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| . Abstract . .

A proton-proton brerlisstralllung experiment ‘was performed with the objec-
. ! - ' - v
'~ tive of learning about the'off-shell nature of the strong force. Both the 5-fold

: )
dlﬁ'erentlal cross sections and the analysing powers for this reaction were h

L

- (22
measured in 320" bins over a w1de set of coplanar geometrxes from nexr on-
shell to far off- shell Events were generated thh a 280 MeéV polarxzed proton' ‘
beam incident on a liquid hydrogen target. Al three final state partlcles were

detected in order to keep background at a minimum. .

Prior to this experiment exis-tid’g‘ bremsetrdhlrfng ndata questi'oned the
validity of cdrrent potential models for the nuclear forée ‘inztile ‘of‘f—sh'ell re-i
glqas I%partlcular a completely on- shell approx1mat10n the Soft Photon ‘\
Approach (SPA) was held in favor over these models. With an xmprovement
in statistics of an order of magnitude,_we were able to ac"curartely measure‘the
Ccross éectiorls and analysing powers and ascertain the quentirative valid»ity

of the potential models.
i

_ The data is compared with a modern breméstrahlurig calculation with
input from two of the latest potential models, the%Paris and the Bonn poten-
tials, ?nd also the SPA The mgredlents that go'into these calculations are,

summarized in the following chapters.- . o .

This experiment is the first to give a diréct and clear indication of the

B

off-shell nature of the strong force and also represents the first statistically

-significant_measurement of proton-proton bremsstrahlung analysing powers.
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Chapter 1 )

Intro duction"

¢ &

"Ever since the complicated momentun: dependence of the strong, or nuclear,
force was discovered it was realized that even complete knowledge of the two-
body , i.e. elastic, interaction would not be eriough to determine a unique

‘potential for the force.. A full description coultj(gnly come through observing

f many-body interactions in conjunction with the two-body case.

1.1 Elastic Scattering and the

| gxestion of Uniqueness .

)

The objective of any elastic n<l:r;nucleon scattering experiment is to de-
termine the form of the strong in tion potential by observing the asymp-
totic waves of the scattered particles at a large distance from-the target

relative to the range of the interaction. In practice, one carries out numer-

ous experiments to obtain the scattering amplitude. The most general form

£

1



N
pression containing five complex amplitudes. Nine experii.. - are needed

to determine these 10 terms since they are related by an overall phase.

If the strong interaction were dependent anly on the separation of the

two interacting particles and not on their relative momentum, i.e. static,

then it would be possible to show that the the elastic scattering amplitude ~
as a function of energy uniquely determines the potential. In such a case

it would only be necessary to carry out the rine required experiments and

form the potential from the results. .

Unfortunately, nature is more comple in the case of the strong inter-

action. It is known that the force between nucleons carries a complicated
P

momentum dependenég in terms of effects such as the spin-orbit éotiplin‘}z;x
for example. In thi“s case'the potential can(no%e uniquely determined from
the elastic scattering amplitude and in.fact it can be shown that v’there are
infinitely many potentials which give é_quivalent phase shifts. _(i.,é‘. These po-

i

tentials all fit the elastic data in any phése shift equally well.) Collectively

these are known as ‘phase equivalent potentials’.

The phase-equivalence arises because the elastic scattering amplit.ude 1s
determined from the wavefunctions of the particles in the asymptotic .jmit.
‘At large distances fromthe target the particles no longer feel the short range

interaction and are therefore essentially free. Thus the wavefunctions for

the scattered nucleons in this region only contain contry')utions front the so,

o )



< ‘ - 1)2,02 = E¢ —fn2_cf“ : '/ (1.1)

s - : .
However, the wavefun‘ction at small distances has contributions frorn"n'lo-
P
menta that are also off: s}&eﬂ By ﬁttzﬂg momentum dependent potentlals {0
l ~P« .

K ;;;.-v'f' e
elastlc data one jhesslgr %* tarantees equnalence on n-shell but it would onl\ :

’4

a”'/ 5 5
be fortuxtou.s 1f h.ev hgd “the correc,t off- szhell behax ior.

2

e ' .
What is needed then to probe the off shell contrlbutlon to the nuclear

force is -a.nAmteractlon 1nvolv1§g three or more' bodzes. In this many-body

-

interaction a’scattered wave could impinge on a third body' before reaching - -

.- its asymptotic form. Put another way, it is not necessary for eneréy and
“.momentum to be conserved in eath two-body interaction as long as they are:

conserved in the overall system.’

‘. . ' ~

i : -
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1 2 Many-Body Pxocesses and

Oﬁ'—shell Effects .

‘ ’Theheffect of the off-shell contfi.butio'n has important consequences in all nu-

clear many:body pfoceja;ses. Aside from bremsstrahlung some of those which
~ have been used to study the off-shell behavior of‘the strong force include nu-
‘_-‘clear matter calculations‘, -deuteron break\ip, a.nd knockout processes.1 Con-

P - .
cermng nuclear matter ca.lculatxons there is an on-going effort to reconcile

For a review of these processes in relation to the off-shell behavior of the strong force

see [1).



energ1es w1 th the obser\fed valués The cross sectlon for'deuteron breakup, es\- )

»:;pecxa.llv at. h1 h mornefltum transfer to the neutron is found to be cr'tt;callx

.:v'sensltlve to the oﬁ shell behavror of the mteractlon l\nockout reactionsy
such as qua51 elastxc:(p,..p) scatterlng have been fouhd to provide “nsight _

- 11nto oﬁ'—shell behavxor partlcolarlv below ;00 ‘\Ie\« 1nc1dent energv These

t results hOWe’»er are. E&nphca’ted mamlv due to huclear dlstortxon effects and -

o _— s v
: 'multlple scattermg

The rnost diréct approach both e\cperlmentally and theorethally, to ob-
taining off shell mformatmn has beeh through reactrons of the lorrn N+ N -
N+ N ‘-{- 7 or, nucleonfnucleon bremsstrahlung; ‘First, althou_gh this is a 3
-bcily'stem, only ‘2‘-b'o':clie’s are stro'ngly’ interactin'g_. Secondly, for the two
mlc'leon system, ‘b.remsstrahlung i‘s'the first of‘f-Shell process that occurs \With ‘

mcreasmg energy. ThlS mleans that exper;mentally, complxcatlons arising -
‘from other off-shell processes t:o‘r‘ example pion productlon can’ be avoided
by staymg below the, thresholds of these progesses /Brem‘sstrahlung 1s also
| easy to handle the )IPtIC&llV since the form of the electromagnetlc interaction’
1s well descrlbed by GED and its weakness w1th respect to the strou. force

allows the use of pex:tur Hation methods in partlcular~ the Ulstorted Wave

Born Approx1mat10n. ] . L e

s ) . . -al,g ;:-
2Pion production is in fact the off-shell process that occurs next for the two nucleon

system with a threshold of approximately 299 MeV lab energy.



leon-Nucleon Br'emss’tral_xlUng

In bremsstrahlung two nucleons in the initial state go to :l‘wo nucleons plus
a photon in the ﬁnal stae. Off shell elements arise because of the 1nterplay
between two interac' ;. the electromagnetlc and the strong 'Ilhe electro-
magnetic lnceracfiox'l s the photon t_akes awcay momehta from one of the
nucleons allowmg 1t g ihteract‘strong"lyoff—\:}he-energy-shell, i.e. such that'
equation 1.1 uo longer holds. This nucleon has become a ‘virtual’ particle_
as it is not poss:ll;l\e foza ‘real’ per,.tlcle to emit a photon' z_arnd'simul‘taneously
conserve both ene{rgv and.momentum.' The nuc-leon goes back on-the—energy—

,shell le. becomes a real pa.rtlcle by 1nteract1ng -stronglv with- the other nu-

cleon. This process may involve pi 1oton‘3‘em1351on frorn mternal meson l1nes

mediating the strong force, or double scattermg in whxch the photon 1s emit-

f:

ted after a strong i

‘until a subsequent sty g"'interaction'.'"

~Both ppy and nm experxments have been performed in the «past3 Both :

types have suf’fered frorn a critical lack of statxstlc,s "due to the smallness of
- 7'3 v .
g & ;!

thexr cross section. - Although at 1ntermed1ate energl’es the npYy tross section is
approxxmately four times la.rger than the p‘ér/ cross dection, experlments w1th
neutrons are harder to perform mamly because of the much lower intensities
- of available neutron bea.rns Theoretlcally, np'y 1s also more difficult to handle
because oné pion-exchange currents must be” mcluded (see figure 2.5) and

' . .
! S

s

3For a complete list of references for experiments perfsrmed pnor to 191 Isee the rev1ew

article by Halbert [2] The more recent expenments %descnbed in references (3,4 5 6 7]
. ' |

teraction, but the\nucleon remains off-the-energy- shell

-

37



Fi 1gure 1 1 Nucleon nucleon bremsstrahlung Feynman dlagrams for (a) sin-

gle, and (b) double scattering.

£

there are twice.a§ many - partial waves to calculate: the total wavefunction

w

must be antisymmetrie and the identity of the .prorons in pp7v allows only

angul'ar momentum even singlet 'and angula.r momentum odd triplet»st‘ate's.
\

For these reasons a modern’ pp7Y experiment was initiated by the limver-

- sity of Alberta group at the TRIUMF cyclotron fac111ty with the Ob_]PCthG‘r 3

of learmng about the off shell behav1or of the strong force Spec1ﬁcall};:‘3e '-

goal ofcthe expenment was twofold First, to determine whether an exi
madern potentlal would fit the éxperimental data in an off-shell reglon. To
this end, a modern calculation with input from the Paris and Bonn'pogen-

tials was initiated at TRIUMF 4 Secondly, a question as to why all previous

4H. Fearing and R. Workman performed the calcilations. See (8] or [9] for details.

"’1 o ' . ) »‘),
. . /

) hat



wents of accommodating the detectors and the beam line.

~]

JV
bremsstrahlung experiments eemed to agree b st with a calculation which
contains no off-shell input, /the Soft Photon Approximation (SPA), appar-
ently better than ‘with poténtial models_, had to be ‘investigated. This ap~
’proximation is expected to he valid iny in the on-shell lirnit, i.e., where the

o ' . L.

photon’s momentum goes to zero. ‘Such agreement could only indicate some
kind of accidental cancellation in. the off-shell terms for the bremsstrahlung
procesfs. We wished to address these problems by not only measuring the

Cross sectlon, but also by mal\mg the first stat1st1cmly significant measure-

ment of the pp‘y analysmg power

The experlment was well sulted to the capablhtxes of TRIUMF since the
facility prov1des a hxgh 1nten51ty, hlgh duty factor polarlzed proton beam
_ within the energy range of interest.” Experimental advances over. earher ex-
perxments include; a lquId hydrogen target, glvmg a well defined volurne and
solid angles; detection of atl’ three final state partlcles giving a greatly re-
duced background' and a farge amount of allotted beam timie, approxnnately

A

1000 hours, giving vastly xrnproved statistics. A pyton engrey, of 280 MeV

' was chosen as a compromise betweth t(‘hﬁgh an -energy where p@t@nt;al '

models wouldn’t be vahd and too low an energy where the cross. sef:tlon 1s
-

smaller and approaches on—shell predictions. Proton polar_anglles‘ between

4

10° and 30° were viewed. The maxirnurn off-shellness of the interaction oc-

- —_— o —

curs at the smallcst proton polar angles The limit of 10°was set by the

1
»



Chzlpter 2 |

Calculation of the',Bférr}sstrahlung

-

Amplitude S
2.1 A Historical Perspective

It to.olf a number of years after the first bremsstrahlung e)spgrimeht before
a 'reasonably accurate theoretical description was given. The délay resulted
v_ma‘inly from improper assumptions about the contribution fré;n the dou-
ble scattering term when performing (k@; calculétion n the‘ cent;ar of mass
(CM) and lab coordinate systems. Initial estimates by Sobel and Cromer
(10] 19_63‘(SC)V concluded that the.doublé'. scattering term coritributes less |
than 10% to'the integrated pp~y cross section. As this term is extremely
difficult to calculatre‘ (there is a continuum of intermediate states) it was
ignored m their iniijal laboratory-. frame caiculation'utilizixlg a distorted-
wave Born-approxir;la.tionbwit»h input from the Yale énd Bfueckner-Gammel-

N
8-

-~



N " - 9
[ . .

. Thaler potentials'. The first experiment, performed by Gottschalk et al. (11}
at 158 ?\/IeV, gave cross sections smaller than those predicted by a factor of
four. Further experirh_ents .[12,13)14] at lower energies showed that _tl.ie dis-

o

v i
crepancy became worse.

Duck and Pearce.[15] 1966(DP) made an.independent calculation of the
ppY cr‘oss section using'the S,{G"férma.lism, also omitting the double scattering

| term, but this time doing it' in thé CM frame. Th‘ey found agréement with
~ the data at 158 "MeV and, aft‘ericp»rrectin.g a numbér of errox*s)in both their
calculation and the SC formalism, reasonable fits were also obtained at lower’_'

-

energies.

" The DP and sC disgrepancy was finally resolved by Signell [16] who
first obtained an analytical description of the single- and double-scattering
£erms for low incident i)roton momenta. He found that in the laboratory
frame the single- and double-scatté;ing terrlns wefe both large and of opposite
'ﬁign: In the CM frame, the single-scattering term was small compared to
its Jaboratory counter-part and the double scattering term was negligiblé.
The conclusion was that low energj"'calé‘ulations done in the lab frame must
ir.lchide both.single— and double-scattering terms where as in}the CM frame,

calculation of just the single scattering term suffices. At high energies it is

: - , :
now realized that both terms are important regardless of the frame chosen. .

So far, only Brown [17] has calculated double scattering terms, and only at

low energies (corrections to the integrated cross section were found to be 10-

10lde:. phenomenological potentials fit to the data with a large number of free

o~

‘parameters.

iy
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-15% at 158 MeV), but there is now, an effort by Fearing [18] to include double
scattering terms in a gauge invariant calculation based g):'r'{‘the modern Paris

o

and Bonn potentials. This calculation contains many corrections, -such as

Coulomb and relativistic effects (extensions of the relativistic spin corrections

of Liou and Sobel [section 2.2.4}), not before included.

2.2 The ppy Amplitude

. This section outlines the steps involved in calculating the bremsstrahlung am-
plitude. To elucidate the process somewhat we first consider bremsstrahlung

of é charged particle from a fixed, purely electromagnetic field (figure 2.1).

-
r4

_ real

real particle

4
virtugl particle
fixed EM,  virtual \
field. hoton

real particle

ﬁigﬁre.Q.lz Bremsstfahlung of a charged particle from a fixed, purely elec-

tromagnetic field. -



L 11

In this Feynman diagram, a real charged particle absorbsa virthébphqton
from the electromagnetic (E.M.) field. Four mo}rientlim ’coﬁser’vation %equires
that the proton become a virtual particle, (i.e. it goes off-the- ene’rgv shell)

before emitting a real photon which puts 1t back on the energy shell

The case of nucleon-nucleon bremsstrahlung Is more com‘phcated since
both the strong and the electrornagnetlc forces’ play a part Two classes of
bremsstrahlung arise: external and mternal emlssmn External emission, or

single scat't:ermg, has the photon emltted from one of the off- shell lines of the

proton before or after the strong interaction. External emission 1s depicted

in the following diagrams.

- L -

p1 g p2

pl vp2

Figure 2.2: External emission diagrams.

s

In the left most diagram of figure.22] the acceleration proton 1 (p;)
experiences in the field of protqn 2 (p3) causes it to emit a photon which
puts p; off- the—energy shell. It ﬂicn mteracts strongly at S with p puttmg

itself ba.ck on the energy~she11 Four such diagrams are drawn corre*spondmg

M \‘



_to photon emission from the different proton lines.

%

Internal emission, which includes double scattering, has the photon cou-
pling in scme way to the internal meson liries which mediate the strong force.

This can be 'divided int\several classes. ' - -

‘1. Double scattering, figure 2.3, where the photon is emitted after a strong

(St

Figure 2.3: Double scatteriﬁg.

interaction andvthe proton remains oﬁ'—thev-c‘:'riergy shiell until a subse-
quent strong interaction. As mentioned earlier, double sc‘attering is
considerably more difficult to calculafe because of the éxrjerg.y contin-
yum of intermediate virtual states (gn can have any valué).

A

to

Radiation from internal emission lines, for example;

(a) for ppy, p or w radiative decay, figure 2.4, where the p or w vector

mesons decay eléctromagne’tically into a pion and a photon.

ld

(b) for npy, pion bremsstrahlung, figure 2.5, where the charged pion

mediating the strong force interacts electrorhagneticallyy with ei-
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. Figure 2.5: Pion bremsstrahlung.

3. Delta’ excitation, figure 2.6, where a pion excites a proton into a A

L)
resonance whichrsubsequently-decays electromagnetically into a proton

* | [
/
;

, and a photon. —

v

4. Radiation from the momentum dependence of the nuclear potential,

figure 2.7. Such terms are generated when p'is replaced by p — ed in

©
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the potential, (section 2.2.2). Diagrams like those of class 2. and 3.

may contribute to this diagram.

Figure 2. R,adlatlon from the moment:im <1opendence of the potmtlal

R _‘{M’ ‘.,-?’
The object of a theoretical calculation is to determine an amph‘tu’ﬁeif,or.-. -
L2

each of the diagrams and then obtain etperlmentally measurablo quantiélr*s ,

such as; the cross section 0 — ¥ |amplitudes|®; and the anal ysing’ pggﬁffa g

YR
A, — (o1 = al)/(o"+ o!). Here 0! | o' are the cross sections for:




. . oL ..
outlined next. We follow an older but comprehensive description by

Yy ¥ B
ool
N

. ! . i \,},g“ i
and Sobel {19] , and a very recent, (1985) , calculation of the cross sectiomgy

. e
and analysing power from modern potential models (Paris and Bonn),"by}'i_“\:;

Fearing and Workman [9,8]

2.2.1 Preliminary Remarks
.

The approach is to obtath an amplitude from a potential via the non-relativistic’
Schrodinger equation. However, as Liou and Sobel point out, parameters of
the potential are detérmined by fits to real elastic sc.attering~ data which
is inherently relativistic. Therefore it is reasonable td expect that such a

strictly non-relativistic_treatment suffices for a bremsstrahlung experiment

which is only “somewhat” relativistic at 280 MeV.Relativistic kinematics
are used throughout and the electromagnetic interaction is treated relativis-
tically to order (K. E., o100/ Mproton ). Also, terms which go as a? and higher

are neglécted because of the weakness of the electromagnetic coupling.

2.2.2 The Electromagnetic Interaction

L4

The electromagnetic interaction between the two protons is brought into the
equationof motion by‘replalcing the momentum operator in the 'Schrb'dinger
equation, p by p - eA(F, 1), where A is the operator form of the vector
potential. This replacement is known as ‘minimal electromagnetic coupling’

sitice only one constant, e, is introduced. The coulomb gauge, = 0, V-4 =

S
ST
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0, is chesen for the E.M. interaction with the vector potential conveniently

written in'terms of photon creation and annihilation operators
i

Here h = ¢ = 1, kg =photon energy, € =photon polarization. and the creation
. T )
and annihilation operators are defined by

{ <E|aT|0> = 1

< kalo> = 0.

K\

The interaction of the protons with their external E.Mfreldyretds a hamilto-
nian H. . A sécond term H? .arises when the substitution 5 — §— e (7. 1)

is made because of the momentum dependence of the nuclear potential. The

total E.M. hamiltonian 1s then

G

HCm:Hc:lm+He2m‘ (

!\)
%]
~——

Ve

For purposes of term identification and comparison, both a non-relativistic
and a relativistic calculation of the matrix element for the creation of a

pfloton will be made.

em

2.2.3 Non-relativistic Calculation of < /l.:|Hl 0>

The momentum operator p'is replaced by p—eA in the kinetic energy operator

-

(p?/2m), of the Schrédinger equation. A magnetic moment interaction —ji-B

is also added making the coupling no longer minimal. Here u = ;=ud and



—

B =9V x f{ with u = 2.793 a:;d where & 1s the proton‘s- spin. The non-

relativistic hamiltonian for the protons interaction with an E.M. field is then.

-
-

p—eA(Ft)? L = .
H:,(,:V‘R') _ (p ‘)n(l ) —7-(Vx A). (2.3)

Replacing 4 -vith s form in terms of creation and annihilation operators and
neglecting t-1:1:s of order a? and higher, the non-relativistic matrix element

for the creation of a photon is
S etkot 2 o u A' B i
< k|H,,[0>= —e 7 > [e-pg +igd; - (Ex k)| ™7, (2.4)

with the kinetic energy operator subtracted off and where the sum over j
accounts‘for the two protons. '

2.2.4, Relativistic Calculation of < l:’ngm|O >

The relativistic equivalent o%chradinger eqﬁation is the Dirac equation,

..0v
5 5 = HU. N (2.5)

For a proton in an electromagnetic field?

H d‘-(_ﬁ——e.-‘)+'ﬁm+e¢+ﬂ;n—1(u—1)(id‘-E—6‘-§), (

2
(=7)

where & and § are the 4 x4 Dirac matrices. Equation 2.5 is a four comi)onent
‘equation: two energy components plus two components of spin. It is possible

to reduce this to a two component positive energy equation for the proton

1Gee for example, Bjorken and Drell. The last term is due to the anomalous magnetic

moment of the proton
i
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by applying a ‘Foldy-Wouthuysen' transformation [20]. This transformation
- .removes the srhalL negati':'e e'n‘ergv co‘mponents\from the Hamiltonian to any

desirsd: Drder of the klnetxc energy of the proton over 1ts mass ( ) Suxh a ¢
. ? .

, tra.nsiormaktlon is us&ﬁuj n tb,gpresent case and we choose to go to th1rd order~

where J"} ggg)@& small The resultmg two component equatxon to
AthlS order takes th’g for,m
- . ) 0@ ' . S :
v . H @ =1, —_— a2

‘with

and

Smsus‘l A+ AP+ 0 A+ A PR (2.9)

LU

>

In_the Coulomb gauge and neglécting-the relativistic correction to. the pro--

ton’s kinetic energy

P . H/.=vm+9—,+HeFmW- e R

~m . - \'.*n‘ "
Terms 1 and 2 of equation 2.9 togetlier with equation 2.8 make up. the
whole of the nort-lfelativistic ‘hamiltonian, equations 2.3. They are the majn

electric and mézgnetic contributions.. h Q
i L]
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The remaining terms of equation 2.9 are relativistic corrections to the

main terms. The third term — #i} . E; known as the ‘Darwin’ term, is

attributed to ‘zitterbewegun’: (In a relativistic quantum mechanical picture
. ‘ . .

the proton’s coordinate is not static but fluctuates over a distance §r ~ =-.)
Terms 4 and 5 are relativistic spin corrections. Bjorken and Drell [20] show

that these terms comprise the spin orbit energy which has the mare familiar
] ! ;o : B
form for a spherically symmetric potential. In this case the fourth term goes

e o | o Vg : , .
| I T T o
| . UxE=VxPr=0 .
' ) o -'0 8 %; . o ‘ N
" and the fifth term goes as o ¢« - :
~ ' - L
G- (Exp) .= === TXp 2
’ 1oV -

= --=—L§. I

Term 6 — p*(p" A) is a'rela‘tivisticl correction to the main electric term (term

1).

‘The relativistic matrix element for the creation of a photon by a proton

within a uniform electromagnetic field is then

¢

- ' PR O 1 ‘
<HEDM0> = Ne#{pi- 5 er &) |
cieex F-(1- ) [ Ee 2 E e
+220 ¢ [ ) ( 2u (m.+ Zm) k}} (2.10)
For a system with two protons in their mutual electromaghetic field the .

relativistic Hamiltonian is

2 ' .
Hl, =Y (H ) +HYY. (2.11)

)=1



Figure 2.8: External emission.

*

,:,,.g}'@
Asa remmder the super}scmpt 1 refers to that part of the total E M. harml—
tonian tha.t comes f{om the static E.M. mteractxbn between the two protons,
the sum over j §a.kes care of the .act that there are two protons. H&W'is
a correction term th’atﬁarises from a Fbldy-Wouthu’yseﬁ_ reduction of the-two

: particlke system.(Found to be small, i.e. =ffects the cross section by < 1% at

intermediate energies [19). )

g

2.2.5 Bremsstrahlung Amplitude
The total bremsstra.hlung amphtude can be obtained’ through the use of
Feynman dxagrams or by domg an analytlc determmahon of the Born series.

Here an association will be made with Feynman -dlagrar'ns deplctmg external

. and internal emission.

2.2.6 Exterhal Emission
o e —



The amplitude for the external emission diagram of ﬁgure 281is

<7, 04| Te|p ;> = < kIHFW +HAY(0 >< pl,pz + kIGo( )|P1, P2 >

< T+ FHE)IB, B > +- (2.12)

where - - 'represénts 3 similar terms for the other diagrams. The factors
have the following significance; < k|H FW 4+ HAFW)0 > is the matrix ele’
ment for the creation of a photgn: obta.ined’ from equation‘ 2.10; < p_’;, p_i:, +
EIGO(E)lp";: p;'> is the free proton propagator in the ir;termediate,'i.e. vir-

" tual state:

Go(E) = (E—H)"

~ the Lorentz invariant m(Ejk — p} - k)™
m ' ‘ .
= . 2.13
pIQ“k“ ( )

3o

The final term < p—i,p—é + Elt(E)|p’i,p’3 > is the two proton off-shell interac-
tion matrix obtained from a particular potential. Fearing et al. determine
this term by wr1t1ng it; in each partlal wave, as a product of the on- shell

mteractmn matrix and a half-off-shell function F1,

N

-

t(E, p}, a+1€ B, 53) “E(z»a,p;+ic‘,p:,pz)t,w,p@pa,pz,p;x (2.14)

,..\

where tl(E pl,pz + k D1, D2) = <p1,p2 +k|t1( )|p'§,p'§> This is then substi- -

tuted into the partlal wave momentum space Lippmann-Schwinger equation

which can be solved for FI The full external amphtude, including all four -

diagrams, is obtained from equation 2.12 with equations 2.10, 2.13, and 2.14.

1 5 oz ..
tokn <p'1,-+ik,p'2|t(E),|p1,p2 ?

1u

<3 RITelpi > = Nm [Ap



1

B

. Y -
L — < P PRR(ENG ~ B3 > —

Piu

+C

>

- < p’hzgélt(E')Iﬁ,p‘z — k>

1 55 7 ..
p/ k“ < pl’p12+ k‘t(E)|P1»P2>

2u

2u

0.2 | 3 h 12 :
20 +py-k+k L = 1
‘ dm? +z§al-ex k- 1—§;>

where

A = ‘é-p-'; (1-—-

B, C,.and D have similar definitions and correspond to photon emission

from the different proton lines. (These will be given explicitly after some
sifnplification. )
The last two terms of A, of the forms &, -€ x p‘;' and 7,-€ Xp—’; are due to.,ﬁhe

correction term HAF% . Liou and Sobel have shown, by explicit calculation

that these terms are negligible [19].

Equation 2.16 can be simplified by' noting that p° m? (or p*k/m?), is
small 'comp'a’recj v .th p, and that &, - € x EE"; is small compared with &, - é x %;i’
" since -2?,—1- ~k and therefore 2 ~ Z;ﬂ=>> 1.

These simp]jﬁcations give;

A= p e+i—“a‘1-exti—<b—§;);—°p‘g:,
B =7 e+4’-2‘ial exiﬁ—(l—i)%}_,
c = g e+%“; ¢ x :12-(1.'— 51;) %pﬂ,
‘ D 52__e+52'ic?2 ex’LE—(f—%)%z? (217)



Figurc _.9: Internal emission.

