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Abstract

Results are presented from pp 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 &aL and Ao-j. discussed as well as
recent np spin transfer measurements.

I. Introduction

In an attempt to understand the nucleon-nucleon interactions and even

further, the nucleon-nucleus interactions, the ideal method is by the con-

struction of the interaction amplitudes. At energies £ 500 MeV, this can

rather easily be done by phase shift analyses. At higher energies 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. Also,

the more parameters constituting the data base, the easier will be the ampli-

tude solution search.

Polarization data have consistently shown many interesting features,

including evidence for dibaryous in the spin-spin total cross sections.

Hence a further motivation for studying spin properties' is to thoroughly

clarify the dibaryon situation. Although the dibaryon question may always

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

models incorporating dlbaryons and those which try to explain the observed

structures by other mechanisms,

In an attempt to perform the above suggestions for the 1-1 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 pp elastic scattering:
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Also we Include some discussions on the low energy data of CLL and CgL between

30° and 50° CM between 1 and 2.5 GeV/c. This data Is relevant since i t allows

us to remark on dibaryon ef fects in the ine las t i c cross sect ions .

We have embarked on a program to investigate the 1-0 channel in NN e l a s -

t i c scattering. The np data base has approximately f ive times less quantity

than the corresponding pp case, and the quality Is much poorer.* We w i l l give

a progress report on our experimental program at LA.MPF, where our goal i s to

measure np spin correlation parameters between 40° and 160° CM and at T < 800

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

tron beam.

I I . Definitions

In Fig. 1 we show the definit ion of the spin directions referred to in

e l a s t i c scattering. N spin direction i s normal to the scattering plane and L

i s paral lel to the momentum vector of the reacting par t i c l e s . The S direction

i s defined by S = N x L.

INCIDEN1

N: NORMAL TO THE SCATTERING PLANE

L: LONGITUDINAL DIRECTION

S « N x L IN THE SCATTERING PLANE

Figure 1 Definitions of the spin direction conventions used In the text.

Table I shows the definitions 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 Cĵ » 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, CLL - (L,L;9,0).
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Observable

(O,O;O,O)

(*,O;O,O)
or

(O,*;0,0)

(*,*;O,o)

(*,0;0,*)
or

(0,*;*,0)

(0,*;0,*)

(*,0;*,0)

(*,*;0,*)

(*,*;*,o)

Tabl I

Description

Differential Cross Section

Polarization

Correlation Tensor

Polarization Transfer Tensor

Depolarization Tensor

Triple Spin Tensor

Triple Spin Tensor

Symbol

da/da

P

cjk " Ajk

KJk

°Jk

Hijk

Jijk

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

he11city amplitudes and their relationships to the t-channel exchange

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

amplitudes.

TABLE II

•-Channel Hel ic i ty Amplitudes, +7 - • «;> and Their

Relationship to the Exchange Amplitudes, HQ, N J , N2, Up and D?

++> « >2 Net Hel ic i ty Non-Flip

-+> • $^ Hel ic i ty Double-Flip

• 4>5 Heliclty Single-Flip

No - 1/2

Nl - *5

U0 -
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Observable.
(B

(S lng l .

OTot

4 o L
T o t

Ao T
T o t

a

P

CNN
CSS
CSL
cLL

Note:

(Double

, T; S , R)

; Scattering)

- (0.0-.0.0)

- (O.NjO.O)
- (N,0;0,0)
- (N,N;O.O)

- (S,S;O,O)

- (S,L;O,O)

- (L,L;O,O)

(da/dt - a-

Scattering)

1. K,bHeaaureawnt

KSS
KLS

KLL

- (N,O;O,H)

- (S,O;O,S)

- (L,O;O,S)

- (S,O;O,L)

- (L,O;O,L)

2. D.^Measurement

DHM
DSS

°LS
DSL

°LL

• (O,N;OtH)

• (O,S;O,S)

• (O,L;O,S)

• (O,S;O,L)

• <O,L;0,U

3 . Three-Spin Measure

HSSN '
HLSN "
HSLN *
HLLN '
HSNS
HLNS

HSNL
HLNL
HHSS

HNLS
HHSL
HHLL

• (S,S;O,H)

• (L,S;O,N)

