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' ABSTRACT

Backward elastic HCattering of protons from “He iﬁ the
tntormédinte energy region has blen studied bv measuring differf
engial cfoss.sections for ten proton cnergies between %85 and
500 MeV in the angular fange 1449 ¢ 16809 qp the laboratory system,
The p-~'"He aﬁa]yzigg'powers have also béen‘measurea “or seven energies
in the same angular region. In add£tionx difffrentfnl Cross sectionys
at six proton energies and analyzing ‘powers at three energies are
also presented fér the reaction “He (p,d) 3-He.

Tho‘elastiéNsbatteriﬁg Aifferential cross sections do not
show the marked backward peaking that has been,observed at both lower
and. higher energies. The poséible structure in the L8OO'elastic

4

scattering excitation function suggested for energies near 2QOAMeV
- ) . ‘
is not observed. The analyzing powers are large and negative, and

~

show strong dependence on both energy and angle. Changes in the cross

section“angﬁlar distributions, the analyzing power angular distrib-

x

utions, and the 1800 excitation function are all evident near 200 MeV.

The results obtained in this experiment are compared to previous

w

measurements.

In conﬁrast, Ehe “Hg (p,d) 3He differential cross Séctioné
are strongly Backward peaked. The cross.sections and the 1800 ex-
citation function forque'(p,d) are very similar to those for the
3He‘(p,p) reaction. The “He (p,d) analyzing powers a;e sﬁail‘aﬁd

negative, and show less energy dependence than do the p-“He elastic

scattering analyzing powers.

iv



" + N ° ; “
Several theoretical interpretations applictble to these

o ” ' .
ﬁatn‘are'djsvussed. The elastic scattering results are not in

close agreement with existing triton exchange model calculaticas
x

‘at the lower energies. Some phenomenological comparisons of the

\

“He (p,p) and "He (p,d) cross sections are discussed. Suggestions

are made for-possible theoretical calvulations and for future ex-

perimental measurements which may clarify the reaction mechanisms

involved.
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CHAPTER |
INTRODUCTION

The goal of this study was to measure differential cross,
sections and analyvzing powers for proton elastic scattering on
helium-4 ‘at large scattering angles for energiee between 185 Mev
and 506 MeV., If one empioye a particle exchange mechanism to ex—

plain the backward scattering cross sections, then it 1is expacted

that the large momentum components of the wave function of the

exchanged particle in the initial nucleus are probed and considerable

nuclear structure information could be extracted. Comprehehsive
polarization angular dlstrlbutions in the backward directlon we
also aid in Clarlfylng the details of the reaction mechanism, as
one is tth sen31t1ve to 1nterference between different amplltudes
The motivation behind the experiment, then, was to provide data
which would aseist in testing recent theoretical predictions in this
region. o | " o |

One of the first experiments on proton—“He elast1L scattering
at 1ntermed1ate (approximately 200~ 800 MeV) or hlgh energies (> 800
MeV) was done’ by Palevsky et al. (Pa—67) at 1 GeV. Another early
experiment was by MCMaqigal et al. (McM-65) at 725 Mev but over a

lim;ted angular range, Shortly thereafter, Boschitz et al. (Bo-68)

and Gotow,et al. (Gd—68)'did~experiments at 587 MeV and 540 Mev,

respectively, However, it was not until 4 measurement by Baker et al.

(Ba 74) which repeated the 1 GeV experiment and showed an important

dlfference from the Palevsky data (Pa- 67) that the interest in p-“He



scattering broadened considerably. Many theoretical papers followed
the early data. Most of these discussed the 1 GeV data (for example,
see Ba-67, Cz-67, Ku-70, Tk-72 and Gu-75). OtHer expérimunts followed
at 156 MeV (Co-75), 580 and 720 MeV (Ve-75), 600 MeV (Fa-76), 438, 6. -
and 1036 MoV (Be-/6a), and at 350, 650, 1050, and 1150 MeV (As-77).
The 1050 MeV data of (As-77) provided_the absolute normalization of the
Baker data, which was arbitrarily normalized. The majority of these
cxperiments concentrated on the.first minimum in the differential
cross section, the region of the discrepancytin'the 1 GeV data. Two
very recent experiments (Ge-77 and K1-77) independently remeasured the
cross sections at 1 GeV and both experiments favoured the Baker data
in shape, aithough they diéagreed in absolute magnitude. A recent
calculétion'(Wa—77) of é multiple-diffraction théory, including the
effects of the A(lZBé)—intermediate state process agreed with the
latest experiment;‘(ce—77 and K1-77).

A common characteristic of these data was that they were
limited to forward angles. Few data points (except Co-75) were taken
past Ocm: 50-707.  The intermediate angle fegion and the back angle
region above 156 MeV were largely unexplored. A second limitation was
that little polérization data existed. Experiments haﬁing ﬁolarization
measurements Included only McManigal (McM-65), Gotow (Go-68), and Klem
gE_gl.‘ (K1—77a),(again all in the forward region.

Recently, however, Berger et al. (Be-76b) measured backward
p—“He elastic scattering.cross sections at equivalent proton energies

(their experiment used a helium~-4 beam on a Hp target) of 298, 438,



648 and 840 MeV and tound some very interesting results. They re-
,r*il ported that tho'slopo of the cross séction near ecm= 186O was mildly
negative at 298 MeV, slightly positive at 438 MeV, and sharply
positive at 648 and 840 MeV. ‘
Previous experiments éxtending to the backward region at
100 MeV (Go-70), 147 MeV (Co-59) and 156 MeV {Co-75) all showed
strong backward peaking of the cross section. Only Cormack et al.
(Co-59) reported meaSjﬁing polarizations in the region. A single
data point also exlsted ;t 665 MeV at Ocm = 1690 (k0-70) .
In contrast to the scarcity of p—“He data, however, p-d
backward élésticiscattering has been exhaustively studied. F€om
* 14 MeV to 2.5 GeV proton laboratory energy, the experimental Aata
dispiay a backward peak rising from 1400 to 1800 c.m. by typically
. one order of magn%tude (Du-74 and We-77). Many experiments (for |
example, Vi-70, Al-72, Ko-73a and references in Du-74) have also
documented the "bump' 1in the ex;rapolated lBOoip—d elastic scattering.
cross section as a function .of energy  between 300 and 1000 MeV.
While one-nucleon exchange dominates the low-energy 180° cross
sections (Du-74), much speculation has taken place over the cause of
this 'bump':\ N*-isobar exchange (Ke-69) and meson-plus-nucleon ex—
change, the so-called trigggle graﬁhs (Cr-69 and Ko—73b,7for example)
have been among the mechanisms proposed, but neither approach has

been adequately shown to be solely respomsible for the observéd

phenomena (No-74 and We-77).
/{ Frascaria et al. (Fr-77) have mdasured p—3He backward’elastic_

scattering cross sections at 415, 600 ahd 800 MeV. Their data showed



small backward peaking and a much broader and less pronounced @

~
bump in the 1809 exgitation function than was evident for the
Wl

p—d case.
Returning to the b—“He picture at backward angles, Kopeliovich

and Potashnikova (Ko-71) performed a calculation in terms of the tri-

ton exchange model and predicted a sharp dip in the 1800 excitation
“function for p—qu scattering at approximately 190 MeV. After the
recent Berger experiment (Be-76b) was performed, Lesniak, Lesniak

and Tekou (Le-76) did further calculationrs on the triton exchange

model. Whereas Kopeliovjch and Potashnikova used the plane wave

-

Born approximation (PWBA), Lesniak et al. improved the theory by

©

taking into account the distortion o® both the incoming and outgoing
7

waves,.an effect found to be most important in that the PWBA cross
sections were reduced by one to two drders bf magnitud; at 438 and
648 Mev. ITheir theoretical calculations fit the expérimental results
(Be-76b) fairly well in magnitude,‘althougﬁ the shapes of the angular
distributions of the cross sections were not reproduced, especially
at 298 MeV. They also suggested that é minimum .might occur in the
1809 excitation function near 240 MeV. Lesniak et al. qualified this
.by adding: '"This structure at 240 MeV ma} be however displaced by
several tens of MeV or partially filled in by absorptién effects."
They went on to state: 'The width of the minimum (if present) may
be of .the ordér of 40-MeV or less." This theory, and others which

may also be important 1in backward p-“He scattering will be discussed

Chapter IV.



[t was decided to use the unique propérties of the TRIUMF
cyclotron (polarized béam, ecasily variable energy and oxcelléné
energy definitign)'to investigate p-"He backward scattering in this
important energy region: Crosé~section.data were taken at ten
energies between 185 MeV and 500 MeV, employing small (25 MeV)
eneréy increments beiow 300 MeV in a careful search for the predicted
structure in the cross sections. The analyzing péwers wefe measured.,
simultaneously at seven energies in’this range. Differegtial Cross
sections at six energies and analyzing pdwers at three energies are
also presented for the reaction l+Hed(p,d) 3He in this region. These
data will be compared to the elastic Scattefing of protons frém both
“He and 3He. | |

The results of these measurements are presented in the re-
.mainder of the thesds. The experimental apparatus 1s described in
Chapter It.. The experimental data obtained ;re presented in Chapter
III. Chapter IV discusses some theoreticél interpretations applicabie

to these data. The conclusions of the experiment are summarized in

Chapter V.
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CHAPTER TI
EXPERIMENTAL APPARATUS ) \

2.1 Choiée of Method

Moét experiments in nuclear physics at intermediate energies
can be performed in a variety of ways, with each method having par-
ticulaf advantaées and disadvantages. In planning an experiment,
each choice of method must be cérefully weighed. It was decideds
to perform this experiment using a liquid helium—% cryogenic t;rget,

and-detector telescopes consisting of a multiwire proportional

counter (MWPC), a plastic scintillator, and a Nal (T1) detector.

The cryogenic target was necessary, because the ve.ry low
Cross seﬁ%ions (100-1000 nb/sr) in the region dictated as dense a
target as possible to provid. reasonable counting.;ates in the
detectors. .A gaseous helium'target would have been less complicated
to design and to operate,‘but could not have provided the mecessary
target thickness without being unreasonably long (0.5 em of liquid
hgl%umfA is equivalent to 3.5 metres of gaseous helium at STP) .

Since the first excited state of lium-4 1s 20 MeV above

the vround state (Fi—73); high_resolutidn is ot required of the

detectors. ~ Thus, detector telescopes including a cylindrical Nai
(T1) detector (12.5 cm in diameter by 7.5 cm thick) with an overall
resolution of approximately 1% (St-75) were chosen for the experiment.

These telescopes had the advantage over a magnetic spectrometer (the



other common detector system‘used for these types of experiment)

that they que it mechanically (and economically) fedsible to mount
identical detector systems on either side of the beam, redgcing the. l
broblém; due to false aéymmetries, and the'time involved in col-
lecting reasonable data. This 1s especially important in cogsidering

analyzing power data., ¥

| The MWPC's werce used to determiné the posiﬁion of partiéleé
(ggzﬁ\the scattering éngle and vertical coordinate) asithey entered
the detector teleseépes. The MWPC's add an important degree of
freedom to later analysis of the data (see Section 2. 6), since the

-

fact that a particle passed through any given area of these counters
, 2

[y

could, at that time, be made‘Q requirement fo; further anaiyéis, in
additioh to the on-line, event-defining ldgic. In this regard, MWPC's
have the advantages that fhey are much less massive than collimators
would need to be for ‘the particle energies invoiyed, and have none of
Lhe edge scattering problems that éollimators have.

The back telescqgpes, measuring the angle and energy af. the
séattered protons, kinematically determined the ‘react 1, but adaition—
alvtelescopes with . a MWPC and a passing counter detecte. nlpha parti-
cles in the forwgrd diréction. - Protons scattered from He between
GLAB = 1440 and 1689 have associated recoil alpha particles betweeﬂ
130 aﬁd‘4o, as can be seen in Figure 1. The 'proton and alpha particle
4energies in these angular ranges are shown‘in Figure 2. The proton-
alpha coincidencerequireméntproﬁided redundant kinematic information

- that was extremely beneficial in minimizing Baékgrounds in the éxperi—

nt.
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2.2 .The>Accelerator and the Beam Line

The experiﬁent was performed on the external proton beam
line 4B of the 525 MeV TRIUMF cyclotron, a joint project of the
Government of Cénada, the University of Alberta, the University R
of Britiéh Columbia, Simon Fraser University, and the University
of Victorin.‘ TRIUMF is a’sector—focussed H cyclotron which
" has been 'scribed in the lite;;zaxc (for exaaple, Ri~65, Vo-66,
Wa-70, Wa-71, Ri~73, and Ri-75). “ v ' A ’ 7
Two ion sources were available when the e*periment was
performed, an unpolarized H source (primarily used during.high
‘cucreﬁt (> 1.0 uA) operation for meson producfion) and a polarized
H source of the Lamb-shift type (which prodcced low beam\currents
(< 20 nA), primarily for nucleon-induced experiments). The polarized
source (Ro 72, Ro-75) produced elther p051tlve polarization (spin up),
negative polarlzatlon (spin down) or zero polarlzatlon this polari-

zation could be remotely selected, elther from the main cyclotron

e

: L _ |
control room or from the experimental station. The polarized source ‘\}
o . . 1 o . /
produced up to 807 pol-vization during the experiment, with normal
operation near 70%. - sources were used for the experiment, with

v

typical beam currents on taréet of approximatcly 3-5 nA, although "
occasionally higher cr lower currents were uéed. |

Beam lipe 4B is shown schematically in Figure 3. EXT4 (an
abbreviatiqh for extraction probe, beam line 4) is a device which
strips che H ions to H%.ions. These-ions then curve in the opposite

direction in the main magnetlc field and come out of the cyclotron

providlng nearly 100% extraction efficiency This probe, or stripper,
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“a

Is a thin foll or wire.of various shapes and materials (cg. carbon

or n]uminum),’dcpcnding on operating conditions defined by the desired

Intensity and the beam propcrties requested.by the other cywlwfron
users working in thcAmcson.production,area. The stripper cau be
moved to select any energy between 185 MeV and 525 MeV. The
Astripper position“and the value of the cyclotron magnetic field
enable beam energies to be determined to within + 1 MeV, CM4 is

a combination magnet, collecting the H% beam and bending.it into
the beam line. Quadrupoles 4vQl (beam line 4, wvault section,
quadrupole number 1), AVOZ and 4VQ3 and a small steering magnet
4VSM1 (prov1ding steering in the vertical direction) positlon the
beam at the entrance to the bending—magnetsn If the.bending magnet

4BVB2 1is off, the firgt bemding magnet 4VE] directs 'the beam along

~beam line 4A: If 4BVB2 is on, the beam is directed along beam line

4B. Quadrupoles 4BQ4 and 4BQS5 and” steerlng magnets 4BSM2- and
4BSM3 focus and p031tion the beam at 4BT1, the target position used
for the present experiment Quadrupoles 4BQ6 4BQ7 and 4BQ8 collect
the heam after the target and focus it into. the beam dump

‘The elements labelled 4VML, 4VM2, 4BM3, 4BM4, 4BM6 and 4BMS
are, beam profile-monitOrs, normaily wire chambers‘or 'harps B which
present a wire-by-wire profile of the beam in two dimen31ons to the
control room. This information is used to tune the beam line to

a particular energy Or to monitor the beam profile after the target

'

(4BM6) to ensure that the beam does not drift off center or defocus
with tipe. 1In addition, a scintillator Sscreen mounted at the target .

position 4BTl viewed by a. closed circult v monitor is also used

~

~



N o
for beam tuning purposes. - During the experiment, the.beam spot
at 4BT1 was normally approximately 1 cm in diameter, with occasional

beams, espeeially at lower energles, up to 2 cm in diameter.

’
&

2.3 The Liquid “He Target

2.3.1 THe.Cryogenics of the Target

As has beeg discussed in Section 2.1, the experiment was
performed using a liquid helium-4 cryogenic target. The cryogenic
featurgs of the target are shown in Figure 4. The target was de-
‘signed with vapour-cooled thermal radiation shields, similar to an
Orsay liquid heliﬁm target "(Bu-70). Two concentric thermal radiation
shields, 'f'-gnd 'g', surround the main hélium reservoir 'h' to
prevent direct heatdtransfer from the‘BOOQK outer vessel to fhe 4.2%
helium reservoir. The shields are cooled by cold helium boiloff gas
frdm the ﬁain reservoir, which passes through 0.3 cm i.d. copper tubing
soldered in helical fashion to the: shields. Thinwall stainless steel
tubing links are used to isolate the tﬁree main components thermally,
‘with couplings 'd’ utilizing replaceable aluminum géskets to.allow for
disassembly. Three nylon bolts, 'o', 120Y apart serve to kéep each
shield concentric witb the reservolr or .the inner shield, to prevent
'contact»betweeh these co#ponents. (Nylon is used because it has low
thermgl_coﬁductivity and becausevit does © ~ecome brittle at cryo-
genic.temperatures.) Any direct éontact would destroy the thermai

isolation and cause the liquid helium to vapourize. ‘A cylindrical

copper extension 'p' to the outer shield surrounds the-sample cell region.
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The helium target cryogenic det g irh (a) fill inlet,(b)
interior pressure gauge, (c) & t line, (d) mechanical
coupling, (e): vacuum system connection, (f) outer and (g) inner
radiation shields,(h) main liquid “He vessel, (i) cell boiloff
standpipe,(j) fill tube receptacle, (k) target cei_, (1) dummy
cell,(m) vertical position stop ring,(n) rotat:on sprocket key,
(o) spacer bolts (1 of 3 shown), (p) radiation shicld extension,
(q) bottom—sPacers, and(r) scintillation screen. The scale is
only approximate, especially for small dimensions.
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Another spacer 'q' keeps this extension and the outer thermal
shield coﬁcvntriw with the outer vessel.

