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Forward:

The Irookhaven Workshop on Fhyaicc with Polarized Target* was

intended to focus attention on the saturation of the phyalca utilization

of polarized target technology and to Invite Interaction between theorist!,

polarized target experts, and other experimentalist* intereated In applying

polarization •easureaents to new areas In high energy Interactions. The

utility of polarization ewivureatnts In Halting ambiguities in phaae ahlft

or aajplttude analyses of elastic vsnd charge exchange scattering is well

known. Previous conferences on polarized targets «uch as the llnd Inter-

national Conference on Polarized Targets, Berkeley, 19", ha»e extensively

discussed this area. In the nid-19JC's higher intensity beams, sophisti-

cated particle detectors, and new developnents In polarized target techno-

logy coablne to extend greatly the scope of conceivable experiments with

polarized targets. The excitement over the physics potential of adding

an entire new dimension - spin structure - u> the dnt* base for analysis

of elastic and inelastic reactions was clear to ;-"S at the workshop. I

hope ttiat this report conveya nose of this physics challenge to the reader

and Inspires extension cf S O M of the Ideas discussed here.

Tttt need for new kinds of dsta on inelastic reactions If one Is to

•ak* progress in systematizing elementary particle dynaalca waa atreased

repeatedly. Total and differential croaa section measurements, however

precise, cannot by themselves be used to unfold the amplitudes which go-

vern particle Interactions within S O M symetry group, e.g., SU(3) nulti-

pleta. If we are to test ayaaetrlea and understand aynaetry - breaking

achaaea, then we aust Isolate anplltudts, rather than Measuring reactions.



As Chris Michael has put It, "If an experimenter proposes to study ex-

change aechanlsas these days, the question should be why not aeasure P,

R and A In the experiaent, rather than vhether they should be done."

In this general oplrlt, the workshop participants reviewed what

work had already tvttn done, attempted to Isolate gaps In existing work,

and projects r.ew aeasureaents that sight be Bade, using new technologies.

He also heard reports on polarized target research going on at ANL, BNL,

CERN, LAHPF, and SLAC, pressing toward radiation-resistant targets for

high Intensity beaaa, frozen-spin targets to peralt large solid angle

access to the target without excessive cryogenic hardware to Interfere,

and new work by the CERN group in polarizing neutrons In deuterated hy-

drocarbons.

It is my pleasure to thank all participants for their active Involve-

ment in the workshop. The organization of it benefited greatly frost the

interest and involvement of Ronnie Rau, Bob Phillips and Satoshl Ozakl.

The operation of the whole enterprise and the publication of the proceed-

ings would have been impossible without the good work and good cheer of

the Conference Secretary, Sharon Snlth.

The objective of the workshop was a consideration of whether Invest-

ment In new types of polarlzad ttrget activity, extending the kinds of

aeasureaents made, extending the reaction types studied In polarized tar-

get experiments to Include anltlbody systean and inclusive polarization

studies, and exploiting higher sensitivities to extend t and s ranges of

existing data, was worthwhile. The consensus of the particlpsnts was a

resounding "yea". The reports in these proceedings stand in powerful

support of that position.

Janes S. Russ
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SECTION I

PHYSICS APPLICATIONS OF POLARIZED TARGETS



Invarience Principles and Spin

T. L. Truiaac

Brookhaven National Laboratory. Upton. New York 11973

Thl« talk is an elementary dlicusaion of the description of

•cattcrtng from polarized target*. It is intended to be basis for the

•ore specific talks given during thl* workshop. It is not Intended to

be a review talk.

1. Total Cross Sections

Is there anything to be learned froa total cross section measure-

ment* on polarized targets? He will consider p and d targets.

a) Polarized proton target.

Consider an unpolarlzed proton beam incident on a polarized proton

target. Conservation of angular momentum and the Identity of particles

allows only five non-zero hellclty amplitudes:

•W.++ • *+-,+- " *-+,-+ ' f++,--

'--,-- • *-.+f

if parity Is conserved there are only three independent amplitudes and

fj. j. • f t i.. ' t j. • The corresponding invariant aapli-
•H»»+T "••!"• ^+f"" "•!++

tude expansion is

* Work performed under the auspices of the U.S. Atoaic Energy Coonlasion.
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H • A+B o^-Oj + c °i"P °2*p

where p 1* a Incident amentum in thr ceuter-of-Mss. The total cro«*

secti=n l i

o_ » - - Im(TrCH)T P

and the denalty oatrlx ("• t» given by

where th ttrix with subscript 1 it In the spin space of the target and

the natrix with subscript 2 in the spin space of the projectile. P, Is

the polarization vector of the target. Then

"T • f ~

independent of Pj.

Should parity not be conserved, but tine reversal Is good, there

can b» another term In M proportional to (o^-o2)-p leading to a tern

in c_ Proportional to P*P]< Thus to detect parity violation a cwvionent

of polarization In the longitudinal direction Is needed.

If tine reversal is violated, too, there can be another tens in

M proportional to (a. X<j,)-p (i.e., f + f. j.). This terra cs-
k £ TT|"" ""|TT

be detected only 1£ both target and beam are polarized.

The discussion of JJ? for pp scattering Is a special case of later

discussion. We neetlon here only that for parity violation one looks

for terns in P.-(pl-p') and for tine reversal one lookn for terns In



^[•(p-p') in the Angular distribution. (pf denotes the scattered proton

nonentun in the era.).

i>) Consider the scattering of a * on a pol&rized d target. (Scat-

tering of unpolarlzed p's la essentially the sane.) One way of writing

the density matrix <; ol the deuteron IK

J, denote* the usual 3 x 3 spin 1 angular aooentum matrices, Q^, is a

re.il, traceless, synmetrlc tensor so che polarization state of d Is

apecifivd by eight real parameters. Explicitly

f 5* 2*.
Px* t P

H J
In terms of heliclty amplitudes

Where the z-flxls is along the beam momentum.

Tf parity is good f., * f and here, too, "- Is independent of ?.

However, If Q 4 0

- 5 -



Note that positivity of the matrix p requires

and

GO a d completely polarized in the z direction must have Q » 2/3. For
zz

pare transverse polarization, say < Jx > » 1, we have

or P " 0 but Q » -1/3. So, in general, there Is some information to
Z 32

be gained from total cross sections on polarized d's even when parity

and time reversal invariance are good.

2. Polarization in Various Reference Frames

The density matrix P^ of a polarized proton target is most simply

given in its rest system, the lab system. There it has the familiar form

where the polarization vector P has its components defined with respect

to axes defined in the lab. For deflnifceness we take the incident beam

- 6 -



in the negative z-direction and the y-axis can be chosen in any con-

venient way: the direction of the magnetic field or the normal to the

reaction plane defined by the apparatus are typical choices. A state

completely polarized in the y-direction has the form

4 | | (2.2)
(2)* 2 2

corresponding to a density matrix

Pi • l( l "4
vi 1

(2.3)

A Lorentz transformation to the center-of-mass system, i.e., s channel

cm., leaves the spin components along the z-direction unchanged:

<2'4>

is then the helicity of the initial proton in the s cm. Consequently,

i» (2.5)
(2)H * 2

and the helicity density matrix of the proton in the overall cm. o,

is simply

p / 8 ' - Pt - |(1+O'P) . (2.6)

This is perfectly general and does not; depend on the proton being In a

pure state, because of (2.4) which defines helicity.

- 7 -
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Now consider the process *+p -*R+X (inclusive or exclusive.) It

is for exactly this same reason that the helicity convention for the

density matrix of the outgoing state R, denoted by p_

P<h>

satisfies

(2.7)

where p\ is the helicity density matrix of R in the s cm.

f(s) D(s) f(s)*
A.V.U yi , Tl'v.ji

n.n'.v w
(2.8)

f5* denotes the production amplitude with helicity indices A,(i defined
AV,U
in the s-channel cm. v denotes all unobserved variables which are

summed over. Recall that P (h) i s defined in the rest frame of R reached

by a pure Lorentz transformation from s cm. along the direction opposite

to its motion; i.e., its z-axis is opposite to the direction of the

recoiling system X in R's rest frame. See Fig. 1.

He emphasize that using p^ and Pf In this way is directly a

measure of the s-channel helicity amplitudes f5 ' . He could express

l'h) fill

P. in terms of amplitudes fvv defined in the R rest frame, should

this be desirable for any reason. Then

<8) -in + o*.?) f(8>*

-EC

- 8 -



where P1 is referred to axes rotated through a about the normal. See

Fig. 2.

A more pertinent example is perhaps the t-channel helicity density

matrix Pf • It is given by

At) m

where i},, are the t-ehannel helicity amplitudes. By the same argument
AV,P

as before P" must be defined in the proton rest system, so that the

t-channel cm. Is moving in the negative z-dlrectlon. This is either the

same as or the opposite direction to the outgoing baryon's direction in

the lab, depending on whether

2 ) (t4^2-mB
2)-2mp

2(rnB
2-mp

2-hni
2-mM

2)

• is positive or negative, respectively, m , m., HL, BL. denote the mass
I p n D ti
[ of the proton, pion, outgoing baryon and outgoing meson, respectively.
!
I This Is shown in Fig. 3 for the former case. 6, denotes the direction
i L

of the outgoing baryon In the lab. (Remember the incident it is moving

in the negative z-dlrection.) In this case P" is the vector P rotated

through an angle (it-6,) about the normal:

P " « P, cos(n-e ) + p sln(n-e )
X X Li Z It

p " - p
y y

V " "px «ln<»-ei,> + p
z oos(«-eL>

(Note that when R i s the outglng baryon P' - ?". See Fig. 4.)

- 9 -



In all that follows we will not specify which frame is being

used. The formulas an; general and need only be supplemented by the

proper definition of P and the polarization state o." R that go along

with the desired amplitude fj[** or fj* •

3. R - Baryon of Spin J

Consider processes like «N -• JIN , KA, etc. with X a recoiling spin

zero particle. Then

- + bAV ?>"

wnere n is a unit vector normal to the reaction plane and p is a unit

vector in the initial proton direction. The various matrices a d

are given by

•AX'

The matrices are all herraltian:

conserved

, =- =A:^. etc., and If parity 1*

, . (3.3)

- 10 -



Note that i^A, * (-1)
X* P_A _,, unless Px « ?z • 0. Evidently

a is determined by unpolarlzed p

b is " " P normal to plane

c is " " P longitudinal

d is " " P transverse in plane

Note that normal polarization can give conponents in the plane by
i

varying the azimuth of the reaction plane. Since f cannot depend on <J>,

this gives information on a combination of c and d. But without a lcngi-

: tudlnally polarized target P and P cannot be varied Independently:

Py ': P,, • Pein? , P » Pcosqp , P « 0x y z

gives d l # ) but not c ( t )

P(t>: P. • -PstiK? cos6, , p • -Psinip sin©,
A b Z it
givesM^^ *MI«A A *{*)» ( d < t ) c°» e

L

However c ' and d^'' will depend on 0^ and cannot be separated by

varying 6^.

Note that in general

Trc • Trd • 0 (3.4)

gg • Tre -Tra+?-nTrb (3.3)

depends only on the normal polarization (with parity consei.-vatlon.) To

gat Information on e and d some final stata polarization rust b« measured.

- 11 -



If only the angular distribution of the decay of the N*, A, etc. 1»

Matured, It Is given by

X.XV

where u 1* the hellclty of the decay product baryon and F the decay ampli-

tude. If parity in the decay it conserved |F | • |F_ |. A typical tern

1*

to if parity Is conserved only

is neasurable. That is, only

Re bXX'

are measurable. This is the generalization of the usual statement that

only RePj^i Is measurable for unpolarlzed Initial states.

However, there are additional relations that are apparent from

(3.2); namely from parity conservation

- 12 -



<3.ub)

where i) Is the intrinsic parity of the outgoing baryon. We lefrn two

things from this: (1) If we can measure all of the elements of a and d

we don't learn anything new by measuring b and c; in particular longitu-

dinal polarization Is ncc needed. (11) if we can measure only Re a and Reb

we can calculate Ima and Irab ; hence a target with normal polarization

removes the need for observing parity violating decays. (This is the gen-

eralization of the familiar equivalence between measuring final state

polarization with an unpolarlzed target and measuring the asymmetry with

a polarized target in JIN -• JtN.)

There are also nonlinear relations, for fixed kinematics, which

may be useful. These are like rank conditions and follow simply from

(3.Z):

l(bd-db) - cTra (3.7a)

(d2+b2) - aTra (3.7b)

4. R » Meson of Spin J

Consider processes like n!l •» AjN, K A, etc. where X is a recoiling

spin 1/2 particle. The density matrix again has the form (3.1) and the

symmetry conditions (3.3) are the same. The matrices are given by

v»+5

i ^ ^ *bXV " " 2 2-» (f*v,+ £X'v,- " fXv,-
i

- 13 -
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<fXv,+ V v , + " ^lv,- fA'v,-)

£v,- + fXv,- <'v,+> •

The discussion of neasurabllity goes through but (3.6) and (3.7) are no

longer valid.

Some simplification can be achieved if we go over to amplitudes

corresponding to elgenstates of reflection:

where lx • 1/(2)*, U 0, ^ • 1/2, X - 0. n denotes the parity of R.

these anplltudea correspond asymptotically to the exchange of definite

naturallty o,

Than

(4.3)

tvldtntly, a and b gee contribution* only fro* product* of ampll-

cuda* of tha *ma naturality whlla c c c and dc< fat contribution* only

(torn intarfvranca bttwtan dlffarant naturality. This result* from tha

sun on tha unobserved final nuclaon spin.



; The advantage gained by going over to these matrices is that they

< are all of rank 2 while the original matrices were all of rank 4. This

I
j follows from the relation

Hence

•»•'

c :

(IV

£

f*u,v C *

- 15 -
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where € " ef has been used in the first pair and £ » -e' in the second.
i

It is then easy to see that the matrices ,

a + b , c + id

are all rank 1 and so are all subject to the usual rank conditions. This

Is probaMy most useful for a + b. As in the last section, if only Re a

and Reb are measurable, then Im(a + b) ara both determined up to a sign.

For additional discussion of these points, see the forthconing publication

of S.U. Chung and T.I. Tmenan.*

It Is also possible to derive expressions similar to (3.7a) which nay

be useful:

<2b£C-Trb«)Ae.d
ce'] ,

c"'(Tr

where

5.

(Tr(.")2-Tr(b«)2)*

This It a particularly nice casa alncc the A decay allows the

•satureswnt of both f^, and P.x«.x- N o w ch* a*trices a,b,c, and d can

ba written out explicitly In taraa of Paul! matrices and real scalar

function*:



+ (c2 o-i»A + c3 a-n X PA)P-p

+ (d, ?.|. + d, o-n X p.)P-n X p . (5.1)

All unit vectors here are defined in the cm. system.

In term* of Che Mueller amplitudes A^, , ̂  (see Fig. S) we have

. " a.-e<fc2 A-t+,-+ "

iaj-Cj . (5.2)

The others are all related to these by parity and hermiticity:

One could alto parametrize the density matrix in tenu of the

Wolfemtein parameter* which are referred to a nixed basic the proton

spin Is quantized along the Incident direction but the A spin it quantized

along pA in the lab. The former is appropriate for c-channel amplitudes,

the latter for t-channsl amplitudes so the crossing sngU X comes In.

(see the discussion In Sec. II.) The angle is shown In Fig. 6. Our

amplitudes have the A spin quantized along PA In the a channel c.a. It

Is straightforward to uo.'k out the connection. It Is given in the following

table along with the required proton and A polarisations needed to

measure the*.

I r "JT"



Wolfenstein parameters
A^Polarlzacton

Proron Polartzction (pA In lab)

A « (-c2slnX+c3cosX)

R - (-d2slnX+ d3cosX)

A1 - (c2cosX+Cj

R' • ( 2

D - b.

P l " b 0

PA*n

PA

PA

n
A

n

none

1. S.U. Chung and T.L. Truenan, Phys, Rev. Dll, 633 (1975).

rigure 1 figure 2
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Figure 3. Figure 4.

Figure S. Figure 6.
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NEW DIRECTIONS IN POLARIZATION PHYSICS

A. Yokosawa

Argonne National Laboratory, Argonne, Illinois 60439

Presented at the \

Brookhaven National Laboratory Workshop on Polarized Targets

June 1974

Work performed under the auspices of the U.S. Atomic Energy Commission
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I NEW DIRECTIONS IN POLARIZATION PHYSICS

•j

> During the past 10 years, many experiments have been carried out

I with polarized targets. The results give new insights into hadronic physics
i

and are extremely useful in answering many questions and checking theoretical

! predictions. So far, most of the experiments have been performed for

t two-body, final-state reactions for which many measurements are still to
1

be taken. We are far from reaching our goal. New directions in polarization

) physics would involve decisive measurements to determine scattering

> amplitudes of two-body and multibody final-state reactions. We will start

: by discussing simple reactions and move on to more complicated reactions.

) L Elastic Scattering

i A. w N Elastic Scattering and Charge-Exchange Reactions

• 1. up Elastic Scattering
i

j Polarization measurements in this reaction have been made far more
I

j than in other reactions. However, the existing data are limited to the
j
, following range:
j
1 Forward scattering: up to 40 GeV/c

Large momentum-transfer region: up to | t | «> 2. 5

Backward scattering: up to 6 GeV/c

R and A parameters (|t | < 0. 5); only at 6 GeV/c (R parameter

in ir'p also at 16 GeV/c)

Some of the typical polarization data in n p elastic scattering are

presented here. Figure 1 shows a mirror symmetry between ir p and Tr'p
- 23 -
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scattering. All-angle polarization data have good quality at intermediate

energies. Figure 2 shows a simultaneous plot of TT p and IT p data, and it is

remarkable to see the t-channel exchange effect from the forward region all

the way to the backward region.

One should pursue the study of the effect by covering the higher |t | region

at higher energies.

limited data exist on A and R parameters inn p scattering. Forward

data at 6 GeV/c are shown in Fig. 3. We still lack data with better accuracy

covering wider |t| range at various energies.

In backward scattering, we can study baryon-exchange processes. At

present, this field is wide open and is definitely challenging. Figure 4 shows

the remarkable energy dependence in IT p polarization data. A similar study for

TT p is in progress at ANL and CERN.

2. rrp Charge-Exchange Reaction

The existing polarization data are limited to the following range:

Forward scattering: up to 11.2 GeV/c (|t | <0. 3)

up to 8 GeV/c(|t |< 1.5)

The result of the nonzero polarization in forward up charge-exchange

reaction made Regge-pole people think seriously about Regge cuts, absorption

models, or extra poles besides the dominating p pole. The scope of all the

existing charge-exchange polarization measurements is shown in Table L

Figure 5 shows the results of measurements at 3. 5 and 5. 0 GeV/c in the

range of 0. 2 s |t | s 1. 8 (GeV/c) . Experimentally, this is one of the most

difficult channels, and we need data at higher energies as well as at

intermediate energies.



The above data were used together with seven other measurements to

determine the scattering amplitudes of it N scattering at 6 GeV/c. Some

of the results are shown in Fig. 6.

Table I Polarization Experiments in up Charge Exchange

Experiments

CERN (old)2,
5.9 and 11.2
GeV/c

CERN(new)3,
5 and 8 GeV/c

ANL (old)4,
2. 07 GeV/c to
5. 0 GeV/c

ANL(new)5,
3. 5 and 5. 0
GeV/c

1*1
Range
Mea-
sured

<0. 2

< 1 . 5

<0. 3

<1 .5

tr° Detector

Lead-sandwiched
optical spark-
chamber

Same as above

Lead- sandwiched
Lucite Cerenkov
counter (on-line)

Lead-glass
counter hodoscope
(on-line)

Neutron
Counters

Used

Yes

No

Yes

No*

Types of
Polarized

Proton
Target

LMN-24H2O

Butanol

LMN-24H2O

Ethylene
glycol
(frozen
antifreeze)

Target
Polari-
zation

60%

33%

60%

60-80%

Neutron counters were used to cover a limited angular region.

B. KN Elastic Scattering and Charge-Exchange Reaction

1. Kp Elastic Scattering

Polarization measurements at high energies have been made at CERN

only in the forward regions. Some of the data are shown in Figs. 7 and 8.

The results of polarization measurements in K p scattering at ANL are
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available at all angles from 1. 60 to 2. 31 CeV/c as shown in Fig. 9.

2. Kp Charge Exchange

The K"p -K n polarization has, been measured at 8 GcV/c and for |t |

values from 0 to 1.2 (GeV/c) . The experiment was performed by using

the unique CERN-ETH magnet for a polarized-proton target and, at the same

time, for detecting the trajectories of the K produced in the forward

direction. The experimental result is shown in Fig. 10. The polarisation

P(t) is definitely non-zero, in contradiction with the requirements of

exchange degeneracy.

A Saclay group will be measuring the polarization in K -neutron charge

exchange at CERN by using a polarized-neutron target.

C. Nucleon-Nucleon Elastic Scattering

1. pp Elastic Scattering

Polarization in pp elastic scattering has been measured up to 17. 5 CeV/c
? 8

at CERN and up to 12 GeV/c at ANL. Some of the data' are shown in

Figs. 11 and 12. There is a dip in the region 0. 8 < |t | < i. 0, and the

polarization becomes large for | t | > l . 0. Data at large | t | might provide

valuable extra constraints on parton models.

A new direction in a study of the reaction would be to do p-p amplitude

measurements, especially when both the polarized beam and polarised

target are available. A minimum of nine measurements are needed to

determine five complex amplitudes. Details of such an experimental
9

program have been written elsewhere.
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2. pj» Elastic Scattering

Polarisation measurements in the forward region were made at

2.74, b. 0, And f 0.0 CeV/c at CERN. More accurate data are badly

needed from 0. S CSeV/e to higher energies for a search of pottibl*

resonant states.

3. pp ChargeoExehaitge Reaction

The jip'nn polarisation ha* been measured at 6 CtV/c for a

momentum transfer |t | from «J to 0. 8 (CeV/e) . The result is shown

in Fig. 13. The polarisation U »malt «nd negative.

4. n r» Elastic and n p Charge Exchange

Polarisation measurements in np elastle scattering were made up to

1.5 tieV/c. We can perform np amplitude measurement* by issuing a

palarized-neutron target and a polarised beam.

The polarization parameter in neutron-proton charge-exchango scattering

has been measured for incident neutron momentum up to 12 CeV/c in the

region 0.01 s |t | s 1.0 (CeV/cf. As shown in Pig. 14, resutts show a

negative polarization whose magnitude increases with |t | ; for fixed momentum

transfer the polarisation hac little energy dependence.

II. Inelastic Scattering

A. t»"p - ifn

This reaction is expected to proceed by the exchange of only the A,

trajectory in the t channel. As shown in Fig. 15, the polarisation data are
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very limited. Measurements are scheduled at ANL by using both the

lead-glass hodoscope and the neutron-counter hodoscope.

B. Hypercharge Exchange

1. tr induced

The reaction irp-»K hyperons is suited for amplitude measurements.

By observing the decay distributions of hyperons, one can analyze their spin

states. When a polarized target is used, a complete set of observables will

be measured. Experiments planned or scheduled at CERN and RHEL are

ir+p - K+S+, and

ir+p - S+K+.

The amplitude measurement of a baryon-exchange process, ir"p-»AKP, has

been performed at CERN. (CERN-ETH Zurich-Helsinki-I. C. Collaboration)

The polarization in ir p-EK has been measured at 3. 5 GeV/c by a CERN-

Trieste group. Results of backward ir p -*S A scattering are shown In Fig. 16

together with the ir "p -»K Adata at 4 GeV/c. The striking difference of

the two sets of data must be associated with the possibility of A exchanges in

the KS reaction.

2. K induced

Line-reversal pairs of reactions to be investigated are:

KN-irA T T N - K N

K N - i t S + irN-K£ +

KN -1TY*(1385) WN -K Y* (1385)
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In a study of the reactions Kp-* A(£ ) + vector mesons, one observes

the angrlar correlation of the hyperon and vector meson decays. One

observes natural, as well as umtatural, parity exchange. Some of the

14

measurements were carried out with the CERN 2-m bubble chamber.

Predictions of SU(3) symmetry and the quark model are that the following

amplitudes are equal:

A(«r"p - K*A) = - A(K"p- <(. A),

A(n"p-K*S)= -A(K"p-ct>i;), and

A(K'p-pA)= A(K'p-U)A).

The agreement of the experimental data with the theoretical predictions

is remarkable.

C. irp-pN and np-trnN

A Yale group (M. Zeller et al.) has recently measured the polarization

in w "p >• p n reaction at 2. 7 GeV/c in the range 0. 05 < |t | < 0. 3. The

measurement in ir'p -*ir it "n at higher energies will soon be done by a CERN-

Munich group with wire-chamber magnetic spectrometer, Fb sandwich

scintillation counter, and Cerenkov hodoscope.

Very limited data (by P. Sonderegger et al.) — only a few points with large

error - - of the polarization in n"p — IT°IT ° are available at 6 and 11 GeV/c.

Accurate measurements of this reaction are badly needed.

D. pp -*ir TT "

The polarization in pp -n IT " at a low energy was measured at the BNL

AGS. A DNPL-QMC-RHEL group has completed similar measurements in

the momentum range 1. 2 to 2. 4 GeV/c with better statistics.
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1U. Inclusive Polarization Measurements

Spin dependence of pion-induced inclusive reactioni, « p -•« X, has

recently been investigated at CERN. (CERN-Orsay-Oxford Collaboration)
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DIRECT CHANNEL PROBLEMS AND PHENOMENA

R. E. Cutkosky
Carnegie-Mellon University, Physics Department

Pittsburgh, Pennsylvania 1S213

In this talk I shall cover briefly four loosely connected topics.

I'. I shall attempt to describe the goals of precision hadron spectro-

seopy.

II. I shall discuss some of the requirements on the data base for pre-

cision hadron spectroscopy and suggest some experiments, using ir-N scattering

as an example.

III. I will comment on some relations between direct-channel and cross-

channel effects, in the light of a simple model constructed by Alcock, Chao,

and myself.

IV. Since this workshop deals with polarized targets, I shall review

some considerations on spin-rotation phenomena as initially discussed by

Wolfenstein and reexamined recently by Kelly, Sandusky, and myself.

I. Need for Precision Hadron Spectroscopy

The central problems of hadron physics are: What are they made of?

What is the origin of the observed regularities? How are the hadronic in-

teractions ultimately related to electromagnetic and weak interactions? We



arc not even able to say what information will eventually turn out to be

aost important for answering these questions, but it is clear that it is

essential to have a very good empirical knowledge of the hadron spectrum

..nd of couplings between hadron states. In particular, we wish to have im-

proved knowledge in the following areas:

A) The extent of the spectrum

B) Questions regarding SU(3) classifications

C) Evidence regarding SU(3) sy nine try of coupling

constants

D) SU(G) or quark model relations, including questions re-

lated to the Melosh transformation

E) SU(3) symmetry breaking, both for masses and coupling

constants

F) Isospin breaking (e.g. electromagnetic mass differences

of resonant states)

G) Electromagnetic couplings.

Regarding the extent of the spectrum, there are two distinct questions.

First, how high in energy can we follow the leading trajectories, recog-

nizing particles on the trajectories and determining the shape of the tra-

jectory, etc. Taking the N,A trajectories as examples, I think we should

aim for going up to E c m s 3.S GeV, or PLab s 6 GeV/c, with the next

generation of experiments and analyses. The second question concerns the

degeneracy of the multiplet structure. To discuss this it is useful to

refer to various quark models. In the simplest version, for a given
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"principal quantum number" N we consider rotational states with L=N and

combine SU(6) spin and charge-hypcrcharge states with the orbital angular

states with the orbital angular momentum L. This gives the states

(56 )(L=0), (70*)(L=l), (S6*)(L=2), etc. The second model is the harmonic

oscillator quark model; here the N=2 level contains an extra (56 )(L=0) set

of states. Finally, in various dual (or "string") models, there is a fur-

ther degeneracy which can be visualized as corresponding to excited vi-

brational modes of "rubber bands" holding the quarks together. It should

be our goal to understand whether such extra states show up at the lowest

energies where they might occur; for n-N scattering the range

l.S < E < 2.5 GeV, or 0.6 < P L a b < 3.2 GeV is especially interesting.

At present we have a great deal of confidence in SU(3} but would

like to see if other representations besides 1_, £, or lp_ occur. Looking

for and testing other symmetry properties is also extremely important.

The breaking of SU(3) is very important because we can get especially im-

portant clues about the dynamics by studying the pattern cf symmetry break-

ing. Mass-splitting effects (Gell-Mann-Okubo) are well studied empirically,

but essentially nothing is known about breaking of coupling constant rela-

tions. Isospin breaking, to the extent that it involves coupling to the

electromagnetic field, provides an especially valuable probe of hadron

structure. I hope that mass splittings for the first N-A recurrences, i.e.

for Ec|g < 2.0 GeV/c, can be obtained with good precision.

Pole positions and residues may not turn out to be the most useful

or/fundamental quantities for discussing symmetry breaking, but they are

-.>*•• .



important because they are invariant in going from one experimental pro-

cess to another, and also for discussing the degree and precision obtained

from the experimental observations. Factorization of these poles is the

best test for existence of a resonance.

II. Data Base for Precision Hadron Spectroscopy

Rather than attempt to survey all systems, I shall consider irN scatter-

ing as an illustration. It is useful to distinguish between "copious ex-

periments" and "sparse experiments". Differential cross sections and polar-

ization for fl*p elastic scattering are examples of copious experiments. The

w*p data is presently in reasonable shape, at least below 3 GeV/c. Some

general needed improvements for this class of experiments are, first, a

better (and better documented) treatment of correlated errors, and second,

correction for bremsstrahlung, especially for *~p. The documentation of

normalization errors, especially regarding the correlation of possible normal-

ization shifts at nearby energies, is sometimes overlooked. The sane is true

of momentun errors, where careful distinction should be made between the mo-

mentum bite, (R.H.S. beam spread), the overall momentum uncertainty for a

set of data taken at nearby energies, and the energy-to-energy fluctuation

Ot uncertainty in the central momenta. Similar information regarding angular

bins will be helpful for making full use of high precision data.

Recently, Sogard pointed out that radiative corrections are significant

for precision data, especially for backward ir'p scattering, for momenta as
a)

low as 1 GeV/c. There are two effects to be distinguished: 1) smearing of
/

the "effective energy" for the scattering, as a result of the energy carried
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by the undetected photon. 2) reduction of the measured cross section be-

low the "proper" value by kinematical cuts which exclude photons above

sone minimum energy. Effect 1) can best be accounted for by making the

kinematics! cuts stringent, especially with use of spectrometers. Effect

2) is best taken into account by the experimental group applying the

corrections appropriate to their geometry. Unfortunately, formulas for

the relevant geometries have not yet been provided by the theorists.

By sparse experiments, I mean those for which data docs not exist at

close enough momentum intervals to allow interpolation in momentum. For

these, it is important to synchronize the momenta at which experiments are

done so that interpolation is unnecessary.

Charge exchange data is invaluable for helping to pin down the ampli-

tudes for TT~P scattering. This data is unfortunately sparser than it should

be. Significant additional information about amplitudes could also be ob-

tained from spin rotation experiments, which I shall return to later.

Data on 7i~n scattering (in deuterium) would be valuable for analyses

which did not make use of Isotopic spin symmetry. The deuteron corrections j

i;
could be large for differential cross sections, but comparison with the !'.

proton cross sections could remove some effects. Also, polarization is be-

lieved to be less affected, which suggests the importance of polarized i;

deutcron targets. f

Systematic studies of the following two body reactions (with and with-

out polarized targets) would help greatly to determine the low angular mo-

mentum states which are crucial to a better understanding of hadron

'^m^m.::'^



spectroscopy:

»"p •»• nn

K A

K Z

/ p * K+ Z*

The region up to P, . - 2-3 GeV/c would be especially important to cover

well.

Lack of space, time, and knowledge about the many tricky theoretical

questions encountered in dealing with quasi-two body reactions forces me to

omit discussion of this important subject.

III. Some Relations Between Direct-Channel

and Cross-Channel Effects

The question of the relation between a cross channel description of

scattering and a direct channel description has been in the foreground of

hadron physics for the last 15 years. I subscribe to the view that the cross

channel (e.g. Regge pole) descriptions of high energy scattering are in-

teresting and important insofar as we are able to understand, through the use

of crossing symmetry and other analyticity arguments, how these processes ate

related to the spectrum of hadrons as found in the direct channel. Various

versions of duality have, in the last half decade, provided a new way to

think about these relations, even though there is, as yet, no dual model for

baryons which is even approximately satisfactory.

; i
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Since a reasonably accurate "Born approximation" is a useful part

of the ACE partial wave analysis method, Alcock, Chao, and I recently

looked into the problem of how to abstract from beta-function formulas a

new Regge pole formula which would be more accurate in the resonance

region, and proposed the following for a t-channel Regge pole:

Y(t)r(-a(t)) |- C(t.s)

where y(t) is a residue function and where £ is the signature factor; for

the usual Regge pole,

- i w
5 « 1 + nte '

where nt = ±1 is the signature. We add the term (to £)

e R - n.e l

-m,n o s m a T- s
" f s "—t "coshiraj - ns

where ns is the signature of an s-channel Regge pole with a complex trajec-

tory function:

Tlie correction term can be approximated by

Z i Vs

at higher energies where Im a is larger. A similar formula is used for

u-channel poles.



He made a fit to the amplitudes at low energies using the f, p,

N and A trajectories and a simple fixed-pole pomeron which did not have

a correction. The fit to higher energy data was about as good as such

a simple Regge pole fit usually is. In the resonance region only about

30% of the structure of the amplitudes is given by the ordinary Regge

poles, but with the "dual correction term" one gets about 60% of the

structure. Much of the remaining discrepancy comes from absence of the

N trajectory as well as from the naive treatment of the Pomeron,

I think the main significance of our fit is negative - it tells

what you cannot do in the resonance region with the usual Regge formula.

The resonance terms have to be added on explicitly. The partial wave pro-

jection of our fit shows that the resonance loops come from the added term,

not as "Schroid loops" from the ordinary signature factor. However, we also

find interesting structure which is not explicitly associated with the in-

put N Q and A s-channel trajectories, and these agree with the data nearly

as well as quark model states do. The model may also be helpful for pre-

dicting the qualitative nature of direct channel resonance effects in

quasi-two body production channels.

Even though the success of our fit is extremely limited, we are en-

couraged to believe that analytic!ty considerations, if eventually carried

out more thoroughly, will be of great value for understanding the baryon

spectrum.

Perhaps models such as this one can be useful in helping people to

remember that the dichotomy between direct channel and cross channel de-

scriptions is somewhat artificial, and also to realize the importance of
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the transition energy region in which resonances slowly fade away and ex-

change effects become simpler.

IV. Spin Rotation Phenomena

Spin rotation experiments were first suggested by Kolfenstein, and

Kelly, Sandusky, and I have recently called attention to some of his

original ideas and discussed the problem of how to arrange such experiments

to get the most information from them. We rewrite the conventional meson-

baryon scattering amplitude

M = f + ig sinBo

in the form

M = Mo/1+Pon e
 n

where
,2 =

"o| M l 2 = I = If2! * |g2| sin2e

IQP = 2 Im fg* sine

and

is the "Wolfenstein angle" giving the relative phase of the two eigenstates

of M. We write the target density matrix in the form

PT « 1/2(1 • PT on + 2T • o)
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The scattering intensity from an unpolarized target is

I o = Tr MM

and with a polarized target it is

Tr M p T M
+ = PP?) B

where P is the polarization parameter. Let Q = /j_p2 . The recoil particle

density matrix is

p R = 1/2[1 + K(P+PT)an + KqQ^ • 0]

where

showing that the component of polarization in the scattering plane is ro-

tated through the Wolfenstein angle 6 (and multiplied by the factor KQ).

On going to body-fixed laboratory coordinates there is an additional

kinenatical rotation through an angle Y. giving for the Wolfenstein para-

meters

R « Q COS(B+Y)

A - Q sin(B+v)

or, more generally, for an arbitrary component of the final polarization

vector, W • A cosa + R sina , we have

K • Q COSCO+S+Y).
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Thus, use of the Kolfenstein angle 6 allows simpler formulas connecting

the significant parameters for description of the amplitude to measured

quantities.

If data on P and I are all that is available, the phase angle &

is completely undetermined, although unitarity and analyticity restrict

somewhat its dependence on 9. In a measurement of W, the propagated error

in d is the appropriate measure of the amount of new information gained

about the amplitude. For a given AW, the error 46 is smallest when IV is

saall, which in many cases can be achieved by careful selection of the

angle a before the experiment is set up. (See Fig. 1 ) . A twofold am-

biguity remains if there is a measurement at only one value of a, but

usually this could be resolved by continuity. It is also clear from the

figure that a second measurement at a*90° could most easily distinguish

the two values if W«0 in the first measurement.

Although spin rotation experiments are very hard, I urge that they be

given serious consideration, because the/ provide invaluable tests of am-

plitude analyses and also provide information which is probably required if

N0 are to push these analyses, and hence our knowledge of the baryon spec-

trtn, to higher energies.

R«f«rene«»

1. L, Wolfenstetn, Annual Review of Nuclear Science, Vol. 6, p. 43 (1956);

R. Cutkoiky, R. Kelly, and J. Sanduiky, Fhys. Rev. D10, 2309 (1974).

2. H. Sogard, Phy*. Rev. !», 1486 (1974).
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When I was asked to review the experimental situation in low energy

•-channel processes with a view toward applications of polarized targets,

both the organizer of the workshop and I agreed that such a task would be

impossible to accomplish in one hour (or a short review article). The

;. understanding was that a few topics would be selected using subjective

criteria, I.e. personal interest. I will, therefore, mainly describe the

situation in both the 1-1 and 1-0 KM system and make a few remarks about the

KH system and Ignore the <rH system. The approach will be to show the high-

.; lights of vhat has been happening in that field rather than a detailed review,

as can be found in standard conference proceedings. It will be aimed at the

bulk of the conference attendees who are not working in this field rather

than at the few experts present. X will show what "typical" results now seem

: to be coming from current experiments and phase shift analyses and then show

what Improvement could result from some polarized target experiments. In

doing this task, I will borrow heavily on past conference reviews and articles.

In both the low energy KH and KB system the game is to extract complete

amplitudes that describe the scattering system using either large conventional

phase shift analysis programs or K matrix analysis programs. For the KN sys-

tem the main interest right now is seeing if there is any resonant amplitude

> since that "exotic" resonance could not be accommodated In a simple quark model

In which all baryons are composed of only three quarks. In the KM system the

i main interest is in a further understanding of the successful SU(3) classi-

f ficatloa scheme by finding missing states In various multlplets and by testing

• the predicted relationship among the many decay rates. We shall see that in

! tuny of the amplitude analyses ambiguities exist which could be resolved by

i polarization Information.

• 8 - 56 -
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Before going into oore details about the current experimental situation,

I would like to qualitatively describe what sort of polarization neasure- j

•ents are in principle possible in two-body oeson-baryon scattering. Using
I

the standard f and g for non-flip and flip amplitudes we can write: {

and

|j§ P - 2Re(f%)nj. - 2Ih(f*g)nx x

where

p o "

I«I 2+W 2

F is the polarization of the outgoing nucleon, t± is the initial polari-

zation of the nucleon and nxis the standard unit vertex perpendicular to

the scattering plane. He can examine the four standard simple examples for

the P. direction.

then
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la order to measure P we either have to do a double scattering experiment or

observe a decay of the baryon where the decay can be used as an analyzer,

I.e. A + pir".

(b) Pt - P ^

then f - V l w . P i > « d P - I ^ %

Here we can measure P by simply measuring the differential cross section

and flipping the sign of P.. In principle we learn nothing more Chan in

case (a), a* long as the polarization is perpendicular to the scattering

plane. The particular final state will determine which experimental method

for measuring P is Co be preferred.

(c). P. » P. St. x fl^ (£, is incoming meson direction; see Fig. 1)

and P - Ponx- A P j O R P j l

where A and R (the spin rotation parameters) are independent functions of f

and g. A is along the direction of the outgoing baryon and

i - <J, * rt
•*• P

We can then, by either a double scatter or decay and flipping the sign P.,

aeasura the polarization in the ft direction and determine R.

'• va have

do
dO o
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and

P = P fl. + RP.fl + AP.S.o •*- i p i

We can aeasure A as described in the previous case.

Therefore in ordei to make four Independent measurements of I , P, A

and R to determine a complete set of variables, we need to do experiments where

? t is not simply constrained to the perpendicular to the scattering plane.

We shall see that many phase shift analysis ambiguities exist which could

be resolved by A and R measurements. In fact there seen to be two "rules"

governing these analyses.

Rule 1: If an amplitude analysis yields several solutions and the

analysis is not based on a complete set of measurements, then

the predictions of the solutions for the unmeasured parameters

are in general significantly different.

This is the strong motivation for pushing for A and R measurements. Un-

fortunately there seems to be another rule.

Rule 2: When one measures the parameters, which were predicted to be

different, it doesn't always resolve the solutions as clearly

as one would have supposed.

While the new data is obviously an important constraint on the solutions,

history has taught us that massive, opaque, phase shift programs have a

partial ability to accommodate new data by readjusting the solutions.

KM (I"l) Interactions

The region that I'm going to discuss is only the region below 2 GeV/e.

Below about 1 GeV/c the K p scattering is basically elastic and the amplitudes

a n roughly known. As the inelasticity rises between 1 and 2 CeV/c aabiguities

arise and the main interest centers on

exists in the region around l.S CeV/c.

arise and the main interest centers on whether or not an exotic Z, resonance
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To get a general idea of the quality of the existing data that goes

into these phase shift programs we can look at some "typical" experimental

results. In showing these results there is no at tempi, being made to be

complete but merely representative. Figure 2 shows the recent results

of Kycia's group at Brookhaven on the total cross section for K p scattering

Theie results, which have errors roughly at the 12 level, are relatively

smooth and the earlier possible structure in the region around 600 MeV/c

dots not appear present in this newer data.

The differential cross sections are lsotroplc below about 600 HeV/c,

and the ambiguity between S,, and P,, waves is clearly resolved in favor

of S., by examining the k dependence of the phase shift. These results

fron the Bologna-Glasgow-Rone-Trieste group are shown in Figure ;.

Hewer re'sults on the Coulomb interference term ir this low energy region

confirm the older results and show a definite constructive Interference

establishing the repulsive nature of the low energy s-wave K p interaction.

While these have been measured at several momenta, Figure 4 shows the BGRT

(2)

results at two momenta. At higher momentum electronic experiments have

accumulated extensive differential cross section data; some typical data

from the Brlstol-KHEL group ' is shown In Figure S for the elastic channel.

Some polarization data has existed in the region above 800 MeV/c for the
(4)

clastic channel. An example of that data Is a CERN experiment ; some of

thtir results are shown in Figure 6. More polarization measurements with

greater accuracy arc in progress by the Yale group here at Brookhaven.