- (S,L;O,H)

(L.L;O,H)

(S,N;O,S)

(L.N;O,S)

(S,N;O,L)

(L,N;O,L)

(H,S;O,S)

(H.L-.O.S)

(N,S;O,L)

(H,L;O,L)

Laboratory

Un/V. ImN0

8«/k I«U0

-8»/k ImU

l"ol2 + 2

-2I« {(No

2Re(U0U2*

2Re(N0O2»

2Re{(t7«% +

-2Re(N«Urt
-

» /k 2 )

-2R«(OOU2»

(-2R« {(U,

[-2Re {(U2

l2Re {(n2-

(-2Rc {(U2

{ |» 0 | 2 + *

[-2R. {(Ko

[-2R. {(Ho

|-2Re{(H0 H

acnt

-2I«{(U2 +

2I-(00H0* -

-2I«(NOU2«

2In((U2 + U

12I-((U2 -

[-2I.{(U2 -

|2I«i{(U2 -

[2I«{(U2 -

[2I-{(N0 +

t-2Iai{(N0 +

| 2 IB{ (H Q t 1

|2Iai((N0 + 1

Table III

Observables In Terns of

Exchang

,(0)

( 0 )

2 (0)

I N J 2 + | N 2 | 2 + | U 0 | 2 +

- N2)N1«)/a

- " 0 N 2 ' + l N l l 2 ) / "

- N2U0«)/o

U2)"l*)''''
' - N2U2*)/o

+ H0H2» - INJ 2 ) /*

0 1 R (
~U_)N.*) coa 8_ - 2Rc(N.

D0>N,*> cos 6_ - 2ke{NLt

-U0)Hj«) aln eR + 2R«(NC

l « t | 2 + l " 2 | 2 - l ° 0 I 2 -
+ M,)N,*} . i n 8R - (|M.

* »»>" l*> C 0 " 9 R + ( l » 0

- M2)Hl«> cos 8R - ( | N 0 |

• N2)H.*) aln 8 - ( | l*0 |

U 0 )H x . } /a

• U2N2»)/a

- N2V>/<»
l
0>N1*>/<7
U «) N , * ) «>• 8 . + 2Im(N,10 1 R 0

tT,)N, • ) sin 8_ + 2I«(U,0 1 R C
U )H *J aln 8 - 2Ia(N t

U_)N.*J c o . 8_ + 2Ii*(U.(0 1 R 0
N.)N,•) coa 8- - 2I»(0\,l

2 1 R 0
K j ) ^ * ) aln 8R + 2I«(U0

H )N,«) aln 9R + 2Ia(U0U

H, )H,*> coa 8 . + 2In(UnU

Exchange Amplitudes

e Amplitudes

l" 2 ! 2

) U 2 * + N 2 U 0 * ' C o " ' R " *

)"o* + ^ ^ ' ^ mln 9 R " °

'2* + H2U0*' > l n 8 R ' / O

lU0* + N2°2*) CO" 8 R " °

l"2|2>/«

1* - IH
2I2 - l ° o l 2 * 1°

2 - | N 2 I 2 - ! « o l 2 + l"2i
2 - l " 2 | 2 + l " 0 | 2 - I"2I

V + ^ " o 0 S l" 9R1/O

)N0* + U2H2*^ C o * 9 R " °
»2* + N

2
U

O*) coa 8 R | / a

'0* + U2N2*> * l n 9 R I / O

•y * /1 9 ' aln 8B I/O

I^J* "*" "rt"}*' c o * 9 R " ^

2* ' N0N2*^ c o * 9 R ' / O

2* + "o^* 1 *in e R I / o

2 | ) coa 8R)/o

, | ) aln 6R)/o

|2) sin 8R)/c

1 ) co. t |/o
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I I I . Hew ZGS Results at 12 CeV/c

We have measured the spin correlation parameters Cgg and Ĉ g from between

8° < 6 < 49° (0 .2 < | t | < 3.5 GeV/c2) and C, T from 8° < e,. < 90°
~ c m . ~ ~ I • ~ LL ~ cm. ~

(0.2 < | t | 10.2 GeV/c2) 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.

£ - « » EXf EHIMENTAL SETUP

Ml. IM
IAU. IAD

SM-105
MCNCT

W1-W7

BUM CHS.