The reservolr, phv exterior surfaces of the two radiation
shiclds und‘the feed und bofloff tubes to the target cell are all
insqlatéd with eight to teﬁ layers of crinkled, aluminized mylar
(supcrinsulntﬁon) alternated with layers of nylon mesh to thermally
separate each layer of aluminized mylar. 1In addition, the bottom
extension piece is wrapped with one layéf of superinsulation so
that heat cannot pass directly to the sample cell from the outgide.
With this.insulation, the reservoir (15 litre éapacitf) suffices to
keep the cgll full for up to 36 hours.

Another feature of the target was the ability to change
target cells with reasonabic ease to accomodate different experimental
réq@irements. Tagéet.éells, shown in-Figure 5, consist of brasQ or
stainless steel bodies With 5.0 cﬁ square apertures; and with thick-
‘nesses of 0.5 to 2.0 em. The target cell used for the present experi;
ment was.O.S cm thick (nominally) and was constructed of brass. A
brass cell was Qsed_because 1t was much easier to attach windows to
it. These windows (25 ym nickel foil) were soldered directly onto
the cell bodies. Thin plates were bolted onto theibbdy on top of
the nickel windows to prevent ;ge foil from peeling off under the
one atmosphere (or more) pressure that is exérted outward from the
target cell during operation.

Ofiginally, the cells were attached to the main tody of

‘the cryostat with a coupling using indium seals. A groove, 1 mm wide

and 1 mm deep was machined around the feed and boiloff apertures on

15
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the top of the cell bodv. These grooves were carefully“filled with
indium wire and the cell body was bolted onto a stainless steel
block at the end of the tubes coming down from the reservoir. This
block had two matéhing projections on it and when the two parts
were bolted tightly together, the indium wire was éxpepted to flow,
making a leak-tight seal around the two apertures. ?owever,
difficulties were exper{enced due to the repeated failure of these
seals under thermal cycling, so a more étraightforward coupling
method was adopted. Two stubs were hard-soldered onto the top of
the sample cell (see Figufé 5), and the bléck §n the feed and
boiloff tubes was removed._uThen the stubs on the sample cell were
passed over the ends of the tubes and soft-soldered into place.
Although some care had té be taken during this soldering due to the
abundance of extremely flammable superinsulation in the immediate
vicinify, this methéd-of attaching the target cells has proved to be
very réliablq, even after repeated thermal cycling.

As can be seen in Figure 4, the target cell is gravity
filled, with liquid helium entering the cell from the bottom. The
heliﬁm gas boiloff emerges from?a top hole in thé céll through a
25 cm high standpipe 'i' inside the .reservoir, in order to minimize
the accumulation of gas in the target region.

The insﬁlating vacuum sbace is pumped with a standard 5.0 cm
diameter oil diffusion pump, backed by a mechanicalﬂpump which is
also used to pump out the vacuum space to a rough vacuum. The valves
_in the vacuum system are pneumatic and are controlled by a prétective

interlock system, utilizing thermocouple vacuum gauges with setpoints

17



connected to the interlock circuitry. Should the cryostat pressure

or the pressure in the diffusion pump rise past these setpoints,

\

valves are automatically closed and the diffusion pump heater is
turned off to prevent damage to any part of the system. A high
vacuum lonization gauge is monitored continuously from the remote

-

controls location, as are valve positions and the reservoir level

(this latter capability was not utilized during the present experi-
ment). Typical pressures in the vacuum vessel were 3 x 1073 Pa at

room temperature, 6-10x10"" Pa with LN, in the reservoir during the

precooling period, and 1-4x107" Pa yith liquid helium. (The many

layers of superinsulation inside the cryostat trap air and act as

virtual leaks, making the room temperature pressure‘higher than
might be expected.)

A typical start-up sequence began by pumping the cryosfat
to.a high vacuum for at least eight hours, and pfeferably twenty-
four hours. Then the helium reservoir was filled with liquid qitrogen.
This p;ecooling stage allowed the radiation shields to be cooled byl
the ﬁzibdiloff gas and lasted another eight to twenty-four hours.

Then the iiquid nitrogen was blown out and a small resistive heater

.

heated the target cell to about 90°K to ensure.that the liquid nitrogen
was exhausted before the liquid helium transfer was 1nitiated. The

liquid helium transfer tube was inserted into the feed line "j' in

the reservoir and a sufficiently high pressure (= 13 kPa) was
maintained in the helium container to ensure an adequate flow of cold

gas through the targeE cell and then through the relatively long

radiation shield tubing. When optimized, the initial transfer rate
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was 3-4 1itres.0f liquid helium pwr.hour and approximately 2% hours
were required to initiate liquid for: .tion in the target vessel.
During initial tests, diode sensors v re insfalled on the target

cell and .on the inner and outer radiation shields,~iﬁ ordervto
monitor the cooling rates. The shields reached u]timéte low
temperatures of 20°K and SOOK, respectively, Approximately 30 litres
of liquid helium were required for the ini;tﬁI\iiL.ing. The target
"was refilled routinely every 24 hours, with a re {11 typically, re-
quiring one half Hour. The helium lifetime was so constant during

the experiment that it was not necessary to use the reservoir level

sensing apparatus.

2.3.2 The Target Positioning Mechanism

A nécessary addition to the target is an empty target cell
that can be quickly inserted into the beam to determine contributions,
if any, from the cell body and the windows. The‘target assembly
therefore includes a "dummy' cell and é scintillator screen for beanm
focussing and alignment ('1' ang 'r', Figure 4, respectively), ' as
was discussed in Section 2.2, A remoﬁé controlled taréet eléyator

- 1s used to position the assembly at any one of the three positions.

o

In addition,‘som% experimental detector configurations, eg. detecting
scattered particles gear 900, reqﬁire that the target be rotated
about a vertical axis. The target elevation and rotatioq system
accomplishes both of thesé motions while maintaining the beam line

vacuum integrity, Figure 6 shows thege systems, wididhm target in
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the lowest position (Figure 6(A) ), which 1is the real target
position, and in the middle position (Figure 6 (B) ), the dummy
target position. The elevation system is pneumatic, with che
cryostat mounted inside a brass cylinder 'd' that serves‘as a
pneumatic plunger. Lifting 1is accomp11Qhed by openl;g a Solen01d
valve to a compressed air line 'e'. The air, entering the expansion
space 'l’ provides the llfting force against the large atmospheric
loading. Lowering 1s accomplished by opening a venting solenoid
valve. 'Microswitches sense that the assembly has reached the de-
Siled position and close the appropriate valve as well as sending
a confirming‘signal to the control panels. To reach the middle
position (Ehe-dummv cell), three equally spaced plungers 'f" are
activated and act as stops .against which the cryostat stops.
Therefore, the middle position must be reached from below (the full
target) and the cryostat may not go from the- middle to the high
pOSlticl without being lowered first to allow the plungers to re-
tract. Rotation is accomplished via an electric motor 'b' with a
chain drive 'c' and a direct potentiometer angle readout. : (The
target rotation capability was not needed for the present experiment.)
A set of four O-rings, one above the expansion space '1',
two immediatel? below the space and one further O—ridg at the base
of the brass cylinder 'd', serves as a combination sliding—rdteting
seal. This last 0O- -ring 'm' had to be added when 1t was determined

(
that the brass cylinder which was a casting, was porous,'allowing

.

air to seep past the upper two O-rings and enter the vacuum- space

'i' below. This added O-ring corrected the deficiency to the point
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where tests showed  that the lifting operation had a minimal

effect on the rough'beam line vacuum.

—

—
2.4 The Scattering Chambers and the Detectors

2.4.1 The Scattering Chamber

The general features of the beam line were presented pre-~ .

o

viously (Section 2.2). 1In thisgsecﬁion, the apparatus directly
associated with the experiﬁent‘will be disc;ssed. This apparatus
is shown in Figure 7.“The scattering chamber used for the ex-
periment wagsa '~tangular box, measuring approximately 80 cm long
by 60 cm Qidé with an extension piece, the "horn', attached down-—
streém from the target. This horn, i85 cm lbng and 142 cm wide at
the large end, permitted the detection of scattered partigies‘in
the angular region from 3% to 150, Also, since the scattering box
ana the horn were maintaiped at a rough vacuum,jﬁél}iple scattering
effects of a long flight patﬁ were minimized. Tﬁe upstream end of
the scattering box had a flange on it, enabling scattered protons
to emerge through thi; windows over the angular range from 1410 to
1729, 1In addition, the sides of tge box had ape;tures enabling
particles to emerge through thin windows between 350° and 1050,

The windows on the upstream side of the box consisted of

130 um Kapton-H foil,* while the side windows were of 250 um Kapton

*Kapton-H Polyimide Foil, E. I. du Pont de Nemours and Co.
Inc., Circleville, Ohio 43113.
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foil, as were the windows on the horn. Also at the exit of the

horn, thin sheets of aluminum, from 0.079 cm to O,3i8 cm, depending‘d
upon the beam energy, served to prevent low energy electrons from
entering the detectors In addltion the helium target ‘had 80 ym

of Kapton around the target ccll to separate the (good) target

. vacuum from the (rough),scattering box vacuum. A thin metal foil
(7.5 un‘aluminun)'was placed in the beam line at the entrance to

the experimental area to separate the main machine vacuum system

from the ekp rimental vacuum system

24,2 The Polarimeter

About 250 ¢m upstream from the helium target location a
polarimeter was located to monitor the beam polarization durlng
the experiment, Elastic proton- proton scattering was chosen as
the calibrating reaction because of its relatively flst cross
section and because the angle at which its analxzing.power is maximum
changes slowlf with the beam'energy; The polarimeter target was a
5 mg/cmg CHy foil; p-p scattering was measured at a laboratory angle
of 17%. Two detectors on each side of the beam (see Figore 7) formed
a telescope which detected scattered Protons at forward angles whn%e
other detectors, located inside the vacuum chamber, detected the
corresponding recoil protons. Detectors L1 and Rl (see Figure 7)
determined the solid angle acceptance of the system. These detectors
were oriented to have a solid angle independent of beam p051t10n at’

the target This was done by rotating L1 and Rl so that they pointed



a

to a position downstream trom the polarimeter target. With this
configuration, If the beam moved so that the scattering angle

to L1 was larger (smaller cross section), then the effective

»

ssolid angle defined by Ll would increase so that the count rate
would be approximately independenﬁ of the move. wLead shielding
was placed around the polarimeter to reduce backgrounds from the
polarimeter and the beam line foil in the primary detectors.
Coincidences L1~E2;L3 and R1-R2-R3 were CGQnted, as were
accidental coincidences between the same detectors with one signal
(L3 or R3) being delayed by 43 nsec, the time. between conseCutizS.
beam pulses from the cyclotron. Typically, accldental colncidences
were less than 1% of real coinciéences, with occasional runs having
accidental rates‘up to 2%.V A remote controlled polarimeter target
changer was used to change to a garbon foil, so that éontfibutions
to the measured polarimeter asymmetries from C (p, 2p) could be
measured under identical beam conditions. The corrections to the

‘measured polarimeter asymmetry due to carbon are given as a function

' of beam energy in Figure 8.

2.4.3 The Principal Detectors

Thé principal detectors for the‘experiment were mounted on
four detector support-arms or "booms'. These booms, which were re-
motely mo&able, were denoted by FL (front (i.e. downstream), Left),
BR (back, right), FR and BL, és were the detectors mounted on eac%

boom. Tﬁe four booms and the positions of the MWPC'S and thevothér

U

[
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counters on the hooms are shown in Flgure 9. The booms are 200
wide in order to accommodate a variety o de vetor configurations
and for greater stability. 1In order to allow the detectors to
cover the required angular ranges, the detectoré were mounted at

¢ edges of the booms, as is shown in Figure 9. The detectors on
the front booms were mounted 70 toward smaller angles, while de-
tectors on back booms were mounted 69 towards larger angles. These
offsets were determined to an accuracy of %O.OSOJ\ The centers of
the forward detectors were able to see scéttefing angles as small
as 40, and the centers of the backward detectors could observ.
particles scattered up to 1687,  The limgts in both cases occured
when detector mounting fremes encountered the beam pipe or its
sSupports.

The boom angles were determined o an accuracy of 0,10 by
€7

"

a system of fine slots, one degree apart, machined into a large ring.
>
A photosen81tive cell looklng through the slots at a llght —emitting
dlode emitted a signal when the boom was centered on one of. the slots.
Larger,- binary-coded h.les drilled in fhe ring and reed in ah iden-
tical manner indicated the angular setting where the boom Qas-located.
The detectors on‘each boom were arranged into a-detector
telescope. Each telescope (St 75) conslsted of a MWPC “a thin <
plaSth scintillator and a 12.5 cm diameter by 7.5 em thick NaI(T1l)
crystal_mounted on a 12.5 cm diameter photomultiplier tube.

Thé MWPC's had both X and Y sense planes (scatterlng angle

and vertical distance, respectively) with 2 mm wire spacings. The

o

7y -
 J
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back MWPC's were 64 wires by 64 wires, while the front MWPC' s
were 128 wires verticallyv by 04 wires horizontally. However, the
plastic scintillators in the {ront telescopes limited the cffective

size of these detectors to the central 64 wires by 64 wires. The

MWPC's consisted of a plane of high voltage wires (normally held at

-5 kV), onc¢ sense plane, a HV plane, the other sense plane, and

‘another HV plane. A special, 'magic' pas mixture (75% Ar’ bubbled

through methylal (CH;p (OCH)-) at 00 C, 24.5% isobutane (CyHig), and
0.5% fréoanBBl (CBrF3)) (Chf72) was circulated through the chambors
and was contained by 25 um Kapton windows on the chambers. The
wire chamber readout system is based on an amplifier per wire system
and has been fully deseribed by Cairns and bawson (Ca~75). The wire
chamber data‘QQé not included in the event-defining logic.
Thcflistaqce from the targeét cénter to‘;he middle HV plane
(midway between the solid angle defining X and Y sense planes) of

the BL wire Chambeg was DBL = 109.5 + 0.2 cm and, simiiarly, DBR =

.

109.6 + 0.2 em. WHile the solid angles of the front and back wire
chambers were nearly matched (takiﬁg into account the appropriate
kinematic transformations),»;he front wire chambers were placed so
that the back wire chambers determined the solid aﬁgles. Tﬁe front -
wire chambers were placed at distances of D = 267.2 + 0.2 cm and

FL

DFR = 267.4 + 0.2 cm. . ‘ '

The second detector 1in each telescope was a thin plastic

scintillator (constfucted of Pilot B scintillator). These counters

were used for their excellent timing properties and also to obtain



energy loss signals from particles passing thyough them. The
plastic scintillators (3 mm thick)in the back telescopes were

set to have A high gain so that protons would yield large signals.
The plastic scintillators (6 mm thick) in the front telescopes were
set with much lower gains and higher thresholds, so that these |
counters would be much less sensitive to the numerous protons at
these angles, but more sensitive to alpha particles passing through
‘rhom.. When the front telescopes were used to detect small angle
clastically scattered protons, their plastic scintillators were set
at a higher gain to make them proton-sensitive.

Thf Nal counters were used to meaéﬁre the total energy of
particles. The Nal detectors, 7.5 cm tgick, will stop 150 Mev protons,
80 protons with higher encrpies were degraded in energy to less than
that éhergy by an appropriate thickness of copper. On the back booms,
protons of interest stopped in the Nal detectors at all incideqt
beam energies except 500 MeV (see Figure 2), where 1.25 c¢m of copper
was used between the plastic scintillator and the Nal detector. On -
the front booms, only the MWPC and the plastic scintillator were in-
corporated into the back angle measurements, Howéver, the full |
telescopes were used to deteet 130 and’Léo elastically scattered
_pr&tons to determine the helium target thickness bywhérmalizing the
results to previous measurements (see Section 3.1). In those
circumstances, 16.5 cm of copper were needed in the front teiescopes
at 500 MeV, with lesser amounts at 350 MgV and 200 MeV (9.2 cm and

2.4 cm, respectively).



