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I. INTRODUCTION

A, ProtoneHelium Interaction

Recént'interest in the iﬂteraction of protoﬂs with helium huciei
dates Backitd the experiment of Freier, Lampi, Sleater, and Williams,l
and the analysis of Critchfield and Dodder2 ih 1949;‘ Critchfield and
Dodder';arriéd out a phase shift analysis of the differential cross section
data at energies ranging frdm_0.95 MeV Eo 3.58 MeV. They found two phase
shift solutions which fitted the data adequately. One solution predicted
a grouﬁd state of iis with qua;-.nt:um'm.nmbersvpll2 followed by an excited
state with spin 3/2 (i.e., a normal doubiet in Lis). The other solution
predicted an inverted ordering of these levels, It was impoésible to
decide between these.two sqlutions on the basis of differential cross
sections alone; however, the predicted polarizations differed widely in

the two cases, and the single polarization measurement by Heusinkveld

and'Frei:3 decided in favor of the inverted doublet arrangement.

BX 1957 the fegion between 0 and 17 MeV had been thoroughly explored
experimentally and various analyses undertaken. Thisbwork was largely
motivated by the following two considerations:

"First, prqton-helium'scattering‘manifests sérong.polarization over
the entire range of energies investigated. This makes it a convenient
an#iyéer for polarized protons as well as'é source of polari;ed proton beams.

Secéﬁd, the érotbn-helium system is the‘simplgst nuclearksys:em
with é tightly bound, spin-zero tafget. ‘There is no opportunity for
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nuclear bxeak'up below the p'+ He — d + He” threshold at 22,9 MeV. Analy-

"sis is further simplified by the fact that parity forbids the mixing of

scattering states with different orbitalrahgular momenta. This has made

the proton-helium interaction an important proving ground for phenoﬁeno-



logical theories of nuclear reactions.  For example, potential-well
analyses of the phase shifts have been given by Sack, Biedeharn, and
Breit,4 and by‘Gammel and Thale:.s. ;Adair,6 Dodder and Gammel,7 and
Miller and Phillipsslhave given nuclear dispersion theory analyses.
Finally, Herzenenberg and Squires9 tried to intérprét the differential
cross section data in terms of the collective effects of the individual
nucleons interaéting according to a simple nucleon-nucieon potential,
In each instance the calculations confirmed the Ordefing of the levels
of Lis and yielded quantitative agreement with thé available data, but
were unsuccessful in predicting the:pqiarization at other enérgies;lo
Part of the difficulty 6f the older calculations in predicting
experimental resulfs‘abqve 20 MEV was due to théir,neglect'of inelasticity.
As higher energy data became available, first #t 40 MeV and later at 48
and 29'MEV,-various'phase'shiftvcalculatibné wére attempted which took -
‘inelasticiﬁy'into accoﬁnt by‘employing complex ﬁhase shifts. Thelfirst
such analyseé of the 40 MeV data were published by Suw# and Yokoséwa,11

énd Giamati, Madsen, and Thaler.12

The two solutions gave comparable
agreement with both differential'crossAseétion and polarization data,
but disagreed with each other even on the qualitative behgvior.of the
phase shifts. The dilemma was»eventudlly resolvgd_in favor of the Suwa -
and Yokosawé éqiution by a measuremeqtiof:the spin rotétioﬁ parémeter13
‘and smalllangié polarigation.l4
Siﬁce this difficqlty éas :ésolved; subsequent phase'shift
soluFionsm’15 of new data at 28; 31,'49, 55, and 63 MeV héve‘falien
in line with the Suwa-Yokosawa result and the earlier work below 18 MeV,
The details of these analyses will be discussed in a late:vsection. Data

is available at only a few scattered enérgies above 63 MeV. 1t would be

¥
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- hopeless to. extend the phase shift ahalysiszbeyond this point without
further experimental work;in the region between 63 and 90 MeV, the next

enefgy at which data exists.

B. Helium-Filled Streamer Chambers
A recent develmeent in thé.field of nuclear instrumentation
has given new impetus to the study of prqton-helium scattering, It was

16 in 1958 that electfical discharges in

discovered b§ Fukui and Miyamoto
hoble(gases could bé used fo delineate the pafhs of charged particles.
The basic mechanism is as follows: When a chargéd particle passes through
gastit leéves behind it a path of ion pairs. If a strong electiical field
is applied beforé the ioﬁs éan recombine, the free électrOns will be
acceléréted and &ndergo fu?ther‘ionizing collisions, 1In ﬁhis way the
number of free electrons in the vicinity of ;he original ions will gréw
exponentially, 1If the field is of the order of 20 to 30 kV/cm there will
be enough ion pairs localize& within a few millimeters of thé original
path of the iohizing particle to produée, upon recombination, enough
light-to photograph. A.device which uses electron multiplication in this
way to detect the passage of a charged particle is usually called a
"streamer chamber." It offers important advantages overvconventional
spark chambers because $f its'spaﬁial isotropy and its ability to resolve
many-partiClé events. ‘Unlike a bubble chamber it may be triggered by
~ fast electronics in sédh a wéy as to select those events in which the
-experimenter is interested. |

Ear;y streamer chamber devéiOphentlcbncentréted on neon gas
because of its low ionization potenti#l and convenient spectrum. One
can take advantage of the analyzing power of helium, however, to do polari-

zation éxperiments with streamer chambers in an especially convenient way.



The experiment is a?ranged-so that the §u¢Ieons to be analyzed rescatter

from the helium in the active volume of the chamber. The left=-right

asymmetry of these. events is Abserved, and.this yields the nucleon polari-

zation once tﬁe analyzing power éf helium is known. This technique can

be uséd to study the polarization .of neutrons and very low energy érotons

. where polariied target and conventional dduﬁle-scattering methods.are

impracticable, It is of obvious importance 1n‘th§>study of nucleon polari-

zation in the reactions x-p~ﬁ nén, and x-p-» u-p in the forwaxd direction.
In spiﬁe of its advantages, the helium-fillgd streamer chamber -

still did not seem to be‘a praqtical tool for these expefiments. There

were twobreasons‘yh§: First, it is fa: more difficult to obtain reliable

streamer formation in helium than in neon. Second,lthe analyzing power

of helium is known only up to 60 MeV. ‘With thié in mind we decided to

do a streamer chamber experiment aiﬁed'first at solving tbe practical

préblems-of obtaining reliable streamer chamber operation, and second,

at extending our knowledée of the proton-hélium interaction into the

unexplored region above 60 MeV.




L

1I. EXPERIMENTAL METHOD AND APPARATUS
: A. General

A measurement of the analyzing power of a target pafticle involves
detecting an azimuthal ésyémetry in the scatteriﬁg of a previously polar-
ized beam. The analyzing power A(9) is then obtained from the equation

a(0,#) = P_A(6)|cos g,
where 8 is the polar scattering angle, @ is the angle between the plane
of the firgt scatter and the plane of the second (see Fig. 1); P, is the
incident beam polarization, and a(6,%) is the left-right asymmetry observed
at the angles 6 and - @. It follows from the invariance of strong interactions
under time reversal that the analyzing power defined in this way is equal
to the‘polarization the target particle would indqce in a previously.
unpolarized beam. For:.this reason the words "polarization" and "analyzing
power" will be used inferchangeably.

In previous éxperiments measuring the analyzing power of heliuﬁ,
counter systems were used to compare counting rates at cos @ = + 1 and
cos @ = -1 for various values of 6. At energies where inelastic reactions
are prevaient, however, it is difficult to distinguish elastic events on
the basis of counter data.alone. In this case it is preferable to use a
visual detector which,iin»addition to sampiing a wide range of 6 and ¢,
yields enough kinematié information to constféin the event.

In this experiment a helium-filled étreamer chamber was used as the
targef as well as the detector. This engﬁled:ﬁs to meésure the scattering
angle of the proton as Weli as the recoil helium:ndcleds._ﬂoreovef; any
events in which three or more charged particles appeared in the finai
stéte could be immediately recognizéd and rejected- |

The resulting experimental set up is shown in Fig. 2. The polarized
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beam is produced by scattering from'protons in polyethylene. This beam
is-momentum analyzed and focuseed to.a small imege at the position of
the streemer'chamber; The‘chamber is surrounded by'a belt of counters
so that protons'scatteriog from heiium noclei can, if their plane of
scattering is nearly hOrizontai, pass through one of the counters andv
trigger the system. |

The streamer chamber was pulsed and photographed after each

trigger event. Only one view of the chamber;-that looking perpendicu-

larly to the plane of scattering, was recorded. In addition to the actual

tracks of the particles, a configuration of data lights appeared on each
frame denoting whether the" right or left side counter was struck by the
recoiling proton. With'this information the left-right scattering
asjmmetry.wes obtained'directly as a function of the laboratory scatter-

ing angle.

