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PROTON-PROTON ELASTIC SCATTERING AT 3, 5, AND 7 BEV/C
| - Allan Roy Clyde
i o - Lawrence Radiation Laboratory
' ’ University of California

Berkeley, California

‘May 1966
ABSTRACT

"Differentialueross:secﬁibns for p~p elastic scattering have been'e
measured - for ineident mdmenté, 3, 5;band 7 BeY/c;' The backward scattered
protone wefe momentum_analyzed with magnetie sbectrometefs and detected
with_scintillatien cdunters'for ﬁhe.ﬁissinévmaés spectrﬁﬁ of P +.p -Dpt+tx
for x =.a protoh; A ﬁydrogen-gas target wes used for recoilrmomenta
from 75 to 600 Meﬁfe and polyethylene with matched carbon for subtraction
Qas used from 500 ﬁo’#ddo MeV/c. Statiéﬁicei errbrs Wére apﬁroximatel&

- é%.at low momentum.trahefer, and incfeased to about 5% for 900 sdattefihg

" in the center—of—mass.’ The data indicates shrinkage of the diffraction

‘peak with incident energy, a strqngvenergy dependence of dg/d t) at 900

and-is consistent with a logarithmic decreaee in thé total elastic cross

" section with the center—of-mass energy. The behavior of the forward scattering

indiCates the presence'of a feal.scattering amplitude. The valuesvobtainedk
for-the.rétio'of the reai to the iﬁaginary‘scattering amplitudesvare k3, 39,
aﬁd 3&% resbectiﬁely. An_assﬁmptionvof similar angular dependence ofethe
real and imaginary parts-of'the nucleon scattering amplitude is indicéted-

by these data.
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I. INTRODUCTION

LY TR

It has been p01nbed out by G. F. Chew, S.C. vrautschi,uand.othefsﬂthaﬁ
a Regge model Wﬂuh uhe Pomerancnuk or vacuum pole thougﬁ enlyvepproiimate,e
leads to deflnlte preulctlons for tne behavior of eiastic'crqss seeﬁions;l’2
Previoﬁs experimentsven eiastie p—p'ecattefing have esﬁablished the exponential._:
- dependence of'the»forwardvscatferiﬁg on t, the iﬁdieated shrinkage of the
diffraction pe&k,vand aeiogarithmic decfease in the totai elastic eross
section with:s, where s is tetal Centereof-maes_energy and t is the feur;
momentum transfer. ’3’ 27 -
' More reeertly5 however, there has been conelderable interest in vaflous :

models in an atmempt to undereuand more fully the appearance of a 51gnif1cant

4 - = o Y L2 . =g 2
amount ol read. L;su.u in she fOI"vyafd. elastic sceati

Us;ng a dispersion relatibgvapéroach,_P. Sbﬁiﬁg_prediétsvzo to 3h% for.the
real part of the scattering amplitude iﬁethe 5 tq 30 BeV/C'range.lo Aithough
'it does Iittle tp explein the meehanisﬁ; the egreement ?ith pfesent data is
rather good. W; Rarita and R.J;N._Phillips have:oetained reeeonableeagree—
ment with - exyerimeet ueing e Regge'Model conteining the P, P‘;_Q, and. e
’po.’les.ll However, it is confined'to energies above lOfBeV.v.Also, there is

centinuea interest in optica1 medels e51ng short range phase shifts and
'fepered fotentials..
In the.high.momehtum transfer.(lafge ahgle) regioﬁ of the eleeticj
- differential creoss seetion'the statieﬁical ﬁodel hes'beeneapplied with.some
success by L. W. Joneeve*‘ c > 70 >_ high energy. ddta between lO—?O
.BeV/c.;z More drematically, J. Qrear hes,shown very good agreement with

Aperlment thraﬂ 12 orders of megnitude in the differential cross section



e . ln ; N.:‘; : : 'f _:;.5f' ?.;"- :v . : v“'ﬁfi.?
u31ng : decreas/ expoqenu‘al dependence on transverse Vhree-momentum.-i S

"“les flt to the recent Brookhaven data gocs from 3 to 95 (DQV/C ~in four—'.w73¥» -

'”d'momentum transfer For 1nc1dent momnnta between 10- 30 GeV/c and extends 1nto_i
phe‘reglon 041554

”'(dc " ﬁ')"'f. g e%_.v3d“
(g/lmt
It seems clear that an eventual understandlng of tne p ge interactlon- o

is g01ng to. requlre a more detalled knorledge of tne entlre angular de—f
pendence ofvthe elastic scazterlnﬂ.” Thzs exnerlmenu‘has been an.attempt-to*
_1mprove p P elastlc sca*terlng Suatlatlcs end display tne dlfferentlal crosse
‘ueotlon over a Wﬁde range (§ ~  9¢& i 90 )tlgrvlnc;denn momenta 31:5,“andu'
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II. EXPERIMENTAL ARRANGEMENT

Incident Beam Cheracteristics

The Bevatron EPB (External Proton Baam) a+ Ber ieley was used for

this experiment withh a momentum spread of i'.3%,»'The intensity was

approxihately'lﬁll protons per pulse with a spill length of about- 300

milliseconds. Data was taken at incident beam momenta 3, 5, and 7 BeV/c.-

General Layout

' The aﬁparatus cogsisted of.three:momentum'spéctrometers}._These wére
'located in a fixed arﬁay_about'the targei érea_as shown in Fig. la. This:_
. was énclosed by'é‘iarge vacuum tank which served td'sﬁpport the ﬁarget
mechanism. and transporﬁ the secondary beem to the appropriéte.focusing
elements. One‘ﬁomentﬁm spgctrometer was set aﬁ.69.50 to thé.EPB. Another

+ +rrn An-tha Revratron

i 4 me 20 fxs o
was set at 'jj D . NS LILIA
side of the E“B and consisted of one horizontal bending element. The first

or Low Mom@n*um Channel {IMC) ubilized a fixed n2 gas targot Tﬂls channel

detected recoil par ticles from roughly 87° down to 66° in the lab system,

corre quwng to scattered 1

Momentum Channel (HMC} was
carbon targets;
distiact mode< enabling it

boratory \stt about 90

incident momenta) for the observation of scatte

B

MeV/c.' The. general Focusing  properties
Figs. 1b and lc. The third channel was used to detec

N . : . RPN
for elestic scattering near the 90

~0 .' . ’ .
357 in the laboratory.

momenta of 87 to 600 MeV/c. The second or High

- used to take data from matched polyethlyene and .

at about 750,'this channel was operated in two

to take data at angles down to about 26° in the

o | | T
“in the center-of-mass system for the 7.0 BeV/c

red momenta of 450 to 4,000
of these two modes are shown in

t the recoil protons

In this region of very small cross sections, 1t

wee-desirable to use coincidence to detect both protons in their

enter-of-mass point or between 259 and

B8 sk e - e S i AP W, e ¢ e S e 5 e S st e Y et s e et et e st e e

G AN B a e [ty 0% 5 ot S e
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. Fige 1. The experimental layout, {a) shows the three momentum spectrometers,
' the target urea, and the shielding. Diagram (L) illustrates the basic
hoture of the secondury beom focusing for the "Cross—over"” mode of the
CHMC.  The "Pur.dlel" mode is shown in {c). R o
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appropriate kinematic relationship in order to resolve the elastic p-p-

— 5 | : _ ' - o

scatteringAabove,baékgrcund.

‘In both the High Momentum Channel and Low Momentum Channel the

-scattered protons were focused by a set of magnetic quadrupole elements

Fig. 1) and mcmentum analyzed by magnetic spectrometers.. The tuning of
. s J .

these quadrupolie elements entered Only to second order.in the calculation

TS s,

of the cross section. Térphenyl loaded polystyrene scintillation cbuntefs“ e,
were used for the particle detection. In addition, ' an array of HZO

Cerenkov counters was used in the third chammel.

Low Momentum Spectrometer

The IMC comsisted of three magnetic eleménts.v'The first waS'a
horizéntal ben&ing magnet. This was used to direct the scattered beam

down the channel for the various - angles selected. Tt was possible to

-eliminate any significant focusing or distortion in the vertical plane for

this element, by utilizing pole faces of an effectively circular geometry.

With the IMC orientation of 69.5° to the EPB, 16° was the maximum deflection

‘required to bend the scatteréd beam down the channel. Following the

. v _ .
horizontal bend there was & quadrupole doublet which was tuned for‘point—to—

W

point focusing in both planes, where this requires that beam particles from

"a given point at the socurce are focused to a unique point at the image plane

"independent of their slope with respectvto the optic axis for a monochromatic

bean. The upstréam element vés operated as 'a converging lens iﬁ the ﬁorizontal
rlane. Thé beszm vas theﬁ deflected Vertiéally ddwnward‘thrbugh h5;2§ wiﬁh an
H—type'bending.magpetkinfo the detectof system. - .‘

There.weré h sciﬁtillation céuﬁters in the IMC detector telescope.
LookingvdownStrgam, #hetheré'iubeled Ll’ Loy LB,‘and‘Lg; The L3 coﬁnter

was used for vextical positioning, and the L2 and Lb counters were sectioned

for left, right balance of the scattered beam during tuning. An illustration



S(_:offé.red “proton
~ “beaom. :

v Fig;

. MuB-7198

2.  The Low Momentum Channel detector arrangement showing the
polystyrene’ scintillation counters. ' The 68104 photo tubes

were connected to the left and right sides of'Ll,-Lé, and the
tuning counter LBQ Connection was made at top and bottom for

'Lkﬂ B
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- For momenta from 15 to 125 Mev/c the L

=

s

of the detectlon system is shown in Flg. 2. The counter dimensions of thef-‘

telesc0pe are - given in Fig.-3.

The LML counter telescope was operated in. three basic conflguratlons.‘

In each case, the one used depended on the energy loss in the polystyrene.

1 ‘counter (1/32" thick) was sufflcient

to stop the scattered beam and was therefore used alone_to count thevsecondary

beam particles. In the range of'lﬁo to 250 MeV/c, Ll wae operated in

coincidehce with the 12 counter.(l/B" thick)."Tﬁe thdrd coﬁfiguratiog Vas’an

L, coincidence with the I counter (1/4" thick) for:the 300 to'600‘MeV/c.range.~
By pulse helght analysis on the Ll’ Lz, or“Lh counter it was poss1ble

to select protone by proper plateaulng of the dlscrlmrnators in the IMC
coincidence c1rcurt. The block diagrem oP this c1rcu1t is shown in Flg. 4{
For the higher momenta of 500 to 600 MeV/c,.renge_in copper was used to
celibrate Uhe momeulum &s & Check duilug the,tgning of thc SySuciie

Hydrogen gas at one atmosphere pressure and room temperature was

used as a target. The entire Low Momentum Channel was enclosed in a

) o ; ) : ' L . o ‘ : i ~ "
vacuum. The target container window for the sScattered beam was .001" mylar.

In the vertical plane, fhe‘quadrupole was focused for a source elong

' the EPB line fo an image plane Just beyond the _L2 counter. The height of -

the source was less than 1/2 defined by the vertical height.of the EFB.

However, 1n the horizomtal plane the source was taken to be the effective

‘ftarget definsd by a movable braés collimator located between the pole faoes

of the first bending magnet. This'arrangement ig illustrated in Fig. 5. .

.The effeetive'source was located from 11 to 13 inches from the EPB, depending

" on the scattering angle selected.

‘Using the angular  dependerce of the scatbtered momentum, and the verti-
cal dispersion in the system, the angular acceptancevin the horizontal plane
as calculated froem the ve”tICil dwmenolono o” the L and I, scintillation

. z . )

counters. OVcr the entire momentum range
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Fig. 4. Block diagram of the TLow Momentum Channel circuit logic.
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Fig. 5. The Low Momentum Channel target and collimator arranzement
showing the Hs gas container, the moveble brass collimator, and
the. copper collimator used as the aperture stop. R
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oboerved with this channel, uhe angula* acceotance did not exceed uG l l
Lnerefore, w1th Ael small, there is no 51gn1flcant dlfference between the:
length determlned by the brass gap/51n 9 and the average 1ength of the

actual source dlstrlbutlon subtended by the gap.

A rectangular copper collimator 2" in thickness was located betweea
the horizontal beﬁ&iné magnet and tﬁe'quadrupoie. The'dewnsffeam edge
_wag : 6.875" upsiream from the effective entrance_face of tﬁe qaadrupole.
It was adjuafed in the herizontal dimension-for a‘9" gap s0 that the
scattered beam would not be.significantly limited.by fhisvafertﬁre in’the
hoiizpnﬁal plane; waevér, the vertical dimension was fixed'at>2.5", and
was used to define the azimuthal engle A¢ of the scattered beem.

:A computer frogram'ﬁamed.LOTCH,var'Low:Transfer chanﬁel”,was used te
calculate tuhing'currents in'thevﬁagnet elements ani the running sfstematics.