Becauge of the 1urg§ amounts of copper inserted into the
.oe :
Lolcscopcs,(rhe detector efficiency was significantly affected. |
An ‘extensive set of ekfidiency calibration measurements were per-
formed; the details héve been proviousfy published (Ca-77). Fof
M

uxamp]g, the measured efficiency of the central region of the
telescope is shown in Figure 10 (taken froap(Ca—77)] as a function
of incident proton energy. Also illustrated is a calculation (St-
75) of this efficiency uging reaction cross sections. The central
region of the telescope is the region of the Nal crystal where edge
effects do not contribute significantly. The size of this region
decreases with increasing proton energy (Ca—77).-

2.4.4% The Monitor Counters

"In addition to the detectors mounted on the four booms,
four stationary counters viewed the target to moﬁitér variations
in target thickness from run to run (seevFigure 7). The design
criteria :ror these counters‘were that they detect elasticaily
scattered protons and the associated alpha particleé in coinéidence
(for background minimization) and that the cdunt.rates be maximized.
The target cell geoﬁetry was such that the maximum anglé that
particles coﬁld leavéAtHe cell without’striking?the cell body was
700, Thus, all coungérs had to. be placéd at smaller angles than
that.- In order for the alpha particles to have sufficient energy

to be detectable, the albha particle counters must be located at

smaller angles than the proton detectors at low beam energy, and at

31
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the same angle or émallcr angles at high beam cnergy. The count
rate rvquirement could be met by detecting the protoné at as small
an angle as possible, since the elastlc scattering cross section,
the main contribution to the monitor counts falls rapidly with
increasing proton angle. These requirements were somewhat con-
tradictory, so compromises had to be feached.

Two separate configurations were used during aata taking.
The first configuration, Op = Oa = 549 was used for beam energiés
above 350 MeV while.the sécond, Op = 66.50, Oa = 479 was necessary
below 350 MeV_to obtain alpﬁa pargidles of deteétable energy. It
is wofth noting that since the elastic scattering cross seétions
rise rapidly with lower energy, the change in proton angle did not
result in lowef count rates for the low energy configuration. At
200 anq 185 Mey, alpha particles originating at the upstreém edze
of the helium éell would not have enough energy to reach the
counters, but no ;olution could be found for this problem. Thus,
at fhese véfy low energies?che monitors effectivély viewed only
part of the target. Identical counter configuratidns were used on
either side of the beam, and theifr outputs were summed to eliminate
the effects of using a polarized beam.

The' proton counters weré used to define the solid angle
acceptance of the proton-alpha paif and were 5.0 cm wide by 2.5 cm
high. They were mounted apprdximately 1 meter from the &arget and
were constructed of 6 mm plastic scintillator, as were the aléha

1.

particle counters. The alpha particle detectors were designed to

oe
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large enough to detect all of the alpha particles defined by the

S proton counter at all energies for which one conflguratlon would
be used. Thus the monitor coUnte?s did not have to be moved each
time the beam energy was changed. The alpha particle detectors
were 12.7 em-by 12,7 cm; this size also took into account the
multiple scattering that the relatively low energy alpha particles
would undergo. Blocks of copper absorber (1.3 cm for beqm energies
less tﬁan 350 MeV, 2.5 cm otherwise) were plqced in front of the
proton céunters té stop tﬁe alpha particles so that only protouns
would be detected. True coincidences P-L.o-L and P-R~aTR (see
Figure 7) were éollected, as wére random coincidences where one
signal was delayed one beam burst time interval.

The number of monitor counts for an empty target run was
always less than 4% of that for a full target run (appropriately
normalized). The monitor; counters actually mo- 1 the product of
beam Eurrent ana target thirkness. The ratio .tor counts to
one of the beam current monitors, i.e. the ion chambers or the total
polarimefer counts (see Section 3.1), was a measure of the relative
target thickness alone. The ratio of monitor counts to polarimeter
counts varied at any one energy by as much as 12%. However, no
correlation was seen between this variation aﬂdnapparehtly relevant
experimental parameters sucu as the béam current, the time elapséd

3

since the target was last filled, etc. Moreover, similar runs with

t

differing monitotr results yielded the same differential cross sections,

f

within the experimental uncertainties.



125 'Hu*}ﬂgn}fonic Svigjliynghnm Acquisition

2.5.1 The Backward Angle Electronics

The data was collected and processed by an integ{ated.
system of fast NIM logic and CAMAC electronics. Figureul] shows,
in a aost peneral way, the configuration used for the experiment.
‘A three-fold coincidence on either the left or right side (left
or Tight here reforring_to the side which detected the proton)
. defined a possible elastic scattering event and initiated logiCJl
processes in the electronics and in the acquiéition computer, which,
as an example, would réquest data from the MWPC's.

The electronics system was formed in two sections. One sec-—
tion, shown in Figure 12, was located in tﬁe experimental hall,
near the detectors, and was primaril& involved with the MWPC data.

The EVENT FAST signal caused any information in the wire chambers to

be held, each separate wire having its own memory element. The MWPC

controller then waited a preset time while the remote electronics
decided if the event was valid or not. If so, a MASTER GATE‘signal,
'also.called an EVENT SLOW signal, would enable the MWPC inforﬁation
being held to be read into the computer via a CAMAC input register.
The controller. would clear and reset itself upon receipt bf a CLEAR
"signal (if no MASTER GATE signal was received within the required
time limit, approximately 1 psec, a CLEAR signal was internally

generated). In the meantime, the EVENT FAST signal had latched tui
>y
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OR gate, preventing another event from sﬁarting until the first
one was safely dealt Witﬁ. At an appropyiate time during the
reset sequence, the controller cleared the latch, readyi;g the
EVENT -FAST gate for another event. The latching process creatgd
a dead time which had to be accoﬂnted for; this problem is fuily
di 1ssed in Section 2.7.

" The majority éf the elgctronics system was located in the
remote counting room. 6ne part of the remote electronics is shown
in Figure 13; the exact symmetry of ﬂhe electronics on the two sides
should be noted. This stage of the electronics took the signals
from the“various detectors and made the basic decision whether to
read the signals into the computer for further processing or to re-
ject them. The relative.timing arrangement of various signals is
showﬁ’at important'locationé in the figure. : .

Figure 14 presents the second stage of the remdte electronics,
which dealt maiﬁly with .the control signals needed by the'various
components of tﬁe glectfonic system. = The signals COMPUTER NOT BUSY
and EVENT DONE, shown in Figﬁre'lé, were fo%med by the .data acquisition
computer in an output‘register in the CAMAC system. The MASTER GATE,
similarly to ﬁhe EVENT FAST gate disciiied above, was latched while

i A
the current event was being processed by\the computer.

The LEFT and RIGHT RETIME signals, which were formed in

Figure 13, were placed in coincidence with a MASTER GATE signal.

These coincidence signals started the left and right time-to-digital

converters (TDC's) and gated the left and right analog-to-digital
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converters (ADC's).  §hese signals w@rc more approprilate for those
tasks rﬁnnvthc MASTER GATE signals duce to the fact that.their timiﬁg
was determined by either the front or back deteétor pulses on that
side. 1n contrast, the MASTER GATE timing was set by the time of
the BR or BL signals only. TFor example, the MASTER GATE signal had
the time of the BI, ;ignal {n a FR*BL coincidence; using that to’
_stnrt'tho right TDC would not have been approprilate. |

The ADC's uécd for the cxperiment were multi-input (12-fold)
CAMAC 'ADC's of the charge-integrating type (in contrast to the
peak—scnsing'typé); separate ADC's were employed for the left and —
riéht detectors and weré gated aSNdescribed above, Tﬁe input-signals
were ap?ropriately delayed while the logic was being ferformed.

The.TDC'S used were octal inbut (stops) CAMAC TDC's wit% )
one (common5 start per TDC,udit; Sebarate TDC's were used Eéilghe
left and right sides. The start signal originated with %he appro-
‘priate'plastié scintillator on that side; through the RETIME circuits.
A left start signal was also delayed and used as'ég Input to the
right TDC, giving left-versus-right plastic scintillator timing.

Another CAMAC unit illusfrated in Figure 14 ié #he digital
" coincidence register (DCR) (also called a bit pattern unit): ‘This
unit's function was to send to the computer a 24-bit word, with each’
bit fepresenting the status of one input. The inputs used for the
experiment are shown in Figure 14. This DCR word was recorded.along

s

with g%e data and was also used in forming spertra for dnﬁlinendis—

o

play. The POL-OFF, POL-DOWN, and POL-UP sig vere DC-levels

g



piven out by the polarized source spin controller The GOOD BEAM
signal indicated that the beam current from an don chamber was
between a lower and an upper set-point.

In addition to the above CAMAC devices, CAMAC scalers were

" also used to record the total number of counts from certain devices .

during a run. Table 1 gives a list of all quantities scaled during
the experiment. Some of the sources' for the, scaler inputs are sHown o

in Figures 12, 13 and 14. Some of the quantities scaled were vital

“to the usefulness of a run, others were necessary but could be

. obtained in later analysis in other ways, and still other quantities

. /
.were not strictly necessary, and were scaled only as an indication

that certain devices were functioning.

2.5.2 The Target Thickneds Electronics

The target thickness was measured, as discussed fully in

Section 3.1, by detecting small angle (139 or 140) elastically
scattered.protonslin the‘forward tgléscopes and nﬁrmalizipg the
results to previous measurements. For these measurement;, Nal -
detectors were requiréd én the front arms; the detectors on those
“front. arms were counting single particles, that is to say, there
were no inter-arm coincidences. ’Therefore, the electronics had to
’ - D
be reconfigured to accqmmodate these facts.
The first pért of the electronics, that part which generated

the EVENT FAST signal is shown in Figure 15. The prescalers are

&CAMAC modules which.emit a pulse for every N input pulses. The cons-

° . . : . K . Ve



TABLE 1

Signals Scaled

Elapsed Time - 100 Hz clock
Polarimeter - Left
Polarimeter - Left Accidentals
Polarimeter - Right
Pélnrimetcr ~ Right Accidentals
Alpha Monitor - Left
A]phg Monitor - Left Accidentals
Alpha Monitor - Right
Alpha Monito - Right Accidentals
Upstream Ton Chamber Integrator
Downstream Ion Chamber Integrator
Event '
Master Gate
Dead TimeAPulser

Z
FL
FR
BL
BR
FL-BR
FR-BL

Gﬁ

Prescaler Left
Prescaler Right
Constant Fraction DiscriminatpyxjhﬁL
Constant Fréction "1orriminator - BR
Plastic - FL .
Plastic - FR

Back:Front

Event Fast

43
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tant N was remotely programmed into the prescﬁler via the compﬁter.
The prescalers were necessary because of the very large ratio of
the forward angle differential cross sections to the backward cross
sections (> 10” to 1). The MWPC controller circuitry after the
EVENT FAST gate was unchanged, but is shown in‘Figuré,iS for com-
pieteness.

The second stage of the electronic configuxation, that part
which generaged the MASTER GATE signals, is shown ip Figure 16.
Since the target thickness meésurements were interwoven with Ehe back
angle measurements, the electronies system was designed so that the J
changes between the two configufations were quickly done and could be
accomplished with a minimal disruption to the main body of the
electronics. The existing BR and BL electronics subsystems were used
for the FR and FL signals in Figure 16 by changing inputs; the
" FL-BR and FR'BL coincidences became FR-PS-R and FL:PS-1. It should
be ﬁoted, comparing Figures 13 and 16, that the CAMAC connections-
weré unchanged. The electronics in Figure 14, i.e. everything at.

or after fhe MASTER GATE was unchanged:

2.5.3 The Monitor Electronics

The electronics arrangement for the four fixed monitor
s .
counters described in Section 2.4 is shown in Figure 17. Real

proton-alpha coincidences were detected with this configuration,
as were accidental, or simulated coincidences of a protoﬁ dnd an

¢

alpha particle from adjacent "beam bursts. The two proton discri-

o~
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minators, one below in coincidence and one above in anticoincidence,
were used to ﬁut a 'window' arounll the elastically scattered proton
signals. The electronics after the real and accidental colncildence
gates, including the monitor latches and amplitude encoders,
sampled the proton signal pulse heights to guard against gain shifts
or diseriminator level changes. The amplitude"enooders took the
proton signals from one éide, after amplification and translated

the signal into a chain of pulsés, the number of which were pro-
‘portionﬂl to the input pulse amplitude. These pulse chains were
.counted by wa special CAMAC scalers. While processing a full event,
the computer read the scalers and translated the readings into two
pulse height spectra. The monitor latches; which were cleared eagh

time the computer read an event, ensured that only one monitor signal

would be processed at a time.

2.5.4 The Polarimeter Electronics

-

The electronics system. for the polarimeter is shown in
Figure 18. Triple coincidences on the left and right sides, along
with accidental coincidences were scaled following straightforward

electronic processing.

2.5.5 The Data Acquisition System.

The data acquisition system was centred around a Honeywell
H316 minicomputer, interfaced directly to the three-crate CAMAC net-

work. The general structure and operation of the data acquisition

48
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system have been described in several internal reports (Ro-74, Ro-
75a, Ro=~75b, and Ro-77). In general, thc'compﬁter read various
parameters penerated by the electronic system via the CAMAC interface.
The program did a number of simple operations with this data and

then wrote the information onto magnetic tape event-byv-event, and/or
stored selected portions of the data in the computer memory for dis-
plav.

The magnetic tape event structure, written by the data ac-

t

i ion program ORION used for the present experiment, is shown

LR 24 Becaua@ an arbitrary number of MWPC wires could be

3
during a given event, the events had a variable length.

- Q. .
fring towlable 2, the first two words (16 bits per word) were for

control purposeé only. The third wong, the LAM p;ttern, refers t.
the CAMAC Look-At-Me signals which are issued by individual CAMAC
modules when the moduie needs the attention of ‘the computer. The
next two words, 3 and 4, were the DCR words. Words 5-18 contained
the values read from various TDC or ADC channels. Some spare words
were included here for flexibility and to act as back-ups. The
next four words, the tiﬁe and event scalers, were recor&ed for each
event¥so that it would be possible to analyze only part of a file,
should something fail part way through. it. The next four words, 23
through 26, were the readings of the two scalers connectéd to the
alpha monitor amplitude encoders, as explained previously. The
next werd in an event contained the number of wires hit (plus one),
and the MWPC coordinates (the absolute MWPC wire numbers . -u : for

each event) filled the rest of the event structure.

)



TABLE 2

ORTON Magnetic Tape Evint Structure

Word Number

o

Parumet%r . Comment

/ ?

10

11
12 .

13

14

15

16

17

18
19-20
21-22
23224 .
25-26

27
28-end

_— (Lenéth of| Event)
Flag (-1 or|-2)
LAM PATTERN
DCR (24 bigs)

TG 1-0 /} Nal - BL

TDC L-1 . f . Lerf

TDC R-0 | : Nal - BR

- TDC R-1 / . . R-rf

TDC R-2 ﬂ Left Time

ADC L-0 ﬁj . Plastic - FL

ADC 1-1 Plastic - BL
ADC L-2 f Nai - BL .
ADC L—3“ ’ Spare - Not Used
ADC R—O  Plastic ~ FR

ADC R—ytA » Plastic - BR

ADC R-2. | | Nal - BR '
ADC R—? Spare - Not Used
ADC R-4 Spare - Not Used

Scaler - Time
Scaler - Event
Scaler: a-mon - L
Scaler: a=-mon - R .

MWPC hits + 1

MWPC coordinates
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Table 3 presents a list of the 29 spectra that.w@re stored
in memory and were availabple for on-line inspccfion. Restrictions
imposed by the available memory space forced a careful selection of
the most usofulﬂspectra to display,; especially the biparametric
spectra, which take up. much more room in memory than simple histo-
gfams. Column 2 in Table 3 pives the parameter(s) that made up the
spectrum, and célumn 3 lists the number of channels alloted” for
that spectrum. The fourth column lists the gating requirements’
for storagé of data into that particular spectrum. The first number
gives the locations (in octal) of the DCR bits (see Figure 14) that
wérg tésted‘and xhé second figure is the result (in octal) tﬁat was
req;ired for‘the data to be stored in the spectrum. For example,
in spectra 13 and 25, bits nine and ten (counting from the least
significant bit) were tested; bit nine must have been set, bit~ten
not set. The {ifth and last column in Table 3 gives a description
of the spectrum‘parémeter%.

