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Abstract

Results are presented from 55 data which includes spin-spin
parameters measured at the ZGS at momenta between 1 and 12 GeV/c,
and center-of-mass angles between 8° and 90°. The LAMPF program

is reviewed, with data from aop and Adg discussed as well as
recent fip spin transfer measurements.

1. Introduction
In an attempt to understand the nucleon-nucleon interactions and even

the {deal method is by the con-
At energies < 500 MeV, this can

further, the nucleon-nucleus interactfons,

struction of the interaction amplitudes.

rather easily be done by phase shift analyses. At higher energles where many

partial waves contribute, the amplitudes must be determined by clever manipu-

lations of the data base parameters. To determine the amplitudes uniquely (to

within a phase), at least nine independent parameters at each angle and energy

must be measured, However, all the data are not always correct or consistent,

so that in reality many more than nine parameters need to be measured.
the easier will be the ampli-

Also,

the more parameters constituting the data base,

tude solution search.

Pclarization data have consistently shown many interesting features,
? including evidence for dibaryons in the spin-spin total cross sections.l3

Hence a further motivation for studying spin properties is to thoroughly

clarify the dibaryon situation. /lthough the dibaryon question may always

remain unresolved, the experimental data can provide many checks both for

models incorporating dibaryons and those which try to explain the observed

structures by other mechanisms,
In an attempt to perform the above suggestions for the I=l1 system, we
will present new data obtained at the ZGS at 12 GeV/c and at 6 GeV/c. This
data will include the following for 53 elastic scattering:
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Also we include some discussions on the low energy data of C;; and Cg between
30° and 50° CM between 1 and 2.5 GeV/c. This data is relevant since it allows
us to remark on dibaryon effects in the inelastic cross sectioms.

Ye have embarked on a program to investigate the I=0 channel in NN elas-
tic scattering. The np data base has approximately five times less quantity
than the corresponding pp case, and the quality is munch poorer.4 We will give
a progress report on our experimental program at LAMPF, where our goal is to
measure np spin correlation parameters between 40° and 160° CM and at T < 800

MeV. We will also present some of the properties of the LAMPF polarized neu-

tron beam.

ITX. Definitions
In Fig. 1 we show the definitfon of the spin directions referred to in
elastic scattering. N spin direction is normal to the scattering plane and L

is parallel to the momentum vector of the reacting particles. The S direction
is defined by S = N x L.
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Figure i Definitfons of the spin direction conventions used in the text.

Table I shows the definitious of the symbols referred to as a function of
the experimental spin observables. Here the notation is (Beam, Target; Scat-
tered, Recoil). So, for example, the parameter CLLe the spin correlation
coefficient is measured with the beam and target both polarized in the L
direction, while the outgoing particles' polarizations are not measured. In

other notation, C;; = (L,L;0,0).
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Tabl . I

Observable Description Symbol
(0,0;0,0) Differential Cross Section do /49
(*,0;0,0)

or Polarization P
(0,*;0,0)
(*,*;0,0) Correlation Tensor Cy = Ak
(*,0;0,*)

or Polarization Transfer Tensor Kjk
(0,%;*,0)
(0,%;0,*)

or Depolarization Tensor Djk
(*,0;*,0)
(*,%;0,*) Triple Spin Tensor Hijk
(*,*;%.0) Triple Spin Tensor Jijk

For completeness, we present in Table II, the definition of the s-channel

helicity amplitudes5 and their relationships to the t-channel exchange

amplitudes.6 Table I1I presents the spin observables in terms of the exchange

ampl{ tudes,

TABLE 11

s-Channel Helicity Amplitudes, ¢; - ¢5,_and Their
Relationship to the Exéﬁange Amplitudes, Ny, Ny, Ny, Ug and U,

{H|+H> = ¢1
(om0 = 9y Net Helicity Non-Flip

K= |4=> = ’3
|-+ = ¢, Helicity Double-Flip

H-|+=> = §g Helicity Single-Flip

=
"

1/2
/2 (¢; + ¢3)
Ny =45
1/72(¢, - ¢5)
1/2(’1 - ’3)
Uz = 1/2(’2 + ‘a)
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LI |
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Table III

