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ABSTRACT

DEUTERON SPIN ALIGNMENT IN
DEUTERON-PROTON SCATTERING AT 3.6 GEV/C

by

Gerry Michael Bunce
Chairman: 0. E. Overseth

Proton-deuteron forward scattering just beyond the
diffraction peak is expected to result mostly from the
D-wave of the deqteron. Recoil deuterons from scattering
in this region sﬁould be strongly spin aligned. D. R.
Harrington suggeéted a double scattéfing experiment to
observe this alignment. Using a 3.6 GeV/c external
deuteron beam from the Princeton-Pennsylvania Accelerator,
we spin aligned and analyzed deuterons in two scatters
off of hydrogen. Deuteron polérization, both alignment
and vector polarization, from the first scatter was
measured by observing the up-right and right-left
asymmetry of the deuterons in the second scatter. We
observed scattering over four-momentum transfers from

-t= .13 to .54 Gevz/be. The up-right asymmetry reached

1]

67% for small momentum transfers, and went to -37% for
the largest scattering angle. The right-left asymmetry
was generally 25% for all angleé.

A calculation using the multiple scattering theory
of Glauber with no free parameters givés the qualitative

features of the up-right asymmetry obsefved, with a

vi



maximum of 90% and the same shape as our déta. Close
agreement is not expected, since the caléulatiqn ignores
spin-orbit effects and the target proton spin and thus
makes no right-left asymmetry prediction. The up-right
asymmetry prediction is quite senéitive to the parameter-
ization for the free nucleon-nucleon scattering amplitudes.
Treating the nucleon amplitude slopes and real parts as
free parameters, we fit the theory to both the asymmetry
data and the forward proton-deuteron cross section data

at 1 GeV. Iarger real parts (-70%) of the nuéleon
amplitudes are preferred than those reported from nucleon-
nucleon scattering. The ‘larger real parts bring the

p-n cross sections found from p-d scattering into agree-
ment with Onp f;om neutron beam experiments and agree

with multiple scattering model fits to other proton-
nucleus scattering data at 1 GeV (p-He, p-C, p-0).

Both the experimental results and the calculation

are presented.

vii



I. SYNOPSIS

The multiple scattering theory of R. J. Glauber1

correctly predicts forward differential cross sections

for high energy proton scattering off of nuclei such as
carbon, helium, and oxygen. The‘theory describes nuclear
scattering by a series of multiple scattering terms, each
calculable given the free incident particle-nucleon
scattering amplitudes and the ntClear wave function. The
multiple scattering series consists of a single scattering
term where only one internal nucleon is seen by the
incident particle (the impulse approximation, or spectator
model), a doublé scattering term where two internal
nucleons are involved, etc. The single scattering term
dominates at small scattering angles, exhibifing a sharp
diffraction peak, while multiple scattering terms dominate
at larger angles. Generally, the single and the succeeding
multiple scattering terms interfere destructively, giving
dips in cross section where the successive contributions
are roughly equal. The dips are borne out nicely by.

2 and p—O2 scattering.

experiment for p—Hee’B,'p-C
Several years ago, calculations made for scattering

off deuterium didn't fare as well (Figure 1). The pre-

dicted dip (the dashed lines in Figure 1) was not found

4,5 5,7

experimentally for either md or pd scattering. A
number of explanations dealing with approximations used
in the theory were put forward, but each lead to incon-

sistencies with successful predictions for other
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experiments. In 1968 E. Coleman and T. G. Rhoades8, and

9 showed that including

independently D. R.'Harrington
the spin effects of the deuteron, the 7% D-wave, filled

in the dip region (the solid lines of Figure 1). This
explanation satisfied the md and pd observations and
didn't upset the successful predictions of Glauber theory,
since the carbon, helium, and oxygen nuclei have zero
spin.

If D-wave scattering is responsible for the shoulder
in the cross section, scattering in this region should be
strongly spin dependent. The tensor term in the deuteron
wave function prefers scattering whefe the spins lie in
a plane perpendicular to the momentum transfer in the
single scattering region. This could be observed with
a polarized deuteron targetlo, but it is difficult to
achieve the necessary degree of polarization. To test
the pd spin dependence, Harrington reversed the reference
frame and suggested é double scattering experiment using
a deuteron beam scattered twice off hydrogenlz. The first
scatter would align the spins in a plane perpendicular
to the momentum transfer, and the second scatter would
analyze this alignment. Such an alignment would be
described by a cos2p term (p is the azimuth of the second
scatter) representing an up-right form of asymmetry.’

The experiment would tést the multiple scattering theore-

tical description of the pd spin effects and could yield



information on the. deuteron wave function and the two
nucleon-nucleon scattering amplitudes.

We performed this experiment at the Princeton-Penn-
sylvania Accelerator. The accelerator furnished a high
intensity external deuteron beam of lolg/second at a
momentum of 3.6 Gev/c, equivalent to a past pd scattering
experiment?7at 1 Gev. kinetic energy. The deuteron beam
was scattered off a ten inch hydrogen target, producing
a qu/second secondary elastic deuteron beam (Figure 2).
Elastic scattering was well defined by a simple magnet-
slit system--everything else scattered at 8°hés a consid-
erably lower momgntum than the elastic deuterons. The
first target was pushed up and down the beam line to .
define different momentum transfers.

For the second hydrogen target, the momentum transfer
was defined by the recoil proton range in polyethylene.

A particle with the proper range coincident with a
forward particle in the correct quadrant (proton up with
deuteron down, say) triggered four wire spark chambers
(Figure 2). The counters and chambers covered the full
360° of azimuth. The analyzer was set throughout the

experiment at a four momentum transfer-squared value of

~t, = .23 + .015 Gevo/c? .

The data consisted of trajectories of the forward
triggering particles, seen in the wire chambers. - With

about half background, the cos2p or up-right asymmetry
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was quite large. The cos2p asymmetry after background
subtractions has the same shape as the asymmetry in the
raw data, plotted against>the first scatter momentum
transfer. The cos2p asymmetry has a maximum of .67,
crosses zero at —ta=.41 Gevz/c2 and becomes negative.

The multiple scattering calculation, ignoring the
spin-orbit effects, has the same qualitative shape as
the data, but with a cos2p asymmetry rising to .88 and
crossing zero at -ta=.38 . The calculation uses no free
parameters. Now, the spin-orbit effects should be impor-
tant. At these energies, pp and np polarizations are
large--on Qhe order of 30 to 40%. Including the nucleon
spin leads to possible vector polarization in the scat-
tering, giving a left-right or cosg asymmetry upon-
analysis, as well as affecting the cos2p asymmetry.
Indeed, we found a cosp term of .25, generally constant
in thé first scatter momentum transfer. Thus, the spin-orbit
effects are clearly important.

So, scattering in this momentum transfer region is
strongly spin dependent, as prgdicted by thé multiple
scattering theory. The theory gives the qualitative
shape of the data, even neglecﬁing the spin-orbit ef-
fects. The shape of the predicted up-right asymmetry is
more dependent on the parameterization of the nucleon-
nucleon scattering amplitudes than on the deuteron wave
function. These free nucleon-nucleon scattering amplitudes

must be the same as those used in multiple scattering



fits to proton-nucleus forward cross sections at 1 Gev
(pd, pHe, pC, pO0). The amplitudes are parameterized

as gaussians, normalized to the optical point:

kK o . by t]72

cm NN .
fNN(q) = T (l + G‘NN) €

where NN represents either the pp or the npr scattering

amplitude, ¢ are the total cross sections, b are the

NN
are the ratios of real to imaginary parts

NN

slopes, and NN
for the respective amplitudes. In fitting the multiple
scattering theory to the asymmetry data and to the

forward proton- n%cleus Cross sectlons, we find somewhat

smaller slopes and larger negative a., 'S are preferred

NN
than those reported from pp and np scattering. More
definite results must await a calculation using the
added nucleon SPin dependence.