2.2.7 Internal Scattering

& 5

R |
_ The ampfli’tucﬁe fd’i‘ ﬁgure 2:9 is

S L o
(px,ﬁ’f,leflpuiﬁ (Panl(EI)GO(E,)(kIHl IO)Go(E)t(E)Iﬁl,z?z>

(m,pzl [1 +t(E)Go(tE’)T(kIH |0) [1 +Go HE) ”PlsPZ) (2.18)

Y

where, recall, H;"m results:from the p dependence df the nu‘iclear potential.

The evaluation of this amplitude is much more involved than that for

external emission (JTEI) because of t int rmediate,.momentu ver which

.an 1ntegrat10n must be preformed It has therefore bee usual to evaluate

¢

(IT p] ) to lowest order in an expansion in powers of k, i.e. keepmg terms

up to k. Exp11c1t ca.ljz’ulatlon shows that the second term of equatlon 18 "
’ W‘hlch results from the potentra.l s momentum dependence is of order k and

. therefore doesnt contribute. The first term, arxsmg from emlssmn fronr

] + O(k) and therefore does not °

internal meson lines, goes as o +p: e B

contribute in calculations done in the center of mass.system where p1 =.
—p,. The total contribution to the integrated cross section of the internal

. scattering terms has been estimated to be ~}I5% at energies close to that

- of the present experiment [17]. The recent calctlation by Fearing et al.qalso.
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takes the internal amplitude to zeroth order in the photon momentum over

the total available energy. T

2.3 Potf;éntial Models

P

The half-off-shell L matrix elements used in the calculations that are com-
‘pared with the data in chapter 8 were obtained from the Paris and Bonn
potentials. TheseAare: modern, theoretically based p;)%entials which desi:ribé
the force in terms of realistic meson exchanges. They l’dck the large numbe;
of free parameters of the more traditional phenomenological potentials such
' as the Reid a:nd Hamada-Johnston. Both.do’very well with thé elastic scat-
tering data below approximat;ely 300 MeV lab energy and also with deuteron

data. - ' ‘ N

2.3.1 The Paris Potential v

ad

This potential is based on dispersion theory at large and intermediate range
but with phenomenological short range input. The contributions to the long

and intermediate range parts are listed in figure 2.10.

. These diagram;s;}:fc:njrespond to; i) the fundamental second order process of

one pioh.excha.nge; ii) fourth order uncorrelated two pion exchange; mesonic

e S £

resonances (o, p,w and the ¢); iit) mic_:leonic excite’ciffés"'.th_d‘t"éﬂcbgi_f’r.ibutions; v)
higher order diagrams in two pion exchange. T‘he phenomenological short

' range contribution is obtained by adjusting f;hrameters to give the best fit
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Figure 2.10: Cfé‘r’yf’crbutions to the Paris nucleon-nucleon potential. Diagrams

u .
taken from reference [21] .. L
T j"r : Ty
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‘to all the NN phase shifts below J=6, for energies up to 350 MeV.

The géneral form of the full potential can be written

V(. E) = Viheor (T, E)F(T) 4+ Voren(r, E)1' = f(7)]
with E being the CM energy and f(r) a function that sharply suppresses
Viheor at distances less than ~ 0.8 fm and also minimizes the contribution

from Vjpen for r > 1 fm:

__(pr)”
f(r)___1+(pr)“' | -

with @ = 10. and p = 1.25fm™!. As usual both V.., and Vp}:m contain

central, spin-orbit, spin- spin, tensor and quadratic spin orbit pieces.

The theoretical part of the potential, Vip.,r, is found to have an energy

. . I
dependence only in iys central piece and here it is weak and approximately
linear below the meson production threshold. - Also, a best fit to the Liver-

more [22] energy-independent phase-shift data showed that the central piece

of Vipeor 15 linear with energy while the other pieces are constant.

The phenomenological part is assumed to be independent of r; leaving
it with only an energy dependence, and has a boundary condition imposed
such that it remain finite at r = 0, i.e. chosen to be a soft-core. With these,

the complete form of the potential is
V(r,E)=U(r) + EW(r)

where U(r) = Uspeor (r)f(r) + C[1 = £(r)] and W(r) = Wineor f(r) + C'[1 =
_f(r)]with C" = 0 forr E) thus has 6 free |

parmeters for each isospin state specified by the constants C,, C,,, Cr, Cio, Ci02;

and C..
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For the overall fit of the potential to the Livermore pp data, Vinh Mau
calculates a x? per data point of 2.5. If the theoretical part Vibeor (1, E)
is not linearized with réspect to energy but allowed to keep its full energy
dependence and a small énergy depéndence allowed f0£ the phenomenological
tensor pi<;ce inside the core, then‘zhe X2 pér data point goes to 1.7-and 3.0

for pp and np scattering respe.cti‘vély [21].

. ~ N - A
2.3.2 The Bonn Potential
The Bonn potential 1s a ﬁeld-tlgeorejtic approach that has, as its .anon- .

cha.riant3, time-ordered perturbation theory. It differs from the dispersisp-
theoretic Paris potential in that explicit nucleon-nucleon-meson and nucleon-

isobar-meson vertices are obtained and built into a‘Hamiltonian rather than

v

" obtaining a potential parameterized in Yukawa terms which relies on the

empirical data of 7N and nr scattering and an arbitrary phenomenological
2 :

potential for short range. The only phenomenological input to the Bonn

potential are coupling constants and cut-off masses (described below), fit to

np elastic scattéring/(iata below 300 MeV lab energy.

s>

The Bonn potential is “a comprehensive ﬁeld-theqfetic meson-exchz;mge
model consisting of all irreducible diagrzims (up to fourth order) which by
careful, reggonable and realistic consideration are to be included.” {23} The

diagrams of figure 2.11, plus ali possible time orderings, list the contributions

4

-

. to the potential [24]. ’I:Il}ese diagrams are parameterized in terms of the

3A non-relativistic theory can easily be applied to sta}nd'ard many body theory with

applications in nuclear structure. 7
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interaction Lagrangiafis: .

Tot 5yoap8,0,, (mim)

ps !

Lune = 9,006, (0,6)

LNan

Lwv = 90900+ 200, 0(0°6, = 2¢%) “(p.0)
| _ foAx —_— u ' }
LNAx = m, d"Tlpua ¢1r + h.c. 4 ) //(
| e | /
Lnoy = 2222005 T (046} — 0 5) + huc. 5
P mp . \)

where the symbol definitions are;
m is the nucleon mass, -
! : A}

m, 1% the meson mass, .

Y is the nucleon field operator,

#o 1s the meson field operator,
¥, is-a field operator describing the A-isobar, and o -

T is the isospin transition operator.
C ' |
Form factors F(®)(k) are applied to the meson-haryon yertices and are a

consequence of the extended, or quark?bag, nature of the hadrons:

RO
o= (555%)

-

-

: where{k = mon}e'x‘ltum transfer, A, = cutoff-mass, n, = 1 or 2 depending
on the coupling. (This form factor suppresses the contribution for high mo-
menta, i.e. small distance;.) A, is related to the hadron size and therefore
determines the range of the Suppressio‘}l. It is however, éhosen SO as to’give
the best fits to empirical data and found to range from 1.2 to 1.5 GeV.

.

Therefore, the above diagrams represent all processes up to an exchanged



Wl meson mass of >~ 1 GeV.

Excellent fits.to the c‘iata are obtajlned in all partial waves. Higher partial
wave ﬁts, res‘ultin'g_mal\jn\ly frdrn the 'one—rrwleson and 2m-exchange contribu-
tions, are in close agreement with dispersion theoretic re'sults. A‘When %
exchange 1 is supplemented thh the two boson-exchange diagrams contmmng
. 7 and p, good fits are also obtamed in lower partlal waves. Further mtroduc-

a

tion of the 7o* and mw, diagrams gives more consistency in the values for the
cutoffs for the 7NN and 7.NVA- yertices, 1.3 and 1.2 GeV respectively. The
model also gives excellent predictionsfor the deuteron and low energ& nu-
cledn scattering‘ i)ara.rneters: the scattering length ‘a’ and tihe effectiife rangé

: : )
‘t’ in both singlet and triplet stales [24] e

Although no explicit comparison to nuclear matter expemments has so
far been performed, it is suggested [24] that inclusion of the fourth uxder
. diagrams in conjunction with 1sobar exc1tat_lons has the effect of reducing

nuclear binding, i.e. better saturation: a problem that afflicts most conven-

»

tional potentials. =2
X

‘ /
2.4 The Soft Photon Approach

The basis of the Soft Photon Approach (SPA) is a theorem, attributed to Lew ’
[25] 1958, that fsays™it_is pos'sible to obtain an amplitude, Myn~, to zeroth

order in photot momentum for the process N + N — N + N + v from a

s ’ -
4 here stands for the sum of all 7z and mp diagrams.

,/\



knowledge of the N+ N — N + N phase shifts and the static electromagnetic
moments of the particles involved. As such, this approach says nothing about
off-shell effects, (it contains only ofi-shell input). It is however usezul as a

check on other potential model calculations as these two approaches should

converge in the limit &k, — 0.

What was interesting ‘about the SP.‘X., and 1n fact was one of the motiva- -

. tions for doing’ a new experiment, \Jas~ that data frorﬁ all priér__ PPy eiper-
irﬁents ﬁt‘ the calculation as ';vell or better than they fit potential models,
even in geometrie\s in which the interaction was known to be far off-shell.
ThlS unexpected rgsuﬁ in part motivated the present experiment which fea-
’%gé&reatly improved statistics and a measurement of the analysing power,

which, of course, does not have the associated normalization problems of the

cross section.

H

The derivation of the amplitude for ppy through SPA will be outlined .
below follovtring a description by Fearing [26]. First, the amplitudes for tzir(e
éxternal emiésion graphs (section 2 7.6) are expanded in a power series, for
both the p-p off-shell and the pho .n creation factors, about an on#uall
point. 5 The éx_ternal ‘emission gra;bhs contain ali the O(1/k) pieces plus

higher order pieces. To make the amplitude gduge invariant, further Q(k°)

=

3In'the Low prescription, the on-shell point is chosen as an average energy and momentam

transfer. Feshbach and Yennie [27] however, have obtained a prescription that ivoids the
expansion in energy: useful at low energies where the NN amplitudes depend strongly on

energy. -
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terms are added. One then arrives at an amplitude

2l
-

A -
MNM_ =7 + B+ Ck.

‘A’ contains kinemati®factors, the elastic NN amplitudes 7e:.\nd ohly charge
" terms frofn the photon 'c‘reation. ‘B’ contains kinematic fz;c‘tors, thve ela;tic'
amplitudes and also their derivatives, and charge aﬁd anomalous maghgtiF
moffeﬁt terms. ‘C’ contains all terms of higher order in ¥; i.e.” C=C(k).
| (Strictly speaking A and B are also functions of k but tﬁis dependence arises
from the kinematics and is completely known.) This term contains the off-

”

shell terms, higher oraer on-shell terms, contributions from internal emission,

and others.

- The cross section s
. A2 o
. do ~ k|Myn,|* ~ - 2ReAB" + (B? 4+ 2ReAC™)k + 2ReBCk* + C*®

where the k factor, multiplying the square of the amplitude, comes from

phase space.

The soft photon theorem says that the A%, 2ReAB", and the B? part éf
the O(k) term come strictly from oh-éhell information. Ikn fact, a theorem due
to Burnett-Kroll [28], ailows one to obtain the first two terms Az/k+2ReAB;,
from only a knowledge of the unpolarized elastic cross section, }i’.e. |Myn|2
For the spin polarized case, the ﬁrstwtwc_) terms in the polarized N’N+v cross
section can likewise bé obtained from a kn;)w'ledge o'f the polarized NN cross
section t?gough an extension of the Burnett-Kroll theorem due to Fearing

R

[29]. To obtain the B? term in either case, phase shifts are nécded.
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Fearing [26] has investigated the contributions of the various unknown
terms ‘to the’ dlfferenceS‘betV\een the SPA, a potential model calculatlorr :
(H.J.), and the results of a number of puor PPY experlments performed
at various energies and geometrles These are, a 42 MeV Manitoba [4], a 200
MeV TRIUMF [7) and a 730 MeV UCLA (6] experlment. In general both
the energy and geometry were found to be 1mportant factors m determm—
" ing which of the unknown terms were bemg investigated by the experunent
| Also, the SPA was found to qu_alltatlvely fit the data and quantltqt‘wely dif-
fer from it by amounts of the order of the size of the experimental errors. As |
chapter 7 indicates, this result no longer holds true in the case of the present “

-

A
experiment.
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A Brief Overview of th Experrmez?? ,
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5

This chapter is only an overview, intended to allow ‘f& reader to form an
integrated -perép_ective of the entire experiment. Cordplete and 'deﬁailed in-

formation on each component is left to the following chapters.

3.1 TRIUMF, The Facility

TRIUMF, an acronym fo; Tri (threé) Un@veféity Meson ﬁaci.lity, isa 500 MeV
H~ cyclotron facility that began operating in 1974 under the jbint dir.ec't‘ipn
of the UniVersi;} of Alberta, University of British Golﬁmbia, Simon F}a.ser :
University and the Uﬁiv%rsity of Victoria, the oéigin'al three B.C. .universities‘

having been jointed by the University of Alberta int 1968. .

g

Through the use of éccelerating dees, supplied v_vifh an RF voltage, and a :
magnetic dipole field, either pola.rized or unpolarized‘ H~ ions are accelerated
to any desired energy between 180 and 520 MeV. The beam 1s extracted

r

34 -
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by inserting a carbon ‘stripper’ foil at a radius app.ropi'iate to the required
energy. This foil strips the two electrons from the ion, leax?tng it a bare proton
of opposite (i.e. :p'ositive). charge thus causing a reversal in its direction of
curvature in. .th’e mag’éetic ﬁeld and resulting in the exit of the proton from

the cyclotron.

yTwo stripper foiis provide extraction at two diﬁ'e;ent points allowing. si-
multaneous extraction of separate proton beams with different energies. One
of the extractxon beamlines is dedicated to proton and neutron experlrnents
and the other, through the use of meson production targets, to meson ex-

perxments and pion cancer therapy.

" The H~ ions are produced with either an Ehlers[30] type hot ﬁlament
unpolarized source ( -2 mA at 12 KeV), or a Lamb shift [31] polarlzed

‘. source (0. 6,uA w1th ~ 80% polanzat;on) The ions are conﬁned bya buncher E
to sharp pulses lasting ~ 5 ns and- spaced 43.6. ns apart, to match the RF
of the acceleratmg voltage across the dee. and injected into the center of
the cyclotron The macroscoplc duty factor is 100%, and the 1nten51ty of
the extracted beam may be controlled by adJustxng the vertlcal depth of
penetratton of the stripper fotl into the circulating beam ‘or bytchoosing a

. foil of appropriate thickness.

The entire injection, accelerating and extraction facilities, are kept under
a vaduum of ~ 1077 'torr_' to avoid beam dispersion and premature stripping

of the H- ions.

/For this cxperiment a 280 MeV polarlzed proton beam of ~ 13 nA was
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 extracted thr‘OUgh beamline 1B (figure 4.1). Control elements of this line

consist of:

1. a dipole _ben'ding magnet 1BVB2 to direct protons into.the_sceondary o
beamline 1B, ° |

2. a number of beam _focusing quadropoles, 1BQ7, 1BQ8 and 1BQ9,

3. avertical steering rnagnet 1BSM4 and a horizontal bender 1BVB3.

o

\Y

Monxtormg of the beam position and focus was attamed through - vertlcal
wire’ momtors, M5 to M7, whxch gave both horlzontal and vertucal proﬁles

of the bea‘m.

IS

Beam polanzatlon and 1nted31ty, were momtored by a, polarxmeter which
counted left and right comcxdences for elastic scattering of the polarxzed_

protons_ ‘oﬁ' a CHg target.

Beam currentv was, also measured by a secondary emission monitor, SEM,
7 4]

located downstreain of t\heatarget (The number of secondary atomic elec-

", 2 ,'f) )

. trons knocked out by the beam protons from the SEM s 21 constituent alu-
minum plates, and, collected'through a potentla.l difference is proportlonal »t\o"

the beam current. )

Flnally, a beam dump cornposed of 1ron plus concrete shleldmg, to reduce
- back scattering into the experlmental area, absorbed the protons at the end

‘,ofthehne. R LA A ’ R

R



3.2 The Experiment
Al three final state particles, i.e. two protons and the photon, were detected
in order to overconstrain the kinematics and thus reduce background. Com-
ponents of the experimental 'setup ar'é" described below and depicted in figure

3.1. N | 3

3.2.1 Target : . | ‘. ¥

The source of the ppy events was a ll.i'rluid hydrogen' ta.rget céntamed \yithinl‘ -
‘an evacuated scatterlng charnber located at 1BT1 (ﬁrure 4. 1) The’ target

. consisted of a 1 meter long cyhndrlcal ﬂask 6. 8 cm In dla.meter or1ented |
parallel to the beam, ﬁgure 3.2 ‘) Only the central L 59 cm radius and 5 mm
thick portion of the ﬁask contamed hqurd hydrogen Next to the hqmd an
both sides, was 487.5 mm of H 2 gas at 1 atmo§)phere pressure separated from-?:' ‘
the l1qu1d by thin copper coated Kapton windows. The gas prov1ded spatratl’>
sepa.ratlon of the thick beam entrance and ‘exit windows from the liquid
target reglon ‘Back;round or1g1nat1ng frorrr the entranee and exit wmdows
~was then reduced by shleldmg the detectors and rejectlng, xm the software
, w1th the md of vertical drxft cha.mbers (VDC s) those events that came fx?om .. |

i

the window regions.
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' Flgure 3.1: Experimerital setup for _aetecting bremsstrahlung events. ‘
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Figure 32 Hydrogen targét flask. Only the central 5 mm portion ?mtains

8

liquid Hy

3.2.2 Proton Détection

The two final state protons were defe'cted within a few degrees of the hori- -
zontal plane containing the beam line, and in a polar angle range of ~ 10°

to 30° on both sides of tﬁe beam line. >

§ Because the detectiqn.;ﬁf‘;‘tems of the two protons diﬁ‘e/red, in what follows
a distinc‘tion will be made by refering to the proton de;cécted on the same

side of the beam line as the photon as the ‘low energy proton’ (LEP), and
| that detected on the bpposife side as the‘ ‘high energy proton’ (HEP), which,

in general, had higher energy than the LEP.

‘LEP Detection

The LEP’s were detected ingide the evacuated scatterin:g chamber because
iertain kinematic regions of, interest the energy of the proton dropped to
as low as 4 MeV. Fivé 6.35 mm thick plastic scintillators, each subtending

a polar angle of approximately 4° at the target, were used to obtain both
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energy and’ time of flight information and formed part of the event trigger.

HEP Detection - B

The HEP was momentum analysed \\‘ri‘th a spectrometer consisting of a ‘C’
type dipole magnet and four vertical drift chambers. By measuring the
Y
relative drift times.of ionization electrons originating along the track of the .
proton to a set of three énode wires, thes;e chambers are capable of giving
track position information to an accuraéy of :t 0.15mm. The proton’s'z;%gé
of incidence and its time of passage through the chambers were also obtained
flrom the VDC’s ." Two chambers in i:ront of the magnet gave both the initial

scattering angle of the proton and the location of the event vertex within the

target cylinder Two chambers after the magnet, in conjunction with those

b n_,.. ‘7 ‘97',, L e 4
ﬁeld le., a measure of 1ts mmomentum. A 'ﬁ‘g& ]

_in front, gave the- angle thrpngh which the’ protoff\wa.s bent by th% inagnetlc

wR, < - {0;? ' st - ‘5\
An arréxy of eight 3.18 mm thick plastic s.cintillat’ér,'s, parallel t ghd di-
| rectly behind the final VDC, gave the tirﬁe of flight i'r}formation for the HEP

“and forrhed part of the event @riggér.

w

'3.9.3 Photon Detection

Sxxteen lead glass cerenkov counters, each subtendmg between ~3° and, -
11° and spannmg the polar range 15° to 170° on the same side of the beam
dine as the LEP detectors, gave the approximate energy and scattering angle

of the photon. Detection of a photon providea the delayed stop for the LEP

oo
{
-
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and HEP time of flight determination and complet&d fhe-event trigger.

3.2.4 Backgrourid Elimination

Simultaneous detection of all three final state particles kept fhe random back- °
ground well below that suffered in all prior ppy expenments Howeveér the: ’
random trlple comcxdence rate observed in preliminary test runs, approxi-
matgly 5000/nC was still much too ‘hxgh to be tolerated by our acquisition
syéfem. By far the biggest cgptribution to 'this_;ate came from pp elastic

scattering off the various target regions in conjunction with beam induced

neutron background triggering the cerenkov counters.

Some of thlS background was reduced. with an absorber—veto combina-
 tion behind both the LEP and HEP detection scintillators. Behmd the eight
sc1nt111ators on the HIEP side were copper plates thick enough to absorb the
highest energy pp7y proton allowed by the kiﬂematiés plus approximately 3%
. for range straggling and thin enough to ailow elastics to per'i'et‘rate ;nd be
detected by the veto counters. The veto counters were 3.18 ‘mm thick, oyer-
sized plastic scintillators put m/ ahtl comc1dence thh the HEP detectors‘
A similar a.bsorber—veto combination was used on the LEP side excepf that
CH, \(;Zhas used as the absorbing material i in order to mmumze photon lrosses
to the ;’v_vo cerenkov detectcors behind. Fof typical beam currents of ~13 nA,"

the absorber—vgtoj systems decreased the a,vera.ge; HEP, LEP detector singles

\

i.e. if a signal \was detected in both the HEP detector and its veto counter the event,
. \ : A

was rejected since only elastically scattered protons would have enough energy to penetrate

»

the Cu absorber.
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rates from 5.0 x 10*/s, 2.0 x 10;/s,to 3.0 x 10*/s and 8.0 x 10%/s respectively.

]

The proton detectors were directly shielded from viewing the target cylin-

-

‘der end windows by stainless stee} absorber, except from the upstream win-

dow on the LEP side for which Teflon was used to reduce photon absorption.,

A 3.18 mm thick pla.stic scintillator in front of every cérenkov counter
vetoed charged partxcles Smgles tgtes with and without these vetos averaged

2.7 x 10%/s a.nd 3.0 x 103/3 respectively?.

s

In addition to the large background flux of elastically scattered protons,
a large neutron component. probably from (p,n) interactions at the begm
dump, was observed in the HEP detection branch durmg a sweep of the
experimental area with a liquid scintillator. Even considering ihe relatively
low—detection’ efficiency for netltral particles in plastic, the large.ﬂux made
it necessary to place two large scintiifators,’ spanning the HEP detection

region, in coinciden¢e with the HEP trigger scintillators. Singles rates with

A}

and without these extra scintillators averaged 2.0 x 10*/s and 3.0 x 10%/s

respectively.

3.2.5 Electronics R .
‘ o g . “ @0 , ' @;

A triple coincidence requlred satxsfactory pulse helght\§at the' e
P :

from at least one of each of the detector tyﬁs and the gorrect detectdf :
J&' a - ' -!'y
coincidences / anticoincidences as depxcted in ﬁguge 3.3. If the pulse height

responses were :favora.ble, an event wa.ﬁ'ormed by a.'triple coincidence at the

P

2Valueé are for a typical beam current of 13 nA. w & '
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master gate. For such an event thie following-quantities were recorded:

4

¢

)
1. For the LEP— : o o

(a) ‘energy deposited in the pléstic, measured with analog to'jdigia
& . - '
tal converters (ADC’s) that integrated the output pulse from the

plastic over a fixed time period,

2(b) its time of flight, measured with time to diéital converters (TDC’s).
(The d;:'layed photon detection providéd the stop.. The overall ‘(time

v

‘resolution was a couple of nano seconds.)

2. For the HEP,

(a) its momentunt, via the C-magnet spectrometer,
(b) its flight time, measured with TDC's.
3. For the photon,

. (a) energy deposited in the cerenkov counter, measured with ADC’s,

%

(b) the photon-cyclotron RF time: later “used to eliminate back-

' © ground not directly associated with a beam burst.

A 4.\’\For[a:11 particles the polar and azimuthal angles, § and - were known

4

to within the solid angle subtended by the particular detector.
° N

Three pdrticles in the finabstate means 9 independent degrees of freedom.
With the constraints of energy and momentum conservation, i.e. kinemat-

ics, this number is reduced to 5. In total this experi\ment measured the

v
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11 quantities enumerated above (only 5 being independent). Thus the ppy
- events were well overconstrained, a fact evident in the excellent background

. reject;on nttained._ : / ©

" -To determine the umount of bhckground that did remain, two types of

'trlple c01nc1den<:es were recorded ‘prompt’ and, ‘delayed’ events. A prompt

o

event was one in which all three final state particles came from the same beam
' burst These could be either real ppy events or random triple comcxdences
A delayed event was one in wh1ch at least one of the particles came from a

*

‘dtlvf.fe‘r_ent beam burst and was therefore deﬁmt'ely a random event. (These o
Were accepte’d hy making the widths of the proton detector output pulses, at
:.:the r}mster gate, w1de enough to allow partlcles from different beam bursts
" to £orm a commdence See ﬁgure 3.3.) The component of prompt random
i trl‘.)les rm)\ed in with the real prompt ppy evep@,@as then determined from '
" the number of delay random events. Delay random events were recorded for
g t_,'he cases in which two particles came fronpthe same beam burst and also in
Wthh no har,tieie came frorn the same burst.
2t ) . Y
A Sample of PP elastic scé.‘ttering events, singfe coincidences requiring a

o

JEP trigger scintillator and its elastic veto in coincidence, was taken simul-
i '

tarﬁgously alo,ng with triple coincidences for cross section norma.lization_.
é! g

Aiso collected were pulser events, obtained by sending e@ct‘rxcal pulses
to hg‘hi: erruttmg diodes attached to each particle detector. These were used
to mon’ 2in shifts and the dead time of the systern.6 Dead time was

A obtainee . the ratlo of the number of pulses recorded on tape to the

number submitted to the system. ' $
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<

" .Information from the following electronic modules constituted the event

data wor 's:

!
~

1. TDC’s — recorded flight time information and also the raw time data

from each individual VDC wire (used for determining track position

and direction information). -

o

ADC’s — recorded deposited energy information for the LE protons

and the phbtons. AN
3. Scalers — recorded various coincidence and singles rates.

4. Digital Coincidence Registz;r (DCR) —- recorded ‘the event type; e:g.

pulser, elastic or pp7 , and spin condition.

3.2:6 Computer Acquisition

A schematic diagram of the event acquisition- system is shown in figure 3.4.

.~Having defined a candidate for an event through the electronics, an Eclipse

o

S230 computer read the data words and decided, bdsed on a small number

12

of tests, whether the event would be ‘stored on magneti® tape for further

P

processing or rejected. An electronic latch prevented another event from
coming a.l:)nz znd overwriting the data before the\comp'utg had completed

reading the previous event. The trigger rate at a beam current® of 13 nA _

3An average current ~13 nA was chosen as a compromise after cdnsidering factors such

as, dead time, random triple rate and the ppy event rate.
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was ~50/s with a dead time of ~30%. Only 0.6% of all dccepted events were -

"

ppY s giving a real count rate of ene'. event ever¥ 4 seconds.,

The on- hne acqu1sxtlon analysis was kept short in order to m1n1m1ze the
dead tlme of the system The only events rejected by the software were
those w1th missing dr;ft chamber planes or those whose cerenkov— cyclotron
RF tlme dlfference was too large for the event to be directly assoc1ated with

a 5ns wide beam, burst To deterrnme the COI‘I’CCthIl to the data for the

drift chamber misses, 3% of all events.that trlggered the electronics were put-

: directly on tape w1thout any processing whatsoever.
/s . .

