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ABSTRACT 

The Wolfenateiu A parameter for proton·proton scattering is measured 

tor three angles at an incident laboratory energy of 3.16 Mev • 
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INTRODUCTION 

This report ls a desc:ript~o~_ of the last _·in a series o£ measurements 

· per£!)rr11.ed at ~-erkeley on 'the proton :::proton system at 316 Mev. The object 

of this exPeriment iS to obtain inform:atio:n c·oncerni'ng the scattered spin 

polarization when t}ie imti~l pc;,_larization is along the ·direction of motion. 
• . .· ' -So . ' - . ·, . ' 

.Three s~atterings a:re theJ>efore required: the first and last act as polarizer 

and analyzer, by mf!aus ~(w~lch the unknown parameters of the second scat

t_ering a.re to. be determ.ine<i~.- tn this way we _are--able to meaau~e another ' . - . . . 1 
·independent parameter~! the 'proton-pro~on system, den-oted by Wolfenstein 
... · . . . . 

as A(9). 

To ob~in a lottgitudi.nal -component of polarization it is necessary to 

etn,ploy ,an auxiliary mag'ae'tlc field, since the polarization produced at the 
. . . . . l l ·first target is perpendicular ~o the plane o·f the scatteri'ng• This requirement 

}\ m·ay be <:ompared to the ~ouciiUons- for the other two ttiple~scatte'ring expei"i-i '' znents already .performed at this 1-boratory; namely the measurements of 'the 

-~ -:_ .. .-0 and R parameters~ z These are eoncertred with·co~ponent.s .of the final 

t : . ·polarization .when· ihe: initial. polarizati·on is pe~peildicul<l'r. to the direction of 
~). 
-1< 

., 

., 

. ' 

·motion. 

THE POLARIZED BEAM 

The pol~ri-"ed 316·Mev _proton bea~3 was produced by a 13°;le£t elastic 

. scattedng ot the internal ctr'culatlng beam of the 184-inch cyclotron from target ·

-~o. 1, . ol be.ryllium. . The polarization ·v~ cto:r of .the _first sea tiered beam, (i) 1, 

is directed- upward, _perpendicular to the plane o£ the scattering, and has the 

. magnitude . P l = 0.69 :t: .o~. The .beam {s brought into the experimental area 
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.(cave) through a Z•inch·diameter collimator at a rate of 3 x I06;particles per 

second. Here it enters a horizontal magnetic field which deflects it upward 

. by an an.gle 0 = Z8~4° •. Figure 1 outlines th~ experimental geometry in the 

cave. - When tile beam emerges from the magnet the polarization vector ie no 

longer perpendicular to ~.e direction· of motion, but ~s been rotated backward 

thro_ugn ~n angle -X• in .the vertical plane. ConsequenUy the beam has acquired 

... a lpngitudinal c:omponent· of polarization equal to :P1 _sin Xe with respect to 

'. :*he direction of motion. 

That_ the angle x is ·different from ~ero after ·pas.sa.ge through the horizontal 

nl.agn.~tic field ls due to the anomalous .. part of the proton magnetic moment •. 

- .· The following formula,. derlved ·by Garren 4 and cont~ined in .the work of Mendlowitz ....... . . s . . ·. . . .. .. . 
and. Case., .. giyes. the r-ele:tion between X and _g as defined in the previous para• 

' ' ' '' '} ' . 
, ·· · g_raph: 

' ..• 

~ . ' . 

. X = y (tJ. • 1) O. 
:' p 

(1) 

a'ere, · y ·:represent& the ~el~tivistic mass i~crease and f.LP fs the proton magnetic 

moment •n ·units of the nuclear magnetone For 316 * 10-~ev protons and 
-0 ~ Z8.4°. ~ _o.zst); X bas ~he va~ue 66.5° :t: 0-.'1°. • . . ... 

' SCATTERING (fEOMETRY 

The. dispOsition off:~~ s~cQnd and third scatteri~g planes is described 
' . . ~ . . ' . . 

.. below and depict·8d iri Fig.· i. Proceeding u.pwai'd from the ·magnet, the beam 

encounter_-s-the.·e~con~ttarg~t, ·co~posed._;,f 1.-13 gfcrii2 liquid hydrogen. We· 

. fix OUr,attenti.on· On;prOtOnS that are :8~&ttered at an angl~. ez in a plane Vzt 
which is .perpen~eUlar to_'tb~- vertical plane passing throug~ the deflec~'d beam. 

