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Spin observables in elastic proton scattering from polarized SHe
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We have measured the absolute cross section o(0) and complete sets of spin observables Aso'&

in He(p, p) elastic scattering at energies of 200 and 500 MeV. The observables depend on linear
combinations of six complex scattering amplitudes for the p- He system and provide a severe test
of current reaction models. The in-scattering plane observables (Apo, App~~, Asp[, and Aso ~)
are all in quantitative disagreement with fully microscopic nonrelativistic optical model calculations
and nonrelativistic distorted wave Born approximation calculations.

PACS number(s): 25.10.+s, 24.70.+s, 25.40.Cm, 27.10.+h

I. INTRODUCTION

It has been recognized for many years that the N-N
force is highly spin dependent. For example, data &om
pp scattering at 212 MeV [1] show conclusively that in-
clusion of the spin-orbit component of the nuclear force
is crucial in describing the measured polarization observ-
able s.

It is also well known that it is possible to use nucleon-
nucleus scattering as a probe of the spin structure of nu-
clei since target-related observables are extremely sen-
sitive to small spin-dependent parts of the target wave
function. It is this sensitivity that makes these spin ob-
servable data such a severe test of theoretical models. In
addition, one can gain information about the nucleon-
nucleus reaction mechanism, the spin dependence of the
nucleon-nucleon interaction in the nuclear medium, and
the oR'-shell behavior of the N-N amplitudes.

As a Grst step, spin effects in nucleon-deuteron scat-
tering have been investigated in some detail. Recent
full three-body calculations of n-d elastic scattering spin
observables [2] are in good agreement with the avail-
able experimental p-d scattering data [3] (confirming that
Coulomb effects are indeed small at the energies consid-
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ered), and the observables are seen to be sensitive to
small changes in the spin component of the N-N inter-
action. To extend the study of nuclear spin dependent
effects to the A = 3 system, a high pressure polarized

He gas target has been developed, and this target has
been used to measure spin observables and absolute cross
sections in elastic scattering of polarized protons &om
polarized He.

There are several factors which make He an excellent
choice as a nuclear target for the measurement of target-
related spin dependent effects. The relative size of these
effects is larger for He than for any other dense nucleus
(A ) 2). For example, recent measurements of analyzing
powers in elastic pion scattering [4—6] have shown that
the asymmetries observed in the He system are much
larger than in either the C or N systems. Also, the
availability of Faddeev calculations of the He ground
state wave function make it an attractive target &om a
theoretical standpoint. In addition, the predicted ap-
proximate alignment of the spin of the odd neutron with
the He spin indicates that one may be able to use po-
larized He as a substitute for a polarized neutron target
and hence measure properties of the fundamental N-N
scattering system.

When studying nuclear spin effects, there are reasons
why one expects the measured spin observables to differ
from the &ee N-N values. The Fermi motion of the nu-
cleons within the nucleus will result in an average of N-N
observables over different energies and angles. Also, the
nuclear response function may introduce a dependence of
the observables on the energy transfer because the resid-
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ual N-N interaction is either attractive or repulsive for
different spin-isospin channels. Thus it is necessary to
con&ont theory with as many observables as possible in
order to separate out these various effects.

To this end, we have made measurements of absolute
cross sections and the complete set of spin observables
Aoo,.z in the scattering of polarized protons &om polar-
ized He at incident proton energies of 200 and 500 MeV.
Here, ij are the parity allowed combinations of normal,
sideways, and longitudinal polarizations of both beam
and target.

In the second section of this paper we outline two sets
of calculations which predict the spin observables for the
sHe(p, p) reaction. Both calculations are optical model
reaction theories which utilize the impulse approxima-
tion. The first calculation, by Landau et at. [7], uses
the nonrelativistic "factorized" form for the momentum
space optical potential wherein different components of
the N-N t matrix are multiplied by the appropriate nu-
clear form factors. The second calculation, by Ray et al.
[8], uses distorted waves calculated using the Schrodinger
equivalent potential &om a phenomenological Dirac op-
tical potential in a nonrelativisitic distorted wave Born
approximation (DWBA) calculation.

The theoretical section will be followed by a description
of the experimental details and data analysis techniques.
Finally, the results will be discussed.