From these sorts of data many groups have performed phase shift analyses,

each of which generally yields more than one solution. The interest has focussed

on the P., wave which might be resonant. The speed plots are either incon-

clusive or tend to look not quite like what one expects from a "normal" reso-

nance.
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Also in this momentum region the inelastic channel contributions are becoming

important. At this conference P. Steinberg told us of some early results

of a K-aatrlx coupled channel analysis that he and his collaborators have done

which favors a resonance interpretation for P.. As can be seen from their

Argand diagram shown in Fig. 7, the possible resonant P, wave is quite inelastic,

which is a feature round in other people's phase shift analysis. Clearly when

one is dealing with inelantic processes that are predominantly quasi-two-body

channels, the K-macrlx approach seems to be a powerful, tool, as has been already

demonstrated in the low energy KH system, since it is simple to build in the

unitary constraints.

Since most people's solutions are derived from rather good total cross

sections, differential cross sections and reasonably accurate polarization data,

most popple now believe one can only resolve the remaining ambiguities by A and

R measurements. For example, in the phase shift analysis of Albrow, et al.

they predict the resulting R parameter distribution at 1.22 GeV/c which is

shown in Fig. 8. While the solutions used are not the most current <fchey

were done in 1970) the general idea holds that accurate A and R do resolve

the different set of solutions. The point I'm trying to raake is that if

Brookhaven now cabarks on a polarized target program we should build in the

capability of having a sizeable component of the polarization not perpendi-

cular to the scattering plane.

KN(I-0^ Interactions

In this system most work has been done on the mixed isospin states

K+n + K+n

and K+n + K°p,

both being done on deuterium targets. This system is also more complicated

in that higher waves come into the picture a little earlier than in the
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K p system. However, it is simpler in that the suspected resonance la at

lower momentum, around 1 GeV/c, where the elastic channels still clearly

dominate, while in the K p systeo the possible resonance region has appreci-

able inelastic channels present.

Total cross sections have been obtained for the 1-0 state by unfolding

techniques from both the K d and K p cross sections. The resulting cross

sections from a recent experiment of the Kycia group are shown in Fig. 9.

The bunp above 1 GeV/c is explained by the rapidly rising inelastic channels

and Is not believed to be a resonant structure. The elastic channel which

causes the shoulder at around 800 MeV/c is the exciting candidate.

Most of the differential cross section data comes from bubble chamber

experiments so the statistics are. of course, cot as overwhelming as in the

K p. Figures 10 and 11 show some of the results of the BGRT group. '

For phase shift analyses the effects on the angular distributions due to the

deuteron fora factor are not small in some of the angular bins. For example,

in the K°p case the form factors go to zero in the forward direction due to

the Pauli principle. One has either to do these corrections very carefully

or exclude some of the angular region for the phase shift analysis. In the

K n situation there are difficult experimental problems to overcome since the

interactions with slow spectator momentum, less than 80 KeV/c, tend to be one-

prong events in tha chamber. The EC-decay background and general scanning

efficiency have to be very well understood.

The only polarization data that exists la one experiment by a Brookhaven-

Carnegie-Mellon groupv ' done several yeara with relatively poor statistics

compared to the K p data. It used the double scatter technique to measure

the polarisation of the recoil proton in the reaction K n • K°p. These few

data points are shown in Fig. 12. Some of the phase shift analyses have used
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these points while others have only compared the resulting solutions, based

on the other data, to these points. Since these points do not have high

statistical weight in comparison to the large amount of the other data accu-

mulated, the solutions by the different methods are not significantly different.

One ends up trying to rule out a solution by examining the polarization predic-

tion. Unfortunately sines the phase shift programs always have a rather high

X 2 per degree of freedom a few extra badly fitting points do not convince one

to rule out anything, but they are highly suggestive.

An txanple of the latest solutions obtained are the BGRT results*''

whose Argand plots for the three solutions obtained are shown in Fig. 13.

The main candidate for a resonance is the f-,,j wave in either the C or D

solution as compared to the non-resonant solution A. The predictions of

these solutions for the polarization in the charge exchange reaction are the

curves drawn on Fig. 12. Clearly the few points favor the resonant solutions

but more data is needed. The experiment which measured those points pushed

the bubble chamber technique to the limit since it required about 10 pictures

for those results. From the plots in Fig. 12 we can see that what is needed

ate reasonable accurate polarization measurements spread over the region from

0.6 Co 1.3 GeV/c. The predicted results change slowly but significantly

over that region. The slowness of the change corresponds to the fact tnat the

possible resonance is quite broad and in one of the solutions there are pre-

dicted rapid changes of any amplitude. The most promising approach would seem

to be to use a polarized neutron target, which has been built, as described by

Borghini in his talk.

If we turn to the elastic channel K n * K n, I have calculated the ex-

pected polarization for the outgoing neutron for each of the three solutions
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at an incoming K momentum of 800 HeV/c. These results are shown in Fig. 13.

One notices that the separation between the non-resonance A solutions and the

resonance P.,, solutions D and C axe even greater than in the charge exchange

reaction. A counter-spark chamber experiment is being set up by our group

in collaboration with a Caae~Westem Reserve group to measure the K n polari-

zation in the region from 0.7 to about 1 GeV/c using the double scattering

technique. It utilizes the fact that In the region of interest the secondary

np tottering has a large analyzing power.

In the KX(I»0) system, which has a promising candidate for an exotic

resonance, a Z , the experiments that have to be pushed are the so-called

first generation polarization experiments. But, with past experience as a

guide, it will not be long after those experiments are done that the cry

will be for A and R measurements to resolve whatever ambiguities are left.

Conclusion? •'
- I

There are many exciting experiments to be done in the low energy KM j

f
system, most of which require polarized targets. Brookhaven, having an j

I

extremely hot low energy beam, the C2, C4 beam, is in a position to make a

major contribution to this program. One should keep in mind that at this

date any project for a polarized target should build in the capability of

being able to be an A and R type :arget and one should consider the possi-

bility of polarized neutron targets.
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Figure 1. Diagram showing vectors used In polarization formalism.
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Figure 2. Total cross sections of K p scattering
from A.S. Carroll, et al . ( l )
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Figure 4. Differencial cross section for K p
elastic scattering.(2) The two curves correspond
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Figure 7. Argand plot of phase shift
results for K*p from R.A. Arndt, et
al.(4) ~
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Figure B. Predictions for the R parameter
from the various phase shift solutions from
Albrow, et ,al.(5)
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Figure 14. Polarization of the recoil neutron in K n elastic scattering
at 800 HeV/c. The three curves are the phase shift solution predictions.
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Much about strong Interactions has been learned by studying scattering

processes in the t-channel. The use of polarized targets in this class

of reactions has often allowed the measurement of the phases and magnitudes

of the amplitudes. The purpose here is not to give a systematic review

but rather to select some data which involve the measurement of the polar-

ization, show how that data has Improved our knowledge of strong inter-

actions and indicate what further experiments should be done. Most of the

data involving polarized targets have come from studies of elastic scatter-

ing, which will be discussed first. Next will follow: two-body reactions,

both nondiffractive and diffractive; a suggestion for producing exotic

resonances using polarized targets; and Inclusive processes.

Elastic Scattering

First consider n'p elastic scattering, which are dominated by the

following amplitudes P + t T p. Historically as more and better measure-

ments are made, more precise information on the properties of these ampli-

tudes is obtained. A measurement of the polarization measures the Interfer-

ence between the s-channel helicity nonflip (F.,) amplitude and the s-channel

helicity flip (?+_) amplitudes. The amplitudes are, of course, complex and

so even when we combine the 1-0 P + f there are still eight numbers to de-

termine as a function of s and t. The data in Fig. 1 show that the n~p

+ 2

polarization is a mirror Image of the it p polarization. This is naturally

explained by the change In sign of the o amplitude. That Is, the polariza-

tion Is the Interference between the dominant F ^ F-amplltude and the F ^

p-anplitude. In the simple Rcgge pole Bodel the o-anplitude is supposed to

have a sero at t % -0,6 GeV where a(t) " 0 and so both n-p polarization
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would be expected to have the observed zero. So fai so good, but to deter-

nine, for example, whether the real and imaginary parts of the F+_ p-ampli-

tude display a Segge phase, and to find if there Is any F ^ amplitude

preaent, more measurements are needed.

Next the polarization in n~p •* n°n (C2X; 'as found to be about 40%.

CEX Involves only F̂ _ and F̂ _ (p) and so since the polarization is not

zero both anplitudes must be present. Then the A and R parameters in

* 2 4

TT~P elastic scattering were measured at 6 GeV/c for -t < 0.5 GeV . (See

Fig. 2) Actually the aeasMeatnt determined that R was saall and negative.

This allowed a complete deternination of the real and Imaginary parts of

the F ^ and F+_ amplitudes for the 1-0 and I"l exchanges up to an overall

phase. Without going into details of the amplitude analyses, here are

some of the conclusions of one of the analyses to show the kind of infor-

mation that may be obtained. F° (P) dominates and has an exponential be-

havior. F°_ is snail but significantly nonzero. The phase of F°_ relative

to F° is always close to 180°. Whether F? is due to P or f could perhaps
IT +™

be determined by measuring the s dependence of F° . ImF7.(p) has a zero

In the region of the crossover of the differential cross section for up

elastic scattering (t t -0.2 GeV ) whereas Repf. vanishes at a larger value
TT

of t . A simple Regge-pole model would have predicted that the ImF^ was

related to ImF̂ _ so this measurement clearly shows the need for absorption

In the pf. amplitude.

Next a reoeasuttment of the CEX polarization7 , showing i t to be t 20Z
o

Instead of t> 401 (see Fig. 3), allowed a redetemination of the anplitudes.

In particular this analysis found little difference between the location of

the zero In ReF^ and ImF^. It is emphasized that not both the ReF^ and

ImF* amplitudes can vanish i t t i -0.6 GeV .
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As an aside, a precision reneasurement of the *~p elastic croBS sec-

tion differences & • (o"-o )//8(a'+a >, where °~ " g^ (B±P •* *~p)» shown
q

In Fig. 4A allowed another amplitude analysis. One of the conclusions

here was that the phase of F° with respect to F was constant ^ 60°.

Since F ^ is thought to have a standard Segge phase, * - -j[l - a(t)],

this would imply that F,. would also have a rotating phase instead of the
TT

naive expectation of F° being purely imaginary. In this case the slope

of the P-traJectory would be similar to that of the p. Also the energy

dependence of F perpendicular to the F° amplitudes is found in terns of

an effective trajectory for the p as seen in Fig. 4C. This effective tra-

jectory falls below that of the standard p effective trajectory which could

imply a t< 303 f° contribution to the F° amplitude. This natter would be

elucidated by measuring the amplitudes as a function of s.

These up elastic scattering experiments on polarized targets are some

bread-and-butter measurements In strong Interactions* Rather than being

dependent on some theoretical model for Interpretation, they determine the

conditions any model must satisfy and so are quite fundamental. Measurement

of the R and A parameters at lirger values of t and at other values of s

will refine these analyses. Also the CEX polarization should be measured

at larger s.

Next consider p? elastic scattering. Experimentally these measure-

ments are not rate limited by the beam Intensity so the measurements can

cov r a larger range of t than In irp polarisation. However, since the

projectile as well as the target have spin, there are even more amplitudes

than in the np case.

Figure SA shows some of the work done at CESN on polarization in pp

- 80 -



elastic scattering. The polarization at 10 GeV/c is small but positive

at low t but then a peak appears at t t> -l.S GeV. This peak seems to dis-

appear as s increases. A recent measurement at ANL , shown in Fig. SB,

extends the polarization information to larger t values by using an ex-

tracted proton beam of t 10 protons/pulse. The data show the peak at

t t -l.S GeV still is present at 12.33 GeV/c and perhaps there are addi-

tional peaks at even larger t. The Interpretation of this structure is

difficult in a Regge model but may be more easily understood in terms of

an optical model as indicated by the curve on Fig. 5C.

The next level of coaplexity is found b, using the ANL polarized

protor beam elastically scattering off a polarized target. The results of

2 12
the first experiment at 6 GeV/c are seen in Fig. 6 plotted versus Pj_ .

The conclusion is that the cross section for protons with spin up (with

respect to the production normal) going to spin up (o ) is up to 100%

larger than the cross section for protons with spin down going to spin

down o++ . The authors remark that spin is obviously quite important in

strong interactions. More information from the polarized beam will be

available soon.

Two-Body Scattering; Piftractive

Three years ago Fox and Berger suggested a set of experiments

which will be tested soon st ANL in the polarized beam. The suggestion

was how to resolve resonances from "Deck effects" by using the knowledge

of the polarization in elastic scattering. Consider the following three

reactions:
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pp

L
L,

If the low mass enhancement In the N region were produced by a Deck

effect the amplitude nay include diagrams of the kind:

.4 , p, n

This diagram lnplles elastic up scattering at the upper vertex. He saw

earlier that the polarization in ir~p elastic scattering have equal and

opposite magnitudes so that one may expect there to be an observable dif-

ference in the proton polarization depending upon whether the TT A or

7i n final state is observed. On the other hand, if the resonance is genuine:

—A ,p,n

one nay expect proton polarization to be independent of the final state.
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If in using the polarized bean one finds diffractlvely produced N 's,

a determination of the spin-parity of these states would be required. In-

stead of doing this in pp scattering, the results might be simpler to

interpret for a splnlep-e projectile diffractively scattering off a polarized

target: n~pt • ir~N . With the initial state polarization determined (and

perhaps also measuring the final state polarization) one could do a partial

wave analysis of the i>N,irA final states to determine the N spin parities.

This argument has aleo been applied to the Q meson to test whether

the Q is a genuine resonance or a kinematic effect::

Again one can predict the proton polarization based on measured n~p

elastic scattering polarization. In contrast> since the K p and K p

14
elastic polarization are of the same sign (see Fig. 7), perhaps the

protnn polarization Is the saae sign independent of whether Q or Q~ is

produced.

Nondiffractlve Two-Body Scattering

Quasi-two-body scattering has been studied for over ten years and

still there is not a comprehensive understanding of the underlying dynamics.

When there is a hyperon (A or Z typically) in the final state, the polari-

zation can be measured, this being equivalent to studying the reaction on a

polarized target but not observing the final polarization. Recently,
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several amplitude analyses have been performed for reactions involving a

final state hyperon (see for example S. Field's talk in this conference).

In an additional example, the differential cross section and A polarization

are shown in Fig. 8a for the line-reversed (and isospin rotated) reactions

n p * K A

K~n * n~A.

The polarizations are not zero nor a mirror image of one another as would be

predicted by the simple notion of K , K exchange degeneracy. The polariza-

tion for it~p * K°A goes through zero at t i -0.4 GeV where the differential

cross section shows a break. The results of an amplitude analysis of these

reactions aa well as the aiailar ones including E's are also shown in Fig. 8b.

This aaplitude analysis shows that the ncnfllp amplitudes are strongly

absorbed whereat the flip amplitudes behave like a aiaple Regge pole. The

next step in the understanding<of these reactions will coae when the mea-

surements are made using a polarized target so that the R and A parsaetera

can be determined. This aeaaureaent Is under way at CEEN for i p + K°A.

Once one haa such a polarized target and a suitable apectroaeter, a

systematic list of experiment* can be envisaged Including a final atate

hyperon so that R and A parameter* could be determined:

0~ 1/2*

0 3/2T

K+Z(1385)+

L
w"E(X385)*
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l/2+

ir"p+ + K*(890)°A+

n pt + K*(890) £(1385)

0" 1/2"

n"pt + K° A(1520)

«;••

Such experiments would determine the properties of the meson hyper-

charge exchange*. Al«o the same act of reaction! could be atudled In the

u-channel expanding the knowledge of baryon exchange.

Another «et of llne-reveraed reactiona involving charge exchange, on

which the polarization ha» been Measured, i s

np •• p a

pp * nn .

The amplitudes present are >, p, and A2 exchange. In slaplc •O'l"la,

ir exchange (unnatural parity) cannot interfere with p or A, exchange

(natural parity) to produce polarization. In fact, if the p and A, are

exchange degenerate, they do not contribute to the polarization. But as

aeen in Fi^. 9, the polarization in both reactions la quite large. More

information about A, exchange should coae froa the analysis of the recent

BNL and CERH experiments ir"pt • p°n.
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Exotic Production

Experiments have searched for the exotic Z In formation. A different

approach would be to search In production:

Z

Here there is vector and tensor exchange in the t-channel In contrast to

pseudoscalar-induced formation experiments. If the Z has a stronger

coupling to the vector meson than pseudoscalar, its production would be

enhanced. Searches of this kind have been done using single arm spectro-

meters. In this case, only the missing mass is measured and so it is

fairly hopeless to isolate an exotic resonance especially if the cross

section is small. However, if one could trigger, say, the MPS on a fast

forward K or ir and then measure all the associated particles, one could

eliminate the allowed processes (e.g. n~p -* A,~ Qp) and search for the

it ^ 1

Z . The polarization of the target proton would help in the interpretation

of any enhancement found.

Inclusive Processes

Inclusive processes are described in considerable detail in a separate

contribution in this workshop by R. Field. Again the presence of the A

or A in the final state of an Inclusive reaction is an easy experi-

mental way of maximizing the information. There are some preliminary

results from the ANl polarized proton beam on pfp •> Af + X. In this

reaction there are 6 observables involving spin. One is D, which is +1

when there is no spin-flip going from p * A (natural-parity exchange) and
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-1 when the spin flips (unnatural-parity exchange). The first aeasurenent

at 6 GeV/c was 0 - 0.27 + 0.29 which precludes a simple explanation.

A systematic progran with a polarized target would include t-channel

inclusive A production:

\

The t channel exchange would be K and/or K , K exchange. In the Triple

Regge picture the polarization measures the difference between natural and

unnatural exchanges.

One should also study u-chsnnel A production:

If X • it , for example, the Triple Regge diagi-an would look like

At At

Pt Pt

and so this would be a way of studying ££p coupling.
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Conclusions

There are certainly a Multitude of reactions one can profitably

study at the AGS energies with a polarized target. To be competitive,

however, one must: (1) be able to study R and A paraaeters—this implies

the design of the magnet oust allow various orientations of the proton

spin and (2) be able to study reactions other than elastic scattering—for

this purpose a frozen spin target would be best, so background subtractions

would be minimal.
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ABSTRACT

This paper deala with the phenomenology of polarization ant spin effects

in multlpartlcle exclusive processes. Vector-meson production with hyper-

charge exchange [K~p - <o,u,»)(A,I°), ff~p * K*°(A,!:O)1; Y*(1385) production;

charge-exchange vector-meson production [n~p •» (o°,u°)n, K"M •• K °N] are

examined In detail with emphasis on the Importance of polarized target

measurements. Existing amplitude analysis are discussed and predictions made

for some polarized target observables. At an example of the usefulness of

polarization Information, the new polarlcun beam dar.a on ptp - n4 from

Argonne are exaalned and a quark model comparison between this baryon-baryon

scattering process and the meson-baryon reaction K n •• K °p is nade. The

rcaults are In remarkable agreement with the naive quark model.
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I. Introduction.

This la ch« flrat of a two part papar concerned with the phenomenology

of polarization and/or ipln aeasureaentc In aultlparttcie production processes.

In part I polarization effacta In tiielaactc exclusive reaction* are dlacuaasd,

whlla part II deal* with the phenomenology of polarization and apln effcctR

in lnclualve reactions. That* Interested in the phenomenology of polarization

ahould read the earlier review* by Geoffrey Fox, a. J. N. Willlip* and

R. P. Wbrden, and R. 0. Field3.

The flrat and anat Important reason for aeasurlna. polarizations and spin

correlations In two-body nattering a + b - c + d la to obtain a coaplete set

of observable* ao that the underlying hellclty aaplltudee H, , . . <a,t) can
V*d« a b

be deteralned. In my opinion amplitude deteralnatlan ahould be the ultimate

•la of experlaentera alnce the complex hellclty amplitudes contain all the

Information of a given two-body scattering process. The aaplttudea are of

coune functions of both energy <*> and momentum transfer (t). Infonutlon la

needed on both the t-dependence of each aaplltudi> At flxti a f.nd on the energy

dependenc* at fixed t. Knowleg* of the forser la bast obtained at BSI. or ANL

since nany obaervables awat be measured and large atatiatlca are necessary.

The energy dependencea a m bsat obtalMd by coaparlsona between BNI. or ANL

and Ferallab. An exaaple of this can be seen In the reaction «~p • "°n, where

aaplttude analysea at 6.0 CeV/e can be cciblned with recent data froa Ferallab

at 100 CeV/c. Together these experiment* provide snich knowlege about fie

nature of the production aechanlsa v'o-exchange), whereaa separately the experl-

acnt* are auch less profound. I have great hopea of seeing In the near future

aapllEude analyses preforaed at BNL or ANL combined with energy dependences

deduced froa Ferallab for aany alastir and Inelastic processes.
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Secondly, even If a complete set of observable? Is not available

and hence an amplitude ana.'.?als not possible, measurement of polarizations

and/or apln observable* tells one a great deal about the production mechaniiia.

In particular. In many eases one can form combinations of observables that

project out amplitudes with definite t-chan. -1 quantum nuabers. This Is Impor-

tant In ascertaining what particle exchange forces are lmporcsnt in the pro-

duction process (ie, Aj exchange?). Particles have a dual role In high energy

physics: They can be produced as a "particle" [either peripherally (Pig. la) or

as a direct channel resonance <Flg. lb)) or they can be exchanged and produce

a "force" In the production process (see Fig. lc). 1 view the experimental

observation of the latter of equal Importance as the former. Care must be

taken, however, since observing a nen-cer? amplitude does not necessarily

laply that a particle with those quantum numbers was exchanged (It might be

a Regge cut). One must study the energy and t-dependence of the amplitude

carefully to decide exactly what It was that was exchanged.

tn this paper I will attempt to Illustrate my above remarks with some

specific example*. In Sec. II I will discuss vector-meson production with

hypercharge exchange and In Sec. Ill V (1385) production. Sec. IV Is concerned

with charge-exchange vector-mesor production. In each case I will describe

what Is already known about the process and Indicate what additional Information

can ba gained from polarization measurements. As an example of what can be

learned from polarized beam experiments! In Sec. V the reaction p+p •* nA Is

examined arid new data froa Argonne displayed. Sec. VI Is reserved for summary

and conaluslons. Elastic polarization will be discussed by H. Gordon and

A. Yokouova, while G. Fox

K~p •» n"A and n"p •• K°A .

A. Yokouova, while G. Fox will examine among other things the reactions
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o
II. Vector-Meson Production with Y • 1 Exchange.

- *o

A. K p - (o,o),:)A, T. p • K A.

In general there arc twelve complex amplitude; for the j-roccs-- I'll • VM'.

vhere P and V are pteudoscalar and vector mesons, respectively, and B and R'

are apln 1/2 baryons. Parity conservation reduces the number of Independent

complex aaplltudes neccesary to describe the process to six (J2 parameters

at each 8 and t value). It Is convenient to define transversity amplitudes

T^,T(s,t), where T, T', and u correspond to the components of spin of the

target baryon B, baryon B', and vector-aeson V, respectively, along the trans-

versity z-axia (normal to production pl.ne). In the absence of A and S type

measurements 'iese amplitudes are more closely connected to experiment than

helicity amplitudes and are used at an Intermediate point between the data

and ultimately ddslred s-channel hsllclty amplitudes H " . 's.O (aee Fig. 2 ).

The alx tranaversity aaplltudes are related to the helicity aapllcudes as

follows:

T^ 0 - -i/1 A+ T__° - -Ui A"

T ^ 1 • 1B+ + C* T ^ 1 • IB" + C"

T_^ — 1B+ + C + T ^ 1 ..IB" + C" , (2.1)

where

B± -

* ~
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The A*. B~, and C" amplitudes are simply related to the amplitudes defined

by Byera and Yang; the superscripts s refer to states with target bar yen

transversity T - *l/2. It la Interesting to not* that amplitudes with

definite natural (unnatural) parity In the t-channel Maintain (change by

one unit) the tranaveralty between Initial pseudoscalar P and final vector

••son V. Thi:» tranaveralty aoplltudea with u • 0 (u • *i) correspond to

natural parity (unnatural parity) exchange In the '-channel.

Due to the self-analysing property of tht A- hyperon. the reactions

K~p •• (p,»„.»)'• and *~p -• K °A provide one the opportunity of learning much

about the production amplitudes even In the abaence of Information as the

polarization of the target baryon. Indeed obcervatlon of tne joint density

matrix elements between the vector acton V and A hyptron, In addition to the

single density matrix eleaients of the vtctor aeaon, and the A polarization allows

determination of the magnitudes of all six tranaveralty amplitudes plus the deter-

mination of the relative phases between amplitude* with the same target baryon

tranaverslty ( T ) . The amplitudes can be divided Into two sets of three amplitudes:

(2. 3s)

for the trur.sversity amplitudes anc

(2.3b)

for the livers and Vang type amplitudes. From the joint decay angular

distributions of the vector meson V and A hyperon together vlth the differ-

ential cross section these amplitudes can be determined up to a relative

phase *_ between the target baryon transverslty up (T - 1/2) and down (T - -1/2)

.:(*"" '''
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groups and an overall phase $ . Thus out of the 12 parameters at each

s and t necessary to coopletly specify the amplitudes, 10 can be determined

without polarized target information.

The magnitude of the Srsnsversity amplitudes for K~p •* (u,$)A at
10,11

4.2 GeV/c are shown in fig. 3 as a function of momentum transfer, and where

the normalization is as follows:

|2
T$!.TI - 1 . (2.4)

UT'r

Fig. 4 shows the relative phases

6*1 - Arg (T**) - Arg(T°±) (2.5)

for K p -*• (u,$)A as a function of momentum transfer. As can be seen there

are striking differences in the amplitude structure for the two reactions.

In particular K~p •+ $A has large values of the |T°_| and small values of

|T° I , while K~p •+ ah has large values of the latter amd small values of

the former.

12
The naive quark model predicts that the amplitudes for K p * M are

identical to those for n~p •• K °A. Fig.5 shows a comparison of the magnitudes

of the amplitudes for these two reactions determined from various amplitude
10,11,13,14

analyses. These analyses are seen to give remarkably similar results in

excellent agreement with the quark model predictions.

For processes such as PB •* VA that allow both natural and unnatural

parity exchange the recoil polarization of Che A given by

PA<s,t) - -4 Io2, " J <•*>*)
 H_+ ^•t> / ° h '2-6a)

X
V
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Is in general made up of two contributions as follows

PA(s,t) - PN(s.t) + P0(s,t) , (2.6b) ;

where PN (P^) arises fron the Interference between amplitudes with natural

(unnatural) parity in the t-channel. The polarized target asymmetry (target

polarized normal to production plane) :

*T \ V
P (s,t) "4Im / H (a,t) H, (s,t) / o. (2.7a)

X i
f

is given by j

i

i

" W ^ " Vs>t) ~ V8'^ ' (2-7b) |"
If Py - 0 then the recoil polarization Pg, and the polarized target asymmetry '

P are equal. Having determined the magnitudes of the transversity amplitudes

(Fig.3)one can determine PH(s,t) and P,j(a,t) separately (they do not depend -

on *_ or $ 7. Fig. 6 shows such a determination for the reactions K p - > (u,$)A -
K O

at 4.2 GeV/c. It can be seen that the natural parity (K and K ) amplitudes ;

produce a sizable polarization PN and that this polarization changes sign in i'.'

17 '
going from » t o ) production. In addition P. does not equal P (le. P.. is -.,

not zero). In terms of t-channel unnatural parity exchanges P., is made up of

39 follOWS

P,j « In [(K + KgXK^)*) . (2.8)

In the absence of an amplitude with the quantum nuabers of the K^ the polari-

zation P.. would vanish. The experimental data seen to Indicate the presence
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of K - KA interference, which was certainly not expected. j

As we have seen, much can be learned about the processes K~p •* (p,n>,<£)A I

and IT p -» K A without polarized target information [ie. without knowing j

4>p(s,t)J. However, we have learned little as to the structure of the s-channel >

helicity aaplitudea HA
V
 k (s.t). From Eq. (2.1 ) and (2.2) it can be seen •

that both the aagnltudes and phases of the s-channel helicity amplitudes !

depend on the relative transverslty phase 4R(s,t). To determine the i

behavior of the helecity aaplltudes one must measure, in addition to the above J

10 quantities, the phase $B(s,t). This is not an easy task since, as we have seen, j
I

target polarization observables with polarization normal to the production I
I

plane are independent of 4>R (ie.
 p
a s y m does not depend on <fR). To determine j

$_ one oust measure either A or R type observables (see Fig. 7). It is

convenient to define oboervables more directly connected to the helicity ]

amplitudes as follows: :

R' - -4 Re > H/f H Y / a. (2.9a)
£_, ++ -+ h

\ \ * !

H- H+- f °h (2.9b)

A .£E K
\

(2.9c)

18
These quantities are simply related to the experimental A and R type parameters.

Just as for the polarizations Eq. (2.6b) and Eq. (2.7b) these observables

can be decomposed into natural and unnatural parity contributions as follows:

R'(s,t) - R(,(s,t) + R,j(s,t) (2.10a)

R(s,t) « BjjCs.t) - Rj/B.t)- (2.10b)

A(s,t) • Aj^s.t) + Ajjfr.t) , (2,10c)
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where In terms of transversity amplitudes

and

AN(s,t)oh-2Re T° T°* (2.11c)

^(8.t)aĥ 2Re T^ £ -2Re T^ £ * (

Clearly R and A measure the phase between the target baryon up (T , ) and

target baryon down (TT,_) transversity amplitudes. In particular If we
i
| define this phase by

I

|i *D(s,t) = Arg(T° ) - Arg(T° ) (2.12)

;; then, for example,

|T°_| sin $R (2.13a)

.8 AH(».tK'2|T?.||T
0 | cos •„ . (2.13b)

I
;l From our amplitude analysis without a polarized target we know everything

8 except 4u(s,t) and * (s,t) (see Figs. 3 S 4 ) , thus we can predict the above
lj K O
I A and R type observables for various values of d>D(s,t). This is Important
i
:; since, for example, if |T__| were exactly zero the R^ and Â , would be zero
i> * -
1 independent of •„. Fig. 8 shows the predicted values of R(s,t) and A(s,t) for

| K~p •• (ai,<t>)A at 4.2 GeV/c as a function of <J>R for various values of t. The

' values never exceed SOZ but they are not zero either. In Fig. 9 I have

j> decomposed A into its various components (Ay • AJJ + Aj:) at t • -0.05(GeV/c) and
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plotted them versus <j>_. It is clearly seen that A, is proportional to cos tR.

Similarly the s-channel hellclty amplitudes can be plotted as a function

of *R. This is done for K~p •» (w,<t>)A at t - -0.05 GeV/c in Fig. 1019.

pointed out earlier both the phases and magnitudes of the s-channel helicity

Amplitudes depend on <t>_. Having determined $D from a measurement of, for

example, R^ one can simply read the corresponding values of the s-channel

helicity amplitudes off Fig. 10.

A skeptic may ask whether It is worth performing a new and complicated

polarized target counter experiment to determine essentially one quantity

4R(s,t). The remaining 10 parameters at each s and t have been determined with-

out the use of a polarized target. In my opinion the answer is yes for the

following reasons:

(i) The new experiments will not be set up to measure just the one

parameter *R. The magnitudes and phases (including *R) of the amplitudes

vill be determined simultaneously (11 independent numbers at each s and t)

and they will be determined much more accurately than the previous bubble

chamber analyses.

(ii) The hypercharge exchange reactions K~p •+ (u,*)A and »~p -» K °A

provide a nice "laboratory" to study production aechanlau. They allow

both natural parity (K ,K ) exchange and unnatural parity (K,KA?,KB?)

exchange. In addition there are theoretical prediction! from duality

and/or EXD (le. K~p •* wA should have purely real hellclty amplitudes;

K~p •+ d>A should have amplitudes with a rotating phase). Theae prediction*

are clearly broken (large polarizations), but It Is crutlal to learn hou

and why they are broken. Also theae reactions allow for the study of the

little known double-flip amplitude H~*.
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B. K~p -• le.u.t

These reactions are described by six complex transverslty (or hellclty)

amplitudes just as the reactions K~p •* (p,a),*)A and n~p •» K °A, however In

this case one txpecta that the unnatural parity amplitudes T~, (»,t) are

less inportant. This la because the K acson couples much more weakly to

pT. than to pA (le. s^j- <<r t^if)- A recent transversity amplitude analysis

of Tt'p - K*o£°at 3.9 GeV/c by Yaffe et al. show that this Is Indeed the case

(see Fig.11). In fact, except for very small t, this reaction is described

quite adequately by Just ons amplitude T?.(s,t)! The remaining amplitudes

are roughly zero. This Implies that the polarization of the 1° Is positive

and maximal (see Fig. 12) and that It arises totally from Pu(c,t) In (2.6b)

(lc. PyCs.t) % 0). Thin almost complete dominance of T ^ means thst essentially

everything la already known about this reaction Including the as yet unmeasured

polarized target observables. For example, one expects

PA(s,t) % P,>y]|(«.t) % 1.0 (2.Ha)

R(s.t) % ^(s.t) % R,j(s.t) % 0 (2.Ub)

A(«,t) % A K ( M ) % A p ( M ) % 0 (2.14c)

Similarly all other obaanrablts can be determined. The quark motel predicts the

amplitudes for K~p •• it? to be identical to those for a'p •• K °£°. In addition

5UO) predict* that K~p - oE° Is dominated hf T?_(*.t) In the same way that

«~p • K*°t° is dominated by T ^ s . t ) . This Immllcs that | 0 1 -t for the

reaction K*p • oS° and there 1* evldtnce that thts I* Indeed the case.20

til. The Production of Y * O M 5 ) .

The reaction K~p •• »"r (1JB3) ls> described br the tr«M«wralty aaplltudcit

TJ,.J,; (s,t) where »(*') corresponds to the consonant of spin of the V (targft



proton) along the transverslty z-axls, which Is normal to the production

plane. Fattty conservation Implies T,^ " Ti .^ " T_3 _i " °- T h e remaining

four complex amplitudes are related to Che eight transversity density matrix

(3.1a)

(3.1b)

(3.1c)

eleaents

°33

"-3

Rep,

Imp,

as

m

-l

-3

follows:

1*3 -l'2

- IT* .

" lT-3ll

I ' R e ( T3

L * I O ( T3

22

a|

2

2

1T*-1

T* _ (3.If)

where 6. [6.] is defined as the relative phase between the amplitudes

By observing the two step decay of the Y (1385) (ie., Y -» nA, A • "p)

In addition to the differential cross section for K~p -> n~Y one can determine

all the transverslty density matrix elements and thus the magnitudes of all

four transverslty amplitudes and the two relative phases 6̂  and &2- Without

a polarized target one cannot determine the relative phase $„ between the

amplitudes with target proton transversity up (X* • 1/2) and the amplitudes

with target proton transverslty down (X' • - 1/2). In addition, one of course

cannot determine the overall phase of the amplitudes 6 . One can thus determine

6 out of the 8 parameters needed at each s and t value to completely specify

the production process K~p •*• TT~Y . The transverslty density matrix elements

22 — - *+
and the phases S, and <$„ resulting from an analysis of K p •» n Y (1385) are

displayed in Fig. 13, where the density matrix elements are normalized
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according to

°33 + °11 + p-l -1 + p-3 -3 " U

12
The simple non-relatlvlstlc additive quark model assumes that the

transverslty amplitudes for production process K~p * TT~Y can be represented

by a sum of quark-quark scattering amplitudes (Fig. 14). Transverslty

amplitudes that require a flip of more than one of the baryon quarks, such as

T3 -1 ^F18- !4)» are not allowed and predicted to be zero. This model thus

predicts

T3 ^ ( s . t ) - T_31(s,t) - 0 . (3.2a)

It also predicts

T u ( s , t ) - T_1 ^ ( s . t ) , (3.2b)

[ since these amplitudes are given by the same sum over quark-quark amplitudes.

1 The model thus predicts that p., • o , _, - 1/2 and that the remaining trans-

verslty density matrix elements vanish. As can be seen from the data In Fig. 13

these predictions do explain the gross features of the amplitudes, however,

| they are not satisfied exactly. The data clearly show non-zero values of P 3 3,

{ Imp3 _^ In the small momentum transfer region |t -t| s 0.3 (GeV/c)"
1 Indicating

I a non-vanishing T, , amplitude.
| •» ->•

I The as yet unneasured polarized target asyanetriea can be predicted from
ji
| the transversify amplitudes already determined. In particular, we define

| the following asymmetries

2A33(s,t) - 2[pJ3(t) - P33(O] , (3.3a)

2Au(s,t) - 2tpu(t) - 0 u ( O ] . (3.3b)
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where + (•) refer to target baryon polarization up (down) with respect to

the normal to the production plane. In tenon of the tr.insvergity amplitude

one has

2A33(s,t) - |T_3 jts.

2Au(s,t) - |Tu(s.t)|
2 - iT.^Ca.t)!2 (3.4b)

The Y polarization la defined by

(3.5)

Clearly the quark model predicts zero for A,,, A^, and P and Fig.15 shows

that the data are consistent with this prediction. Measurement of A and I!

type parameters are necessary to determine the unknown phase »R [le. *R =

Arg T1,ts»t) » Arg T_- .(«,t)l, which is predicted by the quark model to

be ZITO.

Further, high statistics experimental studies of K p -» IT Y and

- o *
" p •* K Y would be interesting in that one could examine the detail nature

of the aaall quark model violations. Do they depend on energy? How does the

quark «odel breaking differ from K~p •* "~Y and »~p • K°Y ? Can the breaking

be attributed to absorption effecta?

IV. Charga-Exchanga Vector-Meson Production.

A. "**p •» p n.

The production •achanlm for n~p * p°n has bean atudltd In great detail
23 24

due to axcallant data at 6.0 and 17.2 GaV/c, which includes o-u mixing Infor-

mation. Nevertheless there la still some confusion a* to the precise nature

of the unnatural parity exchanges. Some points that need further clarification

arc:

(1) There appears to ba a channa in slope of o^dcr/dt at t %• -0.4 (GaV/c)*.

Absorption model* predict an actual dip at about |t I 1 0.4 - 0.5 (CcV/cV
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I
I In this observable (see Fig. 16). What Is the mechanism responsible
! H

| for this structure in poQdo/dt?

' H
j (ill) There appears to be very little Regge shrinkage in p do/dt

of «• < 0.5 (GeV/c)~ ,whlle normal Regge poles (like the c) have a

between 6.0 and 17.2 GeV/c (see Fig. 17). The data imply a plon slope

of «• < 0.5 (GeV/c)~ ,whlle normal Regg

slope near one. Why is the IT different?

(Ill) How important are A^ exchange contributions to p° production?

The answer to this last question can be answered by polarized target experi-

ments and once the answer is known perhaps it will help us to understand

better questions (1) and (ii). In general the observable p dcj/dt is given
oo

in terns of the s-channel hellclty amplitudes by

p^od<j/dt(a,t) - |H£°+(s.t)|
2+ |tf£_(s.t)|2 . (4.1)

where to leading order ia I/a the anplltudes H""1 (H"T ) receive ccntri-

Ot[- OTJT
butlons fron n (A,) exchange. The preaence of an A. exchange contribution

II
could have the following effects on p do/dt:

(I) If Aj exchange were important at small |t| then DQrda/dt would not

vanish like t as t -» 0 as is the case for it exchange.

(II) If A, exchange became important at large |t| the A, (or A, cut)

could cauae a change In slop* of p do/dt as a function of t (see Fig. 18).

Actually, since the A^ contribution haa a zero at »A (t) • 0 (fron aignature
PP ,,1, "̂

and absence of J • 0 atatc, while the tr contribution has a pole at a,,(t) • 0>

the ratio of A./TT is expected to be quite nail. These small A,/* ratios will

probably not affect the differential cross-section or density aatrlx observablea

much since they enter q-iadratlcally. On the other hand, polarization effecta

are linear in Aj/n and so could bacoae significant particularly at |t|> o.3(C«V/c) .

Experimentally one should check for Che presence of Aj exchange by studying
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p production off a polarized target. In particular defining polarized

target asymmetries as follows:

P do _ fl dc { f ) _ ojj2.o) (4.2a)

where *(•) refers to target polarization up(down) with respect to the normal

to the production plane and vhere p+ • o,, * <>i _i •
 o n c '»•• * total polarized

target asyaaetry given by

,t) - PH(s,ti - P,j(s,t) , (4.3)

where ?v • -A^ - AJJ . The recoil nucleon polarization is given by

PrecoU ( B > t > " PN ( 8' t ) + PU ( s > t ) ' (4<4>

where In terns of t-channel unnatural parity exchanges Py is aade up of as

follows

Pu(a,t) ' I«(itAj) . (4.5)

It is the Interference between n and A^ exchange. (This Is coapletly analogous

to the hypercharge case In Sec. II A, where P^ Matured the interference between

K and KA exchange. In that caie, due to the self analyzing property of.the

A hyperon, we did not have to have a polarized target to Measure Py.) In the

absence of Aj exchange P[j(a,t) In Eq. (4.5) will vanish and
 p

recojj^
t«t' "

PMjm(s,e) » PN(s,t). Pig.W shows the quantities P^U.t), A^(s,t), A^Cs.t),

and ""..y-f^it) 'or o° production for sedsls with and without A, exchange.

Clearly nxpeclaental determination of the unnatural parity polarization

Pu(a,t) will answer the question as to the Importance of A, exchange In c°

production.
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B. n~p - u°n: Where do heliclty zero u 's come fron?

The observable o Qdo/dt for u>° production la given by Eq. (4.1) where

the amplitudes H""1. (H""°.) receive contributions froB B(Z;JPIC - 2~1 +) 2 6

O™;T orjf

exchange. In the absence of J ( J T - 2"l+) exchange oHdo/dt vanishes like
oi>

t as t -» 0 and since the B does not have a pole near the physical region

(like the n) one expects very few small |t| u°'s to be produced, It can be

shown that due to P-UI nixing the reaction it n -» £>°p (<L Is electromagnetlcally

nixed u) has substantially aore heliclty zero u°'a than the unmixed reaction

i n •• u°p, but the reaction n~p •• u°n has less heliclty zero ui°'s than the

unalxed case (see Fig. 20). As Is clear froa Fig. 20 If one compares the

models with the SUB of I a •* 5 p and " p-*Sn, which cancels out alxlng

effects, on* cannot explain the large saall |t| values of pH with B exchange
27 0 0

alone. Perhaps, as suggested by Irving and Michael, the remaining heliclty

o o

zero u 's are produced by Z exchange. In u> production the B exchange contrl-

butlon has • single zero at <»B(t) - 0, while the Z(J
PIG • 2~1+) exchange con-

tribution need not vanish at a~(t) • 0 so that, In contrast to the ratio of

A./n for p° production, the ratio Z/B alght be Important.

Again the best way to teat for tht preaence of a possible 7.(3 I • 2 1 )

exchange contribution Is to measure Py(s,t) In Eq. (4.1) by the use of a

polarized target. In this case P,,(s,t) measures B-Z Interference and vanishes

In the absence of a Z exchange contribution

C. K"p » K*°n. K+n ••> K*°p.

Using SU<3) one can dlwctly relate the amplitudes for K*° and K*°

production to those for u° and s>° production aa follows:

A(K"p • K*°p) - -[A(»"p •• u°n) - A<"*p - o°n)] / /I , (4.6a)

A(K+n • K*°p) - -rA<«"p • u°n) + A(»"p * p°n)] / V3 . (4.6b)
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From these relations one can construct the following SU(3) sum rules .