Only those characterrstlcs whlch were essentral fer momtorlng the op-
eratlng condltxon of the system were rnomtored on- hne These. mcluded all
scalers and a spectrum of the position of the event vertex at the target along
an axis parallel to the upstream drift ch'ambers Together these gave a qual— | ‘
xtatlve 1nd1cat10n of the target status and the quahty of the beam tune. A
more quantxtatxve measure of beam quallty was obtamed by d1v1d1ng the rate
of the triple comc1dence events by the cube of the beam cu?rrent For random
events, which scale as the cube of the curxent thls quantlty is 1ndependent
of the beam current and therefore glves a current normalized’ measure of

the random bacl\ground \, ‘

3.2.7 Semi—on—line«Analys'is'

It took approximately 45 minutes to fill a 1600 bpi, 2400 ft tape with data. ' R

- The full tape was then taken to an Eclipse S200 computer for further ‘semi-

<
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on—l.ine’iarialysié. This analysis was priméuﬁly for monitoring the hardware
more closely and identifying ﬁp’y events. For example, the gains of all detec-
tors were rﬁonitored by. noting the positiqh of the pulsers within ‘the ADC
spectra. ppy events wé“re identified by looking for kinematic loci on the
followling' speétﬁa:

R

1. HEP an‘g‘le' of bend through the spectrometer versus the photon scat-

tering ‘ang_le.. (Figure 5.6.) - 0
~ 2. LEP time of flight versus HEP time of flight. (Figure 5.1.)

3. LEP time of flight versus LEP deposited énergy. (Figure 5.3.)

3.2.8 Data Runs

4

Data waé acquired in two consecutive ~4 week periods in January and June
of 1085. In J anuary, with a large angle con‘hg?ration (LAC), cvo‘rprresponding
 to HEP détection between 20° and 30° , app;t)xi.rriat_ely 80,000 pp~y events
were obtained out of a background of ~10,000,000 ra,nd?m triple events. In
June, with a small angle cvonﬁghrva_.tion (SAC), corre;spo.ntdi'sﬁg.to HEtdete.ction'
alwbetw‘é:en 10° and 20° , approximately 60,000 ppy events were obtained out

of an even larger bau':‘kgfound.4 In total sohje 200 data tapes were obtained

each containing about 120,000 events of which ~0.6% were pp7 events.

4The cross section for the major background contributor, pp elastic scattering, increases

as the HEP scattering angle decreases.
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i

ELECTRONICS | SngégE
— LATCH ,
0C'S
DCR .
) LATCH SCALERS
BAD - RESET
‘ . LATCH SET
_LEVEN L .- READ LAM
WAIT WAIT :
g
 GOOD EVENT -
o | | ANALYZE | RERD
WA
" BAD EVENT Y
t , .
SPEZTRA COMPUTER - |

Figure 3.4: Schematlc diagram of the event a.cqulsltlon The label ‘WAIT7

in the diagram refers to the systerns waiting for another event to co{ne along

: readmg the event data wordsﬁ

2

’

while the electromc latch is open. The ‘look at me’ (LAM) s1gnal 1ssued to

the computer by the crates containing the ADC’s and TDC’s mforms the

computer that an event has been accepted The computer then responds by
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3:2.9 Data Reduction SRR ¥

After data collectlon a more complete a.nalys:gs pt!ogr'xm selectively discarded

.those events that did not satlsfy lnmts @n %I"IOUS PPY kmematlc loci. Som.g
. .events were spared from thls slurnmmg proceSs namely; the HE prescaled
elastxc sample pulser events and the 3% sample of unprocessed events. For

l‘J B

9

oall other events the followmg loose guts were apphed

: o - f}y /

R

~ 1..Photon detection txmemlnus cyclotron RF time. (Narrower than that

| nsed' during acquisition. ) B
);/Jv. ’

f s J
7 B - R
S ; g pu

~

2. HEP bend angl% through the spectrometer. (Just tlght enough to re-

,  move most of the elastic events. )

/

3. LEP time of flight _corrected for kinematics.

4. HEP time of flight corrected for kinematics and hath length differences. -

Fs

.

30 “condensed” tapes fr further processing.

3.2.10 Analysis

The bremsstrahlung and elastic data were analysed on both a Digital VAX
780 and VAX 8600, using event processing and histogréming routines of thé -

pfogrém “Perseus” 32].



ppy Analysis

b

A test on the origin of the event vertex within the liquid port'ion of the target

- was first applied to all the data.

The data.was then divided mto 480 bins accordlng to 9.,, d"l’ 0Lk, d)LE, .
and Oyg, PHE. The photon and LE proton bins were deﬁned by the physxcal
limits of -their detectors whlle the HE protons were binned by dwldmg »the,

drift chamber coverage ‘of 20° pola‘r angle mto 6 equal@angle b1ns D1v1d» '
ing the data 1nto such a large number of bms placed tllght conetramts on
“the kmematlcs of a particular bin.. Very good b kground sulftractlon was
therefore attamed by applymg the foﬁowmg cuts separately to each b1n
\/‘ . 1
1. proton bend angle through the spectrometer, o
2. energy d@sited in the LEP deteCtore,

!

3. LEP time of flight, o

4. HEP time of flight. o "

o

. H ‘.&fs%

- The average acc:denta.l random background remalﬁng after these cuts
. was a.bout 1.2%. * Individual bins however had ba.ckground ranging from .
~0% to 12%. On the wbole background remained higher in the SAC thad iIvli
the LAC because of the la.rger elastic cross section at smaller angles. Figure
- 3.5 shows the enhancernent of real to random events after ‘application‘ of all

. tests excluding the test on the bend angle.



52

rs
0

“peor:
(<]
)
-
o)
)
< RE :
o &5 20 0
oo —
C : .
< . o
@go ! LE 20
£
o
t Q.')O 20 0
S0 -

‘(D : . .
el LE 24° A
(@) . X .

8 "6 . 3

Pl

Nl 050 . 20 10

fao % .
ol LE 28°
A .

HEP Bend Angle (degrees)

'Figuré_3.5':'. HEP angle of bend through the spectrometer versus photon -
scattering angle. After application of all tests excluding the test on abcissa.

HEP bin centered at 17.5° .. et
. ' . ) :g'd;b" 7 B



53
*3.2.11 Analysiing Powers

The:polarization‘of the incjdenf beam was cycled through 3 minutes of spin -

up, 1 minute of spin off, 3 minutes of spin down and 1 minute of spin off.

The analysing power, A, for the ppy i'nt_eraction was defined as - s

(N' = R/nl LT' = (N' - RYfn} LT

ine:

PI(NT— Rl)/g} LT" + PY(N! - R!)/n},.LT"

.Ay:_

where N'(}) is the number of prompt events, (all particles coming from the

same beam burst), with spin up(down) pa.ssing all I;P7 tests for a particular
bin.
R““ is the number of random events, (different beam bursts), with spin -

~ up(down) passing all pp7 tests.
(¢);

e is the nuinber of incident protons, proportional to the total charge col- .

' .

lected by the SEM in the spin up(down) mode. |

LT is the live time of the systemin the spin up(down) mode, determined
. \ i C f
- from the pulser events. - . ' '
. ~ (5 .

P is the polarization of the incident beam in the spin up(down) mode.

W

£ - ’ . | )

_ Chapter 7 contains a complete description of the analysing power, its

error, and plots of the data compared with various theoretical caleufations. . ,

'(

R

. 3.2.12 Diﬁ'erehtial Cross—/Sectio@f (

A .

The three-fold differential cross sections, m{%’zm, were . calculated as
o v )

.fo_llows:’ :"



o4

. . - - ! '
/ | , -

For the incident beam polarized data
B :l . ‘
d’c _7 17 [PY{NT-R N P‘(Nl RYHY].
dQupdpddy|y T PT+ P nl LTV nh LTV |
and for incident beam unpolarized data, !
fg o | - [N -FR
dQHEdQLEd9 TlmCLT° .

‘Here Z = A—(ﬂ(li—g%;—, where e(AQ) isa Monte/ arlo correctlon‘ factor for
:the given bm AQQ, that corrects for such things as ﬁnxte'acceptance, detec-
tot efficiency, multiple scattering; etc. . These Iare of cour'ée bin dependent.
(Chépter 6 gives a complete description of the Monte Carlo.)

gt is the ;ﬁmber' of target prbtons per unit volume z;nd t is the tazget thick-
ness. ' : by |

N°,R°,LT°, and nmc have the same deﬁmtmns as N, RIW LT, and

I,ﬁ) except that they are for the unpolarlzed beam mode.

. ]

n

The total differential cross section combining the unpolarized with polar-

ized dafa is

a“/{éo” +0°/(60°)*

o=

where ¢ is short for 5
H

sections.
) . B ® .
A complete description of the cross section and its errrof, along with plots

of the data and various theoretical caculations, are given in chapter 7.
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Apparatus, De_t'ectcjr Calibration,
Detector Timing

=~

4.1 Appareit)us

41.1 Beam Control

Figure 4.1 shows the components of the Beam line uéed in Controlaling -and
monitoring the beam parameters, Thé‘se'consist of: dipole, horizontal ben-
ders VB2 a,nd VB3; ‘beam focusir}g quadropoles Q7,Q8, and Q9; a veftical
steering magnet SM4; beain profile wire monitors M5 and M6; vdcuum valves -

- VA7 and V8; a polé.rirhete;; a secondafy emission monitor (SEM); and a

| Beém dump. Béam halo was reduced with a 2.5 cm diameter tungst«én colli-
mator located be?ween M5 and the polariﬁleter,' and a 1.59 cm diameter, 8.89

' j-cm Iogg Eopper collim'af;or loz:ated Just upstream of the -séattering tt':hamber..

The beam dump, SEM, and polarimeter were surrounded by a large amount

A | 9 - | \X
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R3

Figure 4.2: The pp elastic polarimeter.

of concrete'and lead to minimjzé the background within the area from the

beam halo. & 4,

A

4.1.2 Polarimeter

Beam polarization” and 1ntens1ty were mon‘f@ ‘with a polarlmeter that

utilized pp elastic scattermg at 17° lab of the beﬁfm‘_{rom the hydrogen in a

5.36 mg/cm? thick CH; target (figure 4.2).

The beam polarization is calculated from the number of left and right
scattered protons and’a knowledge _6f the CH, pp elastic analysing power

at 17° lab. A left event is defined as a coincidence between the pair of
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Pl
detectors, L~ and L._. at 17° and j:he plastic recoil proton detector, R3.
. ‘
. , } N
Similarly a right ever. requires a coix}cidence bziween detectors R1, R2, and

-L3. Accidercal‘con ibutipns to these prompt events. were determined by .
counting the sam- Jincidenceé but with R3 and L3 delayed by 43 ns (1 beam |
burst). The ba. «round contribution from the carbon in CH, was detérmi;léd '
by r2p  , une CH; target with carbon and taking data. .(Carbon was

. 1d to contribute 9.9% to the left plué right counts at ‘280:M§V_.) Beam

pu:arization is then given by |
71 . (L — Lacc) - (R — Ru‘c(::)“ | ‘

(CH2) (L - Lacc) + (R - R

t

P=-

| ace)

wﬁere L, R = the number of left, right polarimete—r_coincidences,‘Lacc, Roce=
.the number of left,right accidental coincidences, A = the analysin.g péwer
of the polarimeter (i.e. considering the contribution of.the carbon in'CHg-),
determined to be 0.372 at 280 MeV and 17° lab,(see section 7.15. Averagé
.'values of the polari:zati‘oon in the spin up and down modes were 'respe'ct'ively,‘
73.6% and 76.6% in t}'i# LAC and, 78.0% and 74.2% in the SAC..These values

have been corrected for the small i.nstrurr-xental asyrnmétr’y inthe polarimeter,

obtained from the measured polarization of the beam in the spin off mode,

of 4.4% (LAC) and 3.4% (SAC).

4.1.3 SEM g ’ |
The secondary emission monitor (SEM) provided a more accurate measure-

ment of the number of incident protons by measuring the charge, collected

through a potential difference, from atomic electrons knocked out of its 21
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constituent aluminumt _plates by the proton beam. Thls was c‘ahbrated in

" o ] ;

" a separate run, shortTy affer the data taking runs ;w{th a Faraday cup (
device tha.t mea&z?s the total number of beam protons by measurmg the

b .
charge collected on an insulated cylindrical conductor).

catterlng Chamber

o o _
A diagram of the scattering chamber, containing the liquid H, target and

1

the LEP detectors, .is given in ﬁglére 4.3. Its shape ‘outlinedu the . objécts

enclosed in order to _re;iuce the surface area and thus lessen the total force

N 4

of atmospheric pressure. Three sections, a base, mid-‘section, and a lid were
bolted together ax_ld'kept'vacuum tight with greased ‘O’—riﬂg seals. The mid-
‘sectic‘)Dn was of 20.3.crﬁ X 7.6 cm aluminum C‘-bhz;nnel, 0.64 em‘thjcl; on the
, photqn detection side and 1.27 cm fhick on HEP detection‘ side, designed
to allow photen penetration and maintain structural support under vacuum.

\
The base and lid were of 2.54 cm thick aluminum, reinforced with aluminum

3

channel webbing,.

The HEP’s exited the scattering chamber through a 10.2 cm X 50‘.8 cm,
0.127 mm thick Kapton window sealed.b,etwelen aidn{iqurn plates a.n‘d boltec‘l'
to the chamber against an O-ring seal. Five ports in the chambe - 1id, for the_
LEP detectors, allowed theseiprotons- to .be detected v!ithin the vacuum. This
was neceésary because in certain kinematic situations their energy leaving the
target dfops to as lqw as 4 .M.My4he plastic scintillators were withinh

the chamber. The phototubes for these scintillators were located outside
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Figure 4.3: Séattering chamber containing tlﬁev"hydrogen té.rget and the LE

proton detectors.



the chamber, and coupled to them through plastic light guides sealed in the |
| - chamber 1. Stainiess sted] and Teflon absorbers bolted to the lid provided
shield.'ing for the LEP and HEP detectors from beam scattering off the walls
and end caps of the H, target cylinder. A 360 gauss permanent magnet
su5pended frorn the 11d prevented 6-rays' from reaching the LEP detectors.
Mountmg all components from the inside l1d allowed easy access to the target

1]

at. beam height by dropping the mid- sectlon and base as one unit.

The whoale chamber assembly was supported from above by an aluminum
brace suspended from ‘T’ beamsiresting on concrete shielding blocks. During

the experiment the chamber had proved leak tight to ~107 torr.

4.1.5 Liquid Hydrogen Target

A cylindrical 5 mm thick and 3.18 cm diameter liquid hydrogen target was .-
contained at the center of a 1 m long 6.8 cm diameter stainless steel tube,
1 located at 1BTH inside the scattering chamber. Figure 4.4 gives a number

of cross sectional views through the targeﬁ.'\

The length of the 1 m tube, minus the 5 mm liquid portion, was filled
with H, gas at the same pressure as the Ilquld (1 atm.): The gas separated
- the liquid from the thick (0._025 mm stainless st.eel), potentlally bacl\_ground
cor{l)tribzting, target cylinder end caps. »ThAi‘n (0.0076 mm Kapton, coated

with 1000 4 Cu) windowssepﬁrated the liquid from the gas: Two 051 mm

kaptag windows in the side of the downstream 1/2 m section of the tube

O

! Atomic ele¢trons ionized from 'the‘?hydrogen by the incident pro'to.)ns.
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' Fxgure 4. 4 Cross sectlonal views through the liquid H2 poxxlon of the target

The ‘bite’ taken out. of the cell bodv helped reduce photon losses. Labels are

given on the followxng page. | . , / j
' R afy



ITEM | DESCRIPTION o MATERIAL

1 Upstream Gas Enclosure Half St.St.

2 | Gas Encilosu;re Flange | St.St

3 |Boilof fibe St.St.

4 | Reinforcigg Ring | St.st.

5. |Fill Tube s
6 . Cel_l Body S ‘- 2 St.S't.v

7 | Indium Wire Seal | Indium
8 |Cell Window -, |Kapton (
9 Downstream Gas énclosure Half | St.St. |
10 |'Heat Pipe 81/4” C|sest.
11 |Feedthru Bushing |
12 I‘J:ayel, Se&s%g Diode -

13 Bgeather Bolt | St.St.

14 |Gas Inlet/Outlet Tube 1/8" | St.Sk.

15 Gas Feed-thru Breathe} 'Bolt 5 St.Stl

16 | Cap Screw . . St.St.
a7 [Nee - | stst.
18 | Hex. Nut 4 - 1 St.St.

' <

~ Table 4.1:.Labels for liquid H; target items,




- allowed the two final state pfotons to exit the e'n.closurebwhen they .were
profluced between 10° to 30° en either'. 'stde of the beam line. A 1.59 mnd
aluminum sheet added to the HEP window helped prevent § rays, st,vept
awey from the LEPdetectdrg.by the pertnanent.magnet-, from getting into

‘the HEP detectlon regime.
" :

Ln 3,
A :
To avoid heat being conducted from the rest of the chamber into the

11qu1d hydrogen the target assembly was supported independently from the

cryostat on adjustable thin stainless steel wires and the entire target cylmder

was wrapped with a few layers of thin aluminized tnylar.

.A.CRYODYNE 10-20{33}’ cryogenerat.or; providihg 10W of cooling at
20° K ‘threugh e.diabatic expansitm’ ot' compressed' helium gas, liquified the
hydrogen gas: Liquification of the purified hydrogen gae was a’ two stage
precess.‘ In the: first _statge, heat exchapg,ei~ coils cooled the hydrogen gas
before it entered a cogdensing veeeel. In‘“the second stage, the gas condensed
a.rqur\xd copper pins of a second heat exchanger atnd the ‘ta.r.get filled via a
‘vacuuut insulated tube connected to the eondensing vessel. Similar boil-off
tubes provided a path f01" the ‘va'pori.zed hydrogen from the target to return
“’to the condensmg vessel to be re-liquified. The procedure for filling the
target con51sted of first attammg a reasonable vacuum (~107* torr) ;n the
,. sc,attetmg cham?er and cryostat, opemng the filler tube via helium operated
valves, and. then waltmg u.ntxl the target became cool enough and the cycle
f)f condensatlon and evaporatxon slowed enough for the target to ﬁll Two

res1stors, one at the top and the other at the bottom of the target cavity,

gave an indication of the level of the liqutd within the target. - The entire

‘.



.proceduré of cool down to liquid Hy, staréi%g fiom room temperature, took s

~24 hours. A ' v

4.1.6 Trigger Detectors
Low Energy Proton Detectors

The &étectors for-the pp'y final state protons detected on the same side‘ of
the be;un as the phbton were lbcatéd iriéide the vacuum of the scattering
chamber in order to'prevent signiﬁcant energyA dég’fadation. Fiye 6.35 mm
thick,'otypé NE102 plast‘ic‘dgfc‘ct’ors (goéd resolution for high count rate
| applications), at a distance of approxima.tely‘l m from the targe:t ,éow;ered the
10° to 30° of polar angle in five 4° steps. Spec%ﬁcally, two forward detectors,
6.24 cm x 8.46 cm hlgh were located at 93.45 cm from the target and the
other three were 6.98 cm x 9.46 cm hlgh located at 104.33 cm. Eachswas
wrapped with 0.0089 mm alumxnurrll foil, backed with a2 0.013 mm polyester,
to avoid background’ aris’ing from: the pl;lotomﬁltiplier tube response to room
lightjng. Acrylic adiabatic ligﬁt_ guidés coupled the 6.35 mm plastics to 5.08
' cm diameter Philips P2252 pﬁgtomultiﬁlier tubes. A small light emitting
diode (LED) pulser was attached-to the p“lastics to monitor gain shifts and

the déad time of the system.

-

The elastic veto detectors located outside the scattering chamber at a

distance of ~140 cm from the target were 6.35 mm thick, 11 cm X 13.15 cm
high, tyée NE102 plastics. Similar couplings were provided to RCA 8375,

'5.08 ¢m diameter photomultiplier tubes. Between the elastic vetos and the

a3



ﬁ:rigger counters was 7.0 cm of CH, plus 1.27 cm aluxuihum absorber to

's'top the PPY protohs.

‘High Energy Proton Detectors

Eight 3.2 mm thick high energy proton trigger counters, 20 cm 'x15 cm high,

of type NE102 plastic, were used. Each had attached a LED pulser. The:

' detectors were coupled through adiabatic light gutdes to 5.08 cm diameter

RCA 8575 tubes. Thelr dxstances from the target varied but averaged 3.8 m

in the small angle conﬁguratxon and 3.4 m in the large angle configuration.

D1rect1y behind these tggger counters was copper absorber thlck enough

- to sto‘p pPPY protons determlned by ray-tracing maximum energy pp‘y pro-

tdns through the magnet. Elast1c protons however, had sufﬁc1ent energy to

pass through the copper and were vetoed w1th/w1der, 30 cm x 15 cm high,

b

counters.

A laﬁa random, 'bee@:induced neutral background (observed during a.

, survey Sfthe area with a hduid scintillator) wasreduced by two 82 cm X 15

cm counters in front of,;and in coincidence with four trigger counters. A 3.2

mm thick aluminum plate provided support for these detectors.

Photon Detectors | S ' . 3

<

The photons were detected in one of 16 lead glass cerenkov detectors covermg

the ra.nge from 15° to 170°.. Elght of these were 12.7 cm diameter , 17.8

" em long cylindrical lead glass detectors (Schott SF5, composition by weight;
: ‘ e v , ’ ' - ooy

~

‘o3



51%’Pb, 26% O, 18% Si, 3% K, 1.5% Na). These were coupled via RTV 602
‘silicon cement. to 12. 7 cm diameter RCA 8854 photomultii).lier tubes. | The *
remalmng 8 detectors were 15 2 em X 15.2 cm cubes, also of SF5, coupled
to 12. 7 cm diameter RCA 8854 tubes’ through Dow Cornmég s SYLGARD
compound Attached to the front face of each detector was a LED pulser
All 16 assemblieg were completely surrounded by nght protection f011 and
by 1.59’ mm of soft steel’ 'which shielded the pl}oto—tubes f"rom t)he adverse

_effects of external magnetic fields.

A 3.2 mm thick plastic. (NElOZ) veto scintillator, 15.2 cm x 15.2 cm,
covered the front face of each lead glass to veto charged particles.

4‘.1.,7 , Vert{cal D-r'ift ""h'Chamber‘s

v
Four vertlcal dnft chambers (VDC s) wg%odposnmn resolution

at hlgh count rates. Two just outside the scattermg chamber 1n front of
a epe_ctrometer -magnet, gave the scattering angle of the HE pmtons ;and
~the event_ Verte}; position at the target, v.vhile‘ two behind the'rn"z‘ig'net gave,
_in conjunction with those in front, the bend angle of the proton vie s

' momentum Also, a soiftware cut on the x and 'y planes of the second VDC

| deﬁned the solid angle acceptance for the HE protons.

I

‘VDC’s determine, wﬂ_:_h g‘rea"g accuracy (1ntr1n151c resolution of these cham-
bersis ~150 ), the ';'and direction of a charged particle track within

’  the chamber by meas ;elatlve drlft times of 1omzat10n electrons cre-

" ated along' thelﬁrfac‘l{"‘ to’ on-tlguous sensing a‘node w1res. (Se@zﬁgure 4. 7 3)



Each anode wire withiﬁ the. chambel)", sbaced 6 mm aﬁ'part and separated by
two field 'shaping wires (to keep the field betweer‘ll the ahode wires uniform
~ and thus reduce n‘on—lin'earity in the‘position—dri'ft time felations‘hip),‘ is con-
K .n.evcvted through‘a bd_is‘crimi.naﬁor to a Lecroy 4291 Drift Chamber ljigitizer
(TD‘C)‘. The relative drift times were determined by deﬁn'i‘ng the TDC start
" as detection of electrons at the-anode wire, aﬁd the stop as a suitably delayed

-

photon detection signal from one of the gererikov detectors.

| All chambers had 0.025 ‘mrn’ thick 'r;iylgr entra_née and exit windows.
Chambers 1, % and 4 had'.o'ne-vertical wire anode pla;é,e sﬁrréunded by two
',-0.025 m‘m't.hi(:k alurrﬁnized ﬁylar f9i1 cathq'de p_lanes] .Ch’ambﬂer 2 had, in
“ .@ddi’tiov:ri to & 'X\S‘rt'i'cél wire'p_léne,. énothgf a‘no“devpla.ne with wires at 30° to

, 73 o L
the vertical for y-direction information, plus three foil cathode planes.

' ,Tﬁe active areas of fche chambers were: chamber 1, 38.4x9.0 cm high,
requiring 64 anod.» wires; 'cha;nber 2, 48.0x10.0 cm, requiring 160 wires (2
'planes); c‘lia;r}bergi_ 153.6%20.0 cm, req{i;ﬁng 256 wires; chamber 4, the same

as chamber 3.

v

A mixture of 50% argon and 50% isobutane (CyHjp) gas flowed conti-

'nouily through the chambers. This mixture wa;sﬁ_c‘hosen for its snall diffusion

J

coefficient? and good quenching pro})érties‘:’ .

[

- 2D.uring drift the electrons will diffuse, followi‘ng’ aG éia.n distribyft,ion, due to multiple

. collisions.

3 Avalanching is redu‘ced.withva _poly__atbmié molefule YCyH o) whi‘ch: has many non-

ionizing energy dissipation modes.



Definitions: .

v

{

cathode

—| Bmm |=—

006 00$00 60O 100000000
' - ' TN+1 anodes

cathode

»

N,= channel # with largest Ume value
Trnox = largest -TDC value (= shortest drnft)
T

= lesser @ TN+1 ond TN—1

o

Quantities of intérést: '

Ton(g) e T ~ T . angle of portncle track (crbltrory unuts)'

,max - ‘min _
T = Trmax T 1/2|TN+1 - Tn- n mean time of passdge

X -

N - 1/2(TN+1 = TN=d/(T min = Tmo  position of track

" Figure 4.5: Operation of vertical drift chambers.



4.1.8 C-Magnet

The‘moméntum aﬁalysing C-fnagnet for the high energy protons was dé-
signed speciﬁ.call}/f for this experiment. A schematic diagram is givén in fig-
ure 4.6. The gap size was 10 cm and the polo\}area was 40.0x86.8 cm?. Two
coils, saddle shaped to reduce their, width so the VDC’S could be }Sositioned

close to the pole edges, were used.

An operating- field between 0 and 1.76 T could be obtamed by vatying
the current from 0 to 750 amps through 132 turns/c01l of 7.9 mm? copper
conductor. Maximum power consumptnon at 750 A was 31.5 I\W/coxl. For’

the duration of the experiment the field was held constant at 1.0°T, requirihg :

330 A.

Prior to the experiment field maps were taken at 0.8 and 1.5 T using a

b
Hall probe, 2.54 cm below 2.54 cm above, and at the central plane of the
gap. During the experlment the ﬁeld strength was continuously momtored

with an NMR probe centred within the gap. >

The proximity of the C-magnet to the beam line gave a remnant field of

-—

~200 gauss in the region of Xte bearp. A beam re-steering magr’l’vet positioned
- {3 . '( .

slightly downstream of the{C-magnet was therefore required.

4.1.9 Electronics A »

o : 7.

- The electronic logic leéding to ah event definition and subsequent inforrﬁﬁxion

_,'..,handlmg is shown in figure 4.7. All components relatlng to event defini¥ibn

A%



¥

C—~MAGNET

/STDDLE SHAPED COIL
d A

- ( cm
77— 86.8em POLE
-

N ;

10cm GAP -

- . SIDE VEW . .

N

l 40cm POLE .

N

TOP VIEW

;';
Figure 4.6: Two views of the high energy proton momentum dnalystng * -

C-magnet.
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' o

were located within the experimental area.