A discussion of the multiple scattering calculation,

the experimental aspects, and the detailed results

follow in separate sections.



IT. THE ALIGNMENT PREDICTIONS

A spin-1l double scattering experiment can generaliy
yield both cos2p and cosp asymmetries in the azimuth.
Thé cosp asymmetry results mostly from vector polarization
where the spin up population along a particular axis
differs from the spin down population, as in spin-%‘
double scattering. The cos2p asymmetry arises from spin
alignment in the scattering--the spinz=0 substate does
not contain one third of the total number of beam
particles (a non-oriented beam can be describéd as having
one third of its number in each of the magnetic substates).
The spin alignment of a beam along an axis is

(N, +N_) - 2N
Alignment = i 0

N, +N_ + N,

where the beam has N, NO, N_ particles with spin projec-
tions 1, O, -1 on the axis. When the spinZ=O state is
depleted, we find the maximum alignment of +1. If both
scatters have ali gnments near +1, the cos2p asymmetry
can be near 100%. |

The Glauber multiple scattering theory cah be used
to obtain predictions for alignment versus scattering
angle and, thus, for the double scattering asymmetry. His-
torically, the multiple scattering theory encountered
problems with both pd and md scattering, leading to the
introduction of the deuteron spin into the theory. The
spin-orbit effects and the spin of the incident particle

were left out to simplify matters, as we do here. With this



approximation, the multiple scattering theory predicts
nearly complete alignment and a cosav‘asymmetry close
to +1 for optimum scattering angles. No vector polar-
ization can occur, given that-the spin-orhit effecs
are ignored, and the cosyp asymmetfy would be zero. Also,
no alignment would be possible from the spherical wave

function of the deuteron, due to the assumption above.

A. Multiple Scattering Theory

The Glauber multiple scattering theory provides a
framework for describing high energy particle scattering
off nuclei. Thg deuteron-proton interaction is described
in the deuteron rest frame as a sum of a single-scatter
contribution (where the proton hits off either of the
two nucleons of the deuteron, with the deuteron sticking
together) and a double scatter contribution (the proton
hits off both nucleons). The first term is the impulse
approximation of ChewlB, and the second term is a very
successful second order correction due to Glauberl. If
all spins are ignored, the two terms are eséentially'out
of phase with one another. When the overall amplitude
is squared to obtain the cross section, a negative
single-double scattering interference term results.

This interference term nearly zeroes the differential cross
section (for a spherical deuteron) at the angle where
single and double scattering exchange dominence. It

is here that the non-spherical part of the deuteron wave



10

function, the D-wave, dominates and fills in the dip in
cross section. The spin dependence of scattering in
this angular range is quite strong.

The term

£1(a) = £,,(a)8(3/2) + £, (a)s(-3/2)

represents single scattering. a is the momentum trans-
ferred to the proton; fNN is the amplitude for nucleon-
nucleon scattering at angle q, S(q/2) is the form factor
for the deuteron giving the probability that the spec-
tator nucleon happens to be moving in direction a (q/2
arises because %he fermi momentum distribution is in the
rest frame of the deuteron). One nucleon knocked in the
direction a and the spectator nucleon moving in direétion
a results in an elastic interaction--the deuteron sticks

together.

The double scattering term is

- 2

i
£,(q) = ;—EJfNN(a/z + 41 (372 - 31)8(3")da%!

For this, a sum is taken over the bossible combinations
of double scatters which yield an elastic interaction.
A small angle approximation accounts for the summation
over the impact parameter plane (dgq'),brather than
three space.

The deuteron form factor may be writtenlo’14

s(@,3) = 5,(a) - S,()[3(3-0)° - 21 2 .

SO is the spherical form factor and 82 the quadrupole
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- .
form factor and J is the degteron spin operator. With the

deuteron spin included in the theory, one talks of the
scattering amplitudes above as operators, summing over
initial and final spin states to obtain the scattering

matrix. If we write the deuteron wave function as

wM(r) = 1/ 4 (u(r)/r +w(r)/r/8 S5 ),XM

the deuteron form factors are
2 2. .
So(a) = [ (v +w%) Jolar) dr
8,(a) = [2(uw - W2 /8 ) Jo(ar) dr.

Now, the-quadrupole form factor 82 dominates the dip region.
This term (see page 10) Qrefers spins perpendicular to the
momentum transferQa to spins along 3. The deuteron spins

tend to lie in a plane perpendicular to the momentum trans-
fer. A second scatter at the same angle would produce more
scattering perpendicular to this plane than parallel to 1t,

i. e. more scattering along the original momentum transfer
axis. This is the origin of the cos2p asymmetry. This
happens because the tensor term in the_deuteron wave function,

812, prefers spins along ?, the axis joining the two nucleons.

A
ig-r

The form factor, weightéd by e s, prefers a L ? and

thus a L 3.
Spin dependent scattering is described by a density

matrix formed from the ﬁine matrix elements of the

scattering amplitude operator:
. - .
i,j are the final and initial deuteron spin projections

on the spin axis z. A particular set of quantization

+ 2 .
axes X,y,z must be chosen relative to the real space
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axes defined in the scatter E,a,ﬁ=ﬁxa. In general we

have for the single scattering term

M;5(3)g = (2] £5,(3) 19
(Fon(@) + £,,(2))(8o(a/2)8 44

+%Mﬁxﬂ[ﬂﬁbz-ﬂlﬁﬂ2

]

and for the double scattering term

M (), = <i| foop 137
2.1
) Jqfnp ppSo(@')d7a'e
F G2 Trn s, (an03(3-3)2-210% 9y 7
2

. a%q's, .
I npTppSo(2)d a8

+5;E'ffnp ppS2(d a')afqr(i|3(3-B)2-2|5) /2

For the quadrupole double scattering term, assuming
gaussians with the same slope for each of the nucleon-
nucleon scattering amplitudes, the only angular depen-
dence in the two dimensional integral appears in the
operator. It has been integrated through in themsecond
step.

If we arbitrarily choose the set of spin quanti-

-

.’
zation axes x—q, y—n, z= k the matrix elements are

quite simple:

My, = M+ 1q

Moo = M - Q

My, =My = -3/2 Q1

Mig = Mg, =0 1=+1
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M is the spherical scattering amplitude consisting of a

single and a double scattering term

M= ML+ M2
ML = £ (9)Sg(a/2) + £ (a)Ss(-a/2)
M2 = i [d2q'r £ S (q')

ok 94 *np*pp°0 ’

while Q is the quadrupole scattering amplitude:

Q =Ql + Q2
QL = £,,(2)8,(a/2) /2 + T, (2)8,(-a/2) A2
Q2 = E%E Id2q,fnpfpps2(q')A/2 |
The fNN may be written as simple gaussians,
ko oy -bNNq2/2

|

(@)= 7 (1 +ay) e
and experiment fixes the six parameters OxN? N bNN'
The multiple scattering calculation is made in the deuteron
rest frame. k 1s the target proton wave number in this
frame, while q is the lab momentum transfer (taking -t=q2
is a good approximation for small qls). The nucleon para-
meters for 1 Gev pN scattering and the deuteron form factors

are in Table 1. The double scattering integrals reduce to

M2 i I
Q2 Eﬁi'fnp(q/é)fpp(q/g) Ig

with 5
- ! 1

I ) f dgq' . (bnp+ bpp)q /2 So(q )
I So(a') /2
2 2
The integrals are given in the table. The fNN are mostly
imaginary, SO and 82 are real. Thus, the spherical and
quadrupole amplitudes M and Q are mostly imaginafy. The
imaginary parts of M, Q, Ql and the deuteron form factors
are plotted in Figure 3. When the quadrupole terms are.

ignored, a dip in cross section would appear at -t=.37 .
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Son = 4O mb ) Opp = 47.5 mb 2
bon = 4.1 (Gev/c) bop = 674 (Gev/c)
Kk = 2.729 mb~ /2
2
Taiq
So(a) =T A; e _
i 8.
Sp(a)N2 = o° § B, e ©
with
Ay 1oy By By
i =1 -.038 1.871 2.518 79.13
i =2 .338 12.33  2.034 20.58
i=3 .695 64.59 .3956  5.575
(0 5 By» By in (Gev/e)™?)
1 -1 -1
I.=25n7% A, ———mb ~ = .187 mb™~
0 i - b + a
: ave i
1 -1 -1
12 =2.50 g Bi 5 mb = ,053 mb
* (bave+ Bi) ‘
where

b b _+D 2
ave ( pn PP)/

Table 1. The nucleon-nucleon scattering parameters
are fromvthe Particle Data Group compilation16. The
deuteron form factors are given by G. Alberi, et gi.%7

IO and 12 are defined in the text.
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We must introduce the density matrix to describe

the spin dependence .of the scattering.