II. OPTICAL MODEL CALCULATIONS OF p- HE
ELASTIC SCATTERING

The p- He system is a spin 2 2 system and therefore
has many similarities to the elementary N-N system. In
particular, the N-N and p- He T matrices or scattering
amplitudes have the same spin-space structure [9,10],

tr —trp [I + Pb(~)A001vo + Pt (~)A0001v

+Pi (~)Pt(~)Appw1v + Pt (L)Pt(L)AOOLL

+Ps(S)Pt (S)Apply + Pg(S)Pt (L)AoosL

+Pt (L)Pt(S)AOOLs] (2)

cos(9/2) 0 —sin(e/2) S
0 1 0

sin(8/2) 0 cos(0/2) I

where 0 is the scattering angle in the center-of-mass sys-
tem. The center-of-mass observables may be derived
&om linear combinations of the lab observables, for ex-
ample,

Appi = sin(0/2) cos(0/2) (Appss —AOQLL)

—sin (0/2)AppsL + cos (0/2)AOOLs. (4)

Notice that the normal observables are the same in both
the lab and center-of-mass systems.

where o.o is the spin-independent cross section, and P~
and Pq are the beam and target polarizations, respec-
tively. The unit vectors N, S, and I de6ne the normal
(perpendicular to the scattering plane), sideways (in the
scattering plane and perpendicular to the beam direc-
tion), and longitudinal (along the beam direction) direc-
tions. It is clear from the form of Eq. (2) that by choosing
particular directions for the beam and target polariza-
tions, one becomes sensitive to particular observables.

The center-of-mass coordinate system is related to the
laboratory coordinate system according to the transfor-
mation

T = [(a+ 6) + (a —b) op. no 2 .n.
+(c+ d)o„.mo2 m+ (c —d)tT„. lo2 1

+e(o.„+o2) n+ f(o„—o.2) n]/2,

where trz refers to the spin of the projectile (proton) and
tr2 to that of the target. In the K-W system, the f am-
plitude is exactly zero due to the fact that target and
projectile are identical particles (if charge independence
is assumed [7]).

Assuming that the strong interaction conserves parity
and time reversal, the spin-dependent cross section for
scattering of a spin-2 projectile by a spin-2 target is given
by [ll]

A. Pully microscopic nonrelativistic optical potential
calculation

At intermediate energies it is expected to be a good ap-
proximation to use a simple product or "factorized" form
for the momentum space optical potential [7] wherein the
different components of the NN t matrix are multiplied
by the appropriate nuclear form factors. Since the mat-
ter and spin form factors are quite different, the efFective
"shape" of the optical potential refIects both. Since the
potential includes the finite range of the NN force, off-'

shell kinematics, and recoil and binding corrections, it is
inherently nonlocal and has no simple coordinate-space
form. The first order optical potential used in [7] is

U(k'(k) U (k'(k) = (vt)~( t" )@~)
—+(tx+a&mt(q) + [tx—a~J 'n~~ n+tz tr~ n'+tcya r ~ ™+c as '—

+tcD(o„.rno.„ 1+cr„.ltr„m)]p", (q) + t~"op np", (q))+ nmp
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where p ~ and p, are the matter and spin densities for

neutrons in He. The directions n, rn, and 1 are defined
in terms of the momentum vectors of the incident proton
(k) and the scattered proton (k) by

n= kx k' „k'—k - k+k'
Ik+ k'I' (6)

so that n is normal to the scattering plane. The t ma-
trices t~&+&. . . dier from the scattering amplitudes of
Eq. (1) by kinematic factors only. The spin and mat-
ter densities for protons and neutrons in He are derived
from the Faddeev wave functions of Ref. [12]. While not
immediately obvious from the form of Eq. (5), both the e
and f amplitudes of Eq. (1) are contained in it. A slight
restructuring of the t@ terms yields the e and f parts of
the optical potential

Uy = — Nt~" (p", —p,"p) + Zt~" (p", —p," ) (o" —o. ) .

(8)

Since the spin and matter densities are not equal for both
neutrons and protons in He, one expects a nonvanishing
f amplitude.

The Lippmann-Schwinger equation to be solved using
the above potential is

T„, (k', k) = U„, (k', k)
2 . 2d U)1 (k', p)TLp (p, k)
vr 0 E(k ) —E(p)+is '

where E(k ) = E„(k ) + E~(k ) is the total relativis-
tic energy of the projectile (p) and target (A) with c.m.
momentum k . A proper development of the f term in
the optical potential requires coupling of the singlet and
triplet (S = 0 and S = 1) partial waves [7] which is
forbidden in the NN system because of the generalized
Pauli exclusion principle.

The dependence of the center-of-mass spin observables
on the six complex amplitudes of Eq. (1) is [7]

&oono

&ooon

&oonn

A.oo

&ooi

&oo

+OOLl

(Ial'+ lbl'+ lcl'+
Re(a'e + b' f)/o,
Re(a*e —b' f )/cr,

(Ial' —Ibl' —lcl'+
Re(a'd+ b'c)/o,
—Im(d e+ c f)/o, .

—Irn(d'e —c*f) /o,
—Re(a*d —b*c)/o. .