Laboratory Observables in Terms of Exchange Amplitudes

Obaervables
(8, T; S, R) Exchange Amplitudes

(Single Scattering)

otot 4n/i ImNG(0)
ag, Tot Be/k 1mU,(0)
a0, Tot -8x/k IaU,(0)
o - (0,0;0,0) Mo i2 + 2[N 12 + 4,12 + Jugl? + Ju,|?
030, o 1 2 o 2
P = (0,N;0,0) -21m {(Ny - Ny)N;*}/o
= (N,0;0,0)
Cun = (N,N;0,0) Re(Ugl,* - NgN,* + [N;[%)/0
Css - (S,S;0.0) 2“2("0”2' - NZUO')'IC
CsL = (5,L;0,0) Re{(Uy + UyIN; *) /o
L - (L,L;0,0) -2Re(NyUp® - N,U,*)/o
Note: (da/de = a-x/k?)

(Double Scattering)

1. 5,, Messurement

Ky = (N,0;0,8)  -2Re(UyU,* + NoNp® - [Ny 1)/

Ksg « (5,0:0,S) [=2Re (("z'uo’nx') mtn 8, - zne(nouz- + Nzuo-) cos °n"°

KLs « (L,0;0,S) [-2Re ((UZ-UO)"I..) cos OR - IRQ(NOIIO' + NzUz') sin OR]/a

K¢y, = (s,0;0,L) {2Re ((Uz-ﬂo)Nl'} cos 8, - Ike(NOUZ' + NZUO') sin ORIIG

KL « (L,0;0,L) [-2Re (("z'"o’"n') sin 0, + 2ne(nouo- + N,U,*) cos ol]/o

2. Bj,:neauuuunt

Dyn = (0,N;0,N) (luolz + z|ul|2 + |u2|z - v, 12 - |uz|2)/a

Dss = (0,5:0,5)  [-2he {(Ny + N, ¢} stn 0y - (INg]? - |N1% - Ju )2 + [0,1?) cos 0110
D = (0,L30,5) [~2Re (N, + NN o} cos 8, + ”"oi - [u22| + 12 - 10,1%) stn 0 1/0
Dsp. - (0,5;0,L) [2Re {(Ny + NN, *) cos 8, = ([Ng1% = N, 12 - ju 1% + Ju, | ®) stn 0p)/0
DL - (0,L;0,L) [-2Re{(N, + uz)ul') sin 0, - (|uo|z - |nz|z + |u°|z - [u2|2) cos 8,1/c
3. Three-Spin MNeasurement

Hoon = (5,5:0,N) ~21m{(U, + U, )N, *}/o

Hyon = (L,S;0,N) le(Uoﬂo' - UzNz')/c

Hg = (S,L;0,N) -ZII(NoUz' - NZUO')IO

Hyon = (L,L;0,N) 21a{(V, + Uy)N,*}/o

Heus - (s,N;0,S) (21m{(U, - UJIN *} cos 8, + 2Im(N U,* + N,U ) sin 6 1/c

Hyne = (L,N;0,S) (-21-((U2 - Uo)Nl') sin 0, + ZIII(UONO' + UZNZ') cos OR]/o

HouL = (s,N;0,L) [2!-((02 - UO)NI'] sin OR - ZIn(Nouz' + Nzuo') cos ORIIO

Hine = (L,N;0,L) (2Im{(U, - U IN,*) cos & + 2Im(U N * + U,N,*) sin 8, ]/

Hyss = (N,5;0,S) Illl((No + NZ)NI.) cos 8 - ZIH(UOUZ' - NONZ') sin OR]/c

HyLs = (N,L;0,S) [-21a{(N, + N))N,*} sin 8, + 2Ia(U,U,* + N N,*) cos 8,)/0

Hyst, = (N,S;0,L) (21m{(N, + N, )N, ¢} oin 6, + 2m(U,U,* - NyN,*) cos 0,1/

= (N,L;0,L) lzx-((no + N))N,*) cos 8, + 21m(U,U,* + B, N,*) sin 0,)/0

............................ L L L L L L L e L 1 DU PP R S G AP



III. New 2GS Results at 12 GeV/c

We have measured the spin correlation parameters Cgg and C;g from between
B° <8, . < 49° (0.2 ¢ |t] £ 3.5 Gev/c?) and ¢y from 8° <6 < 90°
(0.2 < |t] 10.2 GeV/c?) for pp elastic scattering. The experimental apparatus