LU




Ve

" B. TheiBeam_

The 184-inch cyclotron,ptoduces an external proton beam of 735 + 20

. MeV energy. This beam was focused by the quadrupoie triplet Q2, as shown

in Fig. 2, to obtain a snall 5pot at the target. The target was a

¢

5 x 2 x 1/2-in. block of polyethylene with the chemical composition CH2
The low energy polarized protons were the result of elastic scattering fron
hydrogen at a lab angle of 63.5 deg. At this angle the tecoii protons have
an energy of 100 MeV and a polarizationlsvof 656 * 3%.

f In addition to theiprotons scattered elastically, a small fraction
were scattered inelastically at the same angle and with the same energy
fron carbon-nuclei "The flux and polatization of these protons were deter-
mined by comparing ‘the counting rates and asymmetries due to the polyethy-

lene target with those resulting from a pure carbon target.

The recoil protons wvere focused and momentum analyzed by the

' qﬁadrupole-doubiets Q3 and Q4 and the benoingnmagnet B2. The beam optics

are shoﬁn in Fig, 3. The slit in front of,Q3nlimitc'its angular acceptance

to reduce the flux of inelestically‘scattefed ptotons. In order to achieve -

" the maximum momentum resolution at the given bending angle and beam length,

the target was oriented so that its width as seen from Q3, and consequently

its image at the first focal point was as narrow as possible. The second

. slit, which was located at the first focal_point in the horizontal plane,

gselects the desired rangeﬁof momenta, 450 %+ 10 MeV/c. The second quadrupole

Q4 focused an image of thio'slit abont two:inches.high by one inch wide at

the streamer chambér.b Helium bags were used between the terget and the

-~ chamber to reduce multiple scattering.

The currents in the three magnets were initially celculated_with the

help of the computer program OPTIX.I.9 These calculations were checked first‘with
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|
the magnetically suspended wirée orbit techﬂique, and later by plotting &
range curve. Finally, theiéurrentsvin Q4 were adjusfed to obtain the
optimum beam profile at the streamer chamber.
After being degraded by passing throﬁgh theftargeﬁ,'the }ong beam
path, and several counters, the final beanm eneréy was 80 * 2 MeV. For
the 7O MeV runs an‘extra 1.5 inches of polyethyleng absorber was placed

in the beam at the first focal point. The integral range curves for the

‘70 and 80 MeV beams are shown in Fig. L.

The beam was monitored by a set of three counters as shown in

Fig. 5a. Protons were identified by their time of flight between counters

- T1 and T2. Al is an anti-counter with a hole just large enough to pass

the proéerly focused portion of the beam. .In addition to monitoring,the
beam profile, this counter reduced-the probability ofvthe chamber Being
triggered by protons sprayed out of the: beam channel.

The meximum flux obtainéble,Was'about 105 protons/sec. Normally
the intensity of the primary beam was reduqed to provide 2 x ld
protons/sec atvthe streamer chamber. This was the maximum flux- that

could be tolerated since the unscattered beam'trapks tended to obscure

the scattering vertices.
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C. Counters and Electronics

The'arrangement of scintillation counters in the beam and around
the streamer chamber is shown invFigs. 5. (a) and (b). Counters Tl and
T2, which were used to obtain the time-of-flight‘information for the inci-
dent particle, were made of '"Pilot-B" scintillation material coupled to
RCA tyne 56 AVP photomultiplier tubes with short light pipes. The sensi-
tive area of T2 wes made 1/32-in. thick to reduce‘multiple.scattering.
The anode signals from the two photonultipliers were differentiated to
improve timing accuracy, and each dynode signal was used to set the threshold
" of a tunnel-diode discriminetcr so that it fired near the beginning of the
positive.portion of the differentiated anode signal, This techniqueZI,
'greatly:reduces the timeksleuing of the discriminator due to amplitude
fluctuations of the photomultiplier output. |

| The performance of the system was checkediend'mOnitored.with a

Chrcnetics time-to-height converter and. a gulse height analyzer, (See
Fig; 6; (a)-‘). The timing'resolution was l'nsec fuil width at nalf height.

The difference in times required for a 400 MeV/c proton and a pion |
of the same ‘momentum to traverse the distance between Tl and T2 was’ 8 4 nsec.
Thus it was possible to avoid triggering the system on pions by making the
net resolving time of the discriminator-coincidence circuitry less than
8.4 nsec._ The necessary timing and . shaping of the discriminator pulses.
are illustrated in Fig. 6. (b). |

‘In order to trigger the chanber, a ccincidence uas:required'betweenv
Tl and T2 together with S1 or s2. A signal erriving from either Al crYAZ
within 25 nsec would veto the decisien (see Fig. 7).’-This feature reduced
vthe number of spurious triggers due to beam spray and back scattering of

beam particles, A separate coincidence was required between either S1 or

i
1
|
|
|
i
I
|
|
{
i
H
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S2 and the event trigger. The output signal from this coincidence was
used to light either one of two data lights depénding on whether the

proton that triggered the system scattered to the right (S1) or to the

left (S2).
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D. The Streamer;ChamberTSysfém'

-1.“ The Marx Generator

In order to obtain streamer fbfmatéQ; in héliumjwith»adequafé spatial
reéolﬁtion and lum:i.nosi'_t:;y,‘2'2 electric:fieiégkon the ofdef of 20 to 30 RV/cm
are required for a peri;d:of time of froﬁiﬁ'to:iB'hsec. :(Sge_Appéndik A)
Either a d.c. Liéh—voltagé:power sqpﬁly or;éﬁ'aufotréﬁsfbrmer ﬁight make

a pfacticable power source.for streamer éhamber‘opé;atioﬁ, but thé Marx
generator was choseﬁ'becauée of its rela;i#éi§ loﬁ‘cost and reliable
operation. -

The Marx generator, shown schematically in Figf 8, ‘is essentially avf;
bankvof'capécitors charged.in paraliei and $§iﬁéﬁéd in séries with féét‘

spafk gaps. Initially, eé¢h capacitbf. Iis qparged to véltagevVO, and each
gap must sustain this voltage‘without spdrking. To trigger the discharge,
the first gap is overvol%aged from a third electrode. When this gap has

become .conductive, the volfége on the‘first;capacitor~is divided'among the

n-1 remaining gaps so that the second gap is overVoltéged by ‘an amount Vo/(n-l).

The transit ﬁime required by.a‘pulserto pfopagétevalong fhe syétem is
negligible, so the re@aining gaps bféak down eéSeﬁtially‘simultaneously
under the influence of the iﬂitiél_dvervolt;ge;

fhe physiéal layout of the gehérator buiit for this experimént ig .-
shqwn in Fig. 9. Each of its séven stages gdnsists of féur-Ba'in2 capécitprs,
with a net (noginé;) capacitance of 3900 pfténd 60 kV maximum working ?
voltage. The sditching;géps are O.S;in. Préss.ba1Is operated inlnitrpgen.
The cabacitdrs and gaps aré hounted'betwéé; fwo paraliel uprights with the
L7 ko chargihg resistors mounted on the sides. The entire asseﬁbly was made

as compact as possible to minimize stray inductance and is mounted in a

pressurized tank to eliminate arcing among the high voltage components.
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Fig. 9. Layout of Marx generator with several capacitors
removed to show spark gaps.



During the experiment the generator was operated at 48 kV input
voltage with gap spacing of 0.1-in. and 100 lbs/in.2 pressure. The output
was 300 kV with a 10 nanosecond risetime into a 100 £ load.