A ppy candidate required. a triple coincidence at the Master Gate (a '

‘Lecroy 465 quad eointider_‘lce unit). This in turn required the particular con-
ditione to be satisfied by the‘diﬁ'erent detector types. For all detectors, the
amplitude of the signals from the outputs of the photomultiplier tubes had to

4
be above the discriminator threshold. (Section 4.2 gives details of threshold

values.) For the LE protons, an anticoincidence was required between one B

of the 5 particle detectors ingide the evacuated scattering chamber and its

elastic veto situated behind t‘he CH, absorber. A splitter sent half of the

particle detector signal into a charge integrati\fi”g' ’Lecroy; 2249 ADC and the

other half into a Philips 715, 5 channel timing discriminator. The output
of this discriminator, along with the NOT outpﬁt of a Lecroy 821 quad dis-

criminator connectegl to the LE veto, was fed into an LRS 622 co1nc1dence

unit tha deter mined the ant1co1nc1dence Flve such cd%nadeflce units sup-

phed jﬁn,“?nputs to a Lecroy 429 OR-gate, the output of wh1ch went into the

......

ma.ster&gate a.nd provided stop s1gnals for the TDC .

: /
For the HE prbtons a sxmllar arrangement ex1sted however, the HE de-

i ector 51gnals were fed through a Ortec 934 constant fraction disctiminator

e%,_g}f%‘ :

Yoo

(CFD) No ADC’s were connected since energy information was obtamed

from the spectrometer_: Two tagging counters, each covering 4 HE detectors,

were effectively put in coincidence with the 8 HE detectors by having,their

.NOT outputs veto an output from the two LRS 365 OR-gates. -

An anticoincidence between one of the cerenkov counters and its veto

' ‘ 3
was formed in a similar fashion asithat for the LE detectors, except that the
‘_fi“), .



cerenkov signal was fed through a Ortec 934 constant fraction discriminator.

Outputs of all discriminators, coincidence units®*and OR-gates ig_cre at-

tached to Kinetics 3615 Hex or Lecroy 32 channel scalers.

If pulses from the 3 detector types overlapped at the master-gate (see
» : ;

-

Sec. 4.2 for timing and pulse widt"h infof'rnati'on), a triple coincidence was
defined and the output of tl;is coincidence unit started the TDC’s, épencd
the ADC gateé, set a digital coincidence register (DCR) bit (indicating a
. triple coincidence),‘ stoppéd all VDC TDC'’s, and set a latch. The latch, a
combination of two LRS 364 QR-gates', with one feeding itself, prevented
another event from Qverwritiﬁg the IjéR,- ADC’s, z;nd the TDC’s before the
computer had finished reading the previous event.. It co‘t.ﬂd also be set/ reset

By

through the computer key board to §ﬁ3pend/cont1nue event acquisition.

Aside from an event defined by having pulses from the 3 detector types
overlap at the master-gate, HE elastic pre-scaled events and pulser events
were allowed. An HE elastic event required a coincidence, through a LRS

622 AND-gaﬁe, between HE detector number 4 (fourth fr@ni the beam line in.

S e
-y

the dete_ctor. a.fray), and its eléstic veto ~T{i§‘output of the coincidence unit
~ was fed through a custom made pre-scai&, set to accept one evént out of
evéry 2)% events. No detector TDC information was obtained,for these events
since M detector TDC stops were provided. Figure 4.8 shows the electronic
logic for these elastic events. Pulser events, triggéred off the pt;larim’eter '
scale with the rezﬂ 3-coincidence r‘a:eg (for an accurate dfetermination of dead

time) were obtained from light emitting diod.e:?‘;ln each of the detector types,

supplied by a fanout box connected to thgnf)ulser trigger. Figure 4.9 shows



N SCALER

SE DfD'SCR"M'NATORS';»j--*f‘ R

n
b

. Figu‘re‘4.-.'8': V'El'ec_t'rv'onivc loglc vfo‘b‘r the HEpreAscaledelastlcevents .

[

“the electromc logic for these pulser events To allow easy 1dent1ﬁcat10n of the

Kl

event type separate DCR blts were set for the 3- comc1dence HE pre scmled

v

‘ elastlc, and pulser events. ‘ o

‘Scalers were attached to the master gate, the HE p/ s elastic c01nc1dence

unit, the pre- scaler, the pulser trxgger and the latch

4.1.10 Computer
Acqﬁisition was carried out on a Data Geheral Eelipse S230 corr'lpiiter with .
v 3

an RDOS operzitmg system and ha.vmg 384 K bytes of physmal r mory” Thli
was backea up with a 5 Mbyte ﬁxed disk, a & Mbyte reémovable disk, and -
a 1600 bpi magnetlc tape drive. The electromcs were linked via a CAMAC

branch to the computer located i in the countlng room ~10 m. away
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" Figire 4.9: E;le-g—tionié logic for the pulser events. -
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The production -energy range of interest for these protons was ~10 to 120
: —~

- .-

42 Dotictor Eattgsion -+ -

MeV. This meant that the energ;sdeposited b’y the le\vest energy proton in '

, the 6. 35 mm plastlc sc1nt1llator consxdermg energy loss i in traversmg the lig-

.4

. -uld H2 targ!t .was about 5 MeV The energy..deposxted by the hxghest energyb

; pa.ssmg proton was about 3 MeV Gains of the photo tubes were set w1-th a

| 100 ,uC1 22Na gamma source by choosmg the 340 keV compton edge of one of

mea,sured after ail delayh and sphtters (1.e ‘at t}& d1scr1mmators) W1th1n .

this reglon the ADC’S are more or less linear. Discriminator thresholds were

‘then set to 30 mV to accept thls lowest energy proton. =

the 511 keV annlhllatlon photons to g1ve a 40 mV output from the tube as



A Pulser ‘amphtudes were adjusted to uglve a response near. the top of the
ADC spectra : e '," S : ’ : e
For the LE veto detectors\galns were adJusted e} the 340 keV compton
elgctron absorbed in the 6. 35 mm pla.stlc veto detector gave a 20 mV am—l
"_ngde at ‘the dlscnmlnators The. mtnrmurh energy dep051ted by pasmng
. elastic protons of mab‘rlmum energy ‘)70 MeV is 2 4 MeV (Energy loss 1s S
» actually shghtly greater because of the degradatxon of the proton%znergy in B

gomg through the CH2 absorber ) Thresholds were set to 30 mV

- L o e
423 HEP _De_teetors o

T

The. energy range. of the op7 protons into the HEP detectors was 50 to ‘7"0

MeV Thé minimum energy deposxted by the max1mum energy proton mn. the

N

3 18 mm plastlc was determmed to be 1.2 MeV Ga,ms were adjusted S0 the."'-.“‘
340 keV compton electron gave 20 mV at the dlscrlnnnator Dlscrlmmatorl't‘

thresholdswere set t0'30 mV. R

HE veto detector gains. were: set S0 the 340 l\eV compton electrons gave

a 34 mV amphtude at the chscrlrmnators Thresholds ‘were aiso set to 30

“~ mV. (The thl_ckness of these éounters was also 3.18 mm, and the maximum -

,energy elastic proton was 270 MeV.) -

v T —

'4.2.3 Cerenkoy Detectors’
K -
Minimum 1 1on121ng cosmic rays, namely muons ‘were utilized for cahbratmn ‘

It had been determlned through calibration of some detectors in‘a 70 MeV

»
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"electron bearn that these muons produce the same amourit of hght asa 100 .

MeV\gamma in the cyhndrxcal 1'7 7cm x 17.8 cm Pb glass, and a 120'MeV

ga.mrna in the 15 2 cm x 15.2  cm cubes ’

GaJns of the photot,ubes were adjusted such that the broad cosrnlc peak.

g »,mmus the pedestal (artxﬁc1a1 bias apphed to the ADC’s to keep yalues pos-

1t1ve), lay somewhere between 1/3 and 1/2 of the ava1lable ADC range and

\ corresponded to roughly 3 channels/ MeV Events were acqulred simultane-*

vously for all 16 counters with the computer by defining thernaster-gate as a

. SN N
coincidence between a cerenkov and its veto, with discriminator thresholds

: turne'd down for acquisition ~ Varioug tests were first performed by placing

I""were within 5.%' of eé,ch other.

the veto counte‘r on the top, 51des and the front face of the detector to see
if the peal\ was affected by the orientation of tbe counters. Although the

shape of the peak was'found to change, the peak pos1t1ons of all pectra

L]

pp’y photons had enc iies rangin"g from ~190 MeV at forward e.ngles

-to ~50 MeV a.t backward angles Thresholds were set at roughly 20 Mev

(correspondmg to between 150 and 200 mV), by assuming the range between

‘the pedestal and cosmic peak on the ADC spectrum was linear. -

s

'4.2.4° Vertical Drift Chambers

The high flux of elastically scattered protons on the VDC’s dexnanded oper-

ation at relatively.low gain<{(= 10*). Operating anode plane voltages, giving

 the best efficiencies without drawing too large a current, were determined by



/oor
;"

.trlal and error to be 75,7.8,78,8.2,82 I\V for chambeérs 1 ._( "planes) 3,
: -a.nd 4 respectwely The efﬁc1enc1esw«e /@obtamed by first settmg the trlgger‘:’ |
to deﬁne an event as a coincidence between any HE detector and uts veto .
| _The ratio of the number of events that mlssed ina chamber but did not,'-,rmss
in it‘s-‘neig‘hbor chambef, divided;bvy the tot_al nurnb,"er of events after subtr.act'.
- ingout those that miesed in both chambers ( thought to be bad t,rig-gersl),lwas ‘

"

the efficiency.

4.3 Detector Tirning

431 LEP and HEP Detectors
B

Relative timing of all detectors and vetos was obtained by ‘using a double
.gamr'na‘ coincidence from positron annihilation in a **Na source, with 2 6.35
cm thick: pla,st1c wand” detector and each part1cle detector in turn. Ad-
Justable delays were. used to set the tlme differences eon51stent1y over the
detector groups Relatwe tlrne dxfferences between the HE and LE detectors
‘was set to about 45 ns at the master gate to cover the flight tx-me dlfferences

: )

and to allow a comc1dence between a LE proton and a HE proton delayed
by one beam burst.” (Widths of the LE, HE, and ¥ pulses at the master |
gate were set’to 120, 120, and 10 ns respectively, (therefore photon detection

~ determined the event timing). Timing errors were estimated to be *2 ns.



43.2 - Céreﬁkov Counters
R s

Ceretikov vetos were timed with the “wand” using the ?Na source. The
. ‘ g ,

.
.

Pb 'gla;és was timed relative to the_ “wand” using a 4.4 ’MeV photon from a

N

series of decays initiated by « decay of Am in a A;I;-Be source. (The photon

» corﬁpton scatters in the plastic and pair creates in the Pb gléss.) ‘Also, the
' relative timing of the vetos and counters was checked with, cosmic rays.
. . : ]



Chapters . . .

v
[N

Evént_ ACQuisitiQp and ’Ar'ially_sis -

5.1 Acquisition

" Data was taken in: two’approximateljSOO hour runs fn January and June -

of 1985. In Janﬁary, in the large angle conﬁgurdtion (LAC), approximately

80,000 pp'yf vents were obtained. In June, in the sm_all éngle configuration
(SAC), anotHéf app;qxifnately 6'0,0(.)0 were c|ollected. In total ‘.’.400 data tapes
'were written z?t 1600 bpi density, each co‘r}aining aboqt 1'20,000 vevepté,'of
~ which leéé than 0.6% were ppy . - | -

~ Events were aquired on-line wi;th’ the software program MIDAS[34] via
3 'a Data General Eclipse 5230 computer. The event data word structure is

listed in tables 5.1 and 5.2. The sections are:

/ '
r

1. Dig&tal Coincidence Registar (DCR) - see table 5.3 for the assignments
of the individual bits. | ¢

“~

2. Cerenkov TDC values - photon dgtection time (delayed stop) with re-

5
- ‘ 81
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-

WORD #

. DESCRIPTION

WORD #

" DESCRIPTION

1
2A.

ol 1‘ Toesl
TDC51"?
oo ““1bcel
'Li“‘TDC?'
. TDCS

,; | TDCQ.

DCRIHGH‘

DCRLOW |~
= CEREVKOVTDC1~AV

P

-v_( .

z iTucao
. TDC1

4

TDC 12

'§§013

TDC14 |

TDC 15
:QTDCIG

-4

TDC2 if
TDcsf”"

o« e O
RGN JC R N

49
ot

NS I Lo
ot ‘-. i i
g

41

CERENI\OV ADC gy, . .

ADC 2
ADC 3
’ ADC 4
 ADCS

CADCGE| -

" ADC7

ADCS |.

ADC 9
~ ADC 10
ADC 11

ADC 12
" ADC13 |
“ADC54f

| ADC 15
1+ ADC 16
LE-1 TDC
LE-2 TDC

Tabl

Moo

e 5 1 Event data word structure. (Part 1.)

82 "



WORD #  DESCRIPTION
B 4 1e3ToC
87 v LE-I4"TDC'
44 LE-5 TDC
a7 CRF.
49 HE-1 TDC.
50 - HE-2TDC
51 'HE-3 TDC
52 HE-4 TDC -
53 HE-5 TDC
”' 54 HE-6 TD
55 HE-7 TDG
56 HE-8 TDC
58 LE-1 ADC
59 LE-2 ADC
60 - LE-3 ADC
61 LE-4 ADC
62 _LE-5 ADG.
64 VDC WORD COUNT
65—  VDC TDC RAW DATA

Table 5.2: ‘Event data word structure. (Part 2.)

83



sbect to a commeg- start.

‘3. Cerenkov ADC values - a measure of the energy.deposited within the

2b glass deter tors.

. . ' . N
"% 0 valees - LE? detection time with respect to photon detection

b ' i' E
5. RF. - cyclet.on R.F. time signal. ‘ -
6. - wvali »s - HE > detection time with respect to photon detection

WS YLAN

#

7. LE ADC . .lues - a measure of the energy deposited within the plasti‘c

LEP detector;. ,

8., VDC WORD COUNT - a variable equal to the number.of VDC TDC
values to follow. This number depended on the total number of struck

VDC anode wires.

~

»

9. VDC TDC values - debec.tic'm' time of ionized electrons with respect to
photon detection time. One word for each struck wire, o
At LAM requests from the Camac modules, the 'comptlxter read the data
‘words and a short acquisition prograrm then decided which events were p‘p’y
candidates and wo‘uld be kept for further ,processibng.i After a 1024 wqrd buffer
was filled, the data was transfered{o permanent storage on ‘ma'gn:‘%t tape.

The on-line anal);sis was short so computer « .} time would be minimized.
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WORD # BIT # DESCRIPTION

!/

1 0-15 NOT USED

2 0  PULSER ~
"1 TRIPLE COINCIDENCE

) 2 SPINUP
'3 SPIN OFF |
"4 SPINDOWN % N |

-~ 5  SPINBUSY .
6 ' HE PRESCALED ELASTIC

11 (SOFTWARE) 3% PRESCALED TRIPLE

Table 5.3: DCR bit assignments.

¢

Three percent of the trxple c01nc1dence events that triggered the electro%
ics were put dJrectly to fape w1thout any processing. These un- proce%sed
cvents were used as a check on cuts applicd durlng acqulsltxon and later :

ana1y51s and also for a missings and multxples correcmon applied to the Cross
‘ x4

“section. On-line rejected events were 6nly those with missing drift chamber

planes (less than three struck wires per plane).

Monitoring the operatin.lg condition of the system was essential for good
f L « &

~

data taking. On-line, those aspects which were inost crucial were monitored
This entail¢d looking at scalers scaler rates and a spectrum of the position of
the event vertex within the target to survey for failed ele ctromc components

a bad beam tune Qr ahgnment, and target failure.

alysis was performed almost simultaneou\s}ly' on a Data . ‘
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< E
[ 2 A

General Eclrpse S"OO cornputer since computer dead t1me was no longer a

factor The obj Jectn es were to clos‘el;f survtv hardware operation and 1dent1fv:
pp'y e;vents Mot totd were detector gaxns\f,by not'ng the posmon of the\
pulser i ADC spectra for the LE and C\renkov detectors) magnet anﬁdmft .
, chamber operatxons (by v lots//of C‘he bend angle of the HE protons in
passmg through thm d spectra of tracl\ posltlon \VlthlnxﬁﬁCh

- VDC plane) pp7 evebts were lderhﬁ&_Liy loolung for. I\mema.tl‘t loc1 on the
followmg spectra HEP time of ﬂlght vs LEP time of fhght HEP bend angle
vs LEP time of ﬁlght dep051ted energy m the. LEP detectors Vs LEP tzme‘j -

of ﬂxght Figures.5.1to a 3 are reproduct.\ons of What vre observed durmg

'serfn on—hne analy31s ' ,-(- ‘ 2 B &

52 Analys‘,i‘sr’Skir‘nm‘in”g S
’ R A ‘\\. | o %‘\ : . " .

Of the data jn the 200 tapes only A ¥ETY small fractxon was from pPY events.

The ﬁrst part of the analys1s was concer ' 1th reducmg thls number of .

tapes to'a mor/.( rnanageable number by selectlvely dxscardmg events that

..
did not satxsfy very. generous hrmts on various k];lernatlc quantxtxes The

HE presca.led ela.stlc events pulser events, and the 3%\Sam e were spared

Y

from thlS kmematrc sklmmmg process The steps. of this procedure were

executed in the order enumerated below w1th the software program \/IIDAS '
on an Echpse u.‘20_0 computer. '7 : -

*

{

1 The.3% sample, identjfied by ha\'lng bit 11 of DC'R word 2 set were

- saved and copled directly to tape SR ’ e j ‘

g . -
. . «
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1/10 of all pulser events, gatéd by ,spin (up, down, off, busy), were

o

copied directly. A uniform sample over the entire run was taken. ._

3. An event was rejected if OI‘ﬂy{'é)r’le‘ Cerenkov counter fired (i.'e. it-W;lS
not a-photon Iﬁultiple), and its C'ere;'ikoir-;RF time was not withix; 16 -
ns\of the spectruxh peék attributed ta brompt events associ.atéd‘with
.a beam burst. ’Because- of poor fiming résc;lution, due in part to statis-
tics,  Cerenkovs 2, 15 érid 16 had\cut widths of j:Q,:tQ, and +12.5 ns
pespéctively. Figure- 54 1s a spectrﬁhﬁ_of Cerénkov-RF tirpe s_ﬁmrned
over all 16 counters. The ﬁgure‘shows the mi?rqstmctugé of the beam, /
— i.e. the 5 ns beam burst sepa.rated\‘by 43.1is: vThe pgaks are bro_a'déned _

by adding the 16 counters together and b‘gfbeam induced-background.

4. Corrections ‘were made to the HE protbnf‘"TDC_ values for electronic
delays and flight path distances. v

BN —

5! An event was labeled a drift chamber “miss” if;
. (a) the numbe'rv'(:)’f‘yuvires hit in any one VDC plane was I¢ss than three,

4

(b) no valid vertex (seé section 4.1.7) was found.becayse either,
i. the hit wires had a bad time structure, i.e.

peak, ,

ii. the VDC track detection time was not within a very generous
limit (4300 ns) of the 'HEP"sciﬁtillator telescope detection
‘time. For multiple hits in the HE scintillators this limit was

increased o 500 ns.
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~1

. Missing events w@re rejected unless only VDC plane 2U (used for y

An event. was labeled a drift chamber “multiple” if,

(a) the number of wires hit in any one VDC plané was greater than

_(b) more than’one valid vertex was found. A

. <
or vertical position information) was missing or if a plane was missing

because the event was at a dead wire. (During the runs two wires

stopped giving information but could not be fixed without a major

-disruptioﬁ.) If the missing plane had af least one-hit within' +1- wire’

of a dead wire then these events were saved and later recovered in the

f’x‘na.l analysis. | {
V4

For rejected missing evénts, a three dimensional array was incremented

with ihdices corresponding to, fhe event type (3-coincidence or HE
presca.lec{elastic), the spin condition (up, down, oﬁ:,. busy), and the

VDC f)lane or planes missing.

A gener.ous cut on the bénd angle to eiiminate elastics was made for
those events whiéh were not missing or only 2U missing, not multiple,
and not HE P/S e\{er;ts. Figure 5.6 shows the HEP angle of bend
acquired through the spectrometer vs pHoton scattering?ngle for a
nuf;lber of proton opening -a.ngles.' pp'f events are clearly separated

from the higher ener{g); random elastics background.

. After applying to ’,‘the HEP and LEP TDC values, éorrectioné for, elec-

tronic dela&s, flight path differences, and kinematics, and aligning ran-



*dom peaks by adding or subtracting 43 ns, a generous clit of 6 ns was

applied to the center of the observed peak attributed to ppy events, on
‘;F-.:; ’ -

the condition that no multiple hits were detected in any of the counters

’
and the event was not an HE P/S or pulser.

-~
— .

The effect of these cuts was to reduce the amount of random data by a

factor of 5; leaving about 40 “condensed” tapes for further processing.

”

5.3 Analysis - Processing

A:nalysis of the 40 skimmed tapes was performed on Digital VAX 780 and
N

- VAX 8600 computers with the software prbgrain Perseus. -

\

For each 3-coincidence event, the féllowing tasks were pe;fOrmcd. First,
all 5 LE TDC values v\‘vere ch:acked to determine which LE detector was hit -
a.nda whether the event was real i.e. prompt, or random (TDC value delayed
ér “advanced' by 43 ns). If more than one detector was hit _thé event was
_flagged as an LE multiple. A similar loop was made ovef the 8 HE TDC -
values, only here the random ew)e_nts were advanced by 43 ns over the I;romp,t
~ events. Figure 5.1 shows the time structure of the real and random events on
a plot of LE TDC vs HE TDC. A third loop was made over the 16 Cerenkov
detector TDC values. If mére than one Cerenkov detector had a valid TbC,
the event was flagged as a Cerenkov multiple. If there were no multiple hits

for each detector type, a separate flag was set for real and random evéqts.

~
o

For random events only one in every 5 was chosen to set the flag since there



Depeftor % Multiple | | o

‘ LE - 42
4 . L

HE s 2.0

Cerenkov 1.9

Table 5.4: Detector multiples statistics.

L]

<

were 5 possible random LE vs HE timing peaks (see figure 5.1). Table 5.41s a
compilation of the rhultiple detector hits statistics averaged over all detectors.

Section 6.6 contains a more detdiled listing of multiples by detector number

-

and a description of how a correction %actor for these was incorporated into

the cross sections via a Monte Carlo simulation.

)

A VDC decoding routine was called to determine for each plane, from -

_the raw TDC values of the struck w'i.res', the position of an HE partiéle track,

its angle with respect to the VDC plane, :«md the relative time of passage .
of the particle through the plane with respect to the photon detection time.
I\’now'ledge of the relative drift times of the ionization electrons along the’
particle path to the nearest anod.e wire for three contiguous wires, allows
determiné&ion of all the aboye Qua.nt‘ities, see figure 4.5.  [For events that
sdidn’t have thfée contiguous wires hit because of an intervening dead VDC
wire, a check was made if there were any hits within +1 of the dead wire.
Thé algorithm described in figure 5.5 was t_ilen used to determine a position, |
angle, and mean time of passage of the traék through the VDC for these

E)

_cases.]



&
‘{
ba
' Definitions: C = unknown constant time
T,.T,, and Ty ‘= TDC volues for wires
i T, = unknown TDC value for dead wire '
7 '} X = distance to be determined
Unkr‘bwps: C,Tq ,and X
- Relations: . (C-Ty) ~ (C—Tq) = (C-T,) + (C—Tq)
a By equivalent angles,
' (C-Ty) b (C"Tz) = (C_TJ) - (C—Tq) and,
! ((C=T,) = (C-T,))/6mm = (C-T,)/X
Solut i X = Bmm(0.5(T;+T,) = T,)/(T,=T,)
P
x ; ¢

Fi?ﬁ“g&ﬁ: Algorithm to determine VDC quantities for the case of an event
AN

at the site of a dead wire. -



o

Fo‘f/each VEQ anode' plane' the{\ nurnber of misses and multiples was -

= < T / = .
determined as follow An event wés fabeled amiss if any one of the following
were true:

\j?é

1

There were less than three contiguous wg‘gs hi (excludxng those events

at a dead wire).

No vertex found (i.e. no wire with a minimum drift time surrounded

by ones with larger fimes). '

The relativé VDC-HE detection time was not within 100 ns if one HE

detector was hit, and 500 ns if more than one defector was hit.

The internal track angle was not withtn the generou's’ﬁmits determined

. by plottmg the 1nternal angle of good ppY events for each VDC anode

«

! plane

)
I

An event was labeled a single multiple (SM) or a double multiple (DM) if;

1.

two valid vertices (‘valid’ in the sense that none of the above ‘miswsings’

tests were true for the track) were found (SM),

2. the number of wires hit was gr‘egter than 30 (DM),

3. more than two valid vertices were found (DM).

»

Drift chamber single multiples were reduced first by comparison of inter-

nally calculated angles of the track on '-neighbor planes, i.e. 1 and 2, or 3

and 4. Both neighbor planes could be a single multiple but neither could be

)



Sy

Analysis ,

’

Tests o .

% Multiple

on-line

¥ off-line

angle

comparison

magnet axis

-

projection

less than 5 wires struck in any one VDC.
vertex required, VDC-HE time cut,
internal angle within limits . .
corr'élation required between internal v
angles on planes 1 and 2, and, 3 and 4
(neighbor planes could both be multipie
but neither coulld be a double multiple
or'a missing ) f

projection of tracks before and

.

after magnet to center-of magnet

‘| (requires either planes 1 and 2, or 3

and 4, to have a single good track after
application of off-line and angle comp-

arison testsf

©88.90

13.86

4.93

4.45

Table 5.5: Results of the VDC multiples reduction scheme.

‘a double multiple or a missing. Secondly, single multiples were f‘edﬁce'd by -
prc;jecting tracks*before and after the magnet back to the magnet axis and
selecting the set which wa‘s better matched. This required eit.her planes 1
a.ndh2 or planes 3 and 4 to have a single good track. Table 5.5 shows the

results of this multiple reduction scheme for a run taken at approximately
.0

12nA.

N

Those events with a single hit in.each detector were then binned according

4

4

?




to LE detector hit, Cerenkov counter hit, and HE scattering angle (ihé full
10° to 30° coverage was divided into six 3.3° bins), giving 480 bins in all. After
enough statistics had collected in each bin, s;pectra were plotteci and limits
of various,kipemzftic quantities detefminéd for each bin  These quantities

were.

1. bend angle of the HE proton in tra\}ersing the C-magnet,

W

deposited eriergy’in the LE plastic proton detemd{qs,

3. time of flight after cortections for kinematics, delays and flight path

length differences, for the HE protons,

4. time of flight for the LE protons after similar corrections.

P

-
‘

Values of these limits were used as cuts for seleeting good pp~y events over
the large random baékground. Figures 5.6 and 5.7 show plots of kinematic

quantities 1. and 2. for which limits were determined..

Fihally the following tests were applied to ’eéch event before a number of
two dimensional é,rrays, with indices Cerenkov hit and LE hit, were incre-
mented. (These arrays corresponded to: different spin state, up, down, or off;

kHE Bin, by dividing VDC2 coverage-into four, approximately 5°' horizontal

by 4° vert¥, sections, and a real or random event.) Tests were that the

event was:

1. a triple coincidence,

2. not a pulsel,
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3. not an HE P/S elastic,
_ 4. a single-hit in each counter type,

5. pot a VDC missing, (or only plane 2U missing for the as_vmmet}\'v\

dete  mination),

¥e))

. not a VD€ mult?ple (or only plane 2U multiple), ‘ ) A

>

=

. came from the liquid portion of the target (determined by a cut on

' HE vertex ﬁrdj%fction back to the target, along an axis parallel to drift
* . chambers 1 and 2}, see figure 5.8,

~ f,u

8. passed the HE bend angle cut,
9. passed the LE ADC cut,

10. passed the LE TDC cut,

_ ‘
11. passed the HE TDC cut.

