.2 to 2;5 GeV/c.

-27- A typical distributior cf particle identifications.




-28- A typical Pt. distributionéﬂ_ﬁhe”cuts required a positive

- pion in the' right atm, with a track intersecting . the. . target
vertically within one inch..  of center, and required that the

o o
».;angle of. the track be between 17.2 .and., 18.8 . in the lab,

falling in the central angulér bin; centered at about ‘809 cMs.

:-29; A typical plot of the water counter SUM frqmgghe.rigﬁt arm,
for  "opposite armﬂtqyénts,,requiping#that;a_part;cle track in
the left arm intersected thevfarget_yet@iqal}x,withinione inch
of center, and that . . the RATIO was:.in. the pion; region, i.e., =-.7
to..-.05. The data plotted correspond .to -103,676.events in the
‘ 1eft:arm., The events .within. the ,one | particle limits are
shaded... ,
~30- A sample data plot cf the‘uater.cqunter.BAIIO:from_the left
arm, fpf_ "opposite . arm" events, requiring that a éapticle»track
in the nigh£ arm intersected the ta:get-ve:tiqa;lywAyithin . one
.inch of -center, ;and that the  SUM was.within the oﬁg;pa:ticlé

"limits. The data plotted correspond to . 97,732 events in ‘the

81

right arm. The events which fall within the pion  RATIO limits

are shaded.

=31~ An example plot of the water SUM fcor "opposite arm". events,

with no cuts on the data. Events within the one particle

limits are shaded.



-32- A typical glot of the water counter SUM for -tracks in the

right arm, with no cuts on the data. Fvents outside of. . the
single particle limits are shaded.

-33- A plot of the water counter SUM for the right arm. Cuts
restricted - the momentum to the range 1.8 to 2.1 GeV/c, required
a track in the right arm to intersect the target wvertically
within oneb inch of center, and required a water counter RATIC
suitable for a proton, i.e., -1.2 to -.7%.

-34- This is the séme plot as seen in Fig. -29-, partitioned to
"demonstrate the .effect of the proton momentum on the range of
- woprosite arm” slcw pions which were ccmbinable with a proton.

-35- A plot of the water counter SUM for the right arm. Cuts
restricted the rmomentum to thé range Z.1 to 2.4 GeV/c, reguired
:a track in the right arm to intersect the taréet vertically
within one inch of center, and required a water counter RAYTIC
~suitable fcr a proton, i.e., -1.2 to -.75. Notice that the

proton peak has moved cut frorm zero and is broadening.
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-36- A plot of the water counter SUM for the - right arm. Cuts

restricted the momentum to the‘rahge 2.4 to 2.7 GeV/c, required

a track in the right arm to intersect the target vertically

within one inch of center, and regquired a water counter RATIO

suitable for a ©grotcn, i.e., -1.2 to -.75. Notice that the
proton distribution is becowming broader than in the previous
figure.

the right arm. Cuts

-37- A plot of the water co;;lé;4$ag.for
restricted the momentuéy;c ¥$é:f;n§é 2.5;£6 3.0 éé;/élvkééuired
a track in theﬁfight' érﬁwfohhintersecfi tgéu t;fg;t.JQeftically
within one %inLA of ceﬁtér,»and .reqﬁiréa 5‘;égéf cé;ntér RATIO

ERC

suitable for a proton, i.e., -1.2 to ~-.75.

-38- A plot of the final data points.
~39- Plan view of the spectrometer with the 48Du8 magnét and

scintillator scanner in the beam line, as used for measuring

the beam momentume.

-40- A plot of Hall proke voltage versus magnet current, (given

N 3

~ in mV shunt, with 40 Amps/mV), for the 48DUB magnei.

-41~- The circuit for the beam scannér read-out.




TABLE CAPTIONS

-1- Locaticns of the‘scintillation counter statibns{f'The center
liné of the magnet in each arm is the origin, and4is'509.56
;foml_ the centér‘of the target.
_2- Locations of the wire chambers in each arm. The center line
of the magnet is the origin.
-3; Activé areas of the wire chambers.
-4- Secondary analysis cuts and rejection rates.
-5- Sumﬁary of particle identification criteria.
-é- Pioﬁ ‘charge asymmetries 'and data with no cbrrections;
antiproton incident on tatget;
-7- Pion charge asymmetries and data for: tatéei empty;
antiprotoﬁ incident on target.
';8—'Pi charge asymmetries and data for :éntiproton “inéiaeﬁt on
target; with target empty correction.
-9- Pioﬁ éhafge_asymmetries and data for negafivé piohs ihcident
on targei{ with targef empty and proton misidentiiication

corrections.