These paremeters were found to be accurate to l% and they great;y 51mplixled

the final emnlrlcal tunlng uhau was?carrled out for each po;nt before data
were taken.
The resolution is. most conveniently given in terms of mass for

ptp —»p * X, where X is the missing mass. For the Low Momentum.Channel

Au/m < 8%, where -in Appendix A it is shown that in the region of X = 938 MeV/c2

N Lm/m = !(7o_+ 1)a__ cos 6. ~£r‘[(l4ﬁiﬁ‘coszei)/(l + Bim cos’ 91)11. (A-T)

b}
g
—

High Momentum Spectrometer

Similar to the IMC, the High Momenﬁum Channel also contained 3 basie

magnetic elements, consisting of & horizontal-bending.element followed by a




" Polyethylene

) .TPo!yéfhy(enef?“J‘,

::B_CarPo§ :

: ®ug-7200

Fig; 6. The movable péntograpﬁ arrangement forithEIHigh:Mcmenﬁug‘ - S
... Channel targets showing the l/2”lcarb0n'target_in_position;ln‘;ue



‘focusing‘magnet‘and then a vertical deflection'element used as a mdmentumf

13-

spectrometer. ' s channel was set at 33 5 to the EPB. The hofizontal

bendlng element. (Sagane magnet) was used to deflect the scattered beam

into-the. channel.for any  of the p0551ble taraet p051tlons correspondlng to ,

- scattering angles between 25 and 75 in the lab. The de31gn oI-the Sagane»

magnet prov1ded a large horlzontal aperture. The pole faces were'ci:cular

'w1th a 40" diameter and were separated by 10", Figure 1 shows its position

in the scatteredebeam.
Polyethylene targets of 1" and l/k" thickness were used to take data

for subtractlonvwith their respective carbon targets of l/2” and 1/8"

. thickness. These were attached to a pantograph arrangemedt mounted on a

movable Cart. Th-s allowed any of the four targets to dbe ralsed 1ndwv1dually
tnto fhé Epp-an& alsa to he moved along the FPR. Anjlllustratlon oz'thls
arrahgementvis shown in Figure 6. Tatget Selectiondendupositioningvwas,done '
remotely.”

Typically, sevefal cross sections_werestaken alteruately with the

pol yethylene and carbon targets‘after the system had been tuned for the

Vscatterlng angle selected. The actual procedure varied somewhat dependlng

on the mode of‘operation and focusing. “The 1/4" polyethjlene +arget was

used to overlao the gas target data and the " polyethylene target was used
to- obtaﬂn data in the 90 center of mass region.
The HMC was opersted in two distinct modes. The "Crossover Mode"

n

utilized "point-to-point”focusing in both planes where the vertical focus -

occurred at the detectores with - the horizontsal focus 13! upstream,

This focusing condition avoided certain physical aperture limitations of

the secondary beam transport system.

o o,
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Fﬂg 7. The Hi gh ¥omentum- Chcmnel coupter arrange-nent shown at an ‘ o , ,
angle delta to the horizontal exis in'a plane perpendicular to- - 3 e
the optic: axis. Also shown -are the cart r'ou_uter ani a sectlon ' o

““of the beam m"‘.:aoport vacaum pl")é:. : i
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'The data from.this,mbde Qverlapped the gas target data of.the_loW»

“momentum channel for scattéréd*beam momenta in the range of MSQ to 2000

:MeV/c. In this mode the ﬁpstream element of the four element quadrupole

was operated as a converging lens in the hqrizdntal plane with the outside
elements and the inside elements being run in tandem (CDDC). This, in
addition to a £.0" horizontal and 3.038" verticél'Pb aperture located

15.28" upstream from the effective entrance face of the quadrupole (see

- Fig. 1) helped prevent some loss of the scattered beam. The angular

~distribution of this beam was spread Significantly at the lower momenta

(HEC to BdO'MeV/cu) by coulqm?;scattering. ‘fn thié modé, the.countersf
showﬁ in Fig..7 were used in théir horizontal position. This figure also
shows the 1" wide, 1/4" thick, ﬁerticai counter thatvwasvaunted 5n a’
cért fér métion transvefsé to the séattefed beam., The solid angleAin
this mode was determined Ve;ti§allj'(A¢) by the apérture and horizontal1y
(a8) by the vertical width of the H3 coﬁntef. .

Two separate deﬁector‘coﬁfigurations_were used in this méde; Ther

first utilized the-vertically mounted cart counter, allowing transverse .-

. motion to the scatiered begm in the horizontal plane (see Fig's. T and 10). .

This scintilletor was run in coincidence with the Hz and Ho counters, the

Hy and AHp counters being in anti-coincidence (see Scaler I of the block

-circuit diagram in Fig.-S). Data was taken by focusing the image on H3

and then scanning it with the cart. The second configuration was used to
integrate this curve directly using the H3 and Hp in coincidence. with the

1 and AH2vcounters in antiQCOincidence. Here, as before, the H3 :

counter was used Tor

R
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OPTIC AXIS'
of HMC

MU-36598

Flg 9, Pogystvrane scint 1llator usmd in anti—-cmnmdence as the

aperture stop for the Parallel l‘foo.e 5 nght pnaes and photo‘fubes*
. were mowm, ci av top and. bObe.ul.




beam Gefinition in the vertical direction transverse to the optic axis. - = . st

plane and parallel to point fbcu§ing_in-the ‘horizontal. This means that

aperture was a polystyrene scinti lliator opprated 1n anti-coincidence

;18- Y e

The "Parallel Mode™ util ized point-to-point focusing in the vert1ca1 | Ll

all orbits §f unique sloperfo the thié_axis in-thevhérizontél_piane wers:
focused td a'ﬁnique péint_in‘the-détection plane; This led to.a ﬁnique
spatial relationship-betwéeh missing mass and secbndaryvﬁomentum at the
image piane. iThevscattered beam rate was small for unosa laboratory angles
observed in this mode, m""mrr desirsble tho use of the l polyc 1]7°n‘

target. The solid'angle was determined by an aperture locatéd 15.28" up-

|,..|-

s

stream from'the effective entrance 10ace of the ouudrunole magnet. TI

=

ith
the detector telsscope. This counter and the geometry of the hole are

shovn in Fig. 9. The basic horizontal dimension was 3.0" and the vertical

was 6.0" with two'small triangular sections top and bottom to provide more

~efficient light colle cuLon.

These were isosceles_right triangles with 1" legs. - The light

ipes and €810A phototubes were then mounted above and below. To & good

‘aopro lmat*on the aperture had an effeciive shape of a rectangle 3.0" wide

and 6,375" high. To be compatible with the orientation of the aperture:

thn_out ide elements of the. guadrupole were run diverging and the inside
elements were run converging in the horizontal (DCCD).
In the image plane the counter drrangement was placed at an angle to

the horizontal. This

@

ngle & was required by the horizontal and vertical
G8ispersion in the system, and was uniquely'determined by the optics and : ' L
the kinematics of elastically scautorod protons. Tnur oré, ideally, a

given ircident momentum
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Fig. 10. The High Momentum Channel detector dimensions showing the
.. position of the Hy counter for the Parallel Mode data. In the -
Crossover: Mode the Hy scintillator was used in anti—coi ncidence,
being replaced by a counter with 2 hole and located midway in’
the beam transport. plne.' The narrow portion of this pipe B
(7 625 ID) to-the r*ggt is the’ neck of the: transnort p]pe.v T N &
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 and missing mass Wasvfeéresented’by a line iﬁ:the imagevplane of-uniQﬁe ' :gyﬂ

angie.to the,horizontal, the'lengfh of ﬁhe iine’being determined“bykthee o

vsegpndery‘momentum width‘eecepted-by the aperture, Actually, of coﬁrée;:.

the line’waS'a:&ietribﬁtion whOseiwidth was determiﬁed-bj the finitejsoﬁree'

size,_Veftical.maénifieation,iand optical effects. This-was typicellyA |

ebout 1/2", the H, counter being 1/2“ and the 33 being 2" wide (see“Fig;!iO)(
The bloch Qlagram in Fig. 11 shows the circuit loglc fo” the c01nc1dence’

2

was operated in‘coincidence'with the'Hl counter shown in Fig. lO.-HThe AH27

telescope. The #H_ counter was used to integrate the elastic peak. ‘This -

left and r1gh+ counters along with the aperture were used in ant1d001ncidence,
The AHZ coanters shown in Flg. 10 were separatea by 12" and served only
to ellmlnate a small'amount of random,background. ‘The scattered beam’

stribution was broad and flat, being almost trepezoidal with a width of

Date was taken by scanning the'imege past the.H2 couﬁter tﬁroﬁgh'
vafiation of the vertical bending magneﬁ cﬁrrent about the central tuning
velue. The operation of fhie mede overlapéed the Croesover Mode with the .
seattered beam momenta ranging.from 1160 to hOOOiMerc, providing date i
threugh the.9oo’genter of mese regioﬁ'br doWn to lab angles of:25é.

A coﬁpﬁter_pregfam.named HITCH, fer“high momentum transfer channelf
was uSed to determine_the tuﬁing perameters for.the HMC to abouﬁ 1%.

TFine tuning for each data pdint W&S facilitaﬁed by leftéright‘balance ef
uthe H3 and.Hh counters. The resolution of the system depends, as does
the IMC, on scatterin 1g angle, but 1s‘le$$ then 20% for fm/m given By

Bg. (A-T) of Appendix A.
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ITI. . BA AM CALIBRATION

;The externa; proton beam was monltored oy an 1onﬂzatlon chember loceted :
on_the downstream‘51de of the vachum tank that enclosed the target area; |
fAbeoiute nor@aliiaﬁion ofvthe'eiastic scatteriné'cross section reqpiredde:’
.¢arefdldcaiibfation.of tﬁis detector. .For this pufposez two small ecidtilla—
‘tion counters were located et the entrance and exit windoﬁe’of the vacuum
tank, and mounted on actuetorsbthat allowed them to be remotely.moved ioto
the EPB during the calibration runs. TheseICOuntersewere l—3/h" square
and 1/8" ﬁhick. In addltlon, two large 12 x 18 x 2-in. scintillators
were placed in the beam at sone 33 feet downstream from the vacuum tank
exit window. These were centered in the beam and seﬁarated by about h"'
dalong the beam line. The two small counters were ;aueled Bl and’ _2
whereaa the two larger ones were B_ and B7, the SUbSCTlDbS 1ncrea51ng 1n'.
'the.dlrectloc of" the beam. The;layout of the callbrat;on telescope 1sb |
shown in Fig. 15,- | ’ |

The outputs ffom'the scintillators were split, providing scalerv:
readout for the ing 1V1dual countlngvrates in uddltLOﬁ to a B5 7
'coincidehcez and also a Bl B, and’ B2 B5 coincidence. The electronics
for‘the 35'37 coincidence-circuit began to jem aﬁ.rates just.beyond iOA'

protons per pulsa for a spill'time of ~ 300 ms. - The counting ratiOs

B /B ‘B, B /B B, B, /B B,{, and B, B. /B B., were constant below this inten-

T’ 577

sity, but increased aboutl 5% between 1.5 % th and L.5 x 105, except

l 5/B5 PT which showed a decrease < lﬁ Therefore, 1t was de51rable to
heavy - : '

use'a 2' x 2' x 6* block of /concrets to attenuate the EFB for beam inten-

o h ' -
sities above 10 protons per pulse.. This block was located 8! upstream

from the By counter, and



23 L

C /. vacuum Tanx Ceoa
'?P' /& TARGET AREa =~ . .

10M . CHAMEER -

L_-;

"//If 2
/"~ cComcRETE. BLOCK
¢ .. {HEAVY) -

. By
12%e]

CEPB

MUB.7534

Fig. 1Z:  The SC‘ht11luulon countor rranbement ?cr the. callbrutlon of
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could be easily.moved into the beam. - The 6! thickness of the block add thé%gaaam?wf
.01 steradian_solid angle subtended at it by B%'gave :n'attenuation-factor

of ~ 1072, This was sufficient to provide the necessary overlep with the ion

chamber at'loé brotons per pulse,

and then again at - ‘For .

Dataiwere taken with the EPB focused at By

1 the two fold coincidence of Bgs B, was used to normalize
5
2

the focus at B

counts from B, and alsc counts from the B coincidence. These data were

1 1

obtained at incident beam intensities of 10

>
t'o'lO4 protons‘per pulse with

the concrete out. With the block in'thézbeam data was again taken at these
beam intensities to calculate the attenuation in the block. The intensity -
WaS'then-increased to 106 where the ion'chambér'was read in micro-Coulombs and .
5537 cpincidence;

The calibration constant is then

W/ = BB/ ) (/355 Dsaen ous * LB1/B5 B/ (/BB Loy 10

normelized by the B

iﬁ protohs/micro-CQulémb'where the rafibs were;avéraged>over allrinténsitiés
within the ranges allowed by tﬁe counter.efficiencies. Similarly, data
‘Weré téken for a focus at By, where:£h¢ appropriate éxpressionlfor caléﬁiating
thé;éalibratioh.cénstaqt is»éxactly’asbabove with the réplacemédt Oval With
B2. |
.Ihe calibration constants calculated in this fashion for the incident

- moménta.35.5 and 7 BeV/e are_summarizedvin Table 1. Tﬁé errofs‘shown, |

_ depend ﬁrincipaliy on fhé.uécertainfy iﬁ ﬁhé focusing of the EPB and-thé
'statistical eiror in the measureﬁenté. chever,:the reproduéibility‘of the
méasurements due to thé foéusing uncertainty.at £he target and sqiﬁtillaﬁdfé

was the dominant source of error. The deslgn characteristics and operating

parameters of the ionization chamber are given in Appendix B.
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IV. 'ANALYSIS' B
The systemstics of the Low Mdﬁentum Channel and the two modes. of the
High Momentum Channel wére sufficienﬁlyvdistinct'as to reduire.an almost -~ - R
. unique analysis of the respective'dataab;This was particularly true of the
various cdrrections, their calculatidn} and their relative importance.
MTﬁbﬁévér, it 1is shown in Appendiva' that the differential croés-section
is represented by i
dofaft] = c(ng/w)/(n, ) 20 aR)) (1)
in mb/(BeV/c)z. Even so, the determination of the vériOQSvparameters T
depends on the systematics of'the_particular'mode used.: 1n‘this exy:cssica, g
NS = No. of scattered protons at the detector, é
NI = No. of incident protons seen by the ion chamber (team
‘monitor, " . - o o :
n .= Target thicknéss expressed in number of pfotons/mb, :
Bl = Lab Yelocity/c‘for.the scattered protons. ‘ o . S
D o _ | : : i
Ad = Azimuthal angle allowed by the vertical aperture limits !
of the system, f
APy = The momentum bite determined by the system, and i
C = n/moc = 3.3485 for mc in BeV/c. ‘ _ - . | ,j
' The number of incident beam particles NI was read from a continuous o _

pen recorder that indicated the output of an integrating electrometer

connected to the ionization chamber. Tnis gives



EPB because of the Tocu51ng characteribtics of the .Deam.
Table 1.,

Theru data were taken with the hydrogen gas tarset.

uherefore to express'uhe parameter

to the brass c0rl_Fator gap and the SCatterlng angle by Ig

w o

- — 27 -

(integrator reading‘in'voits)

x (canacitanCe in uf)

X

1]

(callbratlon constant in counts/p Coul )

Number of partlcles counted. '

and B values

calibratlon constant used was an 1nterpolat10n of the Bl 5

Low Momentum Channel

_of the gaS'expressed in protons/ mb—cm) .

where the gap was setvat 5.152 cm.:

by v

vhere

P

P =

O .