1

Scaler events were read at ghé'»:.begining and end of each run. If none of

\Ehe spin gated SEM counts were zero after the,first scaler read, it meant that
z

the scalers were r.ot zeroed at the staft of the run. (Scalers were read every
5 s and the spin cycled through, 3 r}lin spin up, 3 min spin down, and 1 min
spin ioﬁ'.)' In these c.ses the firsi scaler read sef was subtracted from the -
scaler rend af the end of tae run. Tables 5.-6 to 5.11 show the accumﬁlaiéd

. . ' L]
scater and ppy event count: in the LAC and SAC respectively.

~
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Table 5.7: . Accumulated scale_r counts in the ‘SAC

e

LAC Scalers
Pulser| SEM | Pol. Left Pol. Right | Pol. Left ‘Pol.mghtj
(up,dn,off) . | ' | Accidental Accidental
19208573: | ‘287501. 650081884, | 385763149. | 7586337, 64446556,
18087316. | 280205. | 373999274. | 650490001. | 52458118, | 92827969,
7865050, | 126405, | 221624944, | 224773872, ' 32178280. | 40966584,
3-coinc. | HE P/S HE4.V4 latch .pulser]‘ 60HZ
25833785, | 622155. | 20250749785, | 10803022, | 587295, | 47174031,
Table 5.6 Accumulated scaler counts in the LAC. .
/ SAC Scalers
| Pulser| SEM|  Pol Left| Pol Right | Pol. Left | Pol Right
| (up,dn,off) . | Accidental | Accidental
| 28879447 | 279982. | 8660306%0. | 477996603. | 25712268. | 28171065,
| 0100211, | 289733, | 513100433, 878362704, 147_5789‘2. 231119,
8739531 | 83801 | 203392305. | 197581328, 5626@ 47040,
' 3-coinc. | HE P/S HE4V4| latch|  pulser|  G0HZ
44764949, | .T70402. | 25603636075 | 31188639, |  536875. [ 65805534.
— , - — -
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N
7 "LAC ppy Counts
* Small HE_Angles (18.0° 10 24.¢ )
| Spin Ui)

' LE ) \ Cerenkov Angi- . )

Angle 15 30 40 50 60 70. 80 90 100 110 120 . 130 140 150 160 170
12 0 87 116 345 127 3‘?- 116 294 94 293 296 267 T4 141 28 9
20 36 144 156 432 1fs 313 74 238 82 247 257 197 63 179 59 51
28 98 188 148 396 /(4 264 87 1M1 76 181 180 143 49 128 45 41
16 |, 7 32 165/ 386 lxs 385 101 294 97 322 311 279 93 200 65 M-
24 95 187 177 366 .29 278 83 166 75 199 184 194 58 185 69 45
} . S‘pin Down
12 1 85 132 346 128 305 109 260 99 341 319 277 96 104 30 11
20 45 201 169 414 155 294 81 218 "87 223 286 241 94 214 66 49
28 | 135 201 193  404. 149 288 86 189 66 185 183 "189 o8 169 58 64
16 |7 4 182 194 tas2 185t 337 116 237 111 326 338 280 84 217 69 42

v 24 94 207 200 433 1er 318 95 203 73 245 268 248 78 186 64 47

N Spin Off l“'/
12 1 22 45 130 52 122 35 110 32 100 115 89 28 42 13 3
20+f 24 74 63 132 61 113 a1 90 32 97 .92 64 32 83 ) 12, "7
28 56 768 67 '143 61 85 26 64 19 53 71 55 18 56 + 28 23
16 3 55 4“4 151 45 126 47 106 24 94 101 100 28 93 26 21
24 40 53, 61 130 39 113+ 28 64 26 143 68 68 6 T2 25 20
Large HE An;lc} (24.5° t0 31.0°) »
Spin Up
12 0 11 42 202 131 386 132 268 107 220 183 81 13 7 2 0
20 2 162 225 638 235 534 173 - 405 134 391 368 . 285 85 179 63 ar
26 | 129 308 270 666 265 498 122 319 /94 284 209 214 67 148 9 42
16 1 €3 174 496 237 347 158 434 166 373 359 254 €2 105 20 [
24 57 22% 244 693 264 533 134 342 116 347 316 . 290 - 81 189 65 38
Spin Down — —
12 1 T W87 2786 139 394 96 302 98 229 164 0 9 9 2 0
20 3 191 239 581 210~ 516 166 379 152 373 330 317 84 196 53 a8
28 | 141 308 286 - 800 222 443 110 295 119 .264 268 257 83 181 73 52
16| 1 74 188 484 213 479 152 412 137, 370 339 .251 66 100 20 6
24 44 265 274 608 218 487 125 370 133 Can a1z 286 88 190 55 46
' Spin Off i
12 0 0 24 110 63 138 ' vaq nﬁ 50 81 “ M 3 2 0 0
20 1 83 T 214 82 200, 53 163 4 128 146 100 28 61 18 15
28 ® 108 79 222 668 , 161 45 87 38 112 108 91 16 73 16 18
‘16 0 22 35 188 93 194 32 136 48 127 130 87 2 .3 8 3
24 18 79 107 208 77 189 61 122 37 143 126 105 3 71 24 12
. ¢

[

| Table 5.8: Accumulated ;_;pﬂ/ event counts in the LAC.

—
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)
- LAC Randqm Counts .
Small HE Angles (16.0° ‘lo 24.5% ). /‘
Spin Up
LE - Cetenkov Angle
Angle | 15 30, 40 350 60 0 80 90 100 110 ,120 . 130 MO0 15 160 170
‘12 0 1 o .2 o 3 0 2 7 6 2 3 2 2 1 0
20 1 1 0 0 1 o 0 0 0 2 2 ‘o 0 0 2 1
28 |1 6 0 0 o 2 0 0 0 3 2 2 3 . 10 ‘
16 0 2 0 0 4 2 0 5 0 2 2y 3 2 2 5 3
24 1 0 0 1 0 1 0 0 0 1 1 3 2 6 [ I
Spin Down
12 0 ‘ 0 3 1 5 1 3 1 3 4 6 1 3 1 2
" 20 1 s 1 2 0 1 0 1 1 0 1 0 0 1 y
281 1 3 2 o0 .0 2 14 3 0 1 7 1 ‘:D 3 5
16 1 31 0 1 2 0 2 0 3 1 4 3 s 8 2
24 1 3 o 0 1 1 2 1 1 2 6 2 0 3 8 8
Spin Off
121 0 "2 o 1 °© o o 3 0 0 2 2 0 1 0 !
20 o 0 0 1 0 ‘o o 0 0 [ 0 1 0 i 0 0
28 0 4 1 0 0 0 e o0 2 1 2 1 2 0 1 1
18 [ 1 0 0 0 0 o 3 0 0 1 2 0 1 0 0
24 0 1 0 2 %o 0 0 0 0 2 0 0 0 2 2 3
I:uge HE Angles (24.5° 10 31 0% )
N Spin Up
12 1 3 0 2 2 5 2 4 1 2 . 0 0 0 ) 0
20 1 1 0 0 [ 1 1 1 3 1 2 0 0o 2 3 0
28 2 6 0 1 0 1 1 2 2 2 2 6 2’ 7 [} [
16 0 1 1 2 1 0 1 0 0 ) 4 o 0 0 1 0
24 gx 4 0 0 1 3 0 1 0 3 3 . 2 0 2 1
\ SpiLDt;wn
12 1IN 2 1 2 2 3 0 4 2 s 3 4 0 0 0 1
20 0 [ 0 2 1 1 1 ‘ 2 7 2 3 1 1 1 P
. 28 0 0 0 2 ‘ 0 1 2 7 1 ¢ ) 9 10 [
16 0 1 0 3 0 2 1 s 0 [ 2 ‘. 1 0 0 0
24 [} 3 1 1 3 1 3 3 2 4 6y 0 1 4 6 [
Spin Off N
12 1 1 0 0 1 1 0 1 0 0 1 0 i 0 0
20 0 0 o 0 0 1 1 1 0 1 0o o 0 1 2 2
28 0 4 0 1 1 0 0 1 D 1 3 0 . 1 2
16 0 1 0 0 0 0 0 ‘ n 1 0 0 0 0 0 0!,
24 0 1 ° 0 0 1 0 2 1 2 1 0 3 2 3

Table 5.9: Accumulated rand

-

LY

om counts in the LAC.
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SAC ppv Counts B -
Small HE Angles (9.9° to 14.8° )

Spin Up

LE . Cerenkov Angle ’
Angle 18 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

12 20 102 61 191 49 128 ) 34 . 124 8 187 8¢ 219 68 312 [.1] 208
' 20 62 8é 54 169 ® 47 10.8 30 69 28 100 39 129 e 161 40 178
28 |™\51 57 40 114 31 73 15 43 11 61 14 76 16 56 17 79 ¢
16 2} 104 81 184 58 151 k1) a8 24 1186 73 177 L3 180 68 235
pL} 61 95 52 169 30 93 16 53 13 3 32 79 30 118 34 131

Spin Down -

12 22 136 103 232 55 177 . 23 112 a3 203 107 258 84 362 62 229
20 93 131 84 228 43 141 35 101 22 124 80 182 57 217 55 264

28 89 132 73 174 . 98 N 69 19 638 40 9 347 149 53 165

16 47 142 102 266

o AS7 47 7 128 27 169 92 217 17 301 80 280 i
24 96 108~ 73 188 35 102 20 82 23 95, 8% 137 50 - 186 59 229

el 3

Spin Off
12 6 ¢ 26 23 48 2% 45 10 3y 9 50 27 72 28 ‘108 24 1]
20 ' 19 a3 23 52 11 35 9 29 ] 43 ‘ 16 28 13 ' 51 21 83
8 22 21 19 48 8 21 [] 16 5 22 16 21 10 30 13 | 38
, 18 13 42 1) 75 ll. R & 23 23 8 a3 13 52 23 97 22 72,
24 18 26. 27 55 18 .29 7. /&9\_\ 5 27 11 25 9 52 8 53

Large HE Angles (14.8°N{)’\/

Spia Up

.12 0 67 109 - 398 137 344‘ 97 337 103 359 133 330 81 180" 27 33

20 31 1s 132 - 443 12¢ 301 71 250 60 281 125 239 89 284 97 - 228
28 85 156 137 434 . 104 275 59 168 42 179 80 159 47 163 40 139
16 2 127 157 467 123 313 90 251 83 326 130 285 8% 249 T4 159
24 61 161 1 434 ' 123 284 78 220 65 N 105 ]88 70 228’ 56 201

Spin Down ,
12 0 82 127 468 118 __ 354 ‘95 27 92 386 177 37 77 200 31 52
20 27 169 185 53¢ 185 362 71 260 72 202 154 31 29 385 98 276

28 110 220 151 482 134 301 62 188 54 200 93 238 84 237 62 243
16 11 187, 177 516 143 363 102 333 86 364 201 387 143 334 €8 168
24 a7 199 186 474 132 309 77 223, 47 208 138 279 82 328 78 273

1 Spin Off

12 o’ 20 42 126 42 96 30 79 27 11 53 83 27 72 9 [
20 12 83 47 153 40 112 21 38 28 T4 38 97 29 109 19 6‘5
28 28 50 54 6 34 ; 84 17 61 22 8 27 59 28 52 10 80 )
16 5 T 48 139 29 134 33 85 22 9% LX) 118 34 94 23 55
b1} 18 67 41 141 43 80 16 60 14 54 26 75 31 T4 18 62

Table 5.10: Accumulated ppy event counts in the SAC.



SAC Random Countas
Small HE Angles (9.9° 10 14.39 )

Spin Up
LE Cerenkov Angte
Angle | 1> -30 40 30 60 70 80 90 100 110 120 130 -1_46'\-‘ 150 160 10
12 0 4 0 2 0 1 0 1 1 s o 16 \"\é'. 39 2 18
20 1 o 1 0 2 0 1 K 2 2 7 0 9 1 8
28 0 o 0 1 0 0 1 s 1 1 0 0 v . 1 [
16 0 2 1 1 1 3 [ 1. 1 0 8 1 § 0 12 1 ]
24 1 1 1 0 0 1 ob 3 0 1 ! 4 0 8 0 [
Spin Down
12 3 3 0 3 0 0 0 3 1 8 1 15 [ 47 3 26
20 1 0 1 1 0 1 0 0 0 6 2 6 0 11 0 12
28 0 1 0 2 0 1 0 3 0 2 ° 2 0 10 0 9
16 3 3 0 [ 0 4 0 2 0 4 1 9 0 12 1 13
24 o 1 0 1 0 0 0 0 0 2 0 1 0 7 1 11
Spin Off
12 0 0 0 0 0 0 0 0 0 0 0 4 1 12 2 ‘
20 0 0 1 0 o 1 0 1 0 2 o 0 ‘ 0 0
28 0 0 0 0 [ 0 0 0 0 0 0 2 0 0 0 1
16 0 1 0 1 0 [} 0 0 0 1 1 4 0 s 0 2
24 1 0 1 1 0 0 0 0 o o0 0 0 0 3 1 2
Large HE Angles (14.8° 10 19.8° )
Spin Up
12 ) [ 0 1 [ 2 0 s 0 4 1 1’ 1 12 i 3
20 0 0 [ 0 0 ] 0 0 0 1 0 [ 2 9 1 ‘
| 0 1.0 2 1 1,0 4l 0 2 0 1 0 2 o 3
16 o 1 0 3 o 1 o ‘4 0 1 2 1 o 2° 0 1
4| 0o ¢ 1 2 1 o o 1 1 3 1 0 0 3 2 1
‘ Spin Down
12 0 0 0 1 0 0 0 [ 1 14 0 10 1 8 3 ‘
20 ] 1 1 0 0 1 o .1 0 « T 2 2 15 0 7
28 0 1 1 6 1 2 0 i 0 1 0 2 2 ¢ 1 3
16 0 2 0 2 1 1 o, © 0 3 0 5 2 9 1 ‘
24 0 0 0o -1 0 0 0 2 0 I 2 3 ‘ 1 2
%p}n off
12 0 [ 0 1 0 0 [} 2 1 3 1 3 0 0 0 3
20 0 0 0 0 0 0 0 0 0 1 0 o 0 3 0 '
28 0 0 0 1 0 [ 0 0 1 0 0 0 2 0 2
16 o 1 0 0 1 0 0 0 0 0 1 0 0 0 0
M 0 0 0 0 0 0 0 o 0 1 1 0 0 "1 0 0

Table 5.11: Accumulated random counts in the SAC.




Chapter 6

~

Monte Carlo

-

6.1 Introduction - ._

The collected ppy counts listed in tables 5.8 and 5.10 are plotted in figures __
6.1 to 6.4 as a function of photon scattering Angle for different proton opening
angles. The evénts have been normalized fof incident beam intensity, tar-
get thi;kness, and detecto& solid angle. These plots represent Qvnly what was
observed at the end of a non-ideal detection system. To derive cross sections
that can be compared with theoretical ca.lc&lations, the efficiencies, multiple
: scattering, and phase-space acceptances, inherent 1. our experimental sys-

tem, had to be accounted for. This afounted to notlung less than simulating

the entire experiment in a software cgde, known as a Monte Carlo.

Events were generated at the target by observing conservation of energy
and momentum, kinematics, and folding in phase-space and cross section,

and then 'Eracking these events through-the experimental set-up to their

- 4
My
e

108

3
ooy



' 109
280 ,
HEP LEP
12.4 12.0
4187
=
= a
93“ D D
Q g 0O 0 o o
o G 00 gooao
0 20 40 60 80 100 120 140 160, 180
N 280 ‘
L HEP LEP
ppand 12.4 16.0
4187
o
93+ ) *
= O
- = P oaog L, oo@e-m S
E 23 20 40 60 80 100 120 140 1680 180
—— o
‘o~ 280
£ | HEP LEP |
12.4 20.0 N
O 41871
\/Q
Rl )
W 931 a o v -
—+ a O N
— . O0ogp g.o oo =R
q>) 0 20 40 60 80 10 120 140 160 180
l_L_] 280 X ~
HEP LEP
O 12.4 240
O $1874
- =2
x
8 93f 0O O
p— . O a4 0o g ©
O o O gggoood
O 0 20 40 60 80 100 120 140 160 180
280 -
HEP LEP Y
12.4 28.0 -
$~187
=
’ >
934 O ]
O g S e ‘
. O 0o ggooogdbU
0 zQ 40 60 80 100 120

140 180 18

Photon Angle (degr;e‘éS)
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trigger counters. U ) .o

" 3

The particles are tracked tivice. First, to be éalled the IDEAL case, the g

particles are not affected after generation and the number of events that'end
of ‘ )
up within the solid angles of the theoretical cross sections are counted. In

the second trace, to be called the REAL case,‘ events falling wathin the solid

-

angles specified by the experimental detectors'are counted and all the physics
that could affect the particle on its trip to the trigger counters is taken into

account. This includes multiple scatteringqnd energy degradation as the
‘ ple scattering & gy deg

by

protons traverse different materials, com‘wn scattering and pair production

of the photon, the effect of the magnetic fieldson the prbtons, and also various
&4 -
inefficiencies in the particle detection systems.
\\

These REAL events then represent what is actually detected by 8ur sys-

tem while the :IDEAL events represent what we could hope to measure given

o

the theoretical cross sections and an ideal detection system. The ratio of =

- IDEAL/REAL events for a given 3-coincidence bin, represents the correc-

tion factor that must be éoplied to our measured data before they can be

meaningfuly compared witli tneory.
&

To some extent, the particular theoretical cross section folded into the
event generation biases the values of these correction factorsﬁ:is, however,
.a'Lrises only from the differences in the variation of the different theoretical
predictions over the extent of a particular bin since both tY;e REAL and
IDE.AL eve s have this same .Cross section folded in. The-difference in
variation of the cross sections derived frgm tlyg Paris and Bonn potentials is

small. Cross sections derived from the Paris potential were folded into our
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event generation.

A flow chart of the Monte Garlo is gi’ven in figures 6.5 and 6.6 and a

detailed descriptibn follows.

w

6.2 Description

The Mont: Tarlo was developed from the three-bg)dy év_ent generating rou-
tiﬁe GDEC : 3, taken from the CERN GEANT library. -Before describing

the code, we introduce some abbreviations, the coordinate system, and some

approximations. : 7] _

s

6.2.1 ¢ Abbreviations and Deﬁniﬁions

HEP - High energy proton - that defected on the opposite side of the b;am
line to the photon. ),_ . |
LEP - _Low energy proton - that Aetected on the same side of the beam line
as the photon. v‘ |

SAC - Smail angle conﬁ“‘gurati'on, 9.9° < Oypp < 19.8°.
LAC - Large angle conﬁguratitgl/ll, 18.0° < Bypp < 31.0° . &
;ERTEX - Position lwithin'the H, target at which the event is generated.
TRACK - Direction cosines, coordinates, and 4 - momenta of a particle.
VDC - vertical drift chamber - used to determiné the traﬁk of the HEP’s.

) REAL DETECTOR LIMITS - the actual physical limits of the detector plus

an allowance for multiple in-scattering of the protén: equal to approximately
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'92.5 times the root mean squared multiple scattering of the proton at the

detecto.

MULTIPLE SCAT‘TERING'- multiple sc‘atter'ing plus energy loss.

6.2.2 The Coordinate Sy’stem () \

Coordinates are given in a Cartesian system with the z-axis initially along "

the beam axis. Any rotation of the syStém is always about the vertical y-axis.

Multiple scattering distances listed are those measured along an axis par-
allel to the z-axis. The actual thickness the particle traverses will depe‘nd on -

1ts dlrectxon cosmes

| f'!s‘;'}); L

6.2.3 ,Appro)é,‘ir""natiOns

: | 1 | -
Al_thoughipractically mnny simplifi- 2tions and aoproximations hztd to be
made, only those conSidered mos: serious (but justtﬁ)able),, are vlisted below:
1. All et/ents'are generated within the 5 mm tl;tick liqui'dv:hydrogen'por-

tion of the target. Without thls sunphﬁcatlon the geometry hecomes .
comphcated malqng the efﬁmency for photon de%ectlon extremely diffi-

| cult to ca,lculate The solid angle subtended by the cerenlxov detectors
would be a comphcated function of vertex posmon along the target
'7ax13 and the amount of absorbmg mtervenlng material between the

event vertex and the counters would be vertex pos'mon dependent

‘This approximation.is justified since the detectors were shielded from-
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Bbserving most of the gas. Also, good intrinsic resolution of the VDC’s
- gave goo:d definition of the liquici‘porti_on of the target to which a cut

was applied.

2. No m.ultipleuscattering through air is calculated while the HE proton is
in the field of the C-magnet b?cause of the comphcation this presents to
the ray tracing. The proton 1s however multiple scattered through an
equivalent thickness of Cu divided into two sections placed just before

~ and.after the field. ‘ ' . ~

- 3..The magnetic field drops to zero at the site of the anode plane of
VDC 3. The field is actually ~4% of the gap ﬁeld valhe in this region.
"To correct for this, the amplitude of the gap ﬁeld was 1ncreased to give

the correct anglejof bend for protons of all energles

- 6.3 Beam Proton

. e
Before a ppy event is generated, a beam proton is created at the entrance
to the 1‘01‘.8 cm long H, target cylindef. Its x and y value at entrance is
* - chosen -at random ‘from a gaussian beam profile -centered at z = y = 0
with vertical/horizontzil sta.nda,rci deviations of ‘7/2 mm, ’and its energy is
chosen at random from a gaussian distribution centered at 280 MeV with
' a standard dev1at10n of 2 MeV. The proton is then tracked with mpltiple

scattering through *he 05 mm thick kap_ton target end cap, 509 mm H,

gas, .01 mm kapton (liquid H, tgt. window), and an amount 5.0 x ran mm B

7
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of liquid H,, where ran = rancjom number between 0 and 1 (distance the
beam particle travels in the target before interacting strongly and producing

a bremsstrahlung event).

‘« . & \

6.4 'Event Generation” \

- The three-body event generator, GDECA3, of the CERN GEANT library

was used. A bremsstrahlung event is generated.unif?rmly in the c.ifi. systé

with the initial decay of the available energy into a proton and a piece that
subsequently decays into the second proton and the photon. The evints thus

g;ehe;rat,ed are weighted for phase space.

are made to make sure the event lies within a useful regi. 1 of phase kpace.

- "These are, in order:

1. The enefgy of the photon must be@bove a genercu- limit of 35 MeV.
9. The polanangle 6., of the phot(;n. must be, between 10° and 179° .

3. The difference between the azimuthal angles of thg two protons must
- be > 140°‘(LAC), 120° (SAC). (The maximum ¢ subtended by the
_proton detectors is 14.5° for LEP detector #1, ciOsesp to the beam -

—~

. line. An allowance is made for maltiple in-scattering.)
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If any of these fail, a new event is generated.
)

- Which of the pfotons is to be designated the LEP and HEP is now de-

termined from their azimuthal angles ¢ and the ¢ of the photon. Checks are
then- made that: 1 - ‘l ; jé,n ' Ly

1. The HEP’s polar angle Oyep, is between 14° and 34° (LAd), 6° and

23° (SAC). | ’ '
2. The LEP.’,S polar angle ,pp, is between 8° and 32° (LAC), 6° and
34° (SAC). ' ~ ’

1

o —

- ’ .A ‘ § - . ‘ ; - ) o ‘
A new¥ye’nt is gefierated if either of thes@¥ail. WO .

v B&féa%se the e'veﬁnt"'-is symmetric under a rotation of all particle momenta -

e
.a‘\ i f ¥

A by qS aBout the beam axis, the efﬁmg&:y for acceptance is mcreased by choos-
1ng & Qchosen for the HEP protc:n at:random bet‘tveen the hmats set ‘by. the

| ma.x,;mum o) a.llowed by the vertical solid a.ngle cit on VDC plus an al-
lowance for multxple scattermg, g1vmg :i:15° (LAC), £23° ( SAC) HE detec
_tor of + 6.1° The dlfference ¢,h, f, d>gm,utcd Dehosen, 1S apphed to the

a

~ other pa;fticles by rotating their momenta through this amount. Because'

t
2 .

o ,the\'d"et;ector- limits are more uniform In 8 (angle with respect to”‘y-axis),;

i’»:' ; lacceptance efﬁc1ency 1? increased by checlung that the partlcle s 6¥ i is W1th1n."

" limits of 90 % 5.0° , (LAC) and (SAC) for the HEP and 9 £ 5.0° I(L AC),
90 :i: 7.0° (SAC) for the LEP If not a new event is generated and the process ,

rcpeated.

> = In summary, the following limits are used in decidinig whether or not o
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keep the event. If any of these fail, a new event is generated.

For the LAC,

—

.8 < Opp < 320 ,

. 8 gp within £ 5° of x-z plane,

4
]

o

[

3. 14° < Bypp < 34°,

4. 6} gp within £ 5° of x-z plane, -
5. 10° < 6, < 179° .
. - h ‘. /
For the SAC, ,
1. 6° 2 OLgp < 34°,
2..‘(915,, within £ 7° of x-z plane, .
" 3. 6° < fypp < 23°, o o
' . ¢ . , /
4. 6% p within £ 5° of x-z plane,

5. 10° < 6, < 179°. / )

Generated_events satisfying these limits were stored on magnetic tape for .

further processdl g.

6.5 Tracking

Tracking refers to t::fié’:‘girocess of following the-final state protons from their

interaction point to their trigger counters. The two I;,r-;).-tbw were tracked
! ' R R

RN 'Y
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N

twice. First, the ‘ideal case', without multiple scattering, magnetic fields,
) 7 T . ~
finite ¢., detector acceptance, or limited detector efficiencies. Second, the

‘real case’, with all the above. For a large part of the tracking the same code

was used for both cases since a parameter passed:to the multiple sca[ttering A

routine allowed the multiple scatterifig to be turned on or off.

Tracking from the interactiog pogﬁt to the target cylin'der window exit was
identical for both the LE and HE I;rotqn as the target sk was symmetgic
. with respect to the beam line. The materi:al§ through which the protons
multiple scatter before paséi'ng the exit windows of the cylinder were, in_
order, (0.5 = Zn;) cm liquid Ho, .01 mm kaptoh (liquid H, window), 2.5 —
\/(:r2—+—y_2—)/tgn(9) cm H; gas, as measured parallel to the incident beam a:éis,
and finally through a .05 mm kapton window. Here 8 is the proton polar
hngle and x and y are the cbordinzites-_ pf»thé proton at the liquid H, windofzv.

At this point the symmetry with Téspect to the beam line is broken and the

. ; Vit 4
tracking of ¢he two protons differs, \@% X
; v ' _ )
6.5.1 Tracking the LE Proton
«The following tasks are per.forméa for each_of éhe LE detectors: ’

-
o
B}

1. A transformatioyn‘ of the track of the proton is made into a new coordi-
nate system -, bj? 'rot’ating about'the y-axis, with the origin kept at the
center of the target but the z-axis at an angle 6 corresponding to that

of the center of each detector.
g A s R
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to

The x and y coordinates of the proton’'s track at a distance = = 100 ¢m,

. - 9,
(approximate location of the LE_P detectors), in this new coordinate-
system are determined. No multiple scattering is required here since °

in both the real and ideal case the proton is traversing vacuum.

3. These x and y values are checked to see if‘they lie within the extrapo-
lated x (@100 cm) and y (@100.‘cm),1irxiits of the particulér LE detector.
(Extrapolated limits are used since the distances to the LE detectors
vary slightly from 93.3 cm t6104.35 cm.) If they are acceptable a flag is
assigned the value of the detector number: In any case, the cpordinat.ss

of the i)roTon and its energy at this point are recorded.

ing the HE Proton

6.5.2 Tragk

To facilitate tracking, the coordinat/ebsyste is rotated by an angle of; 65.8° (LAC),
65.0° (SAC), about the y-axis, from the ?ystem’s original configuration, so
that the scattering chamber window and VDC’s 1 and 2 are perpendicular

to the new z-axis, (see figure 3.1).