Thé Qire'chamber spectra, ﬁumbers 17 to .24 in Table 3, used
decoded wire numbers, i.e. chamber hits were decoded into the appro-
priate planes. If several adjacent wires in a plane were hit, or
l.if the hits were on non-adjacent wires, but with a gap of two or less.
wires between the groups, the highest wire number struck was incre;
mented by one count, Howevef, if the hits were on non-adjacent wires
with a gap greater than two wires, the last channel in that spectrum
was incrémented.. If no wires in a piane were hit, channel O in the

. - b . . ~
spectrum was incremented. Usually, excessive counts in either "the

first channel (missing hits) or the last channel (non-adjacent mul-
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TABLE 3

Spectra Stored in

Memory

Comments

Spectrum Parameter (s) Length Gating
Number (channels) Requirement*
1 And'ﬂyo 256 20-20 Plastic - FL .
2 Sparc” - Not Used
3 YADC 1.-1 256 40-40 Plastic - BL
4 ADC 1.-2 512 40-40 Nal - BL
5 ADC R-0 256 200-200 Plastic - FR
6 Spare - Not Used _
7 ADC R-1 256 100~-100 Pldstic - BR
8 " ADC R-2 512 100-100 Nal - BR
9 TDC L-0 256 40-40 Nal - BL
10 TDC L-1 256 20-20 rf . FL
11 TDC R-0 256 100-100 Nal - BR
12 TDC R-~1 256 200~200 rf -+ FR
13 - TDC R-2 512 ¢ 1400-400 FL - BR
S 14 TDC R-2 512 1400-1000 FR - BL
15 Scaler (23-24)+ 256 2000-2000 a-mon - L
16 Scaler (25-26)t 256 4000-4000 aq-mon - R
L7—~\\’” Y - FL 128 20-20
18 X - FL 128 20-20 .
19 Y - IR 128 200-200
20 X - FR 128 200-200
21 Y - BR 128 . 100-100
22 X - BR 128 100-100
23 Y - BL 128 40-40
24 X - BL 128 & 40-40 L
25 ADC L-0 vs ADC R-2 4096 (64x64)  1400-400 E5 ~ FL vs E_ - BR
26  ADC R-0 vs ADC L-2 4096 (64x64)  1400-1000 Ey, - FR vs Ep - BL
27 DCR 16 0-0 " Low Order 16 Bits
28 LAM PATTERN 16 0-0 :
29 RATE 2048 0-0 Number of Events

-

Acquired per Unit
Time :

*DCR Bits Tested -~ Valu€ Required

tEvent Word Number,

n”

See Table 2



riplvs)¥ or both Wicated that the count rates were too high in
the chamber or that the gas mixture was no; optimum.

The last spectrum, number 29, labelled RATE in Table 3 was
very helpful in controlling the data taking rate. The computer
stored ﬂﬁ number of e¢vents acquired in successive tiﬁr;le intervals
fnLo consécutive channels in the spectrum. This spectrum represented

the relative data=-taking rate as a function of time, and could show,

for example, a slow drop in the extymcted beam current over a long
period of time.

PAY
34 *
2.6 Data Analysis . . o
W

The data analysis for the experimenf was performed off-line

with the data acquisition computer. Th data eMa: .is program (de-

' B ’ |
scribed in Ro-75b) w- -ory similar to the data acqdisition program, e
except that it... _eptc. dJdata from magnetic tape instead of the CAMAC

v

interface. The »rograf@t selected events using the gating pgo@e@ure

described in Sect =+ .5 and re rote g!ose events onto magnetic tapes

and/or binned that data into selected histograms. while the basic

program used the same histograms as the aqquisiéﬁqﬁ pfogram (see
‘ S . ]
Table 3), the histogram parameters and gating requirements could be ~

altered to enable other information to be examined. In particular,
SRS )

several other biparametric spectra were examined in the analysis.

In addition, the data analysis program had several software
'windows' that could be placed arqynd regions of interest for selmcted
, S :
parameters. The selection of events using these 'windows' was done,

a8
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S I

~above the general background show. .ne efficacy of the E -vs.-E
p

with the same pating procedure which has be - - scribed for the DCR

bits. .
. )

A typical, on—fino Ep—vs.~Ea spectrum is shown in Figure 19.

The prominent peak i.. the upper right is the dead time pulser (to

be discussed in Section 2.7), the peak near the center is the elastic
scattering peak and the peak in the bottom left is from the reaction
p + “He - d + 3He. The marked ‘rom nce of the peaks of interest

63

spectrum in Ldentlfvlng the rtactlon channels and also "7lustrates
A+ RN

~ how wnll thg(expcrimtntllfarrangement separated the elastic scattering

-

(and reactioL) process(es) from backgrounds.
Analysis of the backward scattering data was initiated by .
putting generous windows around the proton 7nd alpha energie?&i

corresponding to the elastic scattering peak in the Ep_vs'_Ea .

spectra. Tﬁo.overlap region of the two windows applied at this
stage of the analysis is also shown in Figure gé.

These windows were the criteria for theWtorage of events

into the frornt-back timing spectra (numbers 13 and 14 in Table 3).

[ b4

"l on-line spectrum of relative front-back time corresponding to
bo.are 19) is shown in Figure 20. The three Seaks evident dre from
the elastic scattéring reaction, the (p,d) reaction, and the dead
time pulser, as indicated in the figure. The two énergy Qindows,
applied to this igectrum, prod;ied a very sharp, clean timing peak
and a small number‘sf events with a random distribution in tiﬁe.

The next stage of . the analysis used a single window around

ghis timing peaL to store events in all spectra The spectra were

A
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examined to ensure that clastic scattering events were not Lelng
climinated accidentally.,  For exdmplc, the thresholds 1p all counters ™
were examined to verify that events of interest were not being re-
jeoted, !

Next, the one-dimengional enerﬁy spectra were examined to
select tighter wiﬁdows on HP and HQ to better isolatcvclnstic scatter-~
ing events. As an example, Figure 21 shows the data in Figure 19
projected onto the proton axis. The left halt, Figme 21 (a), shows
the on-line data, with the preliminary enefgy window indicated.
Figure 21 (b) shows the same data with the timing window applied,

and also igdicu;cs the final energy window. It should be noted

TR NS
okl ST

T ‘
that those events in Figure 21 (b) with less than full energy are

mainly elastic scattering ovents.in‘wﬁich the proton underwent a
nuclear reaction in the Na? counter.

Events were observed from inelastic proton scattering from
“He, leaving “He»in one of three excited states (all particle un-

stable) with excitation cnergies just above 20 MeV (Fi-73):

p + (A3He+m)
p + “He . p' + “He™ ’
= p+ (3H +p).

An on-line spectrum of events plotted as a function of proton energy
is shown in Figure 22; this spectrum was collected at © = 1580
& - proton

(1aboratory) at 185 MeV. The inelastic peak, wéry evident iu Figure

22 and also visible in Figure 21, was in all cases cleanly separated
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from the eclastic peak.

The last stage of data selection used 'the timing window and
the smaller energy windows -on ﬁpvand Ea to define good elastic
scattering events;: In addition, windows .were placed on the back
wire chamber coordinates to accurateiy define the solid angle for the
exper.ment . Tﬁis centrally located window was 24 wires wide &2.500)'

by 36 wires high (3.750) for an acceptance of 2.88 x 10-3 sr in

1

each armh
Events satisfying these five criteria were studied using

X and Y

¥ “BACK’ FRONT ~

biparametric plots of X

FRONT ~ YFRONT’ “FRONT ~

YBACK for selected runs. For example, the XFRONT - iFRLNT sSpectrum

was used to determine the optimum size for the back MWPC window.
The number of events satisfying these five criteria (one

timing, two energy and two MWPC requirements) were counted for both

telescope. combinations as valid elastic scattering events. From

- these numbers the cross sections and analyzing powers presented in

Chapter III were calculated;

Séveral ruﬁs‘were ma&e with the empty target. A typical,
on-lipe Ep—vs.—Ea spéct;um for such g»run 1s shown ?ﬁ Figure 23,
The windows in Figure 23 are the same windows that wéﬁld‘have been
used in ‘a target—ful’ run to pick out elastic_scattering:eventg
(see Figure 19). It should be noted tha£ the empty target was used
for approximately one seventh of the charge on target of the run
corresponding to Figure 19, but ﬁhat the scale in Figure 19 is 16

counts per dot as opposed to one count per dot in Figure 23. The

61
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very low number of counts within the outlined area illustrates that
the experiment had vi- ually no background in the region of interest
from the target'walls.

» TO furthef investigate the p&gsible backgrounds, analyses
were made of selected runs with the timing window shifted by the
time of one r.f. cycle. This showed that accidental colncidences of
a proton and an alpha particle (with the appropriate energies) from

different beam bursts werc a negligible proportion of valid events.

2.7 " Dead Time Corrections

The dead time of a system is defined as that portion of the
“‘time that it was unable to accept new data because the syétem, or
any integral part of it, was fully occupied.-with previous.data. The
dead time of the present system included that produced by latci.cs on

important gates (see Section 2.5), in addition to the computer dead

R

 time. .

‘To deal with this, a monitoring system was uséd which
measured the dverall dead time of the system. - Light-emitting diodes
(LED's) were attached to all of the plastic scintillators and Nal
deteétsrswand were flashed by a pulser system. These pulses were
also apr” ~d to one wire of éach.sense plane of the MWPC's to include
them in t.c monitoring. The fraction of these pulses that was not
eventually recofded by the computer was a airect.measurement of-the

composite dead time of the system.

The~electronic set-up that provided the 'dead time' pulses
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‘that the signals were i iifferent portfn -,

64

/’mv' ’ . : ) 7
< 4 /L\J/ .
ST

is shown ip Flyure 24. A source of pulses whose rate was proportional
to the‘Bpam Intensity was provided- by the sum of the polarimeter
lTeft-plus-right coincidonces; The number of counts was prescaled to
decrcase the LED pulsing frequency to a rate approximately equal to
the counting rate of elastic scattering events. Two separate puleers
welte used: (1) a triggerable Nal pulser unit which emitted carefully
shaped pulses so that the light from the LED's would have approximately
the same time distribution - - scintillation light from Nal, and (2)

a plastic scintillato. pulser which wasg similar, but emitted much
faster pulses in dccordance with the properties of the plastic
scintillator used. The dead time pulses were inserted to the

MWPC system between the actual sense wire and the electronics for

that wire. The amplitud . »f rhe pulser sigﬁals‘was adjusted.so

he spectrum than

the pulses of interest (see Figure 19).

N To identify pulser events in the data analysis, the DCR bits
for the dead time pulser and for the appropriate frent—back coin-
cidence were both required. MWPC dead times would be reflected 1in
missing ﬁits, fof which ‘channel 0 of the apbrepriate MWPC :spectrum
was incremented; in addition} the analysis of Treal events used beck
MWPC windows that eliminated non-adjacent multiple MWPC hits (the
last channel in the MWPC sSpectra). In order to include these effects
in the dead time analysis, two windows were set to eliminate pulser
events with counts in the first and last channels of each sense plene

spectrum for the back MWPC's. Since the front MWPC's were not used

in the final dnalysis of real events, it was not necessary to include
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faed

them in the dem! time analysis. The number of pulser events found
above was divided by the number of pulser events that were sent to
the counteré (see Figure 24), to establish the total live time (live
time = 1. ~ deéd time). These correction factors were applied.to
determine the number of events that would have been counted by ;
totally live system (note‘that .42l pelescope combination had a
separat§ live time:value).

The large angle measgrements Bad low counting rates, 80 the
dead times were éorrespondingly small. They were found to be less
than 5% for the majority of the runs,'although a few runs had
‘dead times up go 11%, usually for those rgns at thF,laPﬁéﬂf\Pa;kward
angle (i.e., the most forward angle for the front counters).

A measure of the computer dead time alone was the ratio of
the nﬁmber of MASTER GATE counts to the number of EVENT counts (see
Figures lj'and 14) 4 The EVENT counts were the number of back-froﬁt
coincidences that were formed, and the MAéTER GATE counts were
those EVENT signals that.were aceeﬁted inwo thg computer for'progessihg.
The remainder of the EVENT signals were\hlocked by the MASTER GATE
latch discussed in Section 2.5. The computer dead time was found
be the largest contributor to the total dead time of the system, a.
was expected. Typically, approximately 70% of Ehe totai dead time
of the system was attributabie to Ehe computer, although this ratio

did ff&@tuate sqmewhat,'

~ .
A -
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CHAPTER TII <
EXPERIMENTAL RESULTS
j

3.1 Normallzations

The most crucial factor in measuring accurate cross sectilons
in nﬁélear physics exneriments is the determination of the absolute
normalization of the data. The absolute normalization depends on
twb important factors, the absolute value of the beam current
paésing through the tafget, and the effective thickness of th? target

at the time that the experiment was performed. .

3.1.1 Beam Flux Normalizations

The beam intensity was monitore] by two helium-filled ion,
chambers, placed iu the beam line downstream of .the targét location.
High purity.helium was continuously flushed throilgh the ion ch: »Hers-

to.prevcat the buildup of impurities that might have changed the

gain of the gas. The currents generated by the ion chambers Qerg 5 ;
taken to current integrators ~ﬁicH produced digital outputs proper- . . ':f
tional to the charge coll}gLLu. In addition, the‘totaly‘net counting ﬁ;; ‘
rate'in the polarimeter,nréviaed another relative beam intensity : ? 5
monitor. THese monitors provided '™ ee independent measurements of R

the relative beam intensity, which produced consistent results.at

the 3% level throughout the experiment. Small fluc;uqtiéﬁs.(i 3%§,:

in the monitor results relative to one another did dccur as long

term effects, for example over a 24 hour period.

-
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1

be considered a relative uncertainty between the ion ghamber gains
\ ; eu : !

o~

. - ‘H'" "
, 7 A secparate measurement ‘was performed utilizing a Faraday i

cup having a design simllar to the one described by Barrett et al.t
(Ba-75) to obtain an absolute ndrmalization for the ion chambers.
The calibrations were performed at ZOO'MGV and 500 MeV with belm

.
currents ranging. from 60 pA to 11 nA. The ratio ot theqion chambér <

integrated charge to thv Faraday cup inregrated chaﬁgv VArltd,wlthln/
- . | ’_' ~,)— -

a 2% range, but w1th0ut any syetematic dependvnce on- thp averdge

current. - The ratio of the sum of the polarimcter le@t plus—xlght

counts to. the Faraday cup output also varied withii a 2% range,

again with no systematic dependence on,the;current..-

The ion chamber gain (the current collected / the actual
beam current as measured by the Faradav cup) was fdund to be

directly proportional to the ‘energy loss (dE/dx) of broténs in

helium to within 2%. Therefo- -he gaih of the ion chamber (the

upstream ion c¢hamber was’ ch: » Le(srandand for thi® expe ent)
ad A. . N .
at eﬁergies other than 200 anc MeV was calculated assut

R

proportionallty wit% the’ proton dE/dx ues. The galn of the up—

v

stream ion chamber 1is, Dresented as a £1

a . .
- |~

ltion of proton’ energy in B .
e @ . .

o

.Figure 25~»w1th the actual values of the galn used in tﬁe calculations ;

glveﬁtlgiigble 4y SR v X "__ S .

Thelion chamber normalizatlon uncertalnties are estlmated

’
H] [

to be‘§35/ Appfoximately'one alf of this total dncértainf§ ﬁay'
»3 " 3 "

-

A

at ¢ fferent energies. Part of this uncertainty originated with : . \\_

the small fluctuations in the results from the two ion chambers an.
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. j TABLE 4 | ey

1

Ion Chamber Gain vs. Proton Energy

w ‘Proton Energy . - Ton Chamber
Y (Mey) - , Gain’
Ly

16.6

15.9

225 ~ ’ o THE7 | ',
o X . e . ki ‘
or 250 ' o 13.75
. 275 . oS , »13.0 ’
- . Tt - ] _ F .
300 : “ 12,3 -
LT —_ . Co )
e 350~ . o 1li4
™ ’ ‘ 1\1 mﬁ Y
. [ S
10.1 | .

9.5

a

)
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. Qi;',; 4
the polariméter relative to onb another (prvviously discussed). The

assumption that the ion chamber gain follows the protén energy loss

may not be,strictry correct, also. For example,{%he ion chambers may

.-
|

not have operated in a strictly proportional modc. The other half of

the total uncertainty may be considered an overall scale uncertainty,

5

due to ‘the fact that the Faraday cup {tself may not be a perfect

charge collectgr A.these energies. (Significant charge loss would
e SN ) ;

. *'I:‘.‘ * r“

not have resul'l' owever, from nuclear Teactions in the ion chambers

. “ f .
upstream from the ‘Faraday cup,)
o

-

3.1.2 Target Thickness Determination

Although the target cell used for the presént experiment

3

(as destribed it Section 2,3) had a nominal thickness of 5.0 mm,
deformation of the nickel foil windows increased that thick%gss,

while the possibility { the liquid helium b0111ng due t,g’ ‘heat in-

U
put from" the beam and/or from some other sourc&fcould lead toa lower

average den51ty of helium nuclei in the taxget

Therefore, the target thickness was determined with an in-

J

beam experiment As discussed previoﬁsly,wthe detector configmrat{zn

(see Section 2.4) and the elecGronics (see Section 2. 5) were designed
it ..

g d

,so.that minor modifications changed the setup from measuring back

agglé cross sections with a front—back coinciqente to?measuring
small angle cross sections with the front te&escopes only. The
differential cross sections for p—“He elastic scattering have pre-

»

viously been measpred betweén 40~and lSQ (proton laboratory angles)

, at 200, 350 and 500 MeV by the present experimental group and ‘the re-

sults have been reported elsewhere (8t-77). This‘measurement'was;f

. » - P A
R . STy REE
~ . EE1E

S . N
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- performed using an unconventional experimenta] technique utilizing
)

4 gaseous helium target which enabled the absolute cross sections
to be determined Very accurately, Therefore, those cross sections
were used to determine the present, effective target thickness.
o The back angle cross sections were measured in two major

: R ) ~
experimental runs, and the thickness measurement was performed
twice during each run: at 500 MeV and 350 MeV during the first
run and at 200 MeV and 500 MeV the second.