T

5

nt of the general relatlon as nt

' The density of the gas was determi

= pé (TO-/PO)A(P/T)

= 29.92 inches-of Hg;

absolute temperature,

pressure of the gas in inches .of Hg’

273.16 degrees Felfln,

den51ty

at

aQ

P

M
4o

e

e is T a

53713 x 10- T nrotons/(mbwcm)

- In general, the calibration constant is a funétion of position along the

Therefore, the:

in -

It is convenient

=20,

g

where Lg is the ef;eCulve target length 1n centimeters and p is the density
The effective length is related.

- eep/ein o,

ned



 The target pressure was . obtalned 15 inches of Hg wrth 2 mercury Manometer.' S
Tne uemnerature was meesured by a thermﬂstor brldge callorated by a mercury
th@rmometer. The cali bratlon of the brass co¢llmator, copper colllmauor,.
and'thermistorvbridge is given in Appendix B. - ‘ . N S R

The parameter Bz'is the lab veiog{f§iat the detector and is related

to the observed particle momentum P, by By =.(P2/M)/JEP2/M)2 + 1. The
ﬁgmentﬁm.was defined by the vertical spéctrometerwfhrough careful pre— -
tunivg and current calibration.of the magnetlc elements of the system and

the proper pos1t10ning of the brass colllmator._ Unlike the systematlcs of the HM

position of the target dld not define the productlon Klnematlcs, rather 1t was

.calculated
/from p 1) kinematlcs for elastlcally scattered protons of a glven initial

momentumn Pl’ where tbe energy loss in the targoc and window relates Pl to

P2 by the range relation derived in Appendix C giving

P = eXP{en’.b + n in [AR + éxp(gn Pg/b)/n]l ’ _ o o ( 3 )

* I

with AR given by
AR = Ar Lo o - O (w)

The effectiVe_leﬁgth_in H, gas for the .001" mylar window was found to

"2

be Ar = 1;33 mg/cmz. The distance traversed in H, gas by the scattered

2 : :
beem in exiting from the target is given by - ’ ‘ '

ES = 16-5 Cm/s.ifl e\l)l ' _ o ) ( 2 )



Vi eingag e g

and p is defined by Egq. (é_) where p =.08988 mg/cm3, givingvgsp:<vl.77'mg/§m3fﬁ‘g*6_
F or AR < 3 mg/émz. The conStants‘n'and Brare détefmine& frcm.ﬁublishéd'range—'.f'
vmbmentum curyes.(l7). S

The ‘az'in_mthal: angle A® determined by the »copp‘er, collimator is caleulated
from the mﬁtiix,fof the horiiontal»bending region given in Appendix‘p.; This

gives the phase spacé at the aperture as a function of the source vectors.

Therefore;_usiﬁg the appropriate matrix element
~ . - ») . = a . E ) v . . 6 .
20 stan A0 = y'/sin 6, =y/(sy, sin @), o (6)

where y = vertical aperture = 2.5",

G, =4 +2 —2® +® o eet{a /2). - (D-25h
hhy a t T e e h pOf‘@n/?) = - :(EF 2 )
In this expression

A= 2h"/sin 6, for the distance from the center of the bending

» magnet to the target,.'

£ = 21.57" for the distance from the center of the bending

a
magnet to the aperture,

R, = M.55" for the effective radius of the magnet, and

@h = (69.50 ~‘el) for the horizontal angle of deflection.

Tt is important to note that Zt was measured along Gl to the EPB or actual
target.
The momentum bite of the obserted momentum PZ wes determined by the

vertical dimension of the I, or L2'counters depending on the detector that

1

.. was ‘used.



" An expression for this is derived 1in Appendix E, where it is shown that =

o®, =1>2 w/LH S = o (E—7)

vwhere w ié,defihed as the ver£i¢él dimension 6f.the,defining_scintillatoff  
It has the values . . - R
';'1;985“ fbr“the Lizcounter-aﬁd l‘vg

‘= 1.508"for the Lz'couhtér.': 

"
[}

z
1l

. The parameter‘L,is given by

L_: £eff éih(@@jz)+.Zdlsin(év/g}cps”(§ —>vQV/Z)/COS_eé . f (E_Bth

:where d is deflned as tne fleld free dlstance along the optlc aX1s frmn“ﬁ'

‘the effectlve ex1t face oF the h bendlnc magnet to the deflnlng sc1ntlllator;2'f'

1
It has the valueu

-4, = 18.905" for the L’ counter and

a

o

5 '22,905”.foi the I - coun ‘ter. . o

e . 2..>
Also, :
Zeff ;f46” for »he effectlva pole tlp length of the M, magnet and

@V = kS@BG:for uhe vertlcal deflectlun of the M magnet. i:vj f."”' L vv'gﬂu

mhe paramoter ¢ was obtalned emvlrlcally from the optlcs and geometry
of the H magnets end is roferred to as thn weage angle. The pole faces

1

of the vertlcal beun;ﬁg magneu weze rectangula*, in. whlch case the wedge



;31- |
angles el and . 62‘a° the enurance "and exit are equal to s /2 for -a s-%, o 'e o 'T
symmetrlcal orientation of the magnet about the turnlng p01nt of the : o
scastered beam. However, because of the large deflectlon of 45 .2° the
entranee and exit of the scatterea beam was soﬁewhat below.the cenferline v'
of the magnet . Lnere¢ore, the efLect;ve shape of the pole u1p did not |
appear rectangular because of the. frlnglng fleld "This led to wedge
angles € - € = 62-> @/2 (see a more detailed descriétioniof.toe Peo?%ng
magnet parameters and matrix in'reference 18 and in Appeﬁdix D). >Usiﬁg'
" the bendlng element matrix and the measured focal length of f = ﬁOO" for - ;

. the Hl magnet, it is shown in Appendix E that_

' ‘ 2' ) . \1/2 L
tan € = {jl + cot @ - p/ (£ SlP @ ) J‘ cot @V .(E;ll)v.v .

D = s o
Lir OGS uu CTSITrECh S L YA "D I [ e 4

- were taken alternaiely.with H2 gas in and then with the target eoﬁtainef:

evacuated. Therefore,

; N N ' N o
do . s _|_ s}l _{_s (1)
dit K. AN N, AR

. ‘ H2 v - vac

. The attenuatioﬂ of the scattered beah by the gas target and‘window;
which togeﬁher ﬁere less than 3 mb/cm2 1n eqplvalent EQ,'can‘be shown to-
be very small compared with the‘statistics and was therefore ﬁeglected.

The geometryIOf the IMC was such that it allowed z small ;aft of the
raﬁe at the loWer momenta fovbevcontributed by degraded higher energy
particles that penetrated the thin parts of the brass collimator ﬁfound
v the'gap. This,anﬁ.some scaﬁtering ‘_om the edges of 1;he brass gap

required a ~.3% correction tc the cross section at 83 MeV/c increasingi
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toe—3%.at 600 MeV/c. This correction was made by graphical methods usiug

average lengths for scattering and energy loss in the brass.

The correction for the energy ioss of the scattered beam in the target

“and window is most conveniently described by (see Appendix C).

2

B, &P, : (7" +m”) (1L =2n) P
22 oexp -%log 12 —— * — log -§£  ) ' (c9)
By AP (R, +m o n 2 o o

- where the subscrlpt 2 labels. tho observed palameters and the subserlpt 1

_labels the actusal values. The constant n is determlped by publlshed range—momen—v'

fum curves. o This correctlon ‘is + 15% at 83 MeV/c, dropplng rapldly to

. less than 1% at about 300 M°V/c.

Chromatic aberrations and focusing in the quadrupole-leEd:to second -

order effects in the phase space at the image plane'that have a significarnt

effect on APl. It is convenient to express this effect in the form Z§%
which was found to be .96% < AP ~1, < .980 for 83 < Pl < 600 Mev/c,
ST T ~ &

1

respectively, or a correction of —2.0 to —3.6% in the cross—section. This
spect s FEC - Op . .

effect . is contained in the product matrix Qt_= 1[ Qi, where‘the Qi are the

' matrlces of the various elements of the IMC system (see Anpendlx D) 'The

calculation of AP' was done by the 709h program LOTCH. This routine generated

a plot,at the detection plane for y~(vert1¢al to the optic axis) ageinst

fiomentum for orbits passihg through the top, bottom, and center of the Yertical

nnapérture,"In'prihciple'this_ié domputed by X =:QT XO; where |



A. Orbits _ Th;r'é'uqh ‘Toé of Aperture
- B.Orbits Through Center of Aperture

‘C. Orbits Tr_srouqh Bottom of Ape‘r_fure :
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Flg. 13 . Plot of y measur red vertically in -a plane pérpéndiéulai‘ to
- the opt_Lc axis at the detector against P ‘calibrated in units
" of %} in radians at the scurce. Also shown is the superposition

" of the 2 H, counter and the projected momentum dlstrlbuulon W:Lth -

arbi trarv normali zatlor\ for the ordlnate.-
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. are the.initial.and_final vectors iespectively, Sﬁperimposing the counter.

~width on this plot, it is then possibleitc calculate an-arbitrarily normalized
inténsity distribution'for Pi frdm which an average width APi can be obtained

(see Fig. 13). No correction was required for the Coulomb scattering of the

‘secondary beam in the target‘énd window becguse'of the very large'9" horizontel

aperture vhich was sufficient to accept a broad spatial distribution-of-ﬁhe

. scattered veswm ab thc apcriure

_High Momentum Chennel

In this channei.thevinitialjmomenﬁum Pl of‘the‘SCattered proﬁéns,#asf
.defiﬁed by the_location of the targét élong the EPB. The farget ébsitidn.".
Zt'was taken asjthé diétance from the:intersecﬁion of the perpendiéulér o

 from the ceﬁter,of‘thé Sagane magﬁet to ‘the EPB,_to'thé ceﬁtér of ﬁhg target

looking upstream along the incident beam. Therefore, in Eq. (1) for the

I3

cross section, B is uniquely'rélated to Zt‘by (see'Appendix F)

al=Pl/rsi/J<P1/m>2“lj , ®
where" | | | | |

el 4 2 2y
Py =2mB COS_Gl/(l f Beg ©O° Gl)



T

w--vforif

AR R B TR T
1o 7o_='~/"_(h—)- RSN

—1 48 Zf in inches and P héident' S
i Dy - beam. mcmentum) AR

“and

@) = tan

.The flve uargeus that ‘were used te take data in the hMC are summarlzed

N 1n Table 2 The target thlckness parameter n of Eq. (l\ was, glven by

(2 zp/lh 0173) 6;0248 x'ld‘hf:"
Eydrogen Atoms/mb for the pclyethylene barget

.NI is glven by the ion chamoer reaalng 1n p Ccul multiplled by the

{caleratlon constap» glven in Table 1.

 f fTAéLE_2‘.

:'Tarééﬁf,' 'G7'.g> gra'm/cm v: _ :'ThickFe;éti.f
v' _;%v(¢ﬁéj'.fv£  ;1  2 3735 >;J  _‘:1’i 1ﬁ i 
A s

icé'(QAfbgé)ﬁ‘}i‘ v?{2}68Q5 {n.€?jJ;i _  :1/3§3

e, (carbon) eS8 oajan

osqover Noae

2

beam waS'défiﬁédfby‘ﬁhe vertical d*v lons of the h counter which-vasv‘

3

| In!this_mddé'of the EMC uhe‘momen um- blte &P, of the observed scattered A

hori?ontally br*eliéd'for“these”data (%ee Fig"T) Using a matrlx renreseutar-"

‘~t¢on of the magpeuc~op‘1ca¢ system.(Ap“endlx D) the 7009 rogram HITCH was v
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- used to calculate AP from the optlcs of the Crossover Mode and the detector

~ width. ”herefore using uhe scheme descrlbed for the IMC, APZ was obtalned

ae the width of thevdistribution of P2 against Yy measured_vertically at the o

‘detector. Fiéure'l3 is‘en example of onevofvfheee graphs.
'The’proton—protou elastic scattefing cross Section is obteined-by _

subtractlon of thevpolyethylenevand‘carbon target.deta. This is expreséed

o . :

\ |

~’—‘—5) (n, "B, "0 -2P,)

the ccmblned correctlon to the polyethylene data

£,
i

=
!