2. Transmission Line and Chamber Assembly

If the output of the Marx generator were applied directly to the
chamber, streamers would continue to spread during the long tail of the
high voltage pulse. For this reason a parallel spark gap was connected
across the output of the generator to short-circuit the chamber after some
predetermined spark formation time. This gap comsisted of 2-in.~brass
electrodes operated in dry nitrogen pressurized about two atmospheres. No
attempt was made to trigger this gap, but a source of ultraviolet light was
flashed at the anode to liberate photoelectrons. These electrons essen=-
ﬁially eliminated the time jitter in the interval between the arrival of
the high voltage pulse and the formation of a spark. The width of the
pulse, and consequently the length and luminosity of the streamers, was
controlled by changing the gap pressure and spacing. The final result of
the Marx generator and shorting gap was a roughly triangular pulse with a
10 nsec rise time and 5 nsec fall time.

With pulses as short as 10 nsec some care must be taken to operate
the chamber as part of a properly matched and terminated transmission line,
otherwise the capacitance and inductance of the system will conspire to
distort the high voltage pulse and produce nonuniformities in streamer
development across the chamber. Generally speaking the configuration of
two long parallgl conducting strips (like a streamer chamber) behaves
like a transmission line of impedance

Zo = 377 (spacing/width ) ohms,
whereas the Marx generator is a much higher impedance source. Therefore,

one must be careful to flare the transmission line gradually from the source
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to the chamber in order to transfer as much energy as possible without
distorting the pulse shape.

The layout used in the experiment is shown in Fig. 10. The output
of the Marx generator was flared out to6 a strip line 24-in. wide with 5,5-in.
electrode spacing. The parallel spark gap was placed between the high voltage
electrode and the ground plane at the point where the line begins to flare.
The line is terminated in 100 Q near the downstream gnd. Three 300 Q
resistors made with CuSO4 electroyte and copper elecfrodes provided the
termination resistance.

The chamber was photographed through a window in the high-voltage side
of the transmission line, The window was covered with a fine mesh of
expanded metal, which was almost 1007 transparent while still electrically
conductive,

It is important to have some means of monitoring the shape of the
pulse on the chamber. We have taken advantage of the short duration of the
pulses involved by using the simple capacitively coupled probe shown in
Fig. 11. A small metal plate was mounted near the ground plane ?f the trans-
mission line between the shorting gap and the chamber. The plate was
capacitively coupled to the ground through capacitance C and to the high
voltage electrode through a capacitance C', The voltage division ratio is

vV = C zo
v

<+ )(z°+R )

(¢]

where Zo is the impedance of the signal cable, We chose R = 104 Q and the

ratio C'/C = 50 for a voltage division ratio of 1000:1.

The chamber itself was a transparent insulating box 5 1/2-in. high
and 20-in, along the beam line. There is a 4 x 4-in. entrance window made
of 1/2 mil Mylar to reduce spurious scattering of the incident beam and 10-mil

Mylar sides to permit the protons, but not the recoil helium nuclei, to pass
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Fig. 10. Chamber and transmission line assembly.
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into the trigger counters, _

The chamber was filled with helium with about»0.22 alcohol vapor to
reduce memory cime. During Operetion the helium was purified and circulated'
through the chaober atve rate of 12 cu. ft./hr;‘to remove impurities which
mighf‘have a quenching effect on the streamers.

3. Image Intensifier System

The light produced by streamers in helium is too faint to photograph
with reasonable demagnification using conventional film.zg We used the
RCA C70021 image intensifier tube to provide the necessary amolification.‘
This 1is a three-stage electroctaticallf'and magneticaliy focussed tube with

a 2-1/2-in. diameter photocathode and anode. It provides a resolution of

20 line pairs per millimetet and a nominal gain of 20 000 1 1n light inten-

" sity. The chamber was imaged on the cathode by a £fl1.4 Nikon 1ens with a

focal length of 50 on, - The image on the anode of the tube was projected ;

' onto 35 wm film by a spec1a1 £1.2 Zeiss lens with 108 mn focal length. With

this system we were able to resolve. 6 line pairs per cm at the positlon of

the chamber, The net gaio in lightvintensitj over a single £f1.4, 50 mm lens

_was about 30:1. The final image was recorded on Kodak 247S”f11m,whichiwas-

chosen for ite acutance and high sensitivitj'in the spectral region of

. the output phosphor of the 1mage'tube.

There is some distortion inherent in the 1mage tube, but it is not

.noticeable near the ceanter of the image field In principle the distortion

could be.compensated analytically after the¢film was measured, but we found

it preferablevto demagnify the image of the>¢hembet so that the scattering

vertices never appeared in those regions ofiéhe imege.field in which the

distortion was not negligible. In this‘way;ﬁe‘sactificed some resolution

in order to simplif§ the analysis of the film.
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~ Two repreéentative events 1nc1uding scattefing vertices, fiducials, -

and event-number and data lights are shown in Fig. 12.

e
!
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() Elastic scattering.

XBB 685-2895

(b) An inelastic event, presumably p + He4—> 2p + &

Fig. 12. Proton-helium scattering events photographed with
the image intensifier,
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E. Bunning Conditioms

The data taking time for this exseriment was divided roughly
'eﬁually between the two Bean energies, 70 and 80 MeV:.  To deeermine the
contamination of inelastically scattered protons in the secondary beam,
about 25%’ef'the 80 MeV running.time was taken with a cerbon target.

A few runs were taken to determine the relative fluxes of protons
from hydrogen, carbon,‘and sources other thah'thelgarget;' Fer'this pur-
pose the primary beam flux was normalized by integratingbthe output of a
secondary emission counter placed directly behind the target. The resules
are listed in Table 1.

‘During the runs Che ;we side counters were inte:ehenged period{e'
cally so that any differences in their efficiencies would be averaged out
of Lhe,final asjmgetry. These two couhter-arfengementsfere_ealled the
“normal? and "interchanged“ counter sositions ie,Tebles”II:and v,

The 1ntensity of the tracks 1n the streamer‘chamber depended very
critically on the exact shape of the high voltage pulse. Invorder’to
; maintain consistent operation, it was necessary to monitor.;he pulse
frequently so that minor adjustmehts ihltheishorting gap pressure and
Marx generator supply voltage could be made to. compensate for minor changes

in spark gap characteristics.
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Table 1I. .'Relative fluxes of pfotonp from~hydrogen;

carbon, and sources other than the target.

' - e L _
B . Protons per -~ Praction of Total
Target . Preset Stop. . : CRZ Beam
- | 5 :
H, Target _ 3.16 x 10 _ -
Carbon Target _ 1.87 x 105 G -
No Target - 1.04 x 10% 8 .
Free protons in CH, | - . J17
Carbon nuclei in CH, | B $:f ' - .250

.
v

Background o - . ,L;033
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III. DATA ANALYSIS

The calculation of the analyzing poweé of helium was performed
in two steps: First, the streamer chamber film was écanned and candidates
fof p-He scattering events were measured, ASeéond; the kinematics ofl
each event were reconstructed and geometrical corrections of the analyzing
,pdwer were célculated. The analyzing power was then obtained from this
sample by gathering the e*ents into bins according to c.m. angle and
‘correcting for the polarization of_thé inelastically scattered protons.

These steps are described in detail below.

A. Film Scanning
‘_D;ring this expetimenﬁ 620,000 photographs were taken. Each
photograph consisted of one view of the streamer chamber and recorded
scattering vertices in addition to many qnspattered beam tracks,

These pic;uréé were scanned an& e§énts suit#bie.for anélyéis were
measured with the TRAMP digitized protra;tor. For each ffﬁmg in which
there occh;fed an acceptable event;‘the p;sitions of threg fiducial strip
lighté were measured along with'thé slopés and end pointg of the three
éracks constituting the scatterihg ver;é#._.Thesg meésufeménts contained
a certain amount of fedundant information ﬁﬁicﬁ‘was used a§ a consisténcy
éheck on the data. | | |

In ofder t§ avoid qontaminaﬁing the §ata.with inelastié.events 6r
events.resulting ffom the collisionAéf'an 1n§ident-proton with the chgmberv
walls, the follbwing critér%a for acceptable event§ Qere established:

1. The proton's ghirance angle and point of entry into the chamber
were required to be.within‘Eertain limits to eiiminate even;s-due to
protons which had scattered out of the beam channei.

2. Each vertex had to be distinct with no e&idence of a third

particle in the final state.




i
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3. The eveﬁt was rejected if any of the three Eraéks wefe too shoff
or too broad to be assigned a direction accurately.

vh; Each event was»required to trigger only one of the two side
counters. This.eiiﬁinated some inelastic events in which both final
staté'partiéles can penetrate the qhamberbwalls. . |

Table IT gives the number of events safisfyiﬁg the above criteria,

along with the total pictures taken for each energy and target material.