Thee~ scattered .protons :are allowed to scatter again at the third target, in a 

. pl~ne 1r3 'chosen p~i"pe~~cular to "'z &Jld containing Tar.gets Z and 3. The 

.U~ird :or ~n.alyzit1g ~rget ~~ ,com-po$ed Qf b,erylliwn and located 4 ft,. from the 

. hydrog-en target. By m~asurement o~ an. asymmetry after the last scattering, 

·the :c.omponent of scattered ·:Polarization at right angles to the plane w3 is deter

.· mined, and thereby the fiU&ntity A. 

The reladoft between t~e measured asymmetry at the third target and the . ·. . 1 
para:Jnet~r A is got from Eq. 1.4b o! Wolfenstein: 

(Z) 
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The subscript refers ~o the. particular sc::atter'ing, so that Ij and IjO are the

intensiti.es out -of tl;a.e jib target for pol&rized and unpolarized i·ncident beams 

. r~ep_e~tively. and .!ja_"d~ are the unit vectors in the incident and outgoipg" 

,direCtion_s·, re:spectively. A system of coQrdinates is defined for the scattered 

. -~artid~a::~t any targe';t by the unit vectors; J!j• Jsj• ~· where~ = ..f.j x~j/l!j x!jl, 
~: . ~- _. _:andlj=~:x~j· The symbol .(.t)•1 repr.esente the polarization 

. '.pr-o(j~ed at target-No~ 1 but rotated in the hot·izontal-magnetic field, whereas 

·· -'~" '-. · ·\·~)a:i·s ~~h~· po1ariza~t~1l_ ve~tor~ of u~nown direction and magnitude. after . 

. \ ·._:,~ :_se'at_~eri.o,g .at target.No_. ~~: P:or the ge~Xl'l-etry chosep, (!..)i ~is perpendicular 

·...,.#· 

; . 

'-> · ·~4> iz '*~· which ~eanai. that the effec:t of the param~ter R· does not appear. _ 

_ . : ; .. ·'"~·stn_ce' we wish to ~e~"u_re~the compon~nt o£ ~)z. along the direction ~z· the 

1
,;: , • · .. ~nalyzing plane is :.chosen perpendicular ~o ~ and therefore perpendicular to 

.\t. ,_· ·· ·J~<plane of second :'ec~Uering. The scattered intensity out. of the third target 

< ,···. 

'_r .. ' 
. ' 

...• 

_,· 

.... , 'i;6 ' . . ·, ' . 
(3) 

. . -

Let 13 (•) denote the ·i(ltenslty ~hen J!l ie parallel tO. • i!z.• then the asy~etry 
' a(tarftetNo. 3·is defined to be . 

· e3s 11 [t3(*)-I3(-)J /Q3(+) +I3:(-)] ·:; (JL)z • ~2 Pr (4) 

. _ # we inser~· tz = 120 (1 + (!) i ~ 2~ Pz) in Eq. (2) and use· the 'geometrical 

· ,_facts.,- .. ~)'j,. ·· 1z ::; -~Pl. $i~ ~>and (!!-)i A Jh = .±. P 1 c()s'-x• we obtain the follow-

.. ~ng elfp1"e$8i(J~ for e]a<: .. · . . . 

.. ·. . . ':·~~~ ~·~~~ P 3 A.sin x/(1 ~ P:l P 2 cos X). (5) 

. '!'he ::t: .refe~s to left or tight~ scatter from target No. 2. -.·· 

. The. parameter A may ·.-pe ~elated to the coefficients or the proton-proton. 

scatt~rlng m.atriN as given lu Ref •. 1. The result7 is . 

· * The dir•ctions denote4 by left or. right are ·those that: woUld be discerned 

. by an observer moving with _the beam incident on Target 2 and oriented with 

re,speet to the perpendi¢ula.r component o! polarization.· 

,· 

' 
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' ' 

... ·. 1{) A = 1m C* U~ + G • N) cos (JjZ + 
,· ,: 

(6) 
• ~ • I 

' . 