= the ccmblneé correction to the carbon data.

: The constant_qnis the carbon‘target'matching ratio for the yumber of

equivalent carbon atcmsicmz in the polyethylene target; This is giveﬁ by

€y _(?) (éppp)-/ (2, 0,) -

~

 The subscripts throughout are p for pclyethylene,.c for carbon, .and b -for g

background . T%e:%ergetvout"data (EE) was constant with 1little scatter
= | _ s

: Ib
over the entlre Crossower Mode range at each incident momentum However,

the background subtraction becomes very important st the larger momentum

ransfer where small differences become involved.. The ccmbined correction E

represents the product of the energy loss correction, the attenuation

correctlon, and the correction for truncation of the apgular distribution of

the scattered beam lrom_horzzontal aperture stopping in the Cudurubole

and in the vacuum traﬁsuo t plpe dowustream from the bending’ magnets.

(9) :

(10)
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The az1mu+hal angle A@ was dateﬁmlned by tn~ vertlcal dlme951on of

‘the COlllmator,, The denandence o‘ vy on’ 91 1s given by Eq. (6) where e

QEﬁéLB/mnal

' 8b 625"

Bl

22. 6"_.

Eg
#

N _33 5 - Glf_’_: o
3. 03"" |

R
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The enérgylloss‘in the-targetfis cdhvehiéntlyiéxpféésed bY,

AP

e, o RS e
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wheré'thevobsérved‘moientum is éivéh by (sée Appendix C)

P, = exp‘[ln b+ n 1n [ﬂﬁR +Tékp ( In ——J] l 'f Z"l'ﬂfj;(lé) ' 
In thls expression’ b and n are functlons ‘of the scattered mom@ntum P

. 1°
-.As in Eq. (3) those DaramEbQTS ‘are determlned by the ranée curves.f The

"-average path tldnsversed by the scat* red beam in leavxng the tarceu is:

'glven 1n g/cm by

.,_LB  cos @ for O < ‘91 <

a3y
”l‘ 7 . T

o (a +hf’fi (2% + 2an’ + n® @t 2h e
VAN =_Sin 3 ] l—' L Tiw (a T 2} ) cot 61 OI‘ -——lftane -(15)
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In thesekrelations

w = fp/2 for the target in g/cm2 s '  .‘  | : S ;n_' S
h =.i/2 the vwidth of the incident beam in effective g/cmc._of'target; :
a = 1/2 the widthnof the target minus h in g/cmz,. ' a o e o Zmi_

e,

The correction for attenuation of the scattered beam in the target is
partially'offset by the corréction-for,attenuation of the incident beam.
Even so their combined efféct is significant in the lower momertum region

of 500 to 800 MeV/c. This is expressed by

{cbserved incident beam) {initial scattered beam) [ : Zﬁ%Akﬂvi (16)
(initial incident beam) ~ (observed scattered beam exp - A

The total nucleon cross section g _-for the carbon and polyethylene was
0) '

> ;

1"\.);3

: S {1a
teken from F. F. Chen, et al," ~

- As shown in Fig. 7, the H3'and-Hu'counters were split into left and
~right sections. These were'wrapped'independently to prdVide left, right

balancing capability for t the channel in both mod This choice
led to a small dead space between the iefﬁ and right counters ofvabout-
.1/32”. In.this mode thg deadvspace requiresIa.éérrectionvto‘thé;crosé'
section of ~ +1.3%. |

The cérrection for ﬁorizontal aperﬁure_stopping is obtained by

evaluating the aﬁgular acceptance uf the beam traqsoo t system in terms

1 : ’
of Xo’ and then comparing this.acceptance to the angular distribution of

o

_the scattered beam intensity projected on the source. The cross section’ o v -
is corrected for that part of the distribution which is outside of the

angular region accepued by’the,system. Figure 1k sho*q the uepenaencg cf

this distributicn on the scatiered mcmentua Pl apd the thickness .of the
‘ : ; )

carbon and nolyethvlﬂne t rgets. . AL a gnven Pl and for a givéh target,

the angular distribution of the scatiers. beam is a fold ol three independent
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Figure 1k, Tie angular distributions of the scattered beanm
intensity projected on the source plane tor the Crossover
Mode. The cut off areas represent the part of the dis- .
tribution which would also have been seen by the detection
but is lost due to the limited angular acceptance of the
beanm trancport system.  These curves illustrate the stopping
of the system for a point source.
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effects: the effective source distribution arising from thevfinitevtargét LR

size; the'angular spread-of thevsecondéry beam due to coulomb scattering in -
",tﬁo'taf et; and & momentum distribution about Pl de*ermlned to Ilrst ordér
'by the detector wi ithvand by 51gn1flcant second; order optlca1 effects. This
fcld is a trlple 1nue~ral whlch depends, aﬁong ODher thlngs,on the geometry
of the: system and the bean optlcs. The calcu;atlon was performed on the 7094
using the program ERRTOT whlch 1ncorporated HITCH as a subrout1n= for the

computation of those parameters depending on the optics of the system. The

triple integralemay be written

Ao * / j | Jl(X ) vy Gy ) axjaxf a8
L _S.E(Xl)_,m o | — o
Ay =j Jl J’ y10%1) ¥g (x‘zf)y&(xé—xzi) dx3’ dxg dx; ,  (17b)

where the y's are the probability distribution given by

'yl(xl),? Py (6@)». for the effective spatial disﬁribution

of the target,

yz(xé) =P, (ag ) for the anguiar diétribution'quthe coulomb
écatteringz
y3 (x:):v E3 (&p)vr_. : for.ﬁhe uhobstruéted momentum distribution
- ' ‘ which (without'étopping in the'system).would

be seen by the detector.
‘The 7, and n, are the spatial limits of the source and sl(Xi) and sz(xl) are

the acceptance limits of the system.
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. Where

:and a

&P

SR B
=g s
T R

'f;where‘Eq,f(F—30)'givés V

The dlstrlbutlon P (Sn) LOT the effectlve target is” glven by an isosceleskﬂ.-

'di-f'The'dummyfvéfiébles:areitakégiélcﬁg*thevhofiZontal-ékis‘at-the source |

+rnnpvnwﬁ T9q11t:n2 trom the rectangular shape of the actual target The tOp B

' of uhls d strlbutlon 1s then dlven by

and the basefhy'-"

= w si T n y L
b2 _'?jSIH_Ql' ‘h cos Sl,

: 1herefore the llmits of 1ntegratﬁon ql and nz of Eq (17) are . glven by

Y 'f= —b /2 |

i

.The'coulomb scatterin@'distribu ion P (66 ) is well approx1mated by a

: gau551°n Ior the rolat1v01y short ex1t pauhs traversed 1n the targets.

v,Tncrefore

P (66 )<x_exp (— 092/36“

D IR 2 NE§3_ 
¢ BBy L

IW1£h:J')'

b, = W smel -—;'h‘ cos Ql s

Crad o

A (19)

ey

(21a)

- ‘i"'('éib)
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.AR,;*aVerage'length traversed_in”exit,
L5 = Tadiation length of the material,

P

P = o
’ The.distfibution;93 {& &p) for the mementum spread Wwas computea £rom beam
optics by.the 709& progranm HITCH 1n-connectlon'w1th the computation of

i

lab velocity of the scattered protons, and

i

momentum of the recoil proton in MeV/c C-

ite width. That is, in the caleulstion of AP, illustrated in Fig. 13.

The angular acceptance limits bl(A ) and sz(x ) were computed by a
modllled ver51on of HIToﬂ called VIGN“T This isa CDC 6600 system which
. uses the matrix representatlon of the optlcs to determine the max1mum‘
‘possible angular excursions for protons as a function of posetlon (x )
on ihe tafgeﬁ for each geometry.

The form A /A } of the acceptanee correction makes tne normellaa— :
tion of the three distributions entlrely arbltrary. . The combinedkcorrection'

due to the energy loss, attenuatlon, and_the horizontal acceptance was

then applied in the Torm

. E = (Energy loss) x \Attenuatlon) X (Accep+ance)
"This is a Lunctlon of the target geometrv and materlal. Therefore, as
shown in Eq. (9) it is necassary to apply this to the carbon and polyethylene

cross sections before subtraction. These corrections are summarlzed in

‘Table 3. Additional corrections must be applled to these cro s sectlon_
data for inelastic background and counting 1ne¢L1c1ency; In,the region of

the Crossover Mode data this background is closely parameterized by

. ,) t . .
oy = 1=, R (230

For counting ?neffigiency"due to high pefticle rates at the F{z-counterv

- where both CB and CC are then applied directly to the numbers obtained

from Fg. @ for the final cross sectlons. .

-

c = 1.013, o ' ~ (23b)

et
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Parallel Mode

| In thls mode APl is determln i by tne horlzonual dlmenSLOn AX of the RS

. From the mabrlx Lor the Sagane magnet given in Appandix D .~ ”1 _‘

"-_épertgrej‘
R TR .(24). e
_ , Plv 15_. RPN

A vz -z L (o /2)/Re. FITM | (p-25b)

v
i

15 . zagsén-thfl DS

" from P-P elastic kinematics'

W
1

26y, Byy) - ok ;tana f<1+a e )/(1—  cos? 0) . (25)

S

By substltatlon  .' f‘ '  1  ”.f '] ;5'”7:'1' ;T; ;ﬂ 
e i -k / [ 12/f <91’5cm)] =515 l ’ (28
i for ‘ " ’  S '

=3.0" .

~ For the calculation of the cross section it is convenient to use the -

. form given in Eg. 1 with =

It

Comgfny = o o) [ (o) (afer) (@pfemar G

. .W'h:e.reﬂ : » v " :

'? 208 '*:ng-—TCm (ns/ni)CarbOniiV,‘f':?"'

\

'7(27b)_*'
for the-pdlyethyleneebarbbh subtraction.  The faétbg}i“’f’

cos B/
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is the:vertical diméﬁéion of'the_ﬁz Scintillato: seén by‘the séattered_

- beam wheﬁ,the coﬁgter is'ofiented’at'the appropfiate éﬁgle & to the hori;_
zgntalvin'a.élane‘perpendicular'ﬁo‘the-optic axis. The arrangement of the
detector systém.énd the definition of & is illuStréted in Fig. 7. The
counter Vid$£ is given by |

W, = 3&0". | |
The variable of inﬁegration I is the current in,equivaiént milli-Volts
for é knoWn;shunt'resistancé of the C, and C, ﬁeftical_bending.magnetéf i:
Throughouf Eoth modes Qf'the High Momenﬁuh.Channel-these magnetsvwe%é.;"
éperated.in;tandem_as one momenfum speéﬁrometer.. The,aﬁgle of7deflection

in each was;8.0?, giving an overall deflection of 16.0° for»évﬂ The quantity

4P /a1 = (MeV/c)/milli-Volt

is taken from the empirical magnetization curves for the Cl and Cz'bending
magnets. The guentity
dy/dPi = inches/(MeV/c)

s

is the dispeééioﬁ of the momentum spectrémeter; it.depends to first order
- on the angle of deflection @ , the central’s@attere@lmomentum P and,fhe
disf.ance.st from fhe tu:ning point- to thé plane of the ﬁé countef.
Therefore ‘

dy/dPl ~ Pl/(S£ - 2) .
HQwever; there are sighificaht sécbnd ordef effects that depend on the
' optical aberrations and focusing of the systém, and 6# the variation 6f the.
Cl, C2 currentﬁfbr the data'Scan.'_By.using‘the phase space at Fhe Hé

counter calculated from the Matrix representation of the system, 1t was

found that=dyﬁiPl'cah be represented by



ZI;if Hoffl :

dy/dP . ( oézhs/P ) (I / 1) RIS (z8)

"'where_Iéfis ﬁhe'eentra1 Velue;bf‘the Cl,\C2 Curreﬁt; i"

The absc1ssas of polyethjlene and the carbon data in: general do not
e001nc1de.‘ Therefore lt was d051rable +o generate a curve for the carbon ; 

‘.Wlth whlch one couLd perform the subtractlon 1na1cated by BEg. 27 Figure»

" 15a- 1s a typlcal set of data from~a»spectrometer scan.» The-ordlnaﬁe beihg*.'",

' vglven in counts at 2 per number of 1pC1dent beam.protons andfthefabseissa’

,ln milll—VOltS-."_+ is convenlent to rewrlte Eq. 27 ds.FT-”

M

'._for”fe'

=
tl

<
]
1]

" The y. depends on the carbon data points 1?¢f, Ig;} , where

Ie. i carbonv .