• ij dT <K*°> + P « £ <**°> - "y i f <°°> + • « £ <«"> ' » • »
t

which are quite nicely satisfied (see Fig. 21). In addition using (4.6a)

and (4.6b) one can relate the line reversal breaking seen in K ° and K °

production to o-u mixing phases 6 determined by studying the n it" mass

spectra in 7t"N •* IT ir~N as follows: '

A s |A(K*°)|2 - |A(K*°)|2 - 2|A(U°)| |A(0°)| cosB . (4.8) |
i

where 6 - Arg[A(u)°) / A(p°)], A comparison of the data at A.O GeV/c (Fig. ?.2) from I

29
Argonne show good agreement betveen the left and right hand sides of (4.8). !

The amplitudes for K ° and K ° production are in excellent agreement !

with the SU(3) relations (4.6a) and C4.6b). This implies that any A1lZ;J
?lG- \

2~1 ] exchange contributions present in p°[io0] production will via SU(3) be :

present in K and K ° production. The polarized tarjet observable Pu(s,t)

Eq. (4.2) and (4.3) for K*° and K*° production is given by:

Pu(K*°) - Im[(ir - B)(A1 - Z)*] (4.9a)

PU(K*°) « Im[(Tt + B)(A1 + Z)*l . (4.9b)

Measurement of these observables will help to further our knowlege as to the

nature of unnatural parity exchange.

•H- 30
V. Polarized Beam Study of p+p * nA .

A. Observables.

The observables for p.p • ptr n in terms of angular correlation functions

and the beam polarization vector P, where this vector is defined In the beam

proton rest frame with the s-channel components
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Px - P • (fl x p b e a o) (5.1a)

?y - P • ft (5.1b)

P " P • p. (zero for transversely polarized bean) (5.1c)

and where A Is the normal to the scattering plane, are defined as follows:31

d3o/(dtd cosed*) - (1/2TT) |2. ^2(P 3 J + AJ3P ) Wj + 2(o13 +

where we have only considered P-vaves and where

Wx - 3/4 sin
2e (5.2b)

W2 - 1/4(1 + 3cos
26) (5.2c)

V»3 - -/5 (sln29cos$) /4 (5.2d)

W4 - -/5 (sln
28cos2*) /4 (S.2e)

and the angles 6 and 4 arc the polar and azinuthal decay angles of the A .

Thus, by the use of a polarized beam one can determine eight new observables

AJ3, A u , A31, A ^ , I31, I31, 13_1, t\_x in addition to the usual a"
1"*" density

matrix elements and the differential cross-section. However, due to the large

number (sixteen) of independent complex amplitudes necessary to describe

pp -» .i4 one cannot perform a model independent amplitude analysis even with

the additional observables provided by polarized beam studies. Nevertheless,

one can learn much about the nature of the production mechanism by studying

these new observables. In particular one can make an interesting quark model

comparison between the observables for p+p •+ nA and K n + K "p.
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B. Quark Model Comparison between p+p •+ nA and K n + K °p.

In general the reaction pp -• nA Is described by 16 complex amplitudes;

8 natural parity and 3 unnatural parity. The quark model predicts that the

four amplitudes with |m| = 2 vanish, where n is defined as the net t-channel

— I1
helicity flip at the pi vertex. In addition the model requires that the

two natural parity amplitudes with nt » 0 vanish and that the remaining |m| = 1

amplitudes are related In pairs by »"3 factors. This leaves a total of two

natural and four unnatural parity amplitudes necessary to describe the reaction.

As shown in Table 1 this is precisely the number of independent amplitudes

present in the vector-meson production K n •* K °p. Both reactions K n •• K °p

and pp -> nA are exotic in the s-channel and both allow exactly the same

t-channel Regge exchanges (p and A2 natural parity exchanges and it and B

unnatural parity exchanges}. It Is therefore not surprising that the quark

model predicts a direct relationship between the t-channel hellcity amplitudes

for the two processes as shown in Table 2. From this It Is an easy matter to

predict relations among the t-channel observables for pp •+ nA (do/dc, &

density matrix elements in the Jackson frame) and K n •• K n (do/dt and

vector-meson density matrix elements). These predictions are also listed in

Table 2.

Fig. 23 shows the quark model comparison for the differential cross sections

for pp •• nA and K p •+ K cn and Fig. 24 shows the comparison for the density

matrix elements (observables 2-5 in Table 2). The quark model predictions,

although not exact, are seen to be In excellent agreement with the data. (Remember

we are predicting baryon-baryon scattering from meson-baryon scattering!)

One must use care when testing the predictions for the pfp •<• nA polarized

beam asymmetry observablea (observables 6-13 in Table 2) since these observables
33

can in general receive contributions from the J » 1/2 P-wave background under

the h for which the quark model predictions do not hold. This contamination
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Is, however, expected to be snail for the asymmetries Aj, and A,, since

the P waves enter In the form Re [P(J - 1/2) P(J «= 3/2) ] 3 4 . The prediction

of non-vanlshlng A ^ and vanishing AJ3 is seen from Fig. 25 to be In reasonable

agreement with the data. The remaining polarized beam observables (observables

8-13 in Table 2) receive P-wave background contamination in the form t

Im (P(J - 1/2) P(J - 3/2)*] which cannot be neglected and which inhibits |

i
any simple tests of the quark model predictions for these observables. S

•H- I

The quark model predicts that the polarization of the & is related to :;

Imp1(J for K ° production as follows |
PA(s,t) - -<ll Im P^Ca.t) , (5.3) |

i-
where we have combined observable (6) and (7) in Table 2 (ie. P, = 2A,_ + 2A,.,), (

which removes any possible J • 1/2 P-wave background contamination. Eq. (5.3) \

implies that the dynamical mechanism responsible for non-zero values of Im p.- I

in K production is responsible for the observed non-zero A polarization i

shown in Fig. 26. The former observable is related to the t-channel helicity f-

amplitudes for K ° production shown in Table 1 by >•

where t is the sum of the squares of all 6 helicity amplitudes given in Table 1.

Thus Im o.. (and hence P.) arises from the interference between unnatural parity

amplitudes (ie. n and B exchange). If the n &ud B were EXD all unnatural parity

amDlitudes would be real and Im p,. (and P.) would vanish. In an sbsorption

picture Im o1Q and P& arise from the interference between a predominantly

real structureless (n - B) Regge flip amplitude and the Regge cuts (it̂ , Bc, P C,

Aj) contributing to the evasive non-flip amplitude.

Unfortunatley Im p.. cannot be measured directly, but one can estimate

it from amplitude analyses. As discussed in Sec. IV C, by the use of SU(3)
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+ *o
one can relate the amplitudes for I n + K p to the amplitudes for

ir~p + u°n and n~p •* p°n as follows [See Eq, (A.6a) and (4.6b)].

u t ( K * O ) " [°i(ult>) + V p 0 ) ] ; n • <5-5)

where i corresponds to any of the amplitudes In Table 1 and U(ui ) [l'(p°)J

receives contributions from B exchange [ir-exehange]. 1'rom (5.4) and (5.5)

one has

Im p*£0 - It.[u^.(u°) t&.(p
0)* + U^tP0) <£>°>*] . (5.6)

where for simplicity we have neglected A, exchange amplitudes. Using amplitude

analyses of the reactions n~p •* iu°n and ir~p •+ p°n including p-w interference

data (which determines relative p and m amplitude phases) we have estimated

K* ++ i
Im p,_ from (5.6) and compared it with the experimental values of A

1U t

t

polarization in Fig. 25. The agreement is quite satisfactory.

It has been suggested that the mechanism responsible for A should

be the same as that producing the observed non-zero (negative) polarization

in np charge exchange scattering. Given that the quark model Is approximately

satisfied this connection is somewhat subtle. Table 1 shows important

differences between the amplitudes for the two reactions. The differences

are as fellows:

(1) For np CHEX there are additional natural parity amplitudes (N^.

N ^ ) coupling to m « 0 states, whereas for pp •+ nA only unnatural

parity amplitudes (11° , 0° ) couple to these states.

(ii) For np CHEX there are only two unnatural parity amplitudes 0}_+>

U^) .whereas pp ->• nA4* has four unnatural parity amplitudes (U^, U ^ ,

The polarization in np CHEX is given by

PCHEX(8't> " lm
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i and thus arises from the Interference between two natural parity amplitudes "

i I
I (ie. p and A, exchange). If the p and A. were EXD all natural parity ampli- )

j tudes would be real and PCHEX would vanish. In an absorption picture PCHRX f

i arises from the Interference between a predominantly real structureless \

\ (A2 - p) amplitude and the ReRge cuts (nc, B , P C > A^) contributing to the j

| evasive non-flip amplitude. )

I + + >

I The mechanisms responsible for the polarizations in p +p •+ nA and pn •

; CHEX are similar since each arises from the Interference between a predoml- jj

I nantly real structureless Regge flip amplitude and the Regge cuts contri- |..

• butlng to the evasive non-flip amplitude. For p +p •+ nA [pn CHEX] the j'
• I •
| predominantly real Regge flip amplitude receives contributions from the L

i + + I'
j approximately EXD n-B [p-A2] exchange. Fig. 26 shows that the pfp -• nA j

I pi CHEX polarizations do resemble one another. Both are negative and j

structureless, however P C H E Y IS somewhat larger in magnitude.

I VI. Summary and Conclusions. j
| A. K~p •» (p.a>.0)A. it~p -*K A (6 complex amplitudes). [

' I-
: By observing the joint correlations between the vector-meson and the j;

• A-hyperon in addition to the single density matrix elements, A polarization, i

, and dcr/de, one can determine 10 out of the 12 parameters necessary to com- r

pletely specify the amplitudes at each s and t value. The existing data t

j indicate that !,.

; 1. The quark model [or SI)(3)) predictions of equality of the amplitudes '"

i i
for K"p -• *A and v~p •* K °A works remarkably well (Fig. 5).
2. Using Sl'(3) one can sucessfully relate the amplitudes for K p -» 4>A

. „- . 3,10,20
and K p -» IDA.

3. The amplitudes with quantum numbers of the K and K exchange do not

exhibit EXD and the systematlcs of this EXD breaking is similar to that

found in K~n -> ""A and it"p -» K°A .
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4. The amplitudes with Che quantua number* of the K, are not xero

at 4.2 GeV/c. Whether thla Is due to an actual KA pole or Regge-ReK&e

cuta or I/a effecta reaalna to be seen. In any case, these reactions

provide an excellent place to atudy the properties of unnatural purity

exchange (K, K^, Kg).

Became of lack of knowlege of the relative tranav«raity phaxe »,, we (tnou

Httle aa to the nature of tha a-channel hellclcy aaplltudea for thane procesKoa

(Fig. 10). Oetemtnatlon of thla phaae requires A or R type aeacurtmenta with

a polarized target. With auch aeaturments one will be able to do a coaptcte

amplitude analysis of these reaetlona and dctcmlne the s-channal hellcity

aaplltudea up to an overall phaae » . Aaplltude analysea at BJCL or AM. energies

together with energy dependenceadeduced froa coaparlaona with Feral l«h experiments

will provide aaxlaal Information froa which viable theoretical descriptions nhould

arlae.

Soae experlaenters have aaked ae to uae current theoretical aodele to pre-

dict the behavior of the s-channal hellcity amplitudes for thaae proceiae* *o

that theae predictlona could be coapared with future txpcrlacntal results, (n

ay opinion we are not at a atage In our theoretical understanding of high energy

production aechanlaaa where It aakea aanae to do thla. Thla can be done In

quantua electrodynamics, but for atrong interaction phyatca the aodels cannot

auceaafully deacribe all the featurea of exlatlng data. A new cxperlaant la

not needed to rule out exlatlng aodela) The proper queatlon for an experlaenter

to aak ia, "How ouch can we learn about the nature of the production aechonlaa

(ie. a-channel heltclty aaplltudea) froa ay experiment?" Because of the <telf-

analyslng property of the A-hyperon theae reactlona are particularly aulted for

aaplltude analyaea type experiments and these aaplltudea contain all the lnfor-

natlon about a given process.
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tfwfle*;r th

I. Tttt>## r*#*»lsm* ntf AmimmXf «saiuf«S parse* «K , K >

TJ»I» t« b*f«wi# »fc# B awaen couple* enty w M l y t» p" Cl«. «

or i^»n proctitt* I* «I«MI«I iMiitMl (Fit . '•>•

«*»n ti f t i

known F/9 r « l « » K M

In ttjniK of ir*n»v«»r#i!y Mfli iwi** <"~p - K "t;** {K*p •• af0} I*

hy J«« on* JtcpltCtMlr tj^l».«) JT*^(»,«)) t f l« . H ) . The

••(liKuJi'f «r# roushty ztro. Tblw •#•!>• thm no n«w tnfonMtioii i* MlntiS Hy

potar!i«4 t«r([*t or A JW<! It type MMMtrwit* (or the** proc«**«*. S*«w «n<) «or«

«eeurjt« data on the <!Uf*r*fl(!*l ere** •t«tloasr.den*lty ftitrlx «i«fKn!», r°-polar

<ati<m, and correlation* 1» eadly ncadttl, ?vow«v«r, th« qu*rk IKUJOJ preillrts stint

ch* tMnlltud*! for th*«» proe***«* at* retattd aeeerdlnie to A(K*B • .-"") •

A(S> - vS°» and A(K"p - *£°) • A{*'p • K*°r°).

C. K~p » > V ( » » i ) ( i conplcN 4MpUtvdta)

i* otracrvlnft the two»at«p decay of tha Y (I3*5> together with dr/dt one can

dcrernlna A out of A paraaatara necaatary to eoBpleteljr specify the amplitude* at

each a and t . The data indicate that

1. The quark andel il»«» a good description of the trantvaralty aaplltudea

although the prediction* do not hold exactly (Flu. I D .

2. The quark sodel prediction of tero for the polartxed target aayaawtry

alao appeara to be aatlafled (Fig. 15).

Better etatlatlca for thta proceaa and lta line raveraed partner

»*p - K°V**«385> are needed.
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D. i p * IT n ( 6 complex aaplltudes)

Much has been learned about this process from high statistics experiments

at 6.0 and 17.2 <JeV/c. However, we still know little as to the importance of

Aj exchange and the lack of shrinkage of v exchange Is a bit disturbing (Fig 17).

Polarized target experiments can tell us the Importance of A, exchange.

B. »**t> •> ui°n (6 complex amplitudes)

Of all vector-meson production reactions data on n p -» u n and " n -> m p

Is the poorest. New data Is badly needed here. Present data does Indicate

that perhaps B exchange alone la not sufficient to explain the small |tl

behavior of the unnatural parity projection o do/dt (Fig. 20). It has been

suggested that Z(J - 2~1 ) exchange may be important. Polarized target

experinents can tell us the importance of possible Z exchange contributions.

F. K~p •* K*°n, K+n - K*°p (6 complex amplitudes)

SU(3) works beautifully in relating u° and o° production to K ° and K °

-*o
production (Fig. 21). In particular the line reversal breaking seen in K and

K production can be successfully related to the p-ui mixing phase determined

froa studies of the nn spectra In nH * TtnN scattering (Fig. 22).

G. P (P •» n& (16 complex amplitudes)

The successes that the naive quark model enjoyed In Sec. II [predicting

equality of K~p •» $ti and it~p * K °AJ and Sec. Ill [predicting spin structure

for K~p •» ir'y (1385)) are difficult to Interpret since the sane predictions can

be arrived at using SU(3) on the various exchanged Regge poles plus M1 dominance

of the r (and A^) couplings. One cannot decide whether to attribute successes

to the quark model or to Regge exchange plus SU(3). However, the quark model,

unlike SU(3), predicts relationships between meson-baryon and baryon-baryon

scattering. We have seen the recent data on pp -* nA and K n -• K °p are in

excellent agreement with quark model predictions (Fig. 23-24). This Is parti-

cularly impressive since only with a quark type model can one relate baryon-

baryon scattering to meson-baryon scattering. In addition, the sign and magnitude
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of In P 1 Q for K ° production arrived at via SU(3) from the amplitudes for

o° and u° production Is found to explain quite nicely (as predicted by the

quark ondel) the observed non-zero A polarization (Fig. 25).
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Table 1: The t-channel helicity aaplltudes f, , . , (s,t) for the process
c a'Vb

a + b - * c + d , where the quark nodel relations for pp -• ni have

been used. The amplitudes H ^ (s,t) [U^_j (s,t)J correspond to
c a c a

defIn te natural [unnatural] parity In the t-channel, wnere m Is

the net helicity flip at the db vertex (tn -|X. - »r|).

D

1

1

1

1

0

0

0

2

2

2

2

..+ ..*onK * oK

f , , - N * -
——Jl T T

PP *

U1 f - /u++ r++;3/2 1/2 '•

U1 f - /
++ —:3/2 1/2

vl f-+!3/2 mmA

ni**

if -N1 + U1

5 f — ;l/2-l/2"N++~ "-H-

J f-+;l/2-l/2"M-++ U - t

* U-+ f+-;3/2 1/2* +-;l/2-l/2""N-++ °-

f-f+;l/2 l/2*f++;-l/2-l/2""-H-

f-+;l/2 l/2"f-+;-l/2-l/2*"-f

f4+53/2-1/2"°

f — ; 3/2-1/2"°

f+-!3/2-1/2-0

£-+!3/2-1/2"°

f-jl

+ f+-il

f-+;l

f—;i

pn •» np

1
72-1/2 ++

1 1
/2-1/2 -+ "-+

Ml
/2 1/2""N++
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Table 2: Quark model prediction for the connection between pp -» nA

and K+n ~ K*°p.

K+n * K*%

t-channel amplitudes (see Table 1)

(1)

(2)

(3)

(4)

(5)

(6)

N++

observables (Jackson frame)

(1)

(2)

(3)

(4)

(S)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

do/dt •

P U + P1_1

pll " °-l-

poo

Re P 1 Q

-i»5 Im o 1 Q

++
pp •* nfl

(1//8) N ^

(1/î S) U*

(1//8) IT.

(l/i'B) U1

(^/4) U^.

(3/8) da/dt

4/3p33 + 4//5 Re P3-1

4/3p33 - ttlJl Re P3_,

2 p u - 2/3 P33

Itf^i Re p_.

2 A U

2A33 - 0

4A31 - 0

4A3_x - -/3 (2AU)

4 I 3 1 - 0

« 4 ^ (2AU)

4 1 ^ - .̂ 3 (2AU)

4 iL, - 0

Regge Exchanges

P.A2

TT,B

P,A2

Al

n,B

Al
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Porlicle Y os a "particle"

•\r ft

Figure 1. (a) "Particle" Y produced peripherally as a resonance.

Figure 1. (b) "Particle" Y produced as a direct channel resonance.

Particle V as a "force"

Y

Figure 1. (c) Particle Y as an exchange "force".

DATA - »>mou* polarized target

K-B-7T-Y*t«tC

Decay Transversily Amplitudes

4j,. ^ unknown

5-cMonnel helichy
ompliludes
^ unknown

theoretical assumptions

A ana R type measuremenls
(ie. polarired targei)

Figure 2. Self explanatory.
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1.0

|T?_f 0.5

\T?.f 0.5

0.5

0.5

=FH-

I i

0.5 1.0 0.5 1.0

to-t (GiV/c)
2

Figure 3. Magnitudes of the transverslty amplitudes for the
reactions K"p * (u,4>)A. The triangles are the combined 3.9
and 4.6 GeV/c BNL data (Ref. 10) and the circles are combined
BNL and Ecole Polytechnique data (Ref. 11).
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K*p-»mA

0.3 1.0 0 0.5 1.0

to-t(GeV/c)
2

Figure 4. Relative phases of the transverslty
amplitudes, where

+i +i

The data are the same as Figure 3.
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<• K"p—d>A (BNO • ir*p-»K*°A(BNL)

? K-p-.d>A (BNL + EP) t w~P-K*°A (CERN)

0.0

0.0 0.5 1.0 0.0 0.5 1.0
to-t (GeV/c)

2

Figure S. Conparlson of the anplltudes for K~p •* *A using the
BHL data (Rcf. 10, rtpen circles) and the BNL + EP data (Ref. 11,
open triangles) with the amplitudes for ir~p •* K A at 3.9 GeV/c
(Ref. 14, solid triangles) and at 4.5 GeV/c (Ref. 13, solid
circles). The quark model predicts equality of the amplitudes
for these two reactions.
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0.5

P 0 ,

-0.5

-1.0,

K~p-»o)A K~p—4>A

• • •

-t-r

0.5 1.0 0 0.5

-t(GeV/c)2

1.0

Figure 6. The natural parity polarization PJJ; unnatural parity
polarization F(ji A polarization P^; and polarized target aaynetry
P for K"p + (iii,»)A at 4.2 GeV/c predicted from the tranaversity
anplltudea ahoun In Figure 3.

•"•A
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R-Typo geometry 1

Beam

PT Sin ^

R

A- Type Geometry

Beam

Normal to Production Plane

/ ^~—• Scattered

r,"
* \ Recoil

^ — ' Scattered

\ Recoil

/ V P T

Figure 7. The geometry for R and A measurements in tuo body
scattering. The quantities R and A are just the final compo-
nents of the baryon polarization off a polarized target. Note
that both configurations demand a sizeable component of target
polarisation in the production plane. (Figure taken from G.
Fox Ref. 1).
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0.50

0 25 -

K'p — <t>A

-0.50
2TT0

(^(radians)

Figure S. The A (Eq, 2.9c) and R (Eq. 2.9b) parameters
plotted versus the relative transverslty phase
4 - Arg<7°_) - Arg(T° ) for K~p + (u,$)A at 4.2 OeV/c
predlcted'fron the transverslty amplitudes shown In
Figure 3.
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K"p-»oiA K-p-»d»A

-0.50; Z-rrO

<t> (radians)

Figure 9. The natural (*H) and unnatural (AJ, AJj) parity components
of the A parameter (Eq. :;.9c), where

plotted versus the relative transverslty phase $ - Arg(T__) - ArgCT^)
for K'p •* (u,*)A at 4.2 GeV/c predicted from the transverslty amplitudes
shown In Figure 3.
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04p 7
K'p—

-0.

0.'

-0.4

0.4

-0.4

0.4

-0.4

0.4

-0.4

0.4

Imog

Reol

Imag

2-rr O

-0.4

Figure 10. The s-channel hellclty amplitudes at t - -0.05 (GeV/c)
for K~p •* (co,<>)A at 4.2 GeV/c plotted versus the relative transversity
phase § • Arg(T J) - Arg(T^) and predicted from the transverslty
amplitudes shown~*ln Figure 3 and Figure 4* These amplitudes can of
course be multiplied by the arbitrary phase factor e"*o. In this

^. to be real and positive.

- 140 -



1.0
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ir-p-K"°A
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Figure 11. Magnitudes of the transverslty amplitudes for
ir-p •» K*(A,!:0) at 3.9 OeV/c from Ref. 21.
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0.5 •
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P0

-0.5
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0.0 0.5 1.0 0.0 0.5 1.0

Figure 12. Tha natural parity polarization PN; unnatural parity
polarization Pv; recoil A polarization Pr; and polarized target
"jwietry P, for n"p •» K*°(A,S°) at 3.9 OeV/c determined fro»
the tramverslty amplitudes of rj^./e 11.
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0.4

0.0

0.2

0.0

-0.2

0.2

0.0

-0.2

(c) Re p

(d) Im p
5

U) s.

(ti)

(i)

R* »

Im •

0.S 1.0 0.0 0.5 1.0

Figure 13. Transverslty anplltudes and transverslty density
natrlx elenents for the reaction K~p •* ir~Y*+(13B5) from Re£.
22, where Silin} *• tne relative phase between T3..1 and
T.]_I(TIJ and T_3^). The quark nodel predicts T3-1 • T.31 • 0
and T n • I,_. • 1/2.
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Ti/2;l/Z

Figure 14. (a) Illustrates how T21 can be represented as a sum
of quark-quark scattering amplitudes. The ± signs represent quark
spin projections on the transverslty z-axis (normal to production
plane).

(B) W.-I/2 (5-t> -

Figure 14, (b) Illustrates how T3..1 requires that more than one
of the baryon quarks flip sign. The quark model thus predicts
that this amplitude vanish.

1.0

O.S

-as

0.5

-0.5

o.s

-as

2 A33

+i+-I

0.0 O.S 1.0

to-i{GeV/cf

Figure 15. The polarized target asymmetries

2A33 - 2(pJ, - J33'
2AX1 - 2(p11

and the Y* polarization P • 2A33 + 2Aij for
the reaction K~p * u-Y*+(1385) at 4.'2~GeV/c
determined from the transverslfy amplitudes
of Figure 13.
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MODEL I MODEL 2

I <G«Wc>

Figure 16. Comparison of aeveral absorption a
predictions vlth data for ojj do/dt(n~p •+ p°n).
(Figure taken from Ref. 25).

nodel
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ir-p— p'n

10

6.0 GeV/c

10

0.0 0.S
-I (G»V/c)2

1.0

Figure 17. Comparison of the 6.0 (Ref. 23) and 17.2 GeV/c
(Ref. 24) Ti~p -> p°n data. Tlie data are normalized so that
pj}odo/dt Is equal In the forward direction at these two
energies. The figure shows the lack of shrinkage of the
unnatural parity projection pgodo/dt and the relative
increase of the natural parity projection pjjdo/dt, where

p+ " "11 + "l-l-
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Figure IB. Contributions to p|)odo/dt (n~p * p°n) at 6.0 OeV/c
from a nodel that Includes A, exchange. (Figure taken fro*
Ref. 25). x
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Figure 19. Predicted polarized target asynmetries AJ, AJ, Ay
(Eq. 4.2), where the total polarized target asyoutry 1* given
by 1 1 o

and the recoil polarization Is given by

Model 3 (lb) Includes (excludes) A1 exchange. Ho A^ exchange
contrlbutlo i implies ,

and Pr - A. (Figure taken from Ref. 25).

- 148 -



05 ,1.0 0
-I (GeV/c)

Figure 20. Comparison of various absorption nodels (solid
and dashed curves) with data on p|joda/dt for "~P -• u°n and
n^p -» u°p. The dotted curve shows the effect on the dashed
curve nodel of Including p-o mixing. (Figure taken from
Ref. 25.)

10.0

0.1
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-t (GeV/c)2

Figure 21. SU(3) comparison of data on K~p • X*°n
K*n •» K °p, *"p • p°n, and it"p -• u°n at 6.0 GeV/c.
£U(3) predicts the solid and open circles to be
equal. The quantities p? are defined by

P».DHlipH_r

I- -

r
f :
p . '

ft" '•
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O.I 0.2 0.3 0.4 0.5 0.6
-t (GeV2)

Figure 22. Conpares the line-reversal differences
fi- Oijdo/dtCKhi •» K*op) - Pljdo/dt(K"p + K*°n)
(open circles] with the values predicted from 5U(3)
•nd the o-u mixing phase S [solid squares]. The
mixing phase Is determined by observing Che it+ir~
mass spectra In n-N •* *+ir~N scattering. The crosses
are the same as the open circles but the s-wave
under the K*° and K*° has been removed. (This
figure is courtesy of S. Kramer and A.B. Wicklund
and uses the Argonne data of Ref. 38.)
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Quork Model Comparison of p p - ni**ond K*n-K*°p

0.2
-ItGeV/c)2

0.4 0.6

Figure 23. Quark model conparlion of the differential
croaa lections for pp • ntf+(Ref. 31) and K*n •* K°p
(Ref. 39) at 6.0 GeV/c. The quark nodel predict!
(pp • n#*) • 8/3(K»-n + K*°p).

I! '
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Quark Model Relolions for K+n-K*°p end
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Figure 24. Quark model comparison of the K ° vector-
neson density natrlx eleaents for K^n -• K*°p and the
if* density matrix elenents for pp •* niS1* at 6.0 GeV/c.
The data Is the sane as In Figure 23.
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Asymmetries for pp—nA**6.0 CtM/c

•••25

00

-25

+ 25
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Figure 25. Polarized bean asymmetry observables
(Jackson frame)

2A
U

- P ^ ) . 2A33 2 ( P 3 3 " P 3 3 )

for p.p * nrf+ at 6.0 GeV/c (Ref. 31). The quark
model predicts 2A33 - 0 and 2 A U - -fl Im P10(K*o),
where D*4(K*°) Is the vector-meson density matrix

-n * *for
( K ) I
K*°p.

\ y

-0.2-

0.2 O.-'

-KGeV/c)2
0.6

Figure 26. Comparison of the rf* polarization In
ptp •• nff+ ( P A - 2A33 + 2 A n ) at 6.0 GeV/c (Ref. 31)
and the np CHEX polarization ? C H E X at 7.0 GeV/c (Ref. 40).
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I. Introduction

This is the second part of a paper concerned with the phenomenology

of polarization and/or spin measurements in multiparticle production processes.

In part t polarization effects in exclusive multiparticle final state reactions

like K"pt-» i(in, n"pf -» K °A, pfp - nd , etc. are discussed. This paper deals

with the phenomenology of polarization and spin effects in inclusive reactions.

When A. Mueller generalized the optical theorem from which one relates

the total cross section in twe-body scattering with the imaginary part of the

forward elastic amplitude (ab -> ab) !o one which relates the inclusive cross

section (ab •+ cX) to a particular discontinuity of the forward three-body

aaplltude (abc •*• abc), he opened up the world of inclusive processes to Regge

type analyses. Much of the knowledge gained from Regge ty; e analyses of

two-body scattering was immediately carried over into the inclusive domain

2-4
with surprising success . .lust as in two-body scattering, however, the

knowledge of just the unpolarised invariant inclusive cross section does not

provide enough constraints to test all of our theoretical concepts. For exanple;

the Importance of trlple-Regge Interference terms ' (i.e. terms of the fora

FRF and PRR); the EXD of triple-Pegge couplings'; the importance of Kegge cuts' ;

and the validity of factor*sitIon are questions that remain unanswered. In

this paper we will examine how measurements of inclusive observables other than

just the unpolarized invariant cross section shed light on these questions and

2 2
•ore. He will concentrate on the large s/M , large M region (trlple-Regge

region), but will indicate how predictions or observations made in this region

can then be related to the small K region via finite mass sum rules (FMSR)

and M -duality.

In discussing the phenomenology of polarization in the Inclusive process

a + b - » c + X i t is necessary to distinguish between two distinct types of

polarization effects. Type 1 are those polarization and/or spin correlation

- 1S6 -



effects resulting from particles a and c, where c is a fragment of a and

which is written as (a.-* In c n e triple-Regge region the mechanisms

producing type I polarization effecta are analogous to those that produce

polarization in two-body scattering and do not necessarily Involve violations

of factorization. Type II effects are those resulting from the polarization

of particle b and are written as (a-» c). In the triple-Regge region these

type II effects vanish for factorisIng poles. By studying these effects

we learn about the importance of non-factorizing (Regge-cut) contributions

to the Reggeon-parcicle forward scattering amplitude.

In Section II we review the triple-Regge formalism and show how it can

be extended to include polarization and spin observables. The question of

2 2

extending triple-Regge predictions to small M via FMSR and M -duality is also

discussed. Section III is devoted to the phenomenology of polarization and

spin effects in inclusive reactions and existing data are examined. Section IV

is reserved for summary and conclusions.

II. Triple Resge Formalism

A. Invariant cross section ab -> cX; (a-* c).

We are Interested in the inclusive process a + b •+ c + X (Fig. la),

where a, b, and c are definite particles and X represents anything; and
where \ , X , and X are the projections of their spins along some chosen axis

a • c

(i.e. s-channel hellclty, transverslty, etc.). The generalized optical theorem

relates the square of the amplitude F* . x (s,t,M
2) for a + b + c + X to a

c* a b ,
discontinuity (Imaginary part) of the forward 3 to 3 amplitude k^- ^ abj(»tttH >

as shown in Fig. 2. In particular if we define tne invariant cross section

o(s,t,M2) ; s
dtdM

(s.t.M2) (2.1)
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then

+l) (2sb+l)
allX

?* (s.t.M*)
cj a b

(2.2)

which by the generalized optical theorem is given by

<r(s,t,M2) -
V »
yy

16trs(2s +1H2S.+1) Z_i
a b W

DISC 2<X X X-Lus.t.M2))* X.A- >, (2.3)M a b c | | a b c >

where s and s. are the spins of particles a and b, respectively. He now

limit ourself to the kinematic region s/M is large and t/s is small, which

results in the near forward pseudo-two-body process shown in Fig. lb. This

diagram corresponds to the exchange of a leading Regge trajectory a(t) in the

t-channel and upon squaring and summing over all states X leads to the

diagram shown in Fig. 3a. The optical theoren applied to the Reggeon-particle

total cross section gives an invariant cross section of the form

a(s,t,M2) -
16ns(2a +l)(2s.+l)

7 > 3j (t) 8^ , (t)
a c

a At) + a.(t)

where v - M - t - Mr, and the quantity a(v,t) Is referred to as the forward

Reggeon particle scattering amplitude, and 6, , (t) is the coupling of Regge

pole 1 to the particles ac. The quantity g.(t) is the usual Regge signature

factor:

f-sin(ir a(t) (2.5)
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where T^ and o^t) are the algnature and trajectory, reapectlvely of the

Regge pole 1.

The large u behavior of «lb ^ .. (v,t) Is controlled by the exchange

of Regge poles at,(o) which can couple to bb and o.a.. Thus for large v

k k a. (o)-o (t)-a (t)

«ib+Jb<
v.t) " B* * l ( o ) I m ek ( o ) 8 ( t ) v •

where g^ft) Is the trlple-Regge coupling (see Fig. 3b). Combining (2.4) and

(2.6) one arrives at the trlple-Regge fornula that describes the graph shown

In Fig. 3c:

2 1 V(s,t,MZ) - i 2.
ilk

where

Y 1 j
• (3. « VWP* »

X • a c a c
16it(2sa+l)(2sb+l) Z_, a c a"c "b b

(2.7b)

We"

The term G|1t,(t) denotes the trlple-Regge coupling of the three Keggeona

1, j, and k where Kegge poles 1 and j with trajectories a±(t), a.(t),

respectively, are exchanged and the Regge pole k with trajectory \i°)

controls the Reggeon particle total cross section as shown In Fig. 3.

Table 1 shows the corresponding coefficient of Gy^Ct) for do/dtdH and

do/dtdx^wlth the forms ap(t) - 1 +yt, c»K(t) - aQ + gt, and aff(t) - 0.0 + St.
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Consider the case where a and c are spin 1/2 baryona. The invariant

cross section (2. 7) can be written

oCs.t.M2) - OjjCs.t.M2) + ou(s,t,M
2), (2.8)

where aN(°rp Is the invariant cross section for the case where Regge poles

1 and j h»ve natural (unnatural) parity, (Terns of the fora i - natural,

11
J « unnatural vanish in (2.7b) by parity.) In particular

ijk

where

6l, . », V ( + B
N lteN j(t) l

"X Av"'slj v<-'Im ^k*°^ • (2.10)
b o

A similar formula for o(J(s,t,M ) can be written.

B. Type I Polarization and Spin Effects: (a,.-* c +).

Given that particle c is a fragment of particle a as shown in Fig. lb,

type I polarization effects Involve the spins of particles a or c or both,

but do not include polarization effects due to the spin of particle b. In

what follows it is convenient to define the spin projections A^, X^, etc.

along the transversity axis, which is normal to the production plane

(n » p x p / |p x p | ) . In this frame the asymmetry off a polarized
a c a c

particle a (spin 1/2* baryon) Is

Pa(s,t,M
2) - Y
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where we have defined

X A •

Va.
(2.12)

X. all X
D

where F. (s,t,M ) Is the anplltude for ab •* cX shown in Fig. lb and
c' a b

• (•) laply the spin of a Is pointing up (down) relative to the transverslty

2-axlt (normal to the production plane). The total Invariant cross-section

(2.1) Is given by

o(8,t,M
2)

o(s,t,M2)

16it8(2aa+l)(28b+l)

where

2 V
o(s,t,M ) s }

F? . (s,t,M2)
Ac'Vb

(2.13a)

(2.13b)

Similarly for the recoil polarization of particle c (spin 1/2 baryon) one

has

P(s,t,M2) - S (p* + (s,t,M2) - p* * (8,t,M2A (2.1A)

The polarization formula (2.11) can, via the generalized optical theorem,

be converted to a statement concerning the forward 3-3 amplitude as follows:

Pa(s,t,!Oa<s,t,M
z) - ?

Vc"

(2.15)
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where a(s,c,M ) Is related to the unpolarlzed cross section by (2.13).

Converting to the helicity frame using

(2.16a)

V2

where ±1/2 refers to s-channel helicity yields:

(2.16b)

v * 2 - DISCM2 s i < + i / 2Vc"iA ( s > t > M ) i~ i / 2Vc"> ~
A. A- L
b c

-i<-l/2AbX-|A(s,t,M
2)|+l/2XbX->l (2.17)

Note that in contrast to the unpolarized cross section (2.3) and (2.4) the

polarized cross section P a involves the forward 3-3 amplitude where the
a

helicities A f X' (see Fig. 3a.) In the triple-Regge region (2.17) can

be converted into a statement about Regge couplings:

o1(t)+ot (t) e»k(o)

Pao(s,t,M
2) - i Pljk(t) (f)

where for the case where particles a and c are spin l/2+ baryons

(2.18a)

w»i<4 ;

(tK(t)]g (t)B (o)InC. (o) .
1 J ij *bAb k

This formula is anologous to the polarization formula for two-body

scattering (except P Is also a function of M ), and has the following

properties:

(2.18b)
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(i) Pa(s,t,M ) = 0 if Regge pole i - j or if chey h»ve the same phase.

(li) Pa(s,t,M ) arises from the interference between flip and non-flip

amplitudes.

(Hi) Pa(s,t,M } - 0 if 1 • unatural parity and j • unnatural parity, or

vice versa .

Because of property (ill) the polarization can be written as the sum of two

terms

Pa(s,t,M
2) - PH(s,t,M

2) + Pu(s,t,M
2), (2.19a)

where P» arises from the Interference between two natural parity Regge poles

(i = N. ,j -N 9) in (2.18b) and P arises from the interference between two

unnatural parity Regge poles (1 "tl,5j » If,) •
 prom (2.14) one

arrives at a similar type expression for the recoil polarization P o(s,t,M )

except now

Pc(s,t,H
2) = PN(8,t,M

2) - Pu(s,t,M
2). (2.19b)

In general the two polarizations Pn and P will be different. However, if

0, then Pa(s,t,M
2) - Pc(s,t,M

2)13.

In general, assuming a and c are spin 1/2 baryons and not measuring

14
spin effects of particle b, there are a total of 8 observables one can measure ;

the Invariant cross section and 7 spin observables (P , P , R, R1, A, A', and D).

Table 2 defines these parameters in terms of the transversitles of particles

a and c. The observable P o and P o can be read off this table and are seen

to agree with (2.11) and (2.14). Tlie parameters R, R' and A, A' are anologous

to the Wolfensteln R and A type parameters for elastic scattering. The

2
l)(s,t,M ) parameter is of particular interest since it is a measure of how

well particle c "remembers" the spin of particle a • From Table 2 we have
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D(a,t,M2)o(s,t,H2) - pJJ

or using (2.16a) and (2.16b)

(2.20a)

Do - DISCM2

*

(2.20b)

where a. ium over X. is assumed. In the triple Regge regloi we get

Do(s,t,M2) - oN(s,t,M
2> - ou(s,t,M

2) , (2.21)

where o^ and o^ are the natural and unnatural parity invariant cross sections

defined in (2.8), (2.9), and (2.10). Thus Do measures the difference

between the natural and unnatural parity exchange invariant cross sections

2 2
and If oN(s,t,M ) j» ou(s,t,M ) particle c will "remember" something about

the spin of particle a.

C. Type II Polarization Effects: (a-* c).

Suppose particle c is a fragment of particle a as shown in Fig. lb, then

type II effects Involve the spin of particle b. In terms of transversities

the asyaaetry of a polarized particle b (spin 1/2 baryon) is

2

Pb(s,t,M
2)o(s,t,M2) - j> / \\$ ;\ +&'*'

all X

.M2)

C a

(2.22)

where F?
VVb

(s.t.M

(s,t,H2) is the amplitude for ab * cX shown in Fig. lb and +(+)

imply the spin of b Is pointing up (down) relative to the transversity z-axls

which is normal to the scattering plane (i.e. n « p x p ), and where 5(e,t,M)
a c

is related to the unpolarlzed Invariant cross section by (2.13a). Transforming
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to heliclties via (2.16a) and (2.16b) yields

Pb(s,t,M
2)o(s,t,M2) - 2 y

all X

Assuming alVT large and t/s snail so that F Is given by Fig. lb yields

all X AaAc

P b ( s . t . M 2 ) a - 2 t a £ ^ 8* X M 5 ( t ) 4 M 5 ( t ) • - i
a =

• > f(l+ - X)f*(j - -* X), (2.23b)

all X

where f(k*b * X) is the amplitude for Reggeon k scattering off particle b with

hellclty A. producing anything X. Unltarity states that

( ) ?j ), (2.23c)

all X

where a. (M ,t) Is the forward Reggeon particle scattering amplitude

V^b
shown in Fig. 3b. Equation (2.23b) then becomes

ing . n l a y

^ ̂ _ (M2,t) - N f (1++ X) f?j- » X), (2

ll

2 - V X i t
P. (s,t,M )ff • > > 6. . (t) BJ. . (u, - Bv / y A A— A A—

/ -• f . a c a c

Infl^t) £*(t)| In|*1+ ̂ .j_(M2»t)l . (2.23d)

which has the following properties:

(1) Pb(s,t>M ) vanishes If Regge pole 1 and Regge pole j have the

same phase. (This Is obvious since in this case F? . ., .. and
A , A TJ./Z

y CO
F" . have the same phase and $.23^ vanishes.)
c" «~ '

1 1 1 1
(11) The residues & (t) and 6J(t) enter diagonally (ie. ^ ( O B ^ / t ) ++ + )• Thus, for example, terms of the form i • P and

j • p are suppressed since P(p) couples predominantly to helicity
non-flip (flip).
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2 2 15

(ill) Pb(s,t,!I ) vanishes at large M in a factorizlng pole model .

This last property can be seen by assuming a1+ ^.Jv.t) is dominated at

large v by factorizing Regge poles ao that

V fc Ic o. (o)-a. (t)-a.(t)
(2.24)

as shown in Fig. 4a. Since all fctorizing poles obey 6. (t)a/^t, the

flip residues B^_(o) and 8_+(o) vanish which Implies Pb(s,t,H ) must vanish.

This vanishing of type II polarization effects for factorizlng pole models

9
was first pointed out by Abarbanel . However, as emphasized by Phillips,

8
Ringland, and Worden , this vanishing is not a consequence of angular

momentum conservation since the helicities of the incoming and outgoing ac

system can compensate for the flip of b producing a forward acb amplitude with

no net helicity flip. A similar situation arises in the two-body process

ir~p •• p°n (see Fig. 4b) where a tactorizing pole model predicts that the

evasive amplitude H ... (s,t) vanish at t«0 even though this is not required

by angular momentum . This implies that the observable p da/dt(ir"p •+ p°n)

vanish in the forward direction where in fact the data show a spike (see Fig. 5).