For the ‘ideal’ case the HE proton is tracked to the sites of the X-anode
planes of chambers 1 and 2, and the x,y coordinates saved and compared
with the active limits of the plane. If the proton went through the active

area, a flag is set. This completes the proton tracking for the ‘ideal’ case.

For the ‘real’ case the HE proton is multiple scattered through a 1/16 in.-
aluminum § ray, shield, through vacuum to the scattering chamber window,

through a thickness .127 mm kapton window, and then multiple $attered
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through air a distance that pl:lts it 2 cm from f.he anode plane of VDC 1.
Multiple scattering within the chamber is approximated by a thickness 0.279
mm mylar before the anode plane which is equivalent to the sum total of all
'foilé an\d gas within the cha}rlbér. The x,y coordinates of the proton at this
‘ﬁrs't- anode plane are determined and saved. For this ‘real’.case ;VDC‘ #2 1s
within the :nagnetic field of the dip?le ‘C’ magnet and fhe field’s effect on
the track of.the proton is considered. {The field at the site of the anode plane
ranged from approx. 0 — 10% of the gap field of ~10 KG.-) A transformation
is made to a system With,its O‘rigin at the center of th magnet and its z-
axis perpendicular to the magnet’s sides. The proton 1s m;_lltiple scattered
in air to the beginning of the dipole field map just before VDC?.- (The field
map covers * 76.2 cm along z and + 40.6, -81.3 cm aiorig X in this magnet

”~

coordinate system.)

The field map of the dipole ‘m;gnet (taken at 7.987 KG. but scaled up to
10 KG) consisted of 31 planes perpe“ndicglar to the z-axis and spaced 5.08cm
.apa.rt along z for which the field in thé y - direction, as a function of T, was
4 spe.ciﬁed by 7 coefficients of a power series of z from z° to z8. The track of
the proton is incremented 1.5 cm at a time until it reaches either the field
map region or intersects the x anode plane of VDC 2. (Qaly part of chamber
2 is within the ﬁeid map.) The two closest field planes are determined at each
increment within the field region. The value of the field at the x-coordinate
of the particle, on botl,l planes, 1s ce.lcula‘téd from the field coefficients, and
the value ofél’ie field at the site of the proton is then determined by a linear

interpolation between the two plane values. Direction cosines of the particle

’
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are corrected for the field deflection over an arc length of 1.5 em. If the track

“of the particle intersects chamber 2 before or while in the field, the x,y values

at the anode plane are saved and a ‘hit’ flag set.

1 4

In the fringe field region, i.e. outside of the pole ép, the real field has
horizontal comf)onents that could cause vertical focusing or defocusing -of

the HE protons depending on their directidq of motion with respect to these

components. To simulate this for the REXI, case, use was made of Stoke's

theorem which says that the integral of the components of a magnetic field
\\‘ /’, \
_

.
around a closed loop must be zero, 1.e.
» .

' §B5-di=o0. 6y
Figure 6.7 shows the situation. The problem is to determine the horizontal
: tomponent of the field, B,, given the gradient of the vertical field B,. From

the figure and equation 6.1,

B,-Z = (B2~ B1Y. | (6.2)
4

where Z is the displacement between the two closest field planes to the proton,
and Kis the'\{ertical height of the prdton from the median plane. By'(lj_ and
B,(2) are the values of the vertical field at neighboring field planes. From the

determined values of B, a vertical deflection for the proton was calculated

and applied to its track at efich increment of 1.5cm.

At a distance of 20 cm from the upstream pole edge, and at every incre-
ment until 20 cm after the downstream pole edge, the x-coordinate of.the

proton is checked to see if it is within the extent of the field map since the
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Figure 6.7: Use of Stoke’s theorem to determine the vertically focusing hor-

izontal compornents of the C-magnet field.



. real physical limits of the magnet coils extend from ~—20 cm to +20 cm
b - . '

beyond the pole in the z-direction and to the field map in the x-direction.

At both the entrance and exit of the pole, the y- -coordinate of the pa.rtlcle

w%f checked to see if it is within the gap height of + Scm. The protons are
tracked through the field until they reach a distance of 27.5cm (LAC), 40cm
(SAC), beyond the back of the magnet pole (The field map extends furthgg;
but continued trackmg in the field Lntroduces the extra complicatiorl of'hav-

ing VDC 3 within the field. The field along at the anode plane of VDC 3

ranges from ~0 — 5% of the gap maximum. To'compensate, the magnitude

of the field is iricreased to give the correct bend to all px'otoné.) .

I

Next, a rotation is made of the coordinate system into_onc with"the 2-2X18
perpendicular to VDC's 3 and '4, with its ori}éin at the tlarg'ét. Thé' proton
1s multiple scatterecl in-air until cm hetore tlhg andde plane of chamber 3,
and then rnultlple scattered through a thickness of lmylar 'equivhleht tosthe
thickness of chamber window mat_erial plus the chamber-gas. The value of the
coordinatks at the anodé plrme are stored and a chamber hit or miss flag set.
‘A similar procedure is followed through to chamber 4. Fmally, the proton
1s multxple scattered in air to the HE detectorskand checked on acceptance
The proton then suﬁ'ers multiple scattermg through a 3.18.-mm alummum
cover plate on the back of VDC4, through air, and through the 6 35 mm
thick plastic neutral veto and its 3. 18 mm thick alummum support before

finally arrwmg at the HE trlgger detectors. Thxs completes the trackmg for

the protons in fhe REALfase
} S
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6.5.3 Tracking the Photon \e{

For the ‘ideal’ case, the polar angl: 6., of the photon is checked to see if it
is within the polar angle subtended by a cerenkov counter in the horizontal

plane containing the beam line. +

s

For the ‘real’ case, the in-plane sgattering angle of the photon is deter- =
‘mined from the initial momentum components at the interaction point. If
this' angle is within the angle subtended by one of the cerenkov counters
then the photon is projected to the face of thls detector where the x and y

‘coordlnates (z-axis through the center of the detector) are determined. If

/"

the detector is a cube, avchechs made to see if both the absolute value of
x and y are less than the 1/2 width and height (7.46 cm), of the counter. If
wthe‘;l_

tector 1s a cyhnder the quantlty Vi +y? must be less than the 6. 35

6.6 Efﬁc1ency We_fghfing and Binning s
Idga‘l Events

~ For the ‘ideal’ case a cross section we . zht is determined by interpolating the

square of the mat;ix gle;rler}t (cross section with phase space factor divided
out), on a four dimensional grid of the vafiables‘, 8., 8nEp,; OLEP, and d)L[:;p,
| (obtajned‘ ai:tér a rotafion such-that ¢ypp = 0). This number is normalized
to é value bet‘wee‘n 0 gnd 1 by dividing it‘by the maxim;xm |matriz element|?

A

. for tu_he péxrticpld:*aéonﬁguration, LAC or SAC.
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An'array IDEAL(LE,HE,CER) is"incre'me%ed by an amount equal to the -
cross section weight if the following tests are pa;ssed:

4

1. The HEP passes within the active limits of rhz}/r_‘nber 1..

L4

2. The HEP passes the solid angle cuts on anode planes 2X and 2Y which
' N

were applied ?o the experimental data.

3. The LEP hits one of its detedtors.

-’

- 4& The photon has a polar angle 6§, within the polar angles subtended

| ¥
by one of the cerenkov detectors, as measured in the horizontal plane

’

i:onta.infng the beam line.

.

The binning indices have the following definitions; LE - low energy prbton
detector number; HE - each configuration has two HE bins corresponding to,
LAC 18.0° — 24.5° and 24.5° — 31.0° . and SAC 9.9° — 14.8° and 14.8° —

, 19.8° : CER - cerenkov detector number.

Réal Events

14

A cross section weight was determined as in the ‘ideal’ case.

The éfﬁciency of each photon detector was determined at the upper and
lower kinematic limits of the photoin energy (for a given LE, HE, and CER
bin) with a separate Monte Carlo program “EGS”. This program determines
the total energy deposited within the Pb glass by the electrons and positrons

which dévelop as a result of the three phofbn interaction processes, the pho-

»
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~ toelectric effect, Compton scattering and pair prdductibn. Input to the pro-
gram are, the type and an estimate céf the amount of material'intefvehing
between the production point and the glass, the initial scattering angle With
ivrespe.ct to the detector axis, the initiél. photon energy, and the material and
‘thickness of the detector. (Figure 4.3 shows the location, and tables Al
ahd A.2 the amount, of absorbing material between the target ahd é,erenl‘{ox‘r'
» detectqrs.) The output consists of the number of photo‘n evehts ,wh'ich"de-
posit aﬁ energy within a given interval as a function of the average energy
of the interval. The efficiency is c'alcﬁlated as the number of évéhts with
deposited energy above a 20 MeV discriminator threshold, divided by tihe '
total number of events. {An inefficiency correction is included to aééou;lt for
photon events t’hat pair produce or compton scatter in the absorber,before
the detéctor. Thé minimum ionizing electrons produced as a result deposit
enough energy to trigger the charged particle \;eto that is in anti-coincidence

with the Pb glass detectors.] Appendix A contains a complete description of

the procedure'{lsed to obtain efficiencies from EGS. B
' . . : ‘ ' !
A linear\int‘erpolation is made between calculated efficiencies at the two

kinematic limits to determine it at the particular photon energy of the event.

\

The VDC efficiencies due to missing and multiple events were determined

ose not Subjected to the cuts of the

¢

. area of e‘ach VDC plane was divided

as follows from the ‘3% - everll

skimming” process). Yirst, th#f

~ / . . - " a
into 4 equal sections. The % not rhissing on a given plane was calculated
as the ratio of those events which were good in all planes (i.e. not missing

and not multiple), to those events that were good in all plaﬁes‘ except had

.
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a missing in the given plane plus those that were good in all planes. The

position of the missing along a given plane was determined from the position

of the track in a neighbor\plane.. Results for the LAC and SAC appear in

1
"

tables 6.1 and 6.2 respectively. The % not 'multiple'remaigr:'g after an

attempt to resolve them (section 5.3) was determined from the rdtio of those

“events that were good in all planes to those -that were good in all planes

) C
except had a multiple in at least one plane plus those that were good in

“all planes. Table 6.3 shows these eﬁicxencxes as a functlon of posmon

“anode plane 2X The real events were welghfed for the VDC efficxenmes b
determmmg what section of a partlcula.r chamber the event passecl througl,

{ M‘ .
and then assigning the efficiency of that ,,gectlon-toftﬁe event. <

" Cerenkov and LE detector not multiples werer .determine_d forﬁ.:;i given
- detector from the ratio of those events '&;{hich had a single cerenf(o&/ (or LE)
hit over those that had a single hit plus those that were multiple. ‘The results -

are given in tables 6.4 and 6.5.

Before an event was accepted and counted, a nomber of tests were placed
on the energies of the two protorls The energy of the LEP at its 'detector |
‘had to be greater than 1 MeV to be accepted by the discriminators, and be
less than 143 MeV or it would penetrate the absorber behmd its detector

and trigger its elast1c veto counter Also the energy of the HEP at its plastxc

detectors had to be greater than the dlscrumnator threshold of 1 MeV.

In summary, an array REAL(LE HE ,CER) was mcremented by an amount

-

equal to the product of the welghts ‘of the cross sectlon VDC not multiple

)
A



large — small angles

VDC 1X . 1
v
O off

845
860
840

.833

.836
.863.
850

813
849 |

|vDC2X 1

1

off

951
958
952

953
956
954

VDC2H 1
!
off

848 |.
843 |
842 |

.946
1 .960
961

VDC 3K 1
| X
off

963
961 | .
950

921 |
934
-.927

VDC 4X 1
]

~off-

966
970
074

980

.962
.966

866
866
860

826

hJ

Table 6.1: VDC hpt missing éfﬁcienc@éé for fhé LAC.



~ large . — small angles

VDC 1X

:

!
off

181
808
789

7

=

o

-1

150

-3
[J%

6

17
748

736

VDC 2X

off

1l

858
.856
865

.960
.969
956

956
957
960

| VDC 2H

o1
|
oftf

955
959
961

958
963
959

961
967
963

VDC 3X

_ off

911
919
913.

976
978
974

.981
981
982

)

“

VDC 4X’

T

J“A

qﬁ

925
916
934

978
pm
976

979
978
978

- Table 6.% ‘V'DC"DOt‘mis",sihg efficiencies for the SAC.
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Table 6.3: VDC not mﬁltiple efficiencies for:the LAC and SAC as a’functidn

i

.la‘rgz —-; small 'a;glés
(L;AC)‘ 1| 747|758 787 | .806 -
|| 820 | 833 | 857 876 |
- off | 765 | 783 | 824 | 8%
(SAC) 1-|.727].760 | 804 | .828
\ 1| .802 | .824 | .853 | .873 |
off | 755 | 786 | 522 | 849

of position on anode plane 2.

¢~

120|160 | 200 [2a | 280

(LAC) 1 |.057|.916 | .016 | 012 938
|| .04, 907 ...908‘.;_905' 999

off | .945 | 9127 910 [ 907 | 934

(SA‘AC) 1°].972 | .928 | 922|916 | 939
1| .960 | 922 ‘o121 907 928

- off ..96'6/*.927‘ 01| 912 934

134
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" Table 6.4: LE detector not mul'tiplé ,éfﬁciénci‘esr'fgl)r thé LAC ar_ldeAC.
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‘.Table 6.5:_-

. 135
15° [ 30° | 40° | 50° | 60° | 70° | 80° | 90°
(LAC) 1| .o78| 9s4| .975| 970 | .966| 979 | "964| 979
L] 978 985 075 | 970 | 90| 980 | 968 981
ot | 078 085 | 973|078 | 966 | 979 967 | .979
100° | 110° | 120° |130°, | 140° | 150° | 160° | 170°
(LA(D T| 962| .967 | 964.| .973| 952 980 | 984 | .986
y| ge8| o2 | 68| 975 957 | 081\ 985 | .985
off .96§“'.96é 066 | 073 | 053] os1| 983 | 985
| 150 | 300 | 40° | 500 | 60 | 700 | 800 | 90
(SAC) 1| .972| .975| .960 | .973| .950| .970 | .953| .974
| o 13| 975 960 | 975 | .952| .970| .956 975
off .9555:.975 o590 | 974 | 52| .68 955 | 974
F 1 to00 | 1100 f120° | 130° | 140° | 150° | 160° 170°
(SAC) 1| .955| 78| 9501 76| ‘049 | 983 | .963 | .982
1| 95| 078 | 955 | 016 | .952| 983 |- 965 | .984
| off| o55| 978 | .956| 976 | 954 .983 | .064| 083

-y,

¢y - o ‘
Cerenkov detector not multiple efficiencies for the LAC and SAC.
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and not missing efficiency, cerenkov detection (see appendix A for a table

of values) and not multiple efficiency, and LE not'multiple efﬁciericy, if the
- ' ¢ ‘
following tests were satisfied: o

r .
~ ] a
¥

1. The HEP passed within the active limits of all chambers (1,2,3 and 4).

A~ o
2. The HEP was within solid angle cuts on anode planes 2X and 2Y that

were applied to the experimental data.
3. The HEP passes within the physical limits of the C-magnet. /
4. The HEP passes within the physical limits of its pla/stic trigger counters. -

5. The energy of the QHEP. at its trigger counters is above 1 MeV.

6. The LEP hits one of its\detectors. '

7. The encrgy of the LEP at its detectoxi is above a 1 MeV threshold.

N~
4 N

8. The energy of the'LE? at its'detecto’i";s below 143 MeV.
- 9. The photon passég'wifhin *he physical limits of a cerenkov detector.
"The ratio of ID'EAL/REAL was used to cc;:regt the experimental counts

in a given bin before the cross:sections were formed:- Values of this ratio for

the LAC and SAC are given in tables 6.6 and 6.7 Arésp.ectively. | *

Ba ]
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LAC Ratio of Ideal Io’ Real Monte Carlo Counts
Small HE Angles (18.0° to 24.5% ) -

LE Cerenkov Angle .

Angle * 15 30 10 50 60 70 80 90 x’c'yo‘ 110 120 130 140 150 160 170
12 9.0 6.3 9.7 a8 11.6 12.4 176 12.3 7 123 15.5° 283 26.0 428,
16 . 8.2 10.1 6.9 10.8 7.3 13.0 14.5 17.1 11.8° 130 15.1 298 36 46.2
20 10.5 9.2 7.3 13.4 . 8.2 13.7 14.5 21.2 127 13.8 167 ~ 274 .24 Uv' 41.0 278
24 9.9 9.9 12.1 8.3 11.3 9.5 17.6 17‘6 214 142 18.1 204 28.7 '2;.’6 o e are

28 | 111 10.8 12.1 9.8 - 13.3 9.5 20.3,- 188 255 15.8 20.2 233 46.1 290 46.7 3 s

Large HE Angles (24.5° 10 31.0° )

12 12.3 8.3 14.1 159 2.5 15.2 18.7 31.8 9.7

16 8.0 11.4 9.4 15.3 159 22.2 15.2 16.0 19.% 1.8 37 4 88.0

20 12.7 9.2 11.6 9.4 15.8 164 224 15.1 16.2 203 38.1 30.% 487 L '
! 24 “ 11.7 12.0 9.3 12.3 10.1 8.5 19.0 20.9 14.5 17.3 1.4 124 1 56.6 s 4

28 12.8 11.1 1.5 '9.2 150 - 9.6 189 20.1 27.8 20.8 218 2.7 541 332 4032 403

~

é‘able 6.6: Ratio of IDEAL to REAL monte carlo counts for the LAC.E-%.

s,

SAC Ratio of Ideal to Real Monte Carlo Counts !
" N Small HE Angles (9.9° 10 14.8°% ¥
LE . ) - PN ‘:chebnﬂhov:‘A__ngh R r‘.:
Angle 15 30 40 50 60 #378” ° 80 20 100 . 11192‘ 120 o0 140 KuF0 160 170
. DtV L & 5 BV
12 84 110+ 65 - 9.3 71 9.9 116 - {7.87°79.2 168 144 245 v lgh 312 7170

: . 2 - o - 1P o
186 | 10.7 6.7 9.8, 67 107 “Bg 185 126 209 @3 169 WA Y253 .jﬁm‘v 3.1 182
g SN 5 o, < vl R A J'P' .
20- | 11.0 8.6 95 79 109 _ 89 179 123 187 17 160 . 145 292 133. 408 172

24 10.7 il.O 12,7 7.8 12.7 9.0 21.1 15.4 16.5 11.2 20.’- . 123 28.6 f?a ;:?W.B 19.0

28 11.5 10.% 12.5 7.0 16.9 9.1 22.0 16.8 16.7 147 17.3 : 18.8° 479 18.6 433 172
Large HE Angles (14.8° t0 19.8° ) ' ) ' h

12 104 7.0 \_14_:‘3 120 180 105 160 133 27 t.S 297 713
e . 68 99 71 136 118 206 117 146 132 264 195 99
] 20 ) 114 68 111 T4 155 139 248 107 165 156 331 203 B0 206
24 Col04 1100 T3 18 gs 146 138 203 LT 194 1470 306 2L 370 194,
28 00 122 85 107 87 140 159 221 132 171 194 363 216 48§ 4200
A} . . G i
» 7 ' ' : AR J;% G,

. Table 6.7: Ratio of IDEAL to REAL monte carlo cdunts&for"the SAC. | ’ J



Chapter 7

ppY Analyzing Powers and Cross

13

Sections

7.1 —A11a1ysing Powers

~ The ratio of the difference of the Uspin up and~s£3in down pp'y‘cross sections
over their sum wa."s taken to form the ppy analyzing powers. (The polarizé—

‘tion of the incident prdton beam was cycled through three minutes of spin
up, one minute of spih off, three minutés o?Spin'down, and one minute .‘of

- spin off again.) The a.nal}}sing‘ pogers were obtained from the accumulated’

-

pp7y counts according to R - . @

o _ _(NT— ROl LT - (N = R LT
' PYNT=R"/nl LT+ PY(N'— RY)/n} LT"

nc

The real N'1) and random R™}) counts collected in a given bin are listed

in tables 5.8 to 5.11. The number of incident protons n]) was determined

mnc

. from the SEI\4 counts Nspps as.

138
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-~

I = NI J(NT 100 % 109nC/C 1.602 x 10 ‘9C/proton)

Here N1}, is the total number of SEM counts in the spin up(down) mode,
and NI is the r}urhber of SEM/ counts per nC of‘cha‘.rge, determined by cali-
brating the SEM with a Faraday ‘cqp shortly after the data taking runs. ThlS
rlumber' was found to equal 7.122 and gives the number of incident protons for
‘spin dp, down and off es, respectively, 1.691 x 10'®,1.664 x 10'5,6.804 x 10'®
(LAC) and 2.53¥ x 10, 2.638 x 10'¢, 7.660'° (SAC\S. The polarization of the

incident beam was deteymined form the polarimeter scalers as

. | (LT(”—LT N — ERT(“——R‘(U)
e (1)

pr) =
ACH,) (L0 - LWy + (R - RID)

Here L' R is the number of left, right polarimeter' coincidences, and
LI, RI() is the number of left, right accidental coincidences. (See Section
4.1.2) A(CH,) is the analysing power of the polarimete\t\/determined to be

3719 from an empirical formula which gives the ratio of the analysing power

: . v
of CH, over that of hydrogen as a function of incident proton energy T};

A(CH,) _ (T){ (Tp)’ 9]
; _——A(H) = 1.0830 100 07486 100 008231 .

x
>

G ’ A , s .
For an jncident energy "of 280 MeV, A(H) = .3965, and the values of the
“polarization from equatxon 7.1for spm up. and down corrected for the 1nstru-
mental asymmetry of the polarxmeter a.re e respectit 73 6%, 76.6% (LAC)

and 78. 0%, 74.2% (SACY. Computer lwe tlrne LT”” ’gga dete&mx r.-'r‘;' s

the ratio of the number of pulser events seé&mg the Jlatch and recorded or 4. ,:

tape to the number of pulser triggers submitted to the sybtem counted wrth
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a scaler. The pulsers were, triggered off the polarimeter coincidences (sec- ~
tion 4.1.9) so. they scaled with the real 3-c0inc'idenc'e pp7 events, and thus
‘gave an accurate measure of the real live time. In the spin up, down and off
mode, live time was respectively 80.91%, 82.90%, 77.95% (LAC) and 79.33%,
79.75%, 79.00% (SAC).

The statistical errbr in the analysing power is calculated as I

'

T o4 Y o, -
= Ay 2( Yy \ars p1Y2 v V2 4 (225 R1N2

where 5NT(” =V N1 and SR = JRUD, -

The analysing powers and these statistical errors are plotted in ﬁgurés 7.1

T to 7.4 along with theoretical calculatlons for the Bonn and f’ans potential
rnodels, as well as the Soft Photon _Apprommatmn (SPA). (Chapter 2 and
appendix D contain a complete descripfion of these curves.)  For the plots
at. LE angles 14° and 22° , two adjacent LE bins were added together to '
improve the experimental statistics. Angles listed on these plots correspond

to the ’center of an 8° w1de LE bin. The plots at an LE angle of 28° contain

e

only a single bin 4° W1de The HE bins for all plots are 5° wide. The

abscissa is photon detection angle, divided into 16 bins of width ranging from

‘approximately 5° (cylinders) to approximately 11° (cubes), (see’Appendix E).

Ce P

The theoretical éu;ves plotted havevbeen averaged over 4 coplanar points
equally spaced within thé HE and LE bins for 18 ce'renkov angles equally
spaced between 0° and 180° . Tables 7.1 and 7.2 show the ratio of the
relative error of this procedure to the statistical error.of the sample data

; “within the biﬁ. for the LAC and SAC. This ‘re?lative error is déﬁn!d as the
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Flgure 7.4: ppy analysmg powers for the large angle LAC
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difference-in the analysing power determined by a cross section weighted 4

point coplanar average and the cross $ection weighted 16 point non-coplanar
Lot *

average. Generally the error is less than 2% with the worst cases being 5.8% -

(LAC) and 4.9% (SAC).

7.2 ppy Cross Sections

. . . . 3 .
The three—fold unpolarized differential cross sections -=—%%—— were calcu-
! ! S Rgeddiedis’ ¢

lated from the number of ppy events collected within a bin 6Q = §QypbéQLedb.,

as; ,
for the incident beam p_olarized data, . O )
Ao

v dQHEdQLEd(),,

_ Z PYN'-R") PYN!-RY ‘
8! - P4+ P! ImzLTT ”ilm:LTl - ’

and for the incident beam unpolarized data,
_[n°—FR°
z {nmcLT°}

. g €(é9)
= SQnE60L 560, neget

e B
00700540, |,

-~ Here

. . ) , . . . ‘ . - ‘,' .
~ where ¢(62) is the Monte Carlo correction factor, for a given bin 612, deter-

mined from the ratio of "ID‘EAL to REAL events as, ‘listéd ir;_tables 6.6 and
6.7. neg 1s the number of target protons per unit volurne, which for hquxd
hydrogen is = 4.222 x 10%?/cm?®. The target thickness t wa§ nommally 0. 500'.
cm but re- normahzed by companng the measured cross sectlon for pp elas-

tic scattering to the expedted value (appendlx B). The results were 385crn
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o A4;heo ,%%':;i Ao_.mw(m'b')' -if:::
degrees >.<10’3‘ % x1074 %
15 0796 09 | 0208 58
30 0208 04 0118 36
0 0174 03 0090 22
50 70.509 | 07 0080 34 L

60 | 0.851 1.3 0100 . 1.8

700 1120 - 25 012 58

", 80 1140 13 0152 36

' 90 933 18 0188 51
7 100 0.774 08 021 40
110 0650 . 11 0285 86

120 0548 .10 0366 1L
130 039 0.6 - 0.504 e
140 Fooso co1 omer cos
150 058 07 1400 4L
160 260 11 2190 961
170 - 9190 58 1200 218

Table 7.1: The error introduced by averaging over 6n‘ly 4 cpranar""poin‘ts
AA;"“ and Ac*h°, and the ratio of this error to the statistical exper_i{mental
error. Results are for an HE bin centered at 27.8° and a 4°',.wide“"f"LE bin

' centered at 28.0° (LAC).
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i T@$l¢.7l2: The error introduced by averaging over only 4 ‘coplanar poing/ :

- ; : . s . e
_ A‘A‘y’_‘“ and Ac***°, and theé ratio of this error to the statistical experimental*#®

. error. Results are for an HE bin cqnteréd at-12.4° and a 4° wide LE bin

" centered at 12.0° (SAC).



a list of these. ' o &

| as outlined in section 7.1. | : - L o

3 .

;.(LAC) and-.388cm (SAC). The solid arzye bin 6Q \VaS“ that subtended. i)y
1
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the LE plastlc scmtlllators approxirhately 6.086 msr (appendlx E) T,he solid

angle bin 6Qyg was that subtended by a soKware cut apphed durmg the

analysﬁ of- the experimental data, to VDC2 X v scatter plot (appendlx o

E). (This cut was also apphed to both the REAL and IDEAL Monte Ca.rlo '
/

‘events. ) The polar angle subtended by & particular cerenkov counter 60,, had

values rangu}g from 4.4° (cyhnders) to 10.7° (cubes). Appendlx E contauns_.

’ <

~. m
‘ P is the incident beam pola.fization in the spin up and down,motie,s ]

o

N10) are the number of real ppy events collected within a particuler‘bin, :
. . . . Yo,
listed in tables 5.8 and 5.10. . ' ¢

R'0) are the number of random 3-coincidence eventé eellected.; within a

-

pa.ticular bin, listed in tables 5.9 and 5.11.

\/ E)
nf,(,?(") are the number of incident beam protons obtained from the spin.gated -

SEM cQunts as ¢ 4 culated in section 7.1.