Idl'+ Iel'+ lfl')/» (1o)
(11)
(12)

ldl'+ lel' —lfl')/2~ (»)
(14)
(15)
(16)
(17)

B. Nonrelativistic DWBA calculation

Nonrelativistic DWBA calculations for p+ He elastic
scattering were done using a formalism which was orig-

U, = — Nt""(p", + p", ) + Zt""(p", +. g~) ( "+ )

(7)
and

inally developed for relativistic impulse approximation
calculations of spin observables in the p -C system (see
Ref. [8]). The formalism in this reference is the relativis-
tic DWBA using four-component Dirac wave functions.
The NN t matrix, which is cast into a Lorentz invari-
ant form involving the five terms: scalar, vector, pseu-
doscalar, axial vector, and tensor, is

t . Es+ I;~p„p; + +vp„"p,„5 5

+I'~p„p„"p, p;„+I z o.„" 0-;„ (18)

where the subscript p indicates the incident proton and
the subscript i indicates a particular target nucleon.

For the case of p- He elastic scattering, Ray et al. use
a nonrelativistic DWBA using the formalism of Ref. [8].
To use this formalism to do a nonrelativistic calculation,
several assumptions are made. The He ground state
wave function used in these calculations is that of 3 nu-
cleons in the 1sig2 orbital. The wave functions are ad-
justed to fit the total He magnetic form factor of Ref.
[12]. Since the momentum transfers involved are rela-
tively small, the lower components of both the distorted
waves and the 2si/2 He wave function are set to their
free particle values, i.e.,

0 k
O'L =

E O'U

As well, the proton mass is replaced with the reduced
total energy in the p- He c.m. system.

For the pCcalcul-ation of Ref. [8], the distorted
waves were calculated &om an optical potential corre-
sponding to the C core. Such an optical potential, since
it describes a spin-zero nucleus, contains only scalar and
timelike vector pieces. Hence, for the p- He calculations,
the distorted waves were calculated using the scalar and
timelike vector parts of the full p- He Dirac phenomeno-
logical optical potential fit to the differential cross section
and analyzing power data. The valence (or Born) part of
the potential includes the pseudoscalar, spacelike vector,
axial vector, and tensor parts of the p-neutron interac-
tion.

III. EXPEB.IMENT

This experiment was conducted in the proton hall of
the TRI-University Meson Facility (TRIUMF). Proton
beams of greater than 80% polarization in the normal
(n) direction are produced by the Lamb shift ion source
and accelerated in the TRIUMF cyclotron to energies be-
tween 200 and 515 MeV depending on the radius of beam
extraction. Beamline 4B (BL4B) was used to transport
the beam to the pivot of the medium resolution spec-
trometer (MRS) where it was incident on a polarized He
target. The MRS facility was then used to analyze the
momentum of the scattered protons and provide trace-
back to the target to eliminate protons originating from
the glass walls and endcaps of the He target cell.

The sideways (s) and longitudinal (I) polarized pro-
ton beams were produced using two superconducting spin
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where

~zap ~bot
&toI + &bat

~l.ft —~. ght
&n =

~left + ~right
(20)

is the measured asymmetry. For longitudinally polarized
beam, the beam polarization was taken to be the average
value of previous and subsequent runs with the beam
polarized in the sideways direction.

precession solenoids which are alternated with two dipole
bending magnets. The normal function of the bending
magnets is to direct the beam into beamline 4B. In this
experiment they also serve to precess the beam polariza-
tion in the horizontal plane. This is necessary for produc-
tion of 1 type beams. With this combination of elements,
the polarization of the proton beam that exits the cy-
clotron can be rotated &om n to either s or 1. The beam
polarization was measured in the n and s directions using
the TRIUMF in-beam-polarimeter (IBP). The IBP was
also calibrated against a Faraday cup and provided the
absolute normalization of the beam charge.

The IBP consists of a thin CH2 target and four scintil-
lator telescopes; one on either side and above and below
the CH2 target. The telescopes measure the number of
protons scattered to the left (N~, rt), to the right (%„.sgt),
to the top (Nq ~), and to the bottom (Kb t) at a 17' lab
angle in coincidence with the corresponding recoil proton
scattered to the opposite side of the beam. Accidental
coincidences are determined and subtracted to obtain the
true number of scattered protons. The analyzing power
of CH2 is large at this angle but varies with energy &om
0.28 at 200 MeV to 0.47 at 500 MeV. The beam po-
larization in the sideways or normal directions are then
determined &om the expression

VDC2.'X2, U

VDC1.'Xt, U

YmXm YOXo

beam

QUAD~-~ —.

target FECM FECO

FIG. 1. The medium resolution spectrometer (MRS) sys-
tem.

direction labeled XM, XM', YM, and YM' for the first
chamber and X0, Y0, etc. for the second. The primed
planes are ofFset &om the unprimed planes by one half of
an anode spacing to remove the "left-right" ambiguity.
The position of the struck wire in the primed plane indi-
cates whether the proton passed to the left or to the right
of the struck wire in the unprimed plane. This arrange-
ment also allows interpolation using drift times (with an
accuracy of +0.5 mm) that would otherwise not be
possible. The FEC's also constituted part of the MRS
trigger.