~  Because of the larger cross sections and the resulting high

- \

v
R

count rates at very small angles, the thickness measurements were
mede dtwas large an angle as wasg feasible. The first two measure—
ments‘wereutaken at a central angle of 149, but, during the analysi
the solid angle defining MWPC windows were shifted to be tentered
about 13.60 to ensure that the deteeted protons were not affected by

ol .
the Wallb of the horn (either by attenuation or by inscattering)

=4 .
mi'rhe sec% two runs were done at, a central ang e of Wnﬁniz‘e "

. these problemsav Ihe resulting target thicknes

these different angles
In the analysis Qf'tne-data; windows were plaeed on -the two
wire chambers, deﬁining the active area to be 15 wires wide (0.640)
by 30 wire; high (1. 280). ,, for a solid angle acceptance of 2.52 x 1Q—4 ,

ST in each arm. The windows restricted protons to a small, centrél

L
area of the detector because as 1s discussed in rfference (Ca-77)
. 5

. v -

the efficiency of the Nal counter telescopes drops very rapidly .
near the edges for high incident proton energy. The smgll,ﬁé}lve

area ensured that at ‘each energy, the efficiency would be approxi-

R O e 8.

[- 3N

v
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was negligible. The number of counts in the full~energy peakgyas

mately constant for all particles selected.

| : .
The events satislying these two windows, having the required

DCR bit present (signifying eithcr'FL*PS—L or FR*PS-R) and with all
dead time pulser events vetoed, were binned according to the proton
energy in the Nal counter. The Nal counting rates had been adjusted

so that the fraction of the total number of pulses that piled up'

i

Sk “
almuitaneously corrected for the dead time of Lbe system, as discussed ¢

e

in Section 2.7, and for the prescale factor. Since all signala from

o S
the plastic scintillator in each fyont telescope were préscaled :

: N g '
indiscriminately (see Figure 15), the ratio of dead time'pulgcs
accepted into the computer to the number sent to the detec%%‘b was .

equal to the p;gduct of the prescale facLor and the usual dead times

"o

in the; electronlcs andkthe'computer. The ratio of ghe appropriate i i
i B » ki

zscaiér sums (see Flgure 15 and Table 1) prov1ded redundancy in the

'detgrmiqation of the.prescale factor, which was the largest factor in

& : oo
: ove—mentloned product. . - ‘

by

‘-v-‘
“.."" Runs wer{m 'ken,with the empty target for each measurement; -
. T p
these runs were analyzed i \\ an identical manner o the target full
| ;
runs, The dii.crence in tHe -number of counts in the proton energy

Y
¥4

‘window between the targety full gnd target empty runs, was used to o

“ E N -

calculate the target thickness, with the target empty“resultsﬁéﬁpro;

priately normalized according to the relative charge on target for
the two runs, The ratio of target empty counts to’ target full
cofints ranged from 7% at 500 MeV tc 20% at 200 MeV. \

. The target thickhess‘NT was calculated for each run according

- - z . 4 ' -
to the férmula: o R S

AR S I A



Y .
N, = .
do x NP x AR x ¢ .
dq
] -
where
¢
N_= aumt - of target nuclei / cm?, <.
i Sy
N : : ., ) £\
- Y = tie o counts detected, N
+ dog = the differential cross section in cm?/sr, o
da. © L | .
: e T . ,
N, = the,total numbet of protons on target, ,
. e . ' . A ’ - £ *
AQ = the solid angle acceptance’in sr, and
3 & = the counter te}esc0pe‘efficiency‘(in;absolute units).

The cross sections used were ‘the aVerage crjgﬁ sections over”

9 .

the b 640 w1de acceptance window. ~The number of prctons on target was

l'ﬁv ‘ calculﬁted from the ion chamber integrated charge as described earlier

& ) ol

Cin thls sectlon. The efficiency measurements (Figure 10 and (Ca- 77))

0 ;‘were fitted wlth a fourth—order polynomial by a ledst squares f1ttin&J

- )
routine 1his polynomial was then used to calculate the efficiency

v
!

ratcany required proton energy.

R . L
3 N

Table 5 presen%g the relevant paraﬁéters leading to the values\

1,
'Y ~

. of- the target thickness obtained in the four separate runs. The
final target ‘thickness jﬁ;} was taken to:.be the aerithmetic mean of the

four individual measurements,, resulting in a final target thickness of:
- & -

N — _ ©22 2 '
%L\ . .NT = 1.455 x 10 .nuclei/cm . 5 P
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«This is, in other units, 96.7 mg/cm® of 7.74 mm of liquid “He,
assuming -a bubble-free liquid. That indicates a deformation Qﬁ
1.37 mm for each of the target cell windows. A subsequent measure-—
ment of the physical thickness of the target cell, performed by

pressyrizing the cell and measuring the cell thickness with calipers,

TRU!

corroborated the in-beam measurement.

Two of § e four target thickness mcasurements were pé;!'
s ! ) B S
with polarized beam. The two runs with unpolarized beam (500 S

13.6% and 200 Mev, 130) had left—right-hSymmeafigs close to zero.
[ S Sy
y 3 . )J .
For. the two polarized runs (350 MeV, 13.6° and 0 Mev, 139), the
v '
analyzing powers were calculated (see Section 3.4.2) and found to be

in excellent agreement with the values given in (St-77), providing a
consistelicy check against experimental bhiases.

The errors in the cross sections that are presented in
L

Table 5 are the errors stated .in the original‘paper (St-77) with one

exception. That.paper lists.§v52 uncertainty for the ionization

wd

chamber normalization, the same value presented in this section. But,
because the same ion chambers were used for both the small angle

L : ’
cross section measurements and the target thickness measurements, it

is the relative beam currents, not the absolute currents, that enter

[

eq. 3.1. Therefore, the uncertainty ir. > absolute normalization
B %

does not appear in this calculation, but 11 appear-with the un-

N b

certainties associated with the large angle measurements (see Section

. ae : . . , 4 ; -
%rZ). However, ‘a 3% uncertainty in reldtive ion chamber gains has « :
N . ; v

~

been allowed\for‘(this uncertainty has,also been discussed earlier

in this section). This uncgertainty.was added in duadrature with the

t



te

other uncertuainties presented by Stetz et al, (St-77) to obtain the
Cross section uncertainties given in Table §5. Caléulations showed that
a small angular uncertafhty, caused by the effgcts of the finite beam
spot size, resulted iq?axnegligible uncertainty in the cross sections
used. Other uncertaiz?i;s entering into the target thickness v;lues,
besides the statigtical uncertainty in the number of counts detected in
each run (between l.and 27%) are: the uncertainty in the solid angle
determinafion (1%), the efficiency uncertainty (1% for the éOO‘MeV and
350 MeV runs, 2% for the 500 MeV ruﬁs), the uncertainty in doing the
target empty subtracE}qn (l%), and’the uncertainty in t%:bdead time
corrections (2%). All of these were added in quadrature to yield»éhe | -
total uncertainty'iﬁ Nt, given in the last column of Table 5.

The uncertainty‘A(ﬁéi in the final target thickness was
taken to.be the standayd deviation from the arithmetic mean, yielding

the value: -
i) - 6.3'&020 nuclei/cm? = 4. 3%, S
e N

w,«:&i&\) " 1:,3 i ) - t‘:}

3.1.3 Target Bubbling Tests

In addition to the above measurements, a series of short
runs was made at a range of beam currents to investigate the target

bubbling question. . These measurements were made a;)O L= 1440
protom’y
. 4 *' s o - p
and a beam energy of lé? MeV.> $ix runs were taken with the beam

~)
LY

current varied between 0.25.and 3.80 nA, within a total élapsed |, x SR

,gimes of 2.75 hours. The data were analyzed in the same manner as T

, the regular backward écattering runs. The results, plotted as the N

; . ) s . .
ngmBer of particles detected per unit charge as a funétion of beanm et
H : : ] .

el
- -
b -
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‘\)

current Incident on, target are presented in Figure 26.. The or-
dinate, referring to ea. 2.1, is proportional to thi target thickpess,
for any particular angular setting of the counters. Also plctted
in Figure 26 is the weighted mean of the six results. An exami-
nation of the results shows no statistical evidence forvbeam
dependent target bubbling over the range of currents used. That is,
the helium target thickness was independent of beam current for the
present ekpcriment,

A simple calculation verified the above tesult, showing that

10 nA of 200 MeV protons would lose approximately 5 milliwatts of

)

power in an ‘8.0 mm l{quid “He sample. This power would vapourize

approximately 2 x 10-3 ml of+ liquid “He per second. However, - this

calculation did not take int@ account other sources of heat to the

-target cell. : s ®
¢ J,??'tye T
“ 74'\ . N .‘/

‘vu,.xa’f B 3
3 1.4 The Target Thlcxr@hb and Beam Movements.J

Another circumstance which could have 1éd.to a change_in

the effective target thickness wvas i

ement of the b%at the

target. Since the target wjndowstere not flat, but weke bowed
1
the target thickness was not uniform across the cell face. .The

'y N .
situétion is i%lustrated inﬂﬁigqre 27, a scale diagram of the target
cell with a typical beam'Spot. It is probable that most of the

. . . N .
foil distortions took place near the edges, and that the radius of

-

curvature of the folls near the center of the target was’very large;
Thus, the target thickness_would be slowly changing,ﬂeer»the center,

-

ﬁﬁﬂ
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and small shifts in beam position would not have led to drastic
changes in target thickness. ;
huﬂinglinitial set-up of the beam at each new energy,
- the beam was carefully aligned dsing the beam profile monitors
and séintillation screens described in Section 2.t so that the
beam was passing through the center of the target. One monitor,
immediately after the target wasvfrequently checked to ensure that
the beam had not moved. In general, however, the beam, once es—
tablished, was very position stable over many hours. Large novements
of the beam, should‘they ‘have occurred, would have ‘caused eicessive'
pﬁkadiation spill further along the”ﬁeam 1ine leading to prompt
trectificafion, Large-movements would also have initiated dramatic

changes 1n the on-line spectgp and in the detector counting rates,

’E ", .

which“would have been very obvious. These were not seen during the .

runs.

o : :

3.2 Data Correctiags and Uncertainties

- 3.2.1 Data'Corrections

As discussedvearlier (Section 2.6), runs taken with an empty

) target proved that: background contributions to the elastic’#

scattering data from the target walls were negiigible. Analysis of
full target tuns, with a- time window shifted by one r.f. period,
pgoved that random c01ncidences of particles were also negliglble.

The efficiency of the counter telescopes for detecting, with

3.

a full energy pulse ¥n the Nat counter, a proton of a particular in—,

. ;?
e s
e

N . ) - - A

- C
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% .
cident energy was determined according to tﬁe’dats presented in

(Ca-77). The energy of the proton at the froht face of the Nal

cqunter or of the copper (1f any) determined the detector, éfficiency,

in accordance with the convensﬂgn adopted‘in (Ca~77). This energy
was calculated from the initial kinematics and proton energy

losses in the materials the protons passed through between the

target and the detector. FHese losses varied from 2 to 6 MeV,

typicaliy. The interpolation of the efficiency measurements to a
particular energy utilized thé method descrlbed previously (Section
3.1.2). The detection inefficiencies ranged from 4.2% to 17.4%,
depending on the proton energy (see Figure 10).'
The dead time corrections, discussed fully in Section 2. 7
were applied to the data | : .
x)

3.2.2 Data Uncertainties

S8ince the uncértainties associated with measurements of\\

differential cross sections and analyzing powers are very different,

the uncertainties in each type of measurement will be discussed
- i . .

separately. N

The present measurements of differential cross sections
involved uncertainties in: (1) the number of events detected, (2)
the system dead time corrections, (3) the effic1ency for detecting
events, (4) the total proton flux incident on the target, (5) the
target thickness, and (6) the solid angle determination. The

statistical .. ors in the 'number of events detected are, of course,



different for each da(p'poinc\(see Table 6, gection 3.3). In

general, however, the statistical uncertainty in éach crogs section

was betWOén 1 and 3%. The.gncertainty_in the dead: time corrections,

a rélaﬁibe uncertainty in eggh data point, was eétimated to berhot .
largér-'han 1%. An.examination of the efficiency uncertaintles

quoted in (Ca-77) and an allowance for a possible lack of precision

»

in the interpolation between the measured efficiencies resulted in

‘an approximate uncertainty of 1% be. .cen cro. sections at different
beam energies. The accuracy of t: - . Lton of. the total
. proton-flux incident. bn the target - - ~+- | ag + 5% (Section 3.1.1).

.

Approximately one half of this uncertainty may be considered an

-

overall scale uncertainty, and oﬁg half as an, uncertainty between
. o . . B :
‘data points a§cﬁfferent beam energies.. The precision of the target

thickness measurement was previously stated to be * 4.3% (Section’

.

3.142), a contribution to the overall normalization uncertainty in

the cross sections. Another contributlon to the overall normalization 4

uncertainty 1s the uncertainty in the splld‘angle determination, -
which was eséimated to be not greater than 1%. The above uncertain-
tiuA; excepting the statistical‘and dead time correction uncertainties,
glve .an unc¢ertainty between cr&ss\sections at different beam energies
of 3.72, when gdded in quadrature,- and an overall,§cal¢ uhcef{ainty

of an additional 5.7%.

A problem peculiar to the l+He(p,d) data, acquired with the

-

LS ! \

elastic seaﬁtering déta, led to the possibility of a small beam mis-
alignment (either lateral or rotational) for some o¥ perhaps all

of the data runs (see Appendix A for a full discussion). Such a



misalignment would change tﬂu scatt;ring angle between the beam
and the detected protons by a small amount (approximately 0.250),
However, because measurements were made wigh both left and right
counters and with both beam polari%étion directions, neither the - .
CTross settigns nor the analyzing powers would be affected by this
misalignment. o . .
An important”matter in the measurement of absolute CTross
sections is the rep%oéucibility'of the dataﬂ One illustration of
the reproducibility of the data is given in the target bubblingi
tests, discussed in Section 3.1.3.. In addition, repeated runs at
the éame angle andjybeam eneféy at different s&ages‘of.én Investi-
gation gave statistically consistent values. For example, the cross
section at O = 1440 Qas measured 5 Eimes dufing the investi-

lab
gation at 200 MeV, and the results were found to be completely

’

consistent.

r . . .
- Uncertainties associated with the analyzing power measure--#

Y

-ments.include poésible errors in: (1) the measured‘left—right
scattering asymmetry (statistiéai uneertainty); and &2) the valué of
the incident proton beam polarizétion~(hormélization uncertainty). . .
The ;nalyzing powgr'experiments measured left—righf scattering
asymmetfies with identical coun;ef telescppes and with both beam
polarization directions. THérefofe, quantities such as fhe target
thiékness, proton beam flux, detector efficiencies and soiid angles
-did not enter into the-calculations,'and the effebts\of'gny instru-

mental asymmetries were suppressed. The present ‘methods also ensured

that small uncertainties in the scattering angle due to errors_ in the
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incident beam direction at the target would not affect the results,
The measurenont of separate dead times for the left and right de-
tector combinatinons ensured that' dead time inequalities did not
-result in fale. asymmetries. -

On%_method of calculating the left-right ééatteriné‘aSYmmetry

EHe} described in Section 3.4, used the formula:

+ - N - : ’ ‘
N "ro ~ Nru ~ Nip N 3.2

:e q’ LU
He ca
. + + + : :
SNyt N N N :

whére NLU is the number of particles detected by the left detector

with the spin up, N is the number of particles detected by the

RD
' right detector with the 'spin down, etc. The derivation of eq. 3.2

L]

assumed that the beam polarizations with spin up and spin down

' r
were of the same magnitude (see Section 3.4.2 for further discussion
of this point). Then the statistical uncertainty in the asymmetry

(Ae) can be represented by:

i
. »

. Coae 3 7 3e
dbe = (= 2N )2 + EE Y2 2 4 Gs )2(am, )2
) BNLU pU aNRD RD aNRU ‘ RU ‘

de ) 1 3.3
+ (35 )2(aN, )2?)
BNLD LD s .
) -
A N

where 3¢ is the partial derivative bf,eq. 3.2 with respect to NLU’

BNLU-

a

and ANLU is the statistical uncertainty in NLU [approximated by

(NLU)%)’ eté.