B. The Density Matrix

A secondary beam of particles produced in é spin
dependent scatter is usually a mixed beam which cannot
be represented with a single wave futhion. The density
matrix is a mathematical device which describes the
spin states present in the beam.

The generalization to spin dependence is straight
forward18. The wave function for a spin-dependent scatter

may be written in the form

ik-r Lkr

V(r) = xpe T 4 S
M is a scattering matrix replacing f(8) and X, 1s a
three row spinor deécribing the initial spin state.
This wave function represents a pure beam. For a mixed
beam, we must average over the pure spin vectors X1

which is accomplished by the density matrix:

3 t

rzlwfxlfx2r *

Py
w, is the weight of the spin state X1y in the beamn.

An equally weightéd sum over the three possible

eigenstates describes a non-aligned deuteron beam:

o =1/ (é)(100)+ /s (§>(010)+ s (g)(001)

or
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Tf there are N+ particles in the .beam with spin projection

up along the z axis, etc.,

p= ( ' No )
v

and tr p = N+ + NO + N_

i1s the intensity of the beam. (The other matrix elements
depend on the spin projections along the x and y axes

of the spin quantization system.) The cross section is

just the intensity of the secondary beam divided by the

incident beam intensity

do/dq = tr pg/tr Py : |
The density matrix for the secondary beam follows

from the form of the scattered wave,
o t
Po = XoXp
.r
(Mx ;) (Mx ;)

4
My XM

= Mle.r P

Il

the last step being an extension of the definition for
the mixed beam. Therefore, the cross section for the
scattering of an unpolarized beam is

do/da = 1/3 tr M

M,
the spin dependent replacement for |£(8)|°.

It is more meaningful to expand the 3x3 density
matrix in terms of operators whose expectation values
represent the intensity; vector polarization, and spin
19

alignment of the beam The nine operators are
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A A A A A A A A A A A A
1, Pos Pus Py Puos Py By Pry-Puo, PXX+Pyy( =P,,)
where A A A A A A '
By =85, PiJ. = 3/2 (sisj+sjsi) - 2515 s 1,3=x,y,z.

The Si are 3x3 pauli spin matrices. Using the definition
(0y) = tr p0y /tr P

the expectation value for the vector polarization operator

P,, 1s the expectation value for spin alignment in the

z direction,
A, N

P Z - <3SZ

2y =t = 0

N++N_+N0
P =+1 when N,=0 , and P__=-2 when the beam has no align-
Z7 0 ZZ
ment along the z axis (N =N_=0).

Now, when the spin-orbit effects and nucleon spins are
ignored in deuteron-proton scattering, the multiple
scattering theory predicts no vector polarization and
no off-diagonal alignment, leaving only three non-zero

terms in the density matrix expansion:

A A

A
=Y2o (1+1/2p P +1/6(P
3

A A A

with (x,y,z) along the principle axes of the scatter
A A A

(a,n,k). The spin alignment in the secondary beam can

sx~Fyy) (BxxPyy))

be specified in terms of only two alignment parameters.
The double scattering cross section is

da/da| Sty P

p ’
a, b £ p atb



19

with a and b representing the first and second scatters

and p=1/3 ' Now, we may expand p_ as above with
A A A A A A N

(x,¥,z)=(q,sn_,k ). If we expand p, in a similar way,
a’"a) a o p D

the operators P_, (b) and Pxx(b);Pyy(b) must h?vehdifferent

spatial orientations from those of Py since qa#qb and
A A
ka¢kb- The general transformation from one set of

operators into the other is somewhat complicated. If
A A

we take ka=kb (this is small angle scattering, so the

approximation is a good one), then
A A

Pzz(b) = PZZ(a)

A A

(B (0)-Byy (0)) = (B (2)-Fyy (2)) cosp

where phi is the azimuthal angle of the second scatter,
A A

o = (qb’qa.)
The double scattering cross section becomes

I =1 1l +a.b, +a bzcosap)

Ob ( 171 2
the second scatter unpolarized cross section,

a,b
with IOb
the ay alignment parameters for the first scatter, and
bi the alignment parameters for the second scatter.

For scattering at the same angles, the ay equal the bi'

Specifically,
v 2a. . -2a
af=b72P (t,) :1”2_42;_99
2z" & 2a.,.ta
11700
6al_1
ap™ W/6(Pyy(ty) By (t,)) = W6 ——=—
' 11 700

Iop= 1/3 (2b11+boo) -

d d
(t

where Y =
pij(tla) = aij P pij b) ,bij
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The term (l+albl) adds a dependence on the first

scatter to the second scatter cross section. The cos2yp
asymmetry is

a,b

A = 272

1 + alb1

C. Predictions

The multiple scattering theory predicts very large
asymmetry for optimum scattering angles in deuteron-
proton scattering. In terms of the spherical and quad-
rupole scattering amplitudes,

DQ -3/4 |q|® + 9/ |Q1|2 + 3Re M'Q

31M)% + 3/2 |Q]® + 9/2 |a1)?
-3/6 rRe(M' + 1/2 ¢M)a1

3|2 + 3/2 |ql® + 9/2 |Q1?

o
l._J
—~
d.
A
]
’._l
—~
]

(t)=

a, (t)=b,

The imaginary parts of M, Q, and Ql weré given in
Figure 3. Figure U4 shows the alignment parameters
and Figure 5 shows the resulting cross section and
asymmetry prediction versus the first scatter four
momentum transfer-squared, with the analyzer set at our
experimental value of —tb=.23 Gev2/02.

Returning to Figure 3 and the expression for the
alignment (a,) above, the characteristics of the asym-
metry are surprisingly independent of the amount of

D-wave present. Maximum alignment occurs near the angle

where Im Q = Im M , giving

a, = b2 ==/6 /2

a.l=bl=l//2
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ALIGNMENT PARAMETERS

Figure 4. The alignment parameters for d-p scattering,

calculated by the multiple scattering model.
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The cos2yp asymmetry, then, is A =+1 . Thus, total
alignment occurs only because the spherical and quad-
rupole amplitudes cross. The size of the effect is
not very sensitive to the D-wave probability. It is
considerably more sensitive to thé real parts of the
nucleon scattering amplitudes.

The multiple scattering theory predicts total

Z k alignment at -t = .27 Geve/be, along with total
y = n alignment. No spins should lie along the x = ¢
axis. Note that for small |t], P,,= Pyy+ This is due
to the domination of the single scattering term, where
the n and k directions are equivalentzo (see page 11).

Later, we will compare the theory both to our
polarization data and to the pd unpolarized férward
cross section results at 1 Gev. In terms of the mono-
pole and quadrupole scattering amplitudes, the cross
sectlion is

do/d |, = 1%+ 1/2 ]Q]® + 3/2 |Q1|?



ITI. THE APPARATUS

A schematic diagfam of the beam line at the Prince-
ton-Pennsylvania Accelerator is in Figure 6 (also Figure 2).
The deuteron beam from the synchrotron of 1012/éecond was
scattered Ly a ten inch hydrogen target at position T1.