Each VDC chamber contains two crossed wire planes,
one in the X (bend) direction and one at 30' to X. These
are later transformed into X and Y. Readout of the wire
chamber data is handled by a Lecroy 4290 drift chamber
control system. For a particular VDC track at least three
wires are required for a valid hit. From these data the
X and Y coordinates are calculated with a resolution of
150 pm.

A. Medium resolution spectrometer

The medium resolution spectrometer (MRS) has been
discussed extensively elsewhere [13]; therefore only a
brief description will be given here. The MRS is de-
picted schematically in Fig. 1. The MRS consists of a
quadrupole and dipole magnet combination. The dipole
magnet has a central bend angle of 60' in the vertical di-
rection and a inomentum acceptance of APjP + 7%
for particle momenta up to about 1.5 GeV/c.

Ray tracing through the spectrometer is provided by
two sets of drift chambers containing two orthogonal sets
of two wire planes each located in front of the MRS
quadrupole (FEC's) and two sets of vertical drift cham-
bers (VDC's) with two wire planes each located just
above the focal plane of the MRS. The FEC coordinates
are used to (1) define the angular acceptance of the MRS,
(2) correct for aberrations in the spectrometer, and (3)
provide traceback to the target to eliminate events which
originated in the endcaps of the target cell. Each FEC
plane consists of 16 alternating anode and cathode wire
pairs spanning 8 cm. There are two wire planes in each

B. TRIUMF polarized He target

Polarized ~He target cells produced at TRIUMF have
been designed to meet the requirements of proton and
pion scattering experiments. The general features of the
TRIUMF optically pumped polarized He target have
been described elsewhere (see Ref. [14]) and will only be
described very brieHy here. In earlier experiments the
target spin was reversed using the adiabatic fast passage
(AFP) method. Since this method is time consuming and
polarization losses of greater than 1% are common, the
polarization was reversed at several hour intervals. For
this experiment, an adiabatic spin rotator (ASR) was
used and the spin was reversed every 10 minutes (see
Ref. [15] for a detailed description of the ASR). This
allowed sufhcient time for one beam polarization cycle to
be completed within each target polarization state. This
will be described in more detail later.

For proton beam experiments where the beam diame-
ter is approximately 2 mm, target cells of 17 mm outer di-
ameter and 8 cm length (volume 17 cms) are adequate.
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In this experiment, a cell of 9 atm pressure (2.4 x 10 )
atom/cm was used. Since the useful length of the cell
was only 5 cm the areal density was 1.2 x 102~ atom/cm2
(6 mg/cm ). Besides the He, the cell contains a few mg
of Rb alkali metal and -100 Torr of N2 quench gas. The
glass cell was mounted in an oven made of the polyimide
VESPEL. Windows consisting of two layers of 25 pm kap-
ton separated by an air gap of 6 mm were used to reduce
heat loss and thermal gradients within the oven while
contributing a minimal amount to the energy loss of the
incident and scattered protons. The oven was operated
at a temperature of 450 K to produce a Rb density of

4 x 10 cm . About 8 W of circularly polarized pho-
tons (A = 795.8 nm) were used to optically pump Rb via
the D1 line.

The He polarization produced by the Fermi contact
hyper6ne interaction during Rb- He spin exchange col-
lisions was analyzed by adiabatic fast passage NMR.
The NMR signal induced by the rotating He magnetic
moment was compared to that from a water sample of
similar geometry to obtain an absolute value of the po-
larization. Measurement of the target polarization was
performed at intervals of 4—6 hours. In an earlier ex-
periment at TRIUMF [16], an independent check of the
NMR method was developed. The new method is based
on the special properties of the sHe(p, sr+) He reaction
and is sensitive only to He in the beam interaction re-
gion. Parity conservation in the strong interaction, chan-
nel spins 1 and 0 for entrance and exit channels, and
parity change in the reaction, imply the identities A.
= 1 and 4 = 4 „for spin correlation parameter and
beam- and target-related analyzing powers [11].After de-
termining the beam-related analyzing power A for 416
MeV polarized protons at a laboratory scattering angle
of 28, absolute He polarizations were obtained to an
accuracy of +0.02. The absolute He polarization results
&om the reaction method were in good agreement with
the AFP NMR measurements. The reaction method is
more direct and less susceptible to systematic errors than
NMR, but requires expensive accelerator time. The He
polarization results of the present work were obtained
with the more readily available NMR method. Because
of the weakness of the water signal, which is smaller than
the sHe signal by a factor of (3.71 x 104)pP where p and
P are the He pressure, in standard atmospheres, and
polarization, respectively, and a significant temperature
dependence in the induced NMR signal, a systematic un-
certainty of APq/P& ——0.05 has been adopted for the ab-
solute He polarization.