.o b £ TR

-10- Pion chargeiasymmetries'and data for antiproton incident on
target; with target empty and proton misidentification
cdr;ections{"
ST A3 . . ) . o
-11- .The - .charge asymmetries extrapolated to . 90 cMs;

déhbhétratihg " the pioﬁm“ihcident‘*baékgr0und”%$ubtfaCtion, and

summarising the results.

.
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LOCATIONS of WIRE CHAMBERS Table 2

G

1 2 1 - 2 1 2 1 2

1(DC) -87.39 | -86.28 -84.37 ~83.26 -87.56 -86.41 -84.53 -83.33

L(PWC) | -80.75 | -80.75 | -81.25 | -81.25 | -81.25 | -81.25 | -81.75 | -81.75 |

hY

A m34.57 | -33.50 | -37.63 | -36.54 | -35.28 | -34.20 | -37.53 | -36.41
3 42.84 43.83 46.06 47.02 42.74 43.73 | 45.95 46.96
| 4 83.69 | 86.38 Lo b sas | 86.37
i | . 92 e Sy .
|
ACTIVE AREA of WIRE CHAMBERS ... 4
l 6" X 6" :
2 7" X 14"
3 10" X 36" PR
4 16" X 54"
~ LOCATIONS of SCINTILATORS : ..
s1 -94"
52 50"
S3 90"
" Table 1
‘ S4 138

S5 186



Table 4

SECONDARY. ANALYSIS CUTS

R L

Counfers o 3% : .QO4Z
Number of
Hits, X 10.9% ' . 9.6%
1.5 to 6.5
Number of
Hits, Y 2.2% 2.3%
4.5 to 8.5

.-Standard Dev.
of Track Fit, X .04% 2%
0. to .125
Standard Dev.
of Track Fit, Y A7 .92
0. to .150
Required Track
in Front, Y 6'ZA\ 6.2%
Required Track 9% 1.3%

in Clamber 3X



" Proton

1)

“ 2)

* Kaon

-2).

1,

" Pion -

'li

PARTICLE IDENTIFICATION CRITERIA

Momentum less than 2.8 GeV/c
OUT. less than 15

Momen tum greater than ‘2.8 GeV/c “I; >
Threshold counter 1ess than 3.5 counts

COrrect RATIO

SUM greater than 60 (70)
‘SUM less than 160 (170)
Correct RATIO ‘

Threshold counter greater than 3. 5 counts -

Momentum greater than 2. 8 GeV/c"

SUM greater than 60 (70)

‘SUM less than 160 (170)

. OUT greater than 15 (17)

Moméntumlless than 3.5 GeV/c
SUM greater than 60 (70)

SUM less than 160 (170)
Correct RATIO |

OUT greater tﬁan l57(17)“

Table 5
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45,2

42.5
37.7
35.9

362
37.6
4n.6

4len
37.9

36,9,

18.5

2n.5
2249

19.2°

19.3
17.5

17.0
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POL ARM THY FULL « FuLL - MT MT. - FULL-MT » FULL=MT - DELTA : (DAa+DB) /2