'~ﬁg/n; “iﬁf,e:i:fe:;; 'fies,ﬂefitf”; 5(3°%?7

(n / ) ; i:“e;eeei. E’::t:}féf_(gpc) :

BRL IR b S

T e o 0 ety
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15. Raw data from a typical Parallel Mode scan is shown in (a).
The upper and lower sets of points were taken by varying the
current in the Cp, Co benalng mognets for the polyethylene and
carbon targets respectively. The ordinate is given in raw counts
at the He counter per incident besdm proton. In adiition, the
curbon points are normalized by & target matching constant.  The
cirbon background hes been subtrscted from the points plotted in
(b), where the remaining bachgroun& is due to inelastic p-p
scattering. The curve shown is o fit to the final data after

subtracting the inelastic backgrowsd.-
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s:jNow this curve for the carbon(shown passing through a typical set of data ’
:p01nts fYét, T. l in Fig-lBa)ls geqerated from a set of po*nts y o I 1,

ona collection of second order polynamials. These quadratics are ffWV'”"

"f:constrained ta pass through uhe data p01nts, and to be contlnuous in the
_value of the functiops and'their.iirst derlvatives. Each point (y Ly I, )

" of thls curve therefore lies on one - of two polynomials each of which 1s
_forced to pass through a closest pair. of data p01nts yéf} Ié \h, one
- v S 5 L e ’ k'v' h) '*; '

polynom:al for the closest pair on the right and the other for the closest

'_pair ‘on the lelu of tne region of (y . I ) These functlons are then f

'matched m1dway~between_the-2 innermost. of the #:data.point_sequepce.;fy L

Theref‘ore .},’"! ig g:i_’veﬁ by =, rp;ﬁﬁ‘r‘ﬁff".if‘_ Of' the form =~
¥y, =a I, +ta I +ta

G T TS R R

“where the éonsﬁents'aie 6bteinediby inverting the matrix equation. = .

: ff(gz.)f

..for o




and -

:fi ";  :f(3ﬁ)v1’.;? >

In ﬁhése.e2§ressions the set,
R R DR

(y ,I ) ’.. L
(32‘:_:- Cz_

O,
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are the coordinates of the % points selected as described for the region
"~ about the point (yj, Ij) speéified_by the value of Ii;‘.Thisvparameter is -
compubed from ‘

.I,:jnva-[,.

J sk

for. - 7

AL = (upper'bqund—lOWer.bound)/iOO .

lThé pérametergim-of M is.the abscissa for ﬁhiéh the quadratics are matchgd.

This is just o _ | .
igﬂ%z*icy/z'-f o : (35)

The statistical error in vais given by

(o ) =t ¥ e e )P, SR
. +5 o . ) ] : ‘
where N N _
oy p? =) ’(Ayc.ﬂf/ Wz, (37)
41 R o -

and the_qg afe a linear éombination of the elements’of the,matfix M_-'l and

therefore depend oniy on .the constants Ic 3 Ic 3 Ic » Ic 5 and Im;'

o _ L. T2 73 h
Figure 15b shows the subtracted data points fyH » Iy kaor the
. g - X

S ‘ T |

original set of Fig{ 1l5a. The curve shown is again generated by a set
of,points<{yh, In£~. Thig is now for a cdllection of second order

polynomials constrained tozpaSS through the pointsjyH 3 IH } for the .
‘ o . L : 171
 purpose. of performing the integration indicated in Eq. 26. This integral

is expressed as a finite sum of the form



for cénveri_ience:’:»in 'c_omputatidn,'f.ﬁhere

I L - T N oA — Ty
RRES s B Wy Thm 83" Ym0

'mand' the vector Y of the matrix Eq 32 is nowrgivén: by

U he values of y;b-n' ‘a'ré the vestimatéd 'inélasti‘c 'ba'.ckgr.oﬁnd:.»'f e

b s s ; -
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. The statistical error for the integral is given.by

T100 - o “1/2

R 2 2 2
_ . a1 A

) o (av/ar)); (ap,/aD)? or

n=1

‘where

o - o

2 _ . 2 A 2 v n

W - )t )l

51 :

and the qg are zgain linear combinations of the constants which are now

I, I ,1.,I,, I
H]‘ &2 HS L-.h- v m
The protonfproton elastic peak overlaps the . broad inelas-

tic distribution_ This.backgrduna is shown in figure i6,vfor each of
the'ﬁey 33’.33# Ei gcintflla?ion cbunters.l This éffeéf-is given in
perceﬁt of the_elastic cross-section measured under the peak.'_”hé
‘absolute normaiization of the iﬁelastic'baékgrgund_does ﬁot, of céursé,
deﬁend on fheﬁdetectdr. Howevef, for the purpose of correcting the
data, it is desirable ﬁo piot it in this form.r These curves then

represent a best estimate of the inelastic background as averaged over

a collection of all the Parallel Mode data. Tais and data from a more

_recent experiment by C. M. Ankenbrandt, A. R. Clark, B. Cork, T. Elioff,

. (23)

L. T. Kerth, and ¥W. A. VWenzel zre consistent with a smooth, well-
defined background under the sharply resolved p-p elastic peaks. The
error in the elastic cross-section from the uncertainty in subtracﬁing’

this contribuiion to ithe pezk is:

e

C

i.75 ¢ for the H_ counter coincidence,
i b

2

‘. for the I, counter coincidence,

3

h.;

e

Dbemyns,

e
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 Fig. 16. The inelastic bacggrouni from raw counts @ at the detectors
'fOrNthe'Par“llel Mode in percent of the elastic cross’ sactlon o

6 10 . 20 _ 30 40 50

measured under the peah he four momentum transfﬂr is: glven 1n,42

BeV/c)»
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1L4.QQ%'for'the Hhtcounter coincideﬁce% and - . .': L e
5% for 3rd Channel coincidence at 90° e,
,For'é large part oftthe 7 _BeV/c.data of the Paraiiel Mode; good1fesolution '
and lOWuiheiastic background'wete found to be‘ﬁore importént‘tﬁaﬁ statistics;o
| Thereiore it was des1ra le to use an H3 or Hh counter coincidence to obtain
'the best data for'tbe cross—sections. This choice gave a maximum (raw
coont) ioelastic tackgiound of less than 45% of the elastic peek (see

Figure 16). v » _ , |
. The anti-coincidence counter used as an-aperture in this mode (see:

vFig.‘9) was found to jamiat normal beam intensities; thus requiiing a
fw+A70% COrrectioh tovthe_cross sectioﬁ,'~Therefore it was desirable to‘
operate the'systcm with this counter off. The data ﬁas'then corrected to
apertureGnﬂﬁ}coincidence-counter'turned on geometry=by'teking calibration‘

vdeta at low beam:intepsity“with this aperture counter oothsturned on and off.

This correction is Writ*en-for'convenience in the form:

(anti—in counter or at the detector) do _b L (kk).
(antr—out counter at the detector) dlt} : g

" Over the range of 1 to 3.5 BeV/c for the scattered momentum P-, thls |
' correctlon is .88 to .Gk respectlvely with an uncertalnty OLvl 5%

The apertu;e.1nstnls‘mode.must also be corrected for llmltatlonsv
occurring inkthe quadrupole'andtin the_vécuum beam—transportvpiée located
' downstream from the C 'beoding magnet.t For a given‘valﬁe.of f ; Pi eﬁdva
given p01nt (x 3 y ) at ithe source, the effects of this aperture stopplng
in the system are calculated fram the matrlt representatlon using the
VIGNEm code on the 709& For the accutecy ae51red a euff1c1ent number of
'dpertures through the Gnadruoole elements are prOJeCued on the source along
with the llmitlng "neck"” o the transoort‘ulﬁe,t This neck. was a nérrow.ﬁsaay
_SECblOH of thL HM“ bemn tzansport pipe located 2" dOTnScreamvfrcm the

7

o
‘VEIUlCal bendlng me gnces {see Fig. lO\ These progections are nlotted in

e S5 | oL
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ig. 17. ‘The superpcsition of the effective apertures due to the pipe neck,
quadrupole, and anti-—counter aperture for their projections on the X5y Yo
plane at the source, the curve of largest area resulting from a '
projection of the transport pipe neck. The common area determines the
‘availa'ble aperture of the Parallel Mcde for a given Py, Py, and (xo, _yo)‘.
"This figure is for Py = 3.0 BeV/‘c, Pyo= 1.16 BeV/c,vand Xy = ¥o = 0

e eea Demad

C e sgen,
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the xé, yé plané'where o o o : _‘  o 3 .

x! dxo'/dz

; dyo/dz 4:

e
"

v and where é’isvthe_opfiﬁ_axis.‘“Thevcommon‘area oﬁtained froﬁ a.superpoéition.
of'these'curveéxand a Siﬁilar rojeétion_ofvtﬁe én£i—coﬁﬁfér apertﬁre_deterh
'mineé the solidxanglé available fo a point (x‘, Ys ) at fhé sourcé. Figure 17
1llustrates a superp051tlon of the plpe neck the effectlve quadrupole
aperture, and the antl—counter-aperture progected on-the.source in the
xé,-yg plane. USing the tranéformatioﬁs |

1

L
,Xoi Pi 51§ ¢

. v .
y'. = p, cos b,
Yoi = i i?

The solid angle for a given (X', y ), p o’ Pi is- computed from -

a j& \U;U—gﬂdpm

Z (o%/2) - 3p ) a9,

=1

(45 )

whe:e the common arsa of.ﬁhe sﬁpe*poSition is computea'in thevform of an'

- arrey {.51’ y J for this final calculation. By varying (ko; yo) over
.the extent of the. target uhis.cbmputer prdgfam piovide$¢én'average solid.
_angle <a> available for,egéh bl’ pe If Q, is the solid angle subfended |
at the scurce'by ﬁhe anti;counter apertufe, fheh the é?propriafe correction
to the.elastic.cross~séction isl |

o <a>1 8. ey

The uncertainty in this correction is ~ .5%..
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V. RESULTS

. The measured dlfferentlel.eross sectlons at low—mcmentum transfer are
given in Table h in the Lorentz 1nvar1ant form do/d[tl[mb/ BeV/c) ] Thls
table is a collection of all the data taken by LMC ‘with the hydrogen gas
target. The error‘shown_represents the‘comblned countlng etatlstlcs andv
expefimental uncerfeihties for.each_point. Tﬁe sigﬂifieant cdntributionsv
~to fhe experimentaleerror arise ffem ﬁhevcomﬁihed.ueceffeinfies of target |
deneity{ theedetermination ofkel, magnet'tueihg‘and stability, and from'the
uncertaintiee in the ealcﬁlatien of the expefimental eefrections tc the |
deta>(see the analysis seetien "Low Momentum Chanﬁel" fof a diSCussion of

these correcticns).

The target density, calculated from the measured P??Séure and tempera—

ture of tne Hé gas, nad an uncertdinty of I .7%.. The azimulbual positioning

of the brass collimator for the measurement of 91 lead to_aneuncerteinty of

+,2% in these data. Magnet tuning and stability,errorsewere i;9%'for,the.
= 3 BeV/c data and % 1;6% for thevP =5 and‘Y.BeV/c data. The

‘uncertainty. in calculatlng the eXNerlmental correCtlons to these data lead

P
0

- 10 an error of-*.9%. These errors added in quaﬂrature glve

+ 1.5% for P_'= 3 BeV/c data,
+2.0% for P_ =5 BeV/c data,
t 2.0% for P = 7 BeV/c data,

fer the experimentel errors;

‘Of_particular interest is fhe ratio between the realeand imaginary
parts of the forward seattering amplitude.‘ is mey be determined .from
»theecoulomb interference Vith the nuclear'scattering_emplitude. :Itvis'

expressed by-
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_. aofale] = Je  + £ |%. o e T

(24)

The coulomb scattering amplitude adapted from H. A. Bethe is'

-4

o e , :
o ' ' .
f = (L + 1 €), . (48)
,V_,-ﬁc:_lﬁlitl. | |
with T
- co = fu01§17 : |
ﬁi = laboratory velocity of scattered prcton/c

.- L0073 £n (.0437/]t]). :
: Frém recent work‘it hés'béen.shown‘that a éurely imaginary spin dependent |
form for the forward scatteriﬁg amplitude is eﬁﬁirely inadequate to |
_.describé the behavior of the angulér.disﬁribﬁtions at‘small.momentum
rer. (579, 25, 26) de o

transfer. Accordingly £its were made to these data (Tablé b

“for a model with the commlex spin independent srattering smnlitude

£
n

i

: fo‘{p(t)é;ﬂrltl/2.+ ie—Aiit}/?], - .' ,(h9)'_«
where

10 = .2253 gT

from the optical theorem. To obtain a simple i?o‘pérameter:form it is
‘assumed that A_ = A, = A and’thaf t§e ?afamete£:é,vwhich represents the |
rafio of the real to thé imaginary scattering.a@plitude, is independent
of the four momentum tranSfer.t. .The velue of_p is particularly sénsitivév
to the total cross sectibn and thevabs0lu£e nor@alization'of the differential
'créss section.

Fram the fits to these data [.0108 < [t] < .32 (Bev/e)?] it can be

‘shown that the average contribution of fc is small, &s expressed by:

<l +r]/le]l>7% 100 | | (50)



Fe 1 T L 4 2 Y " 1

0 DU L2 _1-4»
o HE@VAE

Mu.36808 .

Fig. 18z. The forward scattering date taken with the hydrogen
~ gas target ot incident momentum: Py = 3.0 BeV/c.  The upper . _
curve is the theoretical fit to the data points tor p = —.4zb.
The lower curve' is shown for comparison with o = 0.




a
q -

|

3%
c':.t

'-.‘_(Be\//c)

x 4 - L a4 1 i 1 L T

o tEEevA ‘ |

MU.36805

18b.  The forward scatter-ng iada tanap w*th the hydroben

. gas uvrbeu' % “incident. mozmentum PO V/c. The uppeTr

curve 'is the theoretical it to the da a pozntg for p = - .35957 ’

= Tne lower cur“°'¢s a1own for camparlson “with o C.,"




) .—f:63,;;aflf?i':.-

100k

p-339

o T E T T T T

| ‘lH=(BeV/c)

L e S . . L T ;U-36666‘
yFigg 18¢c. - The forward scattering data taken with the hydrogen
' gas target_at»inCident.momentum Py = 7.0 EeV/c.’ The upper o
curve is the thecretical fit to the data,points.for_p_;'u.339L 
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 Differentiating Eq. 47, one obtains -

Mdofals]) = 2 i s e | {'A [fﬁt‘ I 0

%%%% g '.2. 2 Alf.nl / 'fn..+v.fc{, - lfz T (52)

Using Eq. hgithis may .now be written

(8 ofo)] T2 - (acfaltl) / (ao/afel), o (53)

which to a good approximation is the effective error in I from the.