included a recoil proton arm and a forward, large-aperture, magnetic spectro-~

meter. The experimental layout was similar to that shown in Fig. 2.
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Figure 2 Experimental arrangement for Cgg and Cp g measurements at 12 GeV/c.

From the five amplitudes,5
bg = (&7 - ¢45)/2
b = (&) + $)/2
b = (63 - ,)/2 (1)
be = (&3 + ¢4)/2
¢s5

we can easily write relationships for the spin correlation parameters. bg
contains only spin singlet terms, ¢y and ¢, contain only spin triplet terms, and
¢y and $g contain only coupled spin triplet terms.

The relationships7

[6g]2 = 174(1 = Cyy - Cgg ~ Cpy)do/da
[$.]2 + l¢s5]% = 1/6(1 + gy + Cgg - €pp)da/dR
[op]2 + 6512 = 1/4(1 + Cyy - Cgg + Cpp)do/dn

allow us to pursue a model independent amplitude analysis using only the spin

correlation parameters, the polarization and the differential cross section.

Furthermore, possitivity relations on Eq. 2 yield the inequalities
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1-|Cyy + Sl > Cgo > [Cygy = €y 1= (3)

Ac @ = 90°, the amplitudes $s and L vanish,7 leading to the relationship

C,.m,

Cyy (90°) - Cgg(90°) - €11 (90°) = 1 (4)

At 0, o~ 0° diffraction dominates pp elastic scattering. In terms of the t-

channel helicity amplftudes, the dominant amplitude 158

Ny, = ($) + ¢3)/2 ()

= (pg + by + b7 + 6,)/2

and all other amplitudes are very small. It is therefore expected that ¢, = ¢,
= ¢r = ¢+ Also ¢5 = 0 at 8, , = O because of helicity conservation.

in Fig. 3, the square root of the quantities in Eq. 2 are shown. The
amplitudes have been normalized such that do/dQ = 1. At 9=0, the assumption of
N, dominance allows us to determine the open circles shown in Fig. 3. Also, at
90°, Cgg 18 calculated from Eq. 4, and the results for the quantities at 90° are
shown in the figure. At angles other than 90°, limits of the amplitudes were

determined and, using these constraints; the dashed line was drawn for the four

quantities of Eq. 2.
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Some structure is seen in all the four quantities in Fig. 3, especlally
above 25°. We ave still in the process of determining the magnitudes of ber Op
and é5 from the data, and these preliminary values will not be presented here.

In Fig. 4a we present the data for Cgg, Cyg and Cy1, and in Fig. 4b show
the Cyy and polarization data to 90°.% The data point shown for Cgg at 90° was
calculated from the identity at 90° (Eq. 4). The angular dependence of Cyy and
Cgs is seen to be quite different from that of Cyy. Both Cgg and Cyp are con-
sistent with being constant between 40° < Bc_m' < 90°, while Cyy shows rapid
changes in this region. Most theoretical models fail to explain these data.l0
However, Anselminoll has shown that hard scattering models can work well if the

quatk recombinations for the final-state protons are correctly treated. Further

details on the large angle data can be found in Ref, 12,

0.1 —r v ¥ Y T
1 I 0.7

I v — 1 T 1 |
o
T R R T
, +¢
§ { Cgs® (5,5;0,0) 05 -
02l ] - pp —pp
#o It s o =
03 11.75 Gev/e o4 119 Bevte
L L 03 +{ i
03 + 7 0.2~ 7
0.2 <|> 7]
= * B + 7
ol € (L,5:0,00 | 0. °°¢‘£ +“+ *ﬂ 4+’ *
M ¢

0 }-“"‘#}#} 0 v o MICHIGAN
+ + = e RICE 2

a BORGHINI et ol.