Figure 2 Experimental arrangement for Cgg and CLS measurements at 12 GeV/c.

From the five amplitudes,

(1)

we can easily write relationships for the spin correlation parameters. <f>s

contains only spin singlet terms, <frT and $T contain only spin triplet terms, and

$ t and $e contain only coupled spin triplet terms.

The relationships

I2 -
1/4(1 -

" CSS " CLL)do/dJ2

+ C s s + CLL)da/d£l
CSS " CLL)da/dfi

CNN " CSS + CLL)do/dJl

(2)

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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H C H H + C L L l >CSS > ICNN- C L L I " 1 < 3 >

At 9C m • 90°, the amplitudes $c and $_ vanish, leading to the relationship

CNN (90°) - *) - CLL<90
8) - 1

At 8C m — 0°, diffraction dominates pp elastic scattering. In terms of the t-

channel hellcity amplitudes, the dominant amplitude is

(5)

and all other amplitudes are very small. It Is therefore expected that $s = $^
a $y » î T. Also $5 = 0 at 9c,m. * 0 because of hellcity conservation.

In Fig. 3, the square root of the quantities in Eq. 2 are shown. The

amplitudes have been normalized such that da/dfl * 1. At 9=0, the assumption of

NQ dominance allows us to determine the open circles shown in Fig. 3. Also, at

90°, Css is calculated from Eq. 4, and the results for the quantities at 90° are

shown in the figure.. At angles other than 90°, limits of ths amplitudes were

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

quantities of Eq. 2.

0.6 -

0.2

0

0.4

0.2 -

UJ

§ 0

0.2 -

0

0.8 -

0.6 -

C4 -

0.2

0

Figure 3 The magnitudes of the
Quantities expressed by Eq. 2 in the
text.

so* io*
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10

Soma structure is seen in all the four quantities In Fig. 3, especially

above 25°. We are still in the process of determining the magnitudes of $ t, $ T

and $5 from the data, and these preliminary values will not be presented here.

In Fig. 4a we present the data for Cgg, C^g and C LL»
 an<* *n Fig. ̂ b show

the Cj^ and polarisation data to 90°. The data point shown for Cgg at 90° was

calculated from the Identity at 90° (Eq. 4). The angular dependence of C L L
 a n d

Cgg is seen to be quite different from that of C ^ . Both Cgg and C ^ are con-

sistent with being constant between 40° < 9 < 90°, while C M M shows rapid

~ cm. ~ "" ,

changes in this region. Most theoretical models fail to explain these data

However, Anselmino1 has shown that hard scattering models can work well if the

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

details on the large angle data can be found in Ref. 12.
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'(L.SiO.O)

-

(L.LiO.Ol
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*
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1

1
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•
o

•
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• ( 0 ,

1

MICHIGAN

RICE

BORGHIN

•

let

-

-

-

ol.
(AV. 10,14 GeV/c)_
KRAMER
BRYANT

N;0 ,0 )

] ,

Cl
el

ol.
oL -

f

J0« CO* 30* 60* 90*
C.K. 8

cm.
Figure 4 a. The values of Cgg and and from the present data . The point

for CgS a t 90 Is derived from Eq. 4.
b. CNN and polar izat ion data.

IV. Hew 2GS Results a t 6 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)^. This

data is important since i t brings the total number of pp elastic observables up

to fourteen (fifteen if we include da/dfi). 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 wil l enable us to do a completely model-independent

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

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

sort under analysis at ANL.

The new data presented here is %N , K^S' DSS» DLS» %SS a n d HLNS* T h e

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

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

the polarimeter we have used the DNN data from a previous experiment.13 But

because of small differences In the polarimeter, there is some calibration

uncertainty in the low - t region.

RECOIL
POLARIMETER

BC1 BC2 BC3
I
i

B A l S
2

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

The five paramters, KLS, KNN, D g s , HLSN and HNSS are shown in Fig. 6. At

the present time, we feel our data i s se l f -consistent , and consistent with other

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

• DgS data from Saclay (open c irc les in Fig. 6) agree within errors

with the present data.

• KJJJJ agrees with previous data15 at t - -0.5 (GeV/c)2.