Evaluating this  equation leads.to the formula;
. ) .

e

4( - + NRD) (N{ + N Y|k

Ae =

'

+ | + 30 . -
Ny * Nro T Nru Nip?

The uncertainty in the value of the beam polarization in-
volves uncertainfi€s in the cdrrection to the measured polarimeter
asymmetry Epp due toIC(pZZp) reéctions i? the CHp pclarimeter
farget (seeQSection 2.4.2) and in the value of ;he_ahglyzing power
for p-p scattering which was used to relate the poiariméter !
asymmetries to the aétual béém polarizations. The uncertainty in
the polarimeter asymmetry caused by the éarbon'cbrrection is es=-

timated td be + 3% at each energy (i.e.,}(Ag = 0.03). The

Je_ )
| pp’ “pp
p-p analyzing powers Ppp used in this experiment, given in Table 7
in Section 3.4, were obtained from a recent phase shift analysis of
all relevant p-p scattering dgta (Am-77). The uncertainty in these

analyzing powers is approximately 2% at each energy (i.e., (AP?#/

P_) =1.02).
PP

3.3 The Elastic Scattering Differential Cross Séctilons

Elastic scatteriﬁg differential cross sections were measured
at incident proton energies of 185, ;oo, 225, 250, 275, 300, 350,
400, 440 and 500 MeV. The 185 MeV beam was tﬁe 1owegt enérgy beam =
that could be'extfaéted from the cyclStgon. The eneréiés of 440
'MeV'and 390 MeV were chqsen to coinqide'with the Berger data (Be—76b)

in the same angular region, so that the experiments could be directly

-’
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compnroaf The cross sections were measured at four or five angles

<

bétween about 1450 end 1689 in the laboratory for each of the ten
efergies studied. The‘tequirement that both front and back de;
tector assemblies be positioned at integral oegrees (eee Section
2-4) determined:thé exaét_proton angles measured.

Before presenting the primary results from the experiment,
_-. sOme details of the methoq of oalcukating the cross_eection Qill
be discuséed. The data, because of the qecessity for.spiﬁ up, spin -’
down, and (occasionally) spin off measurements for the studies of
analyzing powers undertaken simultenoouélé at most beam enetgies,
were obtained in two“or moré:separate ;uns for‘the.majofity of
poincsi A diftetential CrOSS‘SeCt;On was calculated for each run

[

from the total number of counts obtained in both arms of the ex—
t k']

peTriment. If more than oneé fun existed at a particular, angle and

energy setting, these individual cross sections were“co?iijei:fgjform

a megq cross section according to the equaﬁ}onR

n
do =1 doox Y | |
.dQ i=1 d91 n -7 - 35 B
T /*" - R —‘*7 7 Q ) B ; "
. j=1

. - . ) . . th
wherg Qi is the integrated beam current on target for the i run.

This js equivalent to a talculation of the mean cross section from

. - ) n o
the total yield from all appropriate runs ( I Yi)’ the total.
. =1t e
charge (I Q ), and other relevant parameters. However, an ad- .
j=1 - , S . o

’

.vantage of the presenty method was that cross séctions. from individ-

Thes L e

s v 7,,‘



ual runs could be‘examinvd For anomalous results. The statistical
nncertainty in the cross section data presented 1s the uncertainty
in the total-number of counts obtained at that angular setting for.
that energy.
The qu(p,p)“He differential cross sections are presented
in Table 6,.and'are illustrateo in.Figure 28 versus cos Ocm and OC5.
‘The varifbles.t and u in Table 6 are standard Mandelstam invariants,
Somekﬁsefél relationships between the variables t and u and center
) of mass system sc.aitering parameters are giyen in Appendix B.
All of the cross sections were obtained uging two symme-
trical detector assemblies exeept for two points at 300 MeV, 01 b=
152O and 157%, which were being measured with unpolarized beam.

For the only run taken at 1579, and for one of the two runs taken

at 1520, the back right wire chamber did not produce valid coordinates

The other back wire chdmber. operated normally, however, and the data -

from thfg telescope was processed in standard fashion. The individ-
ual cross sections from the two runs at 1520, one with both arms

operating, ane with the single arm, were in agreement, within™
! . . . L IS
statistics.- “As a consequence' of this occurance, however, these two

4 data points have somewhat larger statistical uncertainties than do
4+ Other points at this energy. Also, because of the possibility of a
& slight beam misalignment (see Appendix A), the cross sections at
ﬁf}hése two angles have a (protOn)‘scattering angle oncertainty of
+0,250, o
Referring to Figure 28 and Table 6, the most striktng feature
of these eross sectlons is the absenee, in this angular region, of
— o v
\\\\g\\;\.,
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FIGURE 28. The elastic scattering differential cross sections as
functions of cos O.p and Ocp. The lines represeat an -
exponential fit to the data as a function of cos Ocp.
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the mafked backwa;d peaking that has begn observed at both lowc.
and higher eneréies. The cross éecﬁions at.SOO MeV decfeése
slightly towards cés Gcm = -1.0. The.slope of the angular dis-
tributions becomes more negative from 500 to‘440 to 400 MeV. Then
this 310pe‘becomés less negative until, at 300 and 275 MeV, thé
cros§ secgions decrease very slightly_to&ards cos.Ocm = -]1.0.

Tﬁe cross sections are apprbximately cénstant at 250 and 225 MeV.
At 200 and 185 MeV, the angular distributions exhibit weak back-
ward peaking at the forward angles, which chénges to decreasing
cross sections at the ﬁost backward angles.. It shouid be recalled,
at this point, that a primary.hotivafion for this iﬁvestigation

with -small increments in the incident beam energy was the search.

for the presence of structure, in particular,-a sharp minimum-

which might occur near 240 MeV (ie—76); this structure would ex-

tend over the entire angular range covered by the present experi-

‘ment. There is no indication of such structure in the data, but

>

a clear pattern of a change in the shape of the angular distributioﬁ

at approximately the:energy'predidted for ﬁhe minimum does emerge.
In order to display the energy dependence.of the cross

gections, tﬁe angulér distributions were e#trapélated'to cos ecm

= -1,0. AThe data were fittedlwith'aﬁ e#ponential function of .

cos Ocm whichlwas then used-ﬁo'calculéte the 1800 cross section;

these functions are shown in Figure 28. The 1800 cross sections

obtained in this manmner, together with similarly extrapolated values

93



.200 MeV xn\;early exponentlal fashion 'ABeyond QOO_MeV, the cfoss section

measurement, although‘thevmeasurements do agree within stated

94
from oxpe;iments at other envtgits (4y McV.— Da-67, 85 Me\ - :
Vo-74; 100 MeV - Go-70; ldl MeV - Co &ﬂ; 156 MeV < Co-75; 298,

-238, 648, and 840 MeV -~ Be—7bu)'arc {1luscrated in %igurc 29 Any
extraoolation procedure has inherent uncettaintios, especially'fo}‘
'exneriments that do‘not axtend as fat backward as the present R

experiment. However, even large differences 1in extrapolations on

Ehe'scale of Figure 28 leave the trends in the excitdtign function

of Pigure 29 unchanged.
The predicted minimum in the 1800 CTross section is not pres-
ent between 185 MeV and 300 MeV ‘However, .the cross section at

'

1800 as a function of proton energy exhibits double exponential be-

navior. There is a rapid decrease from low ‘nergies to about

%

-

again appea,s to decrease exponentially ‘with energy, but with a.
much smayler slope than previously This change ocecurs ver?:near
the energy where the angular distributions change character.ﬂ-{w
Another trend'in the e%perimental data ident in Figure 29
is that the Be:ger data (Be-76b) are consistently larger than the'

. 7 'Y C—: s . ' ‘
values of the extrapolated cross sections obtained in the presentv

absolute errors. ‘In addition to their statistical uncértainties,

which ranged from 6% to greater‘than 15/ Berger et al. (Be—76o)

assigned a 10% nprmalization uncertainty to their data. . . , T.
. Further comparisons of the data from the present experlnent

- .
~

and other experfﬁents:hnthe same energy region are shown in Figure

3

30. The preseat data at 185, 300 and 440 MeV, the Berger data at o e

-,
R4
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FIGURE 30. The elastic scattering differential cross sections vs. cos
i ecné, for the following energies: ®: 185 MeV, present data; @:
- 300 MeV, present data; A: 440 MeV, present data; e: 147 MeV,
(Co-59); +: 156 MeV, (Co-75); ®: 298 MeV, (Be-76b); x: 438
‘MeV, (Be-76b); @®: 648 MeV, (Be-76b). The curves are tritonm [‘T,L
exchange moddl calculations (Le-76) at 298, 438 and 648 MeV, '
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1 2 T\~
298, %438 and 648 MeV :-76b), the 156 MeV data from Comparat et al.

"kCo—75), and the 147 MeV data of Cormsek et al. (Co-59) are pre-
sented. The solid 1ines shown in Figure 30 are the triton exchange
model calculations of Lesniak et al. (Le-76) compared to the data of
Berger, whicn wil® be dlscussed in ChapLer IvV. The present results

are in substantial dgreement w1Lh thc Berger data at 440 MeV while

the Berger results are larger than the present results at 300 MeVv

by approximately 25%. The 156 MeV and 147 MeV data, which are very

similar, illustrate thpe fact, evident in Figure 29, that the magni-

tude of the cross section below 185 MeV increases rapidly. The
shape of the 156 MeV data is similar to the data at 185 MeV. In

"particular, very slight evidence (one data point) is seen in both

the 147 MeV and 156 MeV data for a decreasing cross section for

'cos ) ’ > 0.95, as 1is observed near 200 MeV in the present experl—

‘mental data. A ‘ . .
Another interesting feature is the srrong backward peaklng
reported at 648 MeV, which seems to be Stlll stronger and narrower
at 840 MeV. 1In the present data at 400 MevV ‘and 440 MeV, the angular
.distributions decrease with incressing angle. At 500 MeV, the cross
sections are stiil decreasing with angle, but nor_as~rapidly. This
may be the first evidence for the onset of the backward peak. \

~

3.4 The Elastic Scattering Analyzing Powers

3.4.1 The Beam Polarization Calibration

The quantity ‘which was actually determined in the present

.
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measurement of the “He(p,p)“He analyzing polver PHe was the left-

right scattering asymmetry ¢ This is related to the analyzing

He®

power by:
eg, = P Po, ' 3.6

where PB is the absolute polarization of the beam. Thus, an accurate
determination of PHe depends not only on a precise measuremeﬁt of
'8;0, but also upoh'bn accurate knowledge of the incident beam polari-

zation,

The beam polarizaﬁion,was monitored by a polarimeter (described

in Section 2.4), utilizing elastic Proton-proton scattering as-the

calibrating reaqtion.-'ThiS»polarimeter‘measured the left-right scat-

-

tering asymmetry Epp' given by:

3.7

€ P P
PP. PP

B,‘.‘ l |

I
!
!

where Ppp is the énalyzing power for p-p scatteriﬁg at the 'polari-

meter ad%le;ielab = 179,  The mgasured~polarimqter asymmetry was
corrected for.thé effects of the cgrbon in the CH2 target to optain

Epp' Calculat;ods showed that p-p inelastic reaétions”(pion production)
would not have produéed signifiéant effects in the polarimefer.‘ The

P-p anélyziﬂg_powers used for éhe-determinatién of the beam polarizations

are given in Tablebj. These analyzing powers were obtained from the

rd
récent .phase shift analysis of the BASQUE group at TRIUMF (Am-77).



TABLE 7

Polarimctor Analyzing Powers

Proton Proton-Proton
Energy Analyzing Powers*t
w (MeV)
185 +0.291
-200\ \ ' . .311
225 ‘ ) .341
250 ’ - .367
350 T U436
400 /0 .459
500 506
*For 6, . = 170,

tFrom Am-77. The uncertainty in these”analyzing

powers is approximately (AP =+ 0.02.

PP/PPP)
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3.4.2 Calculation of the Analyzing Powers

For each méasurement of the analyzing power, at least one
run was made with the beém polariza;ion (spin) up and omne run
with spin.down. A limited number of measurements were made with-
spin off to.investigate’instrumental asymmetries. These were
found, 1in general, to be 5.0.63. |

The primary methpd‘of calculating the scattering asymmetry

4o made use of the formula:

+ —_ -—
NLU NRD NRU NLD )
€ = s 3.2

¥ n ¥
He o Ny ¥ Npp + Npy + N,

with the symbols previously defined in Section 3.2. Incorporating
bl

measurements taken with both bolarization directions and both left
and right detectors in this manner eliminated the need to use such

factors as detector efficiencies and solid aﬁgles, and suppressed

¢

the effects of instrumental asymmetries. ..
This formula is an extension of the expression:

-
4

e—NL-NR 3.8
"R EE, :
NN |

which is used with two detectors, but with one spin orientation.

In general, the spin up and spin down.runs did not-have
beam polarization of the same magnitude

~
équal duration. The beam polarizatio

» NOr were the two runs of
was, therefore, taken as

the mean of the polarizations for the two separate runs, weighted

|

by the Integrated beam current, and was calculated from:
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- Iryfo v Il

B N 4 w!
+
Q, + Q,

-

wﬁére QUSQD) is the‘intégrated beam current oﬁwfargqg f0?‘the spin
-up (down). run, having beam pqlarization PU(PD). The helidm_
'analyzing powers were then calculatrid according to eq. 3.6 and 3.7.

In order to vefify the above caicqlations, the heiium‘
an§lyzing powers were calculated by a second, cbmplete]y indepepdént ‘

mgthod. This secoﬁdary method calculated an asymmetry €le for each

-

run, includihg Spin off runs, according to eq. 3.8. Similarly
calculated fgr each run was Fhe polarimeter léft—right as?mmetry Epp
.THen a graph was piotted of eHe‘vs. Epp and a Besf straight line

was ffttea to all of the points on the graph, with a statistical-
yeighginé facéor. The slope of this straight line, 'B', is givén

by the relationship:

P P
B=—C =5 s 5o, | 3.10

that is, the slope is the ratio of the mean scattering asymmetries

from the helium and polariheter.targets, or equally, the ratio of
A

-re respective analyzing powers. The helium analyzing power was

o

c:lculated with the aid of this equation.
\ o
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3.4.3 The Elastic Scattering Analyzing Powers

The elastic scattering analyzing powers calculated by
 both methods are presented in Table 8. As can be seen upon ex-

.

amination of the results, the analyzing powers caldulated by the
two methods are ih close agreement. The largest differen?e between
the two methods 'is 0,012, and thé average difference between.the
_two values is 0.0032. Another important fact to note is that the
sign of .the difference appears‘to be randomly distributed, i.e.,
one method is neither con;istently lafger nor smaller than the
other. However, the analyzing péwérs calculated Hy thé primary
method,Ai.e.,‘usingAeq. 3.2, are the values which will be discussed
bglow. | |
.Th; analyzing powers are shown 1in Figure 31 (é to g) as
a funépion of labofatory sciktering angle for each of tﬂe seven
}energies measured., The error bars shown correspond to the sta-
tistical uncertainties. The‘statiS£ical uncertaintiés in the
data points are quite .small at the lowe§§§nergies, but become
* larger as the energy rises and the diffefential cross sections

decrease.
The data at 5007eV, 400 MeV, 350 MeV and 750 MeV show a
similar angular dependepce. The aﬁalyzing powers decrease from
1459 to ggoutvl600 then i;creasé very rapidly. The analyzipg”power
reaches a minimum a& 4OQ MeV, where the value at the peak is below

-84%, and decreases rapidly in magnitude at both higher and lower -
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energies. At 225 MeV, the éha:; dip thalt was‘evident at higher <::\\
energies is not observed, although the magnitude 1is similar to the
1250 MeV dgta. The 200 MeV and 185 MeV data are not peaked at all

An this angular region. The analyzing powérs at thesé two energies
have their largest magnitude at the most forward angle measured,

and thié magnitude drops as thé scattering angle increases. The
magnitude of the ;nalyéing bowgr-at g:given angle is still dropping
with decreasing energy. An imbo??ZBt feature of this change.in
dharactgr‘is that 1t occurs at the same energy where the cross sec—-.
tion angular distributions show some evidence-of change. Thig may

1 i St

indicate a change in the reaction mechanism. / L

- Also shown in Figure 31 (a) is the data in thig angular
‘region from the'only other analyzing power measuremeﬁts neér the
presént energies (Co~59). The data at 147 MeV are seen to be in
qualitative agreement, taking into' consideration the énergy différencg
between the experiments and the uncertaintiés of the 147 MeV data..
The trend sSeen from 225 MeV to 185 MeV of an analfzing power .which

)

decreases in magnitude is seenAﬁo‘continﬁe to‘147cMéV;
A useful method of illustrat}ng the Eréhds in the.analyzing

powérs witH angle aﬁd energy utilizéseacéntdur’plot,-shown in‘F?gure

‘32, The angular céverage of the present éxperimental data and that

"of Cérméck et al. (Co-59) are shown in the diagram. The\drawing of

the contours is inherently dqcertain;'wherever theéé yncertainties

. become excessive, the contours are dotted. The dip of < - 80% near-

400 MeV stands out clearly, surfounded by generall. well-defined

contours to - 50%. Below 300 MeV (where analyzing power measthre-
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\‘ .
ments would clarify the details of the pblarization contours

between 250 and 350 MeV), the contours take on a much more .complex

behaviour than that evident at higher cnergies. The £:3}atod

— 40% contour is.not well establis but cannot be eliminated

by the present data. The positivelanalyzing powers near Ocm = 170Y

and 150 MeV are suggested by the trends of the 147 MeV data, but

“have not been verified éxperimeﬁtally.