Aig

= 1 0.2} (AV. 10,14 GeV/c) -
€, (L1000 .ﬁ s KRAMER ef ol.
# o BRYANT et al. —

T‘“‘*ﬂ;ﬁ : " gl Wirer . 114 |

Px{NO; O,O)I(O,N,O,O)
-0l — ]

+
+
=

- " A 1 F U S | PR - 4 2 | 4
o.‘o 30 (14 . % 020 10° 60° 90*
fem 8c.m.
Figure 4 a. The values of Cgg and Cp g and Cp; from the present data. The point
for Cgg at 90° is derived from Eq. 4.

b. Cyy and polarization data.

IV. New 2GS Results at & GeV/c
We present results for a variety of two-spin and three-spin correlation

parameters for pp elastic scattering in the region of |t| < 1 (Gev/c)2. This
data is important since it brings the total number of pp elastic observables up

to fourteen (fifteen if we include do/dQ). As mentioned in Section I, we need
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only nine measurements to determine the amplitudes, but thse additional data
together with existing data will enable us to do a completely model-independent

amplitude analysis. The abundance of parameters also enables a variety of

consistency checks con the data, and there yet exists more data of the present

sort under analysis at ANL.

Th% new data presented here is KNN' KLS’ Dgg» DLS' HNSS and Hinse The

experimental apparatus is shown in Fig. 5. This detector is similar to that in

Fig. 2, but with the addition of a recoil polarimeter.

the polarimeter we have used the Dyy data from a previous experiment.13 But
there is some calibration

For the calibration of

because of small differences in the polarimeter,

uncertainty in the low -t region.

RECOIL
POLARIMETER RC4
RC3
CARBON
c2

R
BC1 BC2  BC3 Rt

(O I 0
C

(L ' I | B
BAl S, Ba,

FC2 FC3

Figure 5 Experimental arrangement for the two-spin and three-spin measurements
at 6 GeV/c,

The five paramters, Kpg, Kyy» Dggy Hpgy and Hygg are shown in Fig., 6. At

the present time, we feel our data is self-consistent, and consistent with other

data as well. Some consistency checks that we have performed are as follows:

) Dgg data from Saclaylb (open circles in Fig. 6) agree within errors

with the present data.
Kyn agrees with previous datald at t = -0.5 (GeV/c)z.

Assuming N, dominance, Cyy, Kyys Cpr and Kpg can be expressed in terms

of amplitudes as Im N
Re(-N N.")/o = -2 T_-l_z
CNN -4 2 e o 2 o No

*
KNN = =2 Re(NON2 )/cro
Im Uo
C > =2
LL 'NOI
Im U

0
KLS x -2 Tﬁm—ain OR
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Therefore Cyy = and Kyy Cpp = Kpg/sin 63.

al.15 find Cyny = 0.073 + 0.015. This Is to be compared with the present value

At t = -0.38 (CeV/c)2, Miller et

of Kyy = 0.105 + 0.021, At the same t value, Auer et a1,13,17 find Cpy; = -0.018
4+ 0.008. The present data shows Kig/sin 6g = -0.011 + 0.021.

Preliminary data for Dy g indicate an anomaly. We find at t = -0.27
(GeV/c)z, Dyg = 30% and at -t = 0.66, Dyg = 100%. Under the N, dominance
assumption, we find from Table III that Djg = 1 » sin Bg. The Djg data {s con-

sistent with other data not yet published. But as of yet, no amplitude

solutions have been found with these values for Dyg. This may be an indication

that the data is incorrect, but it also can mean that the amplitude search has
not been very thorough. Another possible explanation for the problem is that
there may be a normalization or calibration error with the recoil polarimeter.
But so far, the large discrepancies are hard to justify. 1In any case, a model

independent amplitude determination will be completed in about two months.

V. ZGS Results Between 1.2 and 2.5 GeV/c

Cp1 and Cgp have been measured between ~ 30° and ~ 50° in the CM, in the
energy range of 1,18 GeV/c to 2.47 GeV/c.18 The experimental setup is similar
to that shown in Fig., 2, with the SCM105 in the forward direction.