To provide sideways and longitudinal target polariza-
tions, an adiabatic spin rotator was used. The ASR was
also used to perform the spin reversals. The technique
involves slowly rotating the magnetic holding field direc-
tion through 180 degrees while keeping the magnitude of
the field approximately constant. The spin reversal was
controlled by computer and required approximately 30
seconds to perform. This limitation came mainly from
the speed at which the A/4 plate could be rotated. The
ASR apparatus consists of two perpendicular pairs of
Helmholtz coils. One set provides a vertical field and
the other a horizontal field. A schematic drawing of the

Drive Coil
B.(t)

Rotatable Vertical
Coils —B. or B,

orizontal
—Bn

FIG. 2. The optical pumping apparatus and holding field
system.

IV. DATA ANALYSIS

A. Data reduction

Several software cuts were made, in addition to the
hardware requirements discussed previously, to extract
a set of events &om all of the accumulated data which

apparatus is presented in Fig. 2. As shown in the figure,
the optical pumping was performed in the sideways direc-
tion. The horizontal field coils could be manually rotated
about the vertical axis by 90 degrees allowing the target
polarization to be rotated from s to 1 with relative ease.

During a spin reversal the vertical field is ramped from
0 G to about 30 G and back to 0 G while the horizontal
field is lowered from about 30 G through 0 G and up
to 30 G in the opposite direction. The maximum of the
vertical field is timed to coincide with the zero crossing
of the horizontal Geld. Due to the technical difFiculties
involved with optical pumping in both the s and 1 direc-
tions we chose to pump in the s direction only. The 1

polarized data were accumulated while the He polariza-
tion was allowed to decay at room temperature. Starting
with sideways polarization, the target was pumped to its
maximum value of 65%. Data were then accumulated for
approximately 8 h in each target spin state. Since the in-
verse of the decay rate for our target cell at room temper-
ature was about 40 h, only 20% of the polarization was
lost during 8 hours of decay. The inverse of the optical
pumping time constant is about 10 h therefore 8 hours of
optical pumping at T = 450 K brought the polarization
up to ) 90% of its maximum value. With this target po-
larization cycle, the polarization was maintained between
50 and 65% for the duration of the experiment.

Measurements were performed at 200 and 500 MeV
incident proton energy. At 200 MeV an angular range
of 24 to 73 degrees was covered while the angular range
extended only up to 53 degrees for the 500 MeV data.
The data are presented in Sec. V.
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contained as few background events as possible. The fol-
lowing subsection describes these cuts in detail.

The energy deposit of particles in the MRS paddies
along with the time of flight &om the FEC's to these pad-
dies was used in order to identify scattered protons (see
Fig. 3). It is possible to clearly separate the scattered
protons from other particles, especially protons &om
other beam bursts, which come 43 ns apart. This soft-
ware cut rejected about 0.5%%uo of the accumulated data.
It was found that the average eKciency of the FKC's var-
ied &om 70% at the smallest angles to 82% at the larger
angles. The average efficiency of the VDC's was about
92%. This resulted in an overall acceptance of 64—75%
of the data base.

B. Background

As mentioned in the previous section, the major source
of background in this experiment was events which orig-
inated Rom the glass cell entry and exit windows. The
traceback spectra obtained using the FEC's in both the
vertical and longitudinal (along the beam) directions are
shown in Fig. 4. The vertical traceback spectrum shows
that there is some interaction of the incoming proton
beam with the side walls of the cell. However, these
events were eliminated using the software cuts shown.
The longitudinal spectrum shows the separation of glass
events &om He events, along with the cuts used to elim-
inate glass events. The dashed lines in this spectrum
indicate the cuts used for spin observable measurements.
The solid spectrum is a typical spectrum for the absolute
cross-section measurements. Here the solid angle of the
MRS was 0.768 msr (32 mrad polar, 24 mrad azimuthal).

Another source of background comes &om scattering
off the N2 quench gas in the target. The overlap of the
nitrogen elastic peak with the 3He elastic peak is min-
imal. As well, the inelastic background for nitrogen is

FIG. 4. Vertical and longitudinal ray tracing of protons in
the MRS back to the target.

both small and smoothly varying with missing energy.
Thus the background from nitrogen scattering can be
subtracted reliably &om the He elastic peak.

C. Menti8cation of elastically scattered protons

After application of the previous particle identi6cation
and trajectory reconstruction software cuts, it was neces-
sary to distinguish between protons which had scattered
elastically &om He within the target and those which
had scattered by some other process. In Fig. 5 is shown
a typical spectrum of yield as a function of energy loss
of the incident proton at a lab scattering angle of 27.5
and incident proton energy of 200 MeV. Kinematic cal-
culations show that the elastic peak is expected at an
energy loss of about 19.6 MeV when one takes into ac-
count the energy loss in the scattering as well as in the
glass walls of the cell. The elastic peak is clearly visible
in the Ggure and is well separated &om inelastic events.