• Assuming No dominance, CNN, KNN, CLL and K̂ g can be expressed in terms

of amplitudes as T M

CNN * 2 Re("N0N2 )/a0 * -1

-2 Re(N0N2*)/a0

Im U
« 2

Im UQ
8 l n
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o.

0

-o.z

0.4

0.2
0

-0.2

0.2

0
-0.2

-0.4

0.2
0

-o.z -

-f-

0.2
" 0

x" -0.2

-0.4 -

-n-»- - f -

Figure 6 KLS> K^, D s s , HLSN, data at

6 GeV/c. Also shown are previous

measurements for Dgc and %«.

Therefore C

a l . 1 5 find C,

0.2 0.4 O.« O.t 1.0

N N » and KNN CLL = KLS/sln 9R. At t - -0.38 (GeV/c)2, Miller et

« 0.073 ± 0.015. This is to be compared with the present value

of K«N - 0.105 i- 0.021. At the same t value, Auer et a l . 1 3 » 1 7 find CTT « -0.
LL 018

± 0.008. The present data shows KLS/sin 9R - -0.011 ± 0.021.

Preliminary data for 1>LS indicate an anomaly. We find at t • -0.27

(GeV/c)2, DLS a 30% and at - t - 0.66, l^g * 100%. Under the NQ dominance

assumption, we find from Table III that T3hS * 1 . sin 0R. The DLS data Is con-

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

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

that the data is incorrect, but i t 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. In 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

CLL and CSL 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 energy dependence in AoL 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 Including

dlbaryon resonances.19 With the present data at the lower energies, we hope to

clarify some of the various interpretations.

In Figs. 7a and 7b we show C^ and Cg^ and compare the data to twe, of the

existing phase shift predictions.*' Both solutions include dibaryons in the

D2 and 3F"3 s tates . Both phase shifts show relatively good agreement at

P, . < 1.5 GeV/c, but s t i l l both solutions have quantitative differences at the

higher energies.
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19 91 57 4S 4» B "*19 Jl JT 45 4«
en. iciiKnac UCIE

a

0

- a i

- a t

_

—

. i

l.4f b«/t

I i { i T

— •««ot

1 1 1 t , 1 •

SI 57 49 41 " I S 3I JT «J „

c.«.sc»iHni»e i«tu

Figure 7 a) The spin-spin correlation parameter C^ together with phase-shift
solutions from references 4 and 20.

b) The same for CgL.

The structure in Ao*̂  has been thought to be due to inelastic channels

opening. In fact, the dibaryon resonances are known to be highly inelastic.

Using C,T data, Aa^ and dispersion relations, we can calculate in the



-11-

inelastic contribution to AcrL, and investigate the predictions of the various

models. We calculate Ao> from

« -
A o

i n Tot elastic

Aa, elastic -2 / dft C (8) (dcr/dfl)
elast ic

CLL d a t a ^ r o m A u e r et a l . 2 were used fr>r 60° < &cm < 90° and the present data

for 30° < 8 ,< 50°. Using precise data from o^of AaL a n d AaT ^y various
22 A<7groups, dispersion theory determines the value of CLL at 0'

then obtained from the Co coeficient from the Legendre expansion.

elast ic i s

2 J
CtT da/da -

L L

i n

m a X C.P.(cose)
1=0 ,2 , . . .

The calculated values of Aâ  a r e 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 Ao"L(pp • NNit). Except at 1.18 and 1.35

GeV/c, the pp +• ird channel is negligible and Ao^*11 " AaL(pp •• NNit). At the two

lowest energies, the ird channel contributes about 2.9 mb and 1 mb respectively.

Figure 8 AoL
ln vs. incident data

momentum p^. • are the present
data, 0 and A are data from Aprile
et a l . , dashed and dot-dashed lines
are predictions for Acr̂  (pp + NNn)
from Refs. 23 respectively.

The models based on ir-exchange fall except at the very low energies. I t
seems that the triplet waves, which contribute negatively to floy • *re under
estimated. The bump in the predictions at - 1.5 GeV/c is similar to the peaks
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in AaT
Tot and AaL , which are understood as being In the lD, wave. We a t t r i -

bute the failure of the ir-exchange models to the lack of inclusion of the F3
wave. In fact, Kroll, at the Marseilles conference, has pointed out that if he
includes the F3 In his model, then tht curve in Fig. 8 begins to f i t the data.