. . ' ·• ... _·'-~~ere 6_ is the c·.tn• sc~ttering angle, and 10 is the unpolarized differential 

~ ~: · · ··; (:rpse lection.. In this expression, relativistic corrections are neglected.· 

.;:> ; ·· ..... · It; may be notea ~t another geometry h available to measure A beside.s 

. , . . · the 'ont employed ~ere. It involves magnetic deflection in. the manner described 

' . : ·~ 

' . . ' 

above;· but the second scattering takes pla.ce in the vertical plane, while the 

anaiyzing plane is ag~in perpendicUlar to the plane o£ second scattering. To 

· .. ·~eliminate the parame,ter R from the. picture a magnet· sufficiently powerful 
.'·<.' . . . ' ·. . 0 . 
to rota~e the 13pin through 90 must be used. 

EXPERiMENTAL DETAILS 

. ~An ionization chamber wae placed before tbe entrance to the deflecting 
. . 

magnet for. the pu~pose of monitoring the polarized beam. Four pla.$tic scintil

iation· counters c~nn~cte~ in coincidence,- together with their associated 

electronic drcuit.s, ·we-re u:aed to record the desired events. Two o£ these. 

couri.te.ra, . called A and .B, each having the dirnenslons 3 by 3 by 1/4 inche~s, 
... .. . . . . . . 

· ·were placed betwee~ targets Nos. 2 andl to define the second scattered bearn • 

. Counter A ~as·at th~-~dway point, while B formed p~r6ofthe third target. 

The la~t two counters~ labeled 1 and z. were piaced after target No. 3. The 

distan.c:;esof Counters>'{and Z from Target 3 ·~ere ZS.~ and 33 inches: their 

dimen~ions were z~.s by 8 by 3/8 inches an~ 3_by 9 by 3/8 inches.- respectively. 

~etween the last two ccplnters was located a variable amount of copper absorber 
I ~ . • •' 

for the purpose .of reducing inelastic. scattering from the third target. When 
. . . ·' . . . . ·8 

. Counters A, B, 1, and Z all fire within approximately 3 x 10 sec of each 

other, a tr.iple--sca.ttering event i8 said to have occurred.· The four counters 
. . ' ~ 

and target No. 3 wer·e mounted on a supporting frame located behind the 
·~ ; ~· 

· Kydrogen target. 

The following quantities niust be known before A may be calculated from . 

. Eq. (5): e 38, P 1P 3, P 1Pz•· and X· Determination of e 38, which is the 

primary experimental quantity, involves measuring the A-B-1-Z counting rate 

with the hydrogen .target in' place, and then replacing the target by a blank and 

measuring the backgro1.1nd counts arising £.rom scattering at the vacuwn-jacket 

windows.·· In addition, backgroun_d arising from accidental coincidence events 

was measured. Table I gives the relat~ve magnitude of the background effects. 
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Table 1 

. . . . . . . . a 
Relative values of: background and effect. 

Lab angle' RB/RH R .l}.t . 
8z. A:H 

;. 

o• u.s . 0.17 . Q.07 

z4° o.o6 o.oz.s 
0 36 .·., 0.04 O.OZ6 

• ·t. ·''· ,,· ~-- RB::: blank counting rate~ RA =accidental counting rate, RH =counting rate 

~th the hydrogen ~rget in plac:e. The third scattering angle;. & 3, hae different 

· .. -v~l~es for each •z· These are Usted in Table U. 
. ~-- ' 

·· The factor Pl.P3, 'Yhieh may.be called the ~alibration asymmetry, was 

,. 

.. . . . . I 

det_ermined separately '!-t the end of the r~. The procedure used was as follows: 

· .. '.• 
The hycirogen target and d~flecting magnet were removed from the cave. Th~ 

' ~~ppo~ting. fra~e was then lowered so that counters A and B were in line with· 

. tlu! u!.i~~flected polaHzed beam. The frame had also been rotated in such a. 

~~--· ~: ;· ~ .. 
, t:ilanner that the analyzing plane was parallel to the plane of the cyclotron. The 

- -i)~am energy was 4egraded to a value corresponding to the energy of a proton 
. ' : . . ' ~- . ~ . . . . . ' . . : . 

, ·.after scattering from hydrogen at one of the angles used previously. Under. 
1 ·fteee:l:iricumsmm:es.:a:tl asymmetry waa meaeured at the berylli~ target which 

· i~ equal toP1 P 3 for the re~uired experimental conditions. 