Table II. The number of piétures taken and events measured for each
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energy and target material,

Energy v ) ‘ )
(MeV) Target Counter Position Frames ‘Scanned Frames Measured

80 _CHZ ﬁormél ' 142,841 1920

80 CH2 Interchanged 102,283 2045

80 c Normal 67,801 1166

80 c Intéfchanged 46,928 993

70 cH, Normal 127,643 | 3198

70 CH Interchanged '140,068 _ 3631

-2
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. B. Data Reduction

A compﬁter program Qa; written to carry out the following calculations
for each event measured. |

1. The position of the point of interaction with respect to the
walls of the chamber énd'thé scattering angles were reconStruéted from
the output of the TRAMP enche?s.

2. From this information, together with thevgeometry of the chamber
and side counters, the azimuthal angular écceptance wasvcalculatéd for
each event.

3. On_the'assumption.thaﬁ the event was dué-to e1astic protqn-helium
scattering, the azimuthal éngle ¢ and the-é.m.‘scattgring angle 6 were
caléulatgd by»minimizing the functién

P P 2 /z He He
i

"“obs calc. leobs 3 ecalc

X = -+
, AeP L &,‘ vABHe

subject to the constraint that @ fall within the range of acceptable

azimuthal angles obtained in Step 2. 1In this equation szs and Ggss
. : | . P . _He
are the obgepygd (prOJected).scatterlngéapgles, Oq1c @04 6 ;. are the

projected scattering angles calculated from the assumed 6 and @, and ABP

He . : . . . . : .

and A9 are the estimated errors inherent in measuring the tracks. It is

_ L e e R L . e

: : He
and -
n eobs

p

possible in priﬁcible to calculate 6 and @ directly from-.eobs

without feSorting to«a‘ﬁinimizatién»proégsé; In practice the efrors
Aﬁp and’ABHe propag;te in sgéh a way»thatvghé final uncgrtaint& in @ is
éomparable'té the azimuthal angﬁlaf;acceptéﬁée caLculated from the counter
. geometry.
The number of X° was also calé@laéedvfor each event under the

; ‘ v

, . L : Lo
assumption that the reaction p + He — d + He” was observed instead of

elastic scattering. Kinematically acceptable events had to satisfy the
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criteria
2(p + Heh - p +~Heu) < 0.05
x2(p + He' - d + He3) >%0.05.

The choice of the cutoff at X2 = 0.05 is discussed in Sec. IV. A. 2.

L. Protons which are not incident along the center line ofvthe
chamber can produce spﬁrioué asymmetries. At forward scattering angles a
proton can trigger one side counter even though it would have miésed the
counters altogether if it had scattered at the same angle but to the
opposite side. ;n generginthe azimuthal angular acceptgnces of thé right
and left side countérs will not be the same for a proton scattering at a

point off the chamber center line.

In order to avoid biases in the scattering asymmetry due to

asymmetrical beam position, the following procedure was émployed: For

each event the azimuthal acceptance ¢O was calculated on the assumption

that the proton had scattered to the opposite side. If this was zero the

event was rejected. Otherwide the numbers €¢ and'sin_go were calculated
' o

for each event. (€ = +1 or -1 depending on whether the proton scattered

ieft orktight'respectively.) The final a§§mmetry averaged over the

_.azimuthal angle and corrected for the differences in counter accéptance

is then .
‘:‘ €3 goi
a(e) = Zsin g
. 0.
1 1

where the sums range over all events in the éngular biﬁ labeled by 6. This

equation is derived in Appendix B.
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5. The net polarization of the C82 beam was determined as follows:

Denoting

e . Ainelastic protons .
total protons in beam

the polarfzation of the CH2 beam, say P(CHZ), is given by

P(CH)) = € P(C) + (1 - e) P (W) |
_where P(C) and P(H) are the polarizations induced by carbon and hydrogen.
P(C) is determined by comparing the asymmetries due to carbon with those
2

due to CH. in any given bin by means'of the formula

Py = 2(O) BW Q- )

ai(Cﬁz) - ¢ ai(c)

where the a,'s are the asymmetries in the ith bin. The final value for

i
P(C) quoted in Sec. V is a weighted average over all angular bins.
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IV. ERRORS AND CORRECTIONS

A, Inelastic Reactions

The inelastic channels which are;oﬁén'to'thé-proton-helium system
aﬁ 70 and 80 MeV, toéether with their respective Q values, are listed in. o

Table III. _ ' j o N

Table I1II. Possible inelastic reactions and Q values for protons on Hea.

——

Reaction o . Q(MeV)
1. . d+me 18432
2, 2p + ¢t . -19.81
3. . ptn+ue - 20055
4,  p4+2d S . 23,75
5.  2p+n+d . . -.25.97 . .
6.  3p+2n | -2~

of thgséﬂreactigns, only (1)'and.(3) are potentially tioublééome?
souréesvéf‘backérouﬁd to elastic scattering; The othérg all havé.three
chargéd particles in the final state, and,canvbe'fecbgnized andvrejectgd
whén the event is measured.

1. The Reaction p + He4 —p+n+ He3

Expérimental evidence for teactiqn (3)_is_somewhat indirect. In
order to estimate this bé;kground contaminatioh, we must rely.onvéxperi-
ment523-25 in which the energy spectrum of final state prdton@ was observed
at variod§ angles wﬁen helium was boﬁbardedcéith protons of known energy.
This data h;s been explgined'satisfactbr11y26 by assuming that the observed
inelastic spectrum is due to quasi-elastic scattering leading to final
states (2) and (3). 1In Lhis case the ratio of reactions (2) and (3) at

any specified proton angle should be approximately equal to the ratio of

the elastic proton-proton and proton-neutron differential cross sectionms.




According to Hayakawa et al,za who measured.the‘specttun at 55 MeV
incident proton energy, the ratio of inelastic‘protons to the elastic
protons is about 0,02 at 30 deg in the laboratory Systemvaud reaches a
maximuu of the-order of 0.1 at 60 deg and!then decreases rapidly with
1ncreasing angle. Since the prdtcu-proteu and proton-neutron differential
cross-sections are roughly flat and comparable in magnitude between 50
and 80 MeV, we 'estimate that reaction (3) can add at most 5% to the elastic
protons at any given proton angle.

Not all of these 57 will actually pass'as elastic events,‘hovever;
It is also necessary that the trajectory 6frthe recoil He3 projected onto

the horizontal plane makes an angle with the incident beanm direction which

is approximately equal to the Hee‘scattering angle for an elastic event

with the same proton anéle. In order to estimate how often this can occur,
we have written ; Monte Carlo progren'whicﬁ generates. events'of type 3

in such a way. as to uniformly populate the P + o+ He3 phase space, For
each event the proton scattering angle (in the lab system) and the He3
polar angle projected onto(the proton scattering plane;were_used as input
to the same kinematics routine which:uas ueeento analyze the actual cata.
For each proton angle aementuree-ccdy events'eimulatedvkinematically accep-
table elastic eVents. The piobability’forvthis to happen as deteruined by
the Monte Carlo program is plotted in Fig. 13 as a function of the apparent
(elastic) c.m. angle. Since this efficiency 13 on the order of 107 at its
maximum, the ratio of accepted ‘events of type 3 to elastic events is

at nost’one 1n 200. Since the atatlstical accuracy of the polerizatlon
data ievnot'comparable to 0.5%, we may ueglect‘thls background in calcu-

lating our final asymmetry.
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Fig 13. Efficiency for confusing the teaccion p + He4¥> p +n -+ He3
with elastic scattering as calculated by the Monte Carlo program.

6 is the c.m. angle calculated on the erroneous assumptlon that

the three-body event was elastic.

o
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in the vicinity of 75 deg;.
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3

¥

2. The Reactioﬁ-p +3Heu - d + Hé

Reaction (1), like elastic scattering, produces a co-planar, two-
particle vértex. ‘At all observable scatfering angles the deuteron possesses
enough energy to escape the chamber and trigger the system wﬁereas the

He3

does not. Therefore, reaction (1) can be distihguished from elastic
scattering only by comparing scattering angles.