In two-body phenomenology this Is "explained"by the presence of a large non-

factorlztng IT cut contribution . Numerous other examples from two-body

scattering (i.e. YP * "+n, pn •• np) dhow the pretence of Regge cuts which

1 ft

vitiate factorizing pole predictions. We might thus anticipate the presence

of non-factorizing cuts in the forward Reggeon-partlcle scattering amplitude,

in which case type II polarization effects need not vanish. Studying type II

effects In the triple-Regge region tells us the importance of Regge cuts in

the forward Reggeon-partlcle scattering amplitude (see Fig. 4c).
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0. Finite Mass Sum Rules and IT-duality.

In two-body scattering the idea of duality began with the writing down of

finite energy sun rules (FESR) which relate the integral over the low energy

resonance region to the parameters of the high energy Regge exchange (Fig. 6a).

It is a natural extension of the triple-Regge formalism to relate the low M

resonance production region to the high M triple-Regge parameters by writing

down similar sum rules for the Reggeon-particle scattering amplitude a ^ ^ n/ v >

19
in (2.4) . In this case the "dispersing variable" is v or equivalently the

missing mass M rather than the incoming energy s; hence, the name finite mass

sun rules. Also, in analogy to the two-body case, one can discuss the possibi-

lity of semi-local duality. In this case the large M triple-Regge terms when

extrapolated to small M will be expected to reproduce on the average the low

7 2

M resonance region (see Fig. 6b). Thus M -duality and FMSR allow predictions

to be made about the low M region from the high n triple- Regge formalism .

As in the two-body case, to derive the FMSR one needs to consider both
the right and left hand cuts of a(v,t). To do this it is convenient to use

the antisymetric variable u=M -t-M^ already introduced in (2.4J. Given the

large v behavior of (2.6) and using (2.7) one can derive the following FMSR |21:

± a,(t) . .
(s/vQ) *

 3 vV o ;/(« k(o) - Ol(t) - Oj(t) -hi +1) , (2.25a)

where I (s,t,v ) Is defined as the following integral over the low mass

region
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where s1.t|c(t) is defined In (2.7) and where the Invariant cross section

o(»,t,\)) is defined by (2.2). For the case where particle a equals particle

c, the FHSR (2.25b) reduces to an integral over the single Invariant cross

section for ab -» cX and is meaningful for odd n.

2
In addition to FHSR SUB rules for the invariant cross section 0(3,t,M )

one can construct SUB rules for other (type 1) observables. For example, an

FMSR for the polarized cross-section Pga(s,t,v) looks like (assuming a-c):

a.(t) + 0. (t) a. (o)

Pyfc(t) C / V O < /
ijk

/ (a. (o) -a.(t) -a.(t) + n + 1) , (2.26a)
k i J

where IP(s,t,v ) is the following integral over the low mass polarized cross
n o

section u0

ljj(a,t,vo) 5 -—- I v
n Pa(s,t,\>) ̂  (s.t.u) dv , (2.26b) j

0 0

where n is odd and where P<41,(t) Is given by (2.18) and the polarized invariant
1JK j

cross section Pa<J is defined by (2J4). j

Polarized FHSR sum ruins provide a useful way of determining the Importance !

of triple-Regge Interference terms of the form PRR and K.R.R. These Mrms are j

very difficult to disentangle from the many diagonal terms when fitting only
4 5

unpolarlzed Invariant cross-section data ' •

E. Two Component Duality.

For two-body scattering the Harari-Freund two-component forn of duality

states that the resonance contributions to the FESR integral "build" the

ordinary Kegge trajectories, while background contributions "build" the Poneron

(Fig. 7a). For the case where the Reggeon 1 and j are ordinary Regge trajectories

(not the Poneron) the normal two-component form of duality can be carried over

directly to the Reggeon particle scattering amplitude (Fig. 7b). For this case j.

I'u
- 168 -



resonances {background] In the M -channel are expected to "build" (via FMSR)
20

ordinary [Pomeron] exchange lr. the crossed channel -This Implies that If

the M channel is exotic that the Imaginary part of the Reggeon-partlcle

scattering amplitude vanishes for i-R, J'R, and k-R (I.e. No RRR terns

22
present in the Invariant cross section Eq. 2.7). Due to the Inequality

i

RPR*
• GpRR(t) < 2(GppR(t) • GRRR(t|

1/2 (2.27)

G m ( t ) - 0 also implies GRpR(t) + GpRR(t) • 0, which means that if the

Reggeon particle scattering amplitude is exotic only termB of the form

PFP, RRP, PPR, PRP, and KPP are allowed.

The question of "what Is dual to what" for Reggeon particle scattering

becomes very complicated when i-j- pomeron. there are indications that PPP

has an "abnormal" component of duality '(i.e. PPP dual to resonances in the

M channel), however, the situation Is not conjletely clear .

III. Phenomenology and Predictions.

A. Type I Polarization Effects: (»̂  c f).

1. n4pt -> pX (Fig. 8a): (pf ^ p).

j Consider the reaction *~p * pX off a polarized target. The leading

t 2

•; trlple-Regge terms responsible for the asymmetry P (s.t.M ) (see Eq. 2.18)

I are PDP and fpp. It is easy to predict the following:

(i) Expect P (s.t.M ) to be similar to the elastic case which arises

from Pp interference.

) (11) Expect Pa(a,t,M ) to be non-scaling and to decrease like 1/</B at

| fixed x10.

i (iii) Expect P (s,t,M ) to be mirror symmetric under the interchange of

! a

i (iv) Expect a dip In Pa(a,t,M
2) at t*-0.6 (GeV/c)2 just as in the

! elastic case.
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2. K~P, PX
K

(Fig. 8b): (pt-» p).

For this reaction off a polarized target the leading triple-Rcgge

2
terms responsible for Pa(s,t,M ) are Ppp and P

A
2
A2 (also fPP and fA2A2^*

Here the polarization nay differ from the elastic case. The elastic K~p

polarizations are governed by the roughly EXD P and A,, (I.e. PR+ Is given

by the Interference between the predominantly imaginary Pomeron and the predom-

inantly real (A - p)). In the inclusive reaction there is no reason to

expect the triple-Segge couplings go, 4(t) and g (t) to be EXD and hence

2 2
the inclusive polarization may not resemble the elastic.

3. pfp -> PX (Fig. 8c): ( P t ^ p)-

25
There exists data from the Argonne group on the reaction p+p -<• pX with

a polarized beam. The data are shown in Fig. 9. The triple-Regge predictions

are similar to those for reaction (2) above. The terms responsible for

Pa(s,t,M
2) are Ppp and P A

2
A
2 (

and fDP> fA2A2*" I f t h e trlPle-Re«8e couplings

g_. . (t) and g _ (t) are (are not) EXD then we expect the polarization to be

similar (not similar) to the elastic case. The data show an elastic polarization

of about 10% for small p_j_ values. As M Increases through the resonance region

there is considerable structure in the polarization, however, it never greatly

exceeds the elastic value. For the highest M value (M * 7 GeV/c ) the

polarization is small (less than^4%). The polarization is expected to be

largest for M small and in the resonance region since Ppp and PA
2
A
2 decrease like

1/M for fixed s and t (see Table 2). In order to make any quantItive statements

concerning the sizes of 8Ppp(t) and gpA A (t), it is necessary to form a polari-

zation FMSR by integrating the data over the low M region and then compare with the

triple-Regge formalism as discussed in Sec.II.D. Work on this Is in progress26.

By the use of isoepin, one predicts that the asymmetry Pa(s,t,M ) should

change sign in going froo the inclusive reaction (p,,,-' P) to (p+~^ PK
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4. K~p • AfX (small t region - Fig. 10a): (p £» A). •

^—__^^_—_—_^_—_»__~__—_—_^____ j.

The trlple-Regge terns responsible for the A-polarization In K~p •* AX j

•re of the form K**K*R, where R - t,w,e.Aj.*i or *'• Note that the term K**K*P 1

vanishes by generalized C-parlty (assualng P Is an SUO) singlet with O+l). i

27 '
Tims at fixed x and t we expect PA(s,x,t) to decrease with Increasing • . This I

2Q 29 30 '
decrease can be 'ieen In the data ' * (x near -1) shown in Pig. 11. j

5. K~p -> AfX (small u region - Fig. 10b): (lT-E* A). I

The near constant A polarization seen in K~p •*• AX near x • 1 ' 5

(Fig. 11) (fast forward A'a) can be understood once one realizes that the i

RRP triple-Rcgge terms are email relative to RRR terms In the region |

4.0 to 14.3 GeV/c. Thus both the A polarization P,a(s,t,x) and the invariant I

cross section a(s,t,x) decrease approximately like l//a In this region, which j,

results in p. - P o/o approximately constant f.-r fixed x. The smallness of the |

A A J

RRP terms in the above region can be inferred from the smallness of the invariant t

cross section for K p •• 7CX (Fig. 10c) which by duality arguments has only RRP i

terms and which by crossing are equal in strength to the RRP terms in K~p •*• AX. |

6. PtP -*• A^X (Fig. lOd): (pf-^> A). f

For this reaction the Reggeon-particle scattering is exoclc which implies [

that contributions from Regge exchange should cancel (EXD) in such a way as to J

a
produce a purely real Reggeon-particle forward amplitude (see Sec.II.E.)- Since |>

it is the Imaginary part of this amplitude that appears in the formula (2.4) for ;;

the observables we expect no contribution to any type I observable from terms c£ the :

the form RRR. The invariant cross section o(s,t,x) Is thus expected to scale and

the A-polarlzation P,(s,t,x) should be zero since it cannot be produced by terms

of the fora K K P due to generalized C-parity (see (4.) above). Thfc D(s,t,x)

parameter Is expected to scale and can be seen from (2.21) and Table I to
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have the form

D(t,x) - (r - 1 + x V (r + 1 + x) (3.1)

re we have used natural and unnatural invariant cross sections

and

r - r(t)

Cu(t)(l - x)

co(t) .

(3.2a)

(3.2b)

(3.2c)

The expected behavior of D(t»x) for a particular value of x (t) - 1 - r(t)

is shown in Fig. 12. If for a particular value of t the natural parity

invariant croas section dominated over the unnatural parity Invariant cross

section then x (t) would be less than 0.75 and D(t,x) would be positive over

° 31

the whole triple-Kegge region (dot-dashed curve) • It could happen that

aN(t,x) and o (t,x) would be equal at some fixed value of t and x - x (t)

Implying D(t,x) • 0 (solid curve) , but since aN(t,x) and o()(t>x) have

different x dependence (Table 1) they will not be equal for the sane value of

t and another value of x. Thus we expect D(t,x) j< 0 except possibly at some

isolated values of t and *• Since the parameter D measures how well the A

"remembers" the polarization of the Incoming proton this should be useful in con-

structing polarized A beams from polarized proton beans.

2 2
Recent data on P, (s,t,M ) and D(s,t,M ) for pfp -* AX at 6.0 GeV/c from
32 33

Argonne are shown In Fig. 13. The data show zero A polarization (F.)as expected

(see Table 3) but in addition show zero values of D(s,t,M ) contrary to expec-

tations. Possible reasons for the unexpectedly small values of D are:

(i) The energy (6.0 GeV/c) is a bit low to use triple-Regge type arguments.

Hopefully the experiment can be repeated at 12 GeV/c where the pre-

dictions are more applicable.
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(11) The observables have been averaged over large M and t bins

which could yield a net result of zero.

B. type It Polarization Effects: (a — » c ) .

I. irpf •» n~X (Fig. 14a): (a* ->* 17*).

Assuming that Regge-cuts are present in the Reggeon-particle scattering

amplitude, one predicts contributions to the polarized target asymmetry

Pb(s,t,M
Z) (2.23d) in the triple-Regge region from the terms Ppp,, and

fpp (p • p-cut). It is an easy matter to then predict8:

(i) Expr:t Pb(s,t,M ) to be mirror symmetric under the interchange of TT~.

(ii) Expect Pb(s,t,30o(s,t,x) to be non-scaling and to decrease roughly

like 1/̂ i at fixed K.

34 + +

Recent data on n"pf •» iTX off a polarized target at 8 GeV/c do show non-

zero asymmetries for XJ> 0.7 which are mirror symmetric under the Interchange

of 17' (see Fig. 15). This data is very interesting but one must uae ceutlon

before interpretating it as indicating the presence of a p-cut in the forward

Reggeon particle scattering amplitude. The data is at a fairly low energy

(a (» 16 GeV2) which means that for x = 0.85 one is still at low M2 (M2= 2.4 GeV2).

The triple-Regge factorization arguments discussed in Sec. II can only be

applied at M* large (M £ 5 GeV ) which means one must apply M -duality to

interpret the 8 GeV/c data. It could happen that Pb(8,t, M )o(s,t,M ) would

oscillate positive and negative over the low M region implying a small Rcgge
cut contribution or it could remain positive Indicating a substantial cut

contribution. In addition if one is going to use the triple-Regge formal!

one is restricted to x > 0. 8 so clearly more data Is needed

- 173 -



2. pp+ + pX (Fig. M b ) : (p — - p).

Asymmetries off a polarized target have also been observed for pp -» pX

at 8 GeV/c (see Fig. 16). Because of the relatively low energy,interpretations

in terms of triple-Regge contributions Ppp or fpp are difficult for the sane

reasons as described above. These results are nonetheless very interesting and

further experiments at higher energies should be encouraged.

C. Other InteresCing Inclusive Observables.

Valuable knowledge as to the nature of inclusive production mechanisms '

j
can be gained by studying other observables in addition to the polarization I

I
observables discussed above. We briefly mention some of the most interesting

j

examples. I

1. on do/dtdM2 (it'p >p°:<): <*~—>P°). I

liy observing the density matrix elements of outgoing vector mesons

produced in inclusive reaction one will be able to further probe the nature

of the production mechanism. Consider for example the inclusive reaction

v p •* o X and the observable: ;

(s.t.M2) i-j 7 } F* (s.t.MV** (s.t.M2). (3.3)
32^ Z_i Z_i ' b 1-*bdtdV

all X Xb= + 1/2

In the triple-Kegge region using the generalized optical theorem this

becomes

H dc
1 1 dtdH2

where

2 i V nk s MO+Mt) «k(°>
(s,t,MZ) - -\y Q\fM (|) i j v k , (3.4)

32* /^ »j.<t>Bi<t BAbAb
 i j 1 j

1/2
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As discussed in Sec.II.C in a Cactorizing pole model the residues behave like

8, (t) « /-t which implies G,j(t) vanish at C • 0. However, as pointed out

earlier, this prediction is violated experimentally for ir~p •* p°n (see Fig. 5)

by the presence of non-factorizing Regge cuts . It would be extremely inter-

esting to study the behavior of these cuts as M is increased from a nucleon

mass to the high H region. There is evidence that these cuts decrease in

strength as one Increases the mass (or spin) of the produced mesons [i.e. IT p •»

(p,f,g)nj which leads one to suppose that perhaps cuts decrease In general as

M increase . The study of p,,do/dtdM (n~p •» p°X) would certainly shed light

on this most interesting phenomenon.

Similar studies could be carried out on the reaction K p - » K X or K n -» K X.

2. pn •» pX(nSp); pp •» nX 'pSn)

One can gain knowledge as to the 11 dependence of evasive amplitude cuts

similar to that discussed in example (1.) above without measuring density

matrix elements by observing the small |t| inclusive cross section for pn •* pX

(or equivalently pp -> nX). Factorization arguments lead one to expect a dip

in the Invariant cross section (and in the tip CHliX differential cross section)

as t goes to zero. The data on np CHIiX , on the other hand, shows a sharp

38
spike at t - 0 resulting from a large non-factorizable ir-cut contribution .

It would be most interesting to study the M dependence of this cut bv

observing the small |t| behavior of the invariant cross section for the inclusive

process pn •» pX(nSp).

IV. Summary and Conclusions

In two-body exclusive processes, polarization and density matrix data have

been crucial in testing and refining our theoretical models. In inclusive

processes measurements of obscrvables other than just the invariant cross section

may well be of equal importance. Type I polarization and/or spin effects in the

inclusive reaction ab •» cX arise from spin measurements on particles a and/or c,
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where c Is a fragment of a (a+* c.). These effects arise from mechanisms

similar to the corresponding two-body analogue and need not vanish If factor-

ization holds* In Table 3 we tabulate many predictions for type I polarization

effects using the triple-Kegge formalism. Trlple-Regge predictions are valid

for x & 0.8, t/s small, and M large; however, the last restriction can be

relaxed and predictions made concerning the low M region by the use of M -

duality and FMSR.

The study of type I polarization effects should provide Information as

to the Importance of triple-Regge Interference terms and the status of EXD

for triple-Regge couplings. The Investigation of observables like pjjdo/dtdM

(n~p •* p°X) will provide "insight" into the behavior of absorptive corrections.

Furthermore, by studying the connection between the low and high H region one

will gain valuable knowledge as to the nature of !! -duality.

Type II spin effects are those Involving the spin of particle b (a* c).

These effects vanish at large M for factorizing pole models. The investigation

of these effects will tell us the importance of non-factorizing Regge cuts in

the Reggeon-particle forward scattering amplitude. This is a subject of great

Interest since Kegge cuts do play a crucial role In understanding two-body

scattering. (See table 4 for a summary of type II predictions.)

Finally we point out that the majority of both type I and II polarization

effects are expected to decrease at fixed x like 1//J (they are non-scaling

effects). Therefore we are interested in the approach to scaling. Brookhaven

and Argonne are, thus, ideall>sulted for this sort of study. In particular,

the polarized beam at Argonne makes spin studies "easy." However, if one is

to make full use of the triple-Regge formalism every effort should be made to

do polarized bean experiments at 12 OeV/c rather than 6 GeV/c as is now the

case.
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Table 1. Triple tagge Foraulaa, where

ap(t) - 1.0 +yt , a^d) • ao + flt, ud

a <t) - 0.0 + St.

Triple
Mgmm T a g da/dtdH2 do/dtd«

Coaaic" Full COMIC* Full

PPP

PRP

UU>

FPIt

lUUt

ililR

I / a

M/.'

||2B0+2Bt-2

>2a0+2Bt-2

.2«t-2

.2«t-2

U-x) l+2rt

.»W2

1/(1-*)

1/d-x)

1/(1-*)

(1-x)

3/2

1/2

(l-x)'

la daflnad by Y-S-I-O. a -1/2 (Saa Ref. 4)
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Table 2.

Type I obeervablee for the incluelva reaction («t * cf> In tcraw of

the tranevereltlee (apln projections noraal to production plane) of particle*

• and c, vhtrt

Ac'Vb W b
10

all X
^_j I c! a b|

.11 X AaAb»c

x 2
The amplitude for the proceaa ab -» cX la (Ivan by F* . . (a,t,H ) and the

VVb
obaervablea are In (eneral a function of a, t, and M?.

1/*(1+1M-Pa

0

0

1/2CR+1A)

0

0
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Tabla 3.

Expected behavior of Type I polarized croaa aectlona

P(a,t,lOdtj/dtd>r for various inclusive procecaes.

1.

2.

3.

4.

5.

6.

7.

Reaction

±

(P/-

Fig.

K"«v

««.

PtP "•

Fig.

p tn ••

1

(p "*

K-p-

(PK^

Fig.

tTf-

• pX

'p)

8a

• pX

' P>

8b

PX

P)

8c

PX

P)

AX

M
10a

AX

(K" *• A)

Pf P *

(Pf
 E

"For

AX

• A )

definl

Trlplc-Regge Tcma

responsible for

P(s,t.M2)

1̂ 5p , fpp

P(A 2^)(A 2%)

f(A2?p)<A2*,>

P(A2-p)(A2-p)

f(A2-p)(A2-p)

pf^-pxvp)

f(Aj-p)(A2-p)

K*VR

K-f,M,p,A2if',*

5 i S J P

fi^R

Nona

tlon of Cosnlc aee '.

Coamic" Behavior
of

P(s.t,«2)da/dtdH:'

1/(SM)

l/(sM)

I/(H2/;

1/(SH)

l/(sH)

I/a

U(SM)

-

able 1 and Ref. 4

Predictions

for

P(a,t,M2)o(a,t,MZ)

Non-scaling

Mirror ayaactrlc under »+ -> ""

dip at t • -0.6 (GeV/c)2

abould raaeable elastic pal

Non-acallng

Hay or nay not reaeable elastic

depending on EXD of g p A A (t) and

«PPP(t)

Non-scaling

Hay or say not resemble elastic

depending on BXD of gp. . (t) and

Opposite sign fro* (3) by isoipin

Non-scaling
Expect Pft(s,t,x) to decrease
with increasing s and fixed x.

^H.P sull for 4.0 s P u b < 1*.O CeV/c

so P^Cs.t.x) • const at fixed x.

P^(s,t,x) a 0

D(a,t,x> i 0 (see Fig. 12)

D(s,t.x) .cries
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T«bl« 4.

Expeceed behavior of Type II polarisation aivaaetrle*

Fje,t,M )da/dtdH for various lnduilva proceaaea.

1.

2.

Reaction

• % •

( . *

Fig.

PPt

(P

Fig.

- , * x

14a

•Pit

14b

Trlple-Ragge Term
raaponalble

PCa.t.M2)

fpPc

Pppc.fppc

M2A«,fA2*|

Coaalc* Behavior

°*

l/W2/.)

1/(.H)

l/ftl'^.l/taM)

Predictions
for

PCa.t.^joCa.t.M2)

Non-acallng

Mirror ayaaetrlc under it* • n-

Hon-acaling

Changes aign for (p —• n)

• - 1

i
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invited talk presented at the XVII International Conference on High Energy
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e,x0

F?.cl-.oxb!M.M
2) . I —

Figure 1. (a) Illustrates the amplitude

»J ;x x ("•t-«2>
c a b

for the Inclusive process a + b + c + X,
uhere particles t, b, and c heve hellcicies
*a,Xb, and Xc> respectively.

b.xb

Figure 1. (b> Illustrates the diagram contributing to

PX ;X X <-.«.«2>
2 c a b

when a/H la large and t/s la small so that the e..-|iange
of a leading Regge pole a(t) dominates.

All X

Figure 2. Illustration of the generalised optical theorem, which
relates the square of the aaplltudcd for a + b •» c + X sunned over
all X to the discontinuity of the forward 3 to 3 amplitude abi; * abc.
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c.x'j o,x'

Figure 3. (a) Illustrates the resulting 3 to 3 forward
amplitude when the Regge pole dominated amplitude for
i + b + c + X i o Figure lb la squared and sunned over
all states X.

Y = 0 -•

b.x't,

— Y=o

Figure 3. (b) Shows that at large H the Reggeon particle
forward scattering anplttude la given by the exchange of a
Regge pole ak(o) In the crossed channel. The coupling g£i(t)
is the trlple-Regge coupling.

c,xE O,AC

Figure 3. (c) This is the so-called triple-Regge diagram
resulting from substituting the large M2 behavior (b) and
(a).
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Figure 4. (a) Illustration of the forvard Reggeon particle
"flip" aaplltude, which at large v is given by the exchange
of a Regge pale a^Co) whose Clip coupling S^_(o) vanishes by
factorization arguments.

Figure 4. (b) Factorization arguments similar
to those la (a) vould predict a vanishing of

in the forward direction.

Figure 4. (c) Should one also consider Reggeon-cuts as
well as Regge exchange uhen discussing the large v behavior
of the forward Reggeon particle scattering amplitude?
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0.0 0.2

-I (GtV/e)

Figure 5. Experimental data on the small |t| behavior of

(Figure from Rtf. 17). The data ahov aaall |t| aplkea.
The curvea are from abaorptlon model fita which have large
it-cut (and A2-cut) contributions at amall |t| producing
the obaerved spike.
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Duality
' — ' Resonance » » t - - , - .

"'rejTon FESR / oil)

A •• !
Figure 6. (a) Illustration of duality In particle-particle
acatterlng> The ••all a reaonacne region la related to tha
larga a Regge region via Finite-Eaiargy aua rule* (FBSR).

a.M

Figure 6. (b) Illustration of duality In Raggeoe-partlcle
acattering. The eaall H 2 reaonanee region la related to tha
large M 2 trlplc-Regge region via Flnlte-aaae aua rules (FHSR).

Figure 7. (a) Illustration of tha tvo-coaponent theory
of duality for pareldc-partlcle acaceerlng ab * cd. Tha
•-channel reaonancca (background) are dual to t-channel
Regge (Foacron) exchange.

\ T Regjton- particle seat lefIng \ f

/•Resonance«\ ^ ^ . . . „ A »
\ Background/

A
M 2 M 2

Figure 7. (b) Uluetratlon of H2-duallty for Raggeon-partlcle
acattarlng lb •+ jb. Vlhen a\W) and aj(t) are ordinary Reggeona
(not tha Pcaaron) then reaonancea (background) In tha direct •
channel "build up" via FHSR tha Regge (poaeron) exchange In tha '
croaaad channel. When oj(t) or Oj(t) or both are poaerone tha t
altuatlon la more coapllcated (aei text). \

r
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(0) »»(J—pX

(b) K*p,-»p

Figure S. Lttdtnt trlpl«-JU|tt t»r-- cuponilblt far
typ* I polartutloa tff«ct» In the tncluilvt proetnti
(•) «*»f * P*5 («>) K*P, • pX; (e) pfp * pX.
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20-

ttfura ». Cxf«rlMRt*l data ott tlw typa I rolnrUmt
Car (ha Incltwlv* precaaa r«r " »* ( m a ».O fttV/e
aalarltti a«a« «i»*rlaMt at Aigvaiit (Ec>> 2J). ttta
iwlUat M I I (H,,) is tlw •lattle aalarliattmi.



(Of (vrsll I region)

(t!

(ct ttmsll u r«3>en]

M> ° « P — * "

rtf«r« 10. Uw4lnt trlylc-Mn* ( « • • r«ifMi*IMa for
tyt* I r*tariutte« «(fact* IN tht taetuilv* prcctMt*:
(») r > •• AX ( m i l i r««iM>; (M K*> * AS ( M i l u
ration): (e) K*« * XX ( M i l U ratten); <<f> r^f * AX.
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-1.0

Flturt 11. Experimental data on tht A polarization tor the
Inelualva procaaa C*p •» AX at 3.93, 7.3, and 14.3 CaV/c.
The ration oaar x • -1.0(1.0) corraaponda to tht mion
(baryon) exchange procaaa ahoun In Flgur* 10a(b), (figure
froa Raf. 2«).

DC,11 vtriul < lot p(p-"A,X

Figure 12. Expected bahavlor of th* 0(a,t,x) parameter for
P«P •* AfX var«u» x. Iha point xo(t) corraapond* to tht plaet
whttt tn« unnatural and natural parity axehangaa (ata Flgura
lOd) ara aqual. Tha dofdaahad curve la expected If the
natural parity doalnvtee over th* unnatural parity exchangca.
Tha D(a,t,x) parameter la expected to acale (le. be Independent
of a, D(e,e,x) • D(t,x) ) .
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(a)

(b) PP, —*p

ID—!*p

rtgur* 1*. Ludlni tript*-'lat(* t t n t rctpontlMt for
typ» II polarlutlon cfftcei In the lncludvt pi,cst*M»:
{•> i 1 ? , •• *1X; (b) ppt -* pX, «h«rt oe <A|> r«f*r« to
th« o (A]) Ktg(t cut contribution*
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0.1

-0.1

-0.2

3.0

M«(GeV)
2.5 2.0

b~+

»'»p.0.36ip1e0.l7G«V/e

o •••p.O.36*p1*O.!?6evA

a * •p,0.-!9Spl>0.J8GtV/fe

1.5 1.0

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 15. Experimental data on the type II polarized target
aeyaaetry for the lnctoelve proceaaea «-p t -> *-X at 8.0 CeV/c.
<The data and figure are froa Kef. 34).

0.12

* 0.06
UJ

I 004

s
-004J

8CV/C .0.36sp.s0.50Gev/e
oO.I7sp**0.36G«V/c

C.5
X

1.0

Figure 16. Experimental data on the typ* II polarlied target
aeymtry for the Inclusive proeeaa ppt * pX at 6.0 CeV/c
veraua x. (figure from Ref. 34).
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Symmetries and Spin: Experir.ental Review

Michael ZeUer

Physics Department,

Yale University

delivered at 1974 BNX Workshop on Folarlzed Targets.

Abstract

Experimental tttu of time reversal and parity inversion

invarlor.ee are reviewed with several proposals for future experiments

included. Suggestions for possible experiments at B"L energies,

otd above, are made.
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INTRODUCTION

In reviewing the experimental status of symmetries and

spin, one is impressed by the small amount of data which presently

exists testing invariance of the discrete symmetries of time

reversal and parity immersion at BHL energies. In light of this,

we will discuss a few salient experiments in order to obtain

some perspective into the types of quanties that one might

measure and the typical accuracies which have been obtained.21

These experiments shall serve as a comparison and a point of

departure for discussion of possible future experiments at BNL.

T TESTS - REVIEW

The first symmetry we shall consider will be that of time

reversal invariance (T). In what follows, we will refer to

Table I in which we briefly display various experimental results

The first column contains a description of the relevant measured

variables, the second a result Of the pertinent measurement, the

third the laboratory kinetic energy of the incident particle, (in

the case of a decay this is taken as zero), and the fourth the

square of momentum transfer between relevant particles.
0 SSince the observation of CP violation in K decay, there

has been great Interest in possible T violation in electromagnetic

and/or weak interactions. Thin CP violation in K decay is,

of coursei indirect evidence of T violation via the assumption

of absolute CPT invariance. Certain measurements involving spin

would be direct evidence of a T violating term in the interaction

mechanism.

In the first order electromagnetic or weak decay of a

particle into three or more particles one can look for a
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dependence in the decay distribution of the type:

Such a term is odd under T reversal, and thus its presence

would indicate a lack of T reversal invariance. A recent measurement

of this type involves the B decay of frei polarized neutrons.

For this experiment one measures the correlation between the

neutron polarization vector, (an>, and the normal to the plane

formed by the momentum vectors of the decay electron and neutrino.

In particular, one looks for a term in the decay rate of the type

5T—ITe v

The parameter D is then a measure of T reversal violation. The

most recent result is;

D = (1.1 ± 1.7) x 10"3

which is consistent with T lnvarience.

Another experiment looking at weak decays, with larger qa,

is that of the correlation between the IT and ix momentum vectors

and the \L spin in the decay K ^*TT\\I* . An observation of a term

of the type <a"> • ? x \ would, of course, be a direct observation

of T violation in K° decays, in which CP non-invarlance has been

seen. The most recent measurement employed precession of muon spin

in a unique polarlmeter, thus reducing possible systematic errors.

The results of this measurement are quoted in terms of Bn? where

? (qa) = f" (q*)/f+(q3), the ratio of the form factors describing

the hadron current involved in K decays. The measurement yielded

Dn5= -0.060 ± 0.045, which is consistent with T reversal invariance.

The above experiments are effectively "static" measurements

since the momentum transfers involved are so small. Moving to
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scattering experiments at higher energies permits examination of

a larger range of qa. The simplest measureable interactions

would involve spin 0- spin 1/2 scattering. However, examination

of possible symmetry violating terms in the interaction show

that those terms which violate T also violate (P. Thus this

class of experiments is not a good candidate to test T.

In spin l/Z - spin 1/2 scattering, no such condition exists.

Before discussing hadron-hadron interactions at BNL, we will j

examine Inelastic electron scattering from polarized protons. j

Two measurements of this type have been made *' and we shall j
6 j

concentrate on the most recent of these experiments. These i

measurements are of interest to us because they demonstrate

the attainable precision which one can expect in an experiment

of this type employing a polarized target, and they are also

concerned with radiation damage of a polarized target.

The measurements can be best described in Figure 1. In

these diagrams the momentum vectors of the incoming and outgoing

electrons, iL and is * respectively, are both in the plane of

the paper. The proton, double li'.ne vector, has its spin vector

out of this plane in Figure la and into the plane in Figure 1b;

the cross sections for these figurea are ct and a respectively.

An asymmetry which depends on ( S ) • t*n x &„.«., A= % " % , would

indicate a T violation. For elastic scattering A vanishes from

CVC and hermiticity alone. Even with T invariance the asymmetry

is non zero for two photon exchange diagrams, but comparison

•>f e~ and e + scattering can remove this effect.

Since the recoil hadrons are not detected in this experiment, ;

the effective polarization of the target is reduced to about k
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0.14 of that of the unbound protons. Furthermore, deterioration

of target polarization due to radiation damage reduces the time

averaged free proton polarization to less than its maximum;

PT — 0.22. Hence, measured asymmetries were significantly smaller

than "physics" asymmetries. Typical measured asymmetries were:

e = V " 3 ~ (0.06 ± 0.03) x 10"2

where l^and N^are numbers of events detected in configurations a

and b of Figure 1, respectively. Studies made of false asymmetries

showed that systematic errors were less than the statistical

uncertainties expressed above. Thus, we see that one can make

PFT measurements to an accuracy of a few parts in 10 .

Figure 2 shows final results of the experiment, depicting A vs.

missing mass, Mr, for different kinematic conditions. One can

see no significant T violation in these data.

Since this experiment had an incident beam flux of 10 electrons

per second, radiation damage of the target became a concern.

Quantative estimates of radiation damage are expressed in terms of

the number of electrons per cm , <j>0, to cause target polarization

to drop to 1/e of its initial, undamaged value. The target used

was butanol cooled to 1° K in a 25kG field. For these conditions

<P0 = 4 X 10 . Subseo.uent investigations of radiation damage

show that for He3 (0.5°K) cryostats or 1°K at 50 kG, cp0 is

significantly larger, i.e. q>0 •• 4 x lO
1^ electrons/cm .

HADROK-HADRQ-'I TESTS

We now discuss hadron-hadron scattering experiments as they

pertain to determination of T invariance. In particular, we
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will concentrate on proton-proton elastic scattering using the

notation as depicted in Figure 3. M is the scattering matrix

and is shown in its most general form consistent vith P and T

invariance. Coefficients of the Pauli opin matrix operators are

scalar functions of total cm energy and scattering angle. If one

adds a term like

f (op1 oK
3 +<TK

l o / )

then T invariance is no longer valid.

The early experiments to test T involved comparison of left-

right asymmetryjA (9), at a particular angle 6 resulting from

elastic scattering of polarized protons from unpolarized protons,

with the polarization induced, P (9), on initially unpolarized

protons by elastic scattering from the same target through the

same angle. One can show that do(6) (P(8) - A(S)) = 8 -Imf*h
<JA

where do(8) is the unpolarized elastic scattering cross section

into S. Thus if the interaction is invariant under T, f-0 and

this effect is zero. Unfortunately it would also be zero if both

f and h had the same phase.

Predictions of non-zero (P-A) results have been published "

and are shown in Figure 4 along with various experimental results.

These predictions are based on a model introduced by Sudarshan 10

involving p and A, exchange as the mediators of neutron p decay:

the p being responsible for the vector interaction, and the .\

for the axial vector. The calculations are presumed correct only

at the low energies shown, but we display the results to give

an Idea of what sort of effects one might expect. We note that

in this model, the effects are significantly larger for n-p

scattering than for p-p.

,8
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The above experiments are difficult because of systematic

errors in comparing two distinct types of measurements. Another

type of experiment, in which systematic errors would be greatly

reduced can be made with a polarized proton beam or target and

a measurement of recoil proton polarization in elastic p-p

scattering. Figure 5 shows a schematic drawing of this experiment.

One compares the final polarization of protons at an angle B to ,

the final momentum vector* as shown, when the initial state is j

polarized«at an angle a and the scattering angles are (0*, <p ), '

with the polarization at angle a when the Initial state is polarized :

at angle fl and scattering angle (8*,w +«P ). If PA is the .

polarization as measured in Figure 5 a and Pfi is that as measured j;

in Figure 5b, one can show: f

do (••) (PA- p ) = 8Ke f»g .
OA [

Predictions of (Pft-P-j) using the above model arc shown In ,

Figure 6 along with experimental results at 430 MeV. The j

measurement was made at i»=65° with results PA-PB - 0.0019 - 0.0020. |

Unfortunately the center of mass scattering angle was one where j

results are expected to be small. A oinilor experiment has been j
1 5 "•

proposed for p-n elastic scattering at !.'evls. |

A POSSIBLE B1IL EXPEBIKEi.T i

One can cot aider daing an experiment :t t:il« type at the >•

AGS with a polarized target, or at A:iL wlt*« a polarised bear-,. [,

We have designed an apparatus, to be used at tut ACS, w!tic!i \.

would toe applicable with a primary proto:-. btan at snail Mor«ntu:;; I

transfer. We consider the region of srsall r.or.e-.tun tr«-ifer f»r \

two reasons:
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1) since this is a double scattering experiment large

cross sections are needed to obtain high statistical

accuracy,

2) one can use the high analyzing power of carbon if the

recoil proton momentum is kept small (<1.2 GeV/c).

For a polarized proton target magnet we have chosen a

"Corrected Short Solenoid" design as suggested by Desportes. •*

This magnet, shown in Figure 7 consists of two superconducting

short solenoid colls with currents in opposite relative directions.

According to our calculations, this design permits the requisite

homogeniety and has great flexibility for measurements in which

the target is to be polarized in the scattering plane.

For our T measurement we chose a polarization angle such

that c?,ap" 48 . This choice of angles permits simultaneous

measurements at (e*,* ) and (6*,^ +ir). Transforming the

spins from the center of mass to the lab and choosing appropriate

magnetic fields to precess the recoil spins to permit analysis, we

can specify the apparatus shown schematically in Figure 8.

The final analysis of the recoil proton spins can be

accomplished with a carbon palarimeter employing proportional

chambers. The analyzing power of such a device is approximately
_2

0.3 and approximately 10 of the protons impinging on the

the analyzer undergo an appropriate second scatter.

For the sake of discussion we have chosen an incident

beam momentum of SO GeV/c and a momentum transfer as shown of
2

-0.3(GeV/c). Bate calculations from the factors shown in

Table II then yield roughly 60 events per pulse detected after

double scattering. This will yield 4.5 x 10? events in a 500
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hour experiment. The Gtatistical uncertainty on such an

experiment would then be

^ W " °*8 x 10~3
Such a measurement would not be limited by systematic errors and

would thus be comparable to the best present results for T tests.
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P TESTS - REVIEW

We now turn to measurements of parity reversal invariance,

(P). Tests of this sort are currently of tJreat interest because

of possible weak interaction, neutral current effects. We

again have tabularized a set of experiments which are somewhat

representative of the types of measurements that have been and

can be, performed,(see Table 3).

The first class of experiments are observations of

parity-forbidden decays of complex nuclear states. While these

reactions do not explicitly Involve spin, they are significant

because of their sensitivity and because they demonstrate P

violation in interactions strictly between hadrons. A recent

example is the ot particle decay from the 8.87 MeV (-J"=2~)

state in l 6 0 , x6O{2",8.87)* 1 2C + « * . W If we characterize

the fraction of parity violating interaction to parity conserving

by a coefficient, p, then these forbidden transitions will

measure |p| . The above mentioned experiment yielded a result

|p|2*»(O.a6 t 0.11) x'10"13, or |p|»(1.62 ± 0.68) x 10* , i.e.

the authors observed a statistically significant number of

forbidden events. The complicated nuclear physics involved in

these reactions makes specific model calculations difficult.

Gamma transitions In nuclei can also test parity violating

•ffects. On* looks for circularly polarised photons which are

indicative of an interference between magnetic and electric

transitions of the same raultipole. In 1972 the world average

for th« polarization of^'B from l8lTa was -(4.9 ± 0.6) x 10"6.

Ibis is, of course, a statistically significant observation of
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parity violation, but relating these results to the parameter

p is again made difficult because of the involvement of a

complex nucleus.

An obvious experiment which would minimize the nuclear

effects would be measurement of circular polarization in

radiative capture of unpolarized neutrons on protons, p(n, £T)d,

or radiative capture of unpolarized neutrons on deuterons,

d(n, )f)t. The present published best value for the circular

polarization in p(n,2f)d is *V = -(l«3 * 0.45) x io"6. x6

Further experiments have been proposed by a Glasgow, Sussex,

Harvard, Darmstadt, Rutherford collaboration to be performed

at the High Flux Reactor at Grenoble.1' Their estimated

accuracy of measurement on£Tpolarization is 1.5 x 10 and

2 x 10 for Vd and tfb final states, respectively.

An experiment relating to the circular polarization

measurement is the measurement of the asymmetry of gamma rays

produced in the capture of polarized neutrons on parahydrogen.

This is effectively a search for a <on> • $f term in the

reaction cross section for n + p -» d + # : p_ is the decay V's
O

momentum vector. This experiment has also been proposed for

the Grenoble reactor. it has been shown that the circular

polarization would involve a AI-0 parity violating force while

the asymmetry involves the AI=1 force.

At a slightly higher energy, an experiment is presently

under way to measure the asynvnetry in the total proton-proton
2o

cross section due to reversal of incident proton helicity.

This experiment is being performed at the Los Alamos Van de Graff

using longitudinally polarized protons of 15 MeV Incident on a

- 209 -



3 atm. gas IL target. Both transmitted beam and outscattered

particles are detected, and the systematic errors on the

asymmetry are kept to/^10"^, (a large factor In reducing

systematic errors is that the incident proton polarization

is reversed at a rate of 1 kHz). At present no asymmetry

has been observed to the order of ̂ 2 parts in 10 .

Calculations of the magnitude of this asymmetry due to the weak
-» 1

Interaction yield A W x 10*° , where P is the incident
Re

proton momentum and M is the proton mass. If these expectations

•re correct, the asymmetry In the above experiment would be

on the order of A"»1.7 x 10™'.

A similar experiment has been proposed employing the

polarized proton beam at Argonne. 2 In this case, at 12.5 GeV,

one might expect an asymmetry of w o ~ 5 . The experiment is

a measurement of total cross section via transmission. A

-6 q
sensitivity of~10 is expected since the full beam, —-lCr
protons per pulse, will be used.

go

The advent of a polarized electron source for SIAC J

has prompted two proposals to Investigate parity violation in

inelastic electron-proton scattering. As with the above experiments

these measurements look for an asymmetry in cross section as

a function of electron helicity when scattering from unpolarized

protons. Such an asymmetry implies a (ae> • P*e force which

would violate parity reversal invariance.
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The first of these measurements Involves the kinematic
O O Oil

region of q <(GeV/c) at Incident electron energies 12<E<20 OeV.

This Is an attempt to observe an axial vector electromagnetic

current of hadrons which might exist If there is formal

connection between the weak and electromagnetic hadronic

currents. Manifestations of such a current might have been

seen In the circular polarization of photons discussed earlier.

If the structure function Involving the parity violating
p

terms has a q dependence similar to that of the weak interaction,

one might observe significantly larger effects In the proposed

momentum transfer rapge. The sensitivity of this experiment to

an asymmetry 1B SA— O.J? X 10 with some models predicting A

as large as 0.18.

The other proposal Involves the q range of 10 (CeV/c)2

and is e.u explicit attempt to observe effects due to a weak

neutral curret.t.8^ Since it preoently appears that there are

weak i.eutral currents of neutrinos, it Is of significant interest

to see If weak neutral currents of charged leptons exist also.