The system live times LT} .were obtained from the pulser events, as-

.described in section 7.1.

LN

The tota.l unfoiarlzed dlﬁ'erentlal cross sections were obta.med by com-
N gi

_ bining the unpo}a.nzed with. tpe‘polarized"‘data, ' a,
> ' . ) . » q" " ' “i% % )
_ ol (ol 4% (8000
IRV CED VGO

, L da L
where & is short for zg—a—7p-.
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Statistical errors in the cross sections were calculated as,
) .

et dotO]? i
\501(1) = J { aNTv]- (6NT)2 4 [ 3R ] (6RM)? | D
R PYTITER dot]? | |
B [
. : . o 2 N -
e N Z . P! : P 1
co- Pr+P1x[nJMLTr} (N1+RT)+\ P (N} 4 RYTS)

,'_./' . } - ..', W ’

¥ .

- ! . . - ao'o 2 ‘ ! . ao-o 2 (
L 0\2 . 0)2 —_ ,/ 0 )
o ’ o \] [a'yo} (6n ) * |:6Roi| (6R ) LTonmc N * ke

The error in the combined cross sectipn is,
N ,

_ 1
= | T T

Cross sections with statistical errors are plotted in figures™7.5 to 7. 12,
along W1th theoretical curves for the Bonn, Paris and Soft Photon Approx-

imation. The data is normalized arbltrarlly by multlplymg by a factor of K

A

0.667. (A dxscusslon of this factor is left to section 8.1.) . r

Because of the sens;tivity of the Monte Carlo correction factors to the

amount of absorbing.materi‘a;l and angleiof bend through the fnagnet, for
lower energy ,pr;;tons, only those cross section ‘bins are plotted for which L‘less
than 10% of the REAL events we;e'lost du‘e to one or more of the folldwing
ceffects: | | | | ’ p - |

1. penetré}aon of the higher energy. LE protons through thelr CHQ ab-

' sorber and 1nto their veto counters,

e
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Fi‘ ure 7.6: pp cross sections for the small angle SAC. The data is arbitrarily “

normalized by multiplying by a factor of 0.667.
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2. complete absorption of lower energy HE protons before they teached

the trigger counters,

3. lower energy HE protons being bent into the end 20 cm region of the
HE detector array. Detection of these events will be very sensitive to

the amount of energy-degrading material before the C-magnet.

As with the énalyéing pdwers, the theoretical cross section curves have been

averaged (.witfh a c‘rossy sectionvw'eight), over 4 coplanar‘points vyifhin the HE
and LE bins. The erfors introduced by this averaging are listed in tables 7.1 ‘
and 7.2 for the bins plotted. In general these errors are much smaller than |

the statistical errors of the data, except at largest photon scattering angles.

Appendix F contains an estimation of the systematic errors and appendix

G contains a listing of the numerical values of the analysing powers, the cross

0

sections, and their statistical errors.
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R T

Results and Conclusions *

- 8.1 Results; As'ymmetrie.s and Cros; Sectionfs

'The x? of the mea.éured asymmetrie‘s Qith respect to the Bonri_ vand Paris
'poténtial'calculations, as well as the SPA ére listed in table 8.1. The asym-
metry resﬁlts leave no douBt t\l}lat t‘he‘ poten_tialv., models‘~ give a more a‘ccurat’e
"description of the pi)j ‘interaction than doés \the SPA. This is in contrast
> to the conclusioﬁs ofl most prior bremsstfahlunzg é;:periménts. Reference [‘26]
contains a summary of some of these. Near on-shell, our results are consist,;z‘nt

" with both the potential models and the S‘PA {vhich predict small analysiﬁg
pbwe;'s. Goirllg'furt‘her off-shell, ourrire’sults foilow th‘e'p‘éte'ntial models \z;/hich

diverge from the SPA.- '_
" The measured cross séct‘iibﬁs‘, ‘as normalized to the elastic results (ap-
‘, ' ) . .,"_ . . ( . I P . . . ‘
' pendix C), are consistently larger than the predicted’ values. Reasonable

norinalization to the theory is obtained if the data is multiplied by a factor

Vs e



SAC HEP Angle = 12.4°
LEP Angle | SPA  BONNS PARIS

140 |10.804 0.845 -'?;--v;'ﬁ;gaéi'
29.0 5566 0.086  1.743
28.0 | 1272 1545 _ 1.393

SAC HEP Angle = 17.3°
LEP Angle | SPA BONN PARIS

140 | 8.078° 2420 2352

9220 | 6308 2.056 2.078

280 | 2203 1272 1.352

LAC HEP Angle = 21.2°
LEP Angle | SPA BONN PARIS

140° | 4191 1814 1842 | -
1220 | 2272 1549 1.329
280 | 1498 1108 1.052

" LAC HEP Angle = 27.8%/ -
‘| LEP Angle | SPA BONN PARIS |

2140 | 1998 0782 0.950
w7 22.0 3264 2.219  2.448

980 2.584 1860 1.983

. Table 8.1: x? va.lues per data pomt for the asymmetry plots of Chapter 7.
AE.ach plot contams 16 data pomts. £ - f P



- of 0.667. This discrepancy is lé,rger than ‘thel estimated systematic errorpf
17% (appe.‘n‘dix'F).' ‘Although ‘very gxllqgstive checks on the data ;cquisition,
| anal‘ys‘is ﬁrocedufe; and Monte Carlo.failed to \mco'ver' an error, we do not
rxﬂg out this possibility. It’s.hquld'be'noted ho&ever, that the theoretical
' calculations of Fearing et al. do not incluﬁe doubl’é scattering or momentum
dependent terms. The c;nly calculation of these terms to date are-those by
BroWn [17] at 158 MeV which indicate a contribution to the créSé séction of
lei?g;T;;g ‘t,er‘ms aré expected to contribut¢ more as as the incident proton

A

TN /
energy INCrecases.

8.2 "Co,n(.:lus_ion )

: Thé"irrlqurtant physics that has come out of this experiment is first, a di-
rect observation of the off-shell nature of the nuclear force has been made.”
Secondly, vcoﬁf;ary to the conclusions of prionr. 1Y% éxperimen)ts," potential
model éalculations are, as Atheoretically aﬂt‘i'cipéte\d, far better at predi.éting
fhe off-shell ﬁature of the interaction p.+ p—p + p + v than is the SPA.A
This experiment rules out any significant cancellation of the off-shell tefms.
It is suggésted that the better agreement of most of the earlier experirients”
‘with the SPA has been a result of the inherent difficulties in‘norinalizing'
experimental absolute crosé sections. More faith|can be put in the results of
the preségj; expérifnen_t for two reasons. First, statistics have been irr&proved

| byan order of mégnigude over the best of the earlier experiments. Secondlry,

analysing powers were meastired, and these do not involve the normalization

~
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difficulties of the cross sections. : S

Although the x? values tend to favor the Bonn potentlal it WQuId perhaps
‘be too bold to suggest th‘ls experlment couldgelect the most S.ppropnate ex-
vxstxng potentlal for the nuclear force. The statlstlcal errors are, in most blIlS, L
| larger than the differences between the Parls and Bonn potentlals in both th& ’L g
cross sections and the analysmg powers The kinematics of this experlrnent
meant we were studylng the reaction at off-shell momenta between 1 0 and
2 5 fm~ -1 where the P-wave arnplltude is more 1mportant Calculatmons show

that the Bonn a.nd Pans potentlals differ most in S- Wave off—shell behav1or,

but here however, the off-shell effects are in general smaller.

A ‘rnore deﬁnitive‘ sta'tern'ent on the'appropriateness of rarious potential
models will require ﬁret a theoretical determina.i';’ion.'of regions where the
.rnodern potentials differ signiﬁeantly in tﬂheir off-shell behavior to make an-
other ppy experirnent statistically feasible. A(lreedy, such proposals are“-being

pursued by members of our group. \
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Appendix A
Cerenkov.Detector Effi¢iencies

LI}

Photon detection efficiencies required for cross section normalization were
calculatéd with a separate Monte Ca.rllo ':ode, EG'S, and then incorpofated
into the larger Mont.é Carlo that simulatéd the entire experiment. foe objec-
tive was tc_n@etermine an .integrated efﬁciency_ox'rerl the face of t.he éountéf for
detection of .photons, given an initial photon energy, intervening absorbing
matefial between the target and detector, the geometry of the Pb glass, and

the threshold of the disérﬁﬁiﬁator.
o ' o

A diagram of the i'nsi‘de of the scattering chamber and fhe intervening
| photon absorbing material is given in figure 4.3. A listing of absorber thick-
ness, representing an iﬂtégra{ted averége over the detécyor‘solid angle, is given
in tables A1 and A'2. . :

Tables of phétoﬁ energy loss for the various interaction processes (photo
electric effecvt,‘cor‘npton scatteri.ng,l and pair proéi:lligtibh) were supplied ’as_

R |

‘inputto the code for all absorber materials excepﬁ “Teflon (CF;), for which

S

T . 167 | &
. ’ ’ :f“x".

NE:



f

| C*# | target | target-'| LE ° Teflon Chamber | CH,
| flange gylinde: detector | absorber | - wall | absorber
(steel) | (steel) (NIE1.10) (AL equiv.) (AL) | (CHy)
1| o0 o | 61 0 | 127 | 11.048
2| 0 0 350 1.34 129 | 11.190
3 0 0 0 4.01 2.13 ,0
s | o 0 0 - 3.50 308. | 0
5| o 092 0 2.87 1.99 0 -
6 | o0 085 0 246 168 | 0
7 | 1.69 0 0 3.67 1.47 0
8 | 2.69 0 0 4.96 2.12 0
9 | 169 | 0 0 5.04 2,02 0
10 | 0" | .08 0 5.30 716 0
1] 0 | .092 0 5.74 730 0
12 | 423 | 105 | 0 7.00 764 0
13 | 500 | 124 0 8.29 ° 826 0
14| 0 | 164 0 9.86 942 0
s | o0 |22 | o0 9.36 1.12 0
16| 0 | 649 | 0 8.49 1.95 0

"Table A.1: Photon absorber thicknesses intervening between target andPb,

glass detectors. Units of cm.

\




) ,;é"# LE O mag.
veto veto shield
o (NE110) | (NE110) | (steel)
1| e4r | 320 | 079
2 | 320 320 | .079
31 0 32 | 079
- s | o 320 | 079
| 5 | 0 320 | .079
6 0 | 32 | .09
7 o - |. 320 | o9 |
8 o 1 320 | om0 |
9 | 0 320 | .079
0| o | 320 | .01
11 0 320 | .079 -
12 o | 32 | 0w
13 0o | 320 | .079
R |14 o | 32 | .07 |- .
| 15 0 320 | .079
6| o | .32 | .07

Table A.2: More photon absorber thicknesses intervening between target and

PD glass detectors. Units of cm.



tables were :not available. Insteed of Teflon, an appropriate thickness of
aluminum was substituted. Tbis thickness was estimated from tbe, ratio of
the mass attenuation coefﬁcientstt;o}r aluminum and Teflon. Tbe va_lidity of ‘
such an approximation was tested by comparing the code results dsing both

iron and aluminum substitutes for Teflon. Agreement was found to within |

the statistical errors of the initial 3000 photon sample.

Events were generated frbrrt a point sobrce at the target, uniformly and
randomly into the solid angle subtended by the codnters. The photons Qere

- then tracked through tbe absorber takmg account of dlrectlon ‘changes and
‘er}ergy degradatlon arising from the photon interaction mechanlsms For
each detector, two runs were made, one at the minimum of the kinematic

- photon energy limit, and th.e other at the maximund. The actual three dimen-

sional geometry ,of/th’e b glass was input. If the resultant energy deposited

within the'Pb gh"ss wad below a 20 MeV threshold (due to non-interacting
pbotons, eleetro rs leaving the ‘glass at the edges, or loss of photon

energy withirf the absorber), the event was not counted. Also; if the energy

ed gtk hin the 3.18 mm thick plastic charged particle veto, in front
Lo .«&,\‘Q P .
of eat‘,h Bh. g}ass’ﬁetector by pair produced or compton scattered minimum
8
1omzmg electrons was above the 0:5 MeV threshold of the veto, the event
oy

was ‘!‘not cou.nted Flgure Al shows the distribution of electron energy de-

%Sbted w1th1n the veto counters The peaks correspond to one, two or three.

minimum ionizing electrons.

The efficiency of the“‘"g"'iiass, for a particulzir incident photon energy, was

obtained as the raﬁ\oWumber of photons with over 20 MeV deposited
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Figure A.1: Distribution of electron deposited energy-withi‘n the cerenkov

veto counters. The peaks correspond to one or two minimum ionizing elec-

trons. ‘ AR
ro.
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‘within the Pb glass and less than OSMEV déﬁOs'itéd within the %{eto counter,

T,

ov,ei;i‘fhe -unur:'nb'er of photons in sa.mple(: 300_0‘)}: Tables ;i\"..s_an.d‘.‘&.} show

the efficiencies of the cerenkov. d'etect"\ér's at the 'évefagé'phdtbn-'e}nergy of the

N
bin.
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'Anglig (degrees)

Avg. Energy (MeV)

1 .15

58

o

30,

a8

40

A136?H

- 50

124

60

oy 116

-

70

. 80

290

100

110

16} 1

Table A.3: Photon detection efficiencies in.the LAC.
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“Appendix B

.
i

Target Empty :ind Target Vacuum
"Runs ) - . -

N

Penodlcallv throughout the main data taking runs, the hquld hydr gen tar-
get was emptxed by closmg the filler tube and allowmg H, gas to b011 off
, and (;scape as the targe: leated. Although it was assumed adequate time
was giver; between ’ciésing the filler tube and starting a‘farget. empty run,
' no guarantees could be given that onliy H, gés remained. Also the dénsity of
~the gas did fxot remz;in‘constant during the ‘fun but decreased as'the target
~ _warrr;ed up. Thé 3~coi>ncidence events collected iln such runs could therefore
_“be attributed in some p'artAvto‘ the real ppY events coming from the remaining
hydrogen andbin some part to the random background associated with the
walls of the target. The relz;t:ve contribution of these two components could
not be determined just from the target empty data alone. This_data did |

however serve as a consistency checkbetween the elastic data used for cross

section normalization and the real bremsstrahlung 3-coincidence data. |
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To determlne the background attrlbuted solely to the target wa.lls a com-
pletely evacuated ta.rget run was taken w1th\/}®target at room temperature
after completxon of the LAC data talung ThlS procedure could only he done
~at the end of a run segment because of the txme requnred to bring the tem-
' perature of the hydrogen diwn to’ the hquxd state Unfortunately because
of an earher tha.n ant1c1pated stop of the beam, no target vacuum data was

taken in the SAC. There is however, httle reason to suspect that the LAC |

and SAC target backgrounds would be dxﬁ'erent

»

The target empty and target vacuum data v;'ere analysed using the same _
’algorlthrns used for the target full data for both the 3- comadence and HE_
P/ S.elastlc events, (see section 5 3). The number of real and random events
were counted for all bins and sp1n states and added together to provide ade- .
quate statistics for target empty, and vacuum data A nurnber of correctlons )
| were applied to the target full, empty, and vacuum counts. »’If,hese correctlons
" were for, o ‘
1. 7ng, number of incident protons obtained from éEM counts, norn;al-'

.

ized to'1 for target full data,

2. DT, dead time correction obtained from the pulser events,‘and'weighted

by the SEM counts for a particular spin state.
o g .

3. MISS, a VDC missings correction obtained from the 3% events. - This
valiie was found to be relatively independent of spin and similar for the

different target state runs..

4. MUL, a VDC multiples correction, weighted for spin via SEM values
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»-.-'(di'fferent spin states had different currerits). -

A listi:n'gof these corrections and the 3-‘coincidence counts, before and aftér
4 the correctlons, is glven in table B.1. The ratio of the total corrected counts \’

for target empty and target ‘yacuum over target full data is for the LAC,

1 . Empty ' ’
. — E90 - 9
L Total Count.g Full ,l ”5,,29 .‘-4%& é |
7 Vacuum o A ‘ g
| “Fall T 0.48 £ .‘10.% . '
> ~ : o oy
, ‘
and for the SAC, ..
o PR - ‘
Total Count‘z‘E*FlZly e 12.01 & 60% - 6

. N ‘ ‘ .
(No vacuum/ full data was taken ) The difference between the SAC and LAC

I,

empty/full ratxos 1s attrlbuted par/tly to the dlfference in target emptymg
» procedure for the two conﬁguratxons and partly becausex more gas 15 viewed
from the smaller a.ngles of the SAC. A vacuum to full ratio of less than 0 5% :
1mp11es‘that the t;rget walls contnbuvted an 1n51g111ﬁcant amount to the real

3-coincidence events.
For\the HE P/S elastic data the. ratiq of target empty to target full and
2 , ' ! \ -

'target vacuum to'full was, in the LA;C

Erﬁpty

o - 696+.23%
v Fu ) P . .
V.acdﬁ'_‘n‘, o '
il 1.34&.04_%_
“and for the SA@,_
| Em pty -

15 36 & 4‘7%



- From the sca;ler ‘aptached to the H E HE VETO cvdi“xnxcide.ri.cé for thei'Lf‘\,C; .

i
'

" Vacuium L
——— = 1.70%
Q . v ; ) . : »" . ' . . ) , -
in close égreement -with that of the event by event data.

[

.
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Target | Reals Ran&oms*n ‘DT | MISS ‘MUL | Counts

Full | 71838 |- 729" 57| 1.00 | 1.226 | 1.534 | 1.354 | 181022:£679

"

P

Empty | 522 | < .26 -:fiﬁ.éo_f.‘o"ss 1.534.| 1.166 | 9569430

[ Vacuum | 53 | .82, 1781 1.314 | 1534/ 1156 | 8714190
| ~ ®. " ppyData (SAC) |

| Full |52044| ‘841 | 1.00 |1.255 | 1.57 | 1.358.] 1372442606

Empty | 433 | 81  |19.451102| 1.572 | 1.217 | 16489822

Table B.1: Corrections tfjﬁ&e target empty and vacuum data. The column
labeled ‘Counts’ represents the real events after subtraction of the randoms

and application of all corrections. | _



Appendix C o B

PP Elastic Analysis, , .

/
A . o ™ .
A sample of pp elastic events was taken simultfneously along with the 3-
coincidence events to’ provide a normalization for the ppy cross sections-and

to serve as a ¢heck on the polarization of the incident beam.

The trigger for these events was HEP 'd_.ete_cfor #4 ( fourth frqm the
beam line of the 8 ccintillators and roughly in‘ the middle of the array) in
coincidence w1th its veto behind the copper degrader If the pulse heights
from theLsclntlllators at the discriminators, were above a 30mV threshold,
a coincidence was formed by an LRS 622 unit. Because of the high elastic
cross*section in comparison to that for bgemsstrahlupg, a prescaler selected

only ohc in every 515 coincidences'to ‘set the mastergetei(see figure 4.8).
:I‘he data words for the event concispéd cf VDC TDC values f:or each
‘ st"ruck‘wire ‘along the track o% the proton, fox: each VDC anode plane. The

common start for'these TDC s was-the detectlon of the proton at HE trlgger

sc1nt111ator # 4, and the stops were the detection of the 1omzed electrons  dt

]
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the anode sensi.p wires.

The aalys s of the elastic events "was sxgnlﬁcantly different from that

the pi ents  No“cu s were. madq during the on-line ac_quisition: all
- ) . ’ N s
. F . . - . . ’ o .
evencs vent direc - to tape. In.the skiming, only VDC missing events were

wiec ed except (f ' 1e missing; was only plane 2U or a missing at a dead wire.
) .

: . . \

Taé swnber f oject o sses was recorded for each run. The event was

consi.creca . ate o a good elastic if the DCR bitvs\ignaling‘ an elastic

~oincidence wa: s¢t a1. . the event:

1. Was not a VDC missings.

o

Was not a multiple. (An attemp was first made to resolve these multi- '
ples through comparison of internal VDC angles, magnet axis projec-

tion, etc., see section 5.3.) : , }

’

3. Had a.n,anglé of bend through the spectrometer of an elastic.

4. Had an event vertex within the liquid region (the same as cut 7, section

5.3, applied to the ppy events).

5. Had a trajectory that passed through a 2X vs 2H solid angle cutfon
1 the anode pldnes of VDC2. (Rins were centered at 27.5° (LAC) an;i
5° (SAC).)

The analysing power Tor the elastics was etermined frgm \

NTMULTMISS'/n,mLT‘ N'MUL'MISS!/n} LT
PlNTMULTMIS.S" /n} LTT + PI NlMULlessr/n LTV

1



Spin |1 Polariéatiqn  Mling HEP/S| LT | MUL | MISS

T | 740 | 1673x 10| 28017 | 504 | 1330 | 1.526.|
L. 769 | 1.644x10' ] 22000 |.824 | 1.207 | 1.49%

- ¥ . '
coff |© 044 | 7.024 x 10 10126 | .774] 1.289 | 1.544

-]

Tab’.le‘C.l: Accumulated HE P/S events and correction factors for the L'A% :

. The spin up and down polarizations have been corrected for the instrumerital
2

asymmetry of the polarimeter.

~

where N is the number of good elastic evedts acqulred in the spm up(down )’
modes and nf,gi 1s the number of 1nc1dent protojns, determined fr(z{xg’l the num-
ber of SEM counts (section 7.1). IT'® is the system live time obtainﬁgd form
the ratio of the the number of pulser events acquired on tape over tl;e num-;
ber of ptilsers subnﬁtted, as recorded by scalers. The multiples MUL' _an_gl"
missiﬁgs MISSI) correctio;m were determined in the same n;t.mner as those
for the pp7y events. <ection 6.6. The polarization of the incident beam PV

was obtained from the polurimeter scalers as defined in equation 7.1. Values

of the number of good elastic events, the number of incidéqt protons. the live

time, multipledd 1ssings corrections, and the beam polarization for the

accumulated A -' "@gwen in tables C.1 and C.2 for the LAC and SAC re-
%ysmg power was determined for each run separately and

then a statlstlcally wexghted average taken. Plots of the anplysing power as
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- & . } e ' |

» S P | : |

‘ | ~ ‘ .
Spir{ Polarizatiop_a/.—-gi:; - |HEP/S| LT | MUL MIS‘SR.
Tl .79_0// 2140 X 10% | 41308 |.799 | 1.331 | 1.458
LUl Fad\ | 2021 x\_PSE) 26116 |.802 | 1.239°| 1.389 |
off 034 6.346 x 10" | 10203 "] .799 | 1.265 | 1.457

¥ . -

" Table C.2: ALccumulated HE P/S events and eorxjectxon factors for the SAC.
A

The spin up and down polarizations havgbhen corrected for the instrumental
' A —

J
asymmetry of the polarimeter. ‘ ' K
| \_ \(3 ] J : : .
" g o kY
_"/ w o

a functiorjrun number a(re gnen 'n ﬁgures C‘l and C.2. The statistically

weighted averages are 0. ‘)69 + 0. OOé d 0.410 :t 0.006 (SAC)~The.

expected valu.eé’%t the bin centers are 0.2 (LAC) and 0.394 (SAC). The
» v ' .

. .
: . . ' T :
elastic cross sections were determined from,

for the polarized data . , -

A

do | 2 [PIN'MUL'MISS! | PIN'MULIMISS!
dQug|,, ~ P'+ P nl LTI nt LT! ’
arid for the incident beam’ unpolarized data N

Ldo |, [N°MUL°MI55°}_

. | - aQHE [+] - nlﬂcL}
Here . \

215Rlou
)
NegttQue

?

"& ) ' g ‘ Z =
where the factor 2! corrects for the prescalmg Nyge 18 the number of target '

/
,)rotons per unit volume which for liquid hydrogen is 4.2 222 x 1022/cm and



. . . _ 4
Figure C.1: EF P/S ¢lastic analysing powers as a function of run number,

or time, for ti:e LAC.
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t. isthe target thickness, nominelly 0.500.cm. Rro,, 1s a correc’tion ‘for elastic
reaction losses in the Cu ebsorber_ be"tween the HE4 trigger scintillator and
its veto. Some of the elastics wiﬂ undergo a nuclear reaction in the absorber
| and not be detected in the veto counter. Hovwever of thosg that do undergo a
nuclear reaction some will have thelr reaction products detected. The value:
. of the correction, Whl(‘h depends on the thxckness of the Cu absorber the
.total reaction cross section and the range of the proton at the’ partlcular
energy, was found to be 1 15 (LAC) and 1 17 (SAC). The solid angle Qg
was determined from the: cut apphed to'the X anci Y anode planes of VDC2
(actually Y was converted to a true vertlcal hexght H and the cut apphed
to X vs H). These were determined to be 0.594 msr (LAC) a.nd 0.521 msr
'.Y(SAC). L - P

s

The tota.l unpola.rlzed cross sections were obtained by cornbmmg the un-

polarized W1th the polarlzed data accordm jo

do ol /(6aM)2 49°/(60°) :
dQHE_ 1/(60'T1)2+1/(50°) . =

where o is short for da/dQHE and 60 is the statlstxcal €rror.

.
Plots of the cross sections as a function of run number are given in figures

C.3 and C.4. The statistically weighted raverages and the expected values,
asurmng the nominal 0. 500 cm thick target at the bin- centers are, respec
tively 10.9640.04(LAC), 12.3120.04 (SAC) and 14.22 (LAC)\ls/gg(S\AC)
.Data pomts far below the mean values are believed to be the results of runs

B

" taken whlle the target was stil warm and perhaps boﬂxng

The PPy Cross sections were norrnalized' with respect to the elastic analysis
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by using the renormalized target thickmess obtained from the ratio of the
average elastic cross sections over the expected values times the nominal

thickness of 0.500 cm. This give:s, for the LAC,

10.96 :
- 0.500 x Ao = 0.385cm, ®
~ and for the SAC, ) ‘
'12.31
. —— = 0.388cm.
9500 X 1558 0.388cm |

{



App_evnvd.‘i.x D

Po;;en_ti'al Model Calculations ‘of ,
'Feariné ari_d 'Wo‘rkman‘

™

+* Complete details of the bremsstrahlung calculation by Fearing and Work-
man are given in reference [§]. Here we give only a summary of the main
"ingredients that, when combined together, distinguish their calculation from -

older ones. It would be };elpful to read chapter 2, describing a generic ppy

calculation, before continuing. v
4 L]

N,

The most important advance is the use of two modern potentials, the
N ,

—_

Paris and Bonn potentials, in their calculation. They obtain @he Invariant
pp7y amplitude, by using the non‘-r'ela.tivistiic Lippmann-Schwinger equation
with its T-matrix ferm and the two-potential formalism of Gell-Mann and
GoldBerger[35]. The full Hamiltonian is Ho + Vo +}/N, where I:io is the
free part, Vy is the strong N-N intefaction treated ‘to all orders, and V,,, is
the weék electromagnetic interaction taken to first order only. They arrive.

at an equation alrhost. like equation 2.12 plus equation 2.18, representing
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resﬁéétwely smgle scattering and double scattermg, but’ without the term
commg from the momentum dependence of the nuclear- potentlal Thefe

momentum dependent and the double scattering terms are neglected In any -

Gcase (see section 2.2,/7 ). The calculation is howeyer done in the CM so the

i

effect of this neglect is minimized.