The striking encrgy dependence in AaL has prompted both experimenters and
theorists to further study the NN system.3 In fact, the existence of dibaryons
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has been postulated as an explanation of the data, while on the other hand
several authors have attempted to explain the data with models not 4{ncluding
dibaryon resonances.l? With the present data at the lower energics, we hope to
clarify some of the various interpretations.

In Figs. 7a and 7b we show C;; and Cg; and compare the data to twc of the
existing phase shift ptedictions.a'zo Both solutions include d&ibaryons in the
Both phase shifts show relatively good agreement at

1D2 and 3F3 states.
Prap < 1.5 GeV/c, but still both solutions have quantitative differences at the

higher energles.
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Figure 7 a) The spin-spin correlaticn parameter C;;, together with phase-shift

solutions from references 4 and 20.
b) The same for Cgy.

The structure in AOL has been thought to be due to inelastic channels

In fact, the dibaryon resonances are known to be highly fnelastic.3»21

opening.
R the

Using C;; data, Aop and dispersion relations, we can calculate AcLi
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inelastic contribution to Aoy, and investigate the predictions of the various

models., We calculate AoLin from

in Tot elastic
AoL AoL - AoL

Ag tlastic _ o [ a ¢y (0) (do/dq)

L elastic

CpL data from Auer et al.? were used frr 60° £ ecm < 900 and the present data

for 30° Bem < 509, Using precise data from Opop» 40y and Aoy by various

groups, dispersion theory determines the value of C;; at 0°.22 AGLEIBStiC is

then obtained from the C, coeficient from the Legendre expansion.

2 Jnuax

c do/ag = ¢ C,P,(cosB)
LL 1=0,2,... 1

The calculated values of AaLin are shown in Fig. 8 and compared with predictions

from models which neglect dibaryon resonances.’> Also shown are the data from
the Geneva group at lower energies for Aoy (pp + NNﬂ).24 Except at 1.18 and 1.35
GeV/c, the pp + nd channel is negligible and AaLin = AoL(pp + NNn). At the two
lowest energies, the wd channel contributes about 2,9 mb and 1 mb respectively,

10

Figure 8 AoLin vs. incident data
momentum py. @ are the present
data, 0 and A are data from Aprile
| et al., dashed and dot-dashed lines
N ! are predictions for Aoy (pp + NNr)
s from Refs. 23 respectively.

! 1l 1
1.0 1.3 2.0
plthlc)

The models based on w-exchange fail except at the very low inergies. It
seems that the triplet waves, which contribute negatively to Aoy, N, are under
estimated. The bump in the predictions at ~ 1.5 GeV/c is similar to the peaks

=10
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in Ao Tot and AcLT°t, which are understood as being Iin the 1D2 wave. We agtri-
F

bute the failure of the n-exchange models to the lack of inclusion of the
In fact, Kroll, at the Marseilles conference, has pointed out that 1if he

wave.
3F3 in his model, then the curve in Fig. 8 begins to fit the data.

includes the

v. Progress at LAMPF
Motivated by the dibaryon questions and the end of the ZGS programs, we

have embarked on a program at LAMPF to measure spin observables in the NN
elastic system at energies at and below 800 MeV. The pp elastic measurements

now completed are Adp, Aoy, Cpp at 90° and Cgg between 20° and 90° in the CM,
Our current program is the measurement of the observables in the mp elastic

channel.
shows the world data of Aoy from the 2GS, SIN, TRIUMF and

Filgure
LAMPF.LSZ'2 The structure is confirmed by all groups2 despite normalization

discrepancies. In Figure 10 the data for Aoy is shown. Note that the
normalization errors between various groups are comparable for Ag; and Aogy.
can decompose the cross sections into spin-triplet, gT, coupled spin-triplet,

ot, and spin-singlet, 0%, cross sections as follows:

o = é{ZOTOt - 40;)