· ~l P~ was catc·ulated from previously known information on the beam 

polarlzation· and from data, fo_r p z• 8 the hydrogen polarization function. 

Kn.owledge of the ~am energy.and the angle of deflection; .n. enaJ.:iies 

. ~:me. to compute x. The angle 0 was determined by. locating the deflected and · 

. undefiected beams by use of photographic films and measurement of the angle 

between them by use of transits. This method checked quite well an estimate 

. for 0 got by constructing a cutrent-carrying wire orbit through the magnet for 
. . . 

: ffitqj!kn value of the field. 

'· , .. 
... 

.; 

'<p 

·~·· 
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RESULTS 

The parameter A was determined for three values of the second scattering 
0 0 0 angle ®2 (lab. ) equal to. 11.8 , 24 , and 36 . 

for a left and a right scatter from hydrogen. 

The last two points are averages 

This procedure provides a check 

on the reliability of the data; mechanical limitations, however, confined. measure

ment of the 12° point to a left scatter only. Figure 2 shows the experimental 

values of the parameter A plotted against the c. m. angle 02, while Table II 

gives values for the perinent experimental information. 

Table II 

Experimental quantities for the A experiment. a 

02 (c. m.) 25.4° ::1: 3:6° !? 1.36 ° ::1: 4.5° 76.26° ::1: 4. 7° 

·e
3 

(lab.) 13.85° 12.25° . 19.9° . 
Target 3 2 in. Be 2 in. Be 1 in. Be 

e3s left -0.155 ::1: .028 -0.018 ::1: .028 0.129 ::f:: .034 

e 3s right 0.025 ::1: .032 0.103 ::1: .034 

plp3 0.543 ::1: .021 0.515 ::1: .022 0.537 ::f:: .027 

p2 0.335 ::1: .025 0.317 ::1: .025 0.142 ::1: .025 

A (average) -0.339 ::1: .064 0.007 ± .045 0.236 ::1: .050 

a The quoted errors in e 3s' P 1P 3, and P 2 are expressed in terms of standard 

deviations. The spread in 02 is due mainly to geometrical resolution, with 

some contribution from multiple scatter in Target No."' 2. Values of P 
2 

are 

extracted from Ref. 8. 

The uncertainty in A was calculated by combinin~ the errors in the various . 
measured quantities. The errors listed for e

3
s and P 1 P 3, although predominantly 

due to counting statistics, include a contribution from estimated false asymmetries 

induced by misalignment in the ze/o-setting of· 0
3

. Misalignment contributes 

approximately 15o/o to the total error in A at the two smaller angles, and about 

So/o<at the larger angle. 
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At the time fo this experiment the first stage of a phase--shift analysis on 

the proton-proton system at 300 Mev had been completed. 9 Reference 9 reports 

28 different relative minima, 
10 

which together with six found later gives a 

total of 34. Six of these gave a fit to the experimental data (not including the 

measurements reported here) that was satisfactory for a solution. However, 

only one of these six solutions was in reasonable agreement with the results 

of this experiment. 

Continuation of the searching with the A data incorporated into the phase

shift analysis gave rise to the following effects. First, the total number of 

minima was reduced from 34 to 19, which diminished considerably the amount 

of additional searching required. Furthermore, of the six solutions that had 
• 

previously been considered satisfactory, only the one mentioned above remained 

essentially unaltered. Four of the others changed materially but remained 

good solutions, while one was modified in such a way as to provide a poor fit 

to the experimental information. 
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LEGENDS 

Fig. l. Perspective drawing of the A experiment geometry. Not to scale. 

The circles labeled 2 and. 3 represent the hydrogen target a.nd the analyzing 

target respectively. The first scattering· inside the cyclotron is not 

shown. The plane labeled tt 1 is the vertical plane containing the deflected 

beam, while the planes v 2 and w3 are, in order, the planes of second and 

third scattering. The planes v 1 and v 2 are perpendicualr as are the planes 

v2 and 11'3" The vector ,;e2 lies in the vertical plane. The vector !i repre

sents the horizontal magnetic field. 

Fig. 2. Experimental values .of the parameter A plotted against the center-of

mass scattering a~le 82 • 
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