Since a signature for the weak Interaction Is the lack of P

invariance, this experiment becomes a sensitive test for the

existence of such currents. If one uses a mass for the neutral

vector boson propagator of 76 GeV then one might expect parity

violating effects on tne order of ft x 10"^. Thus the experiment
t~ -itIs doslp.t.ed to have a sensitivity of 6A — 10 .
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POSSIBLE HIGH ENERGY EXPERIMENTS

We now turn to a possible experiment to investigate

parity violation in hadron-hadron interactions at BKL

energies and above. In particular we propose measuring the

asymmetry In the differential cross section, do/dt, in

elastic p-p scattering as a function of the heliclty of the

target proton. Adding a term of the sort p*(ei, + o3) to

the operator In Figure 3 will yield such a parity violation.

Any other parity violating term either Is not T invariant

or does not obey the exclusion principle. If o+ and <j_

represent do/dt for target protons polarized parallel and

antiparallel to the incident proton beam, respectively, then

the desired asymmetry is:

o.-o 2 He p* (a + h) cos B*/S
A(t) = "*" = __________________ >

where 8* is the center of mass scattering angle and a is the

unpolarized do/dt. As expected, we would measure the inter-

ference between a parity violating amplitude and parity

conserving amplitudes.

If we assume that the odd parity amplitude, p, is propor-

tional to the square root of the weak cross section and the

other amplitudes are proportional to the square root of the

strong cro^s section, and that these amplitudes have the same

phase, the asymmetry becomes:

6*/2

- 212 -



The cross section for elastic p-p scatterl-ig is shown
26

In Figure S. The behavior of this cross section at high

energies has been described using a Chou-Yang Model ' employing

electromagnetic form factors to describe internal proton

structure. If one assumes that the success of this model

indicates the same parton structure for the strong interaction

as observed for the electromagnetic, and one further assumes

that the weak form factors are also the same as the .. sctro-

magnetic, the asymmetry A(t) becomes independent of t except

for the factor cos 8*/2. The magnitude of A would then be

—10 . Many assumptions have been made in the above conjecture,

and it would be extremely interesting to investigate this

asymmetry both at as large momentum transfer as possible and

at a moderate momentum transfer.

We would thus propose two experiments to measure p-p

elastic scattering from longitudinally polarized protons. The

first of these is at large momentum transfer, t » - 10(GeV/c) ,

and the experimental apparatus is shown in Figure 10. We

propose an incident beam of -10 protons per pulse on our

target. The same compensated, short solenoid polarized target

magnet will be used as described earlier. In order to reduce

systematic errors and increase data rate, the experiment is

performed for the projectile scattering to either side of the

incident beam. For this apparatus, we use the following parameters;

dc/dt = 10"3* cmS/(GeV/c)2

At = 1 (GeV/c)2

Ap/3* = 0.093
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With 500 hours of data acquisition, one could obtain

~6 x K r events. Assuming a target polarisation of 0.80

we expect a statistical accuracy of A = 1.5x10 . While

this does not approach the expected weak value of 10"-',

it would be useful to verify P invariance at large momentum

transfers to this accuracy.

Two, and possibly three, advantages are gained if the

same experiment were to be performed at smaller momentum

transfer, say t » -1.4(GeV/e)2.

1) The cross section is Increased by four orders

magnitude, a At bite of 0.2(GeV/e) then yields

~10^ events, or i"A 2: 6 x 10 ,

2) One could analyze the recoil proton to measure

spin-spin correlations, i.e. the Wolfenstein A

parameter, to an accuracy of O.2.,

3) If the weak interaction obeys a simple GZ, (t)

dependence, dashed curve in Figure 9, parity

violating effects might be increased by a factor

of 3 over other t regions.

Again, we do not reach the desired accuracy of 10 , but

this would be another interesting experiment.

SUMMftBY

To summarize, we have seen T invariance is well validated

by present experimental evidence, but can be tested at higher

energies to a few parts in 10^. Parity violation effects have

been observed at a significantly higher level than one might

expect via a simple weak interaction. We have shown that it

is possible to test P invariance at BNL energies, and above,

to an accuracy approaching this limit.
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MEASUREMENT

<ffn> • ( ? v x te)

n P Decay

< V ' <?7T x ?n>
K? Decay

p l in out
ep+ •» er

P (9) - A (6)

PP •• PP

Spin Check

PP •• PP

Spin Check
pn •* pn

Spin Check

PP •• PP

TABLE I

T Invariance Tests

RESULT

D= - (1 .1± 1.7) x 10"^

Im § = - (0 .060 ± 0.045)*

| A ~ 0 . 0 2 ± 0.026

< 0.01" 0.

0.0019 ± 0.00911

-10-3
(proposed)18

-3 x 10"3

(suggested)

Elab q 2
(GeV) (_C

6
eV/C)

0 10 5

o 0.13

12-18 0.41

145- 0.635 - 0.1

0.430 - 0 . 1

0.550 - 0 . 1

-20 - 0 . 3
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TABLE II

Calculations pertaining to T Test - pp elastic (scattering.

Incident Energy: 20 CeV/c

Momentum Transfer: -0.3 (CeV/c)

Cross Section: do/dt = 5 mb/(GeV/c)2

Solid Angle: Atp /Sir = 0.035
At = 0.1 (Qev/c)8

Target: 10 cm length
0.08 g/cnf1 free proton density
0.8 polarization.

Beam: 10 protons per pulse
1500 pulses per hour
500 hours of data acquisition

Analyzer: 4 •sin thick carbon
.If. x 10" sr = solid angle fov dcctcction of

recoil proton
do , OA mbgjy - 130 -W-
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da/dt

p p •• p p J

P f - - (* .9 i 0.6) xlO*6**
45) xlO

Forbidden Transition |p}« (1,62 ± 0.6B)
**0 (2*) * • • C• • «*

circular vc,«.£
d(n,« )t
d(n,4*)t

Asywietry of &
IV P •* <t<f

rtot • 5 P

»tot -^p

Pr » -(1.3 * 0.45
tPt < 1.5 x 10"^

- 6 "

/ A - 6 x 10"8

(proposed)'*

A< 2 x I©'6 "

(proposed)*"

(f A - 2 x 10"5

(proposed)**

(proposed)*'

<$ A - 1.5 x 10"3

(suggested)

Sh - 6 x 10"""
(susgested)

0
0

- 0

0.015

12.20

12.20

25

25

- 0
- 0

- 0

. . .

<5

- 1 0

10

1.4
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j I. INTRODUCTION
i

First I will apologize and indeed lament that I write as an elder

! statesman and not as an active analyzer of polarization data. I wrote

a rather similar article three years ago but have since only been an

educated observer. This may not matter too much as experimental and

theoretical progress has been slow since then. Further, three years

in the wings have not damped my ardour and I am confident that new

, vistas of polarization phenomena will be opened up in the next few years

! by such improved techniques as polarized electron and proton beams,

I "R and A" magnets and frozen spin targets in multiparticle spectro-

I meters. The table below summarizes some major areas in high energy

physics and indicates whether progress with the next round of experiments

! is likely to need polarization information.

; The reader will notice my childhood training: a bias to strong

interactions! In fact, I will treat weak and electromagnetic interactions

only briefly and not mention symmetry tests at all. The latter were

nicely covered in Zeller's talk at this conference.

I will discuss the four main strong interaction topics of this table

in Sees. II - V. Section VI is reserved for the amplitude analysis of

quark scattering processes possible in weak and electromagnetic reactions.

Snappy conclusions will be found in Sec. VII.
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Status

*

*

**

*

Field

Strong Interactions

Meson Spectroscope: Field mav be

rovolutionized by next round of spectro-

meter experiments.

Baryon Spectroscopy: Well studied with

and without polarization information

information. Very successful: SU(3)

quark model, etc.

Hn) nhnnr((jj pynam>c,s: two to (quasi)

two scattering of well loved particles:

Enerev Dependence: NAL wins

Amplitude (t) Deoendence: lower

energy accelerators dominant.

t Channel Dvijamics: Inclusive

scattering.

Generally no polarization effects

expected except in

Triple Ftegge} kinematic regions

HighpT J where polarization

could be sizeable.

Typical Reactions

K*n - A" A

TI p ( | ) -» it n

K+p(f) - K°ir+p

0
n p -» it n

K*p( f) •* u A

ab - » c X

p < f )-* ITX

(f)p<t)-*-irX
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*

#*

*

•>

Current (Weak and Electromagnetic
Interactions)

Scaling

Polarized Scaling Functions

Neutral Currents

Symmetry Tests

•>

tp - I X , vp -nX

I < f ) p ( f ) - / X

vp-vX, !p(f )-JX

<Jot(p(f)p)

e p ( f ) - e X

Here indicates that next round of experiments will be dominated by
**

unpolarized and by polarized data.
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II. SPECTROSCOPY IN FORMATION EXPERIMENTS

A. Continue the Good Work

The important role that polarization information in simple

reactions such as ir p (}) — w p, plays in phase shift analyses is well

1 2 3documented, ' The baryon spectrum as discovered by phase shift

analysis of irN and KN scattering remains perhaps the most successful [

result in strong interaction phenomenology — helping to spawn and I

nurture suah far ̂ Reaching ideas as SU(3), SU(6), quark model and :

duality. However, one may well ask if further progress can be made.

For instance although there is some useful work to be done at lower

energies - - filling in gaps and ambiguities in the phase shift analysis,

with dcr/dt, polarization and R and A studies, there seems unlikely to

be any major changes in the trN analyses below a lab momentum of

2 GeV/c. The main limitation is the difficulty of disentangling low spin

broad resonances from nonresonant background. The region from

2 to 5 GeV/c is the next area to be tackled in irN scattering but it seems

that the uncreasing density of overlapping resonances and just simply

more spin states, renders the prospect for conventional phase shift

analyses rather bleak. However, it appears still worthwhile to set up

a systematic program of experimental study with both polarized and

unpotarized targets in this region. One will still be able to identify

the high spin resonances as conventional loops in the argand diagram :.
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but interpretation may well concentrate on comparison of theoretical

models with amplitude analyses of the data. The latter could be helped

by theoretical dispersion relations and experimental R and A

measurements.

At low momentum transfer one would study the transition from

resonances (s-channel) to Regge (t-channel) dominance. One should be

able to finally understand the meaning of the mysterious dip in ir*p

elastic da/dt at t = -3(GeV/c)Z.2 More generally, the situation at high

momentum transfers is really rather interesting. One should find there

the low energy extrapolation of whatever mechanism (constituent inter-

change, gluon exchange ) governs high p T phenomena seen so dramatically

at ISR and Permilab. Such detailed low energy amplitudes could lead

to new insights into the high energy mechanism. For instance the

interchange model predicts that a (t) will asymptote to -1 as t -» - a>:

a finite energy sum rule analysis finds evidence for the second wrong

signature nonsenBe zero(WSNZ)of the p at a = -2 (t e -2. 5 (GeV/c)2)

and so contradicts this prediction. No doubt the analysis is not yet

unambiguous but it is illustrative of the utility of low energy measure-

ments in testing high energy models. Clearly accurate ir*p polarization

data for t <= -2. 5 (GeV/c)2 is needed to clarify this — just as the double

zero in the polarizations at t * -0.6 (GeV/c)2 indicated the first WSNZ
8 9

a = 0. In fact both up (see Fig. l)and pp (Fig. 2) show sizeable

polarizations at large -t. It is interesting to note that the interchange
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model predicts large energy independent mirror symmetric polarization

for -t > 6 (GeV/c) in up scattering whereas gluon exchange would

not appear to naturally give any polarization effects. We take up

high p_ again in a later section. Here we remember that these

studies are, of course, most direct at high energy: However, cross

sections are bigger at low energy and so maybe a region around 5 GeV/c

is the best compromise.

B. Ericson Fluctuations

Frautschi has pointed out that this energy region, 2 to 5 GeV/c,

is the best for looking for the cross section fluctuations expected in a

statistical model for hadrons. The basic idea is that the amplitude is

made up of a sum over a large number N of resonance contributions.

Explicitly
N

I a ! Aresunance <*•* - 0) - £ Y* <Ra - «»> • «>

This averages to the smooth Regge form in a manner made

popular by duality. However, the normal laws of statistics lead us to

expect a fluctuations in this smooth average (1) of order 1/N/~N".

i . e . ,

dcr/dt (fluctuating) , i N
do/dt (smooth) '

which in the statistical bootstrap of Hagedorn and Frautschi tends to

zero rapidly as s — a tor the number of resonances N <*
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exp ("Js/m^J/s increases exponentially with energy. The range

of 2 to 5 GeV/c is a compromise to make N large enough to allow

statistical treatment and N small enough to give significant fluctuations.

Experimental evidence for this effect has been reported recently: first.

Fig. 3 shows the asymmetry A

A =(N+ - NJ/(N+ + N_) (2)

where N denote the number of events coming from dividing data at

nominal momentum of 5 GeV/c into an upper and lower momentum

slice differing by about 50 MeV/c. As expected A = 0 for small t but

at large -t, A appears definitely nonzero for TT p scattering. This

observation of fluctuations in TT p and not in TT p elastic can be explained

by a larger number of resonances N in the second reaction. A similar

effect is seen in an analysis of the structure in tr p backward scattering

(Fig. 4a) in terms of Ericson fluctuations (Fig. 4b). This interpretation

corresponds to a resonance spacing of 20 KeV in ir'p scattering at

5 GeV/c. Clearly we stand no chance of finding such resonances by

conventional analysis. It is my feeling that the above work is not yet

convincing as they have ignored the contribution of high-spin resonances

on the leading trajectories (N , A,, etc.) which must be added to statistical

fluctuations of low-spin resonances.

Nevertheless,the point of this and the previous discussion is to

indicate that the region above 2 GeV/c is rich in good physics even if
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phase shift analysis fails. So indeed one should continue the good work

and both fill in those naughty gaps and move on to higher energy.

C. High Threshold Reactions

When discussing irN elastic scattering, we bemoaned the difficulty

of extracting information on the low-spin resonances. This is

conveniently solved by studying reactions with high thresholds so that

the high spin states are suppressed. A nice example of this is the recent

observation (Fig. 5), in the production reaction TTN-*TTN , of a low

spin (J - 1 / 2 or 3/2) resonance near the up threshold with a mass of

1820 MeV and a width of 120 MeV. Undeniable evidence for this

resonance would come from a phase shift analysis of the formation

experiment ir n -* u p using polarization data to find the phase as well

as the mass variation, characteristic of a resonance. For this particular

example, the indicated formation experiment is probably impossible

but there are many reactions, e. g.,

ir*p •* K A

whose systematic study with polarized and unpolarized targets would

allow significant improvement in our knowledge of the baryon spectrum

from conventional phase shift analysis. The hypcron reactions will

even give you R and A information automatically. By choosing the
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appropriate final states, one can vary the threshold and so study the

low spin resonances over a wide range of mass. Figure 6 illustrates

the threshold suppression rather effectively by comparing reactions which

are equal (from exchange degeneracy) at high energy. The reaction with

the higher threshold is suppressed by an order of magnitude at low

energies.

Our poor knowledge of that grand-daddy high threshold reaction,

pp annihilation, may be considered a worldwide catastrophe. A long

series of experiments on many different processes have failed to

reveal unambiguous evidence for meson resonances M formed in

pp — M -• some annihilation channel.

Direct methods having failed, it seems that the only hope is a

systematic attempt to garner enough data on the theoretically tractable

processes:

pp -* ir ir , K K , etc.

to render an essentially unique phase shift analysis possible: current

18work allows too many ambiguities. Clearly one needs both polarized

and unpolarized target data with a concentration of data at the lowest
• jo

practicable beam momenta te^ 5 *• 5 GeV/c). This allows study

of lowest possible pp mass region which has two advantages: first there

are fewer spin states and hence fewer parameters; secondly, the
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averaging of closely spaced resonances to Regge limit will be less

perfect. The region with p < 0.8 GeV/c is important, but difficult

with a beam of p's: maybe one pion exchange is sufficiently reliable

to allow use of the indirect process

ir"p - (pp)n

in a pp -* TT it phase shift analysis. Study of the extrapolation problems

for high mass ir rr systems in

, + -
ir p •• (tr IT ) n

would be important in this regard.

Finally we remark that pp -• ir IT , K K are good reactions to

study possible Ericson fluctuations (as the effects are enhanced compared

with irN elastic because the Regge exchange terms are smaller).

D. Quasi-Two-Body Final States

One of the most impressive results in formation reactions is the

recent phase shift analysis of irN -* ITITN. ' The data is expressed,

in the isobar model, as a sum of amplitudes for

irN •* i r A , TTN - pN, TTN - e N .

Typical argand plots for these reactions are shown in Fig. 7—clearly

one is able to observe resonances by conventional phase shift analysis

in quasi-two-body final states. There are two main reasons for such

a study: first one is able to obtain the basic resonance parameters
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(mass, width) of inelastic states that decay more strongly into pN and

N. For instance.four low spin (P . . , P f , D , P ) states

around 1700 MeV were found.suggested.or confirmed in this work.

Secondly, one can test several new symmetry predictions: broken

SU(6>W seems to relate ITA and irN couplings very successfully while

vector dominance relates pN and yN couplings. ' ' '

Clearly it would be good to continue this analysis using polarized

target information—it will help the analysis in the same way that

ITN -* ITN polarization data helps elastic phase shift analyses. Note that

polarization might be particularly valuable in irN — pN where we should

be able to see the resonance contribution

interfering with the purely real

i
I IT

N N
I

| The importance of polarization information is even more obvious

in the search for exotic resonances by phase shift analysis in KN and NN

scattering. Here the whole background amplitude, e. g.,
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forthe K p » K i quasi two body component of K p -» K pir , is real

from exchange degeneracy. One expects large polsrization effects from

the interference of (imaginary) inelastic Z resonance

with this background amplitude. Figure 8 shows this expected polarization

25 ++

asymmetry integrated over the A decay angles, and even more

structure will be found on examining correlations between polarization

of target and A decay. Actually more data on K p •» K i r p , with

an unpolarized target and 1 £ pJ a b - 1. 5 GeV/c, is urgently needed to

allow a definitive study of this reaction analogous to the SLAC-LBL

irirN work.

In my Berkeley talk, I discussed the utility of polarized proton

beam data on p (f) p -*nA . p l a ( j -1 4.1 GeV/c, to study a possible

analogue of the Z in pp scattering. Figure 9 compares the very similar

total cross section behavior in K p and pp scattering with the rapid rise
25

at the first inelastic threshold. Classically this corresponds to a

strong force (e. g. , IT exchange in pp •» nA ) which could create the

exotic resonance. Finally we note that the new P 3 J resonance (possibly)

seen at 1700 MeV in

- 242 -



J3(i700)=<

is a natural SU(3) analogue of
K

Classically the p exchange force creates the P 3(1700) and p
*

plus A exchange the Z ( = 1900).

in. SPECTROSCOPY IN PRODUCTION EXPERIMENTS

The advent of multiparticle spectrometers is expected to herald

a golden age of spectroscopy -- especially for meson resonances, e.g.

The role that polarization can play in this revival is somewhat

limited. For instance, polarizing the proton in the above reaction

and/or observing the polarization of recoil lambda, is not expected

to help the K ir spectroscopy. Rather it will be a sensitive handle on the

exchange dynamics of the process IT p -»Q A: This subject is, of course,

interesting but I will treat it in the next section.
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(i) For polarization to help the spectroscopy, it is clearly most

useful if the polarized particle is at the same vertex as the resonance

being studied. Examples with a polarised beam are

where we study Pomeron-polarized proton scattering to various final

states. So this is "just" like formalism, of previous section with a
* +

Pomeron replacing incident it. As in the great Z search in K p -•

K°ir+p, we hope that polarization will be particularly sensitive to

difference between
P(f >

resonance

Pomeron

P( t> .
and Deck I

! o

Pomeron

interpretation of low mass diffraction dissociation.

There are many other examples:
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Hi)

etc.

should be relatively easy to study (trigger is a fast K ) with a polarized

target in a multiparticle spectrometer. Note that as exchange is K

and not K, this production process can advantageously (compared with

K p formation experiment) study Y*'s that have a strong K p and weak

Kp coupling.

(Hi) Again

* 0 *0 +
Z = Kp, K p, KA , etc.

allows 1=0 and 1 Z study. Compared with the formation experiment
*'

discussed in last section.we have advantages of selecting inelastic Z s

with large K p coupling and getting polarization information in a perhaps

somewhat easier fashion experimentally than the direct process

+ 0 +
K p(|) "* K it p.

(iv) A final series of reactions involves bar yon exchange: namely
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and again one hopes to use phase information given by polarization to

distinguish broad resonant p' from a Deck-like nonresonant enhancement.

Such studies of meson spectroscopy with an unpolarized target in
26 27

streamer chamber or triggered bubble chamber are only now being

analyzed. It is clearly inappropriate to plan a detailed polarized

target program at this time but it seems likely that this should be one of

the early experiments when polarized targets are successfully operated

inside a multiparticle spectrometer.

IV. t-CHANNEL DYNAMICS OF EXCLUSIVE REACTIONS

The study of well loved reactions (i. e. , simple two to (quasi)

two body processes e. g., ir p -» IT n, it p » p n) has uncovered several

striking ideas. However, even the most ardent fan of this field, must

admit that it has stagnated in the last few years. We can understand the

disease and perhaps also find a cure by discussing its successes. First

there in the study of energy dependence which has revealed the

importance of Regge trajectories. The detailed study of these and
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their associated cuts has been hampered by the fact that only one

trajectory (that of the p) has been reliably extracted as a function of

t. Further progress demands the determination of other trajectories

so that we can tell if the p results ("perfect" linear trajectory with slope

= 1 (GeV/c) ) are a fluke or the norm. We can hope that the wide

energy range offered by Fermilab will lead to the desired progress.

A second successful area in two body dynamics is the study of symmetry

relations: here we have SU(3),quark model, and less solidly EXD and

duality. In general, these symmetry predictions have been well studied

although more information on their violation, e.g. , what is energy dependence

of EXD breaking, would be helpful. A third area is the determination

of the t dependence of amplitudes. This produced some surprises for

although the energy dependence of our data indicates Regge effects, the

t dependence of the imaginary part of the amplitude shows geometric or

absorptive features. A great problem is to reconcile these conflicting

ideas and in spite of the immerse amount of work on Reggeized

absorption models, there is as yet no convincing theory. ' It is in

this third area of t dependence of amplitudes that the pre-Fermilab

accelerators can be of mast value. Thus most evidence we have,

suggests that the t dependence only varies slowly ( i .e . , logarithmically)

with energy and so by studying details of t dependence at Fermilab, one

loses more from smaller counting rates than one gains from proximity

to asymptotia. Currently our detailed knowledge of nondiffractive

- 247 -

.,



amplitudes is confined to two: the nonflip N and spinflip F p exchange

amplitudes. These are most precisely found by an amplitude analysis

of irN scattering and a reasonably upto date summary of this is contained

in Figs. 10 and 11. The last figure shows the dramatic difference in

the t dependence of N and F: the zero inlmN at t = -0.15 and in

Im Fat t a -0.6 (CieV/c) corresponds to peripheral scattering centered

at 1 fin. We do not want to discuss here the various theoretical

deductions with their Sunday caveats (you can find many of them in

Ref. 16). Rather we emphasize that the basic task of the next series

of two-body measurements must be to extend this type of phenomenology

to different reactions. Questions one can ask are:

What happens in spinflip 2 amplitudes D? Speculation ranges from

perfect Regge theory--withIm D (-0.6) = 0; to perfect peripheral

scattering withlm D (t = -1 . 2 (GeV/c)2) = 0.

What happens in single flip amplitudes F for other exchanges ?

Thus for p exchange, the geometric and ReggeWSKZ(wrong signature

nonsense zero) predictions agree that ImFft = -0. 6) = 0. For
* **

other exchanges <ir, B, K ' etc.) this is no longer true, and the cults

are divided as to whether zero will religiously follow geometric or

Regge prediction.

What happens in "evasive" amplitudes, i. e., nonflip amplitudes N

where factorization predicts that any simple pole will vanish at t=0.

An example is the helicity amplitude
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helicity

The current slightly depressing state of theory is such that

persuasive argumentH have been found for almost every possible

extrapolation through our two p exchange amplitudes. As exemplified

by our three questions above, we make further progress by establishing

the amplitude structure in many different reactions. Things are not

as bad as they look, because the symmetry schemes suggest that we

do not need to measure all reactions: rather we must measure the

dependence on exchange quantum numbers and spinflip in a few well

chosen reactions and then we predict all remaining reactions by

multiplying these by overall constants given by the symmetry theory.

Having defined the program, we now turn to its experimental

execution. As we have mentioned above and is exhibited in Figs. 10

and 11, a striking feature of the known amplitudes is the very different

behavior of both real and imaginary parts and flip and nonflip amplitudes.

It follows that it is very difficult to disentangle the amplitudes from

differential cross section measurements.

•jr (3a)
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Rather we need a complete set of observables, which for our

simple example of 0*1/2 - o " l / 2 scattering, is

P =2Im (NF*)/( | N | 2 + | F | 2 ) (3b)

R =2He(NF*)/(JN| 2 + | F | 2 ) (3C)

A = ( | N | 2 - | F | 2 ) / ( | N | 2
+ | F | 2 ) (3d)

The amplitudes in Fig. 10 and 11 come from solving Eqs. 3(a-d)

for N and F using experimental values of the four observables. This

gives the amplitudes upto a common phase which is determined (in TTN

scattering) by dispersion relations (FESR). This straightforward

procedure is termed amplitude analysis.

One can try to find the amplitudes by supplementing a partial

set of experimental observables with innocent theoretical assumptions

to obtain unique amplitudes. This is often useful but its dangers are

illustrated in Fig. 12 which shows innocent amplitude analyses of P

and do/dt for ir~p -• K A and K~n -» ir A. The four different innocent

assumptions give wildly different results: there have been more

reasonable work since then ' but there are no truly innocent

assumptions, and the only safe approach is to measure a complete set

of observables. This automatically requires polarization information

(P) and even (R and A) data with both a polarized target and measurement

of recoil spin. The latter is only feasible to measure in elastic
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scattering (where high cross-section allows you luxury of the inefficient

measurement of final proton spin with a polari meter) and reactions

involving final state hyperons whose weak decay automatically gives

their polarization .

We finish this section by discussing some specific reactions one

would like to investigate with polarization intrmation. The exact choice

of reaction is not important for as Indicated above, symmetry relations

enable one to predict one reaction from another. For instance, the

quark model predicts that the spinflip amplitude in IT p — TT A is

(up to an overall constants) identical to that in TT p — ir n which has, as

shown in Fig. 11, already been determined quite well. The main criterion

should be to get enough statistics to, in fact, reliably determine the

amplitudes from measured observables . Reference 25 shows how one

can estimate in advance the necessary statistics by an elementary Monte

Carlo calculation. The above discussion implies that the reactions

mentioned below should be viewed as a typical and not a specific list.

The amplitude analysis of ttN scattering will surely continue but

as Figs. 10 and 11 show, it is hard to improve the current analyses

for |t | < 0.6 (GeV/c) : at larger t, we not only need an improvement

in the basic data but also phenomenological study into ways of

estimating the unknown overall phase present in an • experimental

amplitude analysis. The advent of a polarizet' proton beam at the ZGS has

made an experimental program of amplitude analysis in NN elastic
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and maybe also charge exchange scattering possible. The current

32 33measurements ' are not yet complete enough to give new insight:

hopefully these data could tell us

a) are there any amplitudes with A or D (I = 0 partner of A.)

quantum numbers ?

b) Structure of double flip and evasive nonflip (helicity transition

++-*--) amplitudes?

The latter may be easier to see in np CEX as current belief is that

such spinflip amplitudes are only large for 1=1 p and A exchange. In

any case the pp elastic measurements should be made over a range

of energies so that we can tell apart asymptotic (diffractive), nonleading

(p, A,,f,u exchange) and transient (low energy garbage effects). The

rather nice polarization data ' on np CEX is shown in. Fig. 13.

This should be zero if EXD was exact (all amplitudes in np CEX should

be real. The energy independent nonzero value has defied unambigous

theoretical interpretation. We need to pin down which amplitudes have

the sizeable imaginary parts responsible for polarization. As well as

the point b) above, np CEX can also tell us about

c) Structure of unnatural parity (w and B) exchange.

The usefulness of R and A measurements and hence amplitude

analysis in hypercharge exchange processes

ir"p -»K°A

K*n -» rt~A etc.,

- 252 -



has been proclaimed for at least four years. As reviewed in Ref. 16,

there is much controversy as to t dependence of imaginary part of non- j
i

flip even signature (A,, K ) exchange (does it or does it not vanish at j

t « -0. 2 (GeV/c )2 like p-exchange). These data should both settle this 1

and study EXD between K and K in greater detail. (Are violations

more pronounced in nonflip than spinflip amplitudes ?) As exemplified [

in Fig. 6, there is plenty of evidence that violations of EXD decrease j

with increasing energy. Correspondingly amplitude analysis of hyper- |
charge exchange processes over a range of energies is indicated. s

Figures 13 and 14 indicate excellent quality of the recent polarization !

data on np CEX and it p — K A respectively. Unfortunately current !

theory is at a loss to interpret it until R and A measurement allow the ,'

amplitude anatysis. This situation should be contrasted with that for :

the recent pp -• A n data taken with the polarized beam at Argonne. i

The overall polarization shown in Fig. 15, is very similar to np CEX. I

This is by itself insufficient to allow a useful analysis, but the combination \ .

of p and £> spin information gives nontrivial constraints. In his talk • '
!••

at this meeting. Field describes some neat quark model tests: I believe 1'
'(•'.•

i •

one may be able to perform an innocent amplitude analysis by supplementing i

the data with some or all of the following assumptions: j

a) Only amplitudes allowed by quark model are nonzero. (This

leaves one with six out of possible sixteen amplitudes).

b) A. exchange is negligible.

- 253 -



c) Estimate the small nonflip amplitudes at pc vertex by quark

model relation to K n — K A . This should be reliable--upto overall

constants as they are net single spinflip amplitudes for which Regge

theory is good.

d) Assume imaginary parts are peripheral.

Note that the theoretical lessons one learns from pp — nA

are similar to those in np CEX. If the former reaction is easier, it

may be better to concentrate on it rather than spread one's polarization

butter too thinly and try to measure both.

In the experiment p(f) p —• (pir fri, one gets polarization asymmetry

effects not only from interference between production amplitudes for a

given ptr spin-parity state: rather one also gets contributions from

interference between different pir J states. (These were formally

discussed in Sec. lit). Figure 16 shows this second type of effect and

the rough agreement with expectations from one pion exchange

and low M , TT p polarizations.

The two effects can be distinguished by (IT p) mass and angular
38

dependence: the original paper has more details.
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One can briefly mention a few more quasi-two-body reactions. i

0 0 "'
Polarization data for IT p -• (p o r i t t i would be very valuable: even j

if a complete amplitude analysis is not feasible, we have learnt so i

25 39 <much from unpolarized data that the polarization can be readily interpreted '

e. g,, there is the well-known direct test for exchange of A quantum \

numbers in TT p -» p n or its EXD partner in ir p -• u n. A large |

contribution of the latter type was recently postulated to explain !

violations of ir-B exchange degeneracy. i

We expect very little polarization in tr p -• n A because the

quark model (which agrees with unpolarized A density matrix elements

Fig. 17) predicts purely spinflip amplitudes. Typical predictions are

shown in Fig. 18: a nonzero polarization can come from either violations

41
of the quark model or absorption after crossing from s to t channel.

- *
The related reaction K p -» ir Y (1385) with decay A polarization

39 42observed has already been analyzed. * This work needs to be

repeated with higher statistics and study of possible background under

Y* (1385).

This last reaction is typical of many hypercharge exchange

39reactions producing resonances. Others are

+ „*+ +

IT p -* K 2

ic"p -» «Y* (1385) etc.

- 255 -



If the final hyperon polarization is obser-ed, measurements off a

polarized target will allow a complete amplitude analysis. This program

is particularly attractive because, apart from restriction to K and K

exchange, these reactions have sufficient spin complexity to answer

the various theoretical questions posed throughout this section.

A wide open field is backward scattering: miserabile dictu

the cross sections are small, the data is correspondingly poor and

transient low energy effects are present upto = 5 GeV/c where finally

an asymptotic theory may be even qualitatively correct. There are no
0

simple well-studied reactions like ir p -»ir n(data on single trajectory

exchange T p -*• pir is quite poor) and the theories seen quite

unconstrained and unpredictive. I fear therefore that any measurements

short of a complete set of observables will be difficult to interpret.

More optimistically one could hope that a systematic set of maybe incomplete

measurements would establish an orderly phenomenology and so set the

theories on the right track. Useful polarization and da/dt measurements
43are discussed by Storrow and Winbow.

V. Inclusive Processes

In the general inclusive process,
a(t).
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it is intuitively obvious that there can be little or no polarization

effects. For instance, one is summing over many different exclusive

reactions a(f ) b -* c(X = given state) and polarizations will have random

signs and average to zero. However there are specific kinematic regions

where this will not be true and sizeable polarizations are expected.

Refer to Fig. 19, which plots the allowed physical region for c in terms

of

xn = 2 P I I / N / T

where p and p_ are longitudinal and transverse momenta of c in

centre of mass system. As illustrated there, we expect polarizations

in the large x =
>/3!. + x region. This can be divided, artificially

from some points of view, into three regions.

Triple Regge region I: xf( > 0.8: c fragment of a.

Triple Regge region II: x <-0 .8 : c fragment of b.

and high p_ region: the large x region excluding the above two regions.

We have already briefly mentioned high p_ processes in Sec. II,

while Field covered the first two regions at this conference. We will

briefly summarize the three regions here. First refer to Fig. 20,

which plots the angular distribution of the azimuthal angle between the
443ton in the reaction

Y (f )p -• ir" + anything at 9. 3 GeV.

44•nd polarization of the photon in the reaction
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We find sizeable polarizations for positive x which disappears

for small and negative values. This corresponds to polarization in

triple Regge region I with none in central region or triple Regge region

II. A3 we will see later, nonzero polarization in region II although possible

is less natural than region I.

A. High p T Region

My statement that sizeable polarizations are expected in this

region is not based on hard calculations. Further the dividing line
45x = 0.8 in Pig. 19 has no quantitative basis. Theories of low p_,

small x processes expect (and this is born out by experiment ) inclusive

production to be independent of beam and target quantum numbers. In

particular it shoi'ld not depend on their spin and there should be small

polarization effects (cf., Fig. 20). On the other hand, theories of

large p— processes, definitely predict dramatic dependence on beam and

target quantum numbers. For example, irp — irX is expected to be larger

than pp — irX at large p— because incident ir has an antiquark to

annihilate with quark in proton to produce final state IT. NOW unfortunately,

we cannot immediately deduce that polarizations will be large as

chis requires not only spin dependence but also necessary relative

phase between flip and nonflip amplitudes. However we have already

commented that in at least one model which is in fact a good

description of the inctusive data, the elastic process does
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appear to have sizeable polarization. Elastic scattering is the rim of the

hemisphere x = 1 and based on the qualitative general argument plus

existence in this special limit, we feel it would be worth investigating

high p T inclusive reactions for polarization effects. The easiest example

is the polarized beam reaction:

p(f)p-»r+X

which might still be interesting at the low (for high p_ phenomena)

ZGS energies. One may have enough cross section to allow studies

with polarized target or final state polarimeter at higher energies.

One could consider investigating

p(f)p(f)-Tr+X

with polarized beam and target. This may have larger effects as one

does not need relative phase between amplitudes to get nonzero

asymmetries.

B. Type I Triple Regge Region

First we give a qualitative derivation of the basic formula--a more

precise treatment will be found in Field's talk. Taking the process

a ( f ) b - c E

E
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where E is some fixed exclusive state, the polarization asymmetry

for particle a aligned perpendicular to the scattering plane is

a c b.:
1ft

where n runs over helicities of b and E and H is helicity amplitude for

a + b — c + E.

Putting in a Regge form for H, the above becomes pictorially

+ + .'' » + \ *

and summing over n and all exclusive states E, we can use the
(generalized) optical theorem to find

A dtr/dtdx • 2.
R,R'

or putting in a Regge pole approximation for Rb •» R'b forward

amplitude
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A da/dtdx °=
R.R'.R"

It follows that in this region I, the phenomenology of polarization

is identical to that in two body scattering. The only change is that

we choose R and R' not only so that they have a nonzero coupling to

ac vertex but also so that triple Regge coupling gRR, _. Rn is

nonzero. The high energy f ixed x limit is dominated by R" = Pomeron

and the latter restriction is relatively severe in this case. The essential

features of the triple Regge formalism are as follows:

(a) The kinematic region for which the triple Regge expansion

is valid is large s (p £ 100 GeV/c) and x near 1 (x > 0.8).

39
(b) The detailed predictions are given by Field. For example,

if R" is a Pomeron

-«a(t)-.RI(t)
(A) da/dtdx *• (i - x)

Triple Regge theory predicts cross section to be both independent

of s and have x shape, determined by trajectories <*H(t), a,,, (t), given

above.

(c) A huge experimental advantage of inclusive triple Regge studies

is that it studies same physics as (non )d\ffractive two body reactions but
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triple Regge cross section and polarization is independent of energy

whereas a specific two body cross section falls fast (l/p. . -* l/p. . )

with energy. For example, <r(ir p -» ir n) at 100 GeV/c is around

3 (jib whereas cr(ir p -* ir {x- 0.8) + any) has about 100 jib of energy

independent cross section. It follows that triple Regge d<j/dt and

polarization measurements could replace conventional two body physics

at Fermilab and SFS energies.
39

(d) Examples are easy: Field has shown qualitative agreement

between theory and experiment for K p * AX; in general one needs only

generalize any given two body reaction. For instance TT p -• pir is
48pure A exchange and shows nonzero polarization at 6 GeV/c. Its

triple Regge form, IT p •* p + X would also exhibit energy independent

cross section and polarization from the diagram

Pi
it"

- Pomeron Cut

p p

One can also use a polarized target and study

any beam + p( f) -* X + ir

where ir" is fragment of proton.

A generalization of tr"p -• (ir or p )n is ir p(f) — X + n with

polarization from
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p(t)

which is triple Regge generalization of mechanism used to get

polarization in ir p •* p n and vp -* ir n. '

The "opposite" generalization of IT p -» 17 n i. e., ir"p(t) •• w + X,

is type II and is treated by formalism in next section.

(e) Now let us discuss diffractive processes i . e . , reactions like

pp - p + X where ac vertex allows a Pomeron coupling. Now for elastic

processes, the polarization comes from pomeron interfering with p

and A, exchange and so is not energy independent but rather falls

like iNs at small t. Correspondingly in the triple Regge limit, the

polarization also falls with energy in the same way. The dominant

diagrams are

beam

A da/dtdx "

This gives asymmetry
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A = M/*]s in region where cross section is
dominated by PPR (small Mz = s(l-x)).

in larger M region where PPP
dominates.

As discussed by Field, these asymmetries have similar beautiful

systematics to elastic scattering. For instance, ir p(f) — X + p should

have mirror symmetricasymmetries with a double zero at t = -0. 6 (GeV/c) .

(f) In Fig. 21 we show experimental data on p( f )p -» p + X: the

polarization is small and consistent with zero with present statistics.

Clearly the triple Regge couplings g _ , g. n . are quite small:

more work is needed before we can test the formalism. However, the

small polarization already allows some neat phenomenology.

Thus for low missing mass M, the inclusive reaction is made up of the

two channels

p(f)p -»p (tir )

p(f)p -*p(pir )

and we can predict the polarizations in each of these two exclusive

channels from the Deck model. (This is so called "Berger-Fox"

test. ) This model predicts large polarizations in the exclusive

channel pp — pnn because in the Deck model.
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P(t)

!

V s

M 2 = s
" i "Z

™i " 2

we are sampling polarizat ions in up elas t ic scat ter ing at low

subenergy s . The predictions in Fig. 22, a r e in c lear disagreement

with the inclusive data in Fig. 21 . However, al l is not lost and we let 0

be Jackson angle of N2 wrt N^ in r e s t frame of TT^N sys tem. Then

the above diagram (D ) is only expected to be valid for cos 0 near 1,

i . e . , opt imist ical ly cos 0 > 0. For cos 0 < 0, we expect d iagram with

rapidity ordering of IT, and N2 reve r sed , to be dominant, i . e . ,

P(f )

( D 2>

and this gives negative polarization for p(} )p — pnir and positive for

plf)P "*PP1T • The results for the low mass states are summarized

in Fig. 23 and Table 1.

Returning to the inclusive reuction p(f )p -* pX, we see that low
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mass X is made up of four diagrams—two give positive, one negative

and the other zero polarization. We still expect net positive polarization

but maybe it is not so surprising it is as small as Fig. 21 suggests.

We note that in a resonance model for the reaction

p(f)p -p(X =N*) ,

the polarization has to be independent of decay mode (ntr or pit ) and decay

angle 8 of X. The essence of the Berger-Fox test is that (generalized)

Deck model gives polarizations that are dependent on both B and decay

mode and so is easily distinguished from resonance model. The

experimental lesson is that it would be valuable to look at inclusive

polarizations in a spectrometer where one can also examine the

dependence on the make-up of the missing mass. Figure 22 indicates

that polarizations could be large in certain kinematic regions.

C. Type II Triple Regge Region

This is kinematic region governed by diagram

b(f) b(f)

where now b, not a or c (as in type I), is polarized. Intuitively one would

expect no polarization effects in this region - - mathematically this is
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expressed by fact that it requires a conspiring cut or pole to get nonzero

polarization effects. Such complexity has caused great theoretical

39 52-54
delight ' and useful prediction that any nonzero asymptotic

polarization implies a nonfac tori zing pomeron in third leg. Figure 20

does show very small polarization in the type II region, and this is not

surprising because of the large amount of data indicating approximate

factorization of the Pomeron. On the contrary, the data , reviewed

39 ± ±
by Field, on it p(f) -* TT X shows to my amazement large type II

polarizations corresponding to nonasymptotic diagram

V v*

This interesting observation deserved to be explored more thoroughly.

D. Triple Regge Curiosities

In 5B, I made the authoritarian statement that the triple Regge

formalism is only applicable for large s and x ^ 0 . 8 . In this section,

I note two relaxations of region of validity. Both are true for either

polarization or simple differential cross section measurements.

(a) Staidly, we may note that the region of x > 0.8 but mediums
2 2

so that M = s(i - x ) runs upto around 4 (GeV/c) , is amenable to
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analysis through finite mass sum rules (FMSR). These are quite

uncontroversial theoretically and experimentally successful.

They are described by Field in this conference.

(b) Now life gets a little jollier as we describe a wrinkle in the

triple Regge formalism which has so far escaped the elephants and is

yet to be trampled flat by repeated use and abuse.

First we note that it is well known that in the multiperipheral

model (and hopefully also the real live world), we get power law

behavior for all reactions like:

ir p -• all neutrals (4a)

pp •* any process not involving a baryon
i .e . , annihilation (4b)

K p -* any process with no strange

baryons . (4c)

The general class of reaction is

Beam + Target -* all particles which do not satisfy a property P

o-j (b +t - a l l , Pnot true). (5)

So in examples

(4a): P is being charged

(4b): P is having nonzero baryon number

(4c): P is being a strange baryon.
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The total cross section for any process of the type (5) can be described

by a ladder, e .g. ,

p

p ,

r f ° 0 0
" * TT IT

0
IT

:

/

(L)

<L2>

which sat isf ies a t-channel integral equation because if I break ladder

at any point (e. g . , solid l ine in (L) above), it b reaks into two ladderJ

(Lj) and (L.,) both of which a r e of type (5) with s ame proper ty P .