In order to estimate the probability of confusing the two kinds of
events,la-Monte Carlo program was written similar to fhe one described in

3

the preceding section. Tﬁe program generated d + Hé events isotropically
in the c.m. angle, and'gﬂen calculated the "observed" scattering angles
taking into account the effect of the azi;uthal angle and the probable
errors in photographing and measqr%ng thé tracks. The apparent éroton and
He scatteriﬁg angles were fed iﬁtg thé réguléf anélysis érogram. The
probability obtained in this way for regardihg a type 1 event as a kine-

matically acéeptaﬁle elastic scatter is plotted in Fig. 14 as a function

of the apparent (elastic) c.m. angle. This probability is as much as 80%

~at 75 deg and drops sharply to zerd within 15 deg on either side.

The differential cross’ section for-rééctionl(l) has been measured at
55 Mevgh' and 95 Mer??fas well aélSeyeral_lower éﬁergies. At 55 MeV the
d He3 cross sectiagtis‘é%éarly_compar5b1e to_the elastic cross'section |
:nd;Aalthoughiﬁhevdaﬁa at 95 MeV are incomplete,

a reasonable extrapolation of the cross seétion tdf75 deg leaves it in the

same order of magnitude as the elastic DCS at this energy as well.

On the basis of this information , it was decided to eliminate this

background by attempting to fit each provisiohal elastic évent with

3 3

d + He” kinematics. Each event which conformed to d + He“ scattering

.angles to within some critical chi-square was rejected. The Monte Carlo



100%

80

80

70

60

50 .

Efficiency

40

30

20

10

Fig. 14. Efficiency for confusing the reactian.p + Heéa d + He

with elastic scattering.

<40~

0 (degrees)

100

XBL 688-5644

3




program was used to determine this chi-eqnare criteria so that:ns few
elastic events as possible were rejected while maintaining a negligibly
small probabiliti‘tnat an inelastic event would satisfy elastic kinematics
end yet fail to qualify as a d + He3 event.‘ A cutoff of X zéx = 0.05
was chosen for tﬂe final analysis. The number of 'pure" elastic events,
pure d + ﬁe3 events,‘andlambiguous events obtained at each energy is

listed in fable 1v.

B. Miscellaneous Corrections

In addition to the ‘inelastic background, there are several factors
which could, in principle, introduce errors into finél’polarization
results. They are listed below:

1. Polarization of the primary cyclotron beam. This has been

measured by several experimenters.34’3s

‘_No.polerleetion has been detecteo;
2, Precession of the polarization‘ofvthe seconderylbeam in the
field of the quedrunole_magnets. The angle of precession Agp of the
direction of the spin of a.proton in a magnetic field36‘is given by
,Aep=e_21_(g-2), :
wnere 2] ‘13 the'bending‘angle in the plane containing the polarization,
y = (1 = 52 )-%, and g = 5.58. 1In this experiment g6 1is a few degrees
at most, so the net change ln beam'poleriiation is negligible.
3. Depolarization of the seconderyrbeem due to passage through
matter. This effect has been estimated bi'Wolfensteinzoland ls negligible.
4. Scattering from impurities in the helium. Reactor Grade helium.
wae used. (Guaranteed less than 5 parts 1n 105 contamination.) The gas
was continnOusly circulated through a molecular sieve and liquid nitrogen: =
trap to remove traces of air and water»vnpor.! 0.2% alcohol vapor*was added

to reduce the memory time, but this is also a negligible quantity compared

with the final statistical errors.
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Table IV. Number of Events Satisfying Final Criteria.

Type of Enefgy 'Number of
Events. . (Mev) “Target Counter Position - Events
Elastic 70 CH, ‘Normal 1172
Elastic 70 cH, Interchanged 1400
Elastic 80 CH, . Normal 608
Elastic 80 CH2 Interchﬁnged 760
Elastic 80 Carbon - Normal 397
Elastic " 80 Carbon Interchanged 416
d + He 70 . CHy Normal 206
a+ne 70_._,1 CH, Interchanged 2641
d + He’ 80" “en, ‘Normal 165
6‘+ He> 80 .CHZ ‘ Intéfchanged ‘203
d + ne 80 Carbon Nbrﬁal 83
d + He3 80 Carbon Interﬁhanged 64
Ambiguous 70 cH, Normal 140
Ambiguous 70 CH, Interchanged: ';96 |
Ambiguous 80 CH2 Notm#l | 37
Ambiguous -80 (CH, Interchanged . .81 :
‘Ahbigudus 80 Ehérbon ﬁdgmél 36
Ambiguous %80 i} ‘f'Carbqn - Interéhanged :;44
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C. Ahgnldr Resolution

There are two significant sources of error in determining the
scattering angles. One is due to the broadening of the tracks caused by .

long streamers developing from the initial avalanches, the other is simply

'~ the error a human operator makes in decérmining the center of a track of

finite width,

1. Streamer Broadening

. The proton tracks with their low specific ionization never develop
to the completed streamer stage. The alpha tracks, on the other hand,

become "curtains" of light extending from the top to the bottom of the

chamber. If such a curtain is not viewed directiy parallel to the electric

field it appears as a broad track. ‘The center of this track will not
coincide with the actual trajéctory unlesglthe trajectorf'iies in the
midplane of thevchamber. " The aﬁgular érrot which this introduces can be
easily estimated from the chamber geometfy. fhis is done in detail in
Appendix C. The RMS déviation for alpha tracks obtained there is

.021 radians. | |

2, Measuring Error

In addition to the effect described above the tracks are also
broadened by the finite‘résolution of the optical system and the image
intensifiér, and the radial diffusion of the avalanches and streamers.

These effeéts broaden the track symhetrically with respect to the actual

trajectéry so that the associated error 1é'oﬁ1y due to the uncertainty in

finding the center of a wide track. These errors were estimated by having
each scanner measure the same sequence of events several times during the
analysis phase of the experiment."The number of measurements and the

standard error on each track are tabulated below,



Table V. Standard Deviatioans on Repeated Measurements

of a Representative Sample of Events.

Standard Deviation Standard Deviation

Event Number of On Proton Aggle On Alpha Ang%e
Number Measurements (radiang)” "’ (radians) °
1 16 1,15 x 1072 .98 x 1072
2 16 1.10 x 1072 2.81 x 1072
3 18 1.50 x 10”2 1.77 x 1072
4 17 1.34 x 1072 1.19 x 1072
5 14 .82 x 1072 .90 x 1072
6 15 .84 x 1072 .85 x 1072
7 16 .66 x 10”2 .69 x 1072
8 17 1.05 x 1072 .92 x 1072
9 .16 .55 x 1072 1.99 x 10~2
10 1.25 x 1072 2.10 x 1072

16

a.

Average ¢ for the_tén‘évents -'1‘03Lx 10

Average o = 1,43 x 10~2 radians.

-2-radiané.
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The combined uncertainties;due to the.two effeété are o (proton) =
' 0.01 rad and o (aipha).- 0.025 rad, These effofs propagate 1n a compli-
"cated way to the determination of 9 (c.m.). The details are worked out

in Appendix C gnd.the.resuits plotted iﬁ‘Fig.VZB; The uncertainty in 6

is less than I.S‘deg over a range of 0 to 120 deg; aé larger angles the

error increases catastrophically.,
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V. EXPERIMENTAL RESULTS

' A. Comparison of Counter ifficiencies

To check for possible differences in the efficiencies of the side

" counters S1 and S2, the difference

Ay = a, (normal counter position)

i
- a; (interchanged counter position)

was computed for each bin. (The ai's are the corrected asymmetries in

~ “the ith bin,) The weighted average of n; over the 70 MeV data was

0.02 + 0.04. This is small enough that the "normal” and "interchanged"

data can be combined without further‘regard to spurious asymmetries due
to counter efficiencies. .

‘B. ‘Normalization

The detgrminétion of the polarization of fhe'fnélaétically
scattered protons was described in Sec. III.‘B; Comparing the 80 MeV
data from carbon and CH2
The resulting polarization of the CH

targets yields a value of P(C) = 11.3% + 9.2%.
o beam including the 3% of the beam
(presumably unpolarized) scattered from ébjecté other than the target

is =37.3%7 + 3.3%. The error includes the unéertainty in the proton-

) . : |
proton polarization quoted in Ref. 18 together with the error in P(C).