Ve

1 Tot
ot = E-(Zc ok . ZAOT + AaL)

s _ 1 Tot .
o0 =5 ((20 + 240, + AaL)
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Figure 11 shows the three spin cross sections, along with phase shift fits to
the data. The individual waves contributing to the phase shifts are also
shown. We see that there is clear resonance-like behavior in the 102 and 3F3
partfal waves. Furthermore, F. Lehar at the Marseilles conference has claimel
that the Saclay-Geneva ohase shift group has now required that the 3F3 partial
wave be resonating. These data and observations certainly add strength to the

belief of the existence of dibaryons.
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Figures lla, b, ¢ Curves of the three individual spin cross sections, a2, at,
and o', constructed from the experimental data. Also shown is the Arndt phase
shift predictions with the contributions of the various partial waves.
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We have also measured C;; at 90° aqigll the energies Ag; was measured at,
and Cgg between 20° and 90° at 487, 639 and 791 MeV. These data have been
published and we refer the interested reader to the 1iterature.27-28

The program we are carrying out to investigate the I=0 channel includes the

neasurements of many spin correlation parameters for np elastic scattering over
Within the next year or

L < 160°.

a wide range of angles, and at 500, 650 and 800 MeV.
so, we will have measurements of Cgg, Cpp, and Cpg between 40° L8cm
It can be shown that with the six np observables do/dR, P, Cig, Ci;» Cgg and
Cyn-measured at 6 and n-8, the I=0 amplitudes can be determined up to eight fold
discrete ambiguities.7’29 These ambiguities may be resolved with further spin
observables.

The LAMPF polarized neutron beam is formed from the reaction Ed + DX at

0°. Polarized protons are incident on an LD, target and the neutrons from the
The beamline is shown in Fig. 12

There is a clear

quasielastic reactfon, Ppd + fipp, are selected.

and the momentum spectra of the neutrous is shown in Fig. 13.

separation of quasi elastic and inelastic processes. We have measured the

neutron polarization at 500, 650 and 800 MeV, and the parameters Kyy and Kp; arte

shown in Fig. 14, 1If the proton spin in the L direction is §P and in the

normal direction (N or S) is ﬁp » then the magnitude of the %eutron
1

spin, [ﬁn[, is given by
2

2
CARRATENEEN TS

For protors of 807 polarization, this means we can obtain neutrons of about 407

polarization.

Figure 12

A schematic of the
LAMPF beamlines.
The neutron experi-
ments are done in

area "BR".

;;/{ LAMPF
/v' H™ BEAM AREAS
BEAM
SWITCHYARD § #“:ﬁ:——i
e === N'TD AREA X'

TI=ERy
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Figure 13 The momenta spectra of
the neutrons produced in pd + nX
at 0°.
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Shown in Fig. 14 is the np + np phase shift predictions by Arndt, as well

as the predictions for the quasi-free np scattering.30 It seems either th..

phase shifts are wrong, or the correction to the quasi-free scattering may have

bad assumptions, which may make the free np parameters difficult to obtain from

quasi-free scattering experiments. ) r I ; |

0.2 I~ (a) —

Kan © T
0.2 I~ //——_6—
u ——— ARNDT FREE np
Figure 14 E ~——— QUASI-FREE np -
0

The spin transfer parameters |

KNN and Ky for the reac- (b} . .

tion pd + npp at 0°, Also -0.2 - —
shown are phase shift predic- K n i
tions by Arndt and the quasi- “‘_04 | 4
free predictions based on ) i SN I
Arndt's phase shifts. ' - Oy ~

=06 — —

-0.8

400 600 800
T Mev)

Finally, in Fig. 15 we show the experimental layout for the measurements of
the spin-correlation parameters. The polarized neutron beam {s precessed to
the L or S direction and impinges on the horizontally polarized target, HERA.

The recoil protons are detected in the large aperture spectrometer (Aelab = 3
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15°), momentum analyzed and the missing mass reconstructed to pick out the

elastic events.

The analysis of this data is proceeding at & painfully slow

pace, and within several months preliminary values for the 500 MeV parameters

will be known.

Figure 15

AREA B8R

The experimental layout at LAMPF for measuring the spin correlation

parameters in np elastic scattering.

7.
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This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
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turcr, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do mot necessarily state or
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