’

~ 4
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CHAPTER IV -

© -

THEORETICAL INTERPRETATIONS

-

The study of large angle proton elastic'SCattering from
light nuclei, which has recently intensified (Vi—70, Al-72, Ko-73a,
Du-74, he—76b, Fr—77);can contribute to many'interesting problems;
among these being the large momentum behaviour of nuclear wave
- functions, the role of nucleon isobars in scattering processes, and “. '

/// the importance of two-step processes - Howeyer, after much theore-

tica1~dnvestigation of large angle p -d scdttering (for example \\N e
s Ke- 69 Cr—69 Ba-72, Ko—73b No-74), very few definite conclUsions —«\
have emerged. It 1s to be hoped that the study of backward p- e —

and p—3He scattering, for example, will aid in resolving uncertain-
ou . . ~ .
ties.

4.1 The Triton Exchange Model o ¢

b

- Ofle component of suchigb~examination is the'recent investi-
‘;gatﬁon oflthe triton enchange‘model for'bachward:p—”He'scattering
(Koj7l and Le-76). The triton exchange mechanism is‘illustratedv
in Figure 33(a), and is fontrasted with direct scatterlng of the
incoming proton, (Figure 33(b)) " Since the momentum transfer necessary
for direct scattering (=2p, where p is the center ot mass momentum
-of the 1ncoming proton) is much greater than that required for triton

-

exchange ( (3/4)p) Lesniak et al. (Le-76) have assUmed that,iat

~ : : .
intermediate energies, the triton exchange process is more probable

£109



. FIGURE 33.

13

(a) A pictorial representation of the triton . exchange
mechanism for p—“He_efastic §cattering. (b) A similar
representation for the direct scattering mechanis . (c)
The -symbolic diagram for triton exchange.
exchange diagram including absorption in both entTrance and

exit c@anpels. ‘ e

(d) The tritomn .
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Their éalculations included only the triton exchange mechanism
(also shown in Figure 33(c)); however, they did include absorption
cffects for both incoming and outgoing p;rticles (Figure 33(d)]. 2
In the plane wave Born approximation (i.e., with no.absor—
ption effects), the differential cross section for the triton ex-

change process can be written (Ig-75):

B ‘ ) 1
doex 2 242 Yy '
* (Ka + Q%) l wa(Q)l . 4.1

dQ
cm

Here Ké = ZUEG, with y being the pioton~triton reduced mass, €y
being the (proton) binding energy ot “He (=19.8 MeV), and WQ(Q)
being the Fourier transform of the relative proton-triton wave

function (or, the “He single particle wave‘functioﬁ in momentum re-

presentation) . As well:

_9p? + 1p2(1 + cos ocmﬂ%' 4.2
16 2 ’

Qith gi,tﬁé momentum of the incominglproton, 3% the momentum of

the outgoing alpha parficie (in the‘center of mass system), and p
the‘magnitude of Si.' MQ(Q)Ais obtained by fitting a single particle
wave function for “He to the electromagnetic form factor for “He,
determined from eiectron elastic\scattering (Fﬁ~

Lesniak et al. (Le-76) used a wave function of the form:

! ) _ ‘x(r) = N i_exp(—ar)(l - exp(—Br))n, 4.
. T



where N is a normalization constant, and «, § and n are parameters

to be determined. Their resulting TWG(Q)] is shown as a function

of Q¢ in Figure 34. The sharp dip in WQ(Q) at =4.3 fm™° originates J
froﬁ a minimum in the “He form factor near a four-momentum transfer
squared of 10.5 fm™? (Fr-67). This minimum in ’WG(Q)’ dorresponds

to 1800 p-"He elastic scattering at a beam energy of Tp = 242 MeV;

it is this reasoning tﬂat led to the suggestion (Le-76) that a
minimum might occu; in the 1800 excitation function at approximately
240 MeVv. Kopeiiovich and gotashnikova (Ko-71) went through a similar’
argument in the Born approximation with a different single particle
wave function and gredicted a minimum at 190 MeV.

: In the ca%culations that Lesniak et él. (Le—76) performed
to.include the absorpgion effects, they concluded that some simpli-
fying assumptions about the mathematical form of the absorption

' functions were necessary in ordef/go make the calculations manageable.
They expressed the absorptions in terms of the proton-proton elastic
sdatteriﬁg émplitude and~the proton—t}iton interaction éotential
th(r). The proton-proton scattering amplitude was‘parametrized as
a Gaugsiaﬂ function of the momentum transfer,’éna was considered a
high energy parametrizationr The proton-triton interaction_th(r)
was also pérametrized as a Gaussian function of the p-t separation
'r'. The p-t interactlon parametrization was much less certain than
the p-p parametrizatlon because of the almost total lack of, data

on p—3H elastic scattering at intermediate energies.

Other major assumptions used in their development (Le-76)
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were that all Interactions were spin independent, and that the wave
functions éou]q be written 1in an eikonal (small angle) approximation.

The eilkonal trajectory|was chosen along a vector:

'

> >
P, - p

A i f

P=—=—0, . 4.4
Py = Pgl

so that the approximation should have been most accurate for O =
; ,

: / .
1800, becoming less accurate for more forward angles.

One significant result of these calculations was that cross
sections calculated with absorption effects @ere one tovtwo orders
of magnitude smaller than Cross sections calculafed in the Born
approximation at 438 aﬁd 648 MeV. Furthermore, the shapes of the
angular distributions were much different for the two calculatioﬁs.

The Lesniak triton exchange calculations are compared to
the‘present data at 300 andﬂzzb MeV and prev?ous cross. sections at
298; 438 and 648 MeV (Be-76b) 1in Figure 30 (Section 3.3). A com-
parison with tﬁe 840 MeV Berger data was not given. The»theory is
seen go agree at 648 MeV very well for | cos Ocm’ > 0.85. ‘Both the
slope and the magnitude of the calculated cross sections are in close
agreement with the data. There is less agreement at more forward
anéles, but &his may simply be an indication.that‘the.eikonal appro-
ximation is no longer as accurate in this region. At 440 MeV, the
agreement is quite good. At 300'MeV, however, the slope of the
theoretical cross section is opposite to the trend of the data, and

the calculated 1800 cross sectionuis high by almost a factor of 3.



\

The fact that the present experimental data show no indications of

\

the“spggested minimum near 240 MeV.may be another indication that
the triton exchange model iéAin some difficulty at these lower
énéfgies.

The diffefences at 300 MeV have been attributed (Le-76) to
the fact that the high energy parémetrization of the proton-proton
scattering amplitude (and also of the proton-triton interaction) is
no longer appropriate. For this reason, no definite statement on
the position or the depth of the predicted minimum was made .

Another possible reason for the lack of success of the
model near 300 MeV is that triton exchange may no longer be the
dominant ﬁechanism. (this 1is assuming that triton exchangé does
déminate at higher energies; other possible modéls will be discussed
below). One of the most probable competing mechanisms at these

energies 1is the direct scattering process (Figure 33(b)). -Direct

scattéring could be significant at these energies, where the momentum _

" transfer, although larger t?&ﬁ that of triton exchange, is still

“

much lower than that needed |for direct scattering at 500-600 MeV.
- For example, the momentum ansfers, for 1800 scattering, at 298 and

648 MeV are ;38 and 88 f 2, respectively (Le-76). This example also
| :

|

illustrates ‘the difficulty of calculating the direct scattering con-

tribution at%these energies, since the “He form factor has only been
| , )
measured to %O fm™2 (Fr-67). Definitive calculations of the direct

scattering céntributions may therefore have to await the results of

4 measurement of the form factor for “He\gt higher momentum transfers,
; . O

\

!
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which 1s currently in progress (Ar-77). If :vi on exchange and
direct scattering are both significant in this en-crgy region, then
the interference between the two processes could a]so.Be-importnnt.
There is reason to believe that triton exciinge may play
a signifiéant role in backward p—“He/;;attering; however, this
model only considers one~aspect of a much broader picture. The
'present data indicate that a more complete theoretical description
is necessary. .Obvious, although admittedly difficult extensions to
the present theory would be to improve the absorption approximations,
to include. spin dependence in the interactions, and to include .
direct %catterlng and direct scatterlng triton exchange 1nterférence
terms in the calculations with the present triton exchange term. An
especia“v Interesting and possibly very crucial test of a more éom—
plete triton exchange theory would be the calculation of énalyzing

~

powers to be compared with the present analyzing power measurements.

4.2 Non-Eikonal Multiple Scattering Model

It has been éuggested previ;usly thatvthe lack of kno@ledge
of electromaénetic form factors at largé momentum, transfers was an
importanf factor why the direct scatteriqg approach té p-“He backward
~scattering was not pursued. However, Gurvitz, Alexander, and Rinat
(Gu~76) have done essentially the inverse calculation, using large
momentum transfer proton scattering cross sections to predict the
. form factors of 1iéht nuclei such 'as 2H and “He. é’

Gurvitz et al. (Gu-75, Gu—7Sa, Gu-76) have formulated a non-

N
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eikonal theory for multiple hadron scattering on nuclei (see Figure
35). However, 1n order to calculate cross sectiéhs for p-°H and
p-"*He scattering, form factors were needed at values of momen tum
transfer far greater than those measured. By looking at the cross
section angular distributions for p-°H elastic scattering at several
energies, they postulated an extrapolated form factor for fH very
different from those previous%y suggested.  Using their postulated
values, they found thag the single scattering mechanism alone (Figure

35(a)) provided a dominant part of the p—“H cross sections at large

angles and high energies (kL > 1 GeV/e). They als. ined close
agreement with the data at several energies at all . - A sub-
sequent measurement of the 2y electromagnetic form fac + (n -75)

confirmed these predictions remarkably weli;

Gurvitz et al. (Gu-76) have also produced eidtrapolater fo ~

factors for 3H, 3He and “He that have not been verified experimei’ ly.

However, the use of these form factors did significantly improve
their theoretical fits to the data in the higher energy regions

which they studied. Until the form factors have been measured in

the regions of extrapolation, they could best be tested by comparing

predictions obtained with their use to all relevant data, including
that presented herein. If the_éingle scattering mechanism with the
postulated l+He form factor could be shown to contribute a large

fraction of the backward p-”He elastié scattering cross sections in

the present energy range, the importance of triton exchange might'be

~seriously questioned.
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FIGURE 35, MuLEiple scattering diagrams for a hadron
a nucleus 'A' : (a) single scattering,
(c) triple scattering, and (d) quadruple

'%' scattering from
(b) double scattering,
scattering.
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Another possible use of the extrapolated form factors
wquld be to calculate the direct scattering terms that were dis-
cusség\in Section 4.1, in connection with the triton exchange
model. (The direct scattering process discussed in Section 4.1
is not identical to Gurvitz's single scattering mechanism. _The
- former reaction includes, among several possible detailed mechanisms,
the latter.).

Since the Gurvitz et al. theory (Gu-75a) incorporates
several assumptions, it may not be the optimum theory with which to
determine form factors in this manﬁer. Nevertheless, the procedure
-of using hadron scattering to obtain nuclear forﬁ/factors at high

. |
momentum transfers does illustratq a most valuable use of backward
proton elastic sdattering and is certainly worthy of further inves-—
tigation.

It has been recently suggested (Wa-~77a) that the Gur&itz
et al. single scattering mechanism might éxp¥§§%~the large, negative
analyzing powers of‘fhe present experiment. If single scattering
(Figure 35(a)) were the doginant mechanism in p-“%He backward elastic
scattering,, then that scattering would be related to small angle
nﬁcleon—nuclgon'elastic Scattering at an appropriate energy. In
that case, the strong, positive polarization in forward angle nucleon-
‘nucleon scattering (Lo-70, Am;77)'shop1d be mirréred in strong, né—
gative pélarizations for p-“He scattering at hackward angles. A
- very preliminary calculation showed ‘that large, negétive anélyzing

powers were indeed predicted b& such a theory, but that the angular

distributions were not similar. More detaiied calculations are in
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progress in this regard. : . ;

N | ‘ /

4.3 Nucleon Isobar Models

’

One of the.first discussions of the possible role of nucleon
excited states (isobars, or N*'s) in intermediate energy s(atterlng -
and reaction processeq wae by Kerman and Klssllnger (Ke-69) . In
their examination of p—d_backward scattering at 1 GeV, they added
the effects of the exchange of a pre-existing isobar (specifically .
the N*(1688 ﬁev)) (Figure 36(b)) to standard nucleon exchange (Figure
36(a)), and obtained a better fit té,the experimental data. This
model was‘also applied with some success to p-d scattering at 580
MeV.(V1—70).. Sharma and Mitra (Sh-74) generalized the above N*-
exchange model to include the effects)of several isobars, and obtained
‘reasonable agreement with experimental p—-d cross sections between
365 and 1500 Mev. Thereafter, much theoretical attention has been
devoted to the question of the existence of 1sobars in nuclel in
general, and in particular to their effect in backward eiastic
scattering (see, for example, Be-75, We- 77 and references therein).
The work in backward elastic scatterlng has concentrated alnost ex—
clusively on p-d scattering. ‘

Another aoproach’(Cr—69, Ba—72;‘and Ko-73b) has been to
investigate the effects of a 'triangle' mechanism (Figure ?6(c))
in p-d scattering. This approach utilizes theresonance effects of

rthe‘p +p-+d+ n+ reaction, inlwhich tne N* (1236 MeV) may be pro-
duced in an intermed;ate state. One motivation behind,euch a theory

;
/
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FIGURE 36. Proton—deuteron backwprd elastic scattering via (a) nucleon

exchange, (b) nuclesd isobar: exchange, and (c) the 'triangle'
.mechanism.



&

4
is that the largest enhancement of the p-d 1807 excitation function
1s near 600 MeV proton laboratory energy, which is close .to the

invariant mass of two nucleons plus the N*(1236 MeV). This theory
o '

.has been shown (Ko-73b) to reproduce both the 600 MeV p-d cross

section angular distribution (Al1-72) and the shoulder in the 180Y
excitation function fairly well. A recent paper (Fr~77) has post-
ulated that a 2N - 75 exchange mechani;m (similar to Figure 36(c)),
again with possible inéermediaté N* contributions, could %xplain

v

some of the features of backward p-3He elastic scattering. Similarly,
a 3N~ 7 exchange mechanism could be postulated as one contri®ution
to p—“He backward elastic scattering. However, since no detailed

calculations have been carried out on these last two possible

mechanisms, their importance relative to other proposed mechanisms

. 1s most uncertain at the present time.

All of the calculations of the above mechanisms have required
several assumptions to obtain their‘resu1£s, and have had varying
amounts of success in reproducing the experimental data. Several re-
cent authors (No—7§, Be-75, and We-77) agree that the analysis of p-d

scattering in terms of isobar models is far from conclusive.

4.4 Phehomenology'of the Present Cross Sections ' .

.The expefimental cross sections cbtained for p—“He elastic

scatterihg were presented in Figure 28 (Section 3.3) as functions of

T

cos O . "In that figure, the cross Sections exhibited a strong depend-
cm .

ence on the beam energy, of, equivalently, the total energy of the

g

re

te



“in Figure 38, which has the

-/
. .
system. A usecful prochure 1s to show-the cross sections as
. R P * N ” .

functions of anlenérgy—depéndent variable, so that kinematic factors

are largely removed from the cross sections, and more important
dependences may become visible. Two such plots of the present data

are shown in Figures 37 and 38, where thé\@%ﬁiqfential Cross

sections in ti- venter of mass system are plotted versus the

. . «

Mandelstam variables u and -t, respectively. Some relationships

between t and u and center of mass System scattering parameters are

given in Appendix B.

T

In Figure 3],'the'éross’sections,at differen; energies in-
crease rapidly with increasing ﬁ, although, in general, the points

at one energy decrease .with increasing u. [f the cross sections, were

»

dominated by the exchange of a single particle (the triton}, the

cross sections should be propbrrfoﬂél to Kd - MTz)‘2 (Du-74),. where
MT 1s the mass of the triton. This'fgpction is pl ed in Figure 37,
arbitrarily normalized at 7.3 (GeV/c)2. A .common dependence on this

function is not obsérved,Asuggesting that triton exchange may not be

a dominant part of the scattering process. However, complications

caused by absorption effects,,for'example, could modify this plausible

argument.