1 2183,.8 1686,.8 226.2 167.3 1791.5 ¢ 52.5 1394.0 + 45.0 12608 & .0218 <.0651 ¢« ,.0152
R 2 2272.7 1765,.2 193.5 1700 193441 2 53,2 1467:6-+ 45,9 21371 ¢ .0208 «.0179 &+ L0147
. 3 2533.0 1920.2 176.8. 166.9 2223.6 & 55.9. 1628B.2 ¢+ 47.6- .1546 &¢. L0192 -.0133 &+ .0134
A . : . : : ‘ :
1 2163.0 23R5.4 261.6 2B6.6 1705.2 ¢ 52.7 1883.9 & S6.2 -.0498 «0209 «s0433 ¢ 0141
L 2 1807.7 1969,0 199.5 213.4  1458,6 + 48,1 1575.5 + 48,6 -.0386 » «0224 -+0177 &+ L0153
3 1696 .4 1660.8 159.7 165,11 1416.9 & 46:2 1607.0 ¢ 46,1 .0035 & ,0223 -.0059 & .0159
i 1 1665.6 2380.9 16B.4 22546 121446 & 62,9 2066.3 ¢ 52,6 -.2550 ¢ 0212
| R 2 1566.0 2229.8. 141.6 206,8 1355,1 .2 43,9 19c1.6 ¢ 50.9 -.1729 ¢« .0208
; 3 1408.3 2604.8 160.« 199.9 1599.1- & 47.2- 2307.0 & S6,5 -.1812 » .0187
1 2173.8 2350.2 216.0 2373 1854.9 ¢ 51,5 1996.6 ¢ S52.4 -.0368 + +0190
2 1846 ,7 1890,.2 171.8 209.0 15887 + 47.6 1578.7 ¢+ 67.3 .0031 ¢ .0208
3 1596.6 1696,7 151.8 190.4 137046 ¢ 44,5 1413.0 ¢ 44.8 -.0153 & .0226
1 1638.y 1627.5 16146 1926 135543 ¢ 44,8 117846 + 41.3 <0698 o «0237 -.0615 & L0170
2 1714.9 1453.6 167.7 128.2 1421e6 * 45,9 1229.3 + 41.3 20725 = .0231 -.0198 ¢ .0163
3 1923.2 1503.9 166.6 1505 1631.7 & 48,5 1240.5 & 642,06 <1362 ¢ L0225 0219 =+  .0154
| 1736.2 1807.7 20645 22840 137B.3 & 4h 7 140B.7 + 67,3 -.0109 & .0237 ~e0272 & 40164
2 1359,.2 1438.8 158.3 66,3 1082.2 & 41.4 1151.3 & 41.9 -.0309 » . 0260 -.0196 ¢« .0180
3 1224.5 1223.1 126.8 118.4 1002.7 + 39.1 1015.9 ¢+ 38.1 -.0066 & «0268 -.0146 ¢+ L0183
1 1252.1 1640.6 152.4 165¢1 102540 s 39.3 1394.6 ¢ 43.8 ~+1528 » 0262
2 1348,06 1659.5 136.6 151.0 1165,1 & 40,4 143446 & 43,8 -.1122 » 0230
3 1549,5 ° 1872.6 128.6 160.0 1357.9 & 43,1 1636.,3 s 46,3 -.0926 2 .0211
1 165007 1785.3 203.6 21109 13‘0703 * ‘05.1 1‘00905 * ‘0601' -e 434 _’. '0227
2 1373.3 1402.7 159.9 167.0 1i35.0 ¢ 41,1 1153.9.+ 40.9 -.0082 » « 0269
3 1151.3 1244,1 88.8 119.6 1019.0 ¢ 36.9 1066,2 &+ 38,90 -.0226 ¢  .,0249
1 KYAANT 365.0 3440 59,0 286.5 & 20,1 2618 & 21.6 «0616 &+ L0531 ~e0697 »+  .0363
2 “19.0 359.0 - 3240 56.0 363.0 ¢ 2148 261.0 & 21.4 <1635 o 0687 -.0207 ¢« L0339
3 S24.0 © 425.0 52.0° 45,0 433,0 ¢ 26.8 366,33 & 22.4 21113 & « 0626 «0042 ¢ «0302
i 367.0 45640 5040 57.0 279+5 s 21.3  356.3 s 23.6  =.1207 +  .0491] -.0975 + 0350
2 373.0 359.0 43,0 59.0- 297.8 ¢ 21.2 255.8 + 21.5 <0759 o 0544 -.0044 ¢ L0373
3 305.0 329.0 4640 36.0 224.5 » 19,6, 266.,0 ¢+ 19,8 -.0846 ¢° L0552 -.0673 ¢«  L,0377
1 72R9.0 411.0 36.0 48,40 235.6 : 1805 339.5 ¢ 22.0 -.1811 » 00“9'5
2 317.0 472.0 40.0- 55.0 257.6 + 19.4 390.1. + 23.5 -.2049 & L0473
3 420.0 519.0 49,u 62.0 367,02 22.2 406,62 26,7 -.1029 ¢ 0629
1 343.u 419.0 4340 6440 278.9 + 20.¢2 3723.6 ¢ 2247 -.07642 ¢ « 0699
2 2040 371.0 46,0 49.0 25145 + 19.7 298.0 & 21,1 -.0H4T & «0511
3 318.0 331.0 45,0 36,0 25140 2 19,6 277,46 & 19,6 -.0500 & .0512

Table 10




Table 11

CHARGE ASYMMETRIES
4
P, Bin (GeV/c)
i .48 to .67 .67 to 1.0 1.0 to 2.7
P Incident
R .0001 + .0148 .0343 + .0187 .0280 + .0390
L .0023 + .0171 -.0111 + .0216 -.0315 + .0468
(R+L) /2 .0012 + .0113 .0116 + .0143 -.0018 + .0305
Pion Incident
R .0497 + .0870 -.2033 + .1009 .0195 + .2230
L -.2186 i'f0§14 -.2095 + .1110 .0279 i_.3506
(R+L) /2 ' -.0845 + .0631 -.2064 + .0750 .0237 + .2077
’ (R+L) /66 -.0025 + .0021 -.0062-1 .0023 .0007 + .0062
’ P Incident
Minus - .0037 + .0115 .0178 + .0145 . -.0025 + .0311
Pion Incident
Systematic
Error + .014 + .009 i 0.0