A secondary beam of elastic deuterons was defined and
focused by a combination of slits, bending magnets,

and quadrupoles and was scattered off the hydrogen target
at T2. A range analyzer wrapped around the target at

T2 determined a momentum transfer interval for the

recoll proton inithe second scatter and counters down-
stream detected elastically scattered deuterons at this
momentum tranéfer, along with a broad range of background.
The trajectory of the forward particle was determined

by the four wire chamber planes.

A. The First Scatter

The first hydrogen target bag was 13" diameter,
10" long. Scattering of the 1012/Second deuteron beam
gave about 104 elastic deuterons in the secondary beam.
Figure 7 shows the dimensions involved. The magnet-slit
system defined a four momentum transfer-squared range of
dt, = .0l Geve/c2

with a quite pure secondary beam (almost all the reaction
products of a deuteron beam are at half the momentum of
the elastic deuterons or less). An example of a magnet

‘curve run by sweeping D1, with D2 and D3 off, and the

2l
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quadrupoles scaled accordingly is. in Figure8 . (BCl is
a 1" counter centered on the undeflected beam line near
the second target.) The beam intensity dropped by a
factor'of twenty for target empty runs.

Three techniques were used to vary the first scatter
momentum transfer. We used four different incident beam
energies (most at 3.57 Gev/c), we moved the target along
the beam line to define scattering angles from 7.5 degrees
to 12 degrees, and we interchanged dipoles D1 and D2 for
the first bending magnet. Thus, we covered

-t, = .13 to .54 Gevg/c2

The beam momentum varied by 3% over the 3 msec
extraction time of the synchrotron (the spill time).

This energy varietion was time correlated with the begin-
ing of the spill and by recording on magnetic tape the
time of each event in the spill, the incident momentum
was known to less than 1%. Without using the timing
information, the first scatter window would be dta=.03 Gevg/cg.
The incident beam position was monitored by television
cameras looking at scintilators along the beam line.
The incident beam spot size was about 5" diameter and
the beam dispersion was less than 5 mrad. We monitored
the relative incident beam intensity with three well-
shielded counters looking at a berylium target far
downstream from the first target.

The vertical and horizontal slits kept the beam

divergence to within + 1/4 degrees and forced the
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horizontal and vertical divergences to be roughly the
same. This is important, since strongly different hor-
izontal and vertical divergences can cause the same type
of up—fight asymmetry as that being measured. We took
beam tracks through the spark chambers at the beginning
of each run, both to monitor the beam divergences and to
set a physical coordinate system for the sec ond scatter.
The opposite bending angles of D1-D2 and D3 resulted
in moméntum recombination, allowing the scatters of
varying incident beam energy to reach the second target.
Thus, the combination of dipoles, slits, and quadrupoles
defined the momentum loosely (to 10%) and the scattering
angle closely (%o % degree), giving a quite pure secondary

peam of elastic deuterons (Figure8 ).

B. The Second Scatter

The second hydrogen target bag was 4" diameter by
15" long with an effective length of 10" due to the
size of the recoil proton counters. The secondary beam
was confined to a 2" diameter by counters BCQ, BC3
(Figure 9 ). The momentum transfer of the second scatter
was defined by the range of the wide angle (70 degrees)
recoil proton in polyethylene. An accepted recoil par-
ticle (125 + 8 Mev for protons) along with a forward
particle in the proper quadrant triggered the four wire
chamber planes. For a lou/second secondary beam, there

were about two triggers per second. One twentieth of

those were elastic events.
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The proton range telescope (Figure 10) consisted
of four semicylindrical counters farming a sandwich
around a three inch ring of polyethylene, a.one inch
polyethylene window outside of this, and five counters
in anti—coinéidence surrounding the wrap. A good recoil
proton passed through the 3" absorber and came to rest
in the 1" polyethylene window. The semicylinder proton
counters were arranged to form four quadrants (up, down,
right, left), with each semicylinder covering two
quadrants. This method allowed us to monitor ﬁhe
possible asymmetries in the apparatus (the number up
should equal the number down, for example) and also
afforded a loose coplanarity check. We had the option
of inserting various materials into the range wrap,
increasing the amount of initial absorber, but we
found the best analyzing power had no extra materials'
in the wrap.

" Eight 8" x 40" x 1/4" counters called the phi
counters, set in a square array downstream of the wife
chambers, defined forward scattering angles from I degrees
to 14 degrees. Arranged in quadrants, the deuteron
counter array gave a loose coplanarity check in combin-
ation with the proton counters, and also gaveha direct
determination of the number of triggers up, down, right,
left (Figure 10).

A coincidence between the proper combination of phi

counter quadrant and recoil proton quadrant, and a beam
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counter coincidence triggered the four wire chambers .

In addition to the five anti-counters enclosing the
target (the fifth, A5, is‘centered on the beam line

with a 9" hole~--see Figure 9 ), two other counters in
anti-coincidence were in the hole of the phi counters

on the beam line (Figure 9 ). These cut the trigger rate
by 20%. Also, the three "spectator" proton quadrants
were in anti-coincidence. The wire chamber plaﬁes then

gave the trajectory of the forward particle.

C. The Trigger logic

A diagram of the trigger logic is in Figure 1l.

Briefly,
BC2 BC3 BCO
indicated a beam particle (BCQ had a 6" diameter hole
through it--it removed half momentum protons from the
trigger that were swept toward the left side of our
apparatus by D3 (Figure 7).), while
PL p3 P2 PE &
gave a recoil particle (up) wiﬁh the proper'range, and
ol - o7

determined a forward particle (down). The combination
above triggered the spark chambers, with the read-out from
the chambars going to scalers and then to a PDP-8
computer used to record the events on magnetic tape.

The process of taping takes tens of milliseconds,

while the trigger logic time delay is on the order of
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nanos=conds. A control logic system gated out the trigger

logic during tpe processing of an event. The control logic

freed the computer interface for recording when the

computer and the chambers were in a ready state and

ths timé during the spill was within specified limits.
Several items not in the trigger logic should be

mentioned. Time-of-flight was taken on the secondary

beam, but no contamination was seen, so it was removed

from the logic (over the eighty foot path length involved,

a pion travelling at speed c would arrive at the target

12 nsec earlier than the elastic deuteron with B=.87).

A hodoscope placed between the quadrupoles and D3 was

used to monitor the beam early in the experiment, but

it had little effect in the trigger and was removed.

A helium bag ran the full distance of the secondary

beam line, reducing stripping and other interactions

there. Magnet tuning was done by first turning off

D3 and‘optimizing the beam on counter BCl in the undeflected

beam line, then swinging the beam onto BC2-BC3. The

magnet fields (determined by_accelerator gréphs and

checked by a rotating coil gaussmeter to l%) checked

with the experimental geometry and kinematics quite well.

D. The Spark Chambers and Read-out

The four wire chambers were spaced each one foot
apart. The active areas were 30" x 30" for the front

two chambers and 40" x 40" for the back two, with
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1 mm wire spacing and a 3" gap. Receipt of a trigger
from the high speed logic activated three spark-gaps,
firing the chambers and the fiducials. The front pair
were run at about 9 kV, the back two at 8 kV. }The
chambers were covered by aluminum foil, and a 250 V
clearing field across the foil planes resulted in a
live time of about one microsecond. The chambers were
filled with a 90% neon, 10% helium gas mixture. ,T&d
spark-gaps fired the chambers, while the third fired
the fiducials. Data were taken with a single fiducial
on each dimensioﬁ, while double (front-back) fiducial
runs were made périodically to determine the scaling
factor for the read-out.

Dynamic magnetostrictive wands were ﬁsed to read
the spark information out of the chambers. Each wand
was read with a 15 MHz scalar.‘_Missing or multiple
sparks caused nonsense scalar outputs. The signal
atfenuated by two thirds over a 42" wand,.but the smallest
signal was easily recognized by the scalars, so no
asymmetries were introduced here. This was checked
by reversing three wands for several runs. Results
from the scalars were strobed by a PDP-8 computer,
which stored the numbers, writing ten events per record
on magnetic tape. Information on each event consisted
of the eight wand read-outs (integers) plus a ndmber
representing the time of the event in the spill (the

spill time of 3.msec was divided into 400 bins).
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The computer made no checks on the data--it was used
only for writing on tape and to display selected events

on a teletype.