Progress a t 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
elast ic system at energies at and below 800 MeV. The pp elast ic measurements
now completed are AoL, ACTT, CLL at 90° and Css between 20° and 90° in the CM.
Our current program is the measurement of the observables in the np elas t ic
channel.

Figure 9 shows the world data of AffL from the ZGS, SIN, TRIUMF and
LAMPF. f24-25 Tjje structure is confirmed by a l l groups, despite normalization
discrepancies. In Figure 10 the data for AaT is shown. Note that the
normalization errors between various groups are comparable for ACT; and AaT.
can
a'

n decompose the cross sections into spin-triplet, a , coupled spin-triplet,
c , and sp.ln-singlet, crs, cross sections as follows: '

o™ - AaJ

i (2aTot - 2AaT + AaJ

a s = ̂  ( ( 2 a T o t 2AaT

Figure 9
The world data for AaL(np).
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Figure 10 The world data for
Ao*.j.(np). • are the measurements of
Phillips et a l .
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Figure H shows the three spin cross sections, along with phase shift fits to
the data. The individual waves contributing to the phase shifts are also

^ 3
shown. We see that there is clear resonance-like behavior in the and 3F^ 3

partial waves. Furthermore, F. Lehar at the Marseilles conference has claimed
that the Saclay-Geneva phase shift group has now required that the 3Fj partial
wave be resonating. These data and observations certainly add strength to the
belief of the existence of dibaryons.

30
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Figures lla, b, c Curves of the three individual spin cross sections, a , a ,
and a , 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 a l s o measured CLL a t 90° a t a l l the energies AaL was measured a t ,

and C s s between 20° and 90° a t 487, 639 and 791 MeV. These data have been
27-28published and we refer the interested reader to the literature

The program we are carrying out to investigate the 1*0 channel Includes the

measurements of many spin correlation parameters for np elast ic scattering over

a wide range of angles, and at 500, 650 and 800 MeV. Within the next year or

so, we will have measurements of C s s , CLL, and CLS between 40° < QCmBt, < 160°.

It can be shown that with the six np observables dcr/dfl, P, CLS» CLL» CSS a n d

CNN-measured at 9 and n-9, the 1*0 amplitudes can be d*»»-ermlned up to eight fold

discrete ambiguities.^'^9 These ambiguities may be resolved with further spin

observables.

The LAMPF polarized neutron beam is formed from the reaction pd * nX at

0°. Polarized protons are incident on an U>2 target and the neutrons from the

quasielastic reaction, pd + npp, are selected. The beamline is shown in Fig. 12

and the momentum spectra of the neutrons is shown in Fig. 13. There is a clear

separation of quasi e last ic and inelastic processes. We have measured the

neutron polarization at 500, 650 and 800 NeV, and the parameters

shown in Fig. 14. If the proton spin In the L direction is P and in the

normal direction (N or S) i s P , then the magnitude of the neutron

spin, |P J, is given by _________________»__

and KLL are

For protons of 80% polarization, this means we can obtain neutrons of about 40%

polarization.

Figure 12

A schematic of the
LAMPF beamlines.
The neutron experi-
ments are done in
area "BR".
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Figure 13 The momenta spectra of
the neutrons produced in pd •*• nX
at 0°.

400

Shown in Fig. 14 is the np • np phase shift predictions by Arndt, as well

as the predictions for the quasi-free np scattering. I t 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.
0.2
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T T T
la)
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Figure 14

The spin transfer parameters
K N N and K L L for the reac-
tion pd • npp at 0°. Also
shown are phase shift predic-
tions by Arndt and the quasi-
free predictions based on
Arndt's phase shifts.
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Finally, in Fig. 15 we show the experimental layout for the measurements of

the spin-correlation parameters. The polarized neutron beam i s precessed to
A A

the L or S direction and impinges on the horizontally polarised target, HERA.

The recoil protons are detected in the large aperture spectrometer (A6^ab » 1-
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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 a painfully slow

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

will be known.

Figure 15 The experimental layout at LAMPF for measuring the spin correlation
parameters in np elastic scattering.
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