¥
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C. Data and Curve Fitéing

Tables VI and VII gi&e the polarization P(6) de%ermined in this
experiment for elastic p-;Heh scattering.at'70'and 80 MeV. These quoted
vaiues do not include the errqf_oh'nonmalization. Only the statistical
uncertainﬁy is shown. Tﬁe defivation of the formula used ih computing
the éfatistical accuracy is given in AppendixAD,

A phase shift analysis was éttempted_fo get a best fit to ali the
aVailab;e daté between 60 and 100 MeV. This includes:

1. Pdia;izgtion at 63.3 MeV27

é. Polarization dnd;differential cross section at 66 MeV28

3. Polarization dafarof this”experiment-

4. Polarization at 96 MeV29

5. 5ifferen£fal cross section a; 93 aﬁd.98 MeV25
The curves computed from the phase shifts.are shown in Figs. 16 and 17,

along with the data points. A more detailed discussion of these phase

shift solutions is given in the next section.
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. : I ' .
Table VI, Proton pelarization in p + He elastic scattering as

a function of c.m. angle for 70 MeV incident kinetic energy.

6 (deg) : ' ’ ?ola;ization . Error
23 + 3 .716 | .21
28 + 2 .260 ' .15
322 . 008 | | 13
36+ 2 .136 , .1k
ho £ 2 -.198 i
by + 2 -.192 .17
L8 + 2 . Okg ‘ .19
53 3 016 21
59 + 3 111 g .25
65.5 + 3.5 ' .Ol3 .32
95.5 £ 7.5 . -.163 .37
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. L
Table VII. Proton polarization in p + He elastic scattering as a

function of c.m. angle. for 80 MeV incident energy-

6(deg) ' © ' Polarization - Error
25 + 3 ST | .20
30 £ 2 .08k .19
bt 2 608 .18
38 t2 .150 | - .20
ho + 2 .093 | ‘ : .21
b7 + 3 o1 .19
53 * 3 - 035 | S
60 + L - .119 .26

69 - 531 .35

14
i
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" VI. DISCUSSION

Evidently, a few data points at some isolated energy provide very

little imsight into the structure of an interaction. A useful technique

for organizing and understanding the results of sepérate experiments on

i 'a particular scattering system is to parameterize the data in terms of a

given number.of partial-wave amplitudes. ' The phase'shifts obtained in

this way shogld vary smoéthly with energy. Their behavior can be quali-

. tatively understood in terms of intermediate-state resonances,vébsorption”

"in various angular momentum states, etc. -

: A. Phase Shift Formalism

The equations used to obtain the

sections as functions of the phase shifts31 are as follows: The differen-

tial cross section

1

5(0) = le(@)? + In(e)]?

and the pblarization ‘ .
= p(o) = 28 [gz(e) h(6)]
le(e)|® + In(o)|?

non spin-flip and spin-flip scattering amplitudes

where g and h are the

respectively, given by . )
I - | Zmax 21¢£ O b
g(e) = fc(e) + 2:. e [%£+1)Az¢ + ZA?;] Pg(cos'e)
£2=0 S

and B
s oig, | a9
n(e) = %" e Z [A“ : Az_] P;‘ (cos 6) -

The partiallﬁave amplitudes A£+ are written in terms of the phase shifts

as ‘ : ‘ 215z
By ©

- 2ik

£-1

‘polarization and differential cross
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The n£+'s are the absorption parameteré. They are equal to one if the
scattering is purely elastic. 1In general 0 < n < 1. The Coulomb ampli-
tudes and phase shifts fc(e) and'¢£ are given by -

fc(e){= - SK (qésec= 6/2)2'

X exp [— 2in log (sin Q/Qﬂ

‘exp(Eiﬁz) = FEZ + 1'+'in;
T -1+ in

S .
The resulting equations for o(6) and P(9) as functions of n,, and

82 are much too complicated to solve analytically.. Insfead a computér

i

program was used to make a least-squares fit to the existing data. A sub-

routine was written that, for each tentative set of phase shifts and

absorption parameters, calculates the quantity

eSO | 0 )

| Ao (6)- . bp(e)
: G 3 o
as well as ——  and for all values of £ between O and 2 .
By, o 0+ ‘ . max

The superscripts c and exp iﬁdicate the calculated and experimentél values of
the data pbint, respectively, and A indicates theicorresponding uncértainty
in the data. The summation is .over all eiperimental quantities being consi-
dered. Starting tﬁ;nvffom sd@é'trial-set of 5's and 1's, a variable metrié
minimization routine30 varies»thé pérametefslin-the direction of the negative
ofbthe gradient §f X2 until a minimum'is fo;ﬁd;j The{program is‘arranged so -

that the n's are constrained to Iie'between zero and one and the search

‘does not go too far afield from the.initial values of the parameters.
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B. Results .

The p + e scattering data up to 55 Mevlhave-been extensiVely
analyzed.n’lz’ls’%1 Except for the results of Giamati, Madsen, and
ihaler at 40 MeV, the putlished phase snift selutions_are all qualita-
tively consistent'withvone another, Their,general_features are.as follows:
The s-wave intefaction'is strongly repuisive. ihe P3/2 phase shift is
resonant about 2, 6 MeV lab energy, while the p1/2 peaks at a slightly
higher energy. (Actually, ‘there is a p1/2 resonance at 10.8 MeV lab
energy. The phase shift does not go through 90 deg because of its repul-
sive “hard sphere compenent, See Refs, 6, 7, or 8.) The interaction is
generally attractive in thevp; d, £, g'states and strongervin the
Aj = L+ 1/2 states. The g7/2 phase shift is consistent with zero up to
60‘MeV. The: inelasticity parameters can: deviate from unity only above
23 MeV. There is relatively little s-wave absorption, and although the
points are scattered considerably,_the absorption in the higher partial
waves increases with increasing ‘energy.

vProbably none of the solutions above 20 MeV are unicue,'but so
far it has been possible to necOgnize spurious solutions 5& comparing
them with results at lower enefgies. We have done phasesshift searches
at 63.3, 70, 80, and 93 MeV with this pcint.of.view.».Fifst at 63.3.ﬁev
~ a solution was sought in the vicinity of the 5§'Mev fesnlts given in
-Ref.‘iS.__Vhenﬁa solution was found it nasfuse&'as the_startingipoint for
the searen'at'76;MeV and so on, Each solution'was perturbed in random
steps and feesearched at least ten times. 5Vatiqus bizarre selutions were
encountered in this way, snt_only_One set of,solutions was found which
Aconnected the fpur energies reasonably. These.results are givenvin
Tabies VIII through XI. | | |

In order to obtain solutions at 70 and 80 MeV it was necessary to
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interpolate betWeeh'theiﬂifferential'cross section data at 66 and 94 MeV.

This can be done plausibly since the differential cross sections at 55,

- 66, 93, and 147 MéV, when plotted as functions of momentum transfer

q = 2k sin 6/2, are nearly congruent over a range of q from 0.4 to 3.0
f-lg i.g., ffom 10 to IOO.deg in ;he.center of mass. No attempt was made
to fix the DCS outside of tﬁis interval.

The standard errors fqr each of the phasé.shifts and ébsorption param-
eters are listed vin rlianbles VIII through XI together with the goodness of
fit.parametgf X2._ The errors reflect‘not;bn}y the quality of data
used for eééh-fit but also the extent to which the data can constrain the
phase shifts. The>anomalous1y large erfdré bn-#ome of the 70 and 80 MeV
parameters, especially 61_, arF due to the lack of any poiarizétion or

DCS data at backward angles rather thanlaﬁyvdéféct in the fit of the

extant data. The X2 at 94 MeV is too‘high, moétly because of a poor

fit with the small angle DCS data.

A maximumvangular momentﬁm of 3,215 Waé dSedvat each energy. Including
i-wave phase'shifts'did'not noticeébly improve thé fit, even at 93 HeV. |
5 Thé phase éh%fts obtained at the fdur energies are_Cdﬁpletely
éonsistent'amonékthemselyes'as wéil as coﬁSistg#t with the resuifs at
lowe¥ energieszf‘The seﬁé§¢ phase shift is cbﬁstant at -135 deg while

[

the p3/2 and pi/g terms continue -their gfadugl degliﬂe from resonance.