Relativistic kinematics are used throughout and relatlwstlc spm correc-
¢

t1ons to the electromagnetlc interaction are included. These corrections-are

equ1valent to terms 4 and 5 of equation 2.9 Wthh were obtained by Liou and
)

Sobel[lQI by applying a Foldy Wouthuysen transformatlon to thxrd order in

—El‘f' , to the Dirac equatlon (see section 2.2.4).
P

~

- simulate-interference between the strong 'and electromagnetic interactions,

The p - p off-shell interaction matrix is obtained from both the Paris

! ¥

and Bonn potentials. They derive it, for each partial wave, .by writing it '.as

- the product of the on-shell interaction Ihat_rix and'a ha_if—off-shell function F

(equation 2.14). This is substituted into the partial wave momentum space
Llppmann Schwmger equatlon and solved for F}. It should be noted here that:
the 1-7 exchinge amplitudes, important to the higher partlal waves, are not -

dropped as they are in some older calculations.. Coulomb ‘corrections,. to

L

- 2
are next added to the half-off-shell NN amplitudes(8]: -

The corrected strong and electromagnetic vertex terms are cornbinedv‘
through the two potential T-matrix formalism to give an eculuation like 2.15
for the single scatfering terms of the ppy amplitude. No double scattering
terms ha\;e yet been inciuded by Faring although an effort to do so is un"derl

way. Brown (17] has calculated the contribution from such terms to be ~15%



of the integrated cross section at 158 MeV.
. - , s -

The sensitivity of the cross sections -and asymmetriesto the .nclusion of
the various gorre&ions is investigated by Workman [8]. In general the rela-
tivistic spin correction is found to be most important and the asymmetries

are found to be much more sensitive than the cross sections ovey all.



App'e‘nd‘ix E

Solid Angles Subtended by Detectors
, , , "

This appendix summarizes the geometry of the particle detectors.

Bl

u

'E.1 Low Energy Protons (LEP) : e

e /

The LEP’s were detected within thepolar angles o;' 10.0° to 30.0° in five
4° bins. Two -forwérd detectors, 6.24 x ‘8.4%) cm high, were located 93.45 cm
from.the ta;get. The othef thrég, 6.98 x 9.46 .cm high, were located 104.33
cm from the target. All detectors coveréd approximately +2.6° out c;f the..
hofizonta.l p"lane. The forward detectors subtended a s;)lid angle at the target
of 6.064 msr, while the backward detectors subtended a slightly larger solid

angle of 6.086 msr. .

193 -
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' E.2  High Energy Protons (HEP)

The HEP’s were detected within polar angles of 9,9° to 31.0° . Date;,taking
was “divided into two configurations, the l‘arg‘e angleconﬁguratiogx (L&C)
covering 18.0° to 31.0° , and the small anigyle conﬁgurétion (SAC) tovering
- 9.9° t0 19.8°,. The solid angle for these protons was defined by a cut on
the X and Y anode planés of drift chamber # 2. This allowed detection of
protons that were approximately +1.4° (LAC) and #1.2° ‘(SAC) out of the
horizontal plane:. Each configuration was divided into two bins, The polar

' angle ranges, central value, distances, and solid angles subtended by these

four bins are lisged in table E.1.

Configuration Polar Angles _Center Distance Solid Angle .

‘ degrees degrees. cm | msr

sAC | 99 148 124 170 420
© 148-198 173 1544  4.543

LAC 18.0-245  21.2° 1367 |, 7.179
|  245-310 278 1258 7.498

: - ) .
Table E.1: Polar angle ranges, central value, distances, and solid angles

subtended by the four HEP bins. ' L
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E.3 Pho‘toh Déteétors

w®

RO - ‘
The Pb glass detectors covered the polar angle range from about 13° to
172° in 16 bins: one for each detector. The 14.9 cm x 14.9 cm cubes detected
photons to.approximzjxtely +5.4° 6ut of the horizontal plane while the 12.7 .
cm diameter cylinders detected them to about +2.9° . Tables E.2 and E.3

give the detector type, central angle, distance from the target, and solid angle .

“subtended at the target, for all 16 counters in the LAC and SAC respectively.
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» -

- C"* Type Central Angle Distance  Polar Angle Solid Angle

-.“ degrees ¢m 1/2 Width ° msr
1 eyl 15 164.6 2.209 4.670
2 cube 30 1633 2612 . 8.33
3 oyl 40 1284 2831 768
4 cube 50 038 4550 25.34
5l o 196.6 2870 . 190
6 cube 70 92.5 4611 26,03 °
Tl 80 125.6 2803 8.02
8 cube. .90 930  4.386 2574 ©
9 ol 199‘ © 1256 2.803 8.02
10 cube 110 93.8 4.550 25.34
11 cube 120 935 4.562 25.48
12 cube 130 03,0 4586 25.74
13 oyl 140 123.9 2.934 8.25
14, cube 150 925 4.611 | 26.03
15 eyl 160 1248 2013 8.13
6 el 170 * 1307 2.781 7.42

5
J

Table E.2: Central angles, distances, 1/2 widths, and solid angles of Cerenkev
\ . -

detectors in the LAC
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Table E.3: Central angles, distances, 1/2 widths, and solid angles of CerenkovA ~

Type Central Angle

cube.

cyl

cube -,

cyf

cube

cyl‘

cube
cyl
cube

cyl

cube

cyl
cube
chl

cube

100

110

120

130

140

'150

160

170

detectors in-the SAC

Distance Polar Angle  Solid Angle

cm
)

152.0°

S 15175

4

1984
800

123.9
80.0
124.4

- 80.0

194.4

< 80.0

© 1249

80.0

&

1/2 Width ° .

2922

5.327

S

msr-

6.02

34.80
9.10 -

134,80 -
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Appendix F

Systématic Errors

o b

4

’

FE Y

-~

- This appendix contains a description of systematic errors.

N

J I

F.1 Errors that:Normalize Out_

certain uncertaint:es which were the same for both detection systems would

normalize out an | r.eed not be considered. These include

)

. the agctual targt - hickness,

computer, dead time,

-

. \ 1198

4

. the number of incident beam proton:.

A

~

1

&

{
[

-

4 s
Since the pp~ cross sections were normalized ¢o the elastic cross sections, -

>~
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F.2 Errors in Meas‘uremeht

Thes,, arrce from uncertamty in determmmg the solid angles subtended

1 ,Lectors and in deﬁnmg the polar angle of the center of the -

v
'R o R

F.2.1 Cerenkov-Detectors
. 1

. ! : - .
Distances ‘r’ to I} unters was measured to an estima,ted accuracy of
Y
s

+0. 5cm There 1y negligible error in measurement of the- dimensions of

the counters’ detglon surface Sinice the cross sections are compared

\

’ w1th theoretn;al pred1ct1ons for a full ¢., acceptance the only relevant
\y
error is in one dlmensmn é,. Now

o e N
which, for detectors positioned from 80 to 160 cm, r'anges from 0.6%

" to 0. 3%. The pol‘ar angles of the bin Cent‘ers_Were estimated t'o‘ be

' F22 LE, Detecters, ‘

‘Distance ‘' from the target errors are estimated at +0:3cm and in

“dimension (x,¥) measurement, :tO.l}cmi The uncerta"inty'in the solid

i



angle is then. - . t
A% _ A Ar Ay
Q r T y
- 2(.3y 01 1 - ‘
i~ (:3) +——+ a1 = 3.2%

- An estimated error of £0.1° in the polar angle of the center of the

detector is again negligible considering the 4° acceptance.

F.2.3 HE Detectors .

¢

The error in the distance from thetarget for the anode planes of 2X and

- 2Y is estjmated at +1.0cm./However, since the seme, error is inheren:
in the elastic cross sectiorl;'the'onlyherror in distance t‘ob be corrs'idered
is'that arrslng from the uncert inty- of the angle of the HE bin center-'.
for the PPY events w1th respect ‘t’o that for the elastrcs Ifa generous
"a.ngle error of £1.0° is allowed, the uncertamty In the distance, glven

that the chamber mal\es an angle of r>5° with respect to the beam lme,

18 E : o _ , ' V/
: ’ .. ’ ) ¢ ¢ ‘

L : ‘
| —[ﬁ _ sin(90 — (O +25) +1) - v | T J
o A ( © 2 5in(90 —(fy e +25))
. sin(51.2) '
 Sn(309) -1= 1\4%(SAC) PN
tosin(4ls) o V
= szn(40 5) - 2'0%(L‘AC'}:.

Thc(S error in the dimensional cut on 2X vs 2H shou19 be small glven the

| good intrinsic resolutidn of the drift chambers An upper lmut would



be +04cm. In this case,

)

CAQ L Ar Az Ay
o + == 4

= 2= 4 =4 =
Q r ,l" z v.'.-" y
’ - 0.1 0.
~ 9(.014) T T 4.7%(SAC) (F.2)
' 01 0.
~/ 2(.02 — = 6. LAC
(.020) + 7 + 2= = 6.0%(LAC)

F.3 - Errors in Efficiency Calculations

. \
The biggest contributor in this category is the uncertainty in the photon
detection efliciencies derived through the ‘l\lonte Carlo code EGS., These

stem from:;

(2) error in the determination of the absorber thicknesses between the

target and detector, integrated over the solid angle of the detector,
l .

&

<

(b) uncertainty in the discriminator thresholds, ' \

(c) uncertainty inherent in the code itself which obviously must make

some simplifications in simulating photon interaction mechanisms,

(d) geometrical effects such as light eoupling, etc.
o o

Concerning point 1, a’ sur\'rey of the calculated detector efficiencies
] , , :

v B : .

showed that a difference in absorber thickness of 10% results in a
P 4

change in efficiency (at the photon energies of this experiment), of very

roughly, 3%. (A 10% uncertainty in the integrated absorber thickness

is probably a liberal but reasonable estimate.)



D
o
o

Concerning point 2, the code was run for a number of different detec-
tors, each with a number of different discriminator thresholds centered

around j‘ZO MeV. The resuilt'was, on average

a2

|thrcsh-'20h!e¥ = 0 34%/AIC‘

»

A maximum uncertainty in the discriminator thresholds of, 7 MeV
quulfi mean an unce;tainty in the detector efficiency of 2.4%, mak-
"ing them rather insensitive to thresholds.

i

Concerning ,.oint 3, the codes accuracy is quoted at 10%.
«Q

~Concerning. point 4, geometrical effects are probably not important

since 70 MeV electron dat‘a gc;tve high efficiencies of around*97%.
’ o . Ve

F.3.1 VDC Missing and Multiple Efﬁcien_cies

!

-What isvimportant here is not the error in the absolute, but rather in
the relative efficiencies between the section of the chambers the elastics.
* pass through and those sections the ppy events pass through. Since
the missing efficiencies oi" the diffe{% s.ections vary by less tlian»NG%,
except for VDC 1 which is 10%. ¢ is highly unlikely that Jthe relative
uncertajﬁty is‘greatgr than a few percent per pléme _giving a total of
roughly 10% for all planes. For mul%“lples the total variation is ~10%

suggesting an uncertamty of perhaps 2%.
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F.4 Other Errors

. ' ' v
(a) Errorin the empirical values for the elastic cross sections at 16.5° (SAC)

and 27.8° (LAC) are both about 1%.

() Errorin the estimate of the number of elastic protons that un'dergo
" anuclear reaction in the Cu absorber but whose reaction products
“are detected in the scintillator behind the Cu. This depends on

(besides the absorber thickness) the geometry of the scintillator

-

hodoscope, 1.e. the final scintillator should be well oversized. The

difference between all reaction products being detected and no

v |
¥ reaction products detected would be. 18% (LAC) and 22% (SAC).

A reasonable estixilate of the error in the number of protons that
Y
react but are not detected (72% (LAC) and 66% (SAC)) would

“be 10%. This could then ‘eﬁ'efct the cross sections by introducing

an uncertainty of 1.8% (LAC) and 2.2% (SAC).

'F.5 Conclusions

~.
1

Taking the square root of the sur of the squares of all these errors, we >

“estimate a tot .. systematic error in the cross sections of 17% for both
. )

§
the small and large angle configurations. ’

The only systematic errors in the analysing powers could be those -
arising from an uncertainty in the polarization of the incident .proton

beam. This has contributions from an uncertainty'in the analysing

v
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power of hydrogen of 1%, and from the uncertainty in the observed
instrumental asymmetry of the polarimeter (section 4.1.2) of perhaps

Al
1%. Thus, the total systematic error is approximately 1:5%.

¢
;



| Appendix G

S . w
Analysing Powers and Cross Sections, -

Numerical Values - -

Tables 'of numerical values for .the analysing powers and, cross sections are
¢ . Y h
given in the following pages.

oy



SAC Small HE Angles (12.4°),

LE Angle 14.0° ¢

-,
'15.0
30.0
40.0
50.0
60.0
70.0
" 80.0
£ 90.0
100.0
- 110.0°

y
\

*120.0
1130.0
140.0
150.0
160.0
170.0

Ay
-0.199
-0.170
-0.213
-0.148
-0.182

-0.089

0.011
-0.038

-0.065
-0.160.

07122
-0.089
-0.167
0.175
:0.014
-0.044

FError

0.137

0.063
0.073
10.046
0.087

0.054 .

0.112
0.063
0.128
0.055
0.071
0.048
0.080
0.046
0.083

10.047

LE Angle 22.0°

. 0‘7
15.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0

A,

Error
0.079
0.066

.0.086

0.049

0.101

- LE Angle 28.0°

6,
15.0
30.0
40.0
50.0

1 60.0

70.0
80.0°
90.0

100.0

110.0

120.0

130.0

140.0

1500

1600

170.0

A,

-0.326
-0.487
-0.353

.0.242

-0.068
.'0.i1_55
-0.466

-0.324

-0.3’.78
-0.032

-0.602

-0.073
0.479
0.568
0.674
-0.462

Error -

. 0.120

0.114

0.136

0.082 -

0.161
0.103
0.230
0.148



SAC Large HE Angles (17.3° ) ‘

LE Angle 14.0°

6, 4,

15.0 -0.879
30.0 -0.104
40.0 -0.057
50.0 -0.055
60.0  0.030
700 0.029
'80.0 - -0.004
9.0 -0.051
100.0
1100 -0.019
1200 -0.165
130.0 -0.106
1400 -0.149
150.0 -0.098
160.0° 0.064

1700 -0.049

-0.012

Error

0.554
0.064

0.055
0.031

0.058

0.035
0.067
0.038

0.071

0,036

0.052

0.037

0.069

0.045
0.097
0.068

LE Angle 22.0°

6;
15.0
30.0
40.0

- 50.0
60.0

70:0

. 80.0

90.0

100.0
1100

120.0
130.0
148.0
150.0
160.0

-170.0

V4,
-0.110
-0.076
-0.140
-0.063

-0.093 -

-0.059
0.035
*0.015
0.057
-0.050
--0.120
-0.206

-0.045°

-0.187
-0.071

-0.128 0.

LE Angle 28.0°

30.0
40.0
50.0
60.0

700

80.0

. 900

100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0

Error

-0.195

-0.029 0.078

0.033 0.044
0137 0.087
-0.027 0.055
-0.002
-0.056
-0.734
-0.047 0.068
0253 0.112
-0.225  0.070
032 0.128
0.210° 0.070
0243 0.138

-0.333 0.075

0.136

0.095 -
0.070,

0.119 .
0.071"



LAC Small HE Angles (21.2° )

»
LE Angle 14.0° ~ LE Angle 22.0° - LE Angle 28.0°
6, A, Error 6, . A, Error o, A, Error
~.15.0 0.366 0.462 150 -0.019 0.082 150 -0.230%0.001
LS

30.0 -0.065 0064 300 -0.124 0.050 30.0 -0.039 0.068
40.0 -0.093 0054 . 400 -0.066 0050 40.0 -0470 0.074

500 0.000 0.035 500 -0.031 0.033 500 -0.006
60.0, -0.074 0.056 60.0 -0.100. 0.056 60.0 .0.079

4700 0.044 0.037 700 -0.0]8 0.038 70.0." -0.053 vo?g_s'*"f

80.0' -0.016 0.063 80.0 -0.067 0.074 0.0 L0.021 07101
90.0 0117 0.041 - 90.0 :0.025° 0.046 90.0 -0.017. 0.073". "

100.0 -0.058 0.067 100.0 -0.003 0.075 100.0 0.108 0.113 ":*

J . . v . o a . - .
1100 -0.049 0.038 110.0 -0,028~ 0.044 1100 °-0.0187 0:070° &
11200 -0.044. 0.038 1200 -0.147 .0.043 12000 -0:002. 400767 . .

»

1360 -0.003 0.041 1300 0149 0043 1300 -5185 00767y
. | S E:

\140.0 -0.046 0074 140.0 -0.238 0.32 140.0 0,300 0.128

L.

1500 0052 0.053 150.0 -0.122 0.050 150.0 -0183 0O8)

° % B vd‘~
160.0 -0.055 0.108 160.0, -0.023 0.094 160.0 -0.163 0.1a#:! .

2 . e \ '
170.0. -0.113 0.152 170.0 0.079 0.106 170.0° -0.297 0.144 "‘Q P
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LAC Large HE Angies (27.8° )

LE Angle 14.0°

40.0

60.0

70.0
8Q.b
90.0

- 100.0

110.0
120.0

-0.016
0.030
0.070
0.054
0.097
0.004
0.091
0.009

/

4,046

e
3040 0.
I 300 0.053

1400
150.0
160.0
170.0

0.014

10,017

-0.026

0.126

N

Error

4.704-

0.114
0.064
0.034
0.049
0.032

0.058

0.036

/0.060°

0.039
0.042
0.053
0.109

0.089

0.208
0.435

LE Argle 22.0°
rgle .

0,
15.0
30.0
40.0
50.0
60.0

70.0
80.0
90.6

100.0

110.0

120.0

130.0

140.0
150.0

160.0°

170.0

4,
-0.110

-0.093

-0.051

- 0.080

0.112

0.054

0.05n

0.007

-0.075

0.053
0.048
-0.032
-0.018
-0.019

0.136

0.005

Error
0.139
0.047
0.043
0.027

0.044

- 0.029

0.055
0.035
0.059
0.036
0.037
0.039
0.074
0049
0.095

0.114

LE Angle 28.0°

6,

15.0

1300
'40.0

50.0

60.0

70.0
© 80.0

90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0

170.0

0.078
0.079
0.059
-0.151
0.056
0.076
0.119
0.117
0.127
0.266
-0.075

a

Error

0.081
0.054
0.056
0.038
0.061
0.044
0.088
0.054
0.094
0.057
' 0.056
' 0.063

0.110

0.076
0.135

0.141



SAC Small HE Angles (12.4° )

LE Angle 12.0° LE Angle 16.0° LE Angle 20.0° LE Angle 24.0° - LE Angle 28.0°
6~ a(ub) Error O~ '(,;a(ub) ' Error 6+ a.(,“b‘) Error - (2% of ubd) Error -2 a(ubd)- (eror
15.0 150 0.410 0.116 1.0 Q899  0.248 15.0 0.9%)  0.287 150 0.963 0328
*30.0 0.710 0.181 ‘ 30.0 0.733 0.194 ‘ 30.0 0793 ° 0.223 Joo 0.814 0.254 300 0.675 0.210
40.0 0.834 0.262 40.0 0.944 0.344 40.0 0.643% 0 22.‘; 40.0 0.822 0.338 46.0 G608 0 261
500  0.520 0.098 0.0  0.657  0.147 '50.0 0‘55'9‘. 0.169 500 0609 0.139 300 0437 0099
60.0 0.529 0.192 60.0 0613 0.246 60.0 0.473 0.206 80 0 0.540 0223 800 0.568 0318
70.0 0.423 0.087 70.0 0.47‘9 0.11% 70.0 0 4‘10 0.116 700 0.356 0.096 70.0 0.291 oon
80.0 0.286 ©.119 80.0 0637 0.310 80.0  0.389 230 184 80.0 0399  0.248 80.0 08¢ 01221
90.0 0.536 0.126 90.0 0.530 0.147- 80.0 ’0.468'@'145 90.0 0.420 0.140 96 0 03an 0137

100.0 0.491 0.192 100.0 0.461 0.208 100.0 0.474 0.2}0 100.0 0.206 0.149 1000 0.230 Lq 0.13%

110.0 0.67¢6 0.112 110.0 0.673 0.148 110.0 0.544¢ 0.129 110.0 0.398 0.099 1100 Q388 0104

120.0 1.245 0.332 120.0 0.858 0.2%0 120.0 728 0.234 1200 0 669 0.281 1200 0418 0169
r

130.0 1.089 0.161 135.0 1.014 0.182 1300 844 “0 186 133.0 0.552 0.125 (1300 0 569 0.152
140.0 1.949 0.545 140.0 1.517 0.492 140.0 1.128 0.411 140.0 1.099 0.486 140.0 1107 0618
150.0 1.789 0.230 150.0 1698 0.275 1300 1.118  0.19% 150.0 14153 0.260 150.0 0788 0171
160.0 1.891 0.4%0 160.0 2.188 0.613 160.0 1982 0*692 160.0 1.304 0.58% 160.0 1.339 0 385 .

170.0 1.434 0.204 % 70.0 1.851 0.278 170.0 1.523 0.263 170.0 1333 0.248 1700 0.823 0173

©+C Large HE Angles (17.3° )

LE Angle 12.0° . LE Angle 16.0° LE Angle 20.0° LE Angle 2¢.0° LE Angle 28 0°
2% o pb) Error 2 a(ub) Error 64 o ub) Error 8~ a{ub) Error 0~ al ub) Etsor
15.0 15.0 15.0 1s.0 ) 150
30.0 30.0 30.0 30.0 1409 03%6 300 1230 07294
400 w0 ! 10.0 1440  0.405 00 1579 0436 400 1.652 0445
50.0 50.0  1.2%4 0188 300 1277  0.193 50.0  1.2%8  0.201 500 1461 0232
€0.0 1.235  0.366 60.0  1.149  0.330 €00 1496  0.432 60.0  1.351 0 442 600 1221 0408
70.0  0.915  0.153 700 1.044 0172 700 0301 0160 700 0874 0.163 700 0925 0182
80.0  1.173  0.383 80.0 1.135  0.370 800 1052  0.41% ‘ao 0 1091 0448 80.0 0815 030
900 1441  o0.267 900  1.358  0.263 900 1.365  0.290 900 . 1.188  0.27% 900 1087 07254
100.0  1.534 044~ 1000 1256 0405 100.0 1.546 0.624 1000  0.928  0.343 , 1000 1081 ‘0461
1100 1430  0.1.. 1100 1471 0226 110.0 1197  0.203 1100 1035 0190 1100 0 919 0162
1200 1.968  0.392 1200  1.961  0.443 1200 LTT7T 0442 1200 1585 043¢ 1200 1051 O 309

130.0 1.713 0.21% 130.0 1.823 0.252 130.0 1.780 0.284 130.0° 1.595 Q.206 130.0 1561 031%
140.0 1.988 0.500 140.0 2.695\‘ 0.681 140.0 2.653 0833 1400 2.147 0.708 1400 2 343 021%
150.0 2.170 0.357 150.0 2.127 0.301 1500 2.611 0.414 180.0 2207 0393 ° 1500 - 1820 0 265
160.0 <1.551 0.526 160.0 2.549 0.7368 160.0 3.830 1.211 160.0 2.188 0.638 160.0 1.883 04677

170.0 170.0 170.0 1.916 0.318 170.0 1818 0.313 1700 1.416 0263
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LAC 3mall HE Angles (21.2° )

LE Angle 12.0° _ LE Angle 16.0° ‘ LE Angle 20.0° LE Angle'24.0°

6y o ubd) Error (:2% o{ud) Error -2 o ubd) Error 28 o(ubd) Error
15.0 . 15.0 150 15.0 1.060 0.208
3a.0 300 0.884 0142 30.0 1.3!;9 0.232 30.0 1.341 - 0.224
40.0 0. 969 0.} 10.6 1.449 0.268 40.0 1.308 0.2%0 40.0 1.942 0.406
50.0 0.926 Q.. 50.0 ﬁ.l.’:O 0.141 50.0 1.267 0.154 50.6 1.377 0.179
60,0 1.082 0.2.0 60.0 1.447 0.333 60.0 1.722 0 407 60.0 1.324 0.290
70.0 0.888 0.11° 70.0 1.060 0.144 700 1.046 0.150 70.0 1.192 0.175

80.0 1o 0.229 80.0 1.232 0.308 30.0 0.922 0.237 80.0 1.288 0.372
90.0 1.481 0.199 90.0 1.613 0.262 90.0 1.406 0.241 90.0 1.355 0.261
100.0 1.380 0.346 1060 1.376_ 0.311 100.0 1831 0.413 100.0 ‘ 1.333 0.383
110.0 1.603 0.180 110.0 1.540 0.200 110.0 1.287 0.176 110 . 1.315 91194
120.0 1.587 0.188 120.0 1.724 0.211 120.0 1.544 0.202 120.0 1.660 0.252
130.0 l.'lllv 0.193 130.0 1.752 0.212 1310.0 1.483 0.189 130.0 1.828 0.281
1400 1.9.‘;6 0.417 140.0 2.103 0.470 5 140.0 1.852 0417, 140.0 1.639 0.394
150.0 1.287 0.188 150.0 2.276°  0.328 150.0 2.077 0.30% 150.0 1.844 0.284
160.0 1.008 0.270 160.0 - 2.467 0.619 160.0 1.832 0.460 160.0 1.967 0.502

170.0 ) 170.0 170.0 1.1% 0.309 170.0 1.433 0.440

4.
’
o N - )
\n“
b LAC L;rge HE Angles (27.8° )
LE Angle 12.0° i LE Angle 16.0° LE Angle 20.0° LE Angle 24.0°
6y o ub) Error 6+ o ub) Error 64y a(ub) Error 2% ol ub) Error
15.0 ' 15.0 15.0 150
300 . N 30.0 30.0 30.0 1.968 0.297
' .
~40.0 40.0 40.0 pani-1 0.426 40.0 2.651 0.472
t
50.0 50.0 1.596 0.172 50.0 2.247 0.26% 50.0 2.388 0.266

60.0 1.490 0.280 80.0 2.137 0.402 60.0 2112 0.388 60.0 2.349 0.443
70.0 1.274 0.141 70.0 1.948  0.23% 70.0 2.043 0.2%6 70.0 2.061 0.268
80.0 1.321 0.251 80.0 1.996 0.417 80.0 2.073 0.436 80.0 2.013 0.451
90.0 1.830 0:239 0.0 2.698 0.338 90.0 2.640 0.371 90.0 2.687 0.429
100.0 1.535' 0.39s 1000 2.658 0.533 100.0 2.44¢6 0.523 100.0 2.027 om19
1100 1.368 0.165 110.0 2.258 0.263 1100 2.28% 0.284 110.0 2.007 0.243%
120.0 1.197 0.131 120.0 2.262 0.268 1200 2.33% 0.286 120.0 2.203 0.260
130.0 0.977 ° 0.1%9 1300 1.958 0.242 . 1300 2418 0311 130.0 2474 0.337
140.0 0.790 0.340 140.0 2.16y 0.338 140.0 2.832 0.390 1400 2.841 0.729

150.0 150.0 1.487 0.28% 130.0 2.234 0.340 .1%0.0 2.339 0.33%
160 0 160.0 1.418 0.527 160.0 2.067 0.567 1600 2.590 0.7TT4
170.0 . 170.0 1700 170.0 1.18% 0.413%

211

LE Angle 28.0°
o(nb)

Oy
15.0
30.0
40.0
50.0
60.0
70.0
80.0

2490.0
100.0
110.0
1200
130.0
140.0
150.0
160.0

1700

1.

1
1

488

.532
.805
867
664
.064
432
342
.401
149
557
566

2.262

1
1
1

.799
937

410

Error
0.296
0.254
0.360
0.226
0.407
0.155
0.431

0.277

0.409
0.184
0.2¢6
0.257
0.747
0.289
0.552

0.432

LE Angie 28.0°

B+
7150
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0

1

" o(ub)
831

2.352

2.549

)
2.335

2.804

1

1

781
801

2.362

2.343

2.322

2.455

2.031

2.857

2.157

1
1

.618
.80%

Error
0.360
0.331
0.407
0.258
0860
0.212
0.421
0.367
0.572
0.330
0.330
0.27%
0.806
0.341
0.438
0.550