800

600

400

N 200

Elastic

25 35
(MeV)

FIG. 5. Typical missing energy spectrum for protons elas-
tically scattered from He. The incident proton energy is 200
MeV and the laboratory scattering angle is 27.5'.
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In the determination of raw yields, this peak was fitted
over the energy loss region &om 15 to 24 MeV with a
Gaussian line shape together with a linear background
fitting function.

D. Yield normalization factors

In this subsection, the correction factors needed to nor-
malize yields from several different runs are discussed.

The differential cross section for the elastic scattering
process can be written

Beam
polarization

Normal
Sideways
Sideways

Longitudinal
Longitudinal

Target
polarization

Normal
Sideways

Longitudinal
Sideways

Longitudinal

Quantity extracted
~0) +OONO) +OOON) +OONN

&ooss
+OOSL

+OOLS

+OOLL

TABLE I. Extraction of spin observables and absolute
cross sections.

Nscat &
N;„,N w LO (21)

Ygt = Yp(1 —P~ AppNp + PgAoppN —Pg PgAppNN), (25)

Ygg —Yp(1 —P~AppNp —PgAppoN + PgPgAooNN), (26)

where N;„, is the number of incident particles, A is the
atomic weight of the target nuclei, N is Avogadro's num-
ber, w is the areal density of the target, and LO is the al-
lowed solid angle for scattering which was determined by
gates applied to the FEC coordinates. The areal density
of the target is given by p/b, zl where p is the He density
and Lzl is the target length as defined by the software
gates on the longitudinal traceback spectrum. The true
number of scattered particles N„ t is determined from
the measured yields N, by

Nmeas
~ &scat )lt. e. acc (22)

where lt is the electronics live time, e is the total detec-
tor eKciency, and acc is the MRS acceptance correction.
As mentioned previously the electronics live time is given
by the ratio of the number of random pulser events ac-
cepted by the acquisition system to the total number
submitted. The live time varied between 65% and 75%
over the course of the experiment. The yields were cor-
rected for absolute MRS wire chamber eKciency, which
was discussed in the previous chapter.

where Ygq denotes the measured normalized yield for the
respective spin states of beam and target. This set of
equations was solved numerically using the CERN li-
brary software package MINUIT [17]. In the results shown
in the Sec. V the error bars shown in the figures are
statistical uncertainties. In the tables both the statis-
tical uncertainty and a systematic uncertainty resulting
&om uncertainties in the beam and target polarizations
(APs=1%,APg=5%%uo) are given.

The spin observables and absolute cross sections were
determined using the above procedure for the sHe(p, p)
reaction. In Table I are shown the various combinations
of beam and target polarizations used and the quantity
extracted. The results of these analyses are discussed in
Sec. V.

V. RESULTS AND DISCUSSION

The first measurement of spin observables for the
He(p, p) reaction was carried out by Hausser et al. [18].

The cross section and beam related analyzing powers are
fairly well reproduced by the calculations of Landau et

E. Extraction of spin observables

The spin dependent cross section for the He(J7, p) re-
action has been given in Eq. (2). It should be noted that
observables such as AppL, p and Appgp are zero as a con-
sequence of parity conservation of the strong interaction
and therefore do not appear in Eq. (2). As an illustration
of the method used for extraction of the spin observables
we will now consider the situation of both the beam po-
larization and target polarization normal to the scatter-
ing plane. For measurements of the spin observables it is
only necessary to consider the normalized yields rather
than the absolute cross sections as these differ only by a
constant, and this constant will cancel in the calculation
of any particular observable. For the four possible spin
combinations for beam and target, the following relations
hold.

10

M
10

Ei
10

Q

~10 '-
b

10

q (fm )

a —Present Work

a —Hasell et al.
a —HNusser et al. —

~ III

b, ~

Ygg = Yp(1 + P~AppNp + P~ApopN + PtPtAppNN), (23)

Ygg = Yp(1 + Pt AppNo —P&AoooN —P~P&AooNN), (24)

FIG. 6. DifFerential cross sections for the He(p, p) reaction
at 200 MeV. The solid line is the fully microscopic optical
potential calculation of Ref. [7].
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0

O

10 '-
'b

I Present Work

g Hasell et al.

& HKusser et al.
Beam
energy

200 MeV

500 MeV

Lab
angle
27.5
53.0
73.0'
24.0'
34.5
43.0

Present work
0.160+0.007+0.008
-0.184+0.018+0.009
-0.387+0.035+0.019
0.277+0.019+0.014
0.045+0.037+0.002
0.273+0.043+0.014

Hausser et al.
0.257+0.019
-0.282+0.029
-0.460+0.049
0.283+0.021
0.052+0.040
0.240+0.036

TABLE III. Target related analyzing power —A000„. The
first uncertainty given for the present work is statistical and
the second is systematic.
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FIG. 8. Normal spin observables for the He(p, p) reaction.