E. Data Taking

Each run, consisting of a particular first target
setting and beam momentum, took from a féwAhours for
low momentum transfers to a full day for high momentum
transfers. Over a three week period, we gathered data
for different first target settings énd for four differ-
ent beam momenta, repeating several-pointé; There were
31 runs in all with 7000 to 42000 events each, covering
sixteen first scatter momentum transfer values. Only
two of the runs processed poorly (bdth showed chamber
difficulties). About 5% of the triggers represented
elastic events.

The runs were prefixed with 1000 beam tracks
(the chambers triggered on BC2 BC3 BCO) and 1000 "real
space" tracks (triggering on a 3/8" counter fixed in
space in the secondary beam line far downstream from
the second target). The beam tracks for each run
located the coordinate system for event reduction, while
the real space tracks were taken for possible phase
space uses, but were not needed.

During each run, the beam counts, the number of
triggers in the four quadrants, and the counts in each

of the four proton quadrants and the four phi quadrants
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were recorded in the log book for each run, along with
a rate record from an independent primary beam monitor

on the unscattered beam line.



IV. DATA ANALYSIS

A. Data Reduction

Data reduction took place off line on the accel-
erator's PDP-10 computer duriné the experiment. The
computer program used the 1000 beam tracks to locate a
coordinate system and made chi-squared fits to the data
for all four chambers and for combinations of three
chambers. A good event had an acceptable chi-squared
fit in at least three chambers and reconstructed back
to the target. The chamber fits indicated an uncertainty
of about 1% wire;separations, twice that seen in the
double fiducial-tracks. Most of thé.error probably
resulted from sparking phenomena. The result{ng average
angular uncertainty for a three chamber fit is only
.03 degrees. |

Fiducials and chamber center corrections were used
in the analysis. Chamber cuts (removing one chamber
from thé analysis; requiring a four chamber fit) pro-
duced inconsistencies in only two of the runs, and these
were thrown out. The chamber efficiency varied during
the runs from 40% to 70%, with most about 60%.

For the final data, runs taken at the same energy
and momentum transfer were combined, giving eighteen

data points.

39
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B. Background Discussion

Figure 12 shows a typical histogram in the scattering
angle theta for on: of the runs. About half the triggers
under the elastic peak are background. Phi distributions
for triggers within the= elastic peak (the raw data) are
given in Figure 13 for one of the high positive asymmstry
runs and for a negative asymmetry run. There was a
strong~signa1 despite the background. With no background
subtractions, Wwe obtained an asymmetry versus first
scatter momentum transfer curve very similar to the
final result, but with a maximum asymmetry of .45 instead
of .67. .

We c;n only spesculate on th~ nature of the baqk-
ground. Quasielastic pp scattering was probably the
major contributor. Pure quasislastic pp scattering yields
a proton at 16 degrees for a given recoil proton range,
while the spectatof proton from np scattering peaks at
0] degrées. The Fermi momentum of the nucleons in‘the
deuteron contribute to considerable broadening about
these peaksl and also make the quasielastic scaffering
less coplanar (more quasi). The 8 degree elastic
deuteron peak probably sat on the tails of the quasi-
elastic and spectator peaks. |

There were indications that particle production'
 was involved in the background. The use of anti-counters

on the beam line cut the trigger rate by 20%, indicating



b1

T TANALYZED 0ATA RON

THETYA AFYER 45 DEG CUTS(Or 38 OEGREES) ——
QB8 e e .
1666  §
1632 T o Xeo :
1598 » XX : T - .
1384 XX
1530 o eXx
T Y498 ST XXX
1462 XXX
1428 . o . ) XXX
1304 XXX .
1380 XXX
1326 XXX®
1292 v o ' XXxX
1256 XXXX
1224 o ' o i $34 ¢
1199 XXXX
1 $%-1] T e XXXX
1122 XXXXXe
ie88 ’ I $ 3383 ¢
1854 XXXXXX
T ip29 ’ T o XXXXXXe -
986 ) XXXXXXY. o X _
LL1 3 SXXXXXXXw  XeeX
918 . ., XXAXXXXXX~mX XXX
‘884 o eXe o XXXXXXAXXXXXXRX
(114 XXXew) XXXXXXXXXXXXXXXX
816 ST @XXXXAX wwa XXXXXXXXXXXXXXXX=
782 AXXXXXN@XXN XXXXXXXXXXXXXXXXY®
748 XXXXEXHXX XXX XAAXX XA XX XXX XXX
744 XAXXXXXXAXXXAXXXXKXXXXX XXX XXX X
7 11 I XXXXXXXXXXKXXXXXAXXXKXX XX XXX XX
646 XXXXXXXXXXAXXXXXXAXXXX XX XXX XX X o
642 ’ - wXXXXXAXXXAXXXXXXX XXX XXX XXX XX XX
978 XXXXXXXXXXXXAXAXXAXXXXXXXXXXXXXXX .
LLL) XXXOUX XX XXX XXX XA RXAN - -
$40 XXXXXXXXXXKXAXXXXXXLXXXXXXXXX XXX w
476 ’ ' XXXXAXXXXXXAXXKXXXXXX XXX XXX XX XX X o
442 SXXXXAXXXXXXXXXXXXXXXAXXXXXXXX XX XX XX
“4g8 o XXXXXXXXXXXXXRXXXXXXXXK XXX XXX XXX XXX
374 XXXXXXXXXXXXXXXXAXXXXXXXXXXXXXXXXXX @
h Ly XXX A XXX XXXXEX XXX XXX XX XXX XX
2.1 . XXXXXXXXXXXAXRXXXXXXXXXXXNXXXAAXXXXXX ®
272 T : I $3383¢3383¢383 28383083908 8988¢332832281
238 o _ S e XXXXXXXXXXXXAXXAXXXXKXXKXXXXXXXXXXXX X
204 XXXXXXXXXXXXXXXXXXXXKXXXKXXXXXXX XXX X XXX
170 XXXXAXXXXXAXXAXAXAX XXX XXX XXX XXX XXX @
135 S XXX XXXXXXXAXAX XXX XXX XX XXX XXX XXX XXX XN @
62 L oXXXRXAXXXAXKXXXXXXXXXXKXXXXXX XXX X XXAKXXXX Y @
68 T T T T T XXX KX XXX XXX XXX XXX AKX XXX XXX XXX N -
34 XXXXXXXKXAXXXXXXXX XXX XXX XXX KK XK XXX XXX XXX O eacnocnnccacnn -

[} 0..--..-.-0-.--0---...-..‘--q-o-.-.......'.--..---.-...o--.-.--.-...-..-.-....,.._.._.

9900 2,000 4,000 6,290 8,000 30,900 12,002 44,000 16,000
MIN  0.008C+PD - INTCRVAL 0,200[¢82 MAX 0,100€+02 NO+ OUY® 2 NO+ JNa33782

Figure 12. Theta histogram of raw data.