Solving integral equation, I will find Regge-tike poles and power law

behavior

% t ( b + * "* a l l > n o t P ) = a<" ' *

where 8 is position of pseudo-Regge pole gotten by solving integral

equation, and we get s ame 5"for all react ions with a given proper ty P, that

are coupled in integral equation. Experimentally we discover:

(4a) a = 0.

(4b). (4c) ff<= 1 / 2 .
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The triple Regge generalization of the above formalism is trivial:

take for example (4a) and reaction:

p •* IT + all neutrals.

Triple Regge diagram is

all neutrals

with p"p -*• all neutral replacing p p * everything of true inclusive

reaction. Clearly we can put in pseudo-Regge behavior of all neutral

cross section to get pseudo-triple Regge graph

and triple Regge formalism is immediately applicable with intercept

a a 0 replacing Pomeron a = i in basic formulae. The extension to

general reaction (5) is obvious.

In the polarization example studied by Eisnerand Field

K*p-A(f)+X
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there are many possible pseudo-analyses.

For limit.

K
A

we could take

For limit

X - no baryons: a = 1/2.

= all neutrals: 3 = 0 .

we could usefully take

X = no kaons: we don't know a here: by analogy to pp

— no baryons one might expect a ~ 1/ 2 .

and X = all neutrals again.

There is no point in listing all possibilities: the reader can see

what is convenient for his trigger or bubble chamber scanning criterion.

We end by emphasizing that we have shown the interest in decomposing
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the inclusive cross section into

a) exclusive channelscf. Berger-Fox tests .

b) general classes of inclusive channels cf., pseudo-Regge limit.

Both these types of study are well suited to bubble chambers and

multiparticle spectrometers.

VI. PARTON SPIN STRUCTURE

A. Lepton and Target Polarized

There are several important experiments with polarized targets

to study the electromagnetic and weak interaction.

The simplest is elastic scattering

where the lepton (electron or muon) is polarized longitudinally and the

target is polarized perpendicular to the beam but in the scattering plane .

The polarization effect is proportional to product G (q )GM<q ) of

59 2
electric and magnetic form factors. This allows one to extract G_,(q )

CM

at large q , which is important because the usual unpolarized measurements

i N -» 1N are only senstive to Cĵ dj ).

The inelastit scattering

- i +any

has attracted a wealth of literature with nice reviews in Refs. 60

and 66-68. The lepton is again polarized longitudinally and there are
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two nucleon spin configurations

a) nucleon spin parallel or antiparallel to beam

+ k ' c o s 9 > M G i + « \ > <6a>° ^

b) nucleon spin in scattering plane but perpendicular to beam

(as in elastic scattering above).

TJFdF " "dlFdiP B ^ T T - k ' s i n e I M G , + 2 k G
2 '

The notation is conventional:

energy k

m a s s M

There a r e two new s truc ture functions G and G , i n addition to W

and VL of the f a m i l i a r unpolar ized m e a s u r e m e n t s . In the Kjorken l i m i t ,

q , v = k - k ' - « with x =q / 2 M v f ixed, one e x p e c t s s c a l i n g of vG

and vTJ in the formJ

M vGjIv, q ) — gjfx)

2 2 <7>
M v G 2 (v , q ) - » g z ( x )
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These can be derived in quark ' ' or light cone approaches. In

the former

where f.'(x), r. (x) are respectively probability of parton of charge Q,

and momentum fraction x having same or opposite helicityaa proton.

g2 involves proton polarized perpendicular to direction to motion rather

along it as in g.(x). There are many nice things to do experimentally

(a) check scaling (')•

(b) test sum ru le s 6 1 ' 6 0 ' 6 6 " 6 8

/ dX [gPProton (x) - g° e u t r o n (x)] dx = i ^ (8a)

J g2(x)dx = 0 (8b)g2

0
This clearly needs data with a polarized neutron target,

(c) Naive quark parton models give

gproton a 5 x u n p o l a r i z e d distribution function (9a)

gfUtrOn =0 (9b)

g2 = 0 (9c)

More sophisticated approaches ' using Melosh transformation

still give (9b), which again indicates utility of neutron targets.
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(d) comparing Eqs. (6) and (7), we see that g. is best measured

with configuration of parallel lepton and target spins, while g, is most

sensitively determined by perpendicular spin arrangement. The latter

unfortunately has asymmetries that are proportional to sin 9. However,

it is an important measurement. For instance in a recent paper,

Colglazier and Rajaraman point out that one expects huge violations of

scaling in this latter arrangement, from models in which partons have

structure. These were proposed to explain failure of e e" annihilation

to scale as expected.

There is also an interesting discussion of possible startling q

behavior in Refs. 66 and 68. This is based on purely phenomenological

considerations — namely g (x = 1) is surely positive from parton model

interpretation but for small q , it is experimentally established to be negative.

(e) The behavior in the Regge limit v — <o (or x — 0) is rather

intriguing. ' For instance G( v, q ) is controlled by mysterious A

exchange which is expected to be very small. Thus the spin dependent

pp total cross section is formally similar (inelastic electron scattering

is mathematically off shell photon proton total cross sections) and no

evidence for this type of exchange was found.

B. Theoretical Dreams, Experimental Nightmares

Other applications of polarized targets ere not so easy. Most

difficult is v scattering off a polarized target '
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which has similar physics to processes discussed in previous subsection.

The scaling predictions for semi-inclusive process

<N(t)~ 1+ h +any

74where h is some fixed hadron, have been discussed by Heimann and

Kingsley. This would, for instance, be feasible experimentally when

a polarized target is used in LASS spectrometer at SLAC. However,

as we have yet to really test parton predictions for the corresponding

unpolarized measurements, it is clearly premature to discuss polarization

at this stage.

Finally the recent discovery of neutral currents, raises some

interest in experiments to search for parity violating polarization effects

in

i N ( f ) - IN

< N ( } ) - i +X

This would be expected from interference of electric and (neutral

current) weak interaction. Their expected size is quite minute

A~10'V

and probably can only be seen *t Fermilab energies. I have V'A been able to

77 78locate a comprehensive review — only two articles ' on the elastic
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reaction. There appears, quite justifiably, more interest on the

theoretically similar but experimentally easier reactions involving
79 80

polarized leptons on unpolarized targets. '

VII. CONCLUSIONS

Conclusions in such an article are always liken unto asking the

long distance runner to run a lap of honor as he lies collapsed on the

ground, proud just to have breasted the finishing tape. Nevertheless,

we will record some of the new areas in which we anticipate polarization

will play an important role.

•* Low energy quasi-two-body reactions (Sec. IID),

-* Meson and baryon spectroscopy in production processes (Sec. III).

-* High p T elastic and inclusive reactions (Sees. IIA and VA).

— Amplitude analysis in hypercharge exchange processes (Sec. IV).

•• Triple regge polarization (Sec. V).

-* Inelastic electron and muon scattering (Sec. VI).

I hereby vow not to write another review article on polarization

until both there is a significant amount of data in one of these areas

and also I have really analyzed some of it.
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TABLE i

Polarizations in pp(f) -* Xp
(cf.. Fig. 23)

Rapidity Ordering*'

X

P

0
TT

n

TT

A++

TT

A+

0
it

A°

n

0
TT

P

TT

n

TT

A ~

U
IT

A+

TT

Observed
Proton

P

P

P

P

P

P

P

P

P

P

b)
Polarization

0

r/3

r/2 (1 - cos TTO)

-r/3

-r/2 (1 - cos iri.-)

r

0

r/3

r/2 (1 - cos ire)

-r/3

a) For instance, first row

corresponds to diagram:

r ^T is a smooth function of t and
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Figure 7. Argand diagram froa Ref. 22 for the F15 wave
In the "N •» xiiN Bultlpartlcle phase shift analysis. The
w 4 , o!) and cN decays of the faallar 5/7*11* <168R) are
clearly seen.
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AMPLITUDES AT 6 GeV/c
. • 0 t-tfrannel Exchange

0 01 02 03 04 Q5 0.6 0 0.1 Oi 03 04 0.3 0 6

Figure 10. Suawry, taken from Kef. 16, of cN clast ic
aapt'tudc analyses rx 6 GeV/c In the t-.:hann*l I » 0
state* Shown are r«al and Imaginary part of nonftlp N
and splnfllp F amplitudes. Hark»d are four analyses-
marked m (Halien ard KlcUcl) , KELl.Y (K.L. Kelly),
AKL (Argonne polarization grcup) >nd SACLAY (Saclay
trolarlzatlon group) which are cited and compared In
Ref. 16. Also drawn i s a slapli f inite energy SUB
sredlctlon (marked FESR).
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irN AMPLITUDES AT 6 GeWc
t = l t-chonnel Exchange (ir'p—ir°n)

0 0.1 0.2 0.3 0.4 0.5 0.6

-((GeV/c)2 -KGeV/c)z

Figure 11. This Is the sane as Figure 10 except
the graphs now re£er to the I • 1 t-channel (I.e.,
ir"p + TtOn) amplitudes.
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RESULTS OF AMPLITUDE
ANALYSES OF i rN -KA. K N - irA AT 4 GeV/c

Tensor (K") Enchonge
Veclw (K"> E«honge

Methods • = DAM, • = REGGE, • • FESR
Units ore [mb/<GeV/c)2]"s

0.2 0.3 04 05 0.6 0.7

-t(GeV/c)s

0.2 0.3 0.4 0.5 06 0.7

-KGeV/c)2

Figure 12. Comparison, taken from Ref. 16, of
three amplitude analyses of irN •* KA and KM * uA
at A GeV/c. Shown are dual absorptive (DAM),
pure Regge In apinfllp (REGGE) and FESR innocent
analyses. The vast differences between the
analyc-s and unwarranted violations of exchange
degeneracy and SU(3) (not obvious from this
figure) show danger of supplementing incomplete
data with Innocent theoretical assumptions.
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0.4 h

Figure 16. Two momentj, In p(t)p > (»+p)n at 6 GeV/c,
of the »+p decay angles that correspond to interference
between J? - 3/2+ & +•• and Jp - 1/2" n+p wavea. The
solid and dashed curves are predictions of naive one
pion exchange while data comes from Ret. 33 again.
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Figure 17. Comparison, taken from Ref. 81, of n+p •* it0 b**
density matrix element data around 3.5 GeV/c and a) Stodolsky
Sakural prediction which Is optically undistlngulshable from
weak cut (WIZKID) model, b> strong cut (SCRAM) model.
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Figure 18. Predictions (Ref. 81) for »+p •• tOf**
and n*p • if>b ++ poUrltatlona at 8 GaV/c Integrated
over all i+* decay, for models defined In previous
flgurs.
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•aas M of X. This is discussed In detail In
text and table 1.
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SECTION II

POLARIZED TARGET TECHNOLOGY AMD HEW FACILITIES

FOR POLARIZATION EXPERIMENTS
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A HIGH POLARIZATION TARGET FDR INTENSE BEAMS*

Presented by W. Ash
Stanford Linear Accelerator Center

Stanford University, Stanford, California 94305

I would like to describe the polarized proton target which is being com-
pleted for an experiment in deep inelastic scattering of polarized electrons
off polarized protons to be run at SLAC in the near future. The very inter-
esting physics involved in this Yale-SLAC collaboration will be described by
Vernon Hughes tomorrow morning.

As this conference seems more oriented to the use rather than the de-
sign of polarized targets, I shall give a quick summary of the device and
concentrate on the aspects that are important to the use or novel to the
design. Details that may be of interest can be handled in later discussions.1

The parameters of the target are given in Table I.

Table I SLAC-Yale polarized proton target

Temperature
Field
Capacity
Material

Polarization

Microwaves
NMR
Special Features

1°K; Helium 4 system
5 Testa superconducting solenoid
600 milliwatt; 25 cm3

1, butanol; porphyrexide doped

(-70%) x ( ^ O ^ e proton. ) ~ 1 0 *

2 mm (140 GHz) backward wave oscillator
Constant voltage, parallel tank, 200 MHz
Polarized parallel to beam ±20° exit aperture

Daily target change due to radiation damage
(electron beam)

The builders include myself and Dave Coward from the Spectrometer i
Group at SLAC; Steve St. Levant from the Cryogenics Group at SLAC; j -
Vernon Hughes, Asher Etkln, Peter Cooper, Satish Dhawan, John Wesley
and Percy Yen from Yale. String technical support was received from bom •
Institutions. \

i •
The special feature of polarization parallel to the beam Is a consequence t

of the experiment with longitudinally polarized electrons. This had substan- f
Ual impact on the design of the magnet and cryostat. The electron beam, £ .
with its much higher damage per physics event, dictated more refrigeration, i .

•Work supported by the U. S. Atomic Energy Commission.
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rapid and reproducible target changing, and mass production of target
material. Our response to all this will be shown in subsequent figures.

Givea the desire for high polarization we had an initial choice between a
B/T of 5 Tesla/1° and 2.5 Teals/. 5° — each with special problems. We
selected the first as indicated for a variety of reasons and so far are happy
with that decision.

The magnet, of course, is superconducting and is essentially l solenoid
with something better than ±100ppm uniformity. Cooling is by a "conven-
tional" helium 4 system with offline recovery and reliquefaction. We get
about 600 mW of cooling in a 25 cc target volume at about 1. C5°K.

This Is not the first 5T/1K target but may be the first used in a high
energy physics experiment—certainly at an electron machine.

The choice of material at thfi time is porphyrexide doped butanol.
From CERN and DESY data plus preliminary results of our own, we expect
a polarization of about 70% times the ratio of polarizable protonB to total
nucteons of 10/74 or about 10%. To the extent that scattering off neutrons
i i less than that off protons this ratio is increased. (A coincidence experi-
ment that could distinguish between target protons and neutrons would
increase this a factor of about 2.)

We expect to change targets daily and to anneal several times in between.
This, among other things, means a lower average polarization.

The NMR system is a constant voltage type with a parallel tank running
at about 200 MHz. The measured admittance is proportional to polarization.

Microwave power at 140 GHz is produced by a backward wave oscillator
which delivers up to 400 mW to the target cavity.

Helium consumption is about 7 to 8 liquid liters of helium per hour
including losses in cooling the magnet dewar.

The beam Is expected to be 109 electrons per pulse at 180 pps scanning
over a 6.5 cm2 area or about 1014 eVcm2h. This, with the expected dam-
age time of something longer than 1015 e"/cm2b, gives our running sched-
ule indicated above. In this regard the target is well matched to the maxi-
mum Intensity expected from the polarized source. That the peak SLAC
electron beam is some 100 times more intense gives a feeling for the mis-
match between present targets and electron physics.

Figure 1 gives an idea of the physical layout of the target. Not shown
is all the peripheral equipment such as 30 hp of pumps, power supplies for
magnet and microwave source, etc. Note that the beam enters along the
axis of the cryostat.
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Figure 1.

The solenoldal superconducting magnet is shown in its 350 liter dewar
which also serves as local reservoir for the running cryostat. Refilling
during the daily run from an external dewar is still required however.

The extractor is partially described in this view an it allows withdrawal
of the tube holding the target, per se, into a vacuum chamber.

The clear aperture can be a 20° half cone angle although we are only
using up to 10° in a plane.

The various windows, target walls, NMR loops, cavity walls, which are
required in any such target place nontrivial amounts of junk in the beam
which makeo life more difficult. The but&nol comprises about 90% of the
total collision length number of . 04 and about 60% of the total radiation length
number of .08.

In addition, of couree, one must face the problem of subtracting the
large background from unpolarized nucleons. There are a variety of tech-
niques including the uie of 'diet butanol1 (a mixture simulating C4O instead
of C4H10O) or using tabulated hydngen cross sections.

The solenoldal field has some effects on the beam—slightly diverging
the transmitted beam and slightly bending the scattered beam. Both effects
are small compared to the respective apertures of beam monitor and
spectrometer. This also requires us to shield several devices and to be
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careful with ferromagnetic materials in construction. Hot shown are the gas
cooled leads for the magnet nor the transfer line details.

In Fig. 2 one gets a better idea of the target extractor. The target is
now withdrawn into the vacuum chamber and the cryostat isolated. The
insert containing the old material is removed; the new insert is substituted;
and the target is returned to the cryostat.

mmi !
i!l

Figure 2.

The entire procedure should take minutes and be relatively free of con-
tamination and anguish. The extractor has been tested warm, and also cold
with the cryostat running.

The target assembly is not too clear in these drawings, but essentially
we will have a copper wall box which holds helium and contains a single turn
NMR loop. The target material is placed in a glass box which sits in this
loop. This assembly then rides into a microwave cavity fixed in the cryo-
stat.

Figure 3 gives more details of the cryostat per se. The second reser-
voir has been of little value. Isolation of the input helium line, even in the
cryostat, has been important. The valve system is becoming straight-
forward with a precool valve for start up and a fine metering valve for run-
ning. Both derive liquid from the magnet dewar.

Figure 3.
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Thorough cooling of the bends is most important to maintaining polari-
zation in (he presence of heating by beam and microwaves (typically 250-
300 mW). Small diameter (less than 2 mm) beadB have been a favored con-
figuration for alcohol targets. In small quantities on infrequent occasions,
producing the beads by dropping from a syringe onto liquid nitrogen works
well. It tends to be a slow process because the drops must be made one at
a time or in separated areas of the liquid or they coalesce before freezing.
For daily changes, this is a problem.

In trying to find ways to speed up this process and to automate it some,
I found a technique which kills two birds with one stone.

As shown on Fig. 4, we use a motorized syringe to feed liquid to a
needle at a desired rate. If a potential is placed on this needle the electric
field increases the volume force on the liquid thereby giving smaller drops
for a given needle than gravity alone. The size of the drops is variable with
the potential down to about 1 mm. Most importantly, however, the drops
retain the charge and repel each other dramatically on an open surface. The
prototype illustrated here allows a production rate of about 1 cc/min, and is
easily paralleled.2

Motor Driven
lOOcc Syringe
(~lcc/min)

Figure 4.
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ID February, we polarized for the first time obtaining the rough data in
Fig. S. The enhancement T., and T2 are all consistent with data from
other labs. We are hedging this statement because we did not have the NMB
system completely debugged at the time; we were using a considerably
smaller sample and the target assembly was quite different from the expected
final design. 3

THERMAL EQUILIBRIUM POLARIZATION
relative gain xSO

NMR SIGNALS... 1st TARGET TEST
27 FEBRUARY 1974

T~I.O5°K
B-4.7? TESLA

~ 5 ec I, 8UTAN0L+ PORPHYREXIDE
- 2 0 3 MHz NMR FREQUENCY
-135 GHz MICROWAVE FREQUENCY

POSITIVE ENHANCED POLARIZATION
relative gain x I

NEGATIVE ENHANCED POLARIZATION
relative gain x I m u l

Figure S.

We have a fair amount of confidence in the target at this point and a
great deal of work ahead in converting it from a laboratory curiosity with a
half dozen handmaidens to a remotely located working target on the floor of
the SLAC end station.

REFERENCES

1. Details on the target deBign will be submitted for publication in the near
future.

2. Although the charge repulsion feature is unique, this is the Nth reinven-
tion of a device to produce small drops by electric fields. See, for
example, Raghupathy and Sample, Rev. S"i. Instr. 41, 645 (1970) and
references therein.

3. Since the above talk we have run again with a full sized target in final
design obtaining polarizations of +66 ±5% and -70 ±5%.
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POLARIZED DEUTERON TARGETS

H. Borghini

CERN, Geneva, Switzerland

To our knowledge deuterons were first polarized in solid deuterium

D 2, up to 1.5Z at 1.5 K and 8.5 kG . Then, they were polarized in lan-

thanum magnesium nitrate single crystals, doped with neodymiuo, up to

•*< 8-12Z at 1.3 K and 17 kG and used as a target for chernal neutrons, to

determine the neutron-deuteron scattering length .

Afterwards, deuterons have been polarized in organic substances and

the polarization value has steadily increased during the last few years.

(Table 1):

Table 1

Deuteron vector polarization in organic substances

P(D) a )

OS)

7

22

26

27

38

44

Substance

ethanol

butanol

butanol

ethanediol

ethanediol

propanediol

Formula

CjD60

C,D,0O

(COJOIOJ

(CD2OH)j

CjD6(0H)2

Paramagnetic
impurity

porphyrexide

porphyrexide

porphyrexide

Crv coop1exes

Crv complexes

Crv complexes

Temp.

(K)

1.0

0.5

1.0

0.5

0.2 W

0.2 b'

Field

(kG)

25

25

50

25

25

25

Cryostat

'He

'He

"He
3He
dilution

dilution

Ref.

3

4

5

6

7

6

a) P(D) * deuteron vector polarization i (I ).

b) The highest polarization required a dilution refrigerator , the cooling
temperature was 0.2 K and the sanple temperature was estimated to he 0.37 K,
the difference being due to surface resistance ), which can be expressed
as a resistance coefficient RK = 100 A"

lT~J K/cm'/W, where A is the geomet-
rical area of the sample.

A polarized target of 1-butanol, with 20% polarization was used in a

test experiment, pd scattering at 1.21 GeV/c at CERN. A polarized

deuteron target of 1-butanol, with i 20-22Z polarization has been used in

photoproduction experiments at Bonn . A polarized deuteron target with
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a dilution refrigerator, which U a copy of the on* used in the C£ftN frozen

spin target"', is being built at CKRN, to be used by a Sic lay group far

aeaturing Che polarization in K*n •• K°p charge exchange at 6 CeV/e.

The reason {or using tthanediol and propanediol, wliere the hydroxyl

group* (OH) are not deuterated, was the impossibility of producing the Cr

complexes needed for dynastic poUrization in fully dtutcrated compounds.

A possible way of improving this situation is to mix propanediol-dfi, pre-
Vpared with an extra Cr -complex concentration with propanediol-dS: a

deuteron polarization of 242 has thus been obtained in a Mixture of 332

nomal propanediol C,Ht(0H), and of 662 propanediol-d8, C,D,(OD)2, at

0.5 K and 25 kG '*'.

PF,UTEROS SPIN ('ARA.MKTKRS

in dynamically polarized deutcron targets, placed as they are in a

strong magnetic field directed along a direction 0:, the dcuteron spin

systesi is described by two parameters, for exnple

P<0) - Ut> aiHi .,.»; !3I* - 2)

£(!_> and (1 ), where Ox and Oy arc two axes noreal to Oz, are zero,

while

(31* - 2) - <31* - 2) • - ^A(D)] .

These two parameters are related to the populations p , p° and p of the

three nagnetic sublevels I£ • *l, 0 and -1, by

P<0) • p* - p" and A<D) « 1 - 3p° , with p* • p° • p" • 1 .

En dynamically polarized organic c ounds doped with porphyrcxidc or with

Cr complexes, the populations ha' pen to be related by

i.e. there exists a spin temperature*' . This comes from the fact that

the mechanisms of dynamic polarization acting in these substances estab-

lish a thermal contact between the nuclear spins and some electron spin-

spin interaction reservoir; this reservoir is itself cooled by the action

of the applied microwave field. This nay not be the case of dynamic pola-

rization by the "solid-state effect" , as in lanthanum magnesium nitrate
0

ulf;
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Then, there exists a relation between P(D) and A(D),

4A(D) - A(D)2 - 3P(D)2 .

For example, one would have

P(D) - 0.43 , A(D) - 0.13 , p+ - 0.57 , p° * 0.29 , p" - 0.14 .

For P(D) • -0.43, p* and p would simply be exchanged.

A way of varying A(D) independently of P(D) has been found at very

low temperatures ' , but it is only of academic interest for the tiize

being: because of solid-state complications, the average value of A(D)

in the sample remains small, although A(D) may become as large as 0.6 for

certain subsets of the deuteron spin system.

MEASUREMENT OF PCD) AND OF A(D)

i) P(D) and A(U) can be measured through usual nuclear magnetic resonance

(NMR) techniques, with measurements of the deuteron thermal equilibrium

signals, which are not very large. Such measurements have yielded a rela-

tive accuracy, AP/P, of some 10Z.

ii) When the polarization mechanisms establish a common nuclear spin tem-

perature T , there is a definite relationship between the polarizations of

protons and deuterons

POO • tanh [ihv(H)/kTs]

4 tanh E^hv(D)/kTs3P(D)
[3 + tanh2 (4hv(D)/kT )]

where v(H) and v(D) are the Larroor frequencies of protons and deuterons,

about 106 and 16 MHz in a field of 25 kG. Then, it is possible to measure

the ratio of the enhanced NMR signals only, and to obtain a measurement

of both P(H) and P(D) (Fig. 1) . This method happens to be rather ac-

curate for P(H), as one can get AP(H)/P(H) = 1-2% for an accuracy of 8Z

in the measurement of the ratio P(D)/P(H), at least for high values of

P(H).

iii) Another way to measure P(D) is to measure the asymmetry in the deu-

teron magnetic resonance (DMR) line, which can be related to the ratio

x • p /p° » p°/p , as was done earlier for lanthanum in LMN ; again

an accuracy of 102 can be reached by this method (Fig. 2). This value
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can in turn be used for obtaining a precise determination of P(H) (Fig. 3).

[Care should be taken since the phenooena which were observed at very low

temperature ' can change the DHR line shape, without changing the vec-

tor polarization, and impair the determination of the polarization by this

method.3
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PROTON POLARIZATION {%)

Figure 1. Measurement of the proton and deuteron
polarizations P(H) and P(D) from the measured
ratio P(D)/P(H). The solid curve corresponds to
equal spin temperatures for protons ami deuterons.
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CCRN FROZEN SPIN TARGET

M. Borghini

CERN, Geneva, Switzerland

Prelininary studies on nuclear relaxation and dynamic polarization'>2'

in a snail dilution refrigerator9' having been successful, a frozen spin

target has been constructed by a collaboration of the Low Temperature

Laboratory of the Technological University of Helsinki and the CERN polar-

ized target group*', It contains protons which are polarized up to 90Z

in a homogeneous magnetic field of 25 kG and can then be moved without

loss of polarization into the more inhomogencoua magnetic field of a spec-

trometer, where they lose less than IX polarization per day.

The spectrometer magnet used at present is the CERN-ETII magnet5'>

with a useful magnetic volume of 0.6 * 0.7 * 1.7 ra5, and a field value of

10 kG. The polarizing field is obtained by adding two tapered steel pole

pieces, with a gap of 60 mm, at the entrance of the spectrometer, as was

done in an earlier experiment to measure the polarization in K~p •» K°n

charge exchange at 8 GeV/c ••'', but in a corner of the magnet rather than

in the middle of its entrance face (Fig. I). The field homogeneity, over

the target volume of 15 cm length and 16 mm diameter, is 12 » 10""" in the

polarizing field, and about IX in the holding field.

The target is made out of spheres (1 to 1.5 mm in diameter) of pro-

panediol doped with Crv complexes*', contained in a thin (0.5 mm), leak

tight, teflon cylinder, 17 cm long and 25 mm in diameter, which is the

mixing chamber of .i specially made dilution refrigerator*' (Fig. 2). This

refrigerator is horizontal, with a continuous flow of "V.c from 100 1 dewars,

and the incoming beam traverses it along its axis by <,Jing through a thin

window. Two solid-state detectors <ire installed at low temperature, in

front of the target, in a scaled box*'. The microwave cavity, necessary

for performing dynamic polarization, is a copper cylinder, 21 cm long,

36 nra in diameter, thermally attached to the refrigerator still, at a tem-

perature between 0.6 and 0.8 K. The outside diameter of the cryostat nose,

around the target, is 5 cm.

*) See Ref. 2 and references therein.
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Dynamic polarization is started with microwave power, around 69.5 GHz,

at a temperature of 0.5 K, where the refrigerator has a cooling power of

100 mW, with a 3Ke flow rate of 25 innole/sec. The initial rate of polar-

ization is of 15 to 20Z/tain* After some time, reducing the microwave power

allows one to reduce the temperature, and the polarization increases, al-

though more slowly; it reaches 90X in about 2 h. This initial polariza-

tion value is then recorded.

Microwaves are then switched off completely, and the target cell is

cooled down to a temperature below 50 mK in less than 10 min e ) . The

cryostat is then moved aside and forward into a hole surrounded by anti-

coincidence counters, at the entrance of the spectrometer magnet. This

motion takes about 2 Din. The lowest value of the field experienced by

the target during this move is 5 kG. The target .is then used for experi-

ment in the holding position for as long as one or two days. When going

back into the 25 kG field, the polarization is remeasured, and is observed

to differ from the initial value by less than 12 after 30 hours for positive

polarization and by iess than 101 for negative polarization*'.

The polarization neasurement is made with three Q-ineters, using coils

wound around the mixing chamber; two are large coils used to measure the

polarization at 25 kG; one is a smaller one and is used to monicor the

polarization behaviour in the spectrometer magnet. Computer averaging is

used to improve and to record the signals, and to watch the operation of

the target10).

This target is being used for measuring the three spin parameters in

the reaction ir~p •» K°A° at 5 GeV/c llK When the target is placed in the

holding position, the azimuthal access around it is about 300°, and the

polar "$" access is 360°.

- 327 -



REFERENCES

1) M. Borghini, T.O. Niinikoski, F. Udo and F. Weymuth, Dynamic polar-
ization and relaxation of protons in 1.6-hexanediol and 1.8-
octanediol: a feasibility study fcr a frozen spin polarized tar-
get, Nuclear Instrum. Methods .105> 215 (1972).

2) W. De Boer and T.O. Niinikoski, Dynamic proton polarization in
propanediol below 0.5 K, Nuclear Instrum. Methods 114, 495 (1973).

3) T.O. Niinikoski, A horizontal refrigerator with very high cooling
power, Nuclear Instrum. Methods 97, 95 (1971).

4) CERN polarized target group and Helsinki University of Technology,
Proposal for a frozen spin target, November 1971 (unpublished).

5) F. Astbury, G. Finocchiaro, A. Michelini, D. Vebsdale, C.H. Vest,
W. Beusch, B. Grobi, M. Fepin, E. Polgar and M.A. Ponchon,
Performance of a large magnet spark chamber, Nuclear Instrum.
Methods 4£, 6 (1967).

6) 0. Runolfsson, A model of the 170 cm CERN-ETH-IC magnet modified for
the use of a polarized tai/;et, CERH-NP Internal Report 69-26 (1969)
(unpublished).

7) V. Beusch, M. Borghini, G. Misuri, E. Folgar, D. Websdale, F.X. Gentit,
L. Fluri, K. Freundenreich, P. Muhlemann, J.S. Wilson, P. Astbury,
J. Gallivan, J. Jafar and M. Letheren, F._Le Du and 0. Guisan,
Measurement of the polarization in K~p -» K°n charge exchange at
8 GeV/c, Phys. Letters 46B, 477 (1973).

B) T.O. Niinikoski, A powerful dilution refrigerator for polarized tar-
gets, to be published.

9) T.O. Niinikoski and F. Udo, private communication.

10) F. Udo, Instrumentation for the CERN polarized targets, CERN-NP
Internal Report, October 1974 (unpublished).

11) CERN-ETH Zurich-Techn. Univ. of Helsinki-Imperial Coll. London-
Southampton Univ. Collaboration, Measurement of the helicity am-
plitude for associated production ft-p •+ K°A, proposal
PH. I/COM-73/16, March 1973 (unpublished).

- 328 -



Figure 1. Photograph of the CERN frozen spin target.
The spectrometer magnet is on the left. The cylindro-
conical, horizontal, dilution cryostat containing the
target is supported from a movable platform, on which
stands a liquid 4He uewar. Two flexible pumping lines
are seen at the back, the pumping sets being on the
far right of the picture. The beam comes from the
right and goes through the cryostat along its axis.
Two extra pole pieces, which make the polarizing field,
are seen at the entrance of the magnet, and are located
on the left of the beam path.
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Figure 2. Photograph of the Inner part of the
dilution refrigerator") used In the CERH frozen
spin target.
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A He3 COOLED POLARIZED PROTON TARGET

ASHER ETKIN
PHYSICS DEPARTMENT

YALE UNIVERSITY

TALK DELIVERED AT 1974 BNL WORKSHOP ON POLARIZED TARGETS

ABSTRACT .;

A DESCRIPTION IS GIVEN OF YALE UNIVERSITY E. P.I. GROUP'S POLARIZED ;

PROTON TARGET, PRESENTLY IN USE AT BNL. I;
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A He3 COOLED POLARIZED PROTON TARGET

This target system which has been used in several experiments at

Brookhaven National Laboratories is partially based upon a design developed

at CERN. This target routinely gives a polarization of 60%. The principle

components of the target are the 25 KG resistive magnet, the He -He re-

frigerator, the 70 GHz source and the NMR system.

A 25 KG magnetic field is provided by a resistive C-frame iron magnet

(shown in figure I) built with the help of the CERN magnet group'1' internal.

This magnet provides a field homogenious to 1 part in 10 over the target

volume 0.9" long, 0.8" wide, and 0.6" high, while permitting a large angular

access, ±15 from the horizontal plane and ~270 in the horizontal plane (0).

In order to increase the available 8 access the beam can be directed onto the

target through a hole in the return yoke.

Power for the magnet is supplied by a modified P. P. A. power supply

to which a ripple filter has been added and in which a high precision trans-

due tor*2' is used for current regulation. Current stability is of the order

of a few parts in 10 long term at the nominal 600 amps 120 v output, and is

probably limited by the control amplifier and comparison reference used and

not by the transductor.

Since the magnet, power supply, and filter used a directly cooled

conductor system a special cooling unit was built so as to permit the system

to operate independent of the availability of a general low conductivity water

recirculation system.

The He -He cryostat used (fig. II) is a copy of the cryostat used at

and is capable of operation at 0.55°k with a 12 mw microwave heat

load. In operation Liquid He is transferred directly into the separator,

from the storage dewar, where any vapor is separated from the liquid.
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A

Cold He vapor Is used to cool the radiation shields in the insulating vacuum

space, and also cools the perforated discs that intercept heat flowing in from

the room temperature end of the cryostat.
A

After expansion in a variable expansion valve the liquid He is evaporated

at low pressure in the evaporator. Resulting vapor is pumped away by a

2000 ft /min. pumping set. TWs cold vapor is also used to cool the perforated
discs that in turn cool the incoming He gas in the He section.

4 3
A stainless steel tube separates the He and the He' subsystems so that

3 4
it is possible to remove and replace the He insert without disturbing the He

Q

section; this permits the He insert to be cooled quickly after the target beads

have been inserted in order to prevent melting the beads. This isolation also
n n

helps to prevent He loss and allows the He section to be changed without
requiring modification of the He4 section/ *

3 3
The He insert consists of a heat exchanger where the incoming He

gas is cooled by the counterflowing He and He vapor and by contact with the
4 4

separator in the He stage, a condenser cooled by the He evaporator, where
o

the He is liquified, and the evaporator cavity where the target is cooled by
Q

the evaporating He which has passed through a fixed expansion valve. The

heat exchanger and condenser are coaxial with the He pumping line and the

wave guide which supports the evaporator cavity. Fig. MI shows the cavity

region of the cryostat, where one can see that there is very little material in

the beam or outgoing particle path considering the requirements of the cryogenic

system. The top of the cavity is easily removed and replaced to permit the

beads to be quickly loaded into the cavity.

A special 300 m /hr roots type rotary pump with an internal motor and

a specially sealed backing pump* ' are used to help prevent the loss of He .

Exhaust He gas is purified in a LN2 cooled activated charcoal trap before
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being recirculated.

A frequency aweept constant current Q-meter system Is used to measure

the Proton NMR signal of the target and thereby, the target polarization. In

order to achieve high stability and ease of construction and malntaaence, we

have made extensive use of integrated and hybrid circuit technology throughout

the system. A feedback loop is used to control the frequency of the oscillator

to insure stability and sweep linearity. The audio output of the rf system is

averaged by an Eductor ' which is a multi-channel boxcar integrator, whose

output is recorded on a chart recorder for subsequent analysis.

Calibration of the system is accomplished by measuring the N. M. R.

signal (ETE) when the target 1B in thermal equilibrium with the lattice and,

therefore, the proton polarization is determined by:

P \ h

e = tanh
<w 1
: TBATH J

If the NMR signal (Ee) of the polarized target is measured, then the target

polarization Es given by:

V
*•>

P'TE dbl

Microwave power is supplied by a CO 40B carcinotron' \hat is frequency

locked to a 200 MHz reference. Frequency stabilizing the carcluotron was

very important in achieving the maximum polarization of the target stably.

This target has been used in two experiments at BNL that studied

K + P-*-PK+ and r" P-*-ir+ 7r" n (at a m mases in the p region) (see figures

IV + V). These experiments ran for over 1000 hours and the target operated

satisfactorily with very little attention during the experiment.
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1. CERN-N. P. Internal 69-5.

2. Both units were supplied by Transrex, Torrence, Calif.

3. Proceeding of the II International Conference on Polarized Targets -

LBL-500, UC-34 Physics, TID-4500 (58 Th Ed).

4. At CERN a dilution refrigerator Insert has been used in place of the

He3 insert.

6. MV 3S0, Z 2030H Alcatel Vacuum Products, Hanover, Mass.

6. Made by Princeton Applied Research.

7. Supplied by Thomson-CSF. The system is described in more detail

in "A Study of the Reactions pp-^pp and p~p-*-ir" ir Using a Polarized

Proton Target" by A. Etkln, Yale University (unpublished).
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LAMPF Polarized Target Program

C. Hwang

Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87544
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LAMPF Polarized Target Program

C. Huang

At the present time, there are a total of six experiments approved

for running time and two experiments in the deferred stage, all requiring

polarized proton targets. A summary of these experiments is tabulated

here below.

IT

It"

PP

PP

np

PP

np

Measurements

p Elastic R,

p * nti0

[> f ny

Elastic

Elastic

Elastic

Elastic

Elastic

P

D.R

P

Aat

Axx

A

»A

.Ayy.Azz

.Ayy.Azz

Status

Approved

Approved

Approved

Approved

Approved

Approved

Deferred

Deferred

Beam Line

High Energy Pions

High Energy Pions

High Energy Pions

External Proton

External Proton

External Neutron

External Proton

External Neutron

Kinetic
Energy

100-600

100-600

100-600

300-800

300-800

280-780

300-800

250-750

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

Expected Flux

< 109 for tr+

< 108 for it"

< 10 8 ,"

<. 108
 TT"

<_ 6 x 10 1 1 p

< { j 1011 p

<_ 10 n/cm /see

<_3 x 10 1 1 p

£ 105n/cm2/sec

Since all these experiments require the polarized proton target to

operate in rather high incident flux, we have designed our polarized

target with this particular criterion in mind. We chose the 1-butanol

doped with posphyrexide as target material for its known annealing pro-

perty after radiation damage. The target will be about 10 cc In a 2.5

Tesla and 0.5*K environment. To avoid loss of He (the refrigerant for

achieving 0,5°K.', the target will be lsnersed in a bath of He which

heat-exchange* with a 0.35'K He bath. To facilitate target changes, we

propose to flow in the 2-3mm diameter frozen butanol target material with
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liquid nitrogen and remove them either by melting and draining or by

flowing out the damaged target material in its frozen form as suggested

by G. Shapiro and M. Zeller at this conference.

Our Roubeau cryostat, now under construction, Is designed for 10-20

mW heat lead and is pump-limited. With larger He pumps, we expect 50-60

mW refrigeration capacity. The magnets to be used are a 6" ID x 10" 0D x

10" long superconducting solenoid for longitudinal polarization and a

Varlan 22" "H" frame magnet with 2" gap for the transverse polarization

targets. We have deliberately kept the helium 4 reservoirs for both our

Roubeau cryostat and the superconducting solenoid small to facilitate

the moving of target from one beam line tc another and use continuous

transfer from S00 liter Linde dewars for our helium supply. He hope to

have this target in operation about the end of Calendar Year 1974.
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CRYSTALLINE HD TABGETS*

E. H. Graf

SDMf at Stosj Brook
Stony Brook. Haw Tork

ABSTRACT

Raeant proton spin relaxation studias In ED ara ravieved. The
aaasureMnts vara nada under conditions of bruta-f orca polarisation
of up to 4o£» Proton ralaxation tlaas wara dataralnad as funotioni
of tanparaturat appliad ntgnatie fiald and Hj and Dg ij^urity con-
cantratlon. Son* practical coniidarations in building a ueabla tar-
git ara diacuscad.
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DHRODOCTIOH

In this coomranioatlon we will outline recent nuclear magnetic
resonance studies of solid BD and discuss the bearing they bar* on
the problem of producing a practical polarised proton target by s tat -
i c method*. Th» work described Is primarily tb* thesis research* of
Dr. B. H. Boiler** and Mr. J. A. Brown.

Conoeptuelly, tb* idea of atatio or "brute-force" polarisation
la aitromsly simple; on* need only subject the proton* to a larg*
enough Magnetic field Ho at a low enough abaolut* temperature T.
The polarisation P of an assembly of N protons with aignetio noaent
/* ia then given by

(1)

where N+ and N. are the numbers of protons parallel and antiparallel
to the f ie ld . A* a rough role of thumb, the polarisation, for val-
ues of P<O.*t, i» given approximately by Pa Bo/7, i f Ho 1» eJtprtned
in Teslai and T in aK. It i» evident fro» this that a Mgnet in the
10-15 I range and a dilution refrigerator in the 10-30 •" range are
necessary for static Methods. Fortunately, both these requiraoents
ean be Met by present technology.

Having decided that static polarisation i s feasible in prin-
ciple, we Must next determine Material Most suitable as a proton
source. I t ifl unfortunate that solid hydrogen, the Most obvious
choice, solidif ies only in Molecular {&%) term and the antlsyaaetri.
sation conditions laposed by quantum stat ist ics require that odd Mo-
lecular rotational states be associated with even nuclear spin states
and vlee.versa. Thus in ortho-H2 the total nuclear spin Is I«l (pro-
tons parallel) and the Moleoular rotational state i s restricted to
values J « l , 3 , 5 , . . . , while for para-H2» I>0 (paretons antiparallel)
and JaO,Z,4 At teaperatures low enough for appreciable polari-
sation, the equilibrium state of hydrogen Is the pan state (the J«l
and JaO rotational levels differ In energy by some 86 * ) . and sine*
I«O for that state, para-Hg i s not polarlxable. On the other hand,
non-equlllbrium ortho-H2 does exist for long periods of time at he-
lium temperatures and oonverts but slowly to para-Hg (at~0.6)(/hr.).
Nevertheless, because of tha heat released by the conversion process,
i t i s not praotioal to cool ortho-H? to the MK region. For these
reasons, Hj Is not a suitable Material for stat ic polarisation.

The situation is quite different for solid HD, because the d l s -
tingulshabllity of tha nuclei removes the difficulties outlined a-
bove. As a target Material, HD possesses a volume density of pola-
ricable protons ( 2.71C1022 splns/ce) that ocatpares favorably with
other target materials and has the obvious advantage of containing
relatively few extraneous nuoleons. The faotors that determine the
praotioal ut i l i ty of BD as a target material are the proton spin-lat-
t ice relaxation tlsie Tj and the thermal oontaot between the refri-
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gerator and tha sample. T, 1* affaotad by Ho, T and tba Impurity
oonoantratlont of H 2 and D|. We will investigate tha affaots of
•toil of thaaa In tha discussion to follow.