The solid points are from the present work, while the open
squares are the data of Hausser et al. (Ref. [17]).

q (frn )
FIG. 7. DifFerential cross sections for the He(p, p) reaction

at 500 MeV. The solid line is the fully microscopic optical
potential calculation of Ref. [7].

al. , which contain no adjustable parameters. The observ-
able Appp„differs significantly from the beam related ob-
servable App p which is unambiguous evidence of a large
f amplitude in the p- He t matrix even though this am-
plitude must vanish for the N-N system. Agreement
between theory and experiment is poor for the normal
observables Appp and App . These observables are sen-
sitive to parts of the p- He scattering amplitude untested
by previous experiments. While the relativistic calcula-
tion of Ray et aI. in general improves the agreement be-
tween theory and experiment at 500 MeV, this is likely
the result of the phenomenological adjustment of some
of the relevant p- He scattering amplitudes.

Absolute cross sections and the spin observables
Aoo Aoott, Aoo~t& and Aoot~ for the He(p, p) pro-
cess have been measured at incident energies of 200 and
500 MeV. The measured differential cross sections are
shown in Figs. 6 and 7 and are in good agreement with
the data of Hausser et al. [18] and Hasell et al. [19]. The
good agreement with the Hasell data is encouraging since
in that experiment a liquid target which was 100 times
thicker than the target described above was used. The
theoretical calculations of Landau et aL [7] are in rea-
sonable agreement with the data at 500 MeV, but at
200 MeV are larger than the data by at least an order
of magnitude. This is somewhat expected in light of the
fact that the impulse approximation assumed in the cal-
culations should be more valid at the higher energy.

The normal observables measured in this experiment
are shown in Fig. 8 and tabulated in Tables II, III, and IV
along with the corresponding data of Hausser et a/. The
agreement with the previously measured data is reason-

TABLE II. Beam related analyzing power —Aoo 0. The
first uncertainty given for the present work is statistical and
the second is systematic.

TABLE IV. Spin correlation parameter —A00 .The first
uncertainty given for the present work is statistical and the
second is systematic.

Beam
energy

200 MeV

500 MeV

Lab
angle
27.5
53.0
73.0
24.0
34.5
43.0

Present work
0.541+0.004+0.005
-0.729+0.010+0.007
-0.180+0.022+0.002
-0.013+0.012+0.001
0.300+0.022+0.003
0.361+0.025+0.004

Hausser et al.
0.586+0.013
-0.715+0.019
-0.234+0.031
0.017+0.015
0.256+0.029
0.402+0.024

Beam
energy

200 MeV

500 MeV

Lab
angle
27.5
53.0
73.0'
24.0
34.5
43.0

Present work
0.235+0.009+0.012
0.238+0.023+0.012
-0.108+0.042+0.006
0.024+0.027+0.001
-0.349+0.051+0.018
-0.348+0.059+0.018

Hausser et al.
0.346+0.029
0.302+0.043
-0.232+0.077
0.021+0.038
-0.318+0.074
-0.379+0.061
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FIG. 9. In-scat tering-plane spin observ-
ables for the He(p, p) reaction at 200 MeV.
The solid line is the fully microscopic optical
potential calculation of Ref. [7]. The dashed
line is the DWBA calculation of Ref. [8].
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FIG. 10. In-scattering-plane spin observ-
ables for the He(p, p) reaction at 500 MeV.
The solid line is the fully microscopic optical
potential calculation of Ref. [7]. The dashed
line is the DWBA calculation of Ref. [8].
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TABLE V. In-scattering-plane Observables for the He(p, p) reaction at 200 MeV. The first
uncertainty given is statistical and the second is systematic.

Lab
angle
24.0
27.5
31.0
34.5
38.0
43.0
48.0
53.0
58.0
63.0
68.0
73.0

ALL

0.096+0.014+0.005
0.021+0.017+0.001
0.086+0.016+0.005
0.102+0.017+0.006
0.154+0.020+0.010
0.233+0.027+0.014
0.188+0.033+0.012
0.202+0.039+0.014
0.098+0.032+0.009
0.046+0.033+0.006
-0.120+0.037+0.005
-0.371+0.048+0.018

A
-0.007+0.012+0.001
-0.069+0.013+0.003
0.067+0.017+0.002
0.042+0.020+0.001
0.130+0.014+0.005
0.233+0.019+0.010
0.400+0.021+0.018
0.460+0.028+0.020
0.446+0.031+0.019
0.374+0.032+0.015
0.319+0.036+0.014
0.363+0.047+0.017

A
-0.048+0.015+0.003
-0.169+0.017+0.003
-0.177+0.016+0.002
-0.131+0.017+0.002
-0.219+0.017+0.004
-0.220+0.022+0.003
-0.159+0.025+0.007
-0.223+0.034+0.013
-0.152+0.035+0.013
-0.084+0.034+0.014
0.082+0.037+0.018
0.016+0.046+0.007

AL

-0.071+0.015+0.003
-0.074+0.015+0.009
-0.034+0.020+0.009
-0.050+0.019+0.006
-0.078+0.014+0.011
-0.059+0.020+0.011
-0.118+0.024+0.009
-0.230+0.031+0.013
-0.208+0.029+0.010
-0.309+0.031+0.007
-0.200+0.036+0.001
0.001+0.048+0.006
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TABLE VI. In-scattering-plane observables for the He(p, p) reaction at 500 MeV. The first
uncertainty given is statistical and the second is systematic.