‘uncertainty'in normalization of dc/d!tl. Thls normallzatlon uncertalnty :

is obtalned from the callbratlon error given in Table T and a 1.7% overall :

systematic-uncertainty. The significant contributionsvtc this systematic
crreor result from the combined uncertainties of the measured focal length

‘and physical characteristiCs of‘the Hl vertical bending magnet, and ﬁhev'

measured geometry of the system; "This affects, among other leésvsignificant‘

parameters, the determination of.APz ahd Jat- I8

The values of o are takén from the recent experimént of R. F. George,

K. F. Riley, R. J. Tapper, D. V. Bugg, D. C. Satter, and G. H. Stafford

L . 22 '
with an error {Ag /0 )I of 31% ( ) Th°re;ore, +he effoctlve, comblned

uncertainty is

2 o 1/2 |
Lo A g = NG ) '
T ;i . ] ) (54
GT U‘T‘ UT ’
Folg Sy

(numbers from the evaluation of this expression are guoted with O in

Table 5).
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The error im pyis caiéulatea'by
_ o - o . 1l/e o _
sl Pem e
S 5 I P A o o B
wheré’Apl 1s given by the error métrix fromvthe.least-squares fitting -
. S _ v ‘ v | o S
- procedure and Asl is .obtained by fitting with a variation of one standard
i o v _ T v T . o ,

deviation in O '

Similarly,

a A s i A T .

The results:@f +the calculations are given~ih Tab1e.5; 'Thé V31Uésébf ,.
the x° indicate the good égreement 'b-of the model with thé‘behaxrior of _"(‘:‘he o
forﬁard_scéttering for thg presence of a real‘spih—indepeﬁdent-amplitude,»'
34 to 43 01 the imaginary pért over the: range:, 3.0 < T.0. ) oﬁ -'thé'basis .
.‘ofbthé good X? it is alsovappafent that thé assﬁmption of siﬁiiar 5ehévior
of ﬁhe real_and imaginafj.émflifudes must be_rgaéénaﬁle.'

These data are.shown_ianigs}rlBa,:ISb,féﬁd 18c 57 the ingidenﬁ'
moment 3, 5; ané 7_fespéctively wiﬁh‘do/d!ti.iﬁ mb/(BeV/c)z as a functibn;
-‘of'fouf momentum tfansfef ltl iﬁ (BeV/C>2q' These figurésvalso show the
the calculated fits-ﬁo the déta. .Iﬁ éddition; a‘§qrve for o = cé % 0 is
shown on sach graph for comparisbn.

'Frdm this experiment énd:from_receht ?ork done:by.a number of
iﬁvestigators (see References 5 to ll; éS, 26) ﬁhe absolute value'of.éhé'

real part appears to decrease with increasing energy. These date are shown

L AR 2B, RO



in Flg. 19, alang with two recent theorical curVes. The upper curve is'

\:obtained from & dispnr51on relatlon calculation by P. delng (lO)

‘lower curve is: from tly= work of R. J- N. Phllllps and W. Rarlta using a *i,

four—mole Regge.model (ll)

The forwarm scauterlng data from the gas target are shown plottea
together in Fig. 20, ‘These data show clearly the shrinkage of the

diffraction peak with incfeasing energy. This was predicted by a number
(2 3,4,11) '

H0wever,vthere is no reason to expect the

(2 3,4).

of Regge models.

descrlption to be as simple as the orlglnal one vacuum pole model

The total elastic cross sections were calculated by ;ntegratlng the
differential elastic scattering cross:sections,

- Zqz_ . _ . B S .
o - [ lefalelralel (5w

VI e
b

where g is the center—of-mass momentum. This integral was computed in two

separate parts with

G.; = Gil)é Oéz) . : o o (STb)
" for | I N L : : | : f" _ o
@ Cufa om
- Yo ‘ S _ S -
2 f“‘z; Vel
o'l = | e | alt] - ' o (574)
= J5 0 o | - T

The integral of Eq.,S?é was calculated from the small engle scattering
parameterization of the date (see Eq. 49) for the fitted values of A and

e

l p glving
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" cross section

1 #3998
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| 16.83i3;9%'
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'-»The 1ntegral of Eﬁ%.v 57d for 5 < ]tl < 2q_ was calculated numerically from

B the data. 'I’he va.f_ues of the total elastlc cross sections are given m » ,i

. ‘Table 6. _',The:_ errax wa_s-det-e_rm;ned:from SN

Caed wl®iiad e

" where A qiz')t':- is an: upper 1imit‘ uncertainty on the -numezsiga.lv’inte'_g‘ratixoh SR

E and - o

'vw_ith AN ce,[ the er”*or resulting from A o of Eq. 514 or equlvalently, fo
B S S ,
‘in Egq. 58, and W

L 1/2

BRI e R I (O N N i I A R O

g\

for o

’1yw m-“)h/M)m4k4u. M%‘ f.  5@5 '

and.'
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.The'dete takeﬁ at large momentur‘transfervare givec in Table 7vwheré:
the Lorentz invariect differectial‘cross section do/d |t | is'giren as & ﬂ_7
function of the Four momentum trahsferv]t';v rhe errorvgiven is the
combinec.cougting statistics anaxthe experimentalvuncertaiety on each:
- point. The countiné statistics range.from'atouti;2 tof@.O%; increasing ;b
roughly With:,tl, where feﬁvpoints have StatisticalAerrcrs greater than!l,O“.

| For the Crossover Mode, the.error'arisina from the systematics of the

ernerlment is the combined result of a l. 5% uncertalnty in the data from.
magnet tuning and stability, in additlon to a-ﬁO% uncertainty in the 1nelastic
background correction (O. t0ﬁ3.2% uncertainty | in the data ) _These corrections
are discussed in detail in the analys1s section Crossover Mode

The experimental error in the Parallel Mode resul s from the combinatf.
ion of a tl.5% uncertainty in the data from magnet tuning and stetility;.
a :1.3 to 23.5% uncertainty'in the datavfrom the correction’for ineléstic
vbackground; a 51.5% uncertainty'in the data.from the aﬁti—coincidence
aperture correction; and a £.5% uncerteinty in the.the date from the-
correcticn‘fcr aperturetStopping‘in the system, These corrections are
discussed'in detail in the ana1VS%s sectidn,"Parallel Mccie"c

mhe data obtainea at 90 in t e center—of—mass syscem had an exper—
imental error of ~.5% from the uncertainty in the 1nelastic background
correculon,_in addition to ae uncerteinty of fS.b resulting from the anti-
coincidence aperture. These data are givec-ianabie 8. |

In addition to the calibratiod uﬁcertainty Quoted 15 Tatle 1, s
systematic error of.?l. % must betiﬁciuded.to obtain the ncrmalization
error cf the e, Thisverror results‘frci”ﬁncertéihties in the measured

grometry of the system and the empericzlly determined properties of the



Table 7 ..
Fo ok :.w/a‘l:lv,z’.v,~ -, Brror
Bev/e L BeV/e) ab/(Bev/e) N 3
3.0 11039 786 2.8
1172 703 2.6
1363 587 a6
y 1487 552 Tns
1559 T sk 19
1760 18 26
1,965 - wn L9
e kg 2.6
5.0 BEITA 18.9 . "1..6‘,“
' 25330 17:0 T
3202 8.00 16
3T 6.91 L1t
L3520 ¢ 5.34 1.7
L4360 < 4,09 L7
9817 - 3.25 1.7
- 5259 . 2,47 1.8
25531 2,18 16
5T76 ¢ 1.89‘ 1.8
6532+ 1.32 2.2
T .59 2.0
8125 650
8957 499 2.1
1.010° 368 1.4
1.098 .253' 1.
1248 g 2.2
C1.u02 .ﬁB 1.7
1559 - .100 2.4
* 1883 0527 2.8
2,385 o3 17
3.250 L0195 6.0
3.643 0148 6.2
3.893 L0160 5.5
.0 :.23'41» ' 15.7 1.6
.2802. g - 1.6
.3292 6.97 1.6
.3812 L7 16
k360 3.12 1.6
.5170_ ) 1.99
L5531, 1.61
21 1oL
16790 TR,
L7052 _565.
.7853 .Ibu
8125 L3686 1.7
8677 25k 2.2
9524 | ;187 ‘ 1.8'. )
1:039 26" 2.7
lko2 ou67 2.2
1639 L0255 .3
11.720 ) 0204 2.0
- 1.883 L0165 2.7
2,008 0128 - 1.0.
JENTEY ok b5
C 2385 “oor98- 2.9
2,385 00671 2.8
2,814 20665 5.5
- 3.25% 00267 28
Cyew Lo0z6o z.z
“u.i38 0c136 2.5
587 00207 1.6
‘000781

$.019
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qua&rupble and.sagane-magnets, Thé_cbmbiﬁed systematic and calibratioﬁ
for the WMC are R ';__a‘; R o  .ff-_§. '¢5n?
| .‘ | 3;8%_for P =3 Be?/c, ';. o o
» ‘;, o N _255%:for PO= S_BéV/C,': v
2.6% for P§= 7 BeV/c. | o
The.datg-given in Tablés 4 and 7 a;e'plotted‘by iﬁcident momenta
iﬁ,the Figures 2la, b, and ¢ for P =3, 5, and 7 BeV/e respeétively.
The 90'O center-of-mass data of Table 8 are ploﬁféd in Fig. 22,
At large angleslthe cross segfiohs are nearly independent of [tl. -The_ -
.presence of'stronéfenefgy dependence makes hard core scattering:unlikely; e
| o (12,29,30)

The statistical model of Fast, Hegedorn, and Joﬁes gives the simple form .

,d;/dft]: (@@gﬁ)e )

-3.27(E - 1.88) R - (é‘);

where

q¥=bcent¢r—of~méss mbmentum in BeV/é,

o= total cross section less the diffréctibﬁ scatter-

:1ng,in mby |

>E =jcenter-pf>mass energy:in-EeV;
forbp—p elastic scattering in the region of 900 in the center-of-mass
,system. Fig. 22 shows Eq. 64 &s a solid curve in a compafison»wiﬁh the
data. 'In &ieW'Qf fhe low‘energies_and the siﬁplejgsshmptions the fit_ﬁoa

these dats seems rather good.

Atbhighenergies (10 to 31 BeV )}, in the’région of lérge'angle
'scattéring,‘wheté one ié suffiéientlyvremqved from the diffraction peak, .
 §bnsiderable suecess in parameﬁerizing_p-p elastic sc&tteiing'haé been

attaihed bj Orear.(eB)‘ This reiaﬁién for the auvuléi déﬁendence of the.

‘cross sectlon is a simple eXpoﬂedtial_function_of the Lorentz iavarient
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Fig. 2la. Data ﬁaken at Py = 3 BoV/c Dlottud 1”rcm Table) h and 7 31V1ng' v,
. .01083 = g1 s 2,068 (an/c)~ where !t! = 2 008 corre>pondu to 90°:>_~f

in the.cenmvr—ol-mas"isystem.
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. Fig. 21b. ~Data:taken at Po'é 5 BeV/c.pidﬁted frdm Tablés~h and 7 giving . 1
01083 5 tti S 3,893 where {t! = 3.893 corresponds to 90° in the

. . center-of-mass system.
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’ '-'Flg, _lc.‘ Data uaken at PO = 7 056 B°V/c plotted from Tables h and 7 _
glVlnfr 2 385 £ 1t 5 039 (Bev/c)a.5 ..L'l addltlon to data plotted
' from these lab*e> Jor P = 7 o LcV/c giv1nb 401 083 = 161 22,3685
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transverse momenfmm An energy depondent sau<51an te*m, wn*ch becomes’ ,*

TS So O

"significant in th= reglon of the dlffraction peak is also 1nc1uded by

_ Orear to give

ngﬁf':=;33q26-ch s;n@cm)_ A efaqv5139cm_ . (%)

cn : ST
"~ where
o 2
A = 595+ 35 BeV mu/°tr.
a =6.33% 12 l/(BeV/c\,

s = %he center-of-mass energy squared iun (Rev) .,

i
43

- Q he center—of¥méss momentum'in BeV/c.

Comparison of Eq. 65 Wifh'the data taken ih £hé exﬁéri@egf*is gfaphigally
iiiustrated ir Fig. 23, where these data haye'¢en£ér—of?@as§ energles from "
2.77 to 3.89 BéV- There is’éood qualitative agfeeﬁentAOf theSe:data'ﬁith
'thermodel of Orear ét all three energies (within 10 to 2 7 Fur s aa
with the center—afkmaSS.‘energy 3.89 BeV, in'the raage'of’2.4 fifﬁ[ ﬁ'S;O.'

5 S R 5 R
(Eev/c} , the agreement is excellent giving the values '

o

_ : N
A = &53. {(BeV)

i

o= 6.4 1/(Bev/e),

'fofvthe norméliéaﬁion and slope‘of the:ékponeﬁﬁialg respectively; “The
quantitative.agreément for date at the‘center~of—ﬁaés energyv3;36 BeV’is
good over the ramge 6f i‘o < 18] < 3.9 (Eev/c)2 where the'slépé of thé
exponentiél;is : 7. /\ V/c), and where these daba, W;bhlq the errors
of this experiment, are significantly higher (10-to_17 ) tnan hq;v65f
At 2.77 DeV in the center-of-mass, for l;O.f It[f5 2.1 (Bev/c) , these
data are within In% of.Orear‘s model. HOwéver; the slope of the -

exponential Is - 4. /(pev/ec).
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: _ APPmNDIX A L
DLTERMINALION OF MASS RESOLUTION

Absumlng b + p - p + X, 1t can: be shown. from relat1v1st1c klnematics fﬂj.”