. ’ ‘
[t . .

However, in Figure 38; the cross sections are plotted as
functions of (-t), and 'in géneral, the cross sections fall with

iﬁcreasing (~t), both from energy to energy and at a given energy. ﬁl

The trend of this t—dependénca}is illustrated by the solid line

function;l form (—t)“2‘53 The curve
AS ’

. 1s arbifrari;y.norﬁalized at -t = 1.0 (GeV/c)Z2. Thetfunctional de-

\

\~

a
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pendence (-t)72+5  ywhich 1s seen to represent the data véry‘well,
is purqu phenomenological, to sﬁow the trends of ghe data. The
dependence on t, the momentum transfer squared between the two

protoné, suggest§ tha£ some form of direct scatferiné may be the

dominant reaction mechanism: A-complete, theoretical ca]culatidq

'will be necessary to confirm or reject this.supposition; however.

The cross sections for the uHe(p,d)3He‘reaction (see

"~ Appendix A for a.full discussion of these data) are similarly

plotted as functions of u and (-t) in Figures 39 and 40. 1In
contrast to the elastic scattering cross sections Just discussed,
the (p,d) cross sections show a general dépendence on u. Hdwever,

4 unique depén&ence on t 1s clearly not present. The cross sections
decreése ftom energy to energy,’ but iﬁcrease ét a given energy as

a function of (-t).

Figure.dl(a) presents the diagram for p-“He elastic
scattering in ter%s of triton exchange (Section 4.1). 1In direct
analogy, Figure 41(b) presents a diagram for “He(p,d)3He in terms
of deuteron exchange. If‘the “He (p,d) geaction does proceed via
deﬁteron exchange, a general dependence of the cross section on the
function (u - MDZ)_2 (Du-74) is to be expected. This function is
pl&tted in Figure 39 and does, indeed, fo;low the c¢ross sections
very closely. This suggests that the reaction may proceed via
deuteron éxchange; although -this argument could be modified by com-
plications such as gbsorption effects.

In Appendix A, the similarities of the 1800 exéitation

functions for the reactions “He(p,d)3He and He (p,p) 3He were noted.

< .
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FIGURE 39. The "He(p,d)’He differential cross sections as a function of .

the variable 'u',, The curve shows the u-dependence expected
if the reaction is dominated by deuteron exchange. .
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Figure 41(c) presents a possible reaction mechanism for‘p—3He
eiastic scattering, which could also proceed via deuteron exchange.
The only difference between Figure 41 (b) and (¢) 1is an extra
neutron in Figure 41(b). TIf this extra neutron is largely a
spectator and takes a very smgli role in the reéction, then the

two reactions would proceed almost identically, explaining the

close similarities between the two reactions.



GHAPTER 'v
CONCLUSIONS

We have measured differential Ccross sectioné for proton-“He
elastic scattering for 10 proton energies geLween 185 and 500 MeV,
from 1449 to 1680 in tho laboratory system. The elastic scattering
andlyzing powers were obtained at 7 energies in this range. Data
has also been presented for the reaction L+He(p,d)3He in the same
angular region, consisting of differential Cross sections at 6
energies > 275 MeV, and analyzing powers at 3 beam'eneréies.

- The experimental arrangement protﬁgtdgiiﬁematic redundaﬁcy

in the definition of desired events, which resulted in negligible
backgrounds 1in the regions of interest. The experiment featured

good counting statistics, with a large majority of the cross sections

having statistical uncertainties'smaller than 3%. An acc

absolute normalization of the data was obtained, including .rect,

and higher energies, but, instead, are qDprox1mately constant or

slowly decre351ng with angle at most of the energies measured. The
elastic Scattering analyzing powers are large and negative, and show
strong dependence on both energy and angle. The possible Structure

in the 1809 elastic Scattering excitation function suggested for
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energies near 240 MeV is nor observed in the data. However, -
distinct changes in the crogs section 5ngu1ar distributions, the
analyzing power angular distributions, and the 180° excitation
function are all evident near 200 MeV.

The “He(p,d) differential cross sections display strong
backward peaking. The‘“He(p,d) analyzing powers are small and
negative, and show less energy dependence than do the elastic -
scaftering analyzing powérs, The “He(p,d) excitation function at
1800 1is very similar to that of the reaction 3He(p,p) over the
Tange of energies of the present experiment. One possible explanation
for this fact is that the extra neutron in “He (compared to 3He)
vzould actvlargely as a spectator in a déuteron exchange process.

Further theoretical studies of p~"He backward elastic
scattering are clearly indicated. ‘Existing triton exchange model
calculations do not appear to deséribe the data well at low energies
(E < 300 MeV). Possible extensions to the calculations, includiﬁg
better absorption approximations and the inclusion of spin dependent
interactions, might, however, improve the agreement with'the data.
In addition, calculations of theﬂdirect scattering process, triton
exchange-direct scattering interference contributions, and multiple
scattering processes would agsist in clarifying the reaction
mechanisms involved in this energy range. In particular, the com-
parison of theoretical predictions with the measured analyzin
powers wquld be usefuldznd poSSibly.very crucial tests in seledting a

dominant reaction mechanism.



Experimentally, very few polarizations, or analyzing powers
have been measured in the intefmediate energy region. In particular,
analyzing powers for 3Hg(p p)3He at backward angles would be ;ost
inte(estlng for comparison with the present “He(p d) 3He analy21n5
powers. Another, most interesting experiment would be the extension
of the present study from 500 to approximagg%y 650 MeV to explore the
emergence of the strong backward peak previousi& observed at 648 MeV,
but not seen in the present data at 500 MeV. The backward peaking
must grow rapidly above 506 MeV, and a search over a fine energy grid
between 500 and 650 MeV,'similar to the present search between 185
and 300 MeV, would prove very intefesting indeed. An éxisting triton
exchange model follows the backward peak quite well at 648 MeV, and
such an experiment would investigate whether the triton exchange modél
will be in agreément with the details of the eﬁergence of this backward
peak. This would aid in clarifying whether triton exchange 1is the
- dominant mechanism in the region. Other suggéstions for future in-
teresting experiments inélude: (1) a compreﬁensive gtud? 5f back~
ward elastic scattering of protons from ldight nuclei, such as 3He and
3H, similar to the present study of:p~“He elastic scatteriné, and
(2) the measurement of completé angular distributions of cross

ctions and analyzing powers for proton scattering from “He and ogher

light nuclei in this energy range.
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APPENDIX A

“He (p,d) 3He DIFFERENTIAL CROSS SECTIONS

AND ANALYZING POWERS

3

L. The Differences -between “He(p,pj and “He(p;d)

Together with the acquisition of the p-“He elastic

N

scattering data, a large body of data on the reaction L‘He(p,d)3He
was obtailned. The analysis of this dat\a was almost identicai.to

that of, the e1astic scattering data (Section 2. 6) except for a few
departures to be discussed below. ‘
An important difference between the two reactions was that
the kinematics tor the (p,d) reaction were: slightly different from
elastic scattering kinematics. For example, at 500 MeV, one position
for the back detectors was 1549,  The front detectors were then
placed at 90, according to elastfc scattering kinematics But,Athe
. 3He particles correéponding“YSJIEAO deuterons are produced. at 8.3@
(or, conversely, 90 3ye'g correspond to 1520 deuterons). When the
data was analyzed, however,»the angular correlation of the (p,d)

s . < ”-’1
set than was expected from the kinematic differences. he data for

events for the FR-BL detector cqnbination exhibited a lz;ger of f-
the FL-BR detector combination showed a smaller offset than expected.
One pos31ble explanation is that the proton beam passed through the

target at an angle of approximately 0. 25 » caused by a curvature of

the beam by the fringe field of the main cyclotron Alternatively,

-

- : _ 142,
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a lateral dic

éSé;:Rt of the beam on target by 2-3 mm to the left
<

would raccount E947the.observations.
Thegc/effects were only significant when a large kinematic

difference for the (p,d) events and the beam misalignmept"combined

to place 3He particles, corresponding to deuterons entering a

central MWPC window, near the edge of the FR plastic detector. (The

two effects tended to tancel each other for the other detector com-

bination.) 1In such cases, both of the defining MWPC windows were

moved to a smaller tlenteron) angie, and the window size was decreased.
At certain encrgies, the (p,d) reaction products may have \

been partially rejected b; lower level discriminators. At 2;§,aod:300

MeV, the backward de@terons.had very low energies (as low as él MeV

at the Nal detectors), and the Nal discriminators may have rejected

some valid events. The forward-going 3He particles at SOO MeV also

produced signals close to the discriminator levels on. the front plastic

scintlllators Thus the cross sections at 275, 300 apd 500 MeV

should be regarded as lower limlts only, af%%it rensonably accurate

‘lower limits. At both 300 and 500 MéV the discrimtnator )etels

while close did not noticeably affect the energy spectra in question.

At 275 MeV, however, the left (BL)aI discriminator was definitely

cutting into the events Therefore, th%;275 MeV Cross sections were

calculated from the BR-FL data omly (and thus have a (deuteron) pro-
duction angle uncertainty of iO.ZSO).
One further difference for the (p,d) data was the fact that

events were.located in a region of higher background than were the

elastic scattering events (see Figure 19, Section 2.6). Standard
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analysis (Section 2.6) eliminated this background except for the
440 MeV data. Analysis of the only target empty run at 440 Me\

(Od = 1680) gave a background of approximately 2% of the full target
yield, appropri tely |normalized. This proportion of background

events was subtracted m each ta point at 440 Mey,

e deuterons incident Jon the Nart detectors had energies

between 21 akd 64 eV, aftedfenergy losses from 9 to 15 MeV between

the target and the NalI. The efficTencies gf the Nal counters for /‘
e calculated from ontical /
model predictions for the total reaction Cross sections for deuterons
in sodium and iodine (Gi—;7). The calculated inefficienc1es ranged B
 from less than 1% to approximately 5%. The associated uncertainty

-

was at most 20% of the inefficiency, or less than lZ'uncertainty in
the cross section.« S ~ ) ;\\:::>
. Except for.this efficienc§ uncertainty; the other uncertainties -
in the cross section‘ discussed in Section 3.2 for the elastic scatter-
ing cross sections are identical for the (p,d) cross’ sections pre-
sented below. The uncerta;nties in the 275, 300 and 500 MeV cross | :
sections due to the poég;;;};ty of electronlc elimination of valid
events are dlfflcult to assess, but it is estimated that cross section
increases of the order of )% for these data points would he the
maximum increases expected. )

The uncertainties in the analyzing powers are identical td

the uncertainties in the elastic seattering analyzing powers (Section

“3.2).

}
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&

2. Data Presentation and Discussion

The cross sectiens for the‘reacfion “He(p,d)sHe, measured
at 275, 300, 350, 400, 440 and 500 MeV, are presented in'Table 9
and are 1llustrated in Figure 42 versue cos Ocm”and Ocm'
The most striking:fcatu;e of the datafis the backward peak-
ing ofgthe cross secfions. Backward peaking is evident at 275 Mev,

and increases with énergy to 500 MeV, where the peaking is quite

_sharp This backward peaking of the cross section is in marked con-

There, the Cross sectloe angular distributions are nearly conqtant
at lower energies and tend to decrease, not increase with angle, as
tﬂé energy rises.

‘Another; very significent difference between the “He(p,d)
and “He(p P) cross Sections is their absolute magnitude, which {is
much larger for the (p, d) reacthn This is illustrated in Flgure
43, which presgnts the ratio of the 1800 eéxtrapolated cross section
for the “He(p d) reactlon (obtained via the procedure descrlbed in
Section 3 3) to the elastic Scattering crosssection at each incident
pProton énergy.

The 3He(p p) 3He backward crogs sections have been measured
recently at 415, 600 ang 800 MeV by Frascaria et al. (Er-77) and at
156 Mev by Langevin-Joliot et al. (La-70). The-ratie of the “He(p,d)3He
1800 cross section to the‘3He(p,p)3He 1809 Cross section at the same
beam energy (obtained from (Fr—77)) is also presented in Figure 43,

All the values plotted in F1gure43 are ratios of two exXtrapolated

—
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FIGURE 42,
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The differential cross sections for the .reaction “He(p,d)3He
vs. cos Ocm and Ocp. The lines represent an exponential fit
to the data as a function of cos Oy,
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Cross section$,'and thus have intrinsic uncertainties; the points
iﬁvolving.the 3He(p,p) cross sectlons have somewhat larger uncer-
tainties still, because of the -energy interpolations between wide1§
separated data points. The treﬁds, however, are well established.
As is evident -in Figure 43, the “He(p,d)BHenénd 3He(p,p)3He cross
sect}ons at 1800 are very close to being e;ual at\éach enefgy.v In
addition, the‘3He(p,p)3He angular distributions at 415 and 600 MeV
_(fr~77) (which are very similar to each other) exhibit backward
peaking which has approximately the same magnitude as the “He(p,d)
angular distributions. These similarities strongly suggest that the
two reaction mechanisms are analogous.

A limited number of “He(p,d)sﬁe analyzing powers were also
measured at 356, 400 and 500 MeV; these analyging powers are presented
iq Table 10 and are illustrated in Figure 44 (a to c) as functions
of @, . The uncertainties illustrated are the etétistical uecer—

lab

tainties only.

The 4He(p,d) analyzing powers are negatrﬁi as were the “He(p,p)

anely21ng powers presented in Section 3.4, but are much smaller in
meggltu&e than the elastic scatterlng analyzing powers Another
contrasting feature of,the “He(p d) analyzing powers is that they do
not eppear as energy-dependent as were the elastic scattering ana- -
lyzing powers. \The “He(p,d) anaiyzing powers_are very similar at

400 end 500 MeV. The 350- M;V analyzing powers have magnitudes similar ‘
to the 400 and 500 MeV data, but exhibit a different angular de-~

pendence than the other,data. This ychange in shape is not well es-

tablished, however, - »
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In the light of the greaf similarities in the backward
cross sections for “He(p,d) and 3He(p,p), analyzing power measure-
ments for,3He(p,p) could be very informative. A comparison between

the analyzing powers for the two reactions in this energy region may

significantly clarify the reaction mechanisms involved.
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AFPENDIX B

MANDELSTAM VARTABLES
e

The Mandelstam variabl § s, t, and u are frequently the

‘

these variables and some pertinent relationshibs between the Mandel

variables and variables assoclated with thé center of mass system are
presénted below. Rigorous derivagionsdof the equations are not ére—

sented, but may be found in the references (Ha~-64, Ma-70, and Wi-71)

or in most textbooks on éleméntgry particle theory. A system of units
have been «chosén such that §| = c =1,

‘ Consider the genera}\process
a+b+c ¢ d
shown in Figure 45. The particles have rest masses o, for 1 = a, b,

'y

¢, and d. They have three mome§f@ q1 (w1fh magnitudes qi) and total

energies E;, given by: - ’;50 -
- 3# J —
"R2 . 2 2 I T
Ei =m + Q. . ) . B.1
Y . v » '
The particleséalso have four-momenta ki’ defined by k (Ei, Zi),
where: N )
. S
S A E,2 - q 2 = + 2, - g B.2
i i i “
" An additional requirement, the conservation of energy and momentum, is:
. .. =3
+ = + k..  B.
ka. kb *kc, kd ) B.3
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o=t

FIGURE 45.

- diagram of the general process a + b + ¢ + d, in the cénter
of mass system. T
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. u caneithkrbecalculated from eq. B.9 or, knowing t, from equations B, 4
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The Mandelstam variables are defined as:

sk, +1)2, A B.4
t = (k, - k)2, and g5
u E_(ka - kd)z. ' . B.6

N
)

The quantity s is the squared total center of mass energy of the syst

The variable + (u) ig the squared four-momentum transfer between \\\\iz‘

e

éarticles a and ¢ (a and d). 1t can be shown that:

v’

+ = 2 4 2.+. 2 4 2 ' f B.
s+ t+u m m m my k\\‘g/// i 7

In the center of mass system (Figure 45), eq. B.S5 and B.6 N
become:
t=m?+m2_-2EE + 2 q q' cos 0, _ B.8 )
a c ac \ :
= o 2 2 _ - 1 ¥
u=m<+m ZEaEU 2 q q" cos 0, 9

For elastic scattering~(mé s M, = mdx;-then

'—l‘ = =
q'| = q, E,=E_, and E =<E

b Eq- ,Then, eq. B.8 simplifieé to:

t = - Zq%(l - cos 0). - . B.10

-
~

and B.7.

Another useful formula for t,  which applies to elastic scattering
. * D
in the laboratqry system, is:
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RO S " B.11

where Td is the kinetic energy of particle 'd' 1in the laboratory
LAB

system.
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