I ab
angle
24.0
27.5
31.0
34.5
38.0
43.0
48.0

+Ll
-0.046+0.037+0.003
0.012+0.057+0.002
0.253+0.069+0.012
0.217+0.070+0.012
0.207+0.057+0.009
-0.105+0.056+0.007
0.012+0.059+0.001

A
0.003+0.029+0.001
-0.078+0.052+0.001
0.288+0.072+0.015
-0.013+0.064+0.002
0.025+0.048+0.003
-0.030+0.049+0.001
0.168+0.056+0.015

A
-0.035+0.040+0.003
0.203+0.062+0.015
-0.041+0.078+0.003
-0.270+0.079+0.006
0.018+0.053+0.007
0.102+0.056+0.005
-0.066+0.065+0.010

Ai
0.053+0.032+0.002
0.293+0.053+0.010
0.065+0.064+0.002
0.081+0.056+0.002
0.111+0.050+0.002
0.111+0.050+0.004
0.220+0.054+0.005

ably good for the beam-related analyzing power, A p, at
both energies and for both target-related observables at
500 MeV. The discrepancies at 200 MeV for the target-
related observables are somewhat expected in light of the
fact that at the lower energy, higher rates in the &ont-end
chambers of the spectrometer lead to larger dead time
and wire chamber ineKciency corrections, which could
lead to larger systematic uncertainties in the spin ob-
servables than are quoted in the tables.

The in-scattering-plane spin observables are shomn in
Figs. 9 and 10 and are tabulated in Tables V and VI.
The overall agreement between the theory and data is
poor, and along with the data of Hausser et al. for the
normal observables Appp, and App „indicates a general
failure of the optical model calculations. Qualitatively,
the in-scattering-plane observables are small at most mo-
mentum transfers, and especially at 500 MeV, which in-
dicates that the amplitudes are interfering destructively.
It is precisely for this reason that these data provide such
a sensitive test of the current microscopic optical model
reaction theories. The calculations indeed predict small
observables, especially at 500 MeV, and are qualitatively
consistent with the data in this regard, but with respect
to the momentum dependence of the observables, the cal-
culations bear little resemblance to the data.

At 200 and 500 MeV, there currently exist statisti-
cally reliable data for seven spin observables as well as
the difFerential cross section over a fairly wide range of
momentum transfers. The six complex amplitudes in
the theory involve eleven independent parameters cor-
responding to the magnitude and relative phase of the
six amplitudes. It may be possible, with further experi-
mental work, to expand the spin observable data base to
include spin transfer coefIicients as mell as some of the
so-called final channel spin correlation parameters, both
of which involve the measurement of the polarization of
the elastically scattered proton. This is currently possi-
ble, although difBcult, using the focal plane polarimeter
of the MRS. If these observables were measured with a
similiar statistical accuracy as the current data, then one

could reliably extract the amplitudes and phases of the
various amplitudes, and a comparison with the calcula-
tions at this level might help isolate the shortcomings of
the theory.

Upon examination of the available experimental data
for difFerential cross sections and spin observables for the
elastic scattering reaction considered, it is seen that while
the current theoretical predictions describe the differen-
tial cross section and analyzing power data quite well, all
models seem to have great diKculty predicting many of
the target-related and spin correlation observables. As
mentioned in the Introduction, these target-spin depen-
dent parameters provide the most severe test of the the-
oretical models due to their sensitivity to small changes
in both the spin dependent parts of the target wave func-
tion as well as in the N-N interaction. The general dis-
agreement observed is indicative of a lack of complete-
ness in the models, and not of any fundamental flaw in
the assumptions made in any particular model. An ex-
amination of spin observable data in other p-(few body)
scattering reactions is supportive of this conclusion. For
example, theoretical predictions of target-related spin ob-
servables in elastic scattering of polarized protons &om
polarized deuterons [20,21] require the inclusion of rela-
tivistic e8ects and double scattering terms to bring about
quantitative agreement with the existing data. As well,
inclusion of a phase variation in the %-N amplitudes is
required to describe the analyzing power in the scattering
of polarized protons from He [22]. The data presented in
this paper place the spin observables for the p- He system
on Arm experimental ground, and will hopefully provide
an impetus for more sophisticated theoretical models to
be considered.
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