The -d wave phase shifts persist in.the order of 10 to 20 deg with the

~ characteristic inverted doublet structure;4thebhigher partialvanes are

all small.
The absorption pafémeters do not preéehf so consistent a picture.
Their values are widely'écattefed between_O.E'and 1.0. Only the s-wave

absorption and the absorption in the higher angular momentum states is
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relatively constant. The others tend to decrease with increasing energy.
The polarization curves caléula;ed from the phase shifts are
shown together with the experimental points at the four energies“in

Figs. 15 through 18,
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Table VIII. Phase shifts at 63.3 Mev 2

F

State & (rad) error. : 1 error

”» T .039 ot 112
_P3/2 .813 .073 ©.962 | .115
Pl/e 420 | .05k ‘ . 863 - .075
Dy /s Ao o8 716 136
D3z .185 : o3 .T49 .037

72 .215 . .027 .ok8 .058
Fs/o .079 .032 . .823 .034
Gy /2 ' .Ok1 | . 026 : ?gdp .037
07/2 -.002 _ .018 f89o .025
Hii/n .038 .919 .827 . .Quo
1{9/\2 .003 .012 | .9ks5 - .030
a x? = 11. with 4k data points.
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Table IX. . Phase shifts at 70 Mev.2:

State o) (rad) Errér M ‘ _ Er;or
S1/5 . 132 ;1u1v o 1.0 0.10

P3/2 .702 | . 104 ‘ . 860 .273

P /n 381 L6712 771 597

D5)2 } .316 .12k o 699 .125

D3/p .072 1 .127 o .707 112

F7/2 .2h1 ; ;117, - 767 ~187

FS/2 -.102 .118 - | .916 .213

G9/2‘ . 080 .073 o ..689 L1600 .
Corp --130 117 .919 . .115

Hiyjp 11k 062 615 L6

Hyp - 12 088 | 9% 086

a2

%% = 7.6 with 4O date points.
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Table X,' Phase shifts at 80 MeV.""

State . 5 (rad) Erro; Error
51/ .708 563 .938 .296
P2 .397 - .072 .661 .375
P1/2 _ .689 .729 .985 .031
D5 /o 177 - .260 -703 . 125
D3/n 487 .051 990 .202
F7/2 .105 7502 .790 .116
F /o .320 ,189‘ 715 .26k
09/2 . 065 .281 .881 . 133
QHE -.027 ' 217 f%B uxml
/o -.051 .170 -995 .022
Hy /o -.03k h - .h36 2+ 710 413

a. 2 . '
© X = 12.2 with 39 data points.
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Table XI. Phase shifts at 93 MeV.>'

. ' :
X = L46.6 with 38 data points.

State . ? "% (rad) Error noo _ Error
$1/o .70 .073 1.0 0.10
P3/o .555 066 -781 .091
/o . 523 .102 . 922 .12k
Dg /s .297 . 080 654 .056
D35 .285 . 126 . 565 .086
F7/2 .138 .056 .736 . 058
Fs/o -+002 . 092 . 522 .091
G9/2 . 09k .029 .83k . 053
G /o -.069 .ob7 .67k . 099
Hil/2 ‘ .Q20‘ .015 .951 .038
Hy /o .012 028 ..okl .058
a.
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Fig. 15. Recoll proton polarization in p + He elastic scattering at
_63.3 MeV as a function of c.m. angle. The data points are Trom

Ref. 27. The solid line is a polarization curve computed from

the phase shifts in table VIII.
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‘ Fig. 16. Recoil proton polarization in p + He4 elastic scattering at
70 MeV as a function of c.m. angle. The data p?ints'are from
this experiment. The solid line is a poiarization curve computed

from the phase shifts in table IX.
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Fig. 17, Recoil proton polarization in p + Hé4 elastic scattering at
80 MeV as a function of c.m. angle, The data points are from
this experiment. The solid line is a polarization curve computed

from the phase sﬁifts in table X.
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Fig. 18. Recoil proton polarization in p + He elastic scattering at
96 MeV as a function of c.m. aﬁgle. The data points are from
Ref. 29. The solid line is a polarization curve computed froum-

the phase shifts in table XI.




SQMhARY AND CO&CLUSIONS L

We have used a helium-filled streaner chamber -- !a deviée
that has not been previdusly used in a'praCticaI experimental situation
- to observe the scattering of protons in gaseous helium, - With the
help of an image intensifier and special“high-VOltage equinment, we were
ablé to ohtain consistently good photographs over many hours of operation.
The system made possible good resolntion, in the projection node, of
tracks which differed greatly in ionization demsity. Sinceathe gas in
the streamer chamber naslused as'the scattering'target,'ye were able to
observe vertices involvinégsome very loweenergy particles.‘ This tech-
niqne will be useful in many experiments with low-, and intermediate-

_energy interactions. ” _

The recoil proton polarization‘invnv+ He4 elastic scattering‘was
measured at 70 and 80 MeV incident proton energy. With this data, as
well as that at 96 MéVland lower energies, the polarization at forward
angles‘is essentially determined from zero.to 96 nev. The forward polari=-
zation peak, whieh increases with increasing energy above 70 MeV, makes

,helium an attractive analyzer for polarized nucleons at these energies.
. We have completed phase shift analyses of the 63 3, 70, 80 and 96 MeV
data and obtained solutions which vary smoothly with energy and are ”

consistent with results at lower energies.*

Ly
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APPENDICES

A. Theory of Streamer Formation

‘Consider a free electron moviné thrbugh a gas under the influence
of gn electric field E. The électrbn will be accelerated toward ;he |
anode; it soon loses its enefgy by;undefgoing,an 1onizing collision and
is then reaccelerated. The numbers of electroné in the.avalanche grows
exponentially accqrding torthe law | |

N =X, .-_. | _ . €¢)
whgfe a is the number of ions produced fer centimeter of path length x

along the avalanche. « (usually called’ the first'ibnizétion coefficient

or Townsend'coefficient) is a function of the pressuré of the gas and

the external field as shown in Fig. 19. The avalanche length increases at

a rate equal to the average velocity éf a free electron in the field E.
In helium the average electron velocity and the electric field are nearly

proportional with mobility constant

. w =7.6 (10)° _cm/sec :
: volts/cm ¢ mm Hg

As the eléctrbns are swept forward in the electric field they also diffuse
lateraliy leaving 5eh1n&:them a cloud of sibwly moving positive ions.
Assuming th#t the.ions are ngarly statiqhéry, ;heir density is given by
~ the sbluti;; of CHé diffﬁéibn equé;ion for é point source 1n‘frée space,

| e(r) wem (-Femn). @
The diffusion coﬁstant'b also &epgnds,oﬁ fﬁé‘eiéétfic.field. Fér a
Maxwellian gas if 15 ptpportiohal‘tb the aﬁeragé energy of the electrons"
and to the elecc¥on_mobility; : v

S D=2Bav _" S €
Uav also dépendé on the electric field as shown.iﬁ Fig. 29..

Under the influence of moderate electric fields the avalanche

L]
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Fig. 19. The first Townsend coefficient as a function of electric.

field for various gases. From ref. 33.
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‘propagates to the anode. :For larger E, however, the density of the posi-
tive ion cloud‘increases‘until its attraction on the faster moving
electron could becomes important. When some. critical ion density has
been attained this "space charge" exactly compensates the external field,
and the development of the avalanche StOps.v This would be the end of
the story without some new mechanism to propagate the avalanche.
Although the field.is zero in the vicinity of the head, it is augmented
in the region directly behind the electrons. As soon as a free electron
is produced in this region by photo-ionization a new avalanche sprouts
up.— The electron multiplication proceeds much more rapidly in the high
field, and the total region of ionization grows in a rapid haphazard
manner until it extends from the anode to the cathode. This development
is called the streamer phase.' S |

There is elmost no quantitative information available.on photo=~
ionization-processes in helium.37 Presumably the metastable states of
He at 19.5 ev are ionized’hy the photons from;recombining He ions. These
'photons have a maximum energy of‘24.5 ev vhich‘is far enongh‘above |
threshold for the mechanismato_he-significant. We canhexpect photo-
ionization cross sections'tno orxthree orders,of magnitnde below the elec-
' f tron ionizationecross section. ,This corresponds.to_a mean free path for
photons on the order of_several centimeters.: 6bservations of'discharges
in He streamerkchambersvshow'thatlthe propagation of avalanchesvdue to
photo~ionization hecomes noticeable in a time't < 10' nsec. If the high
voltage field persists longer than this the streamers fan out along the '
field lines behind the initial avalanche, and the discharge grows to fill
the space between electrodes.