Figure

4o

ANALYICO 0aTA Run

o

OuL FQR teTa Gyt e o
-t =
a
v R
-
Xe
x .
Xy b1 e o
xR XX _1x
WY X e e e AX LI
xxx X X Yo X XXe LI |
XXX X X nXAX XXX e ¥
XXX XXX e puxx Exx nxxx
Xxxx xxx T oXAAX XXX X e ool 1% X
XXXXAXXX X NAAAXXX XNa X C.oxxx Ak %
XXEAXNUY YT XN xxxxxXexx ¥ 7T - AAX XxeX
0 Xxxxxxxxex R AX XXXXNNXAANX X AXXANARX
78 Xxxxxxxxxx X OXXX XXXXAXXNKAAAXN o eXKXKXXXX
79 XxxxxxxXAX X OXXX XNXXXXXHXXNEX X RXXAAXRAK
2 XXXXXXXXXXe X XXAXXAXAAAXAAANK X . XXXXRXTAX
0F XXXXXXXXXXX® A XXX AN CA KX XX KXKXXXXXX
“—’Imihixﬂur"'——r“mnnuuxuunx‘ TOOTTTTTTT e axxaxxyxx
3 AXXXXXXXAXAXe oX  EKXNXXXXXXXXXXXAANNX ANs XXXXXAXAX
69 XxxxxxxxXxxXx Ae AXAXXXAXAAAXTXAAAXN AAX XXXXXAAXX
$7 XXXXXXXXXXXXX XK XXXXXXXAAAXALAAAAAX @ XXX NAAXATAXN
$4 XxxxXXXXXXXXXX XXX XXXAXAXXXXALXCAAAXN CXXAXXXXXBAARY
31 XXXXXXXXXXXXX XXX AXXAXXXAAXXAKLXTAALL X XXXXXXXNATAYAX
TTTTTEE OO Y TTe ST E Yo X e e X X xx x a ¥ xx¥ee Yo @ XXAXXAXXANAWXX
4% XXXXXXXXAXXAR XX X eXXXXLXXXXNOOOOOOXXCXXNALXAAL XX XXXAXXXAAXAAALAXX
42 XXXOOOOEEXE X OONOOONEXCNOOEECNEEXNONEE XX S XXX XX O R XXX x
39 XXXNOOOONEXNXX X XXOCKEX XXX KOO XXX X AXCXAXY A Ao RAAXXAAAXXXAXALAR
30 NX0ONOXNNOE XX XXX XXX XX XX KO XXX DX XX AAAXN XXX

~

I3 XXANXAXXAAXAXAR XX XXX ARTOOOOOOCLX AT XNAXTX XA XA XN S AXAAALA XXX AL AKX

ST I OO X T XX XXX XXX OO XXX XX XXX XX AKAAX

Q7 NN XXX XX XXX Y RAX A e XXX XX XEXAKAXXEXXNAAX XKLL XXAAAXAXRAX XA AN
24 000NN TNONODOOEEEETXEX X XOCOOCNONEONONEONNENNOENE;N; e
20 XNONOOOONCT X T XX KT XXX OO0 T X KXY X XXX XXX AN AN AEX AN
38 XNONOONOONE XXX KOO OO OO XX EX XXX XXX XXX
45 D00 X OO0 XXX XXX XXX X EX XXX
XX O XX TR XX TR Y XXX XXX XXX AAX AN AKAK

9 X0NNONNOCNRX X E KOO Y SN X XXX KX XX KX XXX AN ALANNXXAAKRN

n 6 XXX X XXX O KX N X KX XA XX XX RN XX XXX AXK AN
" :'X!llllxl!xllxxxxxxlllxlllxllllxlllxxxxxlxxxxlxxlxnllxxlxxlxxllllxlxlllll
» : Gecctgecccgeccctenatgesctgetacpooncdoce actevmcec-ensge
] JBE0 152,008 209,393 2%e,009 _ 39,000 332,800
L]
ANALYZED DATA RUN
U Pri FOR THETA CUY - - -
-t =
a
X
]
1
X - — IR SR
. R x x L 1
x X xex XX ze X
xXX I yxxxy ¥ X e o XX X
oXXXX XX xxx ¥ Yok X XxeXX X
AAXXX XX ¥ X ¥e XX 23 ST Xe XXXXX ¥
XYY XYy 777 XLX X o XX XxXXX X
X eeXXXXXe XX y X XX XX XXX X X XXX XXXXX X .
X XXXXXXXXY XX x XeXX XX XXX X X XAXeXXXAX oX @ X
98 *  Xo XXXXXXXXeX XX X XXXXXXX * XXXX XX X YXXXXXXXXuKX X XX
40 XxeXX XXXXXXXYxX XX y XXXXXXx . XXAXXX XX X (XXXXXNKXEXX X XX
48 XXXXX XXXXXXXTXX XXy XXXXXXY ¥ X X XXXXXX XX XeXXXXXXXXXXXXeX XX
TTTTTEEXNKAXANXOOOOO KX XX ) xXxx¥¥X W T X xx ey XxxxXxxxxX¥xxxxx x xx
42 XOXXXXXXXXNEXAXX XK yXAXXXAAXE X X XX XXXAXXXXAXXAXAXNANCLLAAKARL X XK
40 XXX XXXXXXANAX XX XXATAXAAY X oX XX oXNONXXAXXCAXXXXAAANXAXAXNN X XX
30 XXXXAXXAAAXXATAKKE XXX YAXAXAAANXe ¥ XXaXAeXAXXAXXXXXXAXXXXAAXAXANXXAACL XX
36 X0 XX OO X OO XXX XXX XXX XX XX XX
34 XOOOOOOOOEX XL XX XXX XXX XXX X XXX AXXXTXAXN YA LN U AN AXAKXNARAAARD K0
TR X0 X e 0N OO OO OO XXX XN XXX KX XX AXXXRY XX
3 llllllllllllllllllllllllll!llllllll!llll'll!!lllllll!llll!llllllllllllll
Q8 XX XX XXX XXX XXX XXX YR X RN XXX XX XXX XN XN XXV XN XXX AN AN AK AN
’. lllllllllllllllIlllllxllllllllllllllllllll!llllll!llllllllllllllllllllll
SO NN XXX XXX XXX X XXX XXX XXX KXY XXX XYY AN X XA KAAAR RN
Q2 XXXXXXXXXXTRECLR XXX XX CCLX XXX XA TAXX LT XLEX XA XXX AAAAAXXCLAAAY
TR IO R X R R X K X R XXX XX XXX XXX R XX XXX XK EXK AN AARY Y

13.

A0 XXX XXX X KX X X KX KX O XXX AR RNy
XXX XXX XXX XXX XXX XN XNRX Y NRAXKXNCANRRN
A0 XXX Y XX L XXX O T X XXX AR Xy
XXX XXX XXX XA X NN XX XA XXX NN XX KA AN RANKO AN
N Y R X XX OO KX XXX K KX KXY KX X KXY ANAR LN
0 T XX X XX XXX NN XK T Y XN XXX XN KRN RN AR XN
O XN X T K X N KX XXX NN XXX NN XXX AN NN A
& XXX R T N T XX XXX C X R XX N Y AKX NN NANY
3 AU BT EEX RN TR R KKK AXAXA XA XN CAANANKAAXAXARNCAND
L}

Phi histograms of raw data.
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a process such as

np -+ ppm-
must have contributed, with the spectator proton pro-
ceeding downstream to the anti-counters . Lowering the
incident beam energy (from 3.57 Gev/c to 2.6 Gev/c)
gained a factor of about 20% on the background. This
is in the range of an exponential increase in the
total cross section for pion productiongl. Finally,
a run triggering only on protons up, anded with each
of the phi counter quadrants, gave one fourth fhe triggers
in each of the three non-coplanar quadrants as the
number in the coplanar quadrant. Thus, the background

did not seem to be very coplanar.

C. Background Subtractions

Several points should be made before we describe
the background cuts. First, the raw data showed strong
asymmetry over the elastic peak with reasonable least-
squared fits to

N(p) = N (1 + Acos2p + Bcosyp)
The cos2p or up-right asymmetry dropped off and the
chi-squared generally became much worse in non-elastic
regions of scattering angle. The cosp or right-left
asymmetry was negative (B = -.10) on both sides of the
elastic peak, was generally zero for the data under the
peak, and was relatively independent of the first scatter
momentum transfer. Phase space corrections were not

necessary, due to the 360 degree geometry of the apparatus,
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and the oversized phi counters which easily contained the
whole elastic region. Finally, an overlap of the phi
counter quadrants in the 45 degree areas caused a building
of background thefg, so 30 degree sections of data about
the four 45 degree lines were ignored.