‘s_that o T
e

o B o I T MR
o “% {f 0 -7 “ [ e

H

and |

: p :E—,
-2 Xz"'

i)

o : + .
P v2'poplgos>61 Plj ’
where
P?P/m

This leads to -

v':ﬁ 5. :.» o P o o 'v"f; : - L
_ . o + L= +. B, ey . - I U k= P
P T BPgPpeos by =, T -2y or)rey *1-"5,
aﬁd redﬁceS to_"
SRIKEURS S
rpER TS
Cor
'_’pi (TZ ~1) + pl:2T6,+'(§2"+31)_;-0 ’ ,l,

- which gives -

Py e L
S Sl =T

where R __ f_ T
ch :'j70 -1
N R
“? F:ch cos ? S :' _‘_' ;
RS

——7'— 1)/(2 Yo T2

L_m N e 5 “‘ f;iv;”vi:i};

‘7bahd‘ 

G xem v o1—wt

B I PPV ST I
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Py =2 By COS. 9./{1 B °0F 61).

Takin_g_‘ the der_ivative'_'~éf vK-b.-' (A—3)

—

o

| ‘M/m' =I (‘&o +1) _ch'n‘c_o's 9l o

is the mass resolution. .= .
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CAPENDIY B. . T

LOW MOMENTUM CHANNEL CALIBRATIONS AND ION CHAMEER DESCRIPTION |

The remdtel& éontrélled bréss collimétéf:of the Low Moﬁenfum Chéﬁnel
was drivén by stepping motoré withISéﬁarafe-céntrolsvand diféct digi—;f’
vt&l ‘readout for both the throat gap and the a21muth.. The a21muth readout
was adjusted to glve zZero wnen uhe colllmator was set at 69 5 t0 the
EPB .  This was the ef fectlve target p031t10n that allowed the scatt ered
beam to travel dmrectlj down the IMC without need of horlzontaT deflectlon.
The calibration for ihe‘azimuth is given vy . | e |

8, = A, - N A

B~ 1 Ve

ot

(s-1)

where ] Ie is the readout number, and A1 and A2 are emnlrica* constants. ' These

have the values

69.5 (for 50.0° < &_ < 69.5°),

,Al’= _ - B =
- a v—-5? ‘8 (f 69.5° < 6. <95.0°)
Ay = 327.8 (for 69.5° < eB < 95fo Y
-and _
. . " ; o »'
A, = 1/385.55 (for 50.0° < 6, 95.0 ).
The cdlibration for the gep spacing is given by
= (R, + Rp){gh.083ﬂ/180.'+ i,/C) - 12.0, o (8-2)
where
R, = ik, + 22/32
= 7,) - 32
_ RQ + 23/ | .
c o= (lSO/ﬁ)(320/350)(72/3532)<2)(10) = 22,093.
NG = gap'réadout-

which gives the gap G in.inches.  The constants Rl and RQ are taken from

~

the geometry of the brass celiimaior. 1he numver C contains the dependence
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of the readlng oh the various- gear ratlos uhat coupled the remote system
The temperature of the gas target was read by a thermlstor located en

the tarcet container., Using a simple brldge c1rcu1t contalnlng the +hermister,
two 20 KO re51stors, and a hellpot the temperature was read in ohms..«The
calibration of this dev1ce-1n centigrade degrees.is‘glven,by a curve tﬁet
was generated empiriealiy; - With this_arrangement it was poesible to ‘
determine the temperature of-the‘targetAin Kelvin'degreee tebbetter than
5%

The ionization chamber used in this experiment was de51gned by W. A.
Wenzel. It con31sted of 11 parallel aluminum f01ls 00025" in thlckness.
These were separated by 1/8" glVlng a beam path length of 1-1/4" in the
sensitive reglon.’ The plates were enclosed in a contalner and operated at
1 atm pressure. The gas 1n the contalner con51sted of 93% argon and 7% methane
Alternate plates were connected to a 200 volt D. C .source. The other plates
mere connectedrtonam ;mtegratimg.electrometer?_thusfpré%i@ing 16 eensitivev‘
gaps. With the"electrometer_attached to the inner 5valternate plateejit

_was possible to avoid collection of charges outside of the;sensitive volume.
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, - APPENDIX C
 DETERMINATION OF ENERGY 0SS IN THE TARGETS

let the path traversed in the target by the scatteréd beam be given

by

AR = R — Rz.,  (c-1)
where Rl'is'the range of_thetinitial scattered momenta Pl and RZ is the
range of the observed scattered momenta Pz. For.a sufficienﬁly small

region of momenta the range-momentum curves of John H. Atkinson, Jr. and
Reverly Hill_Willis can be apprOximated by straight line segﬁents on a‘

a7 |

log—log.plot of the curve. These have the form
- | log P=logb+nlogR, = - o (c-2).

whereiavsufficient numbér of.these line segments are'taken to approximab;
the range;momentum curvé within‘the original reading errors. The conStaﬁts'
b ana n‘are then evaluated from the éurve, being ﬁn;quély détermined.by
req&iring the line (€-2) to pégs ﬂhrough (ldg Pis log Rai)vand'(log’Pbi,
log Rbi)’ which are the end points of a typical line.ségmenﬁ approximatiné
the curve. This leads to'a set'ofréonstants n; and bi'that §erve.to define
the fange—momenﬁum curve through ecquation (C—2) for momenta such théti

P . < Pi < Pbi'

ai
Drppping'the subsCripts,bone may re—write (C—2) in the form

- _ ‘
P, =DbE | | (c-3a)

for the initial momenta, and
n o : : RN
PZY =D R‘Z, T L | (C—3b)

for the observed momenta. ‘fhese two relationsmay be inverted to give

i
H
i
]

G L WO S
. . )
“ B

A b e .



fNowfﬁhisfcan be solved for Pi'or-szgivigg
. . . . n : ’ o . . Pg
EXP-ileg b +n log };R + EXP (——-log E:)

-

.‘<\.~V~'»“

. .".“.- l
: :ﬁaddf',

ffe'”:

. From relativistic kinematics

P .—f.P/E_-:;P/(P_Z' +:M2)f/~

or one may write .

B, ® L(Plvf‘-_’f"')-/.(?‘é"fm;) R e SN 5 (M)

RN

foretherretids of the observed to the 1n1t1al veloc1»v of the scattered
'beam'pérticlee. By alfferentlatlng C—3a)fand (C—Bb ﬁlth respect to R

' -one obtains .

e S e e e
Pl mﬁm’g‘b N n»log-[—ARi*ch,' ("Ilr'l'og séﬂ e (e5b)

: R : R E T

“or

y
?é

o
o

K

I

.

0

=

’—U -
A‘1F4f~<. o

o)

o S

' Tne couposwte energy loss correculon to the crass—sec on 1s then 2o

 'Juet . oduct of.“he eqaatlons (C—ﬁ) and (C—8) mhlch lees ?ﬁ




2 ol 2, 2v,2 2| (1) o Py
= EXP ‘12 Xog L(Pl o )/(P2 *u ) + o log 5
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.e%A“QIX REPR“SELTA“IO“ O“ THE.BEAM OD”ICS

tviSFCOnveﬁient to”describe a‘magneto—optical_system.by a matrix.
% . . representation df eaéh'element.v»ln the‘absehce’bf a masszsPECtrOmeter; a
< 5 x S'metrix_ie uf ent for the deSArlpt;on, where the vector space lSv,;fzf:.%.'“,*

eglVex by

,y}»re::v o .f f'ee v‘._ : -

AP/PJ

'.wnere % 1s measi Ved po'itlve to the left when looklng downstream and y

is meaSu red 1n the vertwcal dlrect*on in a plano pernendlcular to fhe optlc L

-

T axise Also

y' o= dyfaz
where“;,ishthefoptic éxis.andfis_measﬁred"infthe_direCtion-of the“beaﬁ.
: Iffxa‘ls a - vactor ab-the deiebtbr ?léne'anﬁ‘xs_a veétor_takenzat'the o

”;'source, th°n they -are*related-byh5"

where QT_is the product matr i -of the system,,uhat 1s

~,1{Q . ()
e T .TheﬂQ{'are'some ccmbinatioueof:the'elements~that make up the configuration
et ted . :Tﬂk:*V’n"xmxl ImLLXH' es 1:)1 11v‘ -beam-elements are labeled:

o




{fié}'for the field free regions; .

S

18]
O
il

.{aij} fér £h¢‘quédrupdiérglemeﬁts{ f,ﬂ:f o

0.

{b;5} for the Behding ﬁéénets;““> o

Q {sigJ'for’the.horizontal bending elements with the -

"circular.?oie‘forces.

The matrlces ?or the fleld free regvon, the quadrunole, and the
R ~ the work of (18) ‘ '
o bendlng magnet are adapted from/Thcmas J. Devlln. Thus for Qf one
may wrlte S - S

£, < A S _‘ : (D—3e)

(all other matrly elements = O),where xf is the length of the fleld free i” L

o reglon (to ilrst order in x', y )

‘fThe quadrupolevmatrlxqu has the;foxﬁ.ﬁ

f

il

)

I

: | ééé % ¢O§:g;;f   3{ f’ ‘ ;;; ;€:»;1 £. 2f; ;  ,?i;~fj(D;@%); ;;  7

. — — — continued on uext page

T bt bt e bt et e & v,




i

W
ﬁvp- '
1

= 9 sinh 6/£
e o4

e
sl
o

gy = cosn 9 5(a11 other a's = 0) -
{ffer“a cenverging focﬁ51nv condltlon 15 the ﬁorizontal plane.; %dr*é diveréiﬁge=?
h';lens in the horlzontal the twe independent 2 x 2 matrlces for the X and y o
“”planes s1mﬁly replace each other The parameter zq 1s defined as the |
’ ‘effeetivellength,of the fleld and

o ‘”72a 2 dB

Cwith
S =
, dri;

I

the field gradient in the magnet =

Cema el

-
I .

: theJSCatteredjbeam moheﬁtum’in:MeV/c,._.

The matrix Qb for a magnetlc spectrometer orlented to glve a downward

deflectlon is adap+ed uo flxst order in AX from: *he eouatwono glven by W.'J.,CrOSD,_l
Whefe‘; o g T SN C e e . .
, o ‘B

| O PR T ”1"vi-d (mleaY

i

wo

S P =Py

(o, tan” ¢ ~ 2 tane)fp

. ;b22 T8 tanté

b ::'éOSﬁ(QV_;Zé).¢OSf€

33

I

1b34 ‘phsln’@’

i

b 0 (1 ~ cos' o )

35

N

'\‘5§3L -&#pf<.;'_‘£c ﬂb cos” 1575“” o

o L des e — M g*éyf”

= — & ¢ontinued on next page




':,;}9é r}ffJ“l*f-:~*

l

5; 2 sin ®v/2) cos (E _.QV/Z)/cos € ;‘

l

; l (all other maurlx elements ?;m;@,lj:

" where

U:iéﬁa~:”j.i- S e ., S H‘“_. | | |
- ”{;zeffi; tﬁe_éffécti#e.léﬂé#ﬁ_éf tbéfﬁciélég¢§;  k';
bfv In these maﬁrlx elemeuts.é is the Wedge angle" Thls 1sﬂthe angle betﬁnen
{t the.op£1c axis’ énd the normai to- the entrance ér ey1t pole face of the.  vm‘v
.magnet,.vIn_generalfthe“éntrancé and.exlt Vedge.angles'are:diffe¥en£3;:};'
f.'HoweVef5.in thé ¢é;é’vhere tﬁé bending magnéfnié'oriéhtéd:symmétriCéiiflaﬁout;"f
f;tne turnlng p01nt fhey“are.the”same., For Ddle’faces that have an effectlve_w>‘

vrectangular shdpe, the wed ge ancle 1s Just 1/2 tne angle of deflectlon. o”‘Tdi; 1?gq-y;

' €v;'®v/2 f3;'4‘

- The bending magnet matrix'in this'baseireduCQSLtd' ?,.”