Ideally, for maximum.spatial resolntion,‘the electric field applied

to a streamer;chamber should persist until the'space charge has stalled
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further electron multiplicetion, end then fall to'zero before secondary
~avalanches tecome noticeablelV7OBServations of the luminosity of tracks
in neon-filled streamer Chambers described in Ref. 32 suggeet that this . -
mode of opetetion is never actually obtained,vat least fot“photogtaphable
tracks. Presumably the pure avalanche mode could'be obtained with shorter
pulses than those osed in Ref. 32; but with a consequent loss in light
intensity. | | | |

The relatxonship between the amplxtude and duration of the elec~
tric field necessary to complete the development of the inltial avalanches
may be obtained with the help of the following approximations. Denote
the radius of the head of the avalanche by r.j lf we assume that most of
the ions a:e contained in A roughly citcdlaf‘fegion of radius_f = \/ZE?'ac
the head of the avalanche, their'fielde

E_ = Ne . W
| 32ne,ub b

N is the number of iops.in the avalanche!”aod Eq. (3) has been used to
eliminate the diffusioo‘constapt. Both’kx and Uav depend on the total
field'gc the heed of the avalanche, and as E_ begine to cancel the eiternal
field « decreases and the rate of streamer growth slowe down, We can
calcolate approximately the‘varidus pafaﬁeters at this stage of streamet
development with a simple approximation° éssumé that d, Uav,.and the
average electron velocity are constant for a time t given by |

T s
until Er just eqoels the external field:whereupoh the avalanche deveIOp-;d
ment stops.v E is just the external electric'field._ From Eqs..(éj and (5)
the Meek condition will be satisfied when

N-:B"zﬂ":‘ouavx . ' (6)
5o .
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'U; vatries slowly with the external field U;v U&loyyoltsifor most.

applications. f

 Now suppose we wish to operate a chamber with a spatial resolu-

'tion equal to X along the direction of E.v The total number of ions in

each avalanche is given by Eq. (6) The first Townsend coefficient is
then obtained. by inverting Eq. (l), and ‘the external field required to
sustain this value of a is obtained from Fig.“19.v Finally, the duration
of the external field equals the time t given by Eq. (5) Some useful

values of x, N, E and t are listed as functions as gas pressure in
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Table XII. Selgéted Parameters at' Various Gas Pressures.
x Pressure -~ N I E : t
(mm) (atm.) , ' _ . (kV/cm) ’ (nsec)
1 1 Lsaoy R 5
1 : \ 2 . 1..8(10)7 : 2T 7
1 s  nLsao’ 15 3
0.5 1 9.2010)% 29 | 2
0.5 2 | 9.2(10)® 38 3
0.5 0.5 - 9.2010)° 25 | 1
2 . 1 3.710)7 13 s
2 2 s’ 2 20

2 - o 3007 10 ‘ 10
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B. Polarization Weighting Factors
The probability.fhéf.érproton’will scatter with an azimuthal angle
7 at some specified polgr‘aﬁgle 0 is
R(P) = % [14202(6) cos g] (1)
P, is the incident beam polarization and P(6) is the analyzing power
of the target particle.v The normélizationrconstant N is determined so
that the total probability of tﬁe recoil pro£on strikiﬁg one or the'other

side counter is unity; i.e., for an incident proton in the median plane

of the chamber

=2
Il

J[dQR(ﬁ)‘ o - (=)
| 2¢OL f 2¢OR + 2POP(9)(sin»¢OL - sin gOR 5

\

It

where ¢

o and Qb equal one-half the total azimuthal angle subtended by

R L

the right and left side counters respectively.

The observed asymmetry aefis

1 1
== dgR - = d
N RO R
left counter right counter , (3)
= % {Qb- - ﬁb'-+ POP(Q)(sin ﬁb + sin go )] .
o L R L ‘ R
In terms of NR’ the nuﬁber of particles scattered right, and NL the number
scattered left, the asymmetry is
N_ - N
a = b R , )

' 2
] %J + NR |
substituting (4) and (2) into Eq. (3) and solving for POP(Q) yields
"o, ~ Mo, (5)
POP(e) = ’ '

Nosin g. + N. sin ¢
R 01 L Op

For most events with go on the order of 20, deg, Eq. (5) represents a

correction of 49 to the analyzing power one would calculate ignoring
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the_finifé:width'of the counterg.

f‘If the incidgnt protonjdoeé nét lié.iﬁ‘the.median'plané ofvﬁﬁe'
chamber as was assumed in thé derivatioﬁ,‘a further smail éofrection is
‘added tO-Eq.'(S); ‘This term is_émall cbmpaféa with'dther expérimeﬁtal

uncertainties and can be igrored.

LI
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C. Angular Resolution

1. ' Streamer Broadening

Referring to Fig. 21 ) imaginé:a streamer of 1ength £ at a distanée
r from the optical axis O - 0'. If the péint‘of observation O is a distance
s from the qhamﬁer, the projectea width of tﬁe streamer o = ﬂrﬁ , so long
as s §> L. |

_Now suppose a track of length R begins at a distancex., and ends

at a distance x+ R cos 6 from the optical axis. The angle 0 is defined

in Fig. 22 . The width 8, at the Beginning of the track is

ix . '
61 =3 sin 9 ,

and the width

02~at the end
Z ’ .
62 = S(x + R cos e).s;n 8.

The actual trajectory must pass through the ends of the trapezoid. The

maximum angular error one can make by assuming the trapezoid is symmetric

with respect to the trajectory is

a = tan (El—i—ég—)
max . 2R
~ éggig_g (cos 6 + %5 )
In thié experiment
S = 120 in;
£ =5 in.
R=1-14 in.
X=0-5 in,

Averaging ower 6, X, and R we obtain a typical A oax = 2.2 deg corresponding

to an RMS error of 1.2 deg.



w78

----—---ﬂ'-------- I

r

i

|

-
| I
U
XBL 688-5650

Fig. 21. Coordinate system used to. calculate the apparent broadening

of a streamer which is situated at a point off the optical axis.
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Fig. 22, The trapezoid represents a broad tract located off the optical
axis. This diagram defines the coordinates X, 6 , and R which

‘are used in the calculations in Appendix C. 1.
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2. Propagation of Errors

[
'

‘Care must: be taken in estimating the uncertainty - in the c.m. angle 6
due to errors in the prOJected proton and alpha scattering angles e

and 62 since these errors propagate in two 1ndependent ways; i.e., our

_knowledge of the actual scatterlng angle_e1 is not only limited directly

by the uncertainty in Glp-but also by the7uncertainty in the azimuthal

2

Since the orlglnal and projected polar angles are related by

',

) P . .
tan,el' cos_g tan 91

P o
tan 6, = cos g tan 6, |

'we can deflne the ratio R<

. tan 6 P N tan 62
- ~ tan 0
tan 91 1

which is independent of @. It can be shown that for non-relativistic

elastic scattering

_R-B
cos 6 =R+ 1

where B = MI/M2 J 1/4. Now . | | |
08 _ d cos B | -1 dbcose' OR. i=1 2
WP - | Tde TTAR 3, P OV
aei T . : 91

all threewiactorarcan be enaluated by-Straightforward differentiation.

The standard error on 6 is then

[ 2 ' v_
so- 3 [~ 80t

i=1 ae.P
. RSt

58 is plotted as a function of @ in Fig. 23 for 691P = .59 deg and

06, = 1.45 deg.
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23. Uncertainty in the c.d.:angle due to the errors

p
681

scattering angles.

= 0.59 deg and aeg = 1.45 deg in the measured



D. .Statistical Accuracy of Polarization Data
In the notafion of Appendix B,'the-relétion»among‘asymmetry,
analyzing powér% and beam polarization is .
Pp(8) = a,
(We are ignoring the small azimuthai:accep;énce_ﬁo}). Suppose there’are

N events with angle 6. As an unbiéSed'estimaterfgr'P(e) take

, N
* 1 : -
PO=-® X 4
‘ -0 .
i=1

where ei = + 1 depending on whether the particle scattered left or right.

The variance of P* .
. s

(AR S )
W = (F=) wvep
' 0 .
: 1 2¢ , 2
N
NP
0
or, the standard error
' . 2
a(2) = 3 L %
: 0 N




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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