In making the background subtractioné, we allowed
for possible'background asymmetries and a variable
secondary beam dispersion. The data for each run were
divided into twelve 20 degree sections in phi; we fit
the theta distributions of the total data and the twelve
phi sections with a gaussian representing the elastic
peak and a sloped line for the background. An example
of fits for the four quadrants of a high asymmetry run is
given in Figure 14. The fit to the total data for each
run was free of constraints, but the fits to the twelve
sections were“required to be centered within .2 degrees
of the center for the total cufve and the width of the
gaussiahs were Xept within .15 degrees of the width of
the total curve. Background subtractions then gave a
twelve point phi distribution (Figure 15). |

We made several checks on the computer subtractions.}
The fits were required to look reasonable. Agreement
between the twelve point fits and fits to four 60 degree
sections was checked. Integrals over the elastic peak,
summed over the twelve sections, checked with the fit
to the total and with the fits to the quarters. The
integral over the gaussian agreed with the sum of the

"real" deuterons in the elastic peak. Different binning
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in theta (fitting over a 3.6 degree interval compared

to a 4.6 degree interval) gave consistent results.
Eyeball fits assuming bumps or dips in the background
under the peak were tried. These tended to leave the
up-right asymmetry in tact, changing the right-left
asymmetry some for individual runs, but left the overall

right-left asymmetry curve the same.



V. RESULTS

Table 2 gives the results, after background sub-
tractions, for the cos2p, cosp, and sinp asymmetries
in the elastic peak and in the backgfound, along with
the relative cross section for elastic scattering. The
ta value givén is the average ta for each run. Each t
value has an uncertainty of + .0l Gevg/ce, reflecting a
systematic error due to a variation in peak beam energy
of the accelerator from run to run. (The uncertainty
~due to the variation in beam energy over the spill is
also within this;range.) The elastic results are plotted
versus first scaéter momentum transfer-squared in
Figures 16, 17, 18.

The shape of the cos2p asymmetry curve (Figure 16 )
is the same with or without background subtractions, the
only change béing increased magnitude. Whereas the
background subtractions giving a maximum cos2p asymmetry
of .67 look quite reasonable, a subtraction raising the
asymmetry to .8 or .9 looks absurd. The solid line in
the figure is the multiple scattering calculation for A,
ignoring the target proton spin, with no free parameters.

The cosp asymmetry (Figure 17) appears only after
background subtractions. The relatively constant cosgp
term of .25 is more dependent on the subtraction tech-
nique, but is present throughout the daté. Scattering
to the left consistently showed a smaller elastic peak
sitting on a larger background than sca?tering to the

right. The background right-left asymmetry is negative

48
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1.0

Asymmetry vs t,
_ . N
tAcos 24+ Bcos P
¢=1(a,.d,)
6 For the Second Scatter,

-tp=.23 GevZ/c?

-tq (Gev/c)?
-2k Analyzer-t,

Primary Beam Momenta
o 2.64 GeV/c

-4r
A 3,16
o 3.57
x 3.70

-~6r

-.8

Figure 16. Cos2p asymmetry data of Table 2, including

the Glauber model fit with no free parameters.
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1.0

A

N(¢)=%%(I+Aumz ¢ +Bcos ¢)

-t4(Gev/c)

Primary Beam Momenta ‘
O 2.64 GeV/c
a 3.16 |

o 3.57
x 3.70

Figure 17.

Cosp asymmetry data of Table 2.



52

N'

2 (3/A29) -
9° G b

'2 9Tq®el JC B3BP UOT3D9S SSOJID JI8348OS DUODSS SAT3BISY QT 9In3Td

!

(§soj@ "ON)

T T T
wDaq ‘339

woad onsop A\ 7 P77
Axovc: ::2\& p Ol v

wDaq ‘333

= IS0[3 ¢y
Ol

?

(59/zA99€2°=94.)
u0l1}23S SS04) 49}4DOS puod3S

ASV13 U NOILD3S SSOHD 3AILVI3Y



‘ 53
throughout. The cosp asymmetry must result from a
vector polarization in the scattering. Such a vector
polarizaﬁion must depend on spln-orbit effects.
Since the multiple scattering calculation ignores these
effects, it predicts no cosp asymmetry.

A nice check on the data is the zero result of
the sirnp term (Table 2). The term compares the number
scattered up to the number down. Spin-1 double scattering,
in the general density matrix formulation, has no simnp
dependencel9, which is what we observed.

The errors in the twelve point and four point phi
histograms (after background subtraction) were the
square root of thé total number of counts under the
peak (elastic and background). The errors in the fitted
parameters A and B were those necessary to change chi-
square by one unit.

We were unable to measure the second scatter cross
section to better than 30%, due to poor bunching in the
beam from the accelerator. An average beam intensity
of lOu/second corresponds to an instantaneous flux of
2 X 105/second. Poor bunching can increase‘this flux
by factors of 102 to 103 over small intervals, swamping
the secondary beam counters. This 30% uncertainty is
within the range of variation predicted by the multiple
scattering theory. Unfortunately, without a beam spill
monitor more consistent results cannot‘be obtained.

For the quoted cross section results, chamber

efficiencies were calculated using
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analyzed data
eff =

total triggers
the beam counts for each run were recorded in a log

book during the experiment, and the number of elastic
scatters resulted from the background subtractions on
the data. The errors given are the square root of the
total under the peak with no background subtraction.
The normalized cross section, assuming a ten inch
effective target is about 1.5 mb/sr oferall, agreeing
with the equivalent pd experiment at 1 Gev for

-t = .23 Gevg/c2 (7).



VI. DISCUSSION

We do not find.as large a cos2p asymmetry (either
positive or negative) as that predicted by the multiple
scattering theory with no free parameters. The problem
could lie within the theory or/éﬁd with the background
subtractions. 1In the theory certain parameters are not
well known and the calculation neglects the spin-orbit ef-
fECtS, which would be expected to alter the up-right
asymmetry as well as account for the observed right-left
asymmetry. The béckground subtractions giving a maximum
cos2p asymmetry of 67% are consistent within the error
bars using various subtraction techniques. If we bolster
the positive asymmetry in some way, we also generally
make the negative asymmetry less pronounced. The multiple
scattering calculation prefers both larger positive and
negative asymmetry. The calculation, however, is quite
sensitive to the nucleon-nucleon scattering amplitudes
(and not so much to the deuteron wave function).

In Figure 19 we show a reasonable fit to our data
and to the pd forward cross section data at 1 Gev.

Larger real parts of the scattering amplitudes are pre-

ferred over those found from nucleon-nucleon scattering.

Since the multiple scattering calculation ignores the spin-orbit
interaction, it is probably not useful to attempt a "best

fit." It is interesting, though, to show the different

range of sensitivity involved in fits to the forward cross

section compared to fits to the asymmetry data.
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The cross section data are generally sensitive to a
combinagtion of nucleon amplitude slopes and real parts
and also to the deuteron D-wave probability. For scattering
in the diffraction peak, the slope and the real parts arel
the determining factor--the other parameter involved,
the deuteron monopole form factor Sp> is wéll known here.
In the interference region, larger real parts and larger
D-wave probability raise the cross section. Also,
Franco22 has shown tﬁat an added proton spin dependence
tends to fill in the "dip" region. Thus, one can fit the
data fairly well with several combinations of parameters.

For the asymmetry calculation, however, sensitivity
to the slopes and to the real parts of the nucleon ampli-
tudes separates. Larger slopes just cause the asymmetry
to happen sooner--the slopes shift the cross-over or zero
asymmetry point. Larger real parts lower the maximum
asymmetry prediction (positivé and negative) and do not
affect the cross-over. The deuteron parameters SO
and S, also divide rdles. An integral of So‘results from

the double scattering term,

2

-b q'
ave d2

IO = J‘ So(Q’) e Q'

and affects the zero asymmetry prediction. The D-wave
probability, proportional to 822, influences the size of
the asymmetry, but not greatly. A drastic change from

7% to 4% washes out only 10% of the asymmetry maxima.
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The D-wave probability of the various proposed deuteron
wave functions varies only from 6% to 8%. This lack of
selxitivity occurs because scattering in the interference
region is mainly D-wave scattering. -When more S-wave
scattering is introduced there, sensitivity to the D-wave
probability increases. The cross section in the inter-
ference region is more sensitive to the D-wave probability
fhan is the alignment.