APPARATUS

Tha exyostat Is shown schematically In Fig. 1. Tha dilution
refrigerator Is of a type datoribad ty Wheatleyf* but i t has been
andifiad to f i t Into tha restricted gaonatry imposed by tha t" bora
of tha superconducting solenoid. This magnet, wound vlth nloblum-
tln ribbon and hcawganaous to -vlO*4 over tha sample volume, i s cap-
able of producing fields slightly orer 10 T.

Fig. 2 shews tha details of tha mixing chamber of the dilution
refrigerator. Tba HD sample is contained in a thin-walled stainless
steal chamber which In turn i s surrounded by the 3He-*He liquid nlx-
tura. Some heat exohange between tha sample and the mixing chamber
fluid Is provided by sintered eoppar disks soldered to the inside
and outside of the walls of the sample chamber. Temperature i s de-
termined by three separata thermometers, vi« . j (1) a oalibrated Speer
oarbon resistor (room temperature resistance of -"100 ohms), (2) a
powdered eopper WR thermometer, and (3) the proton spins of the HD
staple Itself . The NKR thensoMters are oalibrated against •'He vapor
pressure at temperatures between 0.7 and 2.2 K. The resistance and
copper thencaeteK are in direct contact with the mixing chamber l i -
quid.

HD proton resonances are observed with the high-frequency con-
stant-current Q-aeter (Rollin) circuit shown in Pig. 3 . The resonant
circuit consists of a variable length of transalssion line termin-
ated at one and by the sample coil and at the other end by an open
circuit. Directional couplers are used to drive tha l ine and to mea-
sure i t s response. The driving frequency (which varies from 60 to
420 MHs depending on Bo) i s taned to a l ine resonance corresponding
to a voltage standing wave maximum, as observed through the receiving
directional coupler. Line resonances with a Q*40 appear at regular
Intervals of «<K> MHs in tha driving frequency, corresponding to suc-
cessive standing wave modes. These intervals conveniently oover the
entire frequency range of Interest. Intermediate resonant frequen-
cies , when desired, are achieved by adjusting the length of the trans,
mission l ine at tha open and. once a Una resonance Is tuned in , tha
nuclear resonanee is observed by adjusting Ho to the appropriate val-
ue and then modulating the driving frequency. Frequency rather than
field modulation i s used to eliminate eddy current heating and to a l -
low the superconducting solenoid to be used in tha persistent mode.
The depth of modulation of the carrier as the protons arm swept
through resonance can be as much as 3Qf when the polarisation is high,
requiring corrections for non-linearity and admixture of the dispers-
ive sode in tha observed signal. These corrections are mtde by a
computer simulation of the NKR cirouit, using experimental parameters
for the line laaedance, l ine lose, circuit non-linearities, e t c
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RESULTS

By observation of the proton resonance Absorption! we have been
able to determine that polarizations of >0.4 can be aohieved with Uw
apparatus described. The limiting factor saws to ba temperature
equilibrium totmnn taw dilution refrigerator and the sample, of which
•or* %rill be said latar.

Th» Ti measurements are aid* by observing the regrowth of s i g -
nal amplitude following saturation. The relaxation sometimes exhi-
bits saal l deviations frcn exponential f o n , as has bean observed by
others,2t3 probably due to non-uniform distribution of the Impurity
molecules, H2 and Dg. Nevertheless, Tj i s taken as the t ine oon-
stant of the best least-squares exponential f i t to our data. Re-
laxation time measurements range over 5 seo <T« < 10? see with u g -
netio fields varying between l.<* and 10.2 T.

I t has been observed to.ourselves** and others, in HO resonance
work at higher temperaturesf»3 that Tj i s strongly affected by the
ortho-Hj Impurity concentration o . H , . The intrinsic relaxation t l»e
of protons in HD directly to the ' l a t t i c e i s exceedingly long
at low temperatures and has never been Bcaaured below 10 i , where
this t iae i s of the order of 10° sec. The direst relaxation i s due
to »elf-diffusion, which weakens drastically as T-»0.-' At heliua
tesperatures and below, relaxation of HD protons i s thought to take
place via an Indirect process, in whiob the protons couple to ln -
purity molecules in a J«l state (these are present in the form of
o-Hp and p-Do)• and these molecules in turn relax rapidly to the l a t -
t i ee .5 .6 <•

Our HD samples contain 1-2)1 Hj impurity and 0.5-lji Dg, impurity.
The concentration of the ortho-B2 and ptra-Dz ( i . e . , J«l) impurities
are varied by storing the iff) samples at heliua temperatures and a l -
lowing the J*l iapurities to convert so the J«0 ground s tate . The
effect on T< of the storage time i s shown in Fig. 4 . $y adding known
aaounts of Hj to our samples, we have determined the ortho-para con-
version rate for H2 to be 0.57*0.03 fi/hr, in reasonable agresawnt
with other experimental work.1^

Figs, 5-9 «re plots of our results . Fig. 5 shows the tempera-
ture dependence of Ti for several values of Ho and o-Hj impurity con-
centration. In general, the data o»n be f i t ted to the fora

where 7? and ware constant*. Values of 01 vary considerably with i
from 1 -16 BK at l.» T to ~5k ml at 9.9 T. The dependence of ec
on ao_jj2, however. i« seen to be much weaker.

The relative concentration of 0-H2 to p-D, also affects the
temperature dependence of Tj. In Fig. I, the ratio °o-H2/°p-D2 ̂*
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* 3 . In Fig. 6 , T) vs I / I data ar* shown for varying ratloa of J«l
Impurity oonoentmtlons. We saa qual i tat ive ly that tha temperature
dapandanoa baooawa weaker aa tba re lat ive fraction of p-Dg lneraaaaa.

Fig . 7 shorn tba dapandanea of t\ on o o_ for a number of v a l -
uaa of B. . Tha point* follow a simple power z law I , * (£> in tha
l imi t of low concentrations. In F ig . f. tha o-H2 t o * °""2 p-Dg
eoneantratlon rat io la * 3 . In Pig . 8 , similar curves ( a l l takan
a t Ho«10 T) ara ahown, but tha J«l impurity eoneantratlon ra t io la
varied. I t la aaan that tba pomr law dapandanea of T. on c- n_ dim-
Inlshaa as tba rat io e o _n 2 / ep . 0 2 diminishes. ^

A amrkad megnstic f la ld dapandanea of T« la alao evident fraai
Pig. ? . Wa hava *aaaurad thia f la ld dapandanea d iract ly , holding tha
iapurity ooneantntlona eonataat. A plot of aueh data l a ahown In
Pig. 9 . Tha braak In tba l lnaar portion of tba eurva oorraaponda to
tba deviation of Tj from tba t lapla powar dapandanoa on C g ^ .

CCKPAItXSOM WITH IXI3TDIG THKRX

Tha problaai of HD proton relaxation In tba pratanoa of aaal l
o-H, jbapurltlaa baa bean treated theoret ical ly by Sung.° Ha oalcu>
l a t i f the o-flj relaxation rate due t o the Intraaoleeular dlpol«-dl -
pole Interaction In the preaenee of a strong lntaraolecular e l ee tr lo
qutdrufwla^iutdrupola Interaction? and a oryatal f i e l d . The HD pro-
tons are In turn coupled t o the o-H2 by a rapid, energy-conserving
oroes-relaxation.5 The calculated dependence of Tj on 00.02 *r"1 Ho
describes our results in a qual i tat ive way, but qu int l tauve agree-
•ant I s lacking. For cxaaple, Sung obtains Tj« c"Jg|5 a s ooapared t o
our experiment In which the exponent - 3 . 7 5 . The calculat-
ed f i e l d dependence la T^ ox (aH0-t£0)

7'(*, where a and I o are constants,
whereas experimentally Ti la proportional t o Bg a t high f i e l d s . The
theoretical temperature dependence of Tj does not seem applloable to
our ayatea In tha teaperature and Impurity eonoentartion regions
oovared. A more oomplete theory w i l l have t o Include a temperature-
dependent relaxation meohanlsm valid In the s i range, which, more-
over becomes more strongly temperature dependent as HQ increase*.

STATICAUX PCURIZID HO TARGETS

The experiments deaoribed hare show that UD can be polarised t o
algnlfloant l eve l s using exis t ing technology. With no change In our
apparatus except replaolng the present superconducting solenoid with
one that can produce a f i e l d of lif T (which Is readily available com-
•wrolally), a polarisation In excel* of 0.60 I s poss ib le . Relaxation
times ara variable over a wide range; we have observed values of T^
between "20 sec t e over one day.

As mentioned before, the H a l t i n g factor In our present appa-
ratus i s the temperature t o which tha sample can be lowered. Fig . 10
sham typioal ratios of HD spin temperature to di lut ion refrigerator
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bath temperature as a function of bath temperature. Carre 1 shows
our results when the HD was oondenscd In the sample chamber by itaelf
and curve 2 shows the teapeartur* ratio when • saall amount of heat-
exabang* liquid (pure 3H* or a ^He-̂ He Mixture} was a<ided to the sta-
ple after the latter had bean condensed Into the saapl* chamber. The
ultimate attainable spin temperature has varied fro* run to run (pro-
bably due to variations In how the sample condensed, Including grain
s i t e , adhesion to surfaces, e to . ) ; In practice, we have found It dif-
ficult to reduoe the spin temperature to less than 22 mK, even though
the bath temperature i s less than 18 mK. We believe this effect to
be due to a sharp rise in th* Kapitca boundary resistance at the low-
est temperatures.

The ssaples u*ud in the present experiment are -0 .3 cc in vol-
uoe, too saall to be of such use as a praotioal target. However,
dilution refrigerators Much larger than the on* described here *r*
In use" and could certainly be employed in large UD target work.

There are several approaches to the aotual utilisation of a po-
larited BO target. On* is to aalntaln the polarisation In s i tu dur-
ing a beta experiment. The diaadvatages here obviously are the pres-
eno* of th* large Bo field and the possibility of bean heating. If
we assume a heating rat* of *2 MeV/perticle/ea, then a simple calcu-
lation shows that the heat load on a saaple 10 CM long by 1 em2 in
cross-section wil l be of the order of -30 erg/ses i f the bean flux i s
tO° partieles/caZ/sec. A dilution refrigerator operating in th* 20
mK range wil l not tolerate heat loads aueh larger than this , so i t
would not be easy to aalntaln th* saapl* temperature in fluxes larger
than the on* given above.

Of course, i f Tj were very long (say£3 days), the faot that the
target waned up to a higher temperature ( e .g . , 200 BK, where the re-
frigerator can handle much larger heat loads) voi'ld not be -wrnrj s i g -
nificant because Tj would s t i l l be k1 day at that teaperature (see
Fig*. 5 and 6) . y* atsua* here that radiation daaag* would not ecus*
a rapid relaxation of th* proton spins, and Indeed, recent radiation
daaag* work' Indicates that 10 sample* exposed to <101J protons/ea2

are not intolerably depolarised by th* passage of these particles.

Much th* saae argument ean be Bad* for reducing the magnetic
f ie ld, once polarliatlon has been established, although her* we have
to be aor* careful beoause of th* stronger dependence of T< en Ho.
Reduotion of BQ by an order of magnitude would cam* a similar reduc-
tion of Tj (see Fig. 9 ) . Thus in order to have a working T̂  of 1 day,
i t would be necessary to polarit* the saapl* in a dilution refrigera-
tor and wait until the J»l to J»0 conversion causes Ti to Increase
fro* a rea»unable starting relaxation time of, say, 1 hr to a tla* of
10 days. Only than could th* large field be reduced. This procedure
would requir* SOB* two weeks of continual-running dllutico-refrigera-
ter time.
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Th» suggestion that long-T, HD targats ba used under low-field,
high-tenperature conditions was f irst published by Konlg, and ha has
proposad storing and using targats at heliun tenparature (fc.2K). This
schene would require exceedingly long valuas of Ti under high fialds
and low temperatures; radueing the field and raising the tenperature
to 4.2K would each lower T« by an order of magnitude tsee Fig. 9 and
Haf». 2 and 3, which give T, as a function of T for T> 1 K). Before
the prepared target could be used, therefore, Tj would have to be at
least 100 days, requiring some three week* tc prepare the sample. I t
seens questionable whether the advantage of working at 4.2 K out-
weighs the longer production tine and technical difficulties Involved
with transferring the target tparticularly i f i t 1* aade in (tages in
a snail dilution refrigerator), as ooBptred with the in aitu aethod*
discussed above. It. would seen that a >f.2K target would find i t s
best application when bean heating problem are extreme.

CONCLUSION

We nay s a f e l y conclude that HO targets a r e , a t t h i s po int ,
l arge ly a natter of engineering; one or the o ther , i f not a l l , of the
outlined aethods should work and the choiee of which i s t o be pur-
sued depends primarily on the user's app l i ca t ion . The saae i s true
of the larger question of whether the advantages of HD targets v i s - a -
v l s other materials now used for targets Just i fy the e f f o r t required
t o produce then.
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Figure 1. Simplified dlagran of cryostat and
superconducting solenoid. A. Exchange gas can;
B. Lead O-rlng flange; C. R.F. leads; D. Elec-
trical leads and thermal grounding; E. ''He pot;
6. ^He return line and precooler; H. ^He con-
denser; I . I K heat shield; J. Still; K. Heat
exchangers; L. Mixing chamber; M. Superconduct-
ing solenoid; N. Magnet support.
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Figure ?.. Detail of nixing and sample chambers.
A. Stainless Bfel housing; B. Sample chamber;
C. HD NMR coll; D. Copper NMR coll; E. Carbon
resistor; F. Heater.

Figure 3* Block diagram of electronics for NMR
at 250-420 MHz. The electronics for other fre-
quency ranges are similar.
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Figure 4. Proton relaxation time Ti vs. storage
tlae t. All data were taken at T-SO nK. The
break In the slope of Ti Is due to the addition
of fresh Inpurltles.
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o_

Figure 5. Temperature dependence of T1. Values of Tj,
a, Ho and co.H are given below. See Eq. (2).
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Figure 6. Temperature dependence of 1^. The ratio
o K 2 / p i ) 2 diminishes from ii3 to M. from bottom to

top
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1 0 - Iff5

orlho-Hj concentration, CO-H 2

Figure 7. Dependence of Tj on 0-H2 concentration
for several values of HQ with T»50 uK. The curves*
from bottom to top, were taken at Ho - 14.1, 63.A,
94.1 and 98.9 kG.
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Figure 8. Tj dependence on 0-H2 concentration with
Ho - 100 kG and T-50 mK for several values of the
ratio Cg.jia/cp.Qo- F r o n bottom to top, the approx-
imate ratios are 1, 2.6, 4.3 and 4.4. Corresponding
exponents of the curves are -2, -3, -3*70 and -3.75.
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Figure 9. MagnetJ-; field dependence of Tx. T-50 oK
and co.H, • 3.3 x 10"

4 for circles; 46 nK and 3.3x10-4
for triangles.

.025 .03

Figure 10. The ratio of Che steady-state proton spin
temperature of the IIS sample Tun to the Hiring chamber
temperature Tbath* Curve 1 represents a case where
the 0-H2 concentration is 10-2 and no heac-exchange
liquid is present. Curve 2 vas taken with exchange
liquid present and C O_H~

 a 3 X 10~6.
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A. Introduction

The Brookhaven Multi-Particle Spectrometer is now in an advanced

stage of construction. It is a very large solid angle, high resolution

spectrometer employing digitized wire spark chambers In a magnetic

field.

B. Magnet

The spectrometer is based on a large magnet built originally for a

Heavy Liquid Bubble Chamber as part of the MURA project. The magnet has

been modified at Brookhaven, using the coils and most of the steel. The

new configuration is shown schematically in Fig. 1 and pictorlally in

Fig. 2. It is a "C" magnet, the only obstructions on the open side con-

sisting of three 8" diameter stainless steel pillars. The size of the

pole region Is 4 ft. x 15 ft. and the gap is 4 ft. high. The central

field in normal operation is % 10K gauss. In order to use secondary

beams from various external beams from the AGS, the magnet has been

built to rotate by ± 15° about a vertical axis 18" downstream of the

upstream edge of the lower pole — this is achieved by a hydraulic

bearing and piston system. The top pole is reade up of 6" thick T-shaped

plates with 5" gaps to permit the use of magnetostrictive readout; the

chamber wires extend from the gap up above shielding slats on top of

the magnet where the field is low enough to obviate the need for more

shielding of the readout line.
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The napnetic field has been napped at three excitations corres-

ponding to central field values of 10KG, 7.5KG and 5KG. The fitting

of the field is proceeding and we expect to have fits which will permit

field Integrals to be evaluated with a precision of 1 part in 10 .

C. Detectors

It is convenient to divide the spectrometer into three sections in

order to describe the detectors:

1. The region downstream of (outside) the magnet;

2. The region in the magnet downstream of the target;

3. The region near the target.

(1) Region 1

Region 1 contains magnetostrictive readout chambers used pre-

viously In the MK1 spectrometer. These are described in detail else-

where.2 Two large modules (3 ft. x 10 ft. and 4 ft. x 13 ft. active

area) will be used. This region will also contain a large scintillation

counter hodoscope (120 elements each 2-1/2" x 84" x 3/4") and a Cerenkov

counter hodoscope (20 elements each 2 ft. wide x 3 ft. high, y . . , . •

20). A later addition (1976) will be a high pressure Cerenkov counter

hodoscope with a threshold of y - 10.

(2) Region 2

The downstream two-thirds of the magnet will be occupied by

plane spark chamber modules to measure the angles and momenta of forward

going particles. Two basic types of spark chamber modules are involved.

One contains four gaps, two with vertical wires to measure the x pro-

jection and one each with wires at +15° or -15° from the vertical (MX
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module). The other type contains two gaps with horizontal wires to

measure the y projection (MY module).

Fig. 3 shows three MX modules hanging in a storage frame. The

active area at the bottom is approximately 6 ft. wide by 4 ft. high,

while the overall height of the modules is approximately 15 ft. The

readout amplifiers can be seen at the top of the chambers. Fig. 4 shows

several nodules Installed in the magnet during a recent test run.

Fig. S shows three IK modules plus two MY modules in the mag-

net. The active area of the MY modules is approximately 6 ft. wide x

4 ft. high and the wires are extended out beyond the region of field

inversion to be read out in the region of low fringe field (̂  100 gauss

with no reversal in the sign of the vertical magnetic field). A typical

experiment will run with 10 MX nodules and 8 MY modules.

(3) Region 3

Unlike the other two regions, the arrangement in the target area

is expected to vary considerably from one experiment to the next. Two

totally different setups are under construction. One involves cylin-

drical chambers with the axis of the cylinders parallel to the Incident

beam. The wires are wound on mylar foils in the axial direction or to

form a helix with a pitch angle of approximately 45° to give stereo in-

formation. Magnetostrictive readout will be used with the chamber wires

extending to the low field region outside the magnet in front of the

front shield plate. The diameter of the cylindrical chambers will vary

from % 12" to % 47". With this setup the solid angle approaches 4ir.

The other setup under construction is made up of plane chambers.

A plan view is shown in Fig. 6. The main feature of this setup is a

recoil proton detection system on the open side of the magnet. The
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proportional wire chambers (PWC's) will be used to trigger on slow

recoil proi-oi.s. The other detectors are wire spark chambers with capa-

citive readout. The mass of the detectors has been minimized in order

to get the best possible missing mass resolution. The other plane

chambers shown help to detect decay products from the "forward going"

set of particles. All of the spark chambers are the full height of

the gap so a very large solid angle is achieved.

D. Resolution

He estimate the expected resolution of the various pares of the

apparatus to be as follows: Forward direction, using only the chambers

inside the magnet, 49 % .15 mrad; flp/p % O.iZ at 10 GeV/c. With addi-

tional information for tracks that exit from the magnet and traverse the

downstream chambers we expect Ap/p £ 0.2%. In the region near the tar-

get we expect A8 % 1 mrad, Ap/p % 21 for particles perpendicular to the

field.

E. Beams

The beam currently available for use in the MPS is the Medium

Energy Separated Beam (MESH) from the B target station. The momentum

limit of the beam is % 9 GeV/c, but K,IT separation is expected to be

poor above 6 GeV/c. During 1975 we expect the completion of the High

Energy Unseparated Beam (HEUB) from the A target station. This bdam

will be capable of transporting 30 GeV/c particles and should provide

useful fluxes to £ 25 GeV/c. In each beam proportional chambers will

be used to achieve an incident angle resolution of \, 0.25 mrad with
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Ap/p of % 0.21. Cerenkov counters will be used to select the type of

Incident particle required for an experiment.

F. Trigger

Various trigger schemes will be used in experiments with the MPS —

scintillation counter hodoscopes of various sizes are being constructed

as are proportional wire chambers of many shapes and sizes. Details of

the schemes to be used can be found in the various approved and proposed

experiments bur they range from the selection of multiplicity In hodo-

scopes and FHC's (including Vee selection by a change in multiplicity

following a decay space) to a fast digital trigger system using three

PWC's to select missing mass) and momentum transfer for slow recoil pro-

tons; a water Cerenkov counter will be used to identify protons. The

various downstream Cerenkov counters can also be used in the triggers.

We encourage the use of very selective triggers - say 1/10 beam

particles - for low cross sections in order to achieve the very high

sensitivity available with the MPS, 30,000 events per seen po in 100

hours. This will also reduce the computer time required to analyze the

data.

G. Approved Experiments

1. AGS experiment #557: A study of the $ and R regions; University

of Pennsylvania (W. Selove et al.). University of Massachusetts (J. Shafer

et al.). arandeis University (J. Bensinger £t_al.), and BNL collaboration.

The objective is to do a high statistics experiment Cv 4000 events/iib) in

selected regions of mass and momentum transfer for the reaction ir~p •* X~p
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with full detection of all the outgoing charged tracks. Emphasis will

be given to a detailed study of the I - 1 boson resonances in the region

of 6~(970) and the R~(1600-1800). This experiment uses the target area

assembly I (recoil proton detection) and trigger-selection will be made

by a fast (% 200 nsec) kinematical determination of the forward going

missing mass and momentum transfer. A water filled threshold Cerenkov

counter will identify the protons. A trigger-selection resolution for

forward going missing mass of (AM) £ 50-100 HeV (FWHM) and a momentum
2

transfer resolution (it) of .02 (GeV/c) Is expected (proportional wire

chambers alone). Spark chambers interleaved with the proportional

chambers will be used in the analysis to Improve the resolution. The

spark chamber systems on both sides of the target and downstream (all

plane chambers) detect the charged decay products of the boson.

2. ACS experiment #594 (BNL/CCNY collaboration). A survey experi-

ment with the BNL MPS; a systematic study of the production and decay of

beson resonances and production of vee particles. In this experiment,

forward going strange and non-strange boson spectra from n"p, K"p, pp

and pp interactions will be studied in the KK, KIT and KTITT decay channels.

The emphasis will be on t and s dependencies of the production and mea-

surements of the decay angular distribution!!. K° and A production from

n~p, K"p and pp will also be studied with the aim of measuring the polari-

zation of forward and recoil A°'s. The basic trigger selection is by

counting the number of charged particles traversing proportional chambers

and thus detecting the decay of a neutral vee. Typical reactions ts be

studied are:
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ir*p -• B"p

Uv

P

UcV
Uv

K"p -*

n p * A

5 + p - K°K°

P + P *

3. AGS experiment #596: Tests of exchange models In two-body

scattering Including pp annihilations, exotic exchange, and other

reactions from 4-10 GeV/c; Carnegie-Mellon University (R.M. Edelstein

et al.) and Southeastern Massachusetts University (J.J. Russell et al.).

In this experiment the object is to study several two-body and quasi-

two-body scattering processes with a vteu toward making detailed tests

of exchange nodels. Reactions included in this study are those charac-

terized by allowed baryon exr.hange such n<: pp + n~u+, ir~p+ etc.,
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ip-» pit", pp etc., pp -*• K K , K K etc. A study of reactions such

as K~p + pK*, K~p •• it £~, K~p * K H~, pp •* K+K~, pp + pp, Tr~p •+ K J~,

etc. Is also proposed (the latter reactions are so-called first forbid-

den as exotic exchange processes). For this experiment Che target will

be located In front of the MPS and will be surrounded by a set of cylin-

drical spark chambers. A high pressure Cerenkov counter at the upstream

end of the MPS will identify the forward going secondary.

I*. AGS experiment #601: pp + V° V° + neutrals near 6 GeV/c;

Brandeis University (L. Klrsch et al.). Syracuse University (H. Coldberg

et al.). and University of Cincinnati (B. Meadows et al.). The cylin-

drical spark chamber arrangement will be used (inside the magnet). The

final state of the reaction of Interest is two neutral vee's decaying

into two charged particles each plus neutrals, and the trigger selection

will be made using a veto scintillation counter which surrounds the tar-

get and a cylindrical proportional chamber which detects the decay of

neutral vees.

In addition to the above, a further 6 proposals or letters of

intent have been submitted.

H. Comments on Use with Polarized Targets

The MPS is ideally suited for use with a polarized target. The

large solid angle will give the highest possible data rates for a given

target and, la addition will permit the selection of events with the

target polarization either In or perpendicular to the plane of matter

(plus any direction in between, of course) limited mainly by the cryo-

stat and other equipment associated with the target. Thus, in addition
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to the polarization parameter, P, one can envision measurements of the

spin rotation parameters, R and D, particularly for those experiments

Involving A°'s whose polarization can be determined from decay distri-

butions. This is of particular Importance in the case where one is

studying reactions of the type:

if + P -» (strange boson) + A°

K + p •» (non-strange boson) + A°

In this case the study of decay correlations, including joint correla-

tions will permit complete determination of the scattering amplitudes.

In those cases where the boson has spin zero, It Is also necessary

to study the reactions with a component of the polarization vector of

the proton In the incident beam direction. Hence it Is necessary either

to bring In the incident beam at an angle to the horizontal plane or to

rotate the HPS field in the region of the target ~ or both. One can

envision rotating the field with superconducting colls as a later develop-

ment at the MPS.

There Is one obvious restriction on the target to be used In the

MPS. The detector system requires significant changes in order to run

the spectrometer with the field reversed from the usual direction ~

baslcally the necessary bias on the readout wires for the magnetostrictlve

readout would demand that the high voltage pulses be reversed if the field

were reversed. Consequently it is highly desirable that the polarization

be easily reversed without a change In the magnetic field.

At present, the most promising target suggested for use in the MPS

is the frozen spin target. This target would be polarized in a region

of high, uniform field in the MFS produced by Iron poles or field shaping

coils and then moved Into the main MFS field for experiments, the
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polarization being retained by lowering the target temperature. Hence

the solid angle would be limited only by the cryostat; careful design

will give full azimuthal average. Polarizations approaching 90S can be

expected with target atterials with excellent fractions of free protons.

Also, with this target the direction of polarization is determined by

the frequency of the RF field and hence changes in the direction of the

magnetic field are not necessary.
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KPS MAGNET

Weight
Gap
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Power
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Downward Force
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lOkG
14 pancakes, 11 turns ea.
10,000 A 6 240V
400 GPH 8 20'C rlae

SSO tona (magnet powered)
4 hydrostatic bearings, 30'
on ateel plates

t 15', pivot 18" Inside upst
end
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Figure 1.
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Figure 3.
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Incident Beam

Figure 6.
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We propose building a polarized proton target which will allow the

large acceptance of the MPS to be utilized eff. - lvely.

This project has already interested a number of potential users.

In particular uc have been collaborating with Vernon Hughes and co-

workers in the planning stages of this project. It is anticipated that

a BNL/CCNY/Yaie collaboration, which is informally in effect, could be

expected to develop and provide such a target for the MPS, or alterna-

tively serve as a nucleus for such a project.

It was very clear from our discussions during this summer study

that particle, and particularly, resonance production and decay processes

studied in the MPS would be much more readily and completely analyzed

if polarized targets are employed.

We believe that if the large acceptance of the MPS, its inherent

high statistics, high resolution capabilities, and its automatic data

gathering and analysis capabilities were coupled with a polarized target

facility, a large number of obvious experiments could be dramatically

improved.

For example, in any t-channel production process if the produced

particles or resonances have spin, much more information, which is often

critical, can be obtained with a polarized target.

In polarized proton targets previously used in high energy physics

experiments, the detectcr acceptance was severely restricted by the

magnet required to continuously polarize the target. This condition, tr,

general, is not very suitable for an investigation of multiparticle final

states involved in the study of resonance production.

Therefore, in order to more fully utilize the large solid angle of

the MPS, we propose to build a frozen spin target. In a frozen spin
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target the target Is polarized In one magnetic field configuration and

used for scattering in another configuration (holding field). In order

for this Idea to be useful It Is necessary that the proton polarization

decay with a time constant (T, ) of the order of at least 100 hours.

Time constants of this order can be achieved in useful target materials

(e.g. 1, 2 - propanediol containing Cr complexes), If the polarized

material Is held in a magnetic field of 10KG and at a temperature of

M O O a°K.

He plan to build a propanediol target system consisting of a

polarizing magnet, dilution refrigerator, NMR polarization monitor,

polarizing microwave source, and the MPS as the holding magnet. The

target size is expected to be approximately 10 cm long x 2 cm square.
2

M. Borghlnl and co-workers at CERN have successfully built and tested

a propanediol frozen spin target, similar to the one we propose, that

achieved a free proton polarization of 75 - 80%, which was constant to

within errors for a period of approximately 30 hours. The little fl mag-

net which was used for this system has a magnetic field similar in nature

to that in the MPS (both have 10 KG fields and similar inhomogenuity).

This target is presently being used to measure P, R and A for the reac-

tion 7T~p -* K°A.

Because we are using propanediol instead of pure hydrogen there is

considerable background from the unpolarlzed bound nudeons (bound protons/

free protons « 4.25 end bound nucleons/free protons « 8.5). If ^ e momen-

tum of all the outgoing particles are determined, then it is possible to

reduce the background considerably by utilizing conservation of momentum

and charge. Target nucleons that are bound have considerable fermi momen-

tum so that ii one looks at momentum balance with the assumption that the
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target was free, one finds a peak (from free protons) with a broad back-

ground. He alto plan to use partially deuterated propanediol to give

<i target with free deuteron polarization of greater than 30S. This

material also has some polarized free protons (bound nudeons/free

protons • 40 and bound nucleons/free deuterons " S.67).

We expect to make s polarizing magnet by shinning a part of the HFS

nagnet and/or using booster colls Chat provide a 25 KG field homogenioua

to + 1 part In 10 over the target volume• In addition to the polarizing

magnet we plan to have the facilities to have a significant component of

the target polarization along the bean direction to facilitate A measure-

ments.

The frozen spin target requires a dilution refrigerator to cool the

target material to M).5°K during polarizing and to less than 0.1°K during

the holding operation. Ve plan to use the refrigerator design developed

at CE8N; this unit has a refrigeration capacity of 100 mW at 0.5°K re-

quired during polarization and can cool the sample to the holding tem-

perature in e matter of minutes, thereby reducing the polarization loss

due to relaxation. The refrigerator must be carefully mechanically

Isolated from the large pumping systems used with it in order to

reduce heating caused by the cryostat vibrating in the magnetic

field. In addition, the refrigerator must be mounted so that it can be

moved smoothly from the polarizing magnet into the target position in the

HFS while remaining in a magnetic field of several kilogauss at all times.

The target material is contained in the mixing chamber which is surrounded

by the cavity for the polarizing microwaves and the coils for the polari-

zation monitoring NMR system. This refrigerator has a beam pipe for the

incident beam coaxial with cryostat axis, thereby maximizing the detector

solid angle.
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Nuclear magnetic resonance will be used to monitor the polarization

of the target during polarizing and holding in the MPS field. Because

of the extremely long relaxation tine in the holding field, data will

be obtained very infrequently (i once every 20 min.) although rapidly

compared to T. . Since the 1IHR system will operate at two different

frequencies, it will not be possible to calibrate the system in the con-

ventional way. Instead, the 105 MHz section will be calibrated conven-

tionally in the polarizing magnetic field by comparison of the signal

when the target is polarized to that when the target is in thermal

equilibrium at a known temperature. Calibration for the 42 MHz section

is obtained by moving the polarized target from the polarizing field to

the holding field, measuring the signal and then returning the target

to the polarizing field and remeasuring the target polarization to allow

correction for any depolarization during transport. It would be very

difficult to calibrate the 42 MHz system directly due to the very inhomo-

genious magnetic field in the MPS. The entire system will be computer

compatible to permit on-line data analysis.

A relatively conventioaal 70 GHz microwave source will be used to

supply the microwave power required to polarize the target.
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MOOUUVDI NATIONAL U1MATORY
AMoclattd Itoivaraltlaa. Inc.

Upton. Haw York

ACCELERATOR Mttarmxt
iitforaal Raport

ASS SECONDARY IEAMS AND FAHAJCTEAS - FY7i

D. t c r l e y ami C.L. Hang

June 2 t , 1974

AtSTMCT

A cusp I U t Ion U prraimted of th« ACS ««conJ»rv

paraartcr* and fluxta.

H O T i c t

Thla raporc was pratar*' •• •" aceount of work aponaorad by th« United
Stataa Cevarnaant. Halthar tda Unlcad Stataa nor ttia United Stataa «to«tc
Cnarfy Coaaitaaion, nor any of chair aaployaaa, nor any of chtlr eoniractora,
aubcontractora, or thalr aaployaaa. aukaa any warranty, tuprrti or tapltad,
or aiauaca any U|al liability or rtaponalblllty for tht accuracy, coapletr-
ncaa or uwfulnra* of any Information, apparatui, product or procvM dl»clof«d,
or rapraianta that Ita U M would not Infrlnga prlvataly ownad rljht».
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«C> IKONBMV KANt AM> rTUIMCttM - « M

A caaailatlaa In araaaatail at (k« MC Mcwuiry Man f i n i i " " <•">•
particle d i m * . Ftg. 1 (MM* (to Uymc «< <k* •eciwJtry ttaaa * i «hi>
AC* M • ( Jutt 1*74. Saaa fftalla ml Ik* teaaa fraa tit* CIO. A. t . i * .
C, C', an4 D Urgft «eatl«w far I*H a«4 1 « * ara ttvt* I t Fl». J ami >

Takle t §lwa a avaary af tha atceMary M M . f i t - 4. 4, *mt 6
Iwlltata chc W*. K*. ami p fUnaa aktal«a4 tit varlaua fctaaa ID typical
ruMl*«- caa41tl«ti al aiyerlMMt.

( I I I H K I I «n kaaa arafarttta «r» iha«a ayatlatl* an h«W. ami *»
cfeart la aa4* (ar caaklataataa. Tlw caaptlaileA will k« r<»»ln <t>tB
a*w ktaaa an* aara litfaraatta* **««•# avatlaklv. Ut walcaar <«*. >(•
ami (Mtrtkutlwii ir«a *»r*ttmmt*t», «taatlaltK -Jitli r«iaac< <« »• »• •'•••
IWJB fluua.

rarttclaa K*. »*, « ' . 4

f, 1 (a 11 CtV/c ( f lw I l i l l r i aVtwt U CrV/cl

n', «• It. C*Wc (tacat t l f tmlh ltal(«l «»ovr Ji li>V/t)

n", i» l> GtV/c (wxiaarataili

f . t« I * OtV/e <»M*|>a'atf*)

4, W (a I t CtV/c laaatatiai aayarat«<t>

Naaantua fell*

Tart*c tacatia*

tarftt attarlal

Taraat alta

•ra4«daa a» ( l*

Sal 14 a«a,U

Straratar

U«(th

Turtir

n
CattiMl tarftt

•a

0.1-ln. «U* . 0.

0*

COOMaar

Ttwaa 4all«c«tra

Ufa

. «n



taa» « fc—tlwirtt

riiM/kvrat (A) Naaauta aartlcUa/10" incMtnt protona <«t 24 StV/c>

«V/c)
•

to
11
l i

4

KNO

4700

4000

Tl

2100

2000

liOO

partlclea/IO" in

70

as
•0
•0

cio»n

Ju

ISO

It
i ;
1»
11
4

t protoni

20

too

p
11

10

i

2
(at

200

1W

2? O'V/c)

Rrl«r*iK«*: H.U.J. 'a»Uctw. V.o. Yaaatriura., T. r*tkat, and r. Vwln. In

SvaMf StiNly M ACS Utilisation ( M . T . t . Toohtg). KL IWOO

H.tf.J.

r<nitl»

Malta rMf*

IMH«tia kit*

Target lacasiva

T*Tg«t wttt lal

Tafgtt *i<*

S*tt< Mtla

leas H i t

Sr»a'at*ra

FurUy

1,3 t« ) . l G*V/c

» p (te > K)

CIO

(orai Cackiit

.0 I - l» . hltfk, .OA-lo. «td«. .44-'.«. long at 10° to the
cKcutatliti teas.

0.4? MI

VH-ln.

-.O.«-(n. tftaMirr at *«a«rla«nter'a tarset

2 •ItcttaatatU acpatatora

.0.}
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Utm (continued)

Ftux/buret Particles/10'* circulating protons

13000

220UO

13000

Hoatntia

(C«V/c)

1.3

1.6

l.S

2.0

2.2

2.4

2.6

References: t. larlah and T.F. Kycia (preprint).

S. Mori, 0. Uiarua. V.V. U c , private coaannication.

a»mt 5t « Wedliai Eneriv fartlally S«p»rat«ij team

fartlclct K*. p

3*00

15000

28000

50000

(.3000

R5000

103000

8200

17000

i«00

1.2003

S8000

70000

Hoatntia ranjc

Hnarntiai bice

Tarftt location

Target materiel

Target alti

Production angle

Solid angle

Length

Separators

Furlty

riiuc/burst

1 to 2.5 GeV/c

1 I to S 37.

CIO

Karon Carbide

.02-la. high, .OWn. wide. .M-ln. long at 10° to the
circulating btaa.

10°

0.47 swr

1S22-1O.

2 electrostatic separators

tt'/K*

1i"/p

Hoajcntisi

(GeV/c)

0.8

1.0

1.5

2.0

l .«

1-4

1-4

1-15

Particles/10'i clrculatinx protons

K* K* p

500

9S0 1700

11000 7500 12000

30000 20000 25000

5000 27000 40000
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Reference*: B. Barleh and I .F . Kycla (preprint).

J.K. Yoh, et a l . , Fhya. Rev. Letteri 23, 506 (1969).

Y. Nagaihlaa, private coanunlcatlon.

- CIO 4 .7 a H-utral Beaei

Farclclea

Hoaentiai range

Target location

Targer material

Target alte

Production angle

Solid angle

Length

Fluic/burat

3 to 10 CeV.'c

G10

Boron Carbide

.02-ln. high. .04-In.
circulating beam.

4.7°

3.09 ,itr

190-ft.

wide, .64-ln.

HomentuB IC^ar/GeV/c/circuUtlng
(CeV/c) proton

3

4

5

6

7
8

•

10

at G10 tarret
0.025

0.026

0.023

0.020
0.013
0.001

0.005

0.003

long tit 10° to the

y i D 1 ' circulating
protona at detector

39000

48000
46000

42000
28000
18000
11000

7000

Total 2.4 x 101-

Rcferencea: J.U. Crofiin, In Poaaible Beaau and Experlawnte for a High

Intensity ACS (Ed. L.C.L. Yuan), BNL 7957 (ISM), p. 44,

al ia private cowinicatton.

E. Engela, private coaBunleation.

5eaai 6B - Medlu» Enrrtv Teat Beaai

Fare idea n1, p (unaeparated)

Howntiia range

HoaantuB bite

2 to 17 CeV/c
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Target location CIO

Target aucerlal goxoa Carbide

Target alee 3.02-ln. high, 0.04-in. vide, .W.-1O. long Jt 10° to the
circulating teas.

Production eagle «.7°

Solid aogU 9 n»r

l ew »ii» 3-6 In. horitootal, 2-3 in. vertical

flui/burat HoMKia Pacelcl««/lOw circulating protaiu
(CaV/c) «* p

12 1.5 K Iff- ) « 1 D t

17 2 « 10* ail/1

Mark*: Thti 1* tht «i«t«w aoMnCiai tontf traiimlttcd. Under normal

conditions the Mant i s defiling aperture Cj will b* reduced

to that the beaa fl«ot cerreaaeada tu the re^ulnarnc* ol the

MdUtlon Safety CoMtttet.

Thle i t deaendeat UBOO thu salllaatoc C. at the input to

quadruple Q .̂ the figure given hare le (or the collLaator

ioecelled for Crf. 55* In the neutral beaai. An acceptance

of ISO i»tr la ettalaabl* »tch no colllnator.

Mfarancat: -T. glair and D. Utarua, UiS Tech. Note 4g (1971).

0. uttrua, private

i TA - CIO 20° neutral

Fartlclaa K̂

Maaanciai raage 1 to U Cev/c

Target location 010

Target aateria?. toron Carbide

Target *Ue 0.02-ln. high, O.M-ln. wide, .64-in. long ac 10° to the
circulating beaa.

Production angle 20°

Solid angle ~ 0.07C4 a r
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teas 7A (CM

Flux

itlaued)

Moawntto

(CeV/c)
1.0

1.2

1.4

1.6

2.0

2.4

2.8

3.3

3.8

t£/*r/100 HeV/c per U

circulating protoni

0.63
1.55
2.12
2.07
1.55
1.01
0.63
0.27
0.14

Reference: D. Nygren, private coaaualcation.

lean 71 • C10 18° Teat lean

Fartlelea

MaMMua rang*

Hoatntiai bite

Target location

Target aarerlal

Target a l t *

Froduetion angle

Solid angle

Flux/burat

Reference!: A.S.

«* . K*.

0.8 to 3

* U

C10

P*. D. T.

.3 CeV/c

Boron Carbide

0.02-in. high, 0.
circulating beea

18°

9.1 X 10

ttaaeatua
<CeV/c)

1.5

2.5

3.3

(CeV/c)
l .S

2.5

3.3

Carroll, et a l .

"* ar

P

57000
22000

9000

P/n*
1.0

1.2

1.5

H> H*

04-in. wide, .64-in. long

Fartlcl** /1.5 x 10"
circulating proton*
«• n" K*

54000 50000 8300

18000 14000 3600

6500 5000 1700

p/n" D/rf* I /n Hj
0.003 0.02 0.001 0
0.003 0.03 0.001

0.04 0.0005
Fhva. Rev. Letters 20. 607 (1968]

at 11°

K*

1700

1100

370

/ « •

0002

to the

Hj/D
0.02
0.003

C.t. Hang, Fhjre. Rev. Ut ter* 22., 1011 (1969).
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rm »1 - Hl«h Cntrtv Charted Um

FarclclM

Hoacncui raaie

Moatnciai kit*

Txrgtt location

Target ••(•rial
tnd ( l ie

FroductiOD angle

Solid angle

Length

Ftux/burat

n*. K*. P*

6 Co 24 CcV/c

Variable (at th« firac fueu», Ap/p • 1 1.27.

with ± 3/4" BOBinttai allt)

I atat Ion

Ic .!" x .2" x 6" .1" r .04" » 2" .0> dlas x 6"

Htt»ht Width Untlh Anile
Cu (cr«pt«oid«t)

Htavyatc (trsptioldal)

.04"

.04

.04

.04

.04

.1"

.1

.1

.1

.1

2"

2

4

4

6

6°
b

6

6

6

(v/heat aink>

~ 0.3 Mr

3000-in.

(1) Based on prelialnar> data ttom rennsylvania Croup

(Exp. >5S, 63S) - 2 x 10* parclclea at any aowntm

by varying th« aoaentua a l ie

Approxiaate coapositlon

Howntw iT : K* : p n" : K* : p

10 CeV/c At .01 .50 .98 .013 .COS

20 .028 .003 97 .99 .006 .0002

(2) Baud OB Sanfotd-Want curve* (WL 11299 and INT. 11479)

ttoacntiai

6 GeV/c

12

18

24

n K
1.3 x 10' 2 x 10*
1.1 x 10' 2 x W
3.1 x 10* 1.8 x 10*
2.4 x Iff 2.7 x 10*

p/10"Incident protona

1.9 x 10*

8.7 x 10*

6.0 x 10*

70
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M — 12. It - Ht<lu» U»tw St»araf d laaai

rartlclea

Hoejentiai rug*

Hoavnttai bite

Target location

Target Material
and a l ie

Production angle

« * . ; . » •

K, I .* to t .7 CeV/c
i, 0.5 to ».* 0>v/c
n. 0.1 to 10 OtV/c

» 2.2 to a U

II •tatlon

Height
W .04"

.04

Cu . «
U .04

•° (ofcate I)

WMth
.1"

.1

.1

.1

Ungth
ft"

2

2

2

SolU angle

Separator

tew alia

Length

Fiux/burat

3° (abate 2 • for thia later afcaae, farctclc ttuxa*
at higher maMMiai will to increuci).

f2 • 2*4 uar

2 electroatattc aeaeratora

- C . ••!•!. dIan*tar at •xaarlajtxtar'a l«rgat

3112-ln.

4

S

6

•

1(1

*" terecclng

5.2x10* 1.7x10* 5x10* 2.1x10* 3.4x10'
7.0x10* 1.4x10* 4.»xl9« II.JJIO* 4.«a|0''
t.i.xVf 3.7x10* l.Sx«J* *.teH* 4.U10'
5.5x10* 2.3x10* l.txtO* 4.2x10* 3 3«10'

5.4x10* 4.0x10* 1.4x10* 4.3x10* 3.1x10* 2.SX10'

2.7x10* 1.7x10* -.5x10* 9.1x10*

1.0x10* 7.0x1?

9.2x10*

Reference!: A.S. Carroll, In Staaaar Study on ACS Utilisation (ti. T.E. Toohlg),|ajU4000.

J.D. Fox. EF« Dlvtaion Tech. Kef No. 38 (1*70).

J.D. Fox act) C.T. Murphy. 110. 1*916 (1*72), INI UM7 <1974).

C.T. Murphy, IMS Divl.ion Tech. Mote No. 'A (I ?3), Mo. 42 (1*73).
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Beam K - B Station neutral Beam

P»rticle«

Momentum range

Target location

Target material

and tlie

Production angle

Solid angle

Length

Flux/burat

3 to 10 CeV/c

B' etetlon

Ir 0.1" dla x 3"

360 i 98 v.tt (Kg)

16-ft. (K?) and 12.5 -ft. <K°) froa B' target to the
beginning of decay voluw. Length of decay volume 10-1t.

Mnacntua
(GeV/c)

3

4

5

6

7

a
9

10

Mar/CeV/c/
incident proton

.017

.017

.015

.013

.009

.005

.003

.002

IL/(l-3)xlt
proton at

5.7 x to2

6.0 x 10°

S.J x 10s

4.7 x 10s

3.1 x 10s

1.7 x 10s

1.4 x 10s

0.7 x 10s

Total 2.9 x 10*

Reference: Preliminary data from Prlnceton/U. of !•;«••. Group (Exp. 372)

private communication.

Beam Cl Huon Beam

Farttcle*

Mean HMntia

Moment la bite

fargtt location

Target nattrtal

Target alte

S.8 and 7.3 GeV/c (ncotntum range 5-9.5 GcV/c)
The beam ia modified to extend the momentum up to 12 GuV/c.
± in

C atation

Cu

0.1-ln. high, 0.2-In. wide, 1.5-in. long
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Baaa cl Muon lean (continued)

Horizontal spread (at target)

Vertical aprcad (at target)

Tagging efficiency

Ap/p for tagged auont

(r.B.a.)A9x»(r.B.a.)us for tagged Buont

(r.m.e.)as • (r.a.e.)ay for tagged nuoni

Fion contamination

Beaa/nalo

Flux

± 2.5 C B

± 1.8 CB

-607.

1.5%

10*3 radlana

2.1 B B

< 5 x W

2/1

— U f / 1 0 " proton* on target

Reference: A. Entenberg *t al., Univ. of Rocheeter Report, UR-469,

COOOOb5-68(1973).

M a B C2. C» - Low Eiwrav Separated BeaB

Fartlclea K*. p. n*

Kaxiatm aoaenttai l.l GeV/c

Hoaentua bite ± (1-2)7.

Target location Target (tation 'C

Target aaterlal Cu (0.1-in. high, 0.2-ln. wide, 4.1-ln. long)

and alee Ir (.2-ln. dian. x 3-ln.)

Production angle 10.'°

Solid angle 2.64 u t

Separator 1 electrostatic separator

Length 580-in.

Beaa al:e 2-ln. wide, 1-in. high (FWHM) at 66-in. downstrean

of the laat quadrupole
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B e « C2. C4 (continued)

Flux and purity Target SB. Flux

Cu ±17.

Ir ±27.

p Hoaentua Partulea/lO"
(GeV/c) Incident proton*

Purity

.5
K" p tfVK* n"/K* n'/p

5.0xUT 18 360 470
.6 8.8x10° 2.7x10* 280 26
.8 4.0x10* 9.8X103 1300 7

1.0 1.0x10^ 3.7x10* 3400
1.1 sooo
.7 4.2x10*
.75 2.5x10* 3.0x10*15000 2.0

56

13

68

17

16

10

Reference*: J.D. Fox, EF&S Dlv. Tech. Note No. 7 (1967) and No. 20 (1968).

H. Zeller, L. koaenaon, and R.E. Lanou, Jr., in Suaner Study

on ACS Utilization (Ed. T.E. Toohlg), BNL 16000 (1970).

A.S. Carroll et al., EF&S Dlv. Tech. Note No. 54 (1972),

No. 64 (1973).

S. Saith, 0. Cheng, private cowunication.

Beaa C3 - Hvperon Bea»

Fartlclet

Honentum range

Momentum bite

Target location

Target naterial

Target itu

Production angle

Solid angle

Length

L , S •

17 to 26 CeV/c

± 0.57.

C' atation

Be

0.1-in. high, 0.2-ln. wide, 10-in. long

0°

22 uar

172-m.
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B e — C3 <contlnuad)

Flux detected/burst

Yield

Moaentun
(GeV/c)

19

20

20.5
21

22
23

24

25
26

E-trltger/1011

incident protons
12

28

56

88
121

180

160

105

(E/n)
tngf

7.4xl0"«
2.5x10"*

6.9x10""
1.4x10"'
3.lxlO"3

9.4xlO"3

l.4xl0"3

1.6xl0"a

2.85xl0"s

£~/n" production ratio* and forward I* production
laboratory croaa sections for protons on berylllun.

Secondary
Moaentum

GeV/c

17.75
18.75
19.75
20.75
21.75
22.75
23.75

17.0
19.0
20.0
20.5
21.0
22.0
23.45
25.0
26.0

E*/P* n
25.8 GeV/c Incident Protons

0.329*0.042
0.465*0.048
0.669*0.067
1.08 ±0.077
2.41 ±0.14
2.85 ±0.14

21.91 ±1.4
2».4 GeV/c Incident Protons

0.185±O.0U
O.263i0.O16
O.374±0.O22
0.380*0.021
0.46340.028
0.64B±0.037
1.19 ±0.07
1.72 10.16
2.62 1O.I6

da o/dp dn
ib (sr GeV/c)"1

14.41x1.8
13.3 ±!.4
12.0 ±1.2
11.7 ±0.8
14.9 ±0.9
9.4 ±0.5
4.0 ±0.2

25.3 ±1.5
19.0 ±1.2
19.0 ±1.1
16.3 ±1.0
16.3 ±1.0
15.3 ±0.9
15.0 ±0.9
1 J.I ±0.9
6.0 ±0.4

Reference: V. Hungerbuehler et al, Phys. Rev. Lett. 24 1234 (1973),
Kuclear Instr. and Methods 115 221 (1974).
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Beam XI Wide Bend Neutrino Beam

Particle* v, u

Energy Peaked at ~ 1.5 GeV

Target location U etaclon

Target aaterlal Sapphire

Target alee Diameter 0.5 cm, length 45 em

Length n, K decay region • 208-gt.
» filter - 96-Et, Iron
from target to bubble chamber • 336-ft.

Cptlct-

Flux/buret

3 magnetic
the bubble

Energy
(GeW)

.5
1

l .S

2
4
6
8

10

12

clngera focuaing piona and kaonv toward
chaaber

Neutrlno*/<lnteracting proton-aeeer11 -Cev)
(averaged over 70 cm radlua area)

3.5 x 10"*
9.S x 10"*
1.4 x 10"9

1.1 x 10*»
2.2 x 10"*
3.7 x VT*
1.3 x W°
6.8 « 10"B

3.6 X W *

Reaark Secant eatlaate ahow* tnat approximately l.S time*
more flux Chan given above can be expected.

Reference: N.P. Samloi, R.B. Falaer, U.S. Fowler, and H.I. Loutttt;
ACS Propo.el tA-427 (1967).
BNL neutrino beam group, private communication.

Diatrlbutlon: B2
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TA1LE 1

SUMMtY Of ACS SECOHDAIY HAMS

Separated Ban

C2, C4

S

B2, B4

Production Solid Moaanita MoattntuB
»Mle(d««ree> An»le(a»r) Blte(t) Kan»e(C«V/c) Flux

10.5 2.64 2 - 4 0 - 1 . 2 5.6x10" K* at 750 HeV/e

10 .47 2 - 6 1.3 - 3.2 2.2x10* K~ at 2 GeV/e

6 .092-.294 4 . 4 - 6 1 . 5 - 9 4 x 10' K* at i CeV/e

neutral la—»

6A

•5

U

4.7

4

.003 wide band 3 - 1 0 2.4x10° K? between
3-10 Sevrc

. 3 6 wide band 3 - 1 0 2.9x10* K? between
3-10 GeVXe

wldt band O.S - 12 4 x 10'- v at 1 .5 GeV

Unaeparated B e —

Bl

Al

.3 2.4 6 - 2 4 ~107 ti" at 12 CeV/c

HEUB - aid 1975

Special

Cl

C3 .022

20

1
i - 9.S

19 • 26 300 Z~ at 25 GeV/c
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1974
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6A
K
Bl
B2
B&
B5
C2
C3
W

D
V
1)

E*pgrl—
631
598
635
KPS
54t
615
MS
583
574
SS9
614
605
629

nt Untvtr>lty
KochHter/BNL
HIT
Pcnmy lv«nla
BNL
Cstleton/KTC/HcCtll/BNl
HYU
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Plttaburgh/HMB./BNL
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RESISTANCE OF S O U D HD POLARIZED-PROTON TARGETS TO DAMAGE FROM
HIGH-ENERGY PROTON AND ELECTRON BEAMS*
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Solid HD samples, suitable for use as polarized proton targets by
virtue oMheir low orlho-Hs anil para.Dj impurity concentra-
tions and consequently long proton spin-lattice relaxation times.
Tf. wen irradiated in i:ie 10.4 GeV ctternal beam of the Cornell
electron synchrotron jnd in the 28 CeV extracted proton beam
of Ihf AG5 synchrotron at Brookhaven National Laboratory.
N o 4inct beam-induced dcpolariialiun of the protons in HD
wis observed for integrated particle duxes up to IO lJ cmJ. The
oroton beam exposure resulted in a spin-lattice relaxation rate.
I / I*)MJ- of 0 . 9 x | 0 - l ' s ' ' per unit integrated flux (i.c. per
partklf 'cm*), and the electron bram exposure led lo a value
about 30% higher, due mostly to the production of secondaries.

The Tt* recovers nearly to its original long value whe * the sample
is melted and refro/en after irradiation, indicating that the
principal contribution to lT*lZl comes from rsttixali such as
atomic H or D and not from symmetry species cornerman
induced by the beams. After irradiation, annealing of the
damage centers was observed at 4.2 K and 4.7 K by monitoring
' /"?>r»i J s a function of time. These experiments support the
proposed usage, at temperatures between I and 4 K. of pure
solid H D »ilh Ijng 7? at a meustably highly polanxed proton
target for high energy physics experiments at particle rimes up
to zbout IO! panicles cm- s.

I . IrXrotfKtiM

A proposal to use solid HD as a novel type of polar-
ized proton (and deuteronl target') was based largely
on the spin-lattice relaxation properties-'3) of solid
HD containing small concentrations of H* and D -
impurities. A detailed series of studies of proton spin-
littice relaxation times. 7}1. as a function of ortho-H..
concentration were carried our1-5) at magnetic lields
between 0-12 kOe and temperatures ranging from 0.4
to 10 K. and further measurements have been repor-
t ed ' ' ) al magnetic field strengths up to 100 kOe and
temperatures down to 24 mK. where proton polar-
izations of %40% have been obtained. Because the
pound rotational Hate of HD has zero angular mo-
mentum ( / / i=0) . J"" of the protons in pure HD is
extremely long in the liquid h.'lium temperature range,
at least of the order of days, and the presence of a small
H2 concentration controls the HD proton relaxation
rate. The protons in the symmetric nuclear spin state
(ortho) variety of the H, impurity, for which / = I in
the lowest rotational "tate because of .the Fermi-
Dirac statistics obeyed by protons, relax efficiently
through a bi-molecular quadrupole-quadrupole inter-
action coujvi/d with a spin-rotation interaction*), and
this relaxation is transferred to the protons in HD
through the rapid proton spin-spin relaxation mecha-
nism. A polarized proton target is obtained by utilizing

• Research supported in pan by the National Science Founda-
tion.

a small ortho-H; impurity concentration to bring about
equilibrium at a high magnetic field and >ery 'ow tem-
perature (e.g. ISOkOe and 0.012 K yields an equili-
brium proton polarization of 8S*'o). and waiting under
the equilibrium conditions for sufficient crtho—para
H, conversion to occur so as to eliminate the HD
proton relaxation mechanism, thereby isolating the
proton spin system from the lattice, even at I K or 4 K
Thus, experiments can be performed with mclastably
frozen-in polarized protons in the convenient 1-4 K
temperature region, requiring only liquid helium
coolant and a modest magnetic field of no special
magnitude or homogeneity. The optimization of condi-
tions for operating the target depends on the tem-
perature and magnetic field dependence of T'i'(o-H:>
as a function of the concentrations of ortno-H,
IO-H.) and para-D; (p-D 2 : J=' ground rotational
state), which has previously been discussed' ! ) and will
be presented in a forthcoming paper in more detail.

The principal uncertainty as to the economical
application of the method has been the rate of deterio-
ration of the isolation of the metastably spin-polarized
protons due to radiation damage caused by a high
energy particle beam in the course of an experiment.
Since considerable effort is expended in producing these
samples (maintaining them at millidegrec temperatures
and high magnetic Reids from one to two weeks), the
feasibility of the target depends on how long it remains
effective under bombardment by the experimental high
energy panicle beam. If it should be depolarized due
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to ndiation damage when exposed to a small integrated
flux. On iatio of particle utilization to sample prepa-
ration time could be too small for profitable usage. In
the experiments reported in this paper, the degradation
of polarization for known high energy electron and
proton exposures was measured, and the results in our
opinion support the utility of solid HD polarized
targets for high energy experiments derived from
proton accelerators, and perhaps for some limited

Fl | . 1. Schematic drawing of the apparatus used for irradiation
•rid NMR eiperinunu on solid HD. Coils shown In inner
(liquid *He filled) dewar are Nb-Ti superconducting windings,
modulation coils and orthogonal NMR transmitter anil receiver
coils, from outside to center of ilcwar, respectively. Solid black
n c l i n i k s close to axis of inner dewar are temperature sensing

cirbon resistors.

experiments derived from high energy electron acceler-
ators, in addition, the relaxation mechanism induced
by the particle beams was clarified and other factors
related to use of HD as a polarized target were inves-
tigated.

2 . Experimental arrangements

Because measurements had to be made over an
extensive time period both before and after the high
energy particle beam irradiations, the apparatuses were
made completely portable. Fig. I illustrates schemat-
ically one of three identical cryostats which were con-
structed. The multiplicity of cryostats allowed several
samples differing in impurity content to be observed
and irradiated during the same lengthy time period.
The dewar used was a Superconductivity.Helium
Electronics Corp (S.H.E.) vapor shielded model
(VSD-850), which retained liquid helium without use
of a liquid Nj shield for approximately 18 h, with all
the apparatus inserted. The long retention time was
important for those experiments in which the samples
had to be kept continuously at liquid helium temper-
atures, sometirnes for more than a month prior to the
irradiaiiun. It was also desirable in principle to be able
to make the trip to and from the accelerators without '
transferring liquid helium on the road, although we j
were equipped for thU eventuality and made use of it
in one instance. Despite the apparently fragile design |
with total support for the inner dewar at only a single >
joint at the bottom, approximately 5000 dewar-miles :
of transport were successfully undertaken with only j
one instance of breakage. Each apparatus had its own ,
persistent current mode operating superconducting j
solenoid9), which was usually operated at between 1.5 |
and 3 kOe. An additional coil capable of providing '•
peak to peak magnetic fields of several oersteds was j
used for magnetic field modulation at a modulation
frequency of 850 Hz. Crossed coils orthogonal to
each other but not to the axial magnetic field ivere
wrapped about a cylindrical teflon form which en-
closed the sample, and served as transmitter and re- •
ceiver for the nuclear magnetic resonance (NMR)
measurements. These components are readily discer-
nible in fig. I. The transmitter was driven by a General
Radio type 1211-0 unit oscillator which was frequency
swept through the resonance with a motor drive. The
receiver was tuned with an external capacitor and then j
decoupled from the external cable capacitance with a
Tektronix P6045 FET probe with type 1121 amplifier.
In this manner, resonance could be monitored remote- I
ly at distances of over 30 m, ample for monitoring i
resonance during particle beam irradiations. Upon j

- 408 -



SOLID HD rOLMUZED-PXOTON TARGETS

frequency sweeping the transmitter, the receiver output
exhibited • broad resonance response associated with
the tuned receiver coil circuit. The external capacitor
was adjusted so that the much narrower proton reso-
nance signal occurred at the peak of this broad instru-
mental resonance, and since the superconducting
magnetic Reid in the persistent current mode drifted
less than 0.05% h, no adjustments had to be made for
time periods of many hours. The magnetic field
streogth was monitored using the fluorine resonance
signal from the teflon coil form. The* background
proton signal was very small, and varied from run to
run. It was due to slight moisture condensation reaching
the sample region during insertion of the HD sample
into the cryostat. Characterized by a short T,{£ I s),
it could be readily subtracted from the HD proton
signal. The sample was contained in a glass holder in
the form of a < t cylindrical bulb attached to a long stem
of about I m length and 0 40 cm inside diameter, as
seen in tig. I. The samples were filled with HD to
pressures, at room temperature, between 270 torr and
340 torr. Thus, a: a typical sample pressure of 300 torr.
the sample condensed at liquid helium temperatures
to a vertical length of about IJ cm at the bottom of the
glass stem. Condensation was produced by slowly
lowering the sample tube through the sliding o-ring
seal at the top of the cryostat, first producing liquid
HD, and then solidification. Temperature indicating
carbon resistors facilitated monitoring the conden-
sation rates, which were ''calibrated" by condensing
the sample in a glass deuar set whose interior was
visible. In this manner, a reproducible condensation
procedure was formulated. This manner of sample
handling kept air and water vapor out of the cryostat,
allowed the sample to be annealed in the solid state,
melted, or vaporized without removing it entirely
from the cryostat, and permitted rapid transfer from
one dewar to another: this latter feature was especially
useful when a large external storage dewar was used
for ortho to para H 2 conversion over long time periods.

The H D was prepared10) by reacting LiAIH4 with
DjO and then double distilling") the sample in a
liquid H, cooled cryostat'2) containing a Stwlman
packing. Middle fractions were used to minimize the
Hj and D ; impurity concentrations. The fractions
resulting from the first dis'illation were analyzed with a
commercial mass spectrometer, capable of discrimi-
nating parts per thousand of H2 and D , in HD.
However, the resolution was no longer adequate for
the second distillate, and the initial normal H2 and D ,
( n - H j and n - D j ) concentrations were estimated
respectively from the initial Tf value and the conver-

sion time necessary for a change of slope of Tf with
respect to conversion time9).

Four samples were used in the irradiation exper-
iments. For reasons related lo their histories, they are
denoted by I", 3", 1", 3". The samples denoted by a
single prime superscript were irradiated at the Cornell
electron synchrotron and those with double prime
superscripts were irradiated at the AGS proton syn-
chrotron at Brookhaven National Laboratory (BNL).

At the Cornell electron synchrotron, a 10.38 GeV
external electron beam was defocussed to about a
2 cm high by 1.5 cm wide beam, consisting of about
10" particles per 0.1 ms pulse and 60 pulses per second.
A fluorescent screen with cross-hairs denoting the
portion of the center of the HD sample was fixed to
the denar outer surface and monitored with a vidicon.
enabling the beam to be aimed properly at the HD
sample. In addition, a glass plate was positioned in the
beam and the darkening due to formation of radiation
induced centers was later monitored with an optical
densitometer to obtain the beam profile. This result,
together with a count of the total numu.r of panicles
determined with-a secondary emission counter which
intercepted the entire beam, allowed the computation
of the average integrated flux incident on the sample.
At Brookhaven National Laboratory' I BNL). a 2S GeV
extracted proton beam about 2.2 cm high and 1.3 cm
wide containing 2 x 10" panicles 0.7 s straggled pulse,
and I pulse 2.S s. traversed the sample. This \va» jusr
under the beam intensity at which the Nb-Ti super-
conducting solenoid quenches. The beam was again
aimed with the aid of a fluorescent screen monitored
by a vidicon. The total particle flux was measured with
a secondary emission chamber in hard vacuum, and the
value was corroborated by measuring the activity of
polyethylene foils placed in the beam. The values agreed
well, and the latter also yielded the beam profile along
vertical and horizontal axes through the center of the
sample. This permitted computation of the average
integrated flux incident on the sample.

Proton relaxation times in the HD samples, 7*',', were
determined by jilting the NMR signal amplitude after
saturation to an exponential growth function. By
maintaining the superconducting magnet in the per-
sistent current mode, full amplitude NMR signals for
specimens with long r" values were obtained without
difficulty. Unless otherwise specified, T\' values in this
study are measured at 4.2 K. Because signal noise ratio
was compromised in favor of necessary features of the
apparatus, values of rj1 are generally reliable only to
+15%. which is, however, quite sufficient for the pur-
poses of these expei intents.
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3 . Eiferiawnlal results

3.1. ELECTRON BEAM IRRADIATION EXPERIMENTS AT

COCNEU SYNCHROTRON

An objective of these experiments was to measure for
a known integrated beam flux the radiation induced
proton relaxation rate, (T">ni, in two samples of H D:
a pure one (sample 1'), and a pure sample doped with
1% n—Dj (3'). The D j doped sample comparison was
undertaken because it is possible that D 2 doping
might be useful for producing an optimum target. It
w u also desired to establish that no spin-heating of the
polarized protons of the HD occurred from direct
(independent of the lattice) interaction with the high
energy beam. Furthermore, we wished to determine
whether the {T\')~i was the result of radical formation.
such as atomic H and/or D, or the result of beam-

POSITION U.ONC VERTICAL MIS ICKI

POSITION «L0NI/H0ltl20NT»l M I S [Call

Flf. 2. Distribution of 10.38 G«v electron beam inKirated
flu* with respect to center position of HD sample 1', Ordinals is
measured optical density of 0.91 mm thick glass plate which was
jo beam path. Arrows represent physical extent of the sample

l ions each dimension.

induced conversion from p - H j to o - H , ( o r o - D ,
to p - D 2 ) , a mechanism which had been suggested in
connection v*h 6DCo irradiation of H D '). For this
latter purpose, the sample after irradiation was to be
melted and resolidified by raising it above the liquid
helium level for approximately a minute and then
reinserting it completely into the cryostat, a procedure
we denote as lei. yermure cycling. If (Tjfe J results from
para—ortho H2 or ortho->para D ; conversion, the
(T\')~£ would be expected to remain unchanged after
temperature cycling, since temperature cycling com-
pleted in the order of minutes produces very little
conversion among symmetry species. However, if
radical or atomic species formation were responsible
for ( f j 1 ) ' ] . the temperature cycling would "unfreeze"
them. {T^)'i would be markedly decreased"!, and
the observed Tf should return near to its value before
irradiation.

The 10.38 GeV extracted electron beam from the
Cornell synchrotron appeared on the vidicon to be
approximately oval in shape and about 2 cm high by
l.Scm wide. The integrated particle flux incident on
the sample was determined by measuring the total
number of particles in the beam using » secondary
emission monitor, and determining the distribution o f
integrated particle flux over the sample from the subse-
quently measured optical density as a function of
position on glass plates nhtch were placed in the beam
path, h was assumed that the optical density was
linearly proportional to the incident particle density,
and by repealing optical density measurements over a
period of several days after the high energy electron
beam exposure, it was ascertained that very little
bleaching occurred after the exposure. In rig. 2 a
typical pair of curves of the optical density *dal*l<i = In
(fraction light transmission)) vs vertical and horizontal
displacement with respect to the sample, are shown.
The sample dimensional extent is indicated by the
arrows. From these curves, we wereable to determine the
average integrated flux to which the sample was exposed
by calculating the time averaged beam flux. <* B ( . to ) ) ,
integrating it over the sample area, and multiplying
by the exposure time. For sample I', this was 8.5 x 10'J

particles,'cml, and for sample 3', it was 8 . 4 x 1 0 "
particles/cm1. Despite the few millimeters separation
of the peak intensity position of the electron beam from
the geometric center of the HD sample, the inhomo-
geneity in sample beam exposure was less than 50%
from the mean value, and reasonably exponential
spin-lattice relaxation processes were observed.

The history of sample I' is illustrated in fig. 3. From
the initial Tj1 value and small slope*') (0.14 In units'
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day) of the conversion curve prior to the electron
irradiation for all but the first 5ve days of conversion,
the initial o - H 2 and p - D 2 concentrations are
estimated as »5x lO~ 5 and * 4 x i O ~ 3 respectively.
It is noteworthy that at 4.2 K. a value of I d for 7 ?
was easily reached for this sample, with no evidence
of another relaxation mechanism entering the picture.

Immediately prior to the electron irradiation, the
value of rj1 was about 3 x I04 s, somewhat shorter
than its maximum value because of some manipulations
of samples among dcwars. This value is actually more
convenient than a longer one, because a full polar-
ization could have been established within about a day
if a cooling failure occurred before the scheduled
irradiation time. After exposure to 8 .5xlO",cm 2

electrons, it is seen in fig. 3 that T'{ drops to 930 s,
yielding a (TfKX of (960)-' s"1, or a <riVJ per unit
electron integrated flux (i.e. per electron cm2) of
l . 2 2 x l 0 ' ' * s " ' . The sample was then temperature
cycled, after which T" rose to 1. 15 x 10* s, more than a
factor of ten larger than T? immediately after the elec-
tron irradiation. From this, it can be concluded that at
least 95% of ihe decrease in 7? after the electron irra-
diation is due to defect centers produced by the irra-
diation and not to para-»onho Hj conversion induced
by the electron beam.

AfTCR IRRADIATION

Fit 3. Hiitory of HD sample I'. Growth of rf ii due to con-
version from / • I symmetry species of Hs and Da lo / * 0
specks, trrldialion Is by 10.38 GeV electrons, with integrated
flux averaged over sample equal to 8.5 * I01- electrons/cm-.

r-4 .2K,»>: .8kOe.

For the first 10' :/cm2 integrated flux incident on the
sample, it was observed that no direct depolarization
was produced by the electron beam. After that dosage,
the nuclear resonance was saturated with rf power so
that proton relaxation could be subsequently observed.

Sample 3', which consisted of a pure fraction of the
distillate doped with 1% n - D ; impurity, had an
initial r}1 of 30 s and showed a complicated P{ growth
behavior with conversion time, a feature whose dis-
cussion will be deferred for <• forthcoming publication
since it is not of central concern here. This sample
underwent H2 and D 2 symmetry species conversion
for a length of time which brought iis 7"? prior to
irradiation to 1.5 x 10* s. After exposure to an electron
integrated flux of 8.4 x 10", cm'. T1} was measured to
be 980s, yielding ( O ^ J of (1050)"' s"1. and a
C p l n i per unit electron integrated flux of 1.13 x
10-16 5 - ^ w i I n j n e s p e r i m e n l a | e r r o r o f t n e v a | u e for

sample I'. From this, we conclude that very little
ortho—para D . conversion is induced by the high
energy electron beam, since sample 3' contained more
than 100 times the o - D , concentration of sample 1'.
Instead of temperature cycling this sample, (r'/'T.i
was monitored while the sample remained at 4.2 K,
with the results seen in fig. 4. ir,')~J was computed
from the difference between the measured (TV)"1

and (7"?)"1 extrapolated as if no irradiation had taken

,Q-3

9

T

* •

r

—' 1
2

.1

\

\

—i i 4 1

Fig. 4. Anncalint «14.2 K of radiation-induced centers in sample
3' after exposure to 10.38 GeV electron integrated flux, averaged
over sample, of S.4 x I0^eleclrons/cm3. T• 4.2 K, H - 2.8 k O .
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place. This procedure should lead to very little error
for the first few days of the recovery period, and the
dope for that period is 0.41 In units day, which is a
measure of the annealing rate for damage centers at
4.2 K.

3.2. PROTON IEAM IRRADIATION EXPERIMENTS AT

B N L - A G S SYNCHROTRON

The objectives of the experiments here were similar
to those discussed previously in connection with ihc
electron beam experiments. We also wished to deter-
mine whether additional relaxation or depolarising
processes particular to proton beams occurred, by
comparing quantitatively the relaxation lime results
from minimum ionizing proton beams with those from
the minimum ionizing electron beams. Usage of a grea-
ter integrated flux was planned in order to obtain a
more accurate relationship between I ^ ' I M and the
measured particle integrated Run. A further objective

POSITION ALONG HORIZONTAL « n s ICMI

Fit- 5. Distribution of 28 GeV extracted prolon twain integrated
flux with retpeel to center position of HD sample l \ Ordinjleis
•vcraie number of U C atoms per square cm of 4nvl. thick
polyethylene foil, extrapolated back from lime count was made
to time at which irradiation terminated, ri. Arrows represent

pfiyf Jeal extent of sample along each dimension.

was to observe the annealing rate of the defect centers
at two different temperatures, in order to determine
whether at some temperature the annealing rate might
be sufficiently faster than the spin-lattice relaxation
ttjte so that the useful lifetime of a pohrt/cJ target
could be prolonged »hilc in the panicle bejm h>
means of periodic short duration annealing episodes.

The 28 GeV extracted proton beam was defocussed
and appeared visually on the vidicon to be approx-
imately rectangular in shape and about 2.2 cm high
by about 1.3 cm wide. The particle integrated Hut »•»
determined by measuring the total numfcer of particle*
in the beam uiih a secondary emission counter which
intercepted the entire beam, together with detcrniinui;:
the beam profile along vertical and hori/onl,il axes
which intersected at the position corresponding to the
center of the HO sample. This profile was measured b>
placing square polyethylene foils of about SO mnr
area and known weight on the two axes, and counting
the disintegrations of the " C atoms which were pro-
duced by collisions of the high energs protons nun Ihc
'•'C atoms in Ihc polyethylene. In the computation' *>.
(he value 25.9 mh was used for Ihc "C actuation
cross-section under 2SGeV protons. (IM» was taken
as the counting efficiency, am] 20.34 min was UHTJ a*
the halflilc of " C The results for the beam exposure ot
sample I * are presented in fig. J. The continuous profile
lines arc constructed by taking into account the finite
dimensions of the foils. The horizontal profile i> seen tu

o'

z

V T
s

a

> ^ KIHM

/

/

MMftl

Ftf. 6. History of HD sample I'. After gro*ih of T* Jut to II •
and O- symmetry *p«i« con\cfMyn, a lempcfjturc i;\klmif it
shu»n 4S J vontfol. The uraUulion tonsisu ol' jn intci-'rjtcj
proton >Tuv jvcrjgcif o*cr the fjmplc. cqujl to *.O * IU!-: i/n-'
The measurements during anil after irrjdution art *ho*n in

detail in fit*. 7 and tt. r»pcciikcl>. II - I.H kO*.
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After ihe irradiation, the decrease of (7/|*)^i was
monitored as in the electron irradiation case, but this
lime at two different temperatures. The higher T value.
4.7 K. was maintained for a period of days b> sirant of
* pressure release valve set at 0.5 kg cm'. When the
•nntalinf was carried ou*. at 4.7 K. the 7? values were
•evenheless mtmured at 4.2 K. as seen in fig. 8. A
steeper anneal rate is indeed observed at 4.7 K, but
the ratio oT the 4.7 K rate to the 4.2 K rate does not
ncctd the ratio of the < Tj1)"' values at the two tem-
peratures, so that the extension of the lifetime of a
polarized target by annealing at temperatures above
4.2 K does not seem practical. A single measurement
right after the irradiation, at 1.7 K, is also shown in
rig. S, indicating that (??•-*« >* an order of magnitude
smaller al 1.7 K than at 4.2 K. A measurement at
W « I . I kOe ami r - 4.2 K was also taken soon after
the irradiation, yielding a T1) value larger than that at
2.1 kOe and 4.3 K. This field dependence is opposite
lo thai observed9) when the o - H j relaxation mecha-
nism dominates, and again supports the damage
center mechanism for (7JV.J.

In figs. 9 and 10. results For sample i" analogous to
those in figs. 7 and 8 for sample I" are prescnltd.
Sample 3" is slightly rkher in initial o - H 3 concen-
tration than sample i* and also underwent very little
conversion from its initial n - H , constitution (only
2d it liquid helium temperature prior to irradiation).
In addition it was subjected to a higher proton inte-
grated flux than sample I*. The value obtained for
(7f>ni PC' >"<i> proton flux is 0.8 x 10" •• s~'. in close
agreement witt >hc result in sample I". The leveling
off of r? growth following the temperature cycling
lDd after irradiation i> not understood, but possibly

o MAtUktHtH* 4T * 2fl

is due to paramagnetic centers formed in the glass
sample container in this most strongly irradiated
sample. The annealing behavior at 4.2 K and 4.7 K.
as seen in fig. 10, is comparable to that of sample I".

4. Discimioa

The values of (Pj)^ per unit panicle integrated
flux have been shown to be in reasonable agreement
for electron and proton beams. It is of interest to
compare the value obtained under proton bombard-
ment for sample I". 0 . 9 x l 0 ~ ' * s ~ \ with the result
obtained by Hardy and Gaines from irradiation of
solid HD with C o " gamma rays2). They reported a
( O o i value, for a radiation dose cf 4 x 10* Rad,
of 3.7x10"*$''. Since a minimum ionizing particle
integrated flux of 2.25 x 10' particles cm' produces a
dosage of I Rad in HD. we see that the dmaoe from a
minimum ionuing proton integrated flux of 9 x IO'J

cm* is approximately equivalent to 4 x 10" Rad.
Using this equality combined with the value of
0 9 0 ' * ' j ' J0 .9x |0* r.J per unit proton integratedt j r . J p p
flux, one obtains 8 . l x l 0 ' J s " ' for IT'!);£ corre-
sponding to a 4x10* "Rad" proton beam dose,
about a factor of two greater than the result for '"Co

Fig. 9. History o f H D sample J*. Integrated proton flux averaged
over the sample equals 7.2 « 1 0 " protom..<n!. The recovery

after I radiation is shown in 0$. 1 0 H « 2.« kOc.

Fig. 10. Annealing of radiatlon.irtduced centers in HD sample
i'. after exposure to a 28 CeV proton integrated flux, averaged
over the sample, of 7.2 x t o 1 3 prolonS'Cmv 4.2 K and 4.7 K
annealing regions ire indicated by the arrows. H - 2.8 kOe.
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irradiation. The details of the " C o experiments, such
as the method of detcrminf dose, were not given, so it
is not clear if this difference has a physical significance.

The excess of the (T1!)'' value measured after
temperature cycling over the (T',')"1 value measured
prior to the irradiation amounted in sample I ' to
5.4xlO~'s"' (see fig. 31. while for sample I", the
excess of the (Ti)~' value measured after temperature
cycling over the (7V) ' 1 value extrapolated (according
to the known Tf growth rate) from the lime prior to
irradiation to the lime the temperature cycling was
carried out. yielded I.I x lO" 4 s" ' (refer to fig. 6).
The ratio of these excess (T"\~' values is about O.SO
compared with a ratio of 0.38 for the effective panicle
radiation doses applied to samples I ' and I", respec-
tively. In this case, ihe slightly sublinear dependence of
•he excess (T1})'' on beam dose Joes not preclude as
its cause Ihe formation of o - H } and p - D 2 . which
can occur by recombination of atomic H or D, subse-
quent to the temperature cycling. The argument that
the latter would lead to a quadratic or higher depen-
dence on beam dose holds only •' the generated p - D.
and o - H j concentrations exceed Ihe p - D 2 and
o - H , concentrations present prior to Ihe irradiation,
which from the magnitudes of the excess ( 7 | V
observed here, could not be the case. In fact, if Hie
beam-generated p - D . concentration were only a
small fraction of the existent p - D . concentration,
experiments have indicated') that at 4.2 K a sublincar
dependence of (TV) ' 1 on added o - H : concentration
would be expected. A rough estimate of the atomic H
and D production under the irradiation is instructive
at this point, and can be made from reference to the
work of Sharnoff and Pound"). They deduce an
effective energy per molecular dissociation in solid D 2 of
~ 2 x l O ' eV. molecule, or ~102 eV per atom formed.
Using this same value for HD, the proton integrated
flux of 3 x lO'^'cnr* to which sample I" was subjected
should result in 6 x 10" H and 6 x 10" D atoms per
cm5 of solid HD. Assuming that i of Ihe recombination
products will be H , (as opposed to D . or HD) and
that i of the H : formed will be of the ortho variety, we
can expect about I x ! 0 " o - H j molecules to be so
formed upon warm-up for each cm1 of irradiated solid
HD, yielding an additional o - H . concentration of
1 x 10"'. The increment of p - D2 mole fraction should
be about three times smaller, indeed much less than
~ 1 x 10"' p - D ] concentration expected on the basis
of the initial p— D 2 concentration estimate and Ihe
para-»ortho D 2 conversion rate')(0.048 d~')at 4.2 K
in solid HD. The 3 x 10"' added o- • H , concentration
for the essentially unchanged p—Da concentration is

shown in ref. 5 to produce an excess (7?)"1 of
* l x l 0 " 4 t " ' . in agreement with ihe experimental
observation. Thus, these experiments tend to support
the estimate of SharnoiT *nd Found for the energy
required to dissociate D2 . which was subject to some
controversy in lhai it is at least a factor of 5 lower than
values deduced from other experiments. This discussion
also serves to draw attention to the almost unique
sensitivity of H D relaxation measurements for detec-
ting very small amounts of o - H j or p - D j . There may
be other important applications for this property.

We now examine the results of the experiments in the
context of employing solid HD as a polarized target for
high energy particle experiments. Using 0.9 x 10" " s"'
for (r|'),~ii P" unit proton integrated flux, we calculate
that under a typical particle flux of 10* cm2 s, (Tit^J,
would be about (1.3)"' d"1 at the end of I d for an
HD target maintained at T - 4.2 K. with self-anneaiing
neglected. For this situation, the proton polarization
would hate degraded to about 7O'.« of its original
value in Ihe I d period. If the sample were maintained
*t 1.7 K, however, the proton polarization would drop
to 70% of its original value under these irradiation
conditions only at Ihe end of 3.0 d. Since ( 7">,M has a
stronger than linear T dependence near 1,7 K for
dosages comparable to lhat received by sample I",
easily maintained temperatures down to 1.2 K should
be considerably more favorable. HD samples can be
directly produced, using double distillation, with very
low p - D . and o - H 2 concentrations such lhai J"1,' at
1.2 K and 3 MX is about 10* s. Under these circum-
stances, at 20 tnK and ISO kOe. Tf should be in the
neighborhood'-7) of I d . Depending on the p - D .
concentration, in a period of 1-2 weeks, enough
conversion should take place so that TK

X at 1.2 K and
3 kOe exceeds several days'). The one week estimate
holds in the limit of very low p - D . concentration,
where the doubling time of 7? is 5:1.3 d at 1.2 K.
The o - H 2 concentration for this typical sample is less
than I0" 4 . and Ihe conversion heat should not strain a
dilution refrigerator operating at about 20 mK. For
lower temperatures and higher polarizations, less
o - H ; concentration must be used and Ihe sample
probably would have to be doped with p - D 2 to keep
the relaxation lime short enough at the millidegree
temperatures and high magnetic fields for equilibrium
polarization to be established within a 1-2 week period.
For the same concentration, the p - D 2 conversion heat
power is about a factor of seven smaller than that of
o - H ; , but. of course, the waiting time at low rand
high H would have v. he extended in order to obtain a
long enough 7°? al 1.2 K, because of the longer T,
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doubling lime al hifber p - l ) . concentrations, li i>
hoped thai then brier remarks sujjest ihr flexibility
i* tkh system for optimiiinj samples for particular
irradiation situations. Some additional c\periment* at
vcty hi|h nufnelic fields and mittidefree temperature*
with accurately known o - H : and p - D : conven-
tntiom will be useful for more precise polarized
Urfdde>irn.

la conclusion, «e believe thai it has been demon-
strated that polarized solid MD targets are ready to be
(employed in hif h energy experiments.- and that their
peat advantages more than make up for the prepara-
tion lime and limited usage time between preparations.
Preliminary results on deuteron relaxation in H D
indicate that highly polarized deuterons are also readily
achievable with the same methods. The technology of
4* and larger bore - ISO kOe superconducting magnet*
is already developed at probably bearable prices, and
Urge 3He-*He dilution refrigerators capable of pro-
vidinf temperatures down to 12 mK without difficulty
•recurrently in use. Although not completely necessary,
techniques to transfer the sample from the dilution
refrigerator to 4 simple Ihin-walkd liquid helium-tilled
cryostal without wanning the sample above 4.2 K are
easily envisaged.

Enough is now known ;o put a polarized proton H D
target into operation. Improvements such as increasing
the rate of symmetry species conversion by means of an
applied stress, or increasing the dependence or T" on
o—H j concentration »ith rare gas doping, for example.
will i'nost certainly increase the economic efficiency
of these targets in the near future.
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