-

Syl e e/ (k)
T.p;z'}'p:§v i ;  1; ;'f  :fL" fu;;. ;ij_f: | _f  f;f(ﬁ;65j_;’

_ ‘_521,;f[@ tan (@ /2) -z +an (o /2)]/p;g o  '7ffi; (D;oc) 5: :""(‘

- (1f%ic°5 ?§){;f; f;1 {;;¥;ff;iLT? ;i   .f'%ff};fﬁ?5g)?v”{

o2
v
o

RN
&=
A
It
V]

;}téﬁ;(é;/zji;1 ;}}kw;;;"v;?;7.At€’5v  ;?:_;_ £; {£;635 ;f

= b : 1.t(allfothef_mﬂﬁrikxelemehf5i£ 0) oo ff_": (D-Gh) .
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For the derivation of a matrix representation of a deflection magnet wit
,cylindrical-poie faces it is_useful to défine'the following parameters indi— -
caﬁed in Fig. D-1.

the effective radius of the pole tip,

R.=
za = the distance from the center of the pole tip to the'aperture, :
2t = the distanéevfrom the center of the pole tip to the target, -
Qh = the horizontal deflection angle of the scattered beam, |

t_ .
X3 = dxc/dz,
x' = dax/dz,

o' =p+ Lo .
- If one considers initial vectors such that

e

o XO’ yO’ yO’ Apl/pl) << 1 }‘

O,
then the entire'fiela including fhe fringe'region‘can.be considered uﬁffdrm
vwith no vertiéai focusing fo a.very good approximaﬁioﬁ.in firsf ordei. In:_'

~a uniform fieldvthe pjépqrtionality 6f b and'§i may~bevéxpressed by

) | AD.=oé§pl/pl N L O (2-7)

It is also useful td reiate_p; R, and ¢. From Fig. D-1 o o ,

‘ p=Recoto/z . . “' v'." - j {(p-8)
The élopé.x'-of the ofbit after.leaﬁing the field.is détermined by

three independent effects: This may be written

| | SR S W A‘As/- | | (D-9)
where A@!Ap relates to the change in p and hence of ¢ as a function of
* . variastions Ap in p. The term A'i>|As relates to the change in ¢ détermined

- by x' and xo.' This is more-convénienﬁly treated as just one factof*
' = ! + %! = | ' T+ . :
E Xo(Et- xo/xo) v(xo.Et go)‘ (D-10)

The dependence of x' on_A@]b@ may‘be:obtéined'directly from Eg. (D-8) by

i



A

Optic . =———— AL _ RN

C L mui3ssas

‘Fig. D-1. The definition of the various. parameters used in the derivation

' of the matrix representation of 2 c¢ylindrical magnet are illustrated = -
‘for a typical orbit. R, is the effective radius of the field; £y ani
£a .are the distonces from the center of the pcle faces to the target .
and aperture respectively. The "angle of ‘deflection is ‘given by ¢. R
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1d1fferent1ating wi h respect to @ whlch glves  ? ”

prz —R,csc (@/2)(&@/4) 5 ;V7}377"

or by substltutlng eqs. (D—Y) and - (D—8)

eafo) con (9/2) - m»/z)/sm <¢>/z> O

'Thls reduces ton L , o : R -
el -mP/P) sin © o o
;vFor the dependence of x' on A@l Oﬁe ma&eWrite'from gébﬁet;yff P

| ‘;fuv3e/xp_=,—T/cos a

:,forv | :

EXNORS /xf>

7-fh;s.reduces to:

cos a ~s/R .

Also, from the geometry T I ‘f-f'ﬁv< '_ul”-qef*"” :
cos (<VI>'/2);=,;[Q'2 +?Rei_'29Ré,c°S a + p?_— Rz}/JZQ(Qz + REV—MZDR cos a\g ”~ﬂ?

| | T P : (D~15)f'
';Substitutiﬁg'Eqi”(n—lh),fthis”reduces'to'ﬁ it
_cos, (@ /2 = p + s) / (R + p + Zps) -; ‘ AT -efv-;gﬁ(D—l6)
L By dlzfe atlng (o3 w1th respoct to s Jith o! held constant one atualns
.,.7;;[1 sin (@ /2) cos (@'/2) [Z@ /2] LR fVQ + ZDS}

+ 2 pos cos” (@ /z) sosstzas o

. Now by evaluating uﬂls exores51on at x :#;xo O and substltutlnc nq (D;B)‘.’

o -

f_ A RZ sin \D/Z) cos \@/d) { + (3/2)1
=.2eRé AS,CQ? (@/2) [} - CQS : 9/2 ]:..""

A

T DU
o = 0o, mua’ (8/2) [ 7,

:e<D—ié)

“where

"-"'/xL:*Z’iAx”v4 Ar e
e <




'I‘herefore, by subsﬁtut:mg eqs. (D 13) and (D~ 18) into eq. (D 9) one obtains
@ cm;[ 2 sin’ (@/2)/3 1. Ax [1- QE Sin (9/2)/R 1 |
| -z—(ﬁ;!/n){- sine] R  (p-19)
- 'meu_displé;c‘ement of an ornit from the optic a;.xis in the x,z plane at

" the aperture is given ’sy : o | | | ' |

X = ﬁxTT‘+ SR | o S . ,(D-eo)

.Us1ng eq. (D-19) ‘é&us may. “ve written

X = o f1 - 2£ sin (@/2)/ R, 1
Ll &:‘gf}.’. + £ - 22 z sin (u/2)/R } _
(eofo) (-2, 51n®] B P (p-21)

The 1enc,th of the op'tic e.ms from the targe‘ to the aperture is obtained

+

, dlrecdy from the gemetry glving

| L. = ,G._t; + 23‘.-— .2rie. + Reé-cot {g/2). | L (.D—22) '
Therefore _
| =y, A (8 v g - R v ROt (o/2)],  (023)
also '
oy =Ly - S S : o (p-2k)

It is now possible from the egs. (D-19), (D-21), (D-23), (D-24) to

write down the 5 x 5 matrix re‘oresentatw’on‘ of this magnet:

Sp=l-24f sin (@ /2)/? R R (D-zsa)__
sléw=-ﬁt'+ £ - > £ £ si /2)/R ;' - - _(p-25Db) |
8,5 = -4, sin & B | | (p-25¢) -
‘ .2, - o o _ .
S, = -2 sin (@h/z)/Re | S - -~ (p-254)
- ~ 22 , T L
Spp =l -2 4 sin (0,/2)/R, ST (D-25e)
e . o e



2 -{‘{ww_mhry ;

L 31i z ‘ z -2 R'- . R @ cot (@ /2) '} (D-—25h)
Ly (a.ll other matmx elements 0) ‘,._ S

. . Equa.tions of this type ha.ve been prevz.ously derived oy W. A. Wenzel but

(21)

RN mth a somewhat dlf‘ferent approach- -

P




K ¢N

'at the entrance faﬂe of the H

1 ivp051t1ve 1n the vertlcal dlrectlon. ThlS system of coozdlnates 1s used

.ff,5(see Appendlx D)
‘,;fat the ex1t face o? tne magnet._ e
" this gives

APPENDIX

DETERMINAL_LO“I oF. THE 'frDcu A“'C;? FC-{ K Bgm;.fc-.msm e

';Assume.an.initial'vector'3'g

tJﬁLJ%_'Hﬂj_fi LSt :f'*t

h vertlcal bendlng magnet vwhere the cbofdinate5>;f

'»are measured 1n -3 plane perpendlcular to uhe optwc ax1s.- Looklng do&nstream,

' the x—ax1s 1s pos1t ve to the left in tne hor1zon al and bh° y-ax1s 1s

throughout 1n both the LMC and the HMC for the matrlx caluulatlon of thev

Fi”magneto—optlcs.;

U31ng the matr*x QB for a vertlcal bend1n6 magneb. ‘one may Jrlte'ﬂleb"

it
O
g
p.l"
DR
1t
O
-

Ty

e
1]
1
o
|




T atthe detector.. .-IE"Q-vI‘.‘k c‘_i.'.‘éqixa_i to- the length £ ¢ of the. -

iobtains ..

" .Where

' ama

| Referring agein to the

- 'where

et

" This gives

Y& T (?35'fﬁb45d>-;Pv :

-3
I

of

“Fram ‘Ghematrleora fleld free region (see Appenddc D) T

np-

2

" Therefore, if v s just the scintillator width w, then

=W ?E/L’

, Y _co_s (e._-.z-) :c.os-»-.e..

- length f due to focusing in the -vertical plene is defined as.. .

! /b 3

'

2. :{sln Q&; 'CbS"fZé __—:'"'c'os@v_ sin 261/@052 e .

GO
b‘en&in’g "ixia"tvrik Q,Bof Appena;.x Di,fnn t_he'“ focal ) o
(B9

-

(B-6) .
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" Solving for e ome obtains o Lt

o = +i D - i ) DU : .
o ten e = [reot” 2 - pff sin 0] ~cot 0, o

Cem

.. Therefore, this -'giv:és'vv. thé_.wedge angle < as 'a"v_vfu_:dc"’rc_':i'on of the geametric o

. . parameters ..

o = angle of deflection

and

o Q—‘Z _eff/(?—:s}n‘ 2 ) S
for‘.v . SRR : T
R 2 the effective length of the field ..

. _yhere ‘the focal length . can be. measured 'eni?iz*icélly.‘
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s the’four=momentumftfanéfer'for P

IMPORTAHT PROTON- PRomom ELASTIC SCATTERIN“ “VLATIONSHIPS '#" ;f ,*5 '””"

For the derlvatlon of a number of 1mportant relatlons for p + p - - n + p

:::lt 15fconven1ent to-deflne the four,vecpors. e

P =(P,E) ; (q w2
=0 T .v°__ Led =~ o c.m. )

- g
¥

E <_r:1El>Lab o B/

R
"

: ;;52 _ (— s E ) ‘; (Eéi E/Z);}; CoL
R Lab‘ - 2,‘  c.m.”

protons resPectl‘ ly In the center of mass -

;'1301 %;‘!%l". ngl

S jis‘the'magnitudéndfithe,mbméntum-and is the enargy of tne system.?

5 is deflned by

_ (P gé_)'z. B

ﬁ.
il
L
o~
RS
|
S

Uy 9 %05 9y T4

‘ o S “Tem

‘fwhere the SubSﬂrvpts o, t l 2 reIer to the 1nc;dent targpt and sbattered

Theiefoje;”

- which is Lorentz invariantj; In the_center.of mess coordinates-this gives

Ry R
’»;_(F—z)v‘

From the Lorentz invariant direct product of P, ‘and P, one obtains



T or

3and.y!'.

"USihgvthe»relatiohs"p

~ However,

'7the form L

CFpaefen?, 0 (me)

l

:ﬂWhere 7. is the laboratory klnetlc energy of the scattered proton.,:Théni{l7” :

' from Eqs. (F—3) and (F—h) one obtalns

2 '?12 v-(l'+,-_cos 8,

Tem o7 - Tem

'fTﬁerefOre,lfrom Eqsij(F%Z),”(F;7);landi(F—S)'one ma& write

-

l‘Thus fol looklng at large angles 1n the laboratory system ke g large)

- Lab'v

Itl

v‘;used to plot tno data of thls experlment is uhe four momentum transferred

:'tofthe forward’seapteredﬂpartlcle,;.u'

The cross section in the center of mass system may be defined by:

c.m.-

2 qz ( 1 ~ <:ose2 Y = ZT mo _v (F.-9 ) S

L
i
'




R R

R

whére -

' qbyﬁi'f:"' 
From Eqﬁ (F-9) one\gbtéins L
Cvhere .

'énd‘

N, = number scatter particles ,

‘= number of incident protoms -

‘da‘}
it

= tﬁrgeﬁ?fhickheSS ih;pfdféné/mbh

-
i

A=A Acos @
Ceame 0 feum,

© Using Eq;E(F;lO),:theﬂLQ:entz inyafian§ différentia1?cro$s_secti¢n'isﬁgiyen f.}

ol = a0/ e cos s am e o o ). ()

'L;  AtFE= ?.mo ¢ n?l APL/El.) : (FLlZJVwN

P:7l’81mo c o ,' A ("—13)

i
R :
E
S :
[¢]

 Ther . one ré4writés Eq. (F~11) in thé fdrﬁ,:f ';-vf:;_,~

L aoa el Ofa ) e p e am) ()

. -From the momentum reletion

one may write the re1ationJ "’””‘f

 Pé2 ZAPOZ * ?lzv-{z_Pl‘PstOS éi v;.. - ;  .11 ';ﬁ  vv»(F;l?)'\
L : vﬁ' L . G ”: 1ab . T S . :

v,_The'total_inCi&ent amd.+inal!1abbratory.energieé are{baneniéntly related .?:» ;:fhﬂ"‘w

b';by_the form Eﬂf—"

Ef"' 'ffu'. 2 {;5 .;;;::£5:fi i _:i_ ;§ }:€-t}f ii‘:J;-;(E;i§§;1; ff € L




e

A

- o

7also, y, and'g, are defined by - . .
o and (FLZO) 1nto Eq. (F—18), one obtalns.’
* By. using the]indéﬁtitiesi

" one may reduce Eq. (F—Zl) to.

5 ?1 [l +{ V4 —l)/(7 + l)l,c.(_)? el ] [ —1(7 — 1)/(7

Cor

and

Ep tEy

. FU .
It

ToPo s
‘,“E _—_70 ro .

””ffNow by Substluutlng Eq. (F—l?) and the deflnitlons (F—l3),

.;2 | 2.v;;¥2:,?2‘

22
   71 Bl_}____—_ 71

FI'OIII Eq. (F—9), whnre 92 .= 3-(’ one “.'obtavins .

2 q (2) ZT mo', i1‘
'Q?'=T<7 - 1)’ /2_...

However, by subst;tutlng the deflnltlons

cm

fi lﬂl—a %l

'7into nq (F—25} one may obta;n f

(F—lh), (F—19),

.+. 1)} éos | leaJ (F_zu)

'. (F%%$)> ;_  >
1.kEl26)'.

.f 1 {F;27)_;
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A A

The*‘efore Eq.. (F—zh) may ‘De ertten o

oyl =1 +. 53; Cees B, | .‘.l_ —-B .~ cos 6.5

(7 —1)/(7 +l)

of the scattered beam s
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This report was prepared as an account of Government -
sponsored werk. Neither the United States, nor .the Com- o
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or

implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this feport
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,

" or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
thzs report. :

As used in the above, "person acting on behalf of the
Commission™ includes any employee or contractor of the Com-
mission, or employee of such contractor, te the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or centract
with the Commission, or his employment with such contractor.
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