In Figure 20 are fits to the asymmetry and to the
1 Gev pd cross section for different slopes. The Particle
Data Group compiiation16 gives the best values for thé
slopes for protoﬁs (neutrons) incident at 1.7 Gev/c as

by, = 6.4 + .6 , Ppp = L1+ .6 (Gev/c)'g,.

That this is in an energy region where the slopes are
changing rapidly accounts for the largeverrors. Both
the cross section and the asymmetry calculation reflect
~an average slope, ’

b = (b +D 2 .
( np PP)/

Fits for different real parts of the nuC1eqn amplitudes
are shown in Figure 21. The compilation gives
- % = -2+ .2 , G = -5+ .2 .
They are rapidly varying in this energy region and can
be taken as essentially free parameters. Also, the
reported values of a depend on the size of the angular

region used to extrapolate the forward cross Section to

zero angle. This varies considerably. Since the a's
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are not even well known at zero momentum transfer, there
is no reason to introduce a t dependence to the real pafts,
normalizing them to a "known" @ at t=0. The asymmetry |
calculations are sensitive to thg average o . Neither
calculation cares about the sign.  The consensus of np
and pp scattering information takes them as negative,
so we report them both as negative. If the two a's were
}of opposite sign, however, they would have little effect
on the asymmetry maximum. Thus, if app is indged negative,
these calculations suggest that anp is also negative.
Since Franco has shown that the introduction of the target
proton spin into the theory does things . similar to large
real pa;ts (filiing in the interference region), it is
premature to reach any conclusions about the a's.

Our asymmetry data measures the cross-over point as

—ta = 415 + .01 Gev2/b2. Using the parameterizatibn for

Sy (Table 1) from the C. N. Bressel, et al. deuteron
wave function?3,

_ -1
and the predicted cross-over occurs at t=-.35, all for
the slopes bpp= 6.4, bnp= 4.1 . The gaussiangq, Garten-

haus25, and McGee27 deuteron wave functions give an integral

from 2% to 3% higher, while the Hulthen wave.function26 has

28

an IO 10% higher than that of BresselS” When this integral

is increased, the double scattering term is increased and

the asymmetry parameter

¥

8, ~ Re (M + 310 Q1
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becomes zero at smaller t. The asymmetry is very sensi-
tive to small changes in the integral, while‘the cross
section is not. For a 3% higher I, and the present

slopes, the cross-over point becomes —ta= .385 . A 10%
higher IO gives a cross-over point of —ta= .375‘. Thus,

to reach a cross-over point of -ta= A1 with the Hulthen
wave function, we would need an averagg'slope of only

5= 3 . For the present slopes, which match the diffraction
peak in the cross section nicely (with small a's), the
asymmetry cross-over point likes an I0 10% lower than that -
of the Bressel deuteron wave function.

Small changés in the D-wave prpbability affect the
cross section more than the asymmetry (Figure 22). As
larger a's are used, smaller D-wave probability begins to
decrease the asymmetry maximum. Thus, it is possible to
use moderately large a's (-.5) and a smaller D-wave
probability (5%) to reproduce.our data. However, proposed
wave functions vary in D-wave probability from 6% to
8%. Also, smaller D-wave raises the IO slightly, which
is undesirable. In Figure 22, we show the effect of 7.4%
D-wave compared to 6%, using the No. 1 and No. 3 potentials
of G1endenn:'mg—Kira,mer]'lJr (with large o's). The asymmetry
Jjust isn't that sensitive to the deuteron wave function.

Thus, fits to both the cos2p asymmetry and to the
forward cross section (using the simple theory without the
proton spin) like the slopes found from nucleon—hucleon
scattering and prefer larger real parts of the nucleon

amplitudes. Larger real parts, though, add to the cross
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section at small t, which is undesirable. Perhaps this

is evidence of a slight t-dependence of the a's (smallér

o at low t, higher q at large t). Czyz and Lesniak 29
found large real pgrts (o = -.33) preferred with slightly
smaller slopes (b = 5) in fitting the 1 Gev pHe data with
the multiple scattering theory, as did Bassel and Wilkin:y%
Lesniak and wOleéﬂhsed even smaller slopes (b = 4.7)

énd larger a's (o = -.4) to fit the 1 Gev pO and pC data
(the pC calculation is high in the double scattering
region, presumably due to problems with the carbon wave
function). Thus, there is a preference in the Glauber
model for larger real parts of the 1 Gev nucleon amplitudes
than those reported from nucleon-nucleon scattering. The
preferred average slope is about b = 5 . Also, the asym-
metry data likes deuteron wave functions with a smaller
double scattering integral (i.e. not the Hulﬁhen wave

function). This integral is related to the cross section

defect for proton-deuteron scatteringag

2
+ -
I, - Bm 9on * Ipp Gpd
1-
] %p%np . %pppn
At 1 Gev O, |
Opn = 40-09 + .13 md , oy, = 47.55 + .06 mb
Opa = 83.00 + .06 mb
and
.187
I = .
o .
1 appanp

For large real parts, IO would be considerably larger than

we find. Unfortunately, the pn cross section is computed
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using precisely this integral. An independent determin-

ation could be made using a neutron beam, obtaining T

Neutron beam measurements have been made at momenta spinning
the 1.7 Gev/c value for this experiment16:

Onp = 35.8 + 1.6 mb at 1.38 gev/c

Opp = 38.3 + 3.2 mb at 2.36 Gev/c .
If we take Opp = 37 mb (which we use in our "best fit"), then

. .07

- 5
0 1l - appanp

| pp%np - +.6 for an I, of .18 . Thus,

our results imply large a's which bring the o

allowing a value a
pn measure-
ments into line with the neutron beam % np results. The
smaller cross section also helps the fit to the pd data.
The simple theory does not predict a cosp asymmetry.
That the asymmetry should be positive at —ta = -tb = ,23
is reasonable, since those deuterons that prefer to scatter
right in the first scatter also prefer to scatter to the
right in the secohd scatter for the same scattering
angle. One might have expected avmore pronounced variation
in the polarization in going from a single scattering
region to a double scattering region, though. At these
energies the pp polarization is 40% and the np polar-

16

ization is 30% . A 50% deuteron vector polarization

(with P2 = ,25) does not seem unreasonable. Franco 22 found
polarization effects on the order of 20% are expected for
the recoil proton in pd S-wave scattering, varying consid-

erably over t. Thus, only the lack of variation in the

cosp term seems unreasonable.
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Several points should be made regarding the cosgp
asymmetry data. None of the typical vecﬁor polarizatioﬁ
checks was made, such as rotating the polarization or the
apparatus. The right-left asymmetry was not in the raw
data, but the background outside the elastic peak consist-
ently showed a negative term. That the background showed
the opposite asymmetry suggests that the result is not
due to an apparatus malfunction. The cosg term did not
stay constant for different energiles at -ta= 2L, as did
the cos2p- term.

In summary, our experiment shows that the multiple
scattering model does quite well exblaining the details
of the spin dependence of d-p scattering. As predicted,
the D-wave of the deuteron is very important in the break
region between single and double scattering. Using the
Glauber model, the spin alignment is sensitive both to
the free nucleon scattering amplitudes and to the deuteron
wave function. Analysis of our results with the Glauber
" model suggests a preference for large real parts of the
scattering amplitudes, although the sizable vector
polarization emphasizes the need for more theoretical
work. Iarge alignments are also predicted for higher
energies, so this technique can be used there. Finally,
strongly vector polarized deuterons, once stripped, provide
a source of high energy polarized protons and neutrons.
Thus, this technique may be useful in a variety of